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PREFACE TO THE SEVENTH EDITION 

For this edition the text again has been completely revised, 
and new illustrations have been added. While some changes 
have been made in every chapter, the greatest amount of new 
material will be found in Chapters II, VII, XII, XIII, XIV, 
XVI, and XVIII. Chapter II now appears under the head 
''Thermodynamic and Other Characteristics,'’ instead of 
"Thermodynamics of the Diesel Cycle," and therefore has a 
somewhat wider scope. Some new governing devices are 
described in the chapter on "Modern Injection Pumps and 
Governors," while to the chapter on "Two-Stroke Engines" 
have been added—among other things—charts giving expres¬ 
sions for the shaking forces and rocking couples in two-stroke 
engines with different numbers of cylinders and different 
crank arrangements. 

Two chapters of the previous edition, those on "Aircraft 
Engines" and "Miscellaneous Types of Oil Engine," have 
been omitted in this one, the reason being that these engine 
types are no longer of practical importance. Diesel engines 
for aircraft are no longer being produced, because it has been 
found that their advantages over the conventional engine type 
do not compensate for their disadvantages. Spark-ignition 
oil engines also have receded into the background. They 
gained a certain degree of popularity during the infancy of 
the high-speed Diesel, when the high combustion pressures of 
the latter gave rise io some trouble. These difficulties have 
now been largely overcome, and as the spark-ignition oil en¬ 
gine uses a lower compression and is less economical, it has 
little to recommend it. 

The Author. 

PREFACE TO THE FOURTH EDITION 

During the seven years which have elapsed since the last 
complete revision of this book, many changes have occurred 
in Diesel practice, and another thorough revision had become 
necessary. At the time of the previous revision, the American 

V 



vi PREFACE TO THE FOURTH EDITION 

Diesel industry was still in its infancy, but since then it has 
expanded greatly, and its products have been refined in many 
ways. A large amount of experience in different fields of 
application has accumulated, and will serve as a basis for 
further development. The basic principles of the engine and 
of its injection equipment remain the same, and comparatively 
few revisions were needed m portions of the book devoted to 
them. On the other hand, nearly all of the actual engines and 
items of equipment described in the previous edition had been 
superseded by later designs, and where the changes were of 
sufficient importance to warrant it, descriptions and illustra¬ 
tions of the newer models were substituted for the older ones. 

This book is not intended as a catalogue of the products of 
the Diesel industry, and no attempt has been made to mention 
or even describe all of the various makes of engine being 
built. But it has been my object to cover all of the more im¬ 
portant principles made use of in the design of Diesel engines 
and their equipment, and to illustrate the application of these 
principles by brief descriptions of current products incorpo¬ 
rating them. In the new edition relatively more space is given 
to American, and less to foreign, makes of engine. . . . 

As the industry grows older and the scale of its operations 
increases, problems connected with the care and maintenance 
of engines assume greater importance, and this has been taken 
account of by adding a chapter on Lubrication. Another new 
chapter is that dealing with Supercharging, a practice that is 
receiving increased attention in connection with engines for 
railroad, marine, and stationary applications. The chapter 
on Aircraft Engines has been largely rewritten and consider¬ 
ably shortened, because of the virtual stagnation in this field. 

I wish to express my thanks to Professor P. H. Schweitzer 
of The Pennsylvania State College for kindly reading the 
proofs of this edition and for making a number of valuable 
suggestions. I also want to express my indebtedness to the 
publishers of various periodicals for permission to reproduce 
drawings which first appeared in their respective publications. 
Quite a number of illustrations are from Automotive and 
Aviation Industries of Philadelphia; several are from papers 
presented at meetings of the Society of Automotive Engineers, 
New York, and others are from three British technical jour¬ 
nals, The Automoiile Engineer, Engineering, and The En- 
gineer, all three published in London. The assistance thus 
rendered is gratefully acknowledged. 

Thb Author. 
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CHAPTEE I 

Nature of the Engine and Its Fields of Application 

A Diesel engine is a combustion engine in which the fuel 
is ignited by the heat of compression. To produce a tempera¬ 
ture sufficiently high for ignition, it is necessary to carry the 
compression to somewhere between 350 and 600 psi, depend¬ 
ing on the nature of the fuel, the initial temperature of the 
air drawn into the engine, and the temperature of the engine 
itself. While compression ignition eliminates the need for 
separate ignition equipment and therefore simplifies the en¬ 
gine, it is really an incidental feature of the operating cycle, 
the chief reason for using such high compression being that 
it increases the thermal efficiency of the engine.; in other 
words, that it reduces the amount of fuel coffiCmed per unit 
of work done. The use of this high compression is made pos¬ 
sible by compressing air only, instead of a combustible mix¬ 
ture of air and vaporized fuel, which latter would be ignited 
too early during the compression stroke. Fuel is injected into 
the charge of highly-compressed and highly-heated air during 
a small fraction of the cycle beginning shortly before the end 
of the compression stroke. As the fuel is sprayed into the 
highly-heated air under great pressure, and therefore thor¬ 
oughly atomized, it need not be as volatile as that required 
by carburetor-type engines, and Diesel fuels generally are 
considerably cheaper, gallon for gallon, than gasoline and 
similar volatile fuels. 

Engine Cycles—Diesel engines, the same as other types, 
are usually built with a number of working cylinders, because 
the use of multiple cylinders increases the frequency and re¬ 
duces the magnitude of individual impulses on the crankshaft, 
aj^d thus makes for smoother operation. It also makes it 
easier to' balance the inertia forces on reciprocating parts, 
thereby reducing engine vibration. However, the sequence 
of operations with single charges of air and fuel, or what is 
known as the engine cycle, is the same in all cylinders, and 
in discussing engine cycles we will therefore refer to a single 
cylinder. 

1 



2 NATUEE OF THE ENGINE 

In a Diesel engine the cylinder is first filled with air from 
the atmosphere. This air is compressed in the cylinder to a 
small fraction of its original volume. When the air in the 
cylinder is close to its maximum compression, fuel is injected 
into it by means of suitable equipment, including one or more 
injection nozzles in the wall of the combustion chamber. 
Owing to the high temperature which has been imparted to 
the air by its compression, the fuel ignites spontaneously and 
burns in the combustion chamber. Combustion of the fuel 
liberates a large amount of heat, most of which is imparted 
to the gases of combustion and increases their pressure. The 
gases usually attain their maximum i)ressure shortly after 
the end of the compression stroke. During the following 
down-stroke they expand in the cylinder, pressing against 
the piston and doing mechanical work on it. After the gases 
have been fully expanded they are expelled from the cylinder, 
and the cycle then starts anew. 

In a four-stroke or four-cycle engine the sequence of oper¬ 
ations outlined in the foregoing is completed during four 
piston strokes or two crankshaft revolutions, while in a two- 
stroke or two-cycle engine it is completed dpring two piston 
strokes or one crankshaft revolution. Both four-stroke and 
two-stroke Diesel engines have been used for a long time, but 
in the high-speed field the four-stroke always has predomi¬ 
nated; that is to say, more manufacturers are building four- 
stroke than two-stroke engines. This may be due to the fact 
that many firms that took up the manufacture of Diesel 
engines had had previous experience in the manufacture of 
carburetor engines, which latter generally operate on the four- 
stroke cycle. Two-stroke carburetor engines are less efficient 
and less flexible than four-stroke, and are poorly adapted to 
use on road vehicles. They are being used to a certain extent 
in other fields, chiefly where small units are required and the 
service is intermittent, so that the fuel cost is not an impor¬ 
tant item. 

When applied to Diesel engines the two-stroke cycle com¬ 
pares more favorably with the four-stroke as regards fuel 
economy and flexibility, and it has the advantage over the 
latter that power strokes are more closely spaced, hence the 
same degree of uniformity of power delivery can be obtained 
with fewer cylinders. Besides, the output per unit of piston 
displacement is generally considerably greater, and bearing 
loads are less, because in the two-stroke the bearing load due 
to inertia of reciprocating parts is more or less neutralized by 
that due to gas pressure on the piston during every stroke, 
instead of during every second stroke only. These advantages, 
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however, are offset by a number of disadvantages. A blower 
or scavenging pump is required for the two-stroke engine, 
which adds to the weight and bulk of the powerplant and 
requires power for its operation. Heat stresses are more diffi¬ 
cult to cope with in the two-stroke, because of the greater fre¬ 
quency of explosions in each cylinder, and for the same reason 
the wear on liners, valves, and valve-actuating mechanism per 
unit of time is greater. 

Fig. 1.—Intake Fig. 2.—Compression 
Stroke. Stroke. 

Four-Stroke Cycle—In Figs. 1 to 5 are shown diagram¬ 
matic sectional views of a four-stroke Diesel cylinder, with the 
moving parts in different positions corresponding to different 
phases of the cycle. In this particular design the intake and 
exhaust valves are arranged coaxially in a pocket on the 
cylinder head, at right angles to the cylinder axis. It is 
pore common to have the valves seat directly on the under 
iide of the cylinder head and their stems extend parallel with 
Ihe cylinder axis, but the arrangement illustrated makes it 
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more convenient to show both valves and the fuel-injection 
nozzle in the same plane. 

In Pig. 1 the intake valve is open and the piston is sup¬ 
posed to be moving down in the cylinder. This downward 
motion of the piston creates a suction effect which draws air 
into the cylinder through the intake valve. In a multi-cylin¬ 
der engine the intake ports of individual cylinders usually 
are connected by an intake manifold, and atmospheric air is 
drawn in through this manifold and through an air cleaner 
connected to its outer end. 

At the end of the intake stroke 
the intake valve closes. During the 
following up-stroke of the piston 
(Fig. 2) both valves are closed and 
the air is compressed in the cylinder. 
As the piston approaches the end of 
this stroke, the air pressure in the 
cylinder generally is of the order of 
500 psi, and the temperature of the 
order of 1000 P. As shown in Pig. 
3, just before the ,end of the com¬ 
pression stroke fuel is injected into 
the compressed and heated air 
through an injection valve suitably 
located in the wall of the combustion 
chamber. As the ignition tempera¬ 
ture of Diesel fuel ordinarily is ma¬ 
terially lower than the temperature 
of the air at the end of compression, 
the fuel ignites spontaneously and 
burns substantially completely in 
the combustion chamber. 

During the following down- 
stroke of the piston (Fig. 4), which 
is known as the power stroke, the 
burning gases expand in the cylin¬ 
der and do work on the piston. 
From the piston the power is trans¬ 

mitted to the crankshaft through the connecting rod. During 
the greater part of the power stroke, also, both valves in the 
combustion-chamber wall remain closed. Toward the end of 
that stroke, however, the exhaust valve begins to lift, and it 
remains open during the following up-stroke, the exhaust 
stroke (Pig. 5), during which the products of combustion are 
expelled. They are literally pushed out of the cylinder by 
the rising piston. This completes the cycle. 
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Two-Stroke Cycle—In the four-stroke engine the cylinder 
acts as a pump during two of the four strokes of the cycle, 
drawing in fresh air during the intake stroke and expelling 
the gases of combustion during the exhaust stroke. In a two- 
stroke engine, on the other hand, there are no separate intake 
and exhaust strokes, and a separate pump or blower must be 
provided to fill the cylinder with air and to scavenge it of 
burnt gases. In some two-stroke engines, particularly of the 
carburetor type, the crankcase is used as a scavenging pump. 

However, the maximum air pressure and air delivery obtain¬ 
able from the crankcase are insufficient for best results, and 
pn modern Diesel two-stroke engines a separate blower is 
employed. 

Pig. 6 is a diap’ammatic sectional view of a modern two- 
stroke Diesel engine. In engines of this type, intake and 
exhaust may take place either through poppet valves, as in 
the four-stroke, or through ports in the cylinder wall which 
are uncovered by the piston at the proper moments. In the 
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engine represented in Fig. 6 the cylinder is charged through 
ports at the bottom, and the exhaust escapes through valves 
in the cylinder head. As it is desirable to have the fuel 
nozzle in the center of the cylinder head, two exhaust valves 
are located in the cylinder head in this design, on opposite 
sides of the fuel nozzle, both being opened and closed simul¬ 
taneously. In some larger engines three or four exhaust valves 
are used. 

At the right of the engine cylinder in Fig. 6 is shown a 
Roots-type blower, which consists of a housing enclosing two 
lobed rotors geared together. This blower operates on the 
same principle as a gear-type oil pump, air being transferred 

Fia. 6.—Scavenging Process in Two-Stboke Engine. 

from the intake to the delivery side in the spaces between the 
housing and the lobes of the rotors. The air is compressed 
and delivered to an air chamber or air box which surrounds 
the lower part of the cylinder. 

When the piston has completed about 70 per cent of its 
down-stroke (the power stroke), the exhaust valves begin to 
open, allowing the burnt gases to escape and the pressure in 
the cylinder to drop. A short time later, when the cylinder 
pressure has become approximately equal to the pressure in 
the air chamber, the ports at the bottom of the cylinder are 
uncovered by the piston. As the exhaust valves remain open^ 
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the pressure in the cylinder drops further, and during the 
remainder of the down-stroke and the first part of the up¬ 
stroke the remaining burnt gases are swept from the cylinder 
by air entering through the scavenging ports. In Pig. 6 the 
piston is at the bottom of the stroke, and both the ports and 
the valves are fully open. During the scavenging period 
some of the air entering the cylinder at the bottom escapes 
through the valves at the top. As a result, all or practically 
all of the dead gases are swept from the cylinder, and the 
latter is completely filled with fresh air. It may even be 
supercharged, depending on the relative timing of exhaust- 
valve closing and scavenging-port closing. Moreover, by 

Fig. 7.—Fuel Injection in Two-Stroke Engine. 

blowing fresh, cool air through the cylinder, the internal parts 
are cooled, which permits of operating the engine at a higher 
speed than would otherwise be permissible. 

When the piston has completed about 15 per cent of the 
up-stroke, the ports and valves close in quick succession, and 
j^uring the remainder of the up-stroke the air is compressed 
in the cylinder. Toward the end of the stroke (Pig. 7) fuel 
is injected into the combustion chamber, where it is ignited 
and burned. Then follows another power stroke. 

It is obvious from the foregoing that a Diesel engine re¬ 
quires neither a carburetor nor an ignition unit, which makes 
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for simplicity. On the other hand, a fuel pump and a num¬ 
ber of injection nozzles are needed. The injection pump gen¬ 
erally is not unlike an ignition magneto in form, and, like the 
latter, it requires a drive from the crankshaft. Injection 
nozzles resemble spark plugs to some extent, and, the same as 
in the case of the plugs, either a single nozzle may be used 
per cylinder (which is the usual arrangement), or there may 
pe two or more nozzles in each cylinder. 

^ Early Development—Tlie engine received its name from 
its inventor, Dr. Rudolf Diesel, who in 1893 published a book 
under the title, ‘^Theory and Construction of a Rational Heat 
Engine.^’ Diesel applied for patents and interested two Ger¬ 
man firms in his design. Great difficulties were encountered 
during the early developmental period, and the first practical 
results were achieved only in 1897. Many things were tried 
during the four-year experimental period, including the use 
of powdered coal as fuel, and so-called ^ ^solid injection of 
liquid fuel into the combustion chamber by means of a pump. 
Coal alw^ays contains abrasive mineral matter, and it is quite 
conceivable that it caused rapid wear of cylinder walls and 
possibly also of metering and feeding apparatus. As regards 
the solid injection of liquid fuel, it appears that machine-shop 
techniques of the period were not equal to the task of pro¬ 
ducing the high-precision pumps required to accurately meter 
and inject under high pressure the minute quantities required 
per cycle. Success was finally achieved by metering each 
charge of liquid fuel into a chamber in the cylinder head at 
low pressure, and then, at the proper moment, blowing it 
into the combustion chamber by means of a jet of air from a 
source of compressed air maintained at a pressure about twice 
that of the compression pressure in the engine. After a work¬ 
able engine had been produced, licenses for its manufacture 
were let in different countries, and from that time on its devel¬ 
opment proceeded at a rather rapid rate. That development, 
however, was entirely in the direction of large, low-speed 
engines, first for stationary and then for marine work. 

Owing to the high compression employed, there was always 
a possibility of accidental, very high explosive pressures, due 
either to the absorption of oil vapor by air entering the cyl¬ 
inders (fuel-injection air, in compressors) or to excessively 
early injection of the fuel charge; and to guard against disas¬ 
trous results from such accidents, Diesel engineers became 
accustomed to designing almost without regard to what in 
the automotive industry is known as weight efficiency. In 
stationary powerplant engineering weight does not count, ex¬ 
cept in so far as it may affecUthe first cost of the engine; 
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and in marine work the reduction in the weight and bulk of 
the fuel that must be carried for a long trip, made possible 
by the adoption of the Diesel engine, was so important that 
it far overshadowed any possible saving in weight in the 
enjgine itself. 

Carnot Cycle—DieseUs original plan was to make use of 
^he Carnot cycle, which for a given temperature range gives 
the highest thermal efficiency of all known heat-engine cycles. 
With this cycle, the gaseous charge in the cylinder is first 
compressed isothermally, or at constant temperature. This 
requires that the heat generated by compression be removed 
as fast as it is produced, and Carnot, who thought in terms of 
the hot-air or “caloric'’ engine, proposed to do this by placing 
a ^^refrigerator" under the cylinder. In an internal-combus¬ 
tion engine, about the only way the heat could be eliminated 
as sensible heat would be by injecting water or some other 
volatile, non-combustible liquid into the charge during this 
part of the cycle. When the compression stroke is partly com¬ 
pleted, the refrigerator is removed, and during the remainder 
of the stroke the charge is compressed adiabatically, that is, 
without loss of heat. 

Prom the beginning of the expansion stroke heat is sup¬ 
plied to the charge in the cylinder, from a source of supply 
underneath the cylinder according to Carnot's proposal. In 
an internal-combustion engine, fuel would be injected to 
supply the heat, and the rate of injection would be so regu¬ 
lated as to keep the temperature of the charge constant. After 
a certain part of the expansion stroke had been completed, 
fuel injection would be stopped, and from that point on the 
charge would be allowed to expand adiabatically, that is, 
without the addition of further heat and without loss of heat 
to the outside. Thus the diagram of the cycle (Pig. 8) con¬ 
sists of two isothermal and two adiabatic curves. The dotted 
lines in Pig. 8 represent continuations of the isothermal 
curves. 

The chief practical disadvantage of this cycle is that, in 
order to obtain an appreciable amount of power from a cylin¬ 
der of moderate size, it is necessary to use an enormous maxi¬ 
mum pressure. This is reflected by the ‘leanness" of the 
diagram, or by its relatively small area, which is a measure of 
tbe work done by the engine per cycle. Not only do such 
high working pressures necessitate very heavy construction, 
but they make it difficult to seal the combustion chamber effec¬ 
tively, and they also decrease the mechanical efficiency, so 
that any gain in thermal efficiency is likely to be more than 
offset by increased mechanical losses. 
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Constant-Pressure Cycle—Recognition of these defects of 
the Carnot cycle led Diesel to adopt the constant-pressure 
cycle. An ideal constant-pressure diagram is shown in Pig. 9. 
Here the air is compressed in the cylinder adiabatically 
throughout the compression stroke, from 1 to 2. Then, as the 
piston starts on the expansion stroke, as far as point 3, fuel 
is injected at such a rate that the heat of its combustion keeps 
the pressure in the cylinder constant. This involves a more 
rapid rate of injection than with the Carnot cycle. Prom the 
point at which fuel injection ceases, which may be at about 

i/OLUME 

Fig. 8.—Diaobam of Cabnot Cycle. 

one-tenth of the stroke from the dead center position, the 
expansion continues abiabatically until the end of the stroke 
(point 4). Then the heat remaining in the gases is discharged 
at constant volume with the burnt gases. Thus the constant- 
pressure cycle diagram consists of an adiabatic-coiupression 
line, a straight horizontal constant-pressure line, an adia¬ 
batic-expansion line, and a straight vertical constant-volume 
line. 

Ignition La|f—-’WhUe it is possible to approach this tho- 
oreticid cycle in practice with large, low-spera engines, nritli 
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high-speed engines it is impossible of realization, owing to 
the fact that there is always a certain ignition lag. Combus- 
tion does not start at the moment fuel injection into the cylin- 
"der l3egin^^aniT not end wFen inJeraon'Leases, in" some 
enginesdlie^ delay" is"praclic^allydndepend‘(6hrbrT3^ speed and 
corresponds to a much larger crank angle at high than at 
low speed. This makes it necessary to start injection in a 
high-speed engine before the end of the compression stroke. 
If ignition delay were disregarded and the fuel injected only 
from the beginning of the expansion stroke, some of the heat 
of combustion would be imparted to the charge only toward 
the end of the expansion stroke, which would make efficient 
conversion of this heat into mechanical energy impossible. 

Fig. 9.—Diagram op Constant-Pressure Cycle. 

It can easily be seen that if the fuel were injected into 
the cylinder so early during the compression stroke that its 
combustion were practically completed at the beginning of the 
expansion stroke, then we would have virtually a constant- 
volume cycle. The objection to this would be the same as that 
to the Carnot cycle. The constant-volume cycle also has the 
advantage over the constant-pressure cycle of a higher thermal 
efficiency, but the maximum pressure in the cylinder would 
be exceedingly high, with the same consequences as pointed 
out in connection with the Carnot cycle. 

Mixed Cycle—For this reason actual high-speed Diesel 
engines are operated on a mixed cycle, sometimes called the 
Sabath4 cycle. All or practically all of the fuel is injected 
before the completion of the compression stroke, but owing to 
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ignition lag, combustion and consequent heat addition begin 
only at or very slightly before the beginning of the expansion 
stroke, and while the heat is not added instantly or at con¬ 
stant volume, it is added sufficiently rapidly to cause an in¬ 
crease in pressure in the combustion chamber beyond the 
maximum pressure of compression. The use of this mixed 
cycle in high-speed Diesel engines is not a deliberate choice 
but an absolute necessity. According to whether injection 
takes place earlier or later in the cycle, the actual operating 
cycle will approach more closely to the constant-volume and 
the constant-pressure cycle, respectively. 

Fuel Economy—Since their introduction, Diesel engines 
with aggregate ratings of many million horse power have been 
produced, and they have become firmly established in the rail¬ 
road, marine, stationary, and automotive fields. In the great 
majority of cases the choice of the Diesel is based on its higher 
fuel economy, or, more specifically, on its lower fuel cost per 
net horse power-hour. Only in the aircraft field did the Diesel 
prove unsuccessful. Its specific consumption is only slightly 
less than that of modern carburetor-type aircraft engines, and 
the slight saving on fuel costs that is possible is not sufficient 
to overcome the disadvantages of greater weight, higher cost, 
greater roughness in operation, and greater starting difficulty 
under adverse conditions. In military aviation, moreover, the 
tendency is away from piston-type engines and toward jet 
propulsion, which further lessens the incentive to develop 
Diesel engines for aircraft. 

Interesting figures with respect to the comparative efficien¬ 
cies of different types of combustion engines were furnished 
by a farm-tractor competition held in England in the PaU of 
1930. In the bench trials or belt-horse power trials, a total 
of 31 different engines were tested, of four different types, as 
follows: Twelve kerosene engines, ten gasoline engines, five 
Diesel and four hot-bulb engines. The average fuel consump¬ 
tions of the four classes at full load and at one-quarter load 
are given in the following table: 

Specific Fuel Consumption in Lb Per Hp-Hr 

One-Quarter 
Type of Engine Full Load Load 

Gasoline. 0.77 1.97 
Kerosene. 0.79 2.80 
Hot-bulb. 0.83 1.69 
Diesel. 0.68 0.88 

It will be seen that the Diesel engine consumes only about 
75 per cent as much fuel as the gasoline efigine under full 
load, and considerably less than half as much at one-^quarter 
load. At low loads the kerosene engine is the least efficient, 
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which, of course, is due to difficulties of vaporization and dis¬ 
tribution. The hot-bulb type, according to these tests, is 
slightly less efficient than the gasoline engine at full load and 
more efficient at one-quarter load. The tests, of course, were 
made under strictly comparable conditions. 

Fuel Consumption-Load Characteristics—In the forego¬ 
ing the specific consumptions of various types of engines are 
compared on a weight basis, the reason being that in dyna¬ 
mometer or laboratory tests the fuel consumption is always 
determined by weighing. However, fuels are bought on a 

Fio. 10.—Fuel Consumption of Diesel and Gasoline Engines. 

liquid-measure basis, and since Diesel fuel w materially 
denser, or of higher specific gravity, the comppison is even 
more favorable to the Diesel when made on this basis. Pig. 
10 shows consumption curves of a Diesel and a gasoline tractor 
engine based on official reports of the University of Nebraska. 
Both engines were of the same make (Caterpillar) and of 
practically the same output. . , tt 

Two remarks are in order in connection with Fig. 10. In 
the first place, the consumptions shown for both types of 
AngnnA are rather higher than most catalogue figures, which 
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is due to the fact that in the Nebraska tests fuel-consumption 
figures are obtained under normal operating conditions, 
whereas in factory tests the engines sometimes are cooled by 
running water, so that it is not necessary to drive the fan, 
and the muffler is left off. Both of these expedients increase 
the brake horse power, and therefore decrease the specific fuel 
consumption. Secondly, the Diesel engine from which the 
results plotted in Pig. 10 were obtained is a precombustion- 
chamber engine, which is admittedly the least efficient type 
of Diesel. 

In Germany the Daimler-Benz Company manufactures a 
light passenger car which it equips with either a gasoline or a 
Diesel engine, at the option of the purchaser. Both engines 
have the same piston displacement of 108 cu in., but the ship¬ 
ping weight of the Diesel car is slightly greater, 1826 lb instead 
of 1780. Advertised fuel mileages of the two cars at different 
speeds (miles per U. S. gallon) are substantially as follows: 

Speed, mph.. . 15 20 30 40 50 60 
Gasoline. . 32 33 33 31 28 20.5 
Diesel. . 60 58 53 47 38 27.5 

Non-Poisonous Exhaust—An advantage ' of the Diesel 
over the spark-ignition engine from the standpoint of public 
health is that its exhaust contains very little of the highly 
poisonous gas carbon monoxide, of which there is usually a 
considerable proportion in the exhaust from the spark-igni¬ 
tion engine. Tests of exhaust gases from the engines of city 
buses were made in Manchester, England. Samples of the 
exhaust were taken under six different conditions of opera¬ 
tion, varying from idling to full load. 

Since the Diesel engine always operates with an excess of 
air, while the opposite usually holds in the case of the spark- 
ignition engine, the constituents of atmospheric air (oxygen 
and nitrogen) naturally were found in considerably greater 
proportion in the exhaust of the Diesel engine. Under three 
of the six conditions of operation no carbon monoxide could be 
detected in the exhaust from the Diesel, and under the other 
three conditions it ranged from 0.1 to 0.2 per cent, while in 
the exhaust from the spark-ignition engine there was carbon 
monoxide in the exhaust under all conditions, the average 
percentage being 6.1. 

The U. S. Bureau of Mines also made a study of the con¬ 
stitution of exhaust gases from four-stroke Diesel engines, be¬ 
cause of the increasing use of such engines in mines and tun¬ 
nels, and the curves of Fig. 11 are based on its results. The 
tests were made with a fuel of 38.8 A.P J. gravity (038 spec, 
gr.), 78 cetane number, 14 per cent hydrogen content nnd 
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19,910 Btu per pound heat value. The chemically-correct 
mixture ratio of 14.75 is indicated by a vertical line on the 
chart. A Diesel engine, however, never operates with so rich 
a mixture. Within the range of mixtures used in regular oper¬ 
ation the carbon-monoxide content never exceeded 0.12 per 
cent. 

Fig 11.—Variation of Exhaust Components with Engine Load. 

Railway Applications—In no other field has the Diesel 
engine achieved so striking a success as in that of railway 
rolling stock. There are essentially four applications of these 
engines in the railroad field—to switching locomotives, to 
rail cars, to streamlined trains, and to main-line locomotives. 
What makes the Diesel attractive as a powerplant for switch¬ 
ing locomotives is the fact that fuel consumption ceases the 
nfoment the engine is shut down. Prom the beginning of the 
railway era, steam locomotives had been used for switching 
cars in the yards. Since these locomotives were in actual 
service only a sniall fraction of the time, but had to be kept 
under steam continuously, the fuel cost was an important item 
in their operating expense. 

According to P. G. Gurley of the Burlington Lines, which 
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have had Diesel switching locomotives in service since 1934, 
the hourly cost of a steam switching locomotive during the 
middle forties was $4,215, while that of one of the Diesel 
switching engines was only $2,004. The greatest saving, of 
course, was on fuel, which cost $1,438 per hour for the steam 
locomotive and only $0,229 for the Diesel. Kepairs also were 
much less on the Diesel, $0.36 per engine-hour as compared 
with $0,876, the latter item including both running and gen¬ 
eral repairs. There was also a considerable saving on wages, 
as the Diesel requires no fireman. Depreciation was figured 
at $0,046 for the steam locomotive and $0,363 for the Diesel, 
which certainly does not favor the latter. 

In mid-summer 1945 there were 2560 Diesel-electric switch¬ 
ing locomotives in service on the railroads of the United States, 
and by 1952 steam switching locomotives had been nearly com¬ 
pletely replaced. 

Closely related to the railroad switching locomotive are 
the mine locomotive and the locomotive for narrow-gauge rail¬ 
roads, and in these fields also the Diesel engine has secured 
a firm footing, especially abroad. 

Rail Cars—The high cost of running steam trains and the 
competition of motor buses and private autoniobiles rendered 
the operation of many branch lines unprofitable during the 
period following World War I. The result was that in many 
cases steam trains on such lines were replaced by rail cars. 
Most of the earlier rail cars were equipped with gasoline 
engines, for the simple reason that suitable Diesel engines 
were not available at the time. 

The thermal efficiency of a steam locomotive of the type 
usually employed on branch lines is very low, not exceeding 
6 per cent, figured on the power developed at the rails. On 
the same basis it is possible to get an efficiency of 20 per cent 
with gasoline engines, and 25 per cent with Diesel engines. 
Aside from its higher fuel economy the Diesel engine has the 
advantage of greater safety over the gasoline engine for this 
work. 

The National Railways of Canada began using Diesel- 
engined rail cars about 1925, and in 1930 they had about a 
score of such cars in service, equipped with Beardmore engines. 
There are similar services all over the world, and in many 
cases the more frequent and faster schedules which the 
individual rail cars, or light trains composed of a motor car 
and a trailer, made possible, resulted in a considerable in¬ 
crease in traffic. In the United States this field is rdther lim¬ 
ited, because the competition of private automobiles and mo¬ 
tor buses has cut deeply into the available volume of traffic, 
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and many branch lines were abandoned during the depression 
of the thirties. 

Streamlined Trains—A new note was struck in rail trans¬ 
portation by the placing in service in 1932 of the Plying Ham¬ 
burger, a high-speed ‘^articulated’’ train composed of two 
cars on three trucks, with Diesel-electric drive. A generating 
set comprising a Maybach 12-cylinder V engine of 410 hp was 
mounted on each end truck, while the central truck carried 
the electric motors. This train on its trial run covered the 
distance between Hamburg and Berlin at an average speed 
of 77 mph, and attained a maximum speed of 100 mph. 

Among the first streamlined articulated trains placed in 
service in this country were the Zephyr, which was built for 
the Chicago, Burlington and Quincy Railroad by the Bdw. 
G. Budd Manufacturing Co., of Philadelphia, and a three-car 
train built for the Union Pacific Railroad by the Pullman 
Company. The Zephyr, which was placed in service in No¬ 
vember, 1934, was built principally of stainless steel and 
carried a Winton eight-cylinder in-line two-stroke Diesel en¬ 
gine of 600 hp, while the Union Pacific train was built mainly 
of aluminum and carried a 12-cylinder V engine of 600 hp. 
The original Zephyr engine weighed 12,000 lb, or 20 lb per 
hp. That was quite an advance over the engine of the first 
American Diesel locomotive of 1925, which weighed 63 lb 
per hp. 

Diesel-Electric Locomotives—Practically all of the Diesel- 
electric streamlined high-speed trains proved very popular 
with the traveling public, and the three- and four-car articu¬ 
lated trains soon proved inadequate for the available traffic. 
In 1936 the Electro-Motive Corporation of La Grange, Ill., a 
subsidiary of General Motors Corporation, came out with a 
double-unit 3600-hp Diesel-electric locomotive capable of haul¬ 
ing regular passenger trains, and several such locomotives 
were ordered by the railroads in 1937. Prom that time on 
rapid strides were made in the application of Diesel-electric 
locomotives on American railroads. A triple-unit type of 
5400 hp was added, and Electro-Motive Corporation locomo¬ 
tives are now being supplied as single-, double-, and triple¬ 
unit designs. Each unit carries two 12-cylinder V-type en¬ 
gines of 8-in. bore by 10-in. stroke. Originally these engines 
were rated 900 hp each, but later the output was boosted to 
1000 hp, hence the latest double-unit locomotives are of 4000 
and the triple-unit of 6000 hp. The triple-unit locomotives 
will handle 13 standard Pullman cars. 

In mid-summer of 1945 American railroads had 642 Diesel- 
eleetric passenger and freight locomotives in service. Some 
of the smaller roads had entirely replaced steam locomotives, 
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while some of the larger ones were preparing to operate their 
more important divisions entirely with Diesel-electric equip¬ 
ment. One of the advantages of such equipment is its high 
degree of availability. For instance, the Baltimore & Ohio, 
which in 1945 had 22 Diesel passenger and six freight locomo¬ 
tives in service between Washington, St. Louis, Chicago and 
Detroit) reported that the availability of the former had been 
95.5 and that of the latter 93.7 per cent. Diesel switching 
locomotives had an availability of 95 per cent. The Diesel 
locomotives of this road averaged 18,000 miles per month, and 
a maximum of 25,000 miles had been attained. 

Taking advantage of the high availability and the low 
maintenance cost of its two-cab, 4000 hp locomotives, the New 
Haven line uses them in passenger service during the day and 
in freight service at night. This line in 1944 had 30 such 
locomotives which are geared for a maximum speed of 80 mph. 

In Freight Service—When the Diesel engine achieved its 
first major success in the railroad field, on the streamliners, 
many railroad men thought it was in large part due to the 

build up’^ the engine had received in the press and the hold 
it had secured on the mind of the riding publjc; and that in 
freight service, where this does not count, it would not be 
found practical. However, the sponsors of the Diesel loco¬ 
motive did not let themselves be influenced by these pessimis¬ 
tic views, but went right ahead and built large freight loco¬ 
motives. The latter have proved especially advantageous on 
lines with severe grades, because of the greater flexibility of 
the electric drive. A number of four-cab, 5400 hp freight 
locomotives were placed in service in 1944. A feature of 
these locomotives is that they operate with electric braking 
on long down grades, the traction motors being converted 
into generators and the energy developed by them dissipated 
in resistors mounted under the cab roofs. 

How the use of Diesel-electric locomotives increased after 
1936 may be seen from Fig. 12, which shows the number of 
such locomotives in use by railroads, switching and terminal 
companies in the United States each year, up to 1947. As 
the chart shows, between 1946 and 1947 the number increased 
by 1500, and production continued to increase the following 
years. At the beginning of 1952 it was estimated that 19,000 
Diesel locomotives were in service and that more than one- 
half of the country’s railroad traffic was carried on with them. 

Motor Tracks—^Motor trucks employed in the transpor¬ 
tation of merchandise over long distances consume large quan¬ 
tities of fuel, and the fuel bill can be materially cut if Diesel 
engines are substituted for gasoline engines. In Europe 
Diesel engines have almost completely replaced the 
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engine in trucks of more than 2 tons capacity. Germany led 
in the application of Diesel engines to motor trucks, partly 
because the first successful development work on high-speed 
Diesels was done in that country, and partly because motor 
fuels were much more expensive there, gasoline selling at three 
to four times the prices prevailing here. As early as 1934, 89 
per cent of all trucks of between 3 and 4 tons payload capacity 
registered in Germany were equipped with Diesel engines; 
87.1 per cent of all trucks between 4 and 5 tons, and 92.3 per 
cent of all trucks over 5 tons. 

Year 
Fig. 12.—Numbers of Diesel-Electric Locomotives in Use by Rail¬ 

roads, Switching and Terminal Companies. 

In Great Britain the number of registrations of new 
trucks with heavy oil engines (which term is practically 
synonymous with Diesel engines) was 1494 in 1934, 1430 in 
1936, and 1891 in 1938. During the war period no registra¬ 
tion figures were published. In Great Britain there is a sharp 
distinction between trucks of more and less unladen weight 
than 2% tons, respectively, the former being subject to a 
lower speed limit and a higher tax. All trucks of the heavier 
class are now Diesel-equipped. 

In this country the advent of the Diesel truck came some 
years later. In 1935 the number of such trucks in use was 
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estimated as only about 1400. Up to the end of 1938 about 
5000 additional Diesel trucks had been manufactured, but a 
considerable proportion of these was exported, and the num¬ 
ber in operation in this country in that year was estimated at 
about 4000. The year 1938, however, marked a definite turn¬ 
ing point in Diesel-truck history, for in that year four large 
American truck manufacturers (Dodge Brothers Corporation, 
International Harvester Co., Mack Manufacturing Corp., and 
Yellow Truck & Coach Manufacturing Co.) announced lines 
of Diesel trucks for the first time. Since then the application 
of Diesel engines to trucks has progressed steadily; in 1940 
about 1600 Diesel trucks were produced in this country and in 
1941 about 3000. 

While the United States participated in World War II 
all manufacturers of Diesel engines produced to capacity, but 
most of the engines, of course, were used for war equipment. 
No actual figures of engine production are available for this 
period, but a general idea of its growth may be obtained from 
the following figures of metal consumption in the production 
of fuel-injection equipment by the American Bosch Corpora¬ 
tion, which supplies a large proportion of all American Diesel 
engine manufacturers with such equipment: 

Year.... 1940 1941 1942 1943 1944 
Tons ... 1230 2500 3660 4435 4860 

The installation of Diesel engines in trucks was retarded 
somewhat by their considerably higher first cost, which must 
be amortized before there can be any real savings as com¬ 
pared with gasoline-engined trucks. The higher cost is due 
in large part to the injection equipment, which costs much 
more than the carburetor and ignition equipment which it re¬ 
places. Another item contributing to the increased cost is 
the larger starter and battery required for Diesels, which 
must have nearly four times the capacity of similar equip¬ 
ment for gasoline engines of equal output. Finally, the rela¬ 
tively small scale on which Diesel truck engines were built 
during the early years was a factor in raising their cost. 

During its early development period the high-speed Diesel 
was greatly helped by the fact that its fuel was either tax- 
free or subject to a lower tax than gasoline. That, however, 
did not last long, and in most of the States of the Union 
Diesel fuel now is subject to the same tax per gallon as gaso¬ 
line. In Great Britain previous to 1935 there was a tax of 
8 pence per Imperial gallon on gasoline and only one pence 
per gallon on Diesel fuel. Under these conditions it was 
figured that the additional cost of a Diesel 5-ton truck was 
saved on fuel cost in 17,000 miles of operation. In 1935 the 
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tax on Diesel fuel was raised to the same figure as that on 
gasoline, and it then took 22,000 miles of operation to com¬ 
pensate for the increased cost of the Diesel truck. These 
mileages, however, are only small fractions of the useful life 
of a good truck. 

Economy Dependent on Intensity of Use—Whether a 
Diesel truck is more economical than a gasoline truck, and 
if so how much more, depends upon the intensity of use of 
the truck. Certain of the items of cost are fixed, such as 
interest on investment, insurance, garaging and general ex¬ 
penses; some vary slightly with the intensity of use, these 
items including driver's wages, depreciation and maintenance, 
while others vary substantially in direct proportion to the 
annual mileage, these including fuel, tires, lubricating oil and 
other supplies. It is obvious that if the truck is used only 
occasionally, the saving due to the lower fuel cost is not very 
great, and may not equal the additional fixed and semi-fixed 
costs, such as the increased interest on investment and the 
greater depreciation and maintenance cost, which operators 
seem to think must be figured with because of the relative 
newness of the Diesel engine, its higher working stresses, and 
its greater liability to obsolescence. It is interesting in this 
connection that in the United States the Diesel truck met its 
most favorable reception on the Pacific Coast, where a great 
deal of long-distance haulage is carried on over the highways. 

At the half-century mark more than a dozen truck manu¬ 
facturers in the United States were offering Diesel-powered 
trucks and tractors, mainly large units of from 27,000 lb gvw 
up, which are used predominantly in long-distance hauls. It 
was to be expected that the use of Diesel engines would 
gradually be extended in the direction of lower ratings, and 
in 1952 GMC Truck and Coach Division announced a line 
of medium-w^ht trucks and tractors, of from 19,500 to 
35,000 lb gvw. ^hese vehicles are equipped with a three- 
cylinder two-stroke GMC engine developing a maximum of 
110 hp at 2100 rpra. Diesel trucks within this weight range 
are being offered also by one or two of the smaller producers. 
That competition with gasoline-engine trucks in this field is 
severe is indicated by the fact that one of the larger pro¬ 
ducers, who formerly offered a number of Diesel trucks and 
tra(!jtors of 20,000 gvw rating, in addition to an extensive line 
of gasoline-engined trucks, abandoned the former. 

No statistics of the number of Diesel trucks in use in the 
United States are available, but there is no doubt that it is 
increasing. 

Buses—The first Diesel-engined bus in the United States 
was placed in service by Public Service Coordinated Trans- 
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port, a subsidiary of the Public Service Corporation of New 
Jersey, in 1929. It was a conversion, a Diesel truck engine 
of foreign make being installed in an old bus chassis with elec¬ 
tric drive, and although a favorable report on it was issued 
some time later, no more installations were made during the 
next five years. The first bus carrying an American-built 
Diesel engine as original equipment was placed in service in 
Boston in 1935. This delay in the application of Diesels in 
bus transportation in this country was probably due in con¬ 
siderable measure to the depressed state of business, which 
discouraged bus operators from buying new equipment, and 
especially equipment materially higher in first cost than they 
had been accustomed to paying. 

Between the middle of 1937 and the end of 1938 some 250 
Diesel-engined buses with electric drive were placed in service 
in the United States. During the next three years the number 
of Diesel buses in operation in this country multiplied prac¬ 
tically ten-fold. At the beginning of this period it had be¬ 
come the established practice in city buses to place the power- 
plant under the rear seat, where it does not take up any fioor 
space that can be utilized for carrying passengers. Electric 
drive lends itself particularly to such installation, which calls 
for remote control of the powerplant. Both Westinghouse and 
Qeneral Electric developed automotive electric drive equip¬ 
ments of larger capacity (125 hp). These equipments, in¬ 
cluding the generator, motor, reversing switch and control 
items, weigh approximately 14 lb per hp, the generator alone 
weighing slightly more than 6 lb per hp. 

With electric drive, since the weight of the bus is con¬ 
siderably increased and all of the engine power must first be 
converted into electric power and then reconverted, the fuel 
consumption naturally is increased, and some operators figure 
with an increase of 20 per cent. But the electric drive has 
many advantages from the operating standpoint, which at 
that time seemed to warrant both the increased first cost and 
the higher fuel consumption. 

An interesting development was the placing in service by 
the Burlington Transportation Company (a subsidiary of the 
C. B. & Q. Railroad), in 1939, of 21 buses equipped with 165 
hp two-stroke Diesel engines between Chicago, Los Angeles, 
and San Francisco. At first numerous operating difficulties 
were encountered, most of them due to overheating of the 
engines on long mountain grades. Close cooperation between 
the manufacturers of the engine and the bus, on the one hand, 
and the bus operator on the other, finally overcame all of the 
difficulties, and more buses of the same make were added to 
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the fleet. In this service a saving of 30 per cent was effected 
on fuel costs, as compared with the use of gasoline buses. 

Hydraulic Drive—While electric drive is very satisfactory 
from the standpoints of operating convenience and smooth¬ 
ness of acceleration, it is expensive, heavy, and not very effi¬ 
cient. During the 1940's automatic transmissions for pas¬ 
senger cars were developed, which include either hydraulic 
couplings or hydraulic torque converters. These offer prac¬ 
tically the same operating advantages as the electric drive, 
and are lighter, cheaper to manufacture, and more efficient. 
Their greater efficiency is due to the fact that the greater part 
of the time the power is transmitted directly through either a 
friction clutch or a hydraulic coupling, whereas with electric 
drive there is a double conversion (from mechanical to electric 
and back to mechanical) under all conditions. Transmissions 
of this type were developed for use on buses, and nearly all 
of the Diesel-engined buses produced in 1951 were equipped 
with them. In 1952 five of a total of 16 U. S. manufacturers 
of buses offered Diesel-powered models, four different makes 
of engine being employed. One manufacturer (Twin Coach) 
had acquired manufacturing rights to a British Diesel engine 
(Leyland) just previously. 

According to statistics gathered by Bus Transportation, of 
9073 motor buses manufactured in the United States in 1951, 
603 were exported. Of the remaining 8380, which went into 
domestic service, 4142 carried gasoline engines; 3607, Diesel 
engines, and 631 were designed for operation on liquefied 
petroleum gas. Of the total number, 3543 were equipped with 
hydraulic drives or torque converters, the remainder having 
conventional geared drives. 

Industrial and Farm Tractors—In the United States the 
high-speed Diesel engine at first found its most rapid accept¬ 
ance in the tractor field. The Caterpillar Tractor Company, 
which manufactures tracklayer-type tractors for industrial 
and agricultural purposes, brought out a Diesel-engined 
tractor in the Fall of 1931, which met with instant success. 
The company offered both gasoline-engined and Diesel-engined 
tractors of the same capacities, and in spite of the fact that 
the prices of the Diesel-engined tractors were about 30 per 
cent higher, more than 90 per cent of the demand in these 
size^ was for Diesel tractors, and 10,000 of these were built 
up to November 13, 1935. Other tractor manufacturers, en¬ 
couraged by the success of Caterpillar, also took up the Diesel 
engine, notably the International Harvester Company, which 
also developed a Diesel tractor engine of its own. 

As tractors are being used in the field and on construction 
work often far away from service stations, it is particularly 
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necessary that need for frequent checks and adjustments on 
the fuel-injection apparatus be eliminated. To meet this 
requirement, the Caterpillar Tractor Company designed its 
injection pumps and nozzles so that they are interchangeable 
as complete units. These units are carried by dealers in their 
regular parts stock, and because of the complete interchange- 
ability feature, only a small investment is required to protect 
a large number of units in the field. Worn-out equipment is 
exchanged for new on a flat-rate basis. 

Diesel-engined tractors appeal particularly to industrial 
operators and owners of large farms producing diversified 
crops, who can keep their equipment in service a large part 
of the year; for, the same as with other Diesel-engined equip¬ 
ment, the economy features are effective only while the ma¬ 
chine is at work, whereas the additional fixed charges go on 
whether it is working or not. Caterpillar Tractor Company, 
whose machines are used mainly in construction work, in 
1946 stated that among its customers the demand for Diesels 
greatly outstripped that for spark-ignition engines and that 
it was all but out of the spark-ignition business. 

In 1951 four out of a total of five American manufacturers 
of crawler-type tractors produced Diesel-engineid models. In 
wheeled tractors, which carry smaller engines and are used 
in farm work for the most part, the use of Diesel engines is 
less common, only 15 out of a total of 121 models being Diesel- 
equipped in 1951. These were the products of four manufac¬ 
turers out of a total of 19. The Diesel engine was making 
progress in this field too, because in 1949 only a single manu¬ 
facturer offered Diesel-powered wheeled tractors. 

Marine Applications—In the marine field the Diesel en¬ 
gine is firmly established so far as large vessels are concerned. 
According to Lloyd ^s Register of Shipping, on September 30, 
1938, the total horse power of marine heavy oil engines, either 
under construction at the works or being installed aboard ves¬ 
sels, was nearly twice as great as the total horse power of 
marine reciprocating steam engines and marine steam turbines 
combined. According to the same source, in 1950 motor ships 
comprised 61 per cent of the output of merchant ships outside 
the “Iron-Curtain’’ countries (for which no figures were 
available). Most large marine oil engines, of course, operate 
at very low speeds, 115 to 150 rpm. That notwithstanding 
the fact that what is said to have been the first real high-speed 
Diesel engine was designed for marine work. It was an eight- 
cylinder V-type engine of about 8-in. bore by 9-in. stroke and 
developed about 200 hp at 600 rpm. The weight was 22% 
lb per hp, and fuel injection was by compressed air. This 
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engine was built in 1909 in St. Petersburg (now Leningrad), 
Russia, for installation in a yacht built for the Russian in¬ 
dustrial magnate Nobel. 

For motor boats the Diesel engine not only has the ad¬ 
vantages of using a cheaper fuel and of consuming smaller 
quantities for a given performance, thus effecting a saving 
and making it possible to store fuel for longer journeys, but 
the greater safety of the less volatile fuel is an important 
factor. Gasoline vapor is nearly four times as heavy as at¬ 
mospheric air, and if a leak occurs anywhere on the fuel sys¬ 
tem of a motor boat, the fuel vapors collect in the hold and 
mix with the air there, forming an explosive mixture which 
can be set off by the slightest flame. Every summer a number 
of disastrous motor boat explosions are reported from points 
along the sea coast and on inland waters, which can be ex¬ 
plained only on the supposition that gasoline had leaked from 
the fuel system and formed an explosive mixture which be¬ 
came ignited accidentally. With Diesel fuels such accidents 
are impossible. 

While the Diesel marine engine made rapid progress dur¬ 
ing the thirties and early forties, its application remained 
largely confined to utility and commercial boats on the one 
hand, and to pleasure craft of the yacht type on the other. 
Its application to small pleasure boats meets with some of the 
.same obstacles as that to private passenger cars. Besides, the 
small motor boat is in active service for only a few months of 
the year, and then quite often only during week ends, so that 
the capital invested in it is idle most of the time and the 
annual fuel consumption is relatively small. Under such 
conditions the Diesel does not show up to best advantage. 
Nevertheless, the outlook for the Diesel in the marine field 
was encouraging and the number of Diesel engines at the 
national motor boat show in New York increased from year 
to year. In 1939 such engines were shown by 12 exhibitors. 

That the Diesel marine engine is continuing its way down¬ 
ward into vessels of smaller displacement is indicated by the 
following tabulation of Diesel-powered craft produced in the 
United States during each of four recent years : 

Vessels over Vessels up to 
Year 100 Gross Tons 100 Gross Tons 

1948 . 102 1194 
1949 . 89 1467 
1950 . 77 1869 
1951 . 81 2162 

While installations in the larger vessels decreased during the 
four-year period, those in smaller vessels almost doubled. 
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In the Navy—In 1933 the U. S. Navy authorized Diesel 
power boats for all new cruisers and destroyers of that yearns 
construction program. It secured a license for the manufac¬ 
ture of an established design, and production of these en¬ 
gines was begun at the Norfolk Navy Yard. During the fol¬ 
lowing eleven years more than 5000 such engines for stand¬ 
ard BuShips were produced at Norfolk, and several thou¬ 
sand more were purchased from an independent manufacturer. 

Production of Diesel engines was greatly expanded follow¬ 
ing the outbreak of war, and in 1943 one manufacturer alone 
supplied more than 20,000 engines, all of the same size. In 
October of that year the aggregate horse power of Diesel en¬ 
gines under contract for installation in Navy craft for the 
first time exceeded the aggregate horse power of steam tur¬ 
bines being installed, in spite of the fact that all capital ships 
and aircraft carriers were still being powered with turbines. 
In the course of the war the U. S. Navy became the largest 
operator of Diesel engines in the world, and it has been esti¬ 
mated that from 1942 to 1946 it placed orders for Diesel 
engines and Diesel-powered equipment to the extent of 60 
million hp. 

There is little doubt that in the course of tiihe the Diesel 
engine will be used also in capital ships. One of the great 
advantages of these engines is their instant readiness to 
operate under full load, which means a quick getaway for 
a ship lying at anchor and the ability to instantly increase 
speed while under way. It is the belief of some Naval officers 
that with Diesel propulsion such disasters as those of Oran, 
Taranto and Pearl Harbor could have been greatly lessened. 
However, the outputs required are so large and the different 
types of Diesel or combination Diesel and gas-turbine power- 
plants that might be used are so numerous that it will prob¬ 
ably take a good many years before the changeover gets under 
way. The so-called pocket battle ships built by the Germans 
under the displacement and other restrictions of the Versailles 
Treaty were powered with Diesel engines. 

Industrial Uses—Previous to 1935, manufacturers of high- 
and moderate-speed Diesel engines in the United States 
catered particularly to the industrial field. The engine is 
well suited to the operation of electric generators of moderate 
size in stationary and portable powerplants, because its high 
thermal efSciency and the cheapness of the fuel on which it 
operates make the operating cost quite low. Moreoter, its 
high speed of rotation permits of direct connection to a high¬ 
speed generator, which is smaller, lighter and cheaper than 
a low-speed generator of equal output. Such a direct-con- 
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nected generating set is compact and requires little floor 
space; it is particularly suited to marine applications. 

Another representative industrial application is to power 
shovels, the equivalent of the familiar steam shovel, and most 
manufacturers in the United States now equip their shovels 
with Diesel engines. Scrapers and other earth-moving ma¬ 
chines also are Diesel-powered, as a rule. Other industrial 
applications are to blowers, bridges, clay-working machines, 
compressors, cotton gins, cranes, crushers, ditchers, drilling 
rigs, excavators, flour mills, hoists, ice machines, loggers, oil 
pumps, paving machines, water pumps, and saw mills. 

Aircraft—The only field in which the Diesel engine has not 
proved permanently successful is that of aviation. Develop¬ 
ment of Diesel engines for aircraft was taken up with consid¬ 
erable enthusiasm toward the end of the 1920’s, but great diffi¬ 
culties were encountered and some serious set-backs suffered. 
In this country the Packard Motor Car Company developed a 
nine-cylinder radial, air-cooled engine for which it obtained 
an approved-type certificate from the Department of Com¬ 
merce, and with which a non-refueling world’s record was 
established; but the engineer in charge of the work, Capt. 
L. M. Woolson, lost his life in an airplane crash, and this, 
possibly in conjunction with the prolonged business depres¬ 
sion, led to the abandonment of this enterprise. Another 
Diesel of similar type was developed by Guiberson Engine 
Company of Dallas, Tex., which is now inactive. Both the 
Packard and the Guiberson were of the radial air-cooled type, 
which dominated the aircraft-engine field during that period. 
As an example of a design which makes it possible to obtain 
a high specific output—one hp for 2 lb of dry weight—from 
Diesel engines, a cross section of the Guiberson is reproduced 
in Pig. 13. The drawing shows the counter-weighted, single¬ 
throw crankshaft, the finned steel cylinder, and the screwed- 
and shrunk-on aluminum cylinder head, which contained a 
single poppet valve that served for both intake and exhaust, 
remaining open for more than one complete revolution of the 
crankshaft. Also shown are the valve-actuating mechanism 
and one of the injection pumps with its drive. The Guiber¬ 
son also did not reach the production stage as an aircraft 
engine, but in a slightly modified form was produced in con¬ 
siderable numbers for installation in ‘‘tanks” during World 
War II. 

Because of its higher compression and combustion pres¬ 
sures, the Diesel cannot be built quite as light as a carburetor- 
type engine, which was probably its chief handicap. Constant 
improvement in aviation gasoline made it possible to use 
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higher compression ratios and to reduce the specific consump¬ 
tion of carburetor-type aircraft engines, for which a specific 
consumption as low as 0.375 lb per bhp-hr has been claimed 
in at least one case. That reduced the possible gain from the 
adoption of the Diesel and discouraged development work in 
this particular field, which is of necessity very expensive. 
Following World War II jet propulsion came to the front in 
military aviation, which put another damper on development 
work on piston engines, and the Diesel aircraft engine is now 
practically extinct. 

Small Diesel Engines—Small gasoline engines are being 
manufactured in large numbers for farm and industrial uses, 
for scooters, lawn mowers, etc. Diesel engines also have been 
built in relatively small sizes, but it is difficult for the small 
Diesel to compete with the gasoline engine, especially in appli¬ 
cations where operation is highly intermittent. The Diesel 
costs more to buy, is more difficult to start, and does not run 
quite as smoothly as the gasoline engine. Its principal advan¬ 
tage is the saving on fuel costs which it makes possible, and if 
the annual consumption is low, this may not balance the dis¬ 
advantages. In certain applications the greatly reduced fire 
hazard due to the use of a non-volatile fuel and the absence of 
poisonous carbon monoxide in the exhaust may make the 
Diesel preferable to the gasoline engine even if its overall 
operating cost should be somewhat higher. Another thing in 
favor of the small Diesel would seem to be the fact that it is 
easier to air-cool than a gasoline engine. 

According to the U. S. Census, almost 15,000 Diesel en¬ 
gines with a rating of less than 31 hp were built in this coun¬ 
try in 1947. Most of these were marine engines, or stationary 
engines intended for services where their reduced fire hazard 
counts. 

The situation with respect to small engines is rather dif¬ 
ferent in Europe, and especially on the Continent, where gaso¬ 
line at retail sells at from three to four times as much as in 
the United States. Owing to lower labor costs, the difference 
in the prices of equivalent gasoline and Diesel engines probably 
is less there than here, and the saving in fuel costs which the 
Diesel makes possible is relatively much more important. 
There are numerous small Diesel industrial engines on the 
market in aU of the industrial countries of Europe, and 
wheeled farm tractors, even though usually of rather small 
size, are Diesel-powered, as a rule. 
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Fid. IS.-Skction through Crankshaft Axis of Guiberson Aisckaft 
Engine. 



CHAPTER II 

Thermodynamic and Other Characteristics 

When air or gas is compressed in a container or pressure 
vessel, and is then allowed to cool to its original temperature, 
the compression is said to be isothermal (constant-tempera¬ 
ture). In that case the relations between the initial and final 
volumes and pressures are represented by Boyle ^s law, accord¬ 
ing to which pressure and volume are inversely proportional. 
The equation of isothermal compression is 

PV — constant, 

where P is the absolute pressure and V the volume of the air. 
The reciprocal process, known as isothermal expansion, is 
subject to the same law. 

Adiabatic Compression—When air is compressed in the 
cylinder of a pump or compressor, both its pressure and tem¬ 
perature are increased, for in compressing the air, work is 
done, and this work is converted into heat. The rise in pres¬ 
sure then results partly from the decrease in volume and 
partly from the addition of heat to the air. It follows from 
this that for a given reduction in volume, the pressure of the 
air (or gas) will increase more if the compression is adiabatic 
than when it is isothermal. Similarly, for a given increase 
in volume there is a greater drop in pressure if the expansion 
is adiabatic than when it is isothermal (in which latter case 
heat would have to be supplied from outside). The law of 
adiabatic compression and expansion is 

PV^ = constant, 

where the exponent n is equal to the ratio of the specific heat 
at constant pressure to the specific heat at constant volume of 
the particular gas under consideration. For atmospheric air 
n is equal to 1.405.* 

♦In the illustrations, which are carried over from previous editions, 
the poiytropic exponent is represented by 7, the former standard symbol* 

30 
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True adiabatic compression is practically impossible of 
accomplishment, for when ^ases are being compressed their 
temperature always increases and there is always at least 
some interchange of heat between them and the cylinder walls. 
In an internal combustion engine in normal operation the 
greater part of the combustion chamber wall is at not much 
over 200 F, and since in a Diesel engine during compression 
the air is raised to a temperature of more than 1000 P, the 
charge of air loses heat to the cylinder walls during a con¬ 
siderable i)ortion of that stroke. Throughout the expansion 
stroke the temperature of the gases in the cylinder is higher 
than that of the cylinder wall, and there is then also flow of 
heat from the former to the latter. The result is that during 
compression in the cylinder the pressure of the air does not 
rise quite as much as in adiabatic compression in the same 
proportion. During the expansion stroke, however, the pres¬ 
sure does not drop as rapidly as in adiabatic expansion, be¬ 
cause combustion continues during a considerable part of 
that stroke, and while the increase in volume and loss of heat 
to the walls result in a decrease in pressure, the continued 
addition of heat tends to keep the pressure up. These two 
effects, that is, loss of heat to the cylinder walls during the 
compression stroke and addition of heat during the expansion 
stroke, can be taken account of by giving the exponent in 
the equation for adiabatic changes of state a value lower than 
1.405. ^ 

Pressure of Compression—The pressure in the engine cyl¬ 
inder at the end of the compression stroke is directly propor¬ 
tional to the pressure therein at the beginning of that stroke. 
When cranking the engine over for starting, the initial pres¬ 
sure (at the beginning of the compression stroke) will be sub¬ 
stantially equal to atmospheric pressure, but at higher speeds 
it will be somewhat lower, depending on the speed, the ratio 
of valve-opening area to cylinder volume, and the valve 
timing. For an engine with liberal-sized valves and running 
at moderate speeds, the pressure at the beginning of the 
compression stroke may be assumed to be about 14 psi. 

The pressure at the end of the compression stroke is given 
by the equation 

Pc = 

where P© is the absolute pressure in the cylinder at the end 
of the compression stroke; Pi, the initial pressure, at the be¬ 
ginning of the compression stroke; r, the volumetric compres¬ 
sion ratio, and n, an exponent. It has been found from engine 
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indicator diagrams that in normal operation the value of n 
is about 1.33. Therefore, using a value of 14 psi for the pres¬ 
sure at the beginning of the compression stroke and a value 
of 1.33 for n, we get for the compression pressure under nor¬ 
mal operating conditions, 

Pc = 1psi abs. 

Values obtained by means of tliis equation for values of the 
compression ratio up to 16 are plotted in Fig. 1. 

Temperature of Compression—Tlie absolute temperature 
of the air in tlie combustion chamber at the end of the com¬ 
pression stroke is directly pro])ortional to the absolute tem¬ 
perature of the air at the beginning of that stroke. The abso¬ 
lute temperature is equal to the regular Fahrenheit tempera¬ 
ture plus 460 deg. 

The temperature of the air in tlie cylinder at the beginning 
of the compression stroke varies comsiderably with conditions 
of operation. When the engine is being started from cold it 
is evidently equal to the atmospheric temperature, whereas 
when the engine is running steadily under load, the air enter¬ 
ing the cylinder will abstract heat from the phrts with which 
it comes in contact, namely, the inlet valve and the cylinder 
and piston walls. Under conditions of full load, the mean 
temperature of the air at the end of the inlet stroke will be 
about 200 F. The absolute tempf^rature of the air at the 
end of the compression stroke is given by the equation 

tc = 

where ti is the absolute temperature at the beginning of the 
compression stroke and r and n have the same meanings as 
previously. Remembering that the absolute temperature is 
equal to the regular temperature plus 460*^, we have for the 
P temperature at the end of the compression stroke 

Tc = (200 + 460)r^*^^ - 460°. 

Values obtained from this equation for compression ratios up 
to 16 are plotted in Pig. 1. It will be seen that for a com¬ 
pression ratio of 16 we obtain a compression temperature 
under full load conditions of 1170 P. This is a much higher 
temperature than is actually required for the ignition of fuel 
oil, which has an ignition point of about 600 P, but it must 
be remembered that the conditions here assumed are the most 
favorable to the production of high temperatures. 
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Starting Conditions—When starting the engine the ex¬ 
ponent will have a lower value however—not because the 
cylinder walls are then cold, since the temperature of the air 
at the beginning of the compression stroke also will be pro¬ 
portionately lower—but because at the low cranking speed 
the time occupied by the compression stroke will be so much 
longer, and more of the heat will pass into the cylinder walls, 
besides which there will be proportionately more gas leakage. 
For a cranking speed of 200 rpm the value of the exponent 
probably will not be greater than 1.20. 
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Fig. 1.—Curves of Pressure and Temperature of Air during 

Compression in a Cylinder. 

Since the initial temperature is also much lower, it seems 
that even with a compression pressure of 16 to 1 the tempera¬ 
ture of compression is hardly sufficient to effect ignition of 
the fuel. It is rather fortunate in this connection that the 
temperature of the air charge toward the end of compres¬ 
sion is not uniform. The temperature will be lowest near 
the cylinder walls, and there will be a considerably hotter 
core of air at the center of the compression space, on which 
dependence can be placed for ignition. But if the compres- 
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sion ratio is less than 15 to 1 in engines with moderate-sized 
cylinders, auxiliary ignition devices for starting from cold 
must be provided, as a rule. The dependence of compression 
pressure and temperature on engine speed will be discussed 
in more detail in the chapter on starting. 

Modified Compression Ratio—The term ' ‘ compression 
ratio’’ as used in the foregoing signifies the ratio of the 
volume of the combustion chamber at the beginning of the 
up-stroke of the piston to the volume at the end of that stroke. 
It is this ratio which is generally referred to when the com¬ 
pression ratio of an engine is given. However, since there 
can be no compression of any consequence in the cylinder 
until the inlet valve closes, and closing of this valve takes 
place only after a fraction of the compression stroke has been 
completed, some recent writers have used the term as meaning 
the ratio of the volume of the combustion chamber at the mo¬ 
ment the inlet valve (or inlet port) closes to the volume at the 
end of the compression stroke. 

This latter ratio is really the more rational one. In the 
development of high-speed engines, the moment of closing of 
the inlet valve is generally so set that the engine develops 
maximum power at high speed, which means ithat it takes in 
the greatest possible amount of air. As long as the pressure 
within the chamber is less than atmospheric, air continues to 
flow into it if the inlet valve is still open, hence, to get the 
maximum amount into the cylinder the inlet valve must be 
closed at the very moment the pressure within the chamber 
becomes equal to atmospheric. At low engine speeds atmos¬ 
pheric pressure is reached in the combustion chamber slightly 
earlier, and during the remainder of the period the inlet valve 
remains open, some air will be forced out again. This, of 
course, means that there is then a slight over-pressure in the 
combustion chamber, but since the engine speed is slow, the 
necessary outflow is produced with very little over-pressure, 
and for all practical purposes the cylinder pressure at the 
moment of inlet-valve closing may be considered equal to 
atmospheric pressure in this case too. 

Variation of Compression Pressure and Temperature 
with Load—At a g^ven speed, the greater the amount of fuel 
injected per cycle, in other words, the greater the torque load, 
the greater will be the amount of heat absorbed by the walls 
of the combustion chamber and the higher the temperature of 
these walls. Naturally, with an increase in wall temperature 
there is less loss of heat from the charge to the combustion- 
chamber waUs during the compression stroke, which tends to' 
raise the value of the polytropie exponent ti. In Fig. 2 are 
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given some test results and values derived therefrom by C. B. 
Dicksee. The engine on which the tests were made had a 
compression ratio of 14.5, based on the combustion-chamber 
volume at the moment of inlet-valve closing, and was oper¬ 
ated at 1000 rpm. The valves were sufficiently large so that 
at this low speed the combustion-chamber pressure at the 
moment of valve closing could be taken as atmospheric. 

It will be seen that the compression pressure increased 
from 540 psi when no fuel was injected to 610 psi at full 
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Fra. 2.—Variation op Compression Pressure and Temperature 
WITH Load (Dicksee). 

load. A compression ratio of 14.5 based on combustion-cham¬ 
ber volume at inlet closing is equal to a ratio of around 16 
based on the maximum combustion-chamber volume. The 
values of «(y) plotted are considerably higher than those 
given earlier in this chapter, which is due to the fact that they 
are based on the modified (reduced) compression ratio. The 
compresnon temperatures in the diagram were calculated 
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from the ratio of pressure multiplication and the initial tem¬ 
peratures, which latter were based in part on exhaust-gas- 
temperature measurements. It will be seen that the final 
temperature of compression increases from about 900 P at 
no load to more than 1300 F at full load. 

Thermal Efficiency of Constant-Pressure Cycle—Al¬ 
though the constant-pressure cycle is not used in high-speed 
Diesel engines, it should be of interest to discuss some of its 
characteristics, the more so because it is impossible to repre¬ 
sent the actual operating conditions in a high-speed Diesel 
engine by a definite theoretical cycle. Referring to Fig. 3, the 
air is taken into the cylinder at a pressure Po and a tempera¬ 
ture To, both in absolute units. The air is then compressed 
in the cylinder adiabatically (by assumption) until its pres¬ 
sure is Pi and its temperature Ti. Then heat is added while 
the air expands, the pressure remaining the same, but the 

Fig. 3.—Notation for Pressure and Temperature at Different Points 

OF THE Cycle. 

temperature rising to a higher value r2. Next the burnt 
gases expand adiabatically until at the end of the stroke the 
pressure becomes P3 and the temperature T3. The gases are 
then discharged from the cylinder and the temperature be¬ 
comes the same as at the beginning of the cycle, viz., To. 

Now let us assume that r is the ratio of compression of the 
air and B the ratio in which the cylinder volume increases 
while heat is being added (by combustion of the injected fuel). 
Heat is supplied to the air at constant pressure, but is rejected 
at the end of expansion at constant volume. The efficiency 
of the cycle is 

Heat supplied — Heat rejected 

Heat supplied 
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By inserting in this equation expressions for the heat sup¬ 
plied and the heat rejected in terms of the initial and final 
temperatures during heat supply and heat rejection, and of 
the specific heats at constant pressure and constant volume, 
respectively, and reducing to the simplest form, we get 

- 1 
^ = 1-- 

nr^-\R - 1) 

By using in the foregoing equation a value of 1.405 for n 
we obtain what is known as the air-cycle efficiency (constant- 
pressure). In Fig. 4 are given curves showing the variation 

/Z /3 /S f6 f7 fa 
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Fig. 4.—Theoretk al Efficiencies of Constant-Volume and 
Constant-Pressure Cycles. 

of the air-cycle efficiency with the compression ratio. The 
upper curve applies to the constant-volume cycle, where all 
of the heat is added while the piston is at the top of the stroke 
and the air therefore at its minimum volume. The efficiency 
of the constant-volume air cycle is calculated from the equa- 

These efficiencies, which vary from 63.5 per cent for a com¬ 
pression ratio of 12 to 1, to 69 per cent for a compression ratio 
of 18 to 1, would be obtained under absolutely ideal condi- 



38 THERMODYNAMIC CHARACTERISTICS 

tions. In practice the efficiencies are much lower, first because 
usually not all of the fuel is burned; next, whatever fuel is 
burned is not burned instantly at the top of the stroke, and 
after-burning reduces the efficiency; and finally, because a 
considerable portion of the heat is lost through the cylinder 
walls. What is called the brake thermal efficiency is still 
smaller, being reduced by the mechanical losses (due to fric¬ 
tion) within the engine. 

The lower curve in Pig. 4 applies to the constant-pressure 
air cycle, and the data for it were calculated by means of the 
equation 

- 1 
7} = I---» 

nr^--\R - 1) 

heat addition being assumed to take place during 30° of crank 
motion from the top dead center position. 

Effect of Injection Timing—In a high-speed Diesel engine 
the cycle of operation is intermediate between the constant- 
volume and constant-pressure cycles whose theoretical effi¬ 
ciencies are shown in Fig. 4. Owing to the so-called ignition 
lag, at least a part of the fuel must be injected before the 
piston reaches the top of the stroke, and owing to this ad¬ 
vance in injection there is, as a rule, a considerable increase 
in the cylinder pressure above the maximum compression 
pressure. For any given engine speed, advancing the begin¬ 
ning of injection (within limits) raises the combustion pres¬ 
sure and brings the cycle of the engine closer to the constant- 
volume cycle, while retarding the beginning of injection 
brings it closer to the constant-pressure cycle. The actual 
effects of advancing and retarding the beginning of injection 
are clearly shown by Pig. 5, which is taken from an A.S.M.E. 
paper by John A. Spanogle on The Quiescent Combustion 
Chamber. In the tests, the settings of all of the engine con¬ 
trols remained the same throughout, except the beginning of 
injection. The engine was supercharged, the inlet pressure 
being maintained at 4.3 psi gauge, and the inlet temperature 
at 125 F. The beginning of injection was varied between the 
limits of —39° and —9° of crank angle. Points of cut-off 
are indicated in the chart by small circles on the respective 
curves, and it will be seen that in each case fuel injection 
extended over substantially 30° of crank motion. 

An injection lead of 39° is evidently too great for the 
conditions of engine operation, because the pressure rises be¬ 
yond the limit of the indicator even before the dead center 
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is reached. From the standpoint of maximum power, a lead 
of 30° for the beginning of injection seems to be the best, 
but with it the combustion-chamber pressure still rises to 
about 950 psi. With an injection lead of 16°, substantially 
constant-pressure combustion is obtained, the combustion pres- 
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Fig. 5.—Effect of Injection Timing on Cylinder Pressure. 

sure rising from the compression pressure of 550 psi to a 
maximum value of about 625 psi, after first having dropped 
to 475 psi. If the earliest and latest injection starts are neg¬ 
lected, the pressure in the combustion chamber at 50° past 
dead center is practically independent of the injection lead. 
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The diagrams of Fig. 5 are portions of so-ealled pressure- 
time diagrams, in which distances along the horizontal axis 
represent crank angles or elapsed times, whereas the theo¬ 
retical diagrams previously given were pressure-volume dia¬ 
grams, in which distances along the horizontal axis represent 
combustion-chamber volumes. 

Effect of Cut-Olf on Efficiency—To see how the efficiency 
varies with the cut-off, assume that the compression ratio r 
is 14; then for values of the cut-off ratio K of 1.25, 1.50, 2.00 
and 2.50, corresponding to fuel injection during about 2.0, 
3.9, 7.7 and 11.5 per cent of the stroke, respectively, the the¬ 
oretical efficiencies are 63.G per cent, 62.0 per cent, 59.2 per 
cent and 55.8 per cent res])ectively. Thus the theoretical 
efficiency of the engine increases as the load on it decreases. 
The reason for this is that the fuel as a whole is injected 
earlier, hence its combustion takes place earlier during the 
expansion stroke, and the heat generated has a better chance 
to perform mechanical work on the piston. 

Tests of fuel consumption on Diesel engines are sometimes 
made under conditions of constant speed and variable load, 
and the consumption in lb per horse power-hour is then 
plotted against the torque load. Such a curve usually shows 
the specific consumption to be a minimum at about 80 per cent 
of full load and to increase as full load is approached. That 
is due mainly to the fact that at and near full load the fuel 
quantity injected is so large that not all of the fuel can find 
the oxygen needed for its combustion in the short time avail¬ 
able, and the combustion efficiency is low in consequence. At 
less than half load the specific fuel consumption increases 
markedly, because the friction loss, which is practically inde¬ 
pendent of the torque load, plays a more and more important 
part. 

In a general w^ay the power and efficiency of a Diesel 
engine can be increased by advancing the injection, but un¬ 
fortunately this improvement is usually accompanied by in¬ 
creased roughness of operation. However, when the engine 
is under light load it is possible to advance the injection with¬ 
out creating marked roughness, and a slight gain in economy 
can be thus obtained. 

Quantity of Fuel Required—In a carburetor-type engine 
there is a rather definite relation between the quantities 
(weights) of air and gasoline that will give the highest fuel 
economy, because, since the air and fuel are intimately mixed 
previous to ignition, substantially all of the fuel can be burned 
in a quantity of air that contains just enough oxygen to chem- 
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ically combine with the fuel. But in a Diesel engine, owing 
to the fact that mixing of the fuel and air and combustion go 
on simultaneously, it is impossible for all of the fuel mole- 
(*ules to find their requisite oxygen molecules if only just 
enough oxygen is present. For the highest fuel economy in 
a Diesel engine a very considerable excess of air is therefore 
required. In fact, if enough fuel were injected into the cyl¬ 
inder so that its complete combustion would consume all of 
the oxygen present, there would be much black smoke in the 
exhaust, which is indicative of unburnt carbon particles. The 
quantity of fuel that must be injected per cycle into a cyl¬ 
inder of given displacement for full-load operation can best 
be determined from performance data of actual engines. 

Let rjp be the brake mean effective pressure in psi. 
V, the displacement of one cylinder in cu in. 
n, the number of power strokes per minute. 
/, the specific fuel consumption in lb per hp-hr. 
p, the specific gravity of the fuel. 

The brake horse power developed by the cylinder is 

7 1 Vrjpn 
~ X VP Xn X - =- 
12 33,000 396,000 

The fuel consumption per minute is 

Vypn f __ Vypnf 

396,000 ^ ^ 23,760,000 

Since one cu ft (1728 cu in.) of water weighs 62.5 lb, one pound 
of water is equal to 27.67 cu in., and one pound of fuel is equal 
to 27.67/p cu in. Therefore, the consumption of fuel per min¬ 
ute is 

Vypnf 27.67 Vypnf 
-X-=-cu in. 
23,760,000 p 859,000p 

Since there are n power strokes per minute, the volume of fuel 
required per power stroke at full load is 

Vvpf . 
-CU m. 
859,000p 

Good average values for full-load operation in automotive- 
type Diesel engines are yp = 80 psi and / = 0.44 lb per hp-hr, 
while the specific gravity of the fuel oil usually employed in 
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these engines is about 0.82. Inserting these values we get for 
the volume of fuel required per cycle 

7 X 80 X 0.44 V 

859,000 X 0.82 ^00 

Excess Air Factor—The proportion of excess air in the 
charge in any particular ease for which the performance data 
are known can be found from the equation 

/859,000ep \ 
Excess air = 100 {-1 ) per cent, 

V rvpf ) 

where r is the ratio of the volume of air (at atmospheric pres¬ 
sure and temperature) required to completely burn one volume 
of liquid fuel, and e, the volumetric efficiency. For an average 
Diesel fuel r can be set down with sufficient accuracy as equal 
to 10,000, and the equation then becomes 

/85.9cp \ . 
Excess air = 1001-1 ) per cent. 

For the case for which data are given in the foregoing, if we 
assume the volumetric efficiency to be 80 per cent, the propor¬ 
tion becomes 

/85.9 X 0.8 X 0.82 \ 
Excess air = 100 (- 1 ) = 60 per cent. 

\ 80 X 0.44 / 

Brake Mean Effective Pressure—Dr. P. H. Schweitzer in 
a paper read before the American Society of Mechanical En¬ 
gineers has given the following equation for the brake mean 
effective pressure (bmep) of any type of combustion engine, 
two- or four-stroke, carburetor or fuel-injection: 

bmep = 180 
0.4 14.5 

1 + (X — l)lf]s 
' Vvol PSI, 

where f is the specific fuel consumption in lb per bhp-hr; 
rtb, the theoretical air/fuel ratio or the mass of air which is 
just sufficient to completely burn unit mass of fuel; ijk, the 
scavenging efficiency (defined in Fig. 6); A, the excess-air 
factor (=r/rth), and i,voi> the volumetric efficiency. 
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In the derivation of this equation use is made of the ab¬ 
breviations defined in the charging diagram, Pig. 6. The 
horse power of the engine can be expressed in terms of the 
piston displacement, the bmep, and the number of cycles per 
minute, and it is, of course, also equal to the quotient of the 
total fuel consumption per hour by the specific consumption. 
This quotient may be expressed in terms of Ppuro the volume 
of pure air in the cylinder before combustion; p, the weight 
in lb of a cu ft of pure air at normal pressure and tempera- 

DEFINITIONS: 

CHARGING EFFlCIENCr . SCAVENGING EFFlC£NCr: %, • 

DELIVERY RATIO. L • VOLUMETRIC EFFICIENCY: 

EXCESS A/R FACTOR: A - UTILIZATION FACTOR : - 
^/Aeo * ' Vtl*Viorf 

ture; 2n/c, the number of cycles per minute; r, the actual 
air/fuel ratio; rth, the theoretical air/fuel ratio; A, the excess- 
air factor, and /, the specific fuel consumption. By equating 
the two expressions for hp, solving for bmep, inserting known 
values and simplifying, we arrive at the equation on page 42. 

In the charging diagram Fshort, the short-circuited air, 
represents the air which, after entering the cylinder, escapes 
through the exhaust valves or exhaust ports before compres¬ 
sion begins, during the valve-overlap or port-overlap period. 
In a four-stroke engine in which the valve periods do not 



44 THERMODYNAMIC CHARACTERISTICS 

overlap none of the air is short-circuited, and this part of the 
diagram therefore disappears. 

If in the equation for the bmep / is made equal to 0.44 lb 
per bhp-hr, t/sc to 1.00, rth to 14.7, A to 1.40 and rjyoi to 0.80— 
figures which are representative of operating conditions in a 
four-stroke, automotive-type Diesel engine—the bmep comes 
out to about 92 psi. The so-called “continuous horse-power” 
rating of most automotive-type Diesel engines is based on a 
bmep whicli is within this limit, though some engines are rated 
at bmeps up to 100 psi, and supercharged engines even higher. 
If, on the other hand, the engine should require 60 per cent 
excess (A = 1.60) in order to operate without excessive smoke 
in the exhaust, the bmep would figure out to 81 psi. The ex¬ 
ample then corresponds to that for which the excess-air factor 
was calculated in the foregoing. 

Variation of Thermal Efficiency with Speed and Load— 
In Pig. 10 of Chapter I were shown curves of specific fuel 
consumption vs. load factor at constant speed for gasoline and 
Diesel engines. The specific fuel consumption /, of course, is 
inversely proportional to the thermal efficiency, the two be¬ 
ing related by the equation 

/ = 
256,500 

vH 
lb per hp-hr. 

where 77 is the thermal efficiency in per cent and H the heat 
value of the fuel in Btu per lb. As shown in the chart referred 
to, one difference between the gasoline and the Diesel engine 
is that whereas in the former the specific consumption de¬ 
creases with an increase in the load factor throughout the 
range, in the latter it reaches a minimum at about 80 per cent 
load factor, and thereafter increases moderately. That the 
specific consumption is greater at low than at high load fac¬ 
tors is, of course, due to the fact that at constant speed fuel 
must be burned at a substantially constant rate to supply the 
power necessary to overcome internal resistances, and this 
constitutes a greater proportion of the total fuel burned at 
low than at high load factors. 

Fig. 7 shows the variation of the specific fuel consumption 
of a typical Diesel engine over a large part of its operating 
range with both speed and load (bmep). In this particular 
engine the specific consumption is a minimum (0.36 lb per 
bhp-hr) at a bmep of 85 psi and a speed of 1325 rpm. That 
the consumption increases as the bmep drops is due to the 
lower mechanical efficiency at low load factors. The in- 
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crease in the fuel consumption at bmeps higher than 85 psi 
is due to less efficient combustion at high load factors, and the 
increase in specific consumption at speeds above 1325 rpm is 
due to an increase in internal losses and a decrease in the 
volumetric efficiency with increase in speed. 

The maximum fuel quantity per cycle is limited by the 
stop on the control rack of the injection pump. This quantity 
varies with the engine speed, and the maximum bmep varies 
accordingly, as shown by the fuel cut-off line. The specific 
consumptions shown in Fig. 7 are somewhat lower than those 
previously given, which is due to the fact that they relate to 
an engine of the most efficient, direct-injection type and to 
the bare engine rather than to an engine driving all necessary 
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Fig. 7.—Variation of Specific P'uel Consumption with Speed 
AND Load. 

accessories. The hyperbolae drawn in on the chart are lines 
of constant horse power. They show that this six-cylinder, 
441-cu in. engine will develop a maximum of 110 hp at a 
specific fuel consumption of 0.40 lb per bhp-hr. 

Effect of Atmospheric Variables on Performance—In 
making horse-power tests of gasoline engines it has long been 
customary to make corrections for deviations from standard 
atmospheric conditions (29.92 in. of mercury column and 
GOP). ‘However, different correction factors are used in 
Great Britain and the United States. The density of the 
atmosphere is directly proportional to the absolute pressure 
and inversely proportional to the absolute temperature, and 
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the British, assuming that the engine during each cycle draws 
in a mass of air which is directly proportional to the density 
of the atmosphere, use the following equation in applying the 
correction factor; 

Hp = Hpx 
29.92 

Pi T ’ 

where Hp is the corrected horse power; Hpi, the horse power 
determined from dynamometer readings; pi, the absolute pres¬ 
sure in in. of mercury; Ti, the absolute temperature of the air 
at the carburetor inlet, and T, the absolute temperature cor¬ 
responding to 60 F. 

Experiments conducted in the Altitude Laboratory of the 
National Bureau of Standards in Washington, D. C., led to 
the conclusion that the engine horse power is more nearly 
inversely proportional to the square root of the absolute tem¬ 
perature, and in this country the following correction formula 
for gasoline-engine horse power has been standardized; 

29.92 /TA® ^ 

Circumstantial evidence in support of the latter formula is 
afforded by the equation for the flow of gas through an orifice, 
according to which the mass rate of flow is directly propor¬ 
tional to the area of the orifice and the pressure drop across 
it, and inversely proportional to the square root of the abso¬ 
lute temperature of the gas ahead of the orifice. 

It seems logical to assume that the reasoning behind either 
one of these two correction formulae is not entirely flawless, 
for both have been in use for many years, and if one were 
absolutely rational, the sponsors of the other undoubtedly 
would have recognized its error before now. Against the U. S. 
formula, which assumes the air taken in by the engine during 
the suction stroke to vary inversely as the square root of the 
absolute temperature, it may be urged that conditions in the 
engine are not exactly the same as those to which the flow 
formula applies, as the rate of flow into an engine cylinder, 
in addition to depending on the pressure drop and the tem¬ 
perature of the air ahead of the inlet valve, is affected also by 
conditions beyond the valve. When the air enters the cylinder 
at a higher temperature, it absorbs less heat from the cylinder 
walls and the dead gases from the previous explosion. Thus 
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the air in the cylinder is expanded less by heat addition during 
the inlet stroke, the pressure differential producing the inflow 
is maintained better, and the volumetric efficiency will be 
higher. The term ‘Volumetric efficiency’' as here used sig¬ 
nifies the ratio of the mass of air drawn in and retained in 
the cylinder at the end of the intake period, to the mass of a 
volume of air equal to the piston displacement, at the tem¬ 
perature and pressure of the ambient atmosphere. 

It also has been established by the National Bureau of 
Standards that moisture in the atmosphere reduces the out¬ 
put of a combustion engine by the proportion of the partial 
pressure of the vapor content to the total atmospheric pres¬ 
sure. 

Conditions Different in Diesel Engines—While there has 
been some discussion of the effect of atmospheric conditions 
on the output of Diesel engines, up to the time of this writing 
no definite correction formula for Diesel-engine horse power 
seems to have been adopted anywhere. There is, of course, 
an important difference between carburetor and Diesel en¬ 
gines in this respect, for whereas in the former any increase 
in the mass of air inducted into the cylinder results auto¬ 
matically in the induction of an equally increased quantity of 
fuel, in the latter the quantity of fuel injected is not affected 
by any changes in the mass of air inducted. In the Diesel, if 
the amount of air taken in is increased, it is, of course, possible 
to burn a larger amount of fuel in it, and the maximum use¬ 
ful output, as a rule, is limited by smoke in the exhaust. In 
discussing the effects of atmospheric variables on engine out¬ 
put it is therefore rational to postulate a constant smoke limit. 

Effects of atmospheric variables on the horse power and 
specific fuel consumption of Diesel engines have been investi¬ 
gated by Dr. Ing. K. Zinner of Augsburg, Germany,^ who has 
proposed a correction formula for the indicated horse power 
which may be written as follows: 

29.92 

This is similar to the present U. S. correction formula for 
gasoline-engine horse power, except that an exponent 0.8 is 
used for the temperature ratio, instead of 0.5, The reasoning 
behind this formula is as follows: Since the atmospheric den¬ 
sity varies inversely as the absolute temperature, if the volu¬ 
metric efficiency were constant, the mass of air taken in by 

Motortechnische Zeitschrift, Sept.-Oct., 1950. 
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the cylinder would vary as 1/T or as Now, as already 
pointed out, the volumetric efficiency increases with the tem¬ 
perature of the entering air, and measurements on a particular 
Diesel engine showed it to vary substantially as The 
mass of air taken in by the cylinder is proportional to the 
product of the density of the atmosphere by the volumetric 
efficiency; that is, to X Another thing that 
must be taken into account is that when the air enters the 
cylinder at a higher temperature, the temperature level of the 
entire cycle is higher, and as a result there will be greater 
heat loss to the cylinder walls. This can be accounted for by 
raising the value of the exponent from 0.7 to 0.8. 

The foregoing correction formula applies directly only to 
the indicated horse power. In practice, what is usually wanted 
is the brake horse power, which is equal to the product of the 
indicated horse power by the mechanical efficiency of the en¬ 
gine. If the mechanical efficiency were independent of the 
load, the brake horse power w’ould vary in the same propor¬ 
tion as the indicated horse power, and the same correction 
factor could be applied to both, but such is not the case. A 
part of the mechanical loss or friction loss varies with the 
load, and this results in a change in the mechanical efficiency 
with atmospheric conditions. Denoting the mechanical effi¬ 
ciency of the engine under standard atmospheric conditions 
by 7} and the ratio of the variable part of the friction loss to 
the indicated horse power by a. Dr. Zinner has deduced ex¬ 
pressions for the corre(*ted brake horse power and the cor¬ 
rected brake specific fuel consumption which may be written 
as follows: 

Up = Hpi 

/=/i 
mT' 7/(1 - a) 

Correction-Factor Chart—Fig. 8 is a chart which shows 
the dependence of Diesel-engine horse power and specific fuel 
consumption on all three of the atmospheric variables—^tem¬ 
perature, pressure, and humidity. Data for the chart were cal¬ 
culated with the aid of the two foregoing equations, the me¬ 
chanical efficiency under standard atmospheric conditions be¬ 
ing assumed to be 0.80 (80 per cent), and the ratio a of the 
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Fia. 8.-—Chart for Determining Horse-Power and Fuel-Consumption 
Correction Factors. 
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variable part of the friction loss to the indicated horse power, 
0.07. Other data were obtained from tables of the variation 
of the mean barometric pressure with altitude and of the 
water-vapor content of a saturated atmosphere at different 
temperatures. 

With the chart it is possible to determine correction fac¬ 
tors that must be applied to the horse power and the brake 
specific consumption under normal atmospheric conditions 
(29.92 in. mercury column, GOP, 80 per cent humidity) to 
obtain horse powers and specific consumptions for altitudes 
up to 15,000 ft, for different inlet temperatures and different 
degrees of humidity. Use of the chart is illustrated by an ex¬ 
ample: An engine is to be operated at 6000 ft, and it is de¬ 
sired to determine the available power and specific consump¬ 
tion in terms of the same items under normal atmospheric 
conditions. 

In making use of the chart we have to take account of the 
fact that the temperature of the atmosphere decreases with 
increase in altitude. From a table of mean atmospheric tem¬ 
peratures we find that a temperature of 60 P at sea level cor¬ 
responds to 36 F at 6000 ft. We may assume the relative 
humidity to be the same in both cases. At subh low tempera¬ 
tures the air holds very little moisture, and humidity is a 
minor factor. 

Prom the point for 6000 ft on the altitude scale on the left 
we proceed with a dashed line horizontally to the right to a 
point about one-third from the dry-air curve to the 60 P 
saturated curve (0,40 for the 36 P saturated curve and 0.8 
times this for the 80 per cent humidity). Prom that point we 
proceed vertically upward with a dashed line cutting the two 
sets of curves in the upper half of the chart. Prom the point 
corresponding to 36 P between the consumption curves we 
proceed horizontally to the left, and from the scale there see 
that the specific consumption will be about 3 per cent higher 
than at sea level. Prom the point corresponding to 36 P be¬ 
tween the horse-power curves we proceed horizontally to the 
scale on the right and see that the horse power will be about 
82 per cent that at sea level. 

The two equations given in the foregoing are applicable 
also when it is desired to correct dynamometer readings for 
deviations from standard atmospheric conditions. 

Correction Factors for Two-Stroke Engines—In two- 
stroke engines—as well as in four-stroke with very large cyl¬ 
inders—^the maximum practical injection quantity is usually 
limited by considerations of heat stresses rather than by smoke 
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in the exhaust. The maximum injection quantity then is well 
below that which would result in a smoky exhaust under nor¬ 
mal operating conditions near sea level. For that reason, if 
the altitude is increased above sea level, it is not necessary to 
immediately decrease the injection quantity. The air supply 
decreases, and if the fuel supply remains the same, combustion 
becomes less efficient and there is a decrease in both the power 
developed and the waste heat. The power loss, however, is 
not nearly as great as if the injection quantity were reduced 
in proportion to the air supply. At a certain altitude the 
density of the atmosphere is so reduced that the cylinder 

Fig. 9.—Altitude Characteristics op a Two-Stroke Engine. 

receives too little air to properly burn the fuel, and beyond 
that point the fuel supply must be reduced. Within this range 
the power decreases substantially in accordance with the prin¬ 
ciples discussed in the preceding paragraphs. 

Extensive tests on the effect of altitude on the power of a 
GM two-stroke, six-cylinder, 425-cu in. engine were carried 
out in 1949 and reported on in an S.A.E. paper by R. W. 
Guernsey. The maximum injection quantity for this engine 
as equipped for use on highway trucks is 70 cu mm. At the 
standard sea-level atmosphere and an engine speed of 2000 
rpm this results in an air/fuel ratio of about 34/1, based on 
the total air drawn in by the blower (of which a considerable 
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proportion passes right through and is not present in the cyl¬ 
inder when ignition occurs). In this engine the smoke limit 
corresponds to an air/fuel ratio of 27/1, which is reached at 
an altitude of about 6000 ft. Up to that altitude, therefore, 
there is no need for a change in the injection quantity, and 
within this range the bmep drops about 1 psi per 1000 ft. If 
the altitude is increased further, the injection quantity must 
be reduced so as to maintain the air/fuel ratio at 27/1, and 
between 6000 at 16,000 ft the bmep decreases approximately 
3.3 psi per 1000 ft. Fig. 9, reproduced from the Guernsey 
paper, shows how the bmep of tlie engine varies with altitude 
when the fuel control is set to inject different quantities of 
fuel per cycle. 



CHAPTER III 

Combustion Phenomena 

In the cylinders of a compression-i^ition engine combus¬ 
tion proceeds in a manner entirely different from that in a 
spark-ignition engine. In the latter the fuel and air are in¬ 
timately mixed before ignition occurs. Combustion starts at 
the spark points, and the flame travels from there through 
the entire charge at a velocity depending on the rate at which 
charge can be brought up to the ignition temperature. If the 
charge is quiescent, heat can be transferred from the part 
already burned to that which still remains to be burned only 
by radiation and conduction, and flame propagation is com¬ 
paratively slow, which manifests itself in a slow pressure rise. 
If, on the other hand, the air circulates rapidly in the com¬ 
bustion chamber, or if there is appreciable turbulence, heat 
will be carried from the burning portion of the charge to the 
unburnt portion also by convection. This involves a much 
more rapid transfer of heat throughout the combustion cham¬ 
ber, and consequently a more rapid rate of combustion. 

Ignition Lag—In a spark-ignition engine the beginning 
of combustion coincides with the passing of the spark. In 
describing the cycle of the Diesel engine we say that as the 
fuel charge is injected into the cylinder, it flashy into flame 
spontaneously. This is true in the sense thal; ignition is 
effected without the aid of outside agencies, and occurs a very 
short time after the beginning of injection, but there is, never¬ 
theless, a definite, measurable time interval between the be¬ 
ginning of injection and the beginning of combustion as indi¬ 
cated by the beginning of pressure rise above the compression 
line. This is known as the ignition lag. 

Ignition lag is a factor of great importance in the opera¬ 
tion of high-speed Diesel engines. If it were not for this 
factor, the rate at which combustion proceeds in the engine 
cylinder could be accurately controlled by means of the in¬ 
jection apparatus. As it is, one has no control over the com¬ 
bustion of that portion of the fuel charge which is injected”” 

rSuring the period of ignition lag. Why this is so will be plaiu ^ 
from the following analysis of the combustion process. 

53 
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Analysis of Combustion Process—Pig. 1 is a diagram of 
the pressure cycle of a Diesel engine, somewhat simplified or 
idealized to bring out more clearly the different phases of the 
combustion process. The curved line ABCF represents the 
rise and fall of pressure in the cylinder while the engine is 
being motored over without fuel injection. As the piston 
approaches the top dead center, the pressure rises rapidly; it 
attains its maximum value in dead center, when the space in 
which the air is confined is a minimum, and then, as the 
piston moves down again, the pressure decreases in the inverse 
manner in which it increased during the up-stroke. 

Ce/9NK /Ia/GL£ 

Fig. 1.—Idealized Compression- and Combustion-Pressure Curves. 

In regular operation under power, fuel injection begins 
at a point of the compression stroke which is here denoted 
by B, However, for the reason already mentioned, ignition 
does not take place until a point C is reached, and during 
the interval BC, which represents the ignition lag, the pres¬ 
sure in the combustion chamber does not rise above the com¬ 
pression line. In fact, with certain engines and certain types 
of indicator it has been possible to discern a slight falling 
off of the pressure in the cylinder during this period if fuel 
is injected, as compared with the pressures therein when air is 
being compressed without fuel injection. This is due to the 
heat absorbed by yajgorization of the 
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from the sensible heat of the chartre, and therefore from its 

Wlien ignition finally takes place, at point C, a consider¬ 
able portion (if not all) of the fuel charge is already in the 
cylinder, and this portion burns with an explosion-like effect, 
resulting in a very rapid rise in pressure from C to D. It is 
this very rapid pressure rise which is responsible for rough 
operation—the so-called Diesel knock. The greater the igni¬ 
tion lag, the more fuel there will be in the cylinder when 
Ignition occurs, and the greater will be the rate of pressure 
rise,' and also, as a rule, the maximum pressure attained. 
Evidently, the maximunT rate of combustion during this pe¬ 
riod and the maximum rate of pressure rise depend on both 
the length of the ignition lag in time measure and on the rate 
at which fuel is being injected. 

. The remainder of the fuel, that is, that portion which is 
injexited after ignition has taken place, burns substantially at 
the rate at which it is injected, and since the volume of the 
combustion chamber now increases, due to the downward mo¬ 
tion of the piston, from point D on the pressure in the cylin¬ 
der drops, and the stresses induced by the rapid pressure rise 
during the early part of the combustion period are relieved. 
If the engine is to operate smoothly, the rate of pressure rise 
ill the cylinder must be kept below a certain critical value. 
According to Dr. P, H. Schweitzer of Pennsylvania State 
College, while the critical rate varies somewhat with cylinder 
size and other factors, an engine ordinarily operates smoothly 
if the pressure rise is less than 30 psi per degree of crank 
motion, and knocks if it exceeds 50 psi per degree. 

Effects of Air Density and Temperature on Ignition Lag 
—In an actual engine the ignition lag depends upon what 
may be called engine factors, comprising both design factors 
and factors of operation, fuel factors and, to a lesser degree, 
injection-system factors. The subject of ignition lag has been 
studied by many investigators. Some of the earlier experi¬ 
ments were made with pressure bombs or pressure vessels, 
while most of the later investigations were carried out on 
actual engines. 

Ignition lag has been found to decrease as the density of 
the air charge and its temperature'increase. The density of 
the air^ of course, increases with its pressure, and decreases 
as the temperature increases, and it is proportional to the 
ratio of its absolute pressure to its absolute temperature. Pro¬ 
fessor Bird, at Cambridge University, investigated the rela¬ 
tion between the ignition lag on the one hand and the density 
and temperature of the air on the other, and he embodied his 
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results in a three-dimensional diagram. An equivalent of 
that diagram, based on Fahrenheit instead of Centigrade tem¬ 
peratures, is shown in Fig. 2. The ignition lag, in fractions of 
a second, is plotted along the vertical axis, while the tempera¬ 
ture of the air in degrees F and the ratio of the absolute pres¬ 
sure to the absolute temperature (which is proportional to the 
density) are plotted along the other axes. 

Eifect of Engine Speed on Ignition Lag—The ignition 
lags found by Bird were quite high, which was due to the 
fact that his experiments were carried out with pressure 
bombs, and fuel was injected into air at rest. In an actual 

Fig. 2.—Effects of Charge Density and Temperature on 
Ignition Lag, 

engine there is always at least some air flow, and this reduces 
the lag. Davies and Giffen, who examined indicator cards 
obtained with a Farnboro indicator on a single-cylinder Aero 
unit of the Associated Equipment Company, found the lag to 
vary with the engine speed. In the experiments carried out 
the fuel quantity was kept constant over the speed range 
500-2000 rpm, and bmeps of the order of 80 psi were 
obtained. Ignition lags measured varied as follows with the 
engine speed, in terms of crank angle and time units; 
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Speed, rpm. . . 500 
Ignition lag, 

crank-angle 
deg. 5 

Ignition lag, 
time sec.... 0.0017 

750 1000 1250 

14 14 11 

0.0032 0.0024 0.0015 

1500 1750 2000 

13 11 11 

0.0015 0.0011 0.0009 

Compared with Bird’s results, these ignition lags are very 
short, yet they have a pronounced etfect on the combustion 
process. The significance of the figures in the table can be 

Fro. 3.—Variation of Ignition Lag, in Degrees of Cr\nk Angle, 
WITH Engine Speed. 

1. 2, and 3, Le Mesiirier direct-injection engine; 4, N.A.C.A. quiescent 
engine; 5, Davies A.E.C. engine; 6, 7, and 8, Dicksee high-turbulence engine. 

better appreciated when it is considered that the injection 
period for bmeps of the order of 80 psi extends over about 
25° of crankshaft rotation, so that over the greater part of 
the speed range injection is about half completed when igni¬ 
tion takes place. 

Numerous other experiments on the relation between en¬ 
gine speed and ignition lag have been made in recent years, 
and the results of some of these are plotted in Fig. 3, which 
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is taken from the 1934 report of the S.A.E.-A.S.M.E. Joint 
Committee on Diesel Fuel Research. If the ignition lag in 
seconds were independent of engine speed, the lag in crank¬ 
shaft degrees would go up in dirct proportion to the speed. 
That it does not come near doing so in most engines is due to 
the fact that engine speed has a considerable influence on com¬ 
pression temperature, compression pressure, and air flow. Ig¬ 
nition lag in crankshaft degrees never increases as fast as the 

deGtNN/N& OF /A/JECTtO/^ M/ PeGPEES 

Fig. 4.—Effect op Engine Temperature and Injection Advance on 

Ignition Lag. 

engine speed; frequently it is practically independent of en¬ 
gine speed, and in some cases it actually decreases while the 
engine speed increases. 

Prom the various curves of Fig. 3 the inference may be 
drawn that ignition lag in degrees increases with speed more 
rapidly in non-turbulent than in turbulent engines, and some 
high-turbulence engines (the A.E.C. for instance) can be so 
adjusted that they are rather insensitive to variations in en¬ 
gine speed as regards ignition delay. 
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Effect of Injection Timing—In an actual engine, injection 
of the fuel always begins some time before the end of the 
compression stroke, and the air during the ignition-lag period, 
instead of being at substantially constant temperature, as in 
bomb experiments, increases in temperature during this pe¬ 
riod, due to its further compression. For this reason an 
abnormally early injection results in a very long ignition lag. 
At this early point in the compression stroke the air in the 
combustion chamber is still at a relatively low temperature, 
and heat transfer from the air to the fuel therefore can pro¬ 
ceed only slowly. This is plainly brought out by Pig. 4, which 
shows the effects of both the injection advance and the jacket 
temperature on the ignition lag. In this particular case the 
ignition lag is a minimum for an injection-advance angle of 
about 8°. The graph also shows that the higher the jacket 
temperature, the lower the ignition lag. 

Effect of Turbulence—The relation between injection ad¬ 
vance and ignition lag outlined in the preceding paragraph 
and illustrated by Pig. 4 does not hold for all engine types, 
however. It seems that a vigorous air swirl in the combustion 
chamber changes the relationship between these two factors 
completely. This is brought out by characteristic curves of 
two engine types given in Pigs. 5 and 6, which are taken 
from a paper by C. B. Dicksee presented to the Institution 
of Automobile Engineers. The curves of Pig. 5 are from an 
engine in which the air in the combustion chamber had a vig¬ 
orous swirling motion imparted to it. Nothing was said in 
the paper regarding the state of the air in the other engine, 
but by implication it was in a state of comparative quiescence. 
The tests were made at fixed speeds, and constant amounts 
of fuel were injected, the only variable factor being the in¬ 
jection advance. Aside from the difference in the forms of 
the combustion chambers, there was a difference also with re¬ 
spect to the compression ratio, which was slightly higher in 
the case of the turbulence-type engine. 

It will be seen that with the turbulence-type engine the 
bmep and the ignition lag in degrees are practically inde¬ 
pendent of the injection advance over a considerable range, 
whereas in the quiescent engine both increase rapidly with 
the injection advance. In the former engine the ignition lag 
actually decreases rapidly with increase in injection advance 
for small values of the latter. In both engines the injection 
advance was increased until the maximum pressure reached a 
value of 950 psi, and this required a much greater advance in 
the quiescent than in the turbulent engine; in fact, the maxi- 
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mum injection advance at which the turbulent engine was 
operated is less than the minimum for the quiescent engine. 

Prom the foregoing it may be concluded that the effect of 
injection advance on ignition lag is closely bound up with the 
factors of combustion-chamber form and air flow, and that a 
definite relationship can be established only for a particular 
design. 

Effects of Inlet Pressure and Compression Ratio—From 
what has been said it is apparent that anything which in¬ 
creases the density and the pressure of the air in the com¬ 
bustion chamber during the period immediately following the 

iwli 
Injection advc^nce, degrees 

Figs. 5 and 6.—Showing the Variation of Ignition Lag, Brake Mean 

Effective Pressure, and Maximum Pressure with Injection Advance 
IN A Turbulent {Lejt) and a Non-Turbulent (Right) Engine. 

beginning of injection will shorten the ignition delay. The 
effect of the inlet pressure on the ignition lag was first clearly 
pointed out by Boerlage and Broeze of the Bataafsche Pe¬ 
troleum Co. Laboratory, Delft, Holland, who, in an article 
in Engineering of December 4, 1931, published the diagram 
reproduced in Pig. 7. These investigators took a series of 
‘*90-deg-offset'' indicator diagrams with an ordinary piston- 
type oil-engine indicator, the air supply to the engine being 
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throttled stepwise, so that successive diagrams showed less 
compression and less maximum pressure. The vertical line 
near the middle of the composite diagram marks the begin¬ 
ning of fuel injection. On each pressure line the ignition point 
was marked off, and a line referred to as the ‘‘delay line’’ was 
drawn through these points. The ignition lag, of course, is 
proportional to the horizontal distance between the ignition 
point and the start-of-injection line. It is clear from these 
diagrams that the more the engine is throttled, the greater be¬ 
comes the ignition lag. In further confirmation of this rela¬ 
tionship it may be mentioned that in a test on the single¬ 
cylinder, 5 X 7-in. experimental engine of the N.A.C.A., when 
the air supply was throttled so that the inlet pressure was 
only two-thirds of an atmosphere, the ignition lag was 18 

Fig. 7.—A Series of Offset Indicator Diagrams, Taken with Engine 

Throttled to Different Degrees, Showing the Effect op Induction 
Pressure on Ignition Lag. 

crank-angle deg, whereas if the engine was supercharged to 
1.3 atmospheres, the lag was only a trifle more than 10°. 

The effect of the compression ratio on the ignition lag with 
two different grades of fuel is shown in Pig. 8, the tests hav¬ 
ing been made in the C.F.E. (Cooperative Fuel Research) 
single-cylinder test engine of 30 cu in. displacement at 600 
rpm. It will be seen that with fuel oil the ignition lag de¬ 
creased from 0.005 sec for a compression ratio of 11.5 to 
0.004 sec for a compression ratio of 14.5. This difference of 
0.001 sec between the ignition lags at 600 rpm correspcmds 
to 3.6 deg of crank angle. 

Physical and Chemical Lags—It has been found that the 
time which elapses between the beginning of injection and the 
appearance of a noticeable rise in pressure above the compres- 
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sion line is made up of two distinct items. The first, known 
as the physical lag, is made up of the time required to bring a 
minute portion of the fuel charge up to the vaporization tem¬ 
perature and vaporizing it, while the second, the chemical lag, 
is the time occupied by certain intermediate reactions and 
in sufficient combustion to produce a measurable pressure rise. 
Boerlage and Broeze have estimated that for fuels of normal 

Fia. 8.-—Effect op Compression Ratio on Ignition Lag with Two 
Different Fuels in the C.F.R. Test Engine. 

volatility, the physical lag represents only 5 to 10 per cent 
of the total. It appears that the various methods of reducing 
the lag affect mainly the physical lag, and it has been shown 
by Schweitzer {Automotive Industries, June 25, 1938) that 
the ignition lag cannot be reduced below a certain minimum 
even by injecting into flame. The absolute minimum to which 
the total lag can be reduced is about one millisecond, which 
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corresponds to 5.4 crankshaft degrees at the standard test 
speed of 900 rpm for the C.F.K. test engine. 

Effect of Fuel Characteristics^—Ignition lag is due pri¬ 
marily to the fact that before the fuel can ignite some of it 
must be raised to its ignition temperature by the air into 
which it is injected. The fuel, of course, is sprayed into the 
combustion chamber at substantially atmospheric temperature. 
Now, the ignition temperature varies greatly with the char¬ 
acter of the fuel. Some of the early experimenters employed 
shale oil and tar oil, which have much higher ignition tem¬ 
peratures than the petroleum fuels ordinarily used in high¬ 
speed Diesel engines. The heat required to raise the fuel to 
the ignition temperature is derived from the air, and the rate 
of heat transfer from air to fuel is proportional to the differ¬ 
ence between their temperatures. At the beginning of the 
process of heat transfer the temperature difference, of course, 
is the same, regardless of the character of the fuel used; but 
tar oils have to be carried to a temperature which is not very 
much below that of the air charge at the end of the compres¬ 
sion period, and as the temperature of the fuel approaches 
that of the air, the rate of heat transfer decreases. Hence 
with these oils the ignition lag is naturally longer. 

Preheating of Fuel—It has been proposed to cut down the 
ignition lag by preheating the fuel. But difficulties would be 
expected in connection with the handling of heated fuel in in¬ 
jection pumps and injectors. Besides, an experimental in¬ 
vestigation by Gerrish and Ayer (N.A.C.A. Report No. 565) 
indicated that moderate heating will not produce the desired 
effect, and will even give negative results. The experiments 
were carried out on a pre-chamber type of Diesel engine with 
a common-rail injection system. In normal operation the tem¬ 
perature of the fuel at injection was 124 P. When it was 
raised to 300 F, the ignition lag increased from 9.5° to 10.5°, 
but when the temperature was raised further, to 750 P, the 
lag was reduced to 6°. The rate of pressure rise and the 
maximum pressure also were reduced, while the mep and the 
thermal efficiency were slightly increased. The engine is said 
to have operated more smoothly, the exhaust to have been 
clearer, and the carbon deposits to have been considerably 
less than with injection at normal temperature. 

Pllat Injection—One method of reducing roughness or 
detonation in Diesel engines consists in injecting the fuel 
charge in two instalments as it were—a small pilot charge to 
initiate combustion, and the main portion of the charge while 
the pilot charge is burning. Dr. Jafar in an investigation at 
Birmingham University found the best proportion for the 
pilot charge to be about 22 per cent of the main charge, and 
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the best timin" for the pilot charge (at 1200 rpm of the 
engine), from 40 to 50 deg ahead of top center. 

Dr. Schweitzer also made some experiments with pilot in¬ 
jection and obtained best results with a pilot charge not ex¬ 
ceeding 15 per cent of the main charge, injection of the pilot 
charge starting 10° to 15° ahead of top center. If the same 
grade of fuel is used for both charges, the main charge must 
follow the pilot charge after 8° to 10°, but if fuel of high 
ignition quality is used for the pilot charge, the spacing should 
be less. Dr. Schweitzer also observed that when the lift dia¬ 
gram of the injector valve shows a small hump at the begin¬ 
ning of the lift (indicating that the valve is lifted first by the 
arrival of a pressure wave and closes again when the wave 
recedes), the combustion is always smooth. This hump can be 
produced by a proper combination of nozzle-opening pressure, 
injection-line length, and engine speed. 

A system of pilot injection developed by the Atlas Diesel 
Company of Stockholm, Sweden, in 1949 was adopted by the 
London General Transport Board for use on its 5000 Diesel- 
powered buses in operation in the British capital. This sys¬ 
tem will be described in the chapter on Fuel Injection and 
Sprays. 

Measurement of Ignition Lag—The original method of 
measuring the ignition lag consisted in taking a pressure-time 
diagram from the test engine with and without fuel injection, 
and noting the point on the pressure line where it begins to 
deviate from the compression line. The point of injection be¬ 
gin is automatically recorded on the diagram, and by pro¬ 
jecting these two points on the axis of abscissas, on which 
there is a crank-angle scale, the lag can be read off directly. 

At present the conventional method of measuring ignition 
lag consists in mounting two neon bulbs on the rim of the fly¬ 
wheel and closing the circuits through these bulbs by means 
of contactors which are operated, respectively, by the injector 
valve and a diaphragm under the influence of the cylinder 
pressure. The latter, known as the combustion indicator or 
the combustion pick-up, is so designed that the contact will 
not be closed by any pressure due to compression, but only 
by the higher pressure, or the greater rate of pressure rise, 
due to combustion. The two neon bulbs are located some dis¬ 
tance apart on the rim of the flywheel, behind narrow slits in 
a protractor which passes underneath a sight tube, and if the 
angular spacing of the two slits equals the ignition lag in 
crankshaft degrees, both lamps flash while passing the sight 
tube, and appear to the observer to give simultaneous flashes. 
Repeated adjustment of the protractor until simultaneous 
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flashes are obtained is a rather tedious process, for Avhich rea¬ 
son fuels are now tested by the constant-laj? method. The two 
bulbs are set 13° apart on the flywheel, and with the engine 
in operation, the compression ratio is varied until both flashes 
appear in the sight tube. 

Ilolfelder, a German research man, holds that ignition lag 
can be measured much more accurately by photographically 
recording the appearance of flame in the combustion chamber, 
than by recording the rise in either the pressure or tempera¬ 
ture. This method, however, calls for the use of a test engine 
with a quartz window in the combustion-chamber wall and 
of very expensive high-sp(*ed photographic apparatus, and is 
tlierefore limited to a few specially-equipped laboratories. 

Fig. 9.—Cylinder Diagram of Junkers Engine. 

Analysis of Indicator Diagram—A study of Diesel com¬ 
bustion characteristics as revealed by indicator cards was 
made by Professor Neumann of Hannover Technical College 
during the early years of the high-speed engine. Pressure¬ 
time cards were taken under full-load conditions from engines 
of three different types, one with direct injection into a “quies¬ 
cent'^ combustion chamber, another with direct injection into 
a “turbulent" combustion chamber, and the third with in¬ 
jection into a precombustion chamber (in which latter the 
combustion is initiated and from which it spreads to the main 
combustion chamber). The method of analysis employed is 
illustrated by Fig. 9, which shows a diagram taken from a 
Junkers tw^o-stroke, double-piston engine, with direct injec¬ 
tion into the flat cylindrical combustion chamber in which 
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air turbulence is induced by tangential inlet ports. Lines are 
drawn in on the diagram to show the variation of the pressure, 
temperature and density of the air during the compression 
stroke, these values having been calculated on the assumptions 
that at the beginning of compression the air in the cylinder 
was at atmospheric pressure and a temperature of 176 P, and 
that the exponent of polytropic compression was 1.35. An¬ 
other line on the diagram shows the decrease in the ignition 
temperature of the fuel with increase in air density, based on 
experimental results of Tauss and Schulte (discussed in the 
chapter on Fuels for Diesel Engines). 

The vertical line A-A marks the point of the cycle at which 
delivery by the pump began, which Professor Neumann er¬ 
roneously took to be identical with the beginning of injection 
into the combustion chamber. It has since been found that, 
owing to the compressibility of the fuel and the elasticity of 
the tube containing it, there is a certain injection lag, and the 
ignition lag therefore is shorter than indicated. Actually the 
distance A-B represents the sum of the injection lag and the 
ignition lag. 

The engine with direct injection into a ‘‘ti^^rbulent” com¬ 
bustion chamber showed the highest combustion pressure, 
about 880 psi, as compared with 670 psi for the engine with 
direct injection into the quiescent’^ combustion chamber, 
but the difference is largely accounted for by the compression 
pressures, which were 565 and 40Q psi respectively. In the 
engine with precombustion chamber, the pressure in the main 
combustion chamber rose only slightly above the compression 
pressure with the onset of combustion, from 595 to 625 psi. 
This moderate combustion pressure is a characteristic of the 
precombustion-chamber type of engine. 

Combustion-Efficiency Curves—C. B. Dicksee has pointed 
out that in the experimental development of an engine it is an 
excellent plan to plot the indicated mean effective pressures as 
ordinates against the fraction of the air charge consumed as 
abscissas. Starting with no load, the imep at first increases 
directly with the amount of air used, or nearly so, but sooner 
or later the characteristic deviates from the straight line, and 
in some cases it will turn rapidly and assume a more or less 
horizontal direction. The point at which a serious departure 
from a straight line first occurs depends largely on the effec¬ 
tiveness of the means provided to enable the fuel particles to 
quickly find the oxygen necessary for their combustion. The 
load at which the exhaust becomes smoky is also of interest 
in this connection. Fig. 10 shows the imep which would be 
developed for any given quantity of available air consumed 
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with an absolute volumetric efficiency of 85 per cent and 
various values of the thermal efficiency. 

A pronounced early deviation from the straight line with¬ 
out smoke in the exhaust indicates that the air is not being 
used until late in the cycle, either on account of lack of tur- 

I 
I 

Fig. 10.—Relation between Proportion op Air Used and IMEP 
FOR 85 Per Cent Volumetric Eppicibncy and Various Thermal 

Efficiencies. 

bulence, too slow a rate of, or too late injection. The presence 
of thick smoke when only a moderate proportion of the air 
has been consumed indicates that the fuel did not find its 
oxygen, that some parts of the combustion chamber are re¬ 
ceiving an excess, while others are not receiving enough fuel, 
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and that an increase in turbulence or a change in nozzle de¬ 
sign is called for. 

In obtaining the data for the plots here discussed, the air 
consumed is determined from the results of exhaust-gas anal¬ 
ysis by means of the well-known Orsat apparatus. If the air 
charge of the cylinder and the heat value of the fuel are as¬ 
sumed to be fixed (a volumetric efHeieney of 85 per cent can 
be figured with), then the slope of the characteristic line de¬ 
notes the thermal efficiency. For instance, with a fuel having 
a heat value of 19,300 Btu per lb, an indicated mep of 110 
psi, with 80 per cent of air consumed, represents a thermal 
efficiency of 30 per cent, while 160 psi with the same air con¬ 
sumption represents slightly more than 43 per cent. 

Spread of Combustion—^Although ignition undoubtedly 
occurs first at a particular point of the combustion chamber, 
it must not be supposed that there is only one point of igni¬ 
tion from which (as in the spark-ignition engine) the flame 
spreads gradually throughout the chamber. The sprays nor¬ 
mally are symmetrical, and there is every reason to believe 
that at, say, opposite sides of the jet at a given distance from 
the nozzle, the conditions for spontaneous ignition at any 
given time are substantially alike. Even if they are not abso¬ 
lutely alike, after ignition has taken place at one side of the 
spray, the opposite side will be brought to the condition neces¬ 
sary for spontaneous ignition by heat transfer from air to 
fuel much quicker than it can be ignited by direct flame propa¬ 
gation from the first point of ignition. Thus, instead of a 
single ignition point, as in the carburetor-type engine, we 
have really a considerable area over which—and perhaps even 
a considerable volume throughout which—ignition occurs 
practically simultaneously, and through the same agency of 
heat transfer from air to fuel. 

Combustion phenomena in the case of the Diesel engine 
are complicated by the fact that two processes are going on 
in the combustion chamber simultaneously—the distribution 
of fuel throughout the air charge and the heating of this fuel 
to the ignition point. Photographs of fuel sprays caught in a 
dispersion liquid show that when the injection pressures are 
comparatively low, there are great differences in the sizes of 
the droplets. Although the photos of high-pressure sprays do 
not show this so plainly, probably because the finest droplets 
cannot be clearly distinguished in the pictures, there is reason 
to believe that with such sprays there are size variations of the 
same relative order. Undoubtedly the surfaces of the smaller 
droplets reach the ignition temperature first, because in their 
case there is less liquid volume behind unit surface to carry 



COMBUSTION PHENOMENA 69 

off the heat absorbed at the surface, and the smallest droplets 
therefore burn first. 

Vaporization and Combustion—There has been consider¬ 
able discussion in the past as to whether it is necessary to 
vaporize liquid fuel before it can be burned, or whether com¬ 
bustion can take place directly from the liquid state. Most 
of the older writei’s on the subject held the view that the fuel 
first must be atomized by air friction, then heated and vapor¬ 
ized, and finally mixed with air before it can be burned. Some 
of the later investigators, however, reached results which con¬ 
vinced them that combustion can take place directly from 
the liquid droplets. With the application of liigh-speed pho¬ 
tography to spray and combustion phenomena by the National 
Advisory Committee for Aeronautics, definite evidence on this 
point has been produced. Eesults obtained by Eothrock 
(N.A.C.A. Eeport No. 435) show that even at temperatures 
below the self-ignition point of the fuel the entire spray dis¬ 
appears (becomes invisible) in from 0.001-0.002 sec, and it is 
now generally believed that the fuel injected first is prac¬ 
tically completely vaporized when ignition takes jdace. 

Time Required for Combustion—Whereas in a carburetor 
engine the time required to complete the combustion depends 
upon the average speed at which the flame travels from the 
spark points to the remotest part of the combustion chamber, 
in a Diesel engine it depends on the speed at which the oil 
molecules can be brought into contact with molecules of oxy¬ 
gen. Combustion of the droplets starts at their surface. Un¬ 
fortunately, as soon as its combustion has begun, the droplet 
is surrounded with an atmosphere of gases of combustion, 
which tend to interfere with the continuance of the combus¬ 
tion process. However, throughout the combustion period 
there is relative motion between the fuel droplets and the air, 
which tends to sweep away the gases of combustion from the 
surface of the droplets as soon as they are formed, and to 
bring fresh air in contact with the surface. This effect in¬ 
creases with the relative velocity of fuel and air. 

Effect of Engine Speed on Combustion—A method of 
plotting combustion phenomena in a Diesel engine against 
crankshaft speed was given in an S.A.E. paper by F. G. Shoe¬ 
maker and H. M. Gadebusch of General Motors Detroit Diesel 
Engine Division. Pig. 11 is reproduced from this paper. 
Time in milliseconds is plotted along the horizontal axis, and 
the light curved lines to both sides of the ‘‘dead-center’’ line 
represent constant crank angles before and after dead center. 
In the engine to which this diagram applies fuel injection 
began at 20 deg ahead of dead center. The various heavy 
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curved dotted, dashed, dash-dotted, etc., lines to the left of 
the dead-center line represent points of ignition with different 
fuels at different engine speeds. The quality of each fuel is 
represented by the (cetane) number at the lower end of each 
curve. Ignition lag with any of these fuels at any engine 
speed is measured by the horizontal distance between the 
20-deg curve (the lower end of which has been cut off) and 
the heavy line corresponding to the particular fuel. It will 
be seen that the poorest fuel (22) gives the longest ignition 
lag. 

TDC 

Fig. 11.—Effect of Crankshaft Speed on Combustion Phenomena. 

To the right of the dead-center line there are two sets of 
curves corresponding to the same five fuels, those nearest it 
representing the time of maximum pressure in the cylinder, 
the other set the end of combustion. It will be seen that with 
fuel 22, the one of lowest quality, the cylinder pressure 
reaches its maximum value at dead center at a speed of 1200 
rpm, and only shortly after dead center at other speeds. The 
horizontal distance between the ignition and maximum-pres¬ 
sure curves for any fuel is an inverse measure of the rate of 
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pressure rise, and with fuel 22 the pressure-rise curve is very 
steep. With this same fuel combustion in the cylinder also 
comes to an end earlier than with any other. The data from 
which the curves were drawn were obtained from pressure¬ 
time diagrams taken from the en^ne. To determine the end 
of combustion the pressure-time diagrams were converted into 
logarithmic pressure-volume diagrams in which the combus¬ 
tion line joins the compression and expansion lines at fairly 
pronounced angles. 

Exhaust Components—If the fuel consisted entirely of 
pure hydrocarbons and burned completely, the exhaust gases 
would consist of nitrogen, carbon dioxide, water vapor and 
(excess) oxygen. However, all ordinary Diesel fuels contain 
small quantities of impurities, chiefly sulphur and nitrogen 
compounds, and, besides, combustion of the fuel is never com¬ 
plete. The sulphur and nitrogen compounds are oxidized 
during combustion, and sulphur dioxide, sulphur trioxide, 
and oxides of nitrogen are found in the exhaust in small 
quantities. Owing to incomplete combustion of the fuel, the 
exhaust also may contain hydrocarbons (especially methane), 
hydrogen, free carbon, carbon monoxide, and aldehydes. All 
components of the exhaust with the exception of oxygen and 
nitrogen may be said to vitiate the atmosphere, but carbon 
monoxide, aldehydes, and the oxides of sulphur and nitrogen 
are the most objectionable. 

Carbon monoxide is a colorless, odorless and highly poison¬ 
ous gas, of which not more than one part by volume in 10,000 
can be tolerated in the air we breathe. Fortunately, the car¬ 
bon-monoxide content of the Diesel exhaust is normally quite 
low, far lower than that of the average exhaust of gasoline 
engines. Within the range of air/fuel ratios with which a 
Diesel engine can be operated economically and without ob¬ 
jectionable smoke, the CO content is usually below 0.1 per cent. 
Aldehydes are compounds of carbon, hydrogen and oxygen 
intermediate between alcohols and organic acids. Alcohol 
combines with the oxygen of the air under proper conditions 
to form an aldehyde and water, and further addition of oxy¬ 
gen converts the aldehyde—which is very unstable—into an 
acid. The aldehydes are chiefly responsible for the charac¬ 
teristic odor of the Diesel exhaust. They seem to be formed 
particularly when the temperature in the cylinder is relatively 
low, as at idling, when the aldehyde content of the exhaust 
may be as high as one volume in 2000, while in normal oper¬ 
ation it is very much less. Tests conducted by the Bureau of 
Mines have shown that odor becomes perceptible at an alde¬ 
hyde concentration of 0.2 to 0.3 parts per million, and that 
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nasal and eye irritation by the exhaust begin at a concentra¬ 
tion of about one part per million. 

Oxides of sulphur and nitrogen are undesirable in tlie 
exhaust aJso because in the presence of water they form cor¬ 
rosive compounds, which property they share with carbon 
dioxide. 

Problems connected with the harmful effects of the ex¬ 
haust on health are of special importance in connection with 
the use of Diesel engines in tunnels and mines, and the U. S. 
Bureau of Mines has investigated these effects and the engine, 
fuel, and operating variables that influence the formation of 
harmful compounds. This study was dealt with in a paper 
entitled ‘^Composition of Diesel Exhaust Gas,'^ by Martin A. 
Elliott and Kogers F. Davis, which appeared in S.A.E. Quar¬ 
terly Transactions for July, 1950. 

Smoke in Diesel Exhaust—When a Diesel engine is being 
fed a fuel charge greater than it can burn properly, there will 
be unburned carbon in the exhaust, which manifests itself in 
a dense black smoke. As the injection quantity is decreased, 
the smoke becomes less dense, and at a certain point it van¬ 
ishes practically entirely. At still lower loads tl|ere may be a 
whitish or grayish smoke in the exhaust, which 'is due to the 
presence of vaporized, unburned fuel. Under otherwise sim¬ 
ilar operating conditions, there generally is less smoke in the 
exhaust if the engine is being operated on fuel of high cetane 
number. 

A comprehensive experimental investigation of the causes 
of Diesel smoke was made by Dr. P. H. Schweitzer of The 
Pennsylvania State College.* While hot smoke or sooty smoke 
always is due to incomplete combustion, the latter in turn 
may be due to a variety of primary causes, and one of the 
most interesting of Dr. Schweitzer ^s findings was that in order 
to eliminate or minimize smoke, a number of design and oper¬ 
ating factors must be held within limits. If either the upper 
or the lower limit is passed, smoke is produced or increased. 
Thus the exhaust will be smoky if injection occurs either too 
early or too late, if the fuel used has either too low or too high 
a cetane number, if the compression is either too low or too 
high, and if the engine is either too lightly or too heavily 
loaded. 

Incomplete combustion frequently is the result of too late 
ignition, and too late ignition may be due to too late injection, 
too low compression, or the use of a fuel of too low cetane 

♦Must Diesel Engines Smoke?, S.AE. Quarterly Transactions for 
July, 1947, page 476. 
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number. Tlie reason why too high a cetane number also is 
productive of smoke is not so obvious, but it is a fact that 
fuels of over 60 cetane usually produce a smoky exhaust, and 
the same elfect is obtained with ordinary fuels if the compres¬ 
sion is too high. In both eases the ignition lag is unusually 
short, and early ignition seems to interfere with the dispersion 
or distribution of the fuel in the air charge. Too heavy a 
load means that so much fuel is being injected that not all 
of it can readily find the oxygen needed for its complete com¬ 
bustion. At very light load, as the point of misfiring is ap¬ 
proached, both cold and hot smoke are produced, the first be¬ 
cause some of the fuel will not be ignited and appears in 
the exhaust as a fog, and the second because some of the re¬ 
mainder will be ignited so late that it will burn incompletely. 
According to Dr. Schweitzer, in a normal engine there should 
be relatively little smoke in the exhaust when operating be¬ 
tween 25 and 75 per cent of full load, and the smoke should 
rise rapidly between 75 per cent and full load. The smoke, 
of course, is not wanted for its own sake, but because without 
it the ‘Mugging'’ power of the engine most likely would be in¬ 
adequate. 

Fuel-fog or cold smoke (failure of all or part of the fuel to 
ignite) is due to such causes as too light load, too early in¬ 
jection, too low compression, too low volatility of the fuel 
(as represented by the 50 per cent point), and impingement of 
the fuel spray on cooled combustion chamber walls. The lat¬ 
ter factor is or may be related to some of the others. Both 
types of smoke often are produced simultaneously. 

Smokemeter—The quality of combustion in a Diesel en¬ 
gine is indicated by the color of its exhaust. When the ex¬ 
haust is clear, the combustion is practically complete, while a 
smoky exhaust indicates the presence of unburned carbon par¬ 
ticles, and therefore incomplete combustion. Ordinarily the 
exhaust is observed directly with the unaided eye, but such 
observations lack accuracy, and it is impossible to give any 
figures for the relative density of the smoke. At present, 
therefore, observations are often made with a smokemeter. 

A simple smokemeter developed in the Diesel Laboratory 
of The Pennsylvania State College and known as the CRC 
Photovolt smokemeter, is shown in Fig. 12. Light from the 
6-volt lamp enters the 2 x 18-in. glass tube at one end and 
strikes the light-sensitive layer of the photocell at the other. 
Current from the cell passes through a microammeter fur¬ 
nished with the instrument. Before a smoke-density deter¬ 
mination is made the tube is scavenged with air by the suction 
fan shown. With clean air in the tube the instrument is 
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adjusted so that the pointer of the microammeter is deflected 
the full range of the scale, which latter has 100 divisions. 
When the tube is then filled with exhaust gas, the pointer 
moves to the left and shows the density of the smoke directly 
in per cent. 

Exhaust Odor—Diesel exhausts have a characteristic odor 
which, however, changes with the load on the engine. The 
odor is most objectionable when the engine is idling or oper¬ 
ating under light load. Wetmiller and Endsley, of the Texas 
Company, who made a study of the conditions affecting smoke 
and odor in Diesel exhausts, describe the odor when operating 
with rich mixtures (full load) as ‘‘strong and heavy but not 
particularly objectionable,’’ while the odor when operating 
with lean mixtures (idling or light load) is characterized by 
them as “very pungent, sharp, acrid and objectionable.” 

Fig, 12.—Sectional View op Photovolt Smokemeter. 

Photographic Study of Combustion in Engine—The Na¬ 
tional Advisory Committee for Aeronautics has succeeded in 
taking photographs of the spray and flame in an actual en¬ 
gine, by means of a special high-speed photographic apparatus 
capable of taking 1850 pictures per second, which at the speed 
of 570 rpm of the engine corresponds to intervals of less than 
two degrees of crankshaft rotation. The actual time of ex¬ 
posure was about one-third of the interval. Some of the 
pictures obtained are reproduced herewith (Figs. 13 to 20). 

In the tests, the fuel was injected from the top of the 
explosion chamber, which is at the right side of the flame 
pictures shown. In most cases a six-orifice nozzle was used, 
and one of the series of pictures shown here are of flames 
from this nozzle, while the other series are of flames from a 
single-orifice nozzle. During each cycle, 0.00025 lb of Diesel 
oil was injected into the 5 x 7-in. cylinder, which made the 
air factor 1.3. A compression ratio of 13.6 was used. 
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Srd frame 10th frame 
Fuel spray still visible Flame starting to decrease 

Figs. 13 to 16.—Flame Spread with Injection from Single-Orifice 
Nozzle. Injection Starts at Top Center. 670 RPM. 
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15th frnmp 25th frame 
Flame separating into small areas Flame marked by numerous small areas 

Figs. 17 and 18.—Flame-Spre.ad from Single-Orifice Nozzle. 
Injection Starts at Top Center. 570 RPM. 

8rd frame 8th frame 
Silhouette of spray Maximum spread of flame 

Figs. 19 and 20.—Flame Spread with Multi-Orifice Nozzle. 
Injection Starts at Top Center. 570 RPM. 
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With injection starting at top center, ignition occurred 
5 or 6° after top center, at several different places at once. 
At the next exposure, 2° of crankshaft motion farther on, 
the isolated areas of burning had become connected and the 
flame had spread through about two-thirds of the combustion 
chamber. The flame filled the chamber until more than 20° 
after top center, became smaller steadily after 25°, and lasted 
about 70° of crank motion more, a few tiny isolated spots 
being still noticeable 90° after top center. 

With injection starting 20° before top center, the pictures 
showed that the flame first appeared in the cylinder about 12° 
before top center. The ignition lag therefore was slightly 
greater than when injection started at top center, but flame 
spread was more rapid. Again the flame started in more than 
one place. Only two tiny isolated flames appeared in the pic¬ 
ture taken 12° before top center. At top center the flame 
began to die out, but it continued to be visible in the com¬ 
bustion chamber until 60° later. 

When the injection-advance angle was increased to 40°, the 
ignition lag was greater than with either of the two timings 
previously used. The first sign of combustion was two small 
flames that appeared 15° before top center. Two degrees of 
crankshaft motion later the flames had spread to the edge of 
the chamber in almost all directions. At top center the flame 
was dying out rapidly, and 10° later it had died out com¬ 
pletely. Flame continued in the top of the chamber for some 
time after it had disappeared in the bottom, which indicated 
that the fuel injected did not form a homogeneous mixture 
with the air even when injected 40° ahead of top center and 
25° before ignition started. 



CHAPTER IV 

Fuels for Diesel Engines 

Three general types of liquid fuels have been used in Diesel 
engines in the past, either in regular service or experimentally. 
By far the most common are products of crude petroleum, and 
in the United States these are used exclusively in Diesel en¬ 
gines of all types. In Europe, tar oils or creosote oils, pro¬ 
duced from the tars of lignite and bituminous coals, are being 
burned in large Diesels. Finally, in France and Belgium, 
both of which countries possess extensive African colonies, 
there has been a good deal of talk of the use of vegetable oils 
in compression-ignition engines, and some experiments along 
this line have been carried out. Palm, peanut, cottonseed and 
poppy-seed oil have been tried, but none is as satisfactory as 
gas oil. Their viscosities are rather high, which makes it 
difficult to pass them through the filtering equipment of en¬ 
gines at low temperatures; they usually result in a rapid 
building up of deposits in the combustion chambers, and most 
of them give an exhaust of very objectionable odor. 

Petroleum fuels may be divided into four classes, viz., the 
crude petroleum as it comes from the ground, “straight-run^’ 
fractional distillates of this petroleum, fractional distillates 
of petroleum that has been subjected to treatment in thermal 
or catalytic cracking stills, and the residual oils which remain 
in the stills after the more volatile fractions have been driven 
off. Diesel engines sometimes are referred to as crude-oil 
en^nes, and some of them, no doubt, can be run more or less 
satisfactorily on crude oils that are fairly free from asphaltic 
residues, if the oils are carefully centrifuged or filtered. It 
must be remembered, however, that the high-speed Diesel, 
owing to the great rapidity with which combustion must take 
place in it, and the fineness of metering passages of its auxil¬ 
iary equipment, cannot make use of all of the fuels that may 
be satisfactory for the larger engines. The automotive Diesel, 
moreover, must approach the standards of ease of starting and 
smoothness of the automotive gasoline engine, and these re¬ 
quirements place further limits on the range of fuels that 
can be satisfactorily used. 

78 
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Diesel Fuel Oils—In the United States high-speed Diesel 
engines are operated for the most part on gas oil or fuel oil. 
Like gasoline, this fuel does not have a definite chemical 
composition. Its composition and properties are subject to 
changes from time to time in accordance with market condi¬ 
tions in the field of petroleum products. When high-speed 
Diesel engines first came into practical use they were oper¬ 
ated mostly on distillates of paraflSn-base (Pennsylvania) 
crude oil having a relatively narrow boiling range slightly 
above that of kerosene. This fuel ensured easy starts and 
smooth operation, and was generally recognized as the best 
for this particular purpose. But as the use of high-speed 
Diesels increased it became difiScult to produce enough fuel 
of this type. The prices of petroleum products depend to 
a large extent on tlie relative demand for them. Up to now 
the demand for gasoline has been greatest, and that fraction 
has had to bear most of the cost of crude oil production and 
refining, which accounts for the lower price of gas oil. Re¬ 
finers naturally strive to produce the largest possible quantity 
of gasoline from a given amount of crude, because of the 
very large market for this fraction and its relative inde¬ 
pendence of price wdthin reasonable limits. 

As long as gasoline was produced only by straight distilla¬ 
tion, the maximum yield of even the best crudes was little 
more than 10 per cent. It was then found that by subjecting 
the crude petroleum to heat and pressure (the so-called ther¬ 
mal cracking process) some of its heavier and less volatile 
constituents could be converted into the more volatile com¬ 
pounds of which gasoline is composed, and the yield in gaso¬ 
line thus greatly increased. Now that fraction of the paraflSn- 
base crude oil which constituted the original gas oil makes 
excellent charging stock for cracking stills, and the high¬ 
speed Diesel engine therefore has entered into competition 
with the gasoline engine for this petroleum fraction. Since 
the chief reason for the existence of the Diesel engine is the 
saving on fuel cost which it makes possible, this is a rather 
serious matter. It may be pointed out in this connection that 
the same general type of petroleum product which is suitable 
for Diesel engines also is burned in domestic oil heaters, the 
number of which is growing rapidly. 

Thfe Diesel-fuel situation became more critical in the course 
of World War II, when the need for large quantities of high- 
octane aviation gasoline arose. Many petroleum companies 
then established refineries in which the petroleum is subjected 
to a catalytic cracking process. This process transforms com¬ 
pounds of low ignition temperature into others of higher 
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ignition temperature, thereby increasing the anti-knock value 
of the fuels in carburetor engines. The process, however, 
transforms not only the low-boiling constituents which on dis¬ 
tillation are included in the gasoline fraction, but also the 
higher-boiling ones which are included in the gas-oil fraction. 
Thus gas oils derived from the cracking still have relatively 
high ignition temperatures, which makes them rather poor 
Diesel fuels. The large increase in the number of high-speed 
Diesels during World War II, together with the fact that 
many of them had to be operated in cold climates and some- 
limes at high altitudes, far from the sources of the superior 
parafSn-base gas oils, brought the whole problem of fuels for 
high-speed Diesel engines prominently to the front once more. 
Automotive Diesel fuels have been under investigation by a 
division of the Cooperative Fuel Research (C.P.R.) Committee 
for some years; a niiniber of reports have been issued by this 
division, and these have thrown considerable light on the 
subject. 

Taxation of Fuels—When the Diesel engine was first ap¬ 
plied in road transportation, its fuel was tax-free in most 
countries, tlie laws governing the taxation of motor fuels 
usually being so worded as not to cover oils of low volatility. 
In most European countries the tax on gasoline was quite 
high, of the same order of magnitude as the price paid for the 
fuel in this country. Freedom from taxation of its fuel en¬ 
couraged the rapid development of the automotive-type of 
Diesel engine, for its use made possible savings* on fuel costs 
which in some instances ranged as high as 80 per cent. Ob¬ 
viously, this situation could not endure, and as soon as Diesel 
trucks appeared on the highways in considerable numbers, 
laws were passed to force their owners to contribute their 
proper share to the cost of road maintenance. In Great 
Britain the tax was applied stepwise, being first placed at one 
penny per Imperial gallon, and some years later raised to 8 
pennies, which put Diesel fuel on a par with gasoline from the 
standpoint of tax-liability. 

At the time of this writing, most of the states of the Union 
levy the same tax on Diesel fuels as on gasoline, the rate usu¬ 
ally ranging between 3 and 7 cents per gallon. Owing to the 
higher efficiency of the Diesel engine, the return to the state 
for a certain volume of traffic is less from Diesel than from 
gasoline trucks, and some of the states have sought to make 
up for this loss by imposing a higher registration fee on Diesel 
trucks. Diesel fuel used for other purposes than road trans¬ 
portation (in farm tractors, for instance) is tax-free in most 
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states. In addition to the State tax there is a small Federal 
tax on all fuels used in road transportation. 

Ignition Temperature—One of the most important char¬ 
acteristics of fuels for high-speed Diesel engines is the tem¬ 
perature of spontaneous ignition. This is so not only because 
under certain operating conditions it is difficult to develop a 
sufficiently high temperature by the compression of the air 
charge to effect ignition, but also because the ignition tem¬ 
perature of the fuel has a predominant effect on the smooth¬ 
ness of operation of the engine. 

It was observed quite early that Diesel engines ran much 
more Smoothly on some fuels than on others, and for a long 
time there was much speculation as to just what physical or 
chemical properties of the fuels this difference might be due 
to. An explanation became easy once tlie succession of events 
during combustion in a Diesel engine had been clearly estab¬ 
lished. Ignition does not occur instantaneously at the begin¬ 
ning of fuel injection, but only after a certain small amount 
of the fuel injected has been raised from the temperature at 
which it is being handled by the injection equipment to the 
temperature of self-ignition of the particular fuel under the 
density conditions obtaining in the engine. 

When ignition takes place, a considerable amount of fuel 
is already in the combustion chamber, and this fuel burns at 
an explosive rate. The time interval (ignition lag) between 
the beginning of injection and the moment of ignition in¬ 
creases with the ignition temperature of the fuel. The rate 
of pressure rise during the period immediately after ignition 
depends upon the amount of fuel in the combustion chamber 
when ignition takes place, and hence upon the ignition lag. 
It follows that the smoothness of combustion is dependent 
primarily on the ignition quality of the fuel. The term ‘‘igni¬ 
tion quality’’ as here used has reference to the general be¬ 
havior of the fuel when burned in an engine, but it is de¬ 
pendent mainly on the temperature at which the fuel ignites 
spontaneously with a time lag corresponding to from 10° to 
15° of crank rotation. 

Ignition Temperature and Charge Density—It was for¬ 
merly believed that each fuel had a definite ignition tem¬ 
perature regardless of the pressure or density of the air into 
which it was injected. Tables of ignition temperatures of 
various fuels were published many years ago, but while these 
serve to range the fuels in the proper order with respect to 
ease of ignition, they give no idea of the exact temperatures 
to which the various fuels must be raised in the combustion 
chamber of the engine in order to effect their ignition. F. A. 
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Foord has pointed out that these are the lowest temperatures 
at which the particular fuels will ignite after an indefinite 
delay, and that the method by which they are obtained in 
reality gives only one point of a curve relating ignition lag to 
temperature for the particular fuel. This lowest ignition 
temperature may not bear any important relation to the per¬ 
formance of the fuel in a Diesel engine. 

That compression of the air in the engine cylinder has 
the effect of lowering the ignition temperature of fuel was 
confirmed by an investigation made by Tauss and Schulte in 
1925. These experimenters assumed that it was the pressure 
that lowered the ignition temperature, and they plotted the 
observed ignition temperatures against the air pressures. It 
is now generally agreed, however, that the factor which has 
the most direct effect on the ignition temperature is the den¬ 
sity of the air. 

In Fig. 1 the author has replotted some of the results of 
Tauss and Schulte on a density basis. The compression-tem¬ 
perature curve in the chart is calculated on the assumption 
that the temperature at the beginning of the compression 
stroke is 180 F, that the cylinder is filled to atniospheric pres¬ 
sure, and that the exponent n has a value of 1.32. The points 
of intersection of the ignition-temperature curves with the 
compression-temperature curve are the temperatures at which 
the fuels actually ignite in the combustion chamber of the 
engine. It will be seen that these ignition temperatures are 
substantially as follows for the different fuels: Gas oil, 540 F; 
gasoline, 625 F; coal-tar oil, 825 F; benzol, 900 F. If fuels 
of different spontaneous ignition temperatures are blended, 
the ignition temperature of the blend is always considerably 
closer to that of the one with lowest ignition temperature than 
might be expected from the proportion of the blend. This 
suggests that Diesel fuels may be materially improved with 
respect to ignition quality by the addition of small quantities 
of ‘ignition oil.'’ In Germany such ^‘ignition oils" are much 
used with coal-tar oils in larger, low-speed engines, but they 
are usually injected separately. 

Cetane-Number System—The ignition quality of a Diesel 
fuel is expressed in cetane numbers. The cetane number is 
the percentage by volume of cetane in a mixture with alpha- 
methylnaphthalene which matches the fuel in ignition quality 
in a standardized test. This system of expressing ignition 
quality is due to Q. D, Boerlage and J. J. Broeze of the 
Bataafsche Petroleum Company's laboratory in Delft, Hol¬ 
land. They used cetene (C16H82) and alpha-methylnaphtha- 
lene (CnHio) as reference fuels, but cetene, which was de- 
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rived from fish oil, proved rather unstable, which made it 
impossible to obtain strictly reproducible results, and for this 
reason the American petroleum industry a few years later 
substituted cetane (C16H34) for eetene. These two hydro¬ 
carbons, although belonging to different series, have nearly 
equal ignition qualities, the cetane number of pure eetene 
being 96. 

Cetane is a petroleum derivative and belongs to the par¬ 
affin series of hydrocarbons. It has a specific gravity of 0.775, 
a boiling range of 544 F-553 F, and a freezing point of 61 F. 
Alpha-methylnaphthalene is a coal-tar product and a hydro¬ 
carbon of the naphthalene series (CnH2n_i2) ; it has a specific 
gravity of 1.025, a boiling point of 470 P, and a freezing point 
of — 7 P. Since both cetane and alpha-methylnaphthalene are 

4 ^ 6 7 d 9 fo /f /z 
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Fig. 1.—^Variation of Ignition Temperature with Air Density. 

quite expensive^.jaeg.ondary reference fuels are commonly used 
in routine testings Shell Oil Company, Inc., of Wood River, 
Ill., furnishes Diesel secondary reference fuels which are 
straight-run petroleum distillates. The high reference fuel 
has a cetane number of 72.5, the low of 22. Commercial Diesel 
fuels usually range between 30 and 60 cetane number, and the 
cetane numbers of these secondary reference fuels therefore 
are far enough apart to meet the usual requirements. 

Puel-Test Engine—Tests for ignition quality are made in 
the C.F.R. (Cooperative Fuel Research) Diesel fuel-testing 
engine, which is a modification of the C.P.R. engine for test¬ 
ing carburetor fuels. The test for ignition quality of Diesel 
fuels has been standardized by the American Society for Test¬ 
ing Materials. The engine used is a single-cylinder, vertical 
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one of 3.25-in. bore and 4.50-m. stroke, and Waukesha Motor 
Company of Waukesha, Wis., has been licensed to manufac¬ 
ture it. It has provisions for varying the compression ratio 
while it is running. Fig. 2 is a section through the upper 
part of the cylinder and the cylinder head, and shows that the 
piston comes very close to the cylinder head at the end of the 
up-stroke. The combustion chamber which is of horizontal 
cylindrical form, is in the cylinder head and communicates 
with the cylinder through a tangential passage, which latter 
ensures a high degree of turbulence in the chamber beginning 
toward the end of the compression stroke. Secured eccen¬ 
trically into the end of the combustion cliamber is the injector 

Fig. 2A.—Section through One-Half of CFR-Engine Combustion 

Chamber. 

A, locking wheel; B, compression ratio-adjusting wheel; C, micrometer-scale 
sleeve; D, micrometer-scale arm; B, locking washer; P, locking head; 

G, expansion-plug head; 11, combustion chamber. 

while into the top of the chamber is fitted a ‘‘combustion 
indicator’’ J—a pick-up device which serves to register the 
incidence of ignition. 

Fig. 2 clearly shows the means provided for varying the 
volume of the combustion chamber, that is, for varying the 
compression ratio. They comprise a plug which can be moved 
endwise into and out of the cylindrical chamber by means of 
a screw equipped with handwheel R, and a locking wheel A 
and expanding washer E for locking the mechanism when the 
adjustment has been made. 

Test Procedure—In making a fuel test, the engine is run 
at 900 rpm, the jacket water is kept constant within one de- 
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gree at any point between 209 F and 215 P, and the crankcase 
oil, after being heated to 150 P by an electric heater, is allowed 
to attain the natural temperature level due to steady opera¬ 
tion. As shown in Fig. 3, two neon bulbs are mounted on the 
rim of the flywheel, behind an aperture plate with narrow 
slits 13° apart. One of the slits is centrally under a sight 
tube when the crankshaft is in top dead center, the other 13° 
forward of that position in the direction of crankshaft rota¬ 
tion. Current is carried to these lamps by means of slip rings 
and brushes bearing thereon, and returns to the source 
through the engine block. The circuit through the first bulb 
is closed by means of the ignition indicator (Fig. 4), which 
is screwed into the wall of the combustion chamber. When 
ignition takes place, the sudden rise in pressure, acting on a 

Fig. 2B.—Section through One-Half of CFR-Engine Combustion 
Chamber. 

J, combustion indicator; K, injector tip; L, injector gasket; M, rubber 
ring; N, injector; P, injector pin ; Q, lower-leaf adjusting screw: R, center 
adjusting screw ; S, bumper-spring adjusting screw; T, upper-leaf adjusting 

screw; U, by-pass valve handle. 

steel diaphragm J?, closes a pair of contacts. In a similar 
manner, the circuit through the second bulb is closed by an 

injection indicator,which is operated directly by the in¬ 
jection valve as it rises from its seat. Fig. 5 shows the neon- 
lamp equipment installed on the test engine. 

In ihaking an ignition-quality test on a Diesel fuel, the en¬ 
gine is operated under specified conditions, which cover the 
injection quantity and many other factors, and the compres¬ 
sion ratio is adjusted until the ignition lag amounts to 13° of 
crank angle. As injection takes place 13° ahead of dead 
center, if the lag is 13°, ignition occurs in dead center, and 
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the ignition bulb flashes when it is directly under the sight 
tube. When injection begins, the engine is still 13^^ ahead of 
dead center, but since the slit over the injection bulb is 13° in 
advance over the ignition bulb, the injection bulb, too, will 
flash when directly under the sight tube. While there is a 
small time interval (0.0024 sec) between the two flashes, owing 
to the persistence of vision they appear to the observer as 
two simultaneous flashes side by side. When this effect is ob¬ 
tained it proves that the ignition lag is equal to 13°, as re¬ 
quired. The length of the combustion chamber is then read 

Fia. 3.—Wiring Diagram of CFR Diesel-Fuel Test Engine. 

off on the micrometer scale provided on the test engine for 
that purpose. 

From the combustion-chamber length thus determined the 
cetane number of the sample is estimated, and two reference 
blends are selected, differing by not more than 8 cetane num¬ 
bers, which will bracket the sample. After two reference fuels 
have been found which show a shorter and longer ignition de¬ 
lay than the sample, respectively, tests are run on the sample 
and the reference fuels in the following order: Sample, refer- 
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ence fuel No. 1, reference fuel No. 2, sample, reference fuel 
No. 1, reference fuel No. 2. In each run the combustion cham¬ 
ber len^h required to cause the two neon-light flashes to coin¬ 
cide in top center is recorded, and from the six combustion- 
chamber-length readings the cetane number of the sample is 

Fig. 4.—Ignition Indicator for CFR Diesel-Fuel Test Engine. 

determined by interpolation. It is reported to the nearest 
whole number, and in case the calculated value falls midway 
between two whole numbers, the nearest even number is re¬ 
ported. 

Oetaue Valve—^Another method of determining the igni¬ 
tion quality of a Diesel fuel is based on the principle that if 
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the air inlet of the test engine is throttled, the volumetric effi¬ 
ciency at a given speed is lowered, and the maximum pressure 
and temperature reached by the air during compression are 
reduced, with the result that eventually a point is reached 
where the engine fails to ignite. A ''master cetane valve'’ 
based on this principle has been developed by the research 
department of the Caterpillar Tractor Company and is illus- 

Fig 5.—Showing Neon-Lamp and Other Equipment on Test Engine 

A, mirror; B, sight tube; C, bracket for slip-ring brush ; D, slip-ring disc of 
combustion indicator; E, slip-ring disc of injection indicator; P, combustion 
slot in neon-tube housing; G, slip-ring brush holders; H, injection slot in 

neon-tube bousing. 

trated in Fig. 6. The valve has a rectangular orifice, with 
means for adjusting the width of the orifice to compensate 
for changes in atmospheric conditions. A gate valve with 
calibrated profile can be moved across this orifice at a constant 
rate by means of an electric motor, and a scale of cetane num¬ 
bers is secured to the valve in such a way that it can be ad¬ 
justed in the dii"ection of its length, for calibration purposes. 
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In making a test, with the engine operating under specified 
conditions, the valve is gradually closed by the gate moving 
across its orifice. When firing ceases it is signaled by a puff 
of white smoke accompanied by an audible noise from the 
exhaust tap (a small tube connected to the exhaust pipe about 
6 in. from the cylinder head). Before making a test, the in¬ 
strument IS calibrated with a reference blend of known com¬ 
position, to give a correct reading at the lower end of the 
scale. Once the scale has been correctly adjusted, the test can 
be proceeded with and the cetane number of the test fuel read 
directly on the scale. It Avas found that under the fixed con¬ 
ditions of the test (engine speed, jacket temperature, injec¬ 
tion quantity, etc ), ignition fails with 25-cetane fuel when 

Fig 6—Caterpillar Cetane Valve. 

the compression drops to 395 psi, with 45-cetane fuel at 250 
psi, and with 65-cetane fuel at 195 psi. Ratings by the cetane 
valve are said to correlate well with those obtained by the 
coincident-flash method. The cetane valve has been used for 
the most part on a Caterpillar 5% x 8-in. engine, on which 
it gives ratings averaging 1 cetane number higher than those 
obtained by the coincident-flash method. 

Correlation Between Ignition Quality and Other Prop- 
erties^There has been a good deal of speculation regarding 
the possible dependence of ignition quality on other properties 
of the fuel, such as its density (A.P.I. gravity), its carbon/ 
hydrogen ratio, volatility, heat value, viscosity, and aniline 
point, and extensive statistical studies have been made with 
a view to correlating these various properties. It has been 
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found, however, that the ignition quality, that is, the readiness 
of a fuel to ignite, depends more on the molecular structure 
of its constituents than on any other factor. There is a close 
relation between the anti-detonating value of a fuel when used 
in a spark-ignition engine and its ignition quality Avhen used 
in a compression-ignition engine. In a spark ignition engine 
a fuel gives rise to detonation if it ignites too readily, while 
in a Diesel engine a fuel is apt to cause harsh or rough opera¬ 
tion if it does not ignite sufficiently readily and must be raised 
to an abnormally high temperature to cause it to ignite. 
Therefore, an anti-detonating fuel for carburetor engines— 
a fuel of high octane number—is the same as a Diesel fuel of 
low ignition quality—one of low cetane number. A fuel of 
high cetane number is one which ignites spontaneously at a 
relatively low temperature. 

Molecular Structure of Hydrocarbons—All of tlie 
motor fuels are made up principally of hydrocarbon com¬ 
pounds, and so far as ignition quality is concerned, there are 
essentially four types of such compounds, viz., straight-chain 
compounds, branched-chain compounds, ring compounds, and 
branched-ring compounds. Molecular-structure diagrams for 
one compound of each type are given in Fig. 7. Carbon has 
a valency of four, and each carbon atom in the molecule is 
linked to other atoms by four bonds. Hydrogen has a valency 
of one, and each hydrogen atom connects to another atom by 
a single bond. Heptane, the straight-chain compound repre¬ 
sented in Fig. 7, is a member of the paraffin or saturated 
series of hydrocarbons, and in the heptane molecule there 
are seven carbon atoms arranged in a straight line, each 
linked to one or two other carbon atoms and to two or three 
hydrogen atoms. 

Before there can be combustion (chemical union of carbon 
and hydrogen atoms with oxygen atoms), the hydrocarbon 
molecule must be broken up, and it has been found that the 
straight-chain molecule breaks up most readily. That is to 
say, straight-chain hydrocarbons have the lowest ignition 
temperature, or, in Diesel-fuel terminology, they are of high 
ignition quality. The longer the chain, that is, the more car¬ 
bon atoms there are in the molecule, the lower the tempera¬ 
ture of self-ignition and the higher the ignition quality. 

The branched-chain type of hydrocarbon is represented in 
Fig. 7 by iso-octane. This molecule, being more compact, is 
harder to break up than the straight-chain type, and its igni¬ 
tion temperature is much higher than that of noi’mal heptane. 
In fact, these two hydrocarbons are so far apart in respect to 
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ignition quality that they furnish the extremes for the scale 
of octane numbers used in connection with carburetor fuels, 
heptane having an octane number of zero and iso-octane of 
100. The cetane number of heptane is approximately 60, that 
of iso-octane 22. 

Ring-type hydrocarbons are represented in Fig. 7 by 
benzene (CcHo), a member of the aromatic series and the 
chief constituent of benzol. This molecule also cannot be 
broken up readily, and benzol has a high ignition temperature 
(a high octane number), which makes it an excellent car¬ 
buretor fuel. In fact, benzol often is added to gasoline to 
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Fig 7—Molp^cular Diagrams of Four Types of Hydrocarbons. 

improve the anti-knock qualities of the latter. For the same 
reason it is a poor fuel for compression-ignition engines; its 
high ignition temperature results in a long ignition lag and 
in rough operation. 

The branched-ring type of hydrocarbons is represented 
by toluene (CtHs), another member of the aromatic series. 
This lAolecule is still more diflBcult to break up than that of 
benzene, and at one time toluene was used as a reference fuel 
in determining the anti-detonating qualities of carburetor 
fuels. 

Olefins and Naphthenes—Two other series of hydrocarbon 
compounds, known respectively as the olefin and the naph- 
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thene series, are found in smaller or larger proportion in a 
good many petroleum fuels. The paraffin series, already men¬ 
tioned, has the general molecular formula CwIl2n+2, there 
being two more than twice as many hydrogen as carbon atoms 
in the molecule. These are called saturated hydrocarbons, 
because it is impossible to add hydrogen atoms to the mole¬ 
cule. The olefin and naphthene series, on the other hand, are 
unsaturated, and both have the same general molecular 
formula, CnHsn. But while both are made up of carbon and 
hydrogen in the same proportion, the molecular structures of 
the two are entirely different. Olefins have straight-chain 
molecules, while those of the naphthenes are of the closed- 
ring type. Molecular diagrams of one member of each series 
—hexene of the olefin and cyclohexane of the naphthene 
series—are shown in Fig. 8. 

Ignition Qualities of Pure Hydrocarbons—Generally 
speaking, the paraffins have the highest and the aromatics the 
lowest ignition qualities. In each series, of course, the igni- 
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Fig. 8—Molecular Diagrams of an Olefin and a Naphthene 

Hydrocarbon. 

tion quality varies with the number of carbon atoms in the 
molecule, and it is interesting to note that while in the paraffin 
series the cetane number goes up and down with the number 
of carbon atoms, in the aromatic series an increase in the 
number of atoms entails a decrease in the ignition quality, 
and vice versa. Cetane numbers for three members of each 
of the two series are tabulated below : 

Paraffin Series Aromatic Series 

(CnH2n+2) 
Heptane, C7H16, 60 
Dodecane^ C12H26, 80 
Cetane, CieH34, 100 

(CnH2n—e) 
Benzene, CeHe, 0 
Toluene, Cyllg, ~5 
Xylene, CsHio, —10 

The naphthenes, which resemble the aromatics in that they 
also are closed-ring compounds, also have low ignition quali- 
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ties. Cyclohexane, for instance, of which the molecular struc¬ 
ture is shown, is said to have a cetane number of 13. The iso¬ 
paraffins have the same low ignition cpialities as the ring com¬ 
pounds, iso-octane, CgHis, having a cetane number of 24. Of 
the various cetane numbers here given, that of cetane, 100, is, 
of course, fixed by definition. The others should be regarded 
as approximations rather than absolute values, as relatively 
few cetane-number determinations on pure hydrocarbons have 
been published so far. 

Differences between Diesel fuels with respect to ignition 
quality are largely the result of differences in aromatics con¬ 
tent. Crude oils from certain fields, such as that of southern 
Texas, are rich in aromatic constituents, and while these 
crudes yield excellent gasoline, they give a gas oil of low 
cetane number which gives poor results in engines. Pennsyl¬ 
vania crude oils, on the other hand, which are of x>araffinic 
base, give an excellent gas oil, and the best Diesel fuels, those 
of highest cetane number, are straight-run distillates from 
paraffinic crudes. 

Proportions of Hydrocarbon Groups in Diesel Fuels—A 
research project relating to the composition and properties of 
Diesel fuels has been under way for some time at the Bartles¬ 
ville, Okla., Petroleum Experiment Station of the U. S. Bureau 
of Mines, in cooperation with a number of technical and in¬ 
dustrial organizations and the Navy. Early tests were made 
on a straight-run and a catalytically cracked Diesel fuel, and 
it was found that whereas the former contains about 80 per 
cent of paraffins and naphthenes, the proportion of these hy¬ 
drocarbons in the latter is only about 61 per cent. Table I 
gives the composition in terms of hydrocarbon series or 
groups, and some of the principal physical properties of a 
number of Diesel fuels used in SAE combustion tests in 1947. 
Fuel A is a blend consisting mainly of catalytically cracked 
stocks; B, a straight-run fuel of Mid-Continent base; C, a 
heavy, catalytically cracked stock prepared to Navy specifica¬ 
tions, and D, a straight-run fuel corresponding to Navy speci¬ 
fication 702-E. 

Table I—Composition and Properties of Typical Diesel Fuels 

Fuel A B C D 
Aromatic content *. . . .. 24.0 13.0 31.0 16.0 
Naphthene content. . . .. 17.0 22.2 32.0 24.2 
Olefin content. .. 10.5 4.5 8.5 3.5 
Paraffin content. .. 48.5 60.3 28.5 56.3 
^ecific gravity. 
Cetane number. 

.. 0.856 0.823 0.891 0.834 

.. 41.0 54.0 29.0 52.0 

* In per cent of carbon atoms. 
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It can be seen from the table that the fuel containing the 
greatest proportion of paraffins has the lowest specific gravity 
and the highest cetane number, while the one containing the 
greatest proportion of aromatics has the highest specific grav¬ 
ity and the lowest cetane number. 

Ignition Quality vs. Volatility—For the normal paraffins 
the ignition temperature decreases with the volatility, octane 
(CsHis), for instance, having a lower ignition temperature 
than hexane (C6II14) and decane (C10H22) a lower ignition 
temperature than octane. When a crude oil or a gas oil cut 
is broken up into small fractions by distillation, there is a 
similar relation between the volatility (the distillation tem- 

PER CENT EVAPORATION 

Fig. 9.—Cetane Numbers of Small Fractions of a Diesel Fuel. 

perature) and the cetane number. Fig. 9 shows results ob¬ 
tained by T. B. Hetzel at Pennsylvania State College with a 
particular gas oil by distilling off small fractions and testing 
them for ignition quality. In this particular case the first 
fraction showed a cetane number of 42, and the ignition qual¬ 
ity rose continually until toward the end three successive cuts 
showed 62.5 cetane numbers each, but the very last cut 
dropped to 53 cetane number. In tests with another fuel from 
a different source, the cetane number rose rapidly at first, but 
remained practically constant after about 17 per cent had 
been distilled off. 
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Diesel Index—Determination of the cetane number in¬ 
volves rather laborious tests necessitating expensive equip¬ 
ment, and the idea naturally suggested itself that this char¬ 
acteristic of Diesel fuels might be definitely related to some 
of the physical properties which are easily determined by 
simple means. Some work along this line was done by the 
Standard Oil Development Co., and A. E. Becker and H. G. 
M. Fischer of that company in 1934 suggested the use of a 
^'Diesel Index” which they defined as follows: 

Aniline point (Deg F) X A.P.I. gravity 
Diesel Index = - - - - — • 

100 

The aniline point is determined by heating a mixture con¬ 
sisting of equal volumes of aniline and the fuel sample, in a 
jacketed test tube until it forms a clear solution, and noting 
the temperature at which turbidity appears on cooling. This 
factor is dependent on the proportion of aromatic and non- 
saturated hydrocarbons in the fuel, varying inversely thereto. 

The A.IM. gravity (formerly known as Baume gravity) 
is related to the specific gravity by the following equation: 

Specific gravity = 
141.5 

131.5 + A.P.I. gravity 

The Diesel Index is a figure which usually is not very 
different in magnitude from the cetane number of the same 
fuel. That the ignition quality of a Diesel fuel varies rapidly 
with the aniline point and in the same sense is clearly shown 
by Pig. 10, where aniline-point and cetane-number data for 17 
different straight-run gas oils are plotted. Prom the median 
line drawn through the observation points it appears that 
when the A.P.I. gravity is increased from 120 to 180, the 
cetane number increases substantially from 30 to 61. 

A weakness of the Diesel-Index system of evaluating igni¬ 
tion quality is apparent from Fig. 11 in which the aniline 
point is plotted against the A.P.I. gravity for a large num¬ 
ber of Diesel fuels from different crudes. It will be seen 
from this that if we confine ourselves to fuels from a given 
crude, the A.P J. gravity, instead of varying directly and al¬ 
most fn the same proportion as the aniline point, actually 
varies in the opposite sense. It is true that if all of the dif¬ 
ferent observation points are considered, and a median line 
is drawn through them (the curved, dashed line in the chart), 
the aniline point varies in the same sense and at nearly the 
same rate as the A.P.I. gravity. But it is obvious from the 
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plot that for fuels from the same crude, of minimum and 
maximum gravity respectively, figures given by the Diesel- 
Index formula cannot possibly correlate well with the cetani* 
numbers. Let us take, for example, the heaviest and lightest 
gas oils from the California crude. Since there is little dif¬ 
ference between their aniline points, we would expect their 
cetane numbers to be nearly alike, and so they are, the 
heaviest, with an A.P.I. gravity of 28.4, having a cetane num¬ 
ber of 48.5, and the lightest, of 40.2 A.IM. gravity, having a 

ANILINE POINT 

Fig. 10.—Relation between Aniline Point and Cetane Number. 

cetane number of 40.4. However, owing to the great dif¬ 
ference in the A.P.I. gravities, the Diesel-Index formula gives 
widely different values, 34 for the heaviest and 54.5 for the 
lightest fuel. 

The straight median line in Pig. 10 corresponds to the 
equation 

Aniline point 
Cetane number --31.5. 

1.95 
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A (‘heck on data for 33 diflPerent Diesel fuels given in a 
paper by W. G. Ainsley, H. D. Young, and M. L. Hamilton 
(S.A.E. Journal, April, 1942) showed that this formula gives 
results that correlate considerably better with test results than 
the Diesel-Index formula. 

As there is substantially a straight-line relation between 
the aniline point and the cetane number, the aniline-point 
scale in Phg. II could be rei)laced by a cetane-number scale 
which would have uniform divisions and extend from 30 to 71. 
From this it is apparent that as far as straight-run Diesel 
fuels are concerned, those from crudes from Pennsylvania 
have, on the whole, the best ignition qualities, followed by 
those from crudes from the Mid-Continent, California and 
South-Texas fields, in the order named. 

Fuj. 11.—Relation between A.IM. Gravity and Aniline Point. 

Heat Content—An average gas oil has a lower heat value 
of about 18,600 Btu per pound and a higher heat value of 
19,800 Btu per pound. The low^er heat value is the amount 
of heat obtained if a pound of the fuel is burned in an excess 
of air and the products of combustion are cooled to 212 F 
withou\ condensation of the steam contained, while the higher 
heat value is the amount of heat obtained from the same com¬ 
bustion if the products are cooled to 60 F. Most of the differ¬ 
ence between the two values is due to the latent heat liberated 
by condensation of steam in the products of combustion when 
the latter are cooled to 60 P. 
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Test engineers usually express heat values on the weight 
basis, because they determine the fuel consumption by weigh¬ 
ing in lb per bhp-hr. However, since fuels are bought on 
a volume basis, and also because injection systems deliver a 
definite volume of fuel per cycle regardless of its density, 
the heat value per gallon enters into many calculations. This 
value increases with the density of the fuel, and therefore as 
its A.P.L gravity decreases. A number of the physical prop¬ 
erties, including the heat value per unit of volume, the A.P.I. 
gravity, the cetane number, the viscosity, and the volatility 
as represented by the mid-boiling point, are interrelated, and 
the relationships are shown by Fig. 12, a chart which origi¬ 
nated in the Esso Laboratories and which is here reproduced 
from a report of the C.F.R. Automotive Diesel Fuels Division. 
This chart shows that for a given mid-boiling point or a given 
viscosity the cetane number varies directly with the A.P.I. 
gravity, and that for a given cetane number the A.P.I. gravity 
varies inversely as both the mid-boiling point and the vis¬ 
cosity. 

Effect of Gravity on Power and Consumption—Most en¬ 
gines are provided with a fuel stop which defijiitely limits 
the maximum volume of fuel that can be injected per cycle. 
As there is always an excess of air in the cylinder, more 
power is developed with the heavier or denser fuels, a charge 
of which contains more heat units. For the same reason, a 
lower specific fuel consumption on the volume basis can be 
expected with the denser (low A.P.I. gravity) fuels. How¬ 
ever, since a unit volume of the denser fuels weighs more, on 
the weight basis the specific consumption is greater with the 
denser fuels. In tests made for the C.F.R. Automotive Diesel 
Fuels Division the specific consumption dropped from 0.62 
pint per bhp-hr with 44 A.P.I, gravity fuel to 0.58 pint with 
32 A.P.I. gravity fuel, or about 6.5 per cent, but it increased 
from 0.509 lb per bhp-hr to 0.517 lb, about 1.57 per cent. 

Viscosity and Pour Point—Since the fuel must pass 
through the small-diameter tubes and the fine-mesh filters at 
the lowest operating tcmi}eratures, its viscosity is of impor¬ 
tance. There must be no excessive resistance to flow under 
these conditions, which makes it necessary to set a maximum 
limit on the viscosity. However, there is need also for a mini¬ 
mum limit, because the fuel is depended upon for the lubri¬ 
cation and the sealing of pump and injectors, and the more 
viscous fuels have better lubricating qualities. With fuels 
of very low viscosity there is generally some loss of engine 
power, because these fuels have lower densities and heat 
values. The loss of power may be aggravated by injection- 
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pump leakage, which naturally will be greater with fuels of 
low viscosity. Owing to the higher viscosity of gas oil as 
compared with gasoline, ordinary automobile-type fuel pumps 
are not sufficiently powerful, and special Diesel fuel transfer 
pumps are being used. For a specification covering Diesel 
fuels suitable for use under all ordinary conditions it has been 
proposed to set the minimum viscosity at 33 and the maximum 
at 43 sec Saybolt Universal, both at 100 F. 

The lowest temperature at which the fuel will flow through 
a pipe is known as the j)our point or freezing point. Most 

10 is 20 ^ to 35 40 50 55 e^T" 
API gravity 

15^000 150,000 ‘ ' 145,000 ' ' koioOO ‘ ' 155^000 ‘ ‘ 130,000 ‘ ^1*25,000 

Heat of combustion, Btu per gal 

Fig. 12.—Relationship between Various Physical Properties of 

Diesel Fuels. 

furnace oils have a freezing point well below zero F. In 
writing specifications it is advisable not to set the pour point 
any lower than absolutely necessary, so as not to exclude fuels 
which are among the most desirable from other points of view. 
Visco^ty and pour point usually go up and down together 
(though there is no definite relation between the two), and 
fuels of high viscosity and high pour point have the greatest 
heat value. 

Volatility—The volatility of a fuel is indicated by its dis¬ 
tillation curve, in which percentages of fuel distilled are 
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plotted against temperature. Fig. 13 shows such distillation 
curves for four different fuels and for a half-and-half mix¬ 
ture of two of them, which were used in the experimental in¬ 
vestigations of the C.F.R. Automotive Diesel Fuels Division. 
These fuels cover a wide range of volatility and, incidentally, 
a wide range of ignition quality. Volatility has no fixed rela¬ 
tion to ignition quality, as shown by the fact that fuels B and 
D, which are extremes with respect to volatility, have prac¬ 
tically the same cetane number, while fuels A and C, which 
differ only slightly with respect to volatility, have widely 

Fig. 13.—Distillation Curves of a Number of Diesel Fuels. 

different cetane numbers. Fuel B, of course, has a much 
higher viscosity and a much higher pour point than fuel D. 
The experiments showed it to be desirable to limit the 90 per 
cent point to about 650 F and the end point to about 700 F, 
because if these points are raised farther, both engine deposits 
and smoke in the exhaust increase rapidly. 

In evaluating the significance of different fuel qualities, 
greatest importance usually is attached to their effects on 
power, economy, and smoothness of operation under normal 
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conditions. However, most enp^ines are difficult to start in 
cold weather and operate rather erratically when under light 
loads for considerable periods; ajid it has been found that fuel 
volatility has a decided effect on engine behavior under these 
conditions. F. G. Shoemaker and H. M. Gadebusch in an 
S.A.E. paper reported that in the General Motors two-stroke 
Diesel engine, Western stove oils, which usually have a cetane 
number of less than 40 but an end point as low as 560 F, give 
as good operating results as No. 3 fuel oil with 50-55 cetane 
number and 675 F to 700 F end point. They say that in 
city bus operation, owing to frequent low load factors and 
drastic restrictions on exhaust smoke and odor, it is neces¬ 
sary to use special fuels, and experience has shown that in 
such service high volatility has the same beneficial effects as 
high ignition quality. To throw further light on the rela¬ 
tionship between the effects of volatility and ignition quality, 
some tests were run with a blend consisting of 75 per cent 
aviation gasoline and 25 per cent of lubricating oil. This 
had a very high volatility, but its cetane number was only 21. 
All of the test engineers who used it agreed that this blend 
gave very smooth operation for a fuel of such low cetane 
value. It was found that with this blended fuel the ignition 
lag was the same as with a regular Diesel fuel of the same 
low cetane number, but that combustion extended over a 
period 42 per cent longer, which would seem to warrant the 
conclusion that the pressure rise was less rapid. 

Sulphur Content—The presence of sulphur in Diesel fuel 
is objectionable, as it increases piston-ring and cylinder wear, 
as well as the formation of varnish on piston skirts and of 
oil sludge in the crankcase. It is therefore necessary to put 
a limit on the maximum sulphur content. 

During the early post-war period some users of Diesel en¬ 
gines experienced trouble from excessive liner wear, especially 
in districts where the fuel available had a rather high sulphur 
content. The matter was brought to the attention of engine 
manufacturers and oil companies, and its seriousness was 
quickly recognized, because high sulphur fuels were very com¬ 
mon in the foreign market and were being offered in increas¬ 
ing quantity in the home market. While it is possible to re¬ 
move the sulphur from the fuel by chemical treatment, the 
process is a rather expensive one. 

Nitrogen Compounds—High-sulphur fuels often also con¬ 
tain considerable quantities of nitrogen compounds, and there 
seemed to be a possibility that the high wear rate was at least 
partly due to the nitrogen. To get at the root of the matter, 
two research projects were instituted, one by the Union Oil 
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Company of California, the other by Caterpillar Tractor Com¬ 
pany, and papers relating to both of these investigations were 
presented at engineering meetings.* 

Both investigations showed that the nitrogen content has 
only a minor effect on the wear rate. Union Oil Company ran 
a series of tests in which a fuel containing 0.17 per cent of 
nitrogen and no sulphur and a fuel containing 0.7 per cent 
of sulphur and no nitrogen were compared with a fuel prac¬ 
tically free from both contaminants. The nitrogen content 
of 0.17 per cent is abnormally high, twice that of a high-nitro¬ 
gen commercial fuel, and was obtained by adding nitrogen 
bases from Diesel fuel. It was found tliat the nitrogen in¬ 
creased the wear rate by less than 50 per cent, whereas the 
sulphur increased it by more than 500 per cent. 

Fuels with less than 0.5 per cent sulphur produce only 
light deposits ii^ the engine, but Avhen the sulphur content is 
raised beyond this point the pistons become progressively 
dirtier, the ring grooves become packed with carbon, and the 
rings become more sluggish in action. Ring sticking is com¬ 
mon with a sulphur content of more than 1.00 per cent. An 
analysis of a compounded oil that had been drained from the 
crankcase after 480 hr operation on high-sulphur fuel showed 
a greater loss of additive than experienced with fuel free from 
sulphur. It can be laid down as a general rule that the lubri¬ 
cating qualities of an oil deteriorate more rapidly the greater 
the sulphur content of the fuel. 

When sulphur is burned in the atmosphere it forms sul¬ 
phur dioxide, but it has been shown by C. H. Cloud and 
A. J. Blackwood of Esso Laboratories, by exhaust gas anal¬ 
yses, that most of the sulphur in fuels burned in Diesel en¬ 
gines forms sulphur trioxide, which latter combines with 
water to form sulphuric acid. They also showed that the 
trioxide is responsible for the increase in wear and in var¬ 
nish and sludge formation observed when high-sulphur fuels 
are used, by feeding sulphur compounds with the intake air 
while the engine was being ‘‘motored.^' Since there was then 
no combustion in the engine, the nature of the sulphur com¬ 
pounds did not change. Sulphur trioxide fed under these 
conditions increased the wear and sludge formation the same 
as the use of high-sulphur fuel, while sulphur dioxide sup¬ 
plied in the same manner had no such effect. 

* Effect of Nitrogen and Sulphur Content of Fuels on Diesel-Engine 
Wear, by C. C. Moore and W. L. Kent, Union Oil Co. of California, 
S.A.E. Quarterly Transactions, October, 1947. 

Effect of Diesel Fuels on Deposits and Wear, by L. A. Blanc, Cater¬ 
pillar Tractor Co,, S.A.E. Quarterly Transactions, April, 1948. 
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Antidote for High Sulphur—Investigations have shown 
that compounded or E.P. oils reduce the rate of wear with 
high-sulphur fuels, but that the effects of different additives 
vary widely. In recent years a number of oil companies have 
come out with special lubricants for Diesel engines operating 
on high-sulphur fuel. One of these lubricants is described as 
a highly refined mineral oil with additives giving it extreme- 
pressure characteristics and enabling it to give protection 
under boundary-lubrication conditions. The oil, moreover, 
has a negative neutralization number, which tends to reduce 
acid formation. 

Diesel Fuels Classification—A classification of Diesel 
fuels has been published by the American Society for Testing 
Materials at Philadelphia, and includes one grade, 2-D, to 
cover the requirements of all mobile and high-speed Diesel 
powerplants. This specification sets a limit of 1 per cent on 
the sulphur content. Since the adoption of this classification 
the use of high-speed Diesels has increased widely in many 
different fields, and the fuel retiuirements therefore vary 
widely. The subject has been under continuous study of the 
G.F.R. Automotive Diesel Fuels Division, which in 1945 
adopted a new Diesel fuels classification covering four grades, 
as follows: 1-D, a distillate fuel of high volatility for use in 
high-speed engines (1200 rpm and over); 2-D, a distillate fuel 
of medium volatility for high-speed engines (1200 rpm and 
over) ; 3-D, a distillate fuel of low volatility for medium- 
speed engines (500-1200 rpm), and 4-D, a viscous fuel for 
low-speed engines (below 500 rpm). The sulphur limits for 
these four groups are 0.5, 1.0, 1.5 and 2.0 per cent respec¬ 
tively. 

Other items usually included in fuel specifications include 
the flash point (which has no material effect on the behavior 
of the fuel in the engine but affects its safety in storage) ; 
the water and sediment content, which must be kept low for 
obvious reasons, and the Conradson carbon residue, which 
affects the formation of deposits in the combustion chamber 
and on the fuel nozzles. This latter value is determined by 
an A.S.T.M. test applied to 10-per cent bottoms or residues of 
the fuel in question. 

Th^ following table gives the specifications for three of the 
four fuel grades classified by the C.F.R., the 4-D grade being 
of no interest here because it is intended solely for use in 
low-speed engines. It may be noted here that the C.F.R. grade 
2-D is identical with the A.S.T.M. grade 2-D, except as regards 
the following items, which in the A.S.T.M. grade have the 
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values given in parentheses: Carbon residue (0.20 per cent), 
pour point (20 F) and cetane number (45). 

G.F.R. Specifications for Fuels for High- and Medium-Speed 

Diesel Engines 

Grade 1-D 2-1) 3-D 
Flash point, min., F. 100 140 140 
Water and sediment, % by vol.. . 0.05 0.05 0.10 
Carbon resid., % by weight, max.. 0.05 0.25 0.25 
Ash, % by weight, max. 0.01 0.01 0.02 
00 per cent point, ma.\., F. 550 ()50 
J^aid point, max., F. 700 
Kin. vise., centistokes 
min. 2.0 
max. (*).0 12.0 

Saybolt Universal vise., sec 
min. 32.G 
max. 45.5 65 

Sulphur, 5 by weight, max. 0.5 1.0 1.5 
Corrosion. Pass Pass 
Aik. and min. acids. None None None 
Cetane number, min. 40 45 35 

Pour points are not fixed, but it is i*ecoinmended that in 
order to avoid flow restrictions in cold weather this point be 
specified as 10 per cent below the lowest temperature reached 
by the fuel in service. In a footnote to the specifications the 
Committee note that although information regarding the ab¬ 
solute maximum limits of sulphur is still inconclusive, recent 
evidence indicates that the limits recommended in the specifi¬ 
cations may be excessive. 

Ignition Accelerators—It was first shown by Harry Ri¬ 
cardo in England that the ignition cpiality of a Diesel fuel 
can be improved by the addition of small proportions of cer¬ 
tain chemical substances, the same as the anti-detonating 
qualities of carburetor fuels are improved by the addition of 
tetra-ethyl lead. In the case of carburetor fuels the anti¬ 
detonating agents or dopes have the effect of lowering the 
rate of combustion, and are sometimes referred to as negative 
catalysts. What is required in the case of Diesel fuels is an 
agent which will expedite the ignition of the fuel, as by 
reducing its temperature of self-ignition. Ricardo found that 
the addition of a small percentage of amyl nitrate (which 
when added to gasoline causes severe knocking) has the effect 
of decreasing the ignition lag in Diesel engines. Another 
similar catalyst is ethyl nitrate, and the effect of this fuel 
dope on the ignition lag is clearly shown by the superposed 
indicator diagrams reproduced in Fig. 14. In both cases the 
engine was run at 1000 rpm, and the load was adjusted to a 
bmep of 83.5 psi. The full-line curve was obtained with an 
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Asiatic fuel in its natural state, while the dashed-line curve 
Avas obtained with the same fuel after 5 per cent of ethyl 
nitrate had been added. It will be seen that the ignition lag 
was cut down from 13° to 10° of crankshaft motion. Bene¬ 
ficial effects of this reduction in the ignition lag are apparent 
in the less abrupt rise of the pressure line upon ignition and 
tlie lower maximum pressure (remembering that the bmeps 
are tlie same for both diagrams). It was said, moreover, that 
tlie engine ran much more satisfactorily on the doped fuel. 

Study of Accelerators by the Navy—The U. S. Navy has 
explored the field of Diesel-fuel do])es (or ignition-quality im- 
])rovers, as it calls them) ever since the early 1930’s, when it 
appeared that Diesel engines might be suitable for naval air¬ 

craft of the lighter-than-air type. Up to the time of this 
writing, however, the Navy had never used the improvers. 
The subject is of particular interest to the Navy because 
Diesel-equipped craft may have to be operated in the Arctics, 
wher^ only fuel with a pour point far below 0 F is practical 
in winter time, and for petroleum fuels of the same origin the 
cetane number and pour point go up and down together. 
More than 70 different additives or dopes were tested, but 
later work was confined to four types, three of them nitrogen 
compounds and one a peroxide. 
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It was found that the effectiveness of the additive, that is, 
the increase in tlie cetane number due to a certain quantitive 
addition, varies with the base fuel. When the cetane num¬ 
ber is raised by the use of an additive, the rate of pressure 
rise and the maximum combustion pressure are lowered, and 
as a rule the engine will start more easily under unfavorable 
conditions, and produce less smoke. On the other hand, the 
maximum power is usually reduced, and the specific fuel con¬ 
sumption somewhat increased. Some of the additives have 
a tendency to promote ring sticking. The ignition-quality im¬ 
provement due to additives generally decreases during storage. 
An account of the Navy’s investigation is given in ^‘Perform¬ 
ance and Stability of Some Diesel-Fuel Ignition-Quality 
Improvers” by W. E. Robbins, R. R. Audette, and N. E. 
Reynolds 111, in the S.A.E. Quarterly Transactions for July, 
1951. 

Accelerators Not Yet Commercialized—Although, in addi¬ 
tion to the Navy, a number of chemical and petroleum firms 
have explored the field of possible chemical ignition accel¬ 
erators, the latter so far have not come into commercial use. 
The situation in this respect is rather different from that in 
the field of carburetor fuels. As the octane numlier of com¬ 
mercial gasoline was increased by the addition of ‘‘dope,” 
engine manufacturers raised the compression ratio and 
thereby increased the thermal efficiency. Sometimes the 
compression ratio was increased too much, and further im¬ 
provement in fuels by^ the addition of more dope was then 
called for. No equivalent gain is to be expected from ignition 
accelerators for Diesel fuels, though it is generally admitted 
that if the cetane number of a Diesel fuel drops below a cer¬ 
tain value, it not only leads to roughness in operation, but also 
makes starting more difficult, and increases the smokiness and 
odor of the exhaust and the deposits on cylinder walls. 

Any increase in the cetane number of the fuel due to the 
addition of an ignition accelerator would make it possible to 
work with a lower compression ratio in the engine, but that 
generally would result in a decrease in thermal efficiency. It 
now looks as though little if anything were to be gained by 
increasing the cetane number of a Diesel fuel above 50, and 
that figure can be obtained in straight-run distillates from 
different crudes without the addition of chemical agents. The 
cetane numbers of cracked fuels, of course, run considerably 
below this figure. The large increase in the demand for fuel 
for high-speed Diesel engines and the simultaneous increase 
in the production of fuel by the catalytic cracking process is 
making it necessary to turn more and more to this type, and 
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improvement of its ignition quality is therefore highly desir¬ 
able. This already has led to a revival of interest in ignition 
accelerators. Among the substances which have been found 
to improve the ignition qualities of Diesel fuels are amyl and 
ethyl nitrate and acetone peroxide. A pamphlet on Ignition 
Accelerators for Compression-Ignition Engine Fuels, by J. S. 
Bogen and G. C. Wilson, was published by Universal Oil 
Products Company of Chicago in 1946. It contains an exten¬ 
sive bibliography on the subject. 

One objection to the use of some of the accelerators now 
known is that in order to produce a worth-while effect, they 
must be added in considerable quantity, and they then add 
materially to the cost of the fuel. It has been found, for in¬ 
stance, that a certain cracked fuel from Pennsylvania crude, 
which in its natural state has a cetane number of 35, requires 
the addition of 0.55 per cent amyl nitrate by volume to bring 
its cetane number up to the specification minimum of 45; 
similarly, a Mid-Continent cracked gas oil, with a cetane 
number of 32, requires the addition of 1.30 per cent, and an 
Illinois cracked gas oil, of 26 cetane number, 2.75 per cent. 
The effect of the ignition accelerator drops with increase in 
the addition; that is to say, an addition of 2 per cent will not 
raise the cetane number twice as much as an addition of one 
per cent. 

If Diesel-fuel ignition-quality improvers should come into 
commercial use, it probably will be because the rapid increase 
in the demand for such fuel has made it necessary to resort 
to fuels which cannot be burned satisfactorily without the use 
of the “improvers.” 



CHAPTER V 

Fuel Injectors and Sprays 

Tho fuel injector or spray nozzle serves two principal 
functions: It must finely divide (atomize) the fuel, and it 
must distribute the same through tlie air charge in the com¬ 
bustion chamber. For the first function dependence is placed 
on the injector alone, while dispersion of the fuel through 
the air charge may be assisted by causing the air to flow in 
the combustion chamber during the period of injection, in a 
direction either opposed to the spray from the nozzle or at an 
angle thereto. 

In a common-rail system the injector serves also as a meter¬ 
ing device. In such a system the fuel in the lin^s to the in¬ 
jectors is maintained under a constant pressure, and with a 
constant injection pressure tlie quantity of fuel injected de¬ 
pends on the sectional area of the orifice or orifices and on 
the duration of the injection period. 

Types of Nozzles—There are three different types of 
nozzles, as follows: 

1. Open nozzles, which are merely plugs with a small axial 
hole through them. 

2. Valve-closed nozzles which are opened hydraulically, 
that is, by the pressure to which the pump subjects the 
fuel in the line at the time of injection. 

3. Valve-closed nozzles the valves of which are held open 
by cam mechanism during the injection period. 

Open nozzles and nozzles with hydraulically-actuated 
valves are adapted for use on engines equipped with the jerk- 
pump injection system, while the third type, the mechanically- 
controlled nozzle, is suitable for use on engines with air in¬ 
jection and engines with mechanical injection by the common- 
rail system. As air injection and the common-rail system are 
not being used on high-speed Diesel engines, we will not con¬ 
sider the third type of nozzle or injector. 

Valve-closed nozzles in which the valves are actuated by 
the fuel pressure may be divided again into two sub-classes, 
viz., nozzles with outwardly-opening and inwardly-opening 

108 " 
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valves, respectively. Actually there is a third sub-class, in 
which the valve is fixed relative to the nozzle body and the 
valve seat consists of a number of superposed, perforated discs 
of spring steel which yield under the pressure impulses im- 
I)arted to them by the fuel, causing the seat to move away 
from the valve. This ty{)e, however, has been used only in 
experimental work. Fig. 1 shows a nozzle with outwardly- 
opening valve, which latter is held to its seat by a coil spring 
(not shown). When a pressure impulse from the pump ar¬ 
rives at the nozzle, the pressure of the fuel against the valve 
head compresses the spring and causes the valve to open, 
whereupon injection begins. When injection is completed, 
the pressure in the fuel line drops and the valve is closed by 
the spring. 

Fin. 1 (Left).—Spray Nozzi^e with Outwardly-Opening Valve. 

Fig. 2 (Center).—Single-Orifice Nozzle. 

Fig. 3 (Right).—Multiple-Orifice Nozzle. 

Fig. 2 shows a nozzle of the type with inwardly-opening 
valve. Here, also, the conical valve is held to its seat by a coil 
spring. The valve stem is lapped into the bore of the nozzle 
with a very close fit, and its lower end is reduced in diameter 
and forms a chamber, to which the fuel from the pump has 
access through a passage drilled in the nozzle holder. With 
the valve closed, the fuel pressure acts on the shoulder of the 
stem and tends to open the valve. As soon as the pressure on 
the shoulder overcomes the spring pressure, the valve opens 
and injection begins. The nozzle shown in Fig. 3 also is of 
the inwardly-opening valve type. It is identical with that of 
Fig. except for the fact that it has several orifices instead 
of a single one. Multi-orifice nozzles are used where the in¬ 
jector is depended upon to disperse the fuel throughout the 
air charge. 
t Pintle and Throttling Nozzles—Fig. 4 shows the so-called 
pintle nozzle, in which a pin or pintle extends from the valve 
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through the spray orifice. Pintle nozzles are used primarily 
in turbulence-type engines, but also to a certain extent in 
precombustion-chamber engines. The spray pattern depends 
on the forms of both the orifice and the pintle. In one design 
the pintle is a rather close fit in the orifice, and the fuel there¬ 
fore has to pass through a narrow annular opening. Jets from 
such nozzles are of the form of a hollow cone, the outside 
angle of which can be made anything desired up to 60 deg. 
A valuable feature of the pintle nozzle is its self-cleaning prop¬ 
erty, which prevents carbon deposits from building up in and 
around the orifice. 

A further development of the pintle-type is the throttling 
nozzle (Pig. 5), in which there is an inverted-cone-shaped ex¬ 
tension to the pintle. With this nozzle the area of valve open¬ 
ing increases less rapidly during the early part of the valve- 
lift period, with the result that when ignition occurs there is 
less fuel in the combustion chamber, and the rate of pressure 

Fig. 4 {Left).—Pintle Nozzle. 

Fig. 5 {Center),—Throttling Nozzle. 

Fig. 6 (Right).—Nozzle with Fl^t Valve Seat. 

rise following ignition therefore is lower. During this part 
of the injection period the nozzle produces a wide-angled, 
thoroughly atomized jet, which probably tends to reduce the 
ignition lag, while during the latter part of the period it pro¬ 
duces a more nearly solid jet. Throttling nozzles are used 
chiefly in precombustion-chamber engines. 

Fig. 6 shows a nozzle with flat contact surfaces on the 
valve and the nozzle plate or valve plate. 
J Nozzle Leakage—One difference between nozzles with out¬ 
wardly-opening and inwardly-opening valves, respectively, is 
that whereas the former can be completely closed except for 
the fuel inlet from the pump and the valve-controlled orifice 
or orifices, the latter cannot. A certain amount of fuel leaks 
past the valve stems in these nozzles, and provision must be 
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made to return this leakage fuel to the fuel tank or to the 
inlet side of the injection pump. To minimize the leakage, 
the valve stem must be made a very close fit in the nozzle body 
(w^ith a clearance of the order of 0.0001 in.), and this close 
clearance occasionally gives rise to valve seizures. Such seiz¬ 
ures are due either to heat distortion of the nozzle or the 
valve, or to the entrance of minute dirt particles into the 
clearance space. 

Theories of Liquid Sprays—When a liquid is forced under 
pressure through a small orifice, it is divided up into fine 
particles (globules or droplets) which gradually recede from 
each other, so that the stream issuing from the orifice assumes 
the form of a cone. There has been a great deal of specula¬ 
tion as to why a ‘'solkF’ stream of liquid issuing from an 
orifice should be thus broken up into fine particles. Some 
have claimed that the chief cause is the air resistance encoun¬ 
tered by the stream. While air resistance undoubtedly has 
an effect on some of the characteristics of the spray, it has 
been shown that sprays are formed also when a liquid is in¬ 
jected into a vacuum, and air resistance therefore cannot be 
the primary cause. 

Spray Formation in Vacuum—In experiments on spray 
formation made by Professor K. J. De Juhasz at the Pennsyl¬ 
vania State College, oil was injected into a chamber in which 
the air pressure was reduced to one-fiftieth atmosphere (0.6 
in. of mercury), so that the air resistance was reduced to a 
very low value. It was found, however, that the liquid was 
atomized and dispersed approximately the same as in air at 
atmospheric pressure. An increase in the air density had the 
effect of increasing the spray angle, making the distribution 
pattern more nearly even, and reducing the penetration. This 
result. Professor De Juhasz observed, is strong evidence 
against the supposition that atomization and dispersion are 
due solely to air friction. 

Similar tests were made by Dana W. Lee of the National 
Advisory Committee for Aeronautics, and Pig. 7 is a repro¬ 
duction of photographs obtained by him of sprays into 
vacuum, into air at atmospheric density, and into air at 14.5 
times atmospheric density respectively. The injection pres¬ 
sure m all cases was 4000 psi. These photographs bring out 
the different characters of the sprays very clearly. 
/ Turbulence of Jet—The most plausible explanation of the 
breaking up of the **solid’’ stream into fine particles and of 
the divergence of the paths of these particles seems to be as 
follows ;/When a liquid flows through an orifice of the form 
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generally employed for fuel injection, its individual particles 
do not move in straight lines parallel with the axis of the 
orifice; the general motion, of course, is in that direction, but 
in addition the particles mox^e transversely to the axis of the 
orifice. If a liquid flows slowly through a tube of very small 
bore as compared with its length, its particles move parallel 
to the axis of the tube. This is known as streamline flow or 
laminar flow. But when the length of the orifice is small 
compared with its diameter, and especially when the velocity 
of flow is high and the viscosity of the liquid is low, the 
motion of the fluid particles is of the irregular form above 
described, which is known as turbulent flow. 

This subject was first investigated by Osborne Reynolds, 
an English physicist. He caused water to flow through a 

Fio. 7.—Photographs of Sprays into a Vacuum (Left), Air at 
Atmospheric Density (Center) and Air at 14.5 Times Atmospheric 

Density (Right). 

glass tube, and at the center of the stream he introduced a 
colored liquid. Under certain conditions, and especially if 
the velocity of flow was small, the colored liquid would form 
a distinct straight line throughout the length of the tube, 
showing that there was streamline flow. Under other condi¬ 
tions, and particularly when the diameter of the tube was 
large and the velocity of flow high, the colored liquid com¬ 
pletely intermingled with the water, showing that there was 
then turbulent flow. Reynolds found that turbulent flow 
occurs when the value of the expression pvS/fi exceeds a cer¬ 
tain number (now known as the Reynolds number), where 
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p is the density of the fluid; v, the velocity of flow; S, the 
diameter of the tube; and /x, the absolute viscosity of the fluid. 

With turbulent or quasi-turbulent flow through the nozzle 
orifice, the particles of the fluid have a transverse motion in 
addition to their motion in the direction of the orifice axis; 
therefore, when they emerge from the orifice and are no longer 
constrained by the walls thereof, the particles separate, thus 
forming the spray cone. Individual droplets assume the form 
of spheres, owing to the sui'face tension of the liquid, which 
tends to make each droplet assume that form which has the 
least surface area for its volume, tliat is, a sphere. 

Schweitzer’s Theory of Jet Disintegration—The forego¬ 
ing is generally in agreement with a theory propounded by 
Dr. P. H. Schweitzer in Pennsylvania State College Bulletin 
No. 40 (1932). Says Dr. Schweitzer: 

‘4f the emerging jet is truly laminar, no immediate dis¬ 
integration will occur. The liquid particles flow in parallel 
streams inside the orifice, the layer next to the wall having 
zero velocity, with the velocity increasing in a parabolic man¬ 
ner approaching the tube axis. Since the wall exerts no direct 
influence on either the periphery or the inside of the jet, the 
velocity distribution immediately past the orifice will be the 
same as inside the orifice. Consequently, no appreciable 
velocity difference exists between the air and the adjacent 
liquid close to the orifice, the skin of the jet being virtually 
stationary. It is clear that air friction cannot atomize a lami¬ 
nar jet as long as the velocity distribution adjacent to the skin 
remains parabolic, dropping to zero at the periphery. After 
a certain distance, however, the combined effect of air friction 
and surface tension gives rise to surface irregularities which 
lead to disintegration of the jet. . . . 

‘^If the flow in the orifice is turbulent in its entire cross 
section, the orifice wall is bombarded by liquid particles hav¬ 
ing radial velocity components. As soon as the restraint im¬ 
posed by the orifice wall ceases, such particles are only kept 
in bounds by the surface film. This may soon break under 
the impact of radial particles, and a general disruption of the 
jet will occur. A laminar layer may retard this disintegi’ation 
only for a short period, if at all. Therefore, disintegration 
due ta turbulence will take place shortly after passing the 
nozzle.’’ 

Recent investigations have shown that if a section is taken 
of a spray cone at some distance from the nozzle, the density 
of the spray (the mass of fuel passing through a small unit 
area in unit time) decreases rapidly from the axis of the cone 
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outward, and that the mean diameter of the droplets is smaller 
near the outside than at the axis of the cone. 

Size of Nozzle Orifice Required—To assure thorough 
atomization, the fuel must be sprayed into the compressed air 
under high pressure, and this pressure is produced by causing 
the pump to force the fuel through a small orifice. Assum¬ 
ing the length of the orifice to be less than four times its 
diameter, which under the conditions of velocity of injection 
and viscosity obtaining in oil-engine practice assures turbulent 
flow, there is a definite relation between the diameter of the 
orifice, the time of injection, the pressure behind the jet, and 
the quantity of fuel injected. The diameter of orifice required 
to produce a certain pressure wlien the quantity to be injected 
and the time of injection are given may be determined as 
follows: * 

The standard ecpiation for velocity of flow from an orifice 
is 

V = fV^h, 
where v is the velocity of flow in inches per second; /, the 
coefficient of discharge of the nozzle, which depends on the 
form of the orifice; g, the constant of gravity (386 ipsps), 
and h, the head on the orifice, in inches of a column of the 
liquid which is being handled. That a coefficient of discharge 
must be applied is due largely to th^e fact that most of the 
liquid approaches the orifice (whose leading edge is rounded 
or chamfered) at an angle to its axis, and therefore has a 
radial velocity component, with the result that just inside the 
orifice the stream contracts and does not fill the orifice com¬ 
pletely. Therefore, the minimum cross-sectional area of the 
stream is less than that of the orifice. 

By applying the above fundamental equation for velocity 
of flow through an orifice to the problem of an injection 
nozzle with a single orifice we find that the orifice diameter 
required is 

where d is the diameter of the orifice in in.; n, the engine 
speed in rpm; Qj the amount of fuel required per cycle at 
full load, in cu in.; /, the coefficient qf discharge of the nozzle 
orifice; 0, the duration of injection in degrees of crank motion; 
8j the specific gravity of the fuel; Pi, the injection pressure 
and P2, the pressure within the combustion chamber. The 
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equation applies only to orifice-controlled nozzles, that is, 
nozzles with orifices whose total sectional area is quite small 
compared with the area of the valve passage. 

An equation for the determination of Q from the cylinder 
displacement and from ^‘experience values” for the mean 
effective pressure and the specific fuel consumption at full 
load was given on page 41. 

The above equation appears quite simple, but, unfortu¬ 
nately, wlien we attempt to apply it to the case of an injection 
valve in an actual engine we meet with great difficulties, for 
the reason that so many of the factors involved are not con¬ 
stant throughout the period of injection. In fact, the equa¬ 
tion is based on the assumption that the velocity of flow is 
constant. However, a velocity always starts with a value of 
zero and it is hard to conceive of its coming to an end in any 
other way than by dropping to zero more or less gradually. 
Moreover, at the very beginning and the very end of injection 
through a closed nozzle it is not the area of the fixed orifice 
but that of the valve passage which mainly controls the flow. 
Po is always variable throughout the injection period, and 
with pump injection s^^stems Fi also is variable, since the 
velocity of the pump plunger varies throughout the stroke. 
The value of / is normally determined for the condition of 
constant flow, and it is doubtful whether it is exactly the 
same when the flow is the result of a sudden impulse, rising 
rapidly to a maximum and almost immediately decreasing 
again. 

The equation, however, gives serviceable results when ap¬ 
plied to constant-pressure injection systems. Relations be¬ 
tween orifice diameter, fuel-line pressure, and flow velocity 
in jerk-pump systems will be discussed in the chapter on 
Injection Pumps. 

Coefficients of Discharge—A great deal of research work 
on the factors affecting the coefficient of discharge from in¬ 
jector nozzles has been done for the N.A.C.A. at Langley 
Memorial Laboratory in Virginia by Joachim, Gelalles and 
others, and the results have been published in Technical Notes 
and Technical Reports of the N.A.C.A. (obtainable from the 
Superintendent of Documents, Washington, D. C., at nominal 
prices)'^ and in the Proceedings of the National Oil Power 
Conference of the American Society of Mechanical Engineers. 
The factor which has the greatest influence on the coefficient 
is the general form of the orifice. 

Pig. 8 shows a nozzle plate on which tests were made for 
the N.A.C.A., the 0.015-in. orifice being modified in various 
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Fk;. 8.—Nozzle Plate Used to 
Determine Coefficients of Dis¬ 

charge. 

ways for successive tests. For injection pressures of 1000 
psi and over tlie coefficients of discharge for various forms 
of the orifice were found to be as follows: 

Leading edge a sharp, 0.67. 
Leading edge a rounded to about %4-in. radius, 0.81. 
Leading edge a rounded to radius, 0.88. 
Leading edge chamfered 60°, corners &, c, and d sharp, 

0.85. 
Leading edge chamfered 60°, corner h slightly rounded, c 

and d i)olished, 0.88. 
Leading edge chamfered 60°, corners fc, c, and d slightly 

rounded, 0.94. 

For injection pressures of less tlian 1000 psi the coeffi¬ 
cients increased. These values of the coefficient of discharge 
were obtained when discharging into air at atmospheric 
density. 

Effect of Length/Diameter Ratio—It was found that the 
coefficient did not change appreciably with the length/diam- 
eter ratio for values of this ratio from 1 to 3 inclusive. For 
larger ratios the coefficient decreased slowly, as shown in Fig. 
9, which represents results from a nozzle with a plain stem 
and 0.008 in. orifice diameter, discharging into air at atmos¬ 
pheric density. With this orifice the coefficient of discharge 
is the same for injection pressures ranging from 2000 to 6000 
psi. 

Effect of Reynolds Number—In Fig. 10 results obtained 
by Bird in England and by the N.A.C.A. staff in this coun¬ 
try, with regard to the effect of the Reynolds number on the 
coefficient of discharge, are plotted. Bird used rather viscous 
fuels, and his results fall in the region where the change-over 
from laminar to turbulent flow takes place. He found that 
with an increase in the Reynolds number there was at first 
a rapid increase and then a decrease in the coefficient of dis¬ 
charge, the coefficient reaching its maximum value for a Rey¬ 
nolds number of about 2500. While the work of the N.A.C.A. 
also showed an increase in the coefficient with the Reynolds 
number, it was more gradual, and the coefficient reached a 
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maximum, constant value only at Reynolds numbers of 4000- 
6000, depending on the length/diameter ratio. 

In making determinations of the coefficient of discharge, 
use is made of the equation 

R 

where R is the rate of flow in cu in. per sec; A, the cross- 
sectional area of the orifice in sq in.; Pi, the injection pres¬ 
sure and P2, the chamber pressure, in psi; and s, the specific 
gravity of the fuel. 

High-Speed Spray Photography—Numerous researches on 
fuel sprays have been made at Langley Memorial Laboratory, 

Reynolds Number 

Fig. 9 {Above),—Relation between Orifice Length/Diameter Ratio 
AND Coefficient of Discharge. 

Fig. 10 {Below)-Relation between Reynolds Number and Co¬ 
efficient OF Discharge. 
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Langley Field, Va., with a photographic apparatus by means 
of which 4000 exposures can be made per second. In one 
series of tests, by Harold E. Miller and Edward G. Beardsley 
(N.A.C.A. Report No. 222), fuel was sprayed into a chamber 
with glass walls, which was filled with nitrogen either to 
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round orifice of 0.015 in, diameter. During each injection 
the injection pressure remained constant, but this pressure 
was varied between the limits of 2000 and 8000 psi. The 
injection valve was operated by a cam which, by means of a 
special clutch, could be given a single rotation at a speed 
corresponding to 90 rpm. 

One series of photographs obtained, with injection pres¬ 
sures of 3000, 5000 and 8000 psi, respectively, against a re¬ 
ceiver pressure of 300 psi, is reproduced in Pig. 11, the photos 
having been retouched before the half-tone plate was made. 
Prom these photographs the angle of the spray cone can be 
measured, and, since the time interval between successive 
'‘exposures’’ is known, the mean velocity of the spray tip 
during the interval can be calculated. The tip velocity, of 

Fig. 12.—Effect of Injection Pressure on Spray-Tip Velocity. 

Injection Pressures, 2000-8000 psi; Receiver Pressure, 800 psi. 

course, is highest at the beginning, that is, near the orifice; 
and it decreases more rapidly the higher the pressure in the 
receiver into which the fuel is injected. Naturally, the tip 
velocity increases also with the injection pressure. 

Pig. 12 shows the influence of the injection pressure on 
the spray-tip velocity and the decrease of this velocity with 
time, the fuel being sprayed into nitrogen under 300 psi pres¬ 
sure. Analysis of the experimental results obtained by Miller 
and Beardsley revealed that the deceleration of the spray tip 
is approximately proportional to the 1.5th power of the in¬ 
stantaneous velocity of the tip. It was also found that, re¬ 
gardless of the initial velocity of the spray tip, after a 
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period of 0.003 second from the beginning of injection it had 
been reduced to about 50 fps, but since the initial velocities 
were much higher with high injection pressures, these pro¬ 
duced by far the greatest penetration in 0.003 sec. 

Spray Penetration—At the moment the spray begins to 
form, the tip has a high velocity, but owing to the resistance 
encountered from the dense air in the receiving chamber, its 
velocity drops off rapidly. Deceleration of the spray tip is 
not constant, but varies witli the velocity, and even more 
rapidly than the latter, as stated in the i)receding paragraph. 
This means that while the tip velocity decreases rapidly at 
first, its rate of decrease diminishes, with the result that the 
tip still retains a certain velocity and the jet still keeps on 
growing a comparatively long time after it was started. In 

Fig. 13.—Increase of Spray-Tip Distance from Nozzle and Variation 

OF Tip Velocity with Time. 

normal engine operation the spray is never fully developed, 
simply because the injection pressure is not maintained long 
enough. The problem therefore is not to find to what depth 
the jet would penetrate if it continued indefinitely, under the 
given conditions of injection pressure, chamber pressure, co¬ 
efficient of discharge, Reynolds number, etc., but rather to 
find the penetration during the injection period. 

Effect of Injection Pressure on Tip Velocity and Penetra¬ 
tion—The effect of the pressure behind the fuel at the nozzle 
on the velocity of the tip and on the penetration of the jet 
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are clearly brought out by Fig. 13, which is reproduced from 
a paper by P. II. Schweitzer read before the National Oil 
Power Conference in 1934.“^ The results were obtained ex¬ 
perimentally from a nozzle with an orifice of 0.0135 in. diam¬ 
eter and 0.027 in. length, injecting into cold air under a pres¬ 
sure of 200 psi (about the same density as obtained in an 
engine cylinder with a compression ratio of 15). Injection 
was effected at various pressures from 1000 to 8000 psi. The 
tip-velocity curves are in fair agreement with the similar 
curves of Fig. 12. Fig. 13 confirms the statement made in 
the foregoing that the spray tip, if the pressure behind it were 

Fic,. 14 —Effect of Aik Density on Spray Penetration. 

continued, would keep on advancing after a period several 
limes as long as the normal injection period. 

Effect of Chamber Pressure—Fig. 14, which also is from 
Dr. Schweitzer paper, shows the effect of chamber pressure, 
or, rather, chamber air density, on tip velocity and penetra¬ 
tion. The injection pressure in this case was 4000 psi. It is 
interesting to note that to reach a penetration of 10 in. takes 
nine times as long when injecting into air at 18.5 times atmos¬ 
pheric density as when injecting into air at atmospheric 
density. In engine operation, of course, the chamber density 
is limited rather closely by the required compression ratio, 

♦Proceedings of this and previous Oil Power Conferences have been 
published by Pennsylvania State College and are obtainable from it. 
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and penetration therefore must be controlled mainly by the 
injection pressure and the orifice diameter. 

Effect of Length/Diameter Ratio on Penetration—From 
the equation for nozzle velocity given on page 114 it will be 
seen that this velocity is dependent on the coefficient of dis¬ 
charge, which latter in turn has been shown to vary slightly 
with the length/diameter ratio of the orifice. It follows from 
this that the penetration of the spray tip in a given time must 
vary with the length/diameter ratio. The results charted in 
Figs. 13 and 14 were obtained with the same length/diameter 
ratio of 2. The effect of variations in the ratio on penetra¬ 
tion was studied by the N.A.C.A., and some of its results are 
plotted in Fig. 15, which shows the penetration during one 
one-thousandth of a second. The receiver pressure was 200 
psi. 

I 

/A/jecT/OA/ Pressure per^q/aj. 

Fig. 15.—Spray Penetration during 0.001 Sec., with a Chamber 
Pressure of 200 PSI. 

That the length/diameter ratio of the orifice has a marked 
effect on the penetration is evidently due, primarily, to the 
fact that with increasing proportional length of orifice the 
nozzle gives a more nearly laminar flow, which results in a 
spray cone of smaller angle and consequently reduced air 
resistance. 

Real Velocity of Oil Droplets—Spray velocities at differ¬ 
ent distances from the nozzle, in air at atmospheric and 15 
times atmospheric density, as determined by Dr. Schweitzer, 
are plotted in Figs. 16 and 17 respectively. He called atten¬ 
tion to the fact that the tip velocity of the spray must not be 
taken as representing the velocity of the individual oil drop¬ 
lets. The velocity of the oil when it leaves the nozzle is usu¬ 
ally several times as large as the velocity of the spray tip. 
The reason is that the spray-tip velocity merely represents 
the rate at which the ‘‘hole in the air^' grows. At the begin¬ 
ning this is much slower than the velocity of the individual 
droplets, because the leading droplets are quickly stopped by 
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the air and are overtaken by others pushing up from behind. 
Determinations with a ballistic pendulum show the initial 
velocity of the spray under 4000 psi pressure into air at 15 
times atmospheric density to be about 835 fps (see Fig. 17), 
while the initial velocity of the spray tip under similar con¬ 
ditions (see Fig. 13) is only 230 fps. 

The effect of the orifice diameter is rather pronounced. If 
the diameter is increased from 0.007 in. to 0.025 in. the pene¬ 
tration is approximately doubled. 

4t 

Fig. 16 (Lcji)—Variation of Spray Velocity with Distance from 
Nozzle in Air at Atmospheric Density. 

Fig. 17 (Right),—Variation of Spray Velocity with Distance from 
Nozzle in Air at 15 Times Atmospheric Density. 

In Dr. Schweitzer’s experiments the amount of fuel in the 
spray which reached different distances from the nozzle was 
measured by means of a tipping cup. This cup is so placed 
in the t)ressure chamber that its opening faces the spray and 
is concentric therewith. The cup is pivotally mounted on cup- 
and-cone bearings and is held in an upright position by a 
counterweight. It catches the spray, and after a certain 
amount has been collected, its moment exceeds that of the 
counterweight, and it tips, thereby opening an electric circuit. 
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By counting the number of injections necessary to tip the 
assembly, the amount of oil which gets as far from the nozzle 
as the opening of the cup can be determined. 

Size of Spray Droplets—In a general way, the higher the 
j)ressure on the fuel at the spray nozzle, the more effective 
the atomization, that is, the smaller the individual droplets. 
It also seems reasonable to assume that the smaller the drop¬ 
lets, the shorter the time in which the fuel can be burned. If 
the droplets are too large, they will be burned incompletely, 
the exhaust will become smoky, and the specific fuel consump¬ 
tion will increase. 

Several different methods of determining the mean di¬ 
ameter of the droplets in oil sprays under various condi¬ 
tions have been worked out. The Woeltjen method consists 
in throwing the spray into an absorption liquid in which it 
remains unchanged for a considerable time. The absorption 
liquid used consists of 70 per cent distilled water and 30 per 
cent of a special tanning fluid. 

In order to simulate the conditions encountered in engine 
operation as closely as possible, the fuel is injected into a 
steel bomb which is partly filled with the absorption fluid 
mentioned and which is pumped up to a gas pressure equal 
to that in the combustion chamber of an engine. Thus when 
the fuel is injected into the bomb, it must pass through the 
highly compressed gas before it is taken up by the absorption 
liquid, and any influence of gas resistance on the atomization 
is taken account of. The result of the injection is an emul¬ 
sion of oil fuel and absorption liquid which can be studied 
under the microscope. The diameters of individual droplets 
can be ascertained by means of a measuring ocular, and the 
relation between droplets of different sizes can be determined 
by means of tj^e statistical method. 

The Woeltjen method has been applied in this country by 
H. F. Bryan of the International Harvester Company, who 
used the following technique: A receiving vessel containing 
300 ml of a gum solution serving as the absorption liquid is 
placed % in. from the discharging nozzle. Approximately ten 
‘^shots’’ are allowed to enter the liquid, the number being 
varied according to operating conditions, as suggested by ex¬ 
perience. Three different solutions were used as absorption 
liquid. The first consists of 5 g gum tragacanth powder in 
1000 ml of distilled water. Small portions of the gum traga¬ 
canth are ground in water in a mortar to a thick, smooth 
paste. The paste is then added to the remainder of the dis¬ 
tilled water and the whole is thoroughly shaken. Another 
solution consists of 1 g of white soap (Swift’s Amazone Float- 
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in^), 100 ml ethyl alcohol, and 400 ml distilled water. The 
third is made np of 285 ml of the first and 15 ml of the second 
solution, the two bein^ combined shortly before the experi¬ 
ment is to be made. A small quantity of the emulsion formed 
when fuel is sprayed into the absorption liquid is placed in a 
microscope slide cell. This is photographed and the drop 
count is made on a print from the negative. 

Other experimenters have caught the spray on smoked 
glass plates. With this method, photomicrographs are taken 
of representative areas, and the impressions in the lampblack 
in these areas are classified according to diameter range, and 
those in each diameter range counted. Those within the 
diameter range 0.00025-0.00075 are considered as one group 
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Fig. 18.—Droplet-Size Frequency Curves. 

of mean diameter 0.0005 in., those wdthin the diameter range 
0.00075-0.00125 in. as a second group of mean diameter 0.0010 
in., and so on. The numbers of droplets counted in the dif¬ 
ferent groups are plotted as ordinates against the group mean 
diameters as abscissas, and a smooth curve is drawn through 
the points so obtained. 

Droplet-Size Frequency—Such curves—known as fre¬ 
quency curves—show that the smallest droplets are present in 
the largest numbers. But these small droplets represent only 
a small proportion of the total amount of fuel in the spray, 
and a better picture of the degree of atomization may be ob- 



126 FUEL INJECTORS AND SPRAYS 

tained by plotting the percentage of the total volume repre> 
sented by the droplets in any mean-diameter group against 
the group mean diameter. Ordinates for such a curve can be 
readily found by multiplying the ordinates of the frequency 
curves by the cubes of the corresponding abscissas (mean di¬ 
ameters of droplets). 

A frequency curve and a volume distribution curve, both 
based on the work of Dana W. Lee at the N.A.C.A. Labora¬ 
tory, are shown in Figs. 18 and 19. It may be seen from 
Fig. 19 that with low injection pressures the diameters of the 
droplets cover a much wider range; in other words, atomiza¬ 
tion of the fuel is less uniform. 

Fig. 20 shows some photomicrographs of spray droplets 
prepared by the Woeltjen method at Pennsylvania State Col¬ 
lege by Lieut. Jos. P. Thew. The pressures of the air into 
which the oil was sprayed are noted on the photographs. 
The oil was sprayed under 4000 psi pressure through an 
orifice 0.0135 in. in diameter by 0.027 in. long. 
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Fia. 19.—Quantity Distribution According to Droplet Size. 

Among tlie points learned from atomization studies are 
that the injection pressure has a rather important effect on 
the mean droplet diameter, and that the chamber pressure has 
less influence thereon. Sass^ experiments showed practically 
no difference in mean droplet diameter for injection into air 
at atmospheric pressure and at five times atmospheric pres¬ 
sure respectively, but when the chamber pressure was in¬ 
creased from five to ten atmospheres, the mean droplet diam¬ 
eter (for about 4000 psi injection pressure and an orifice 
diameter of 0.023 in.) decreased from 0.00047 to 0.00038 in. 

Effects of Orifice Dimensions—The mean droplet diam¬ 
eter is dependent to a slight extent on the diameter of the 
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orifice, and NAC.A. tests showed that with an injection 
pressure of 4000 psi it decreases with the orifice diameter for 
values of the latter below 0 015 in. Experiments made at the 
Arcueil Laboratory of the French Air Ministry indicate that 
for given values of the injection pressure, chamber pressure 
and orifice diameter, the fuel is most finely atomized when 
the leiigth/diameter ratio of the orifice is between 4 and 5. 
With orifices having a length only twice the diameter, the 

Fig 20—Spray Photographs Obtained at Penn State College. 

(The figures on the photographs represent the chamber pressure in psI ) 

mean 'droplet diameter is very considerably greater than with 
orifices having a length/diameter ratio of 4 or slightly more. 

The higher the viscosity of the sprayed fuel, the greater 
the mean diameter of the droplets in the spray. 

Fuel Dispersion—Fuel injected into the combustion cham¬ 
ber must not only be finely atomized, but its particles must 
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be dispersed throughout the air charge as nearly uniformly 
as i)ossib]e. Fine atomization and the highest degree of dis¬ 
persion are necessary particularly in the case of engines with 
combustion chambers of a quiescent type. 

Tests made at Pennsylvania State College (and described 
in Engineering Experiment Station Bulletin No. 40) showed 
that the dispersion of the oil droplets becomes more nearly 
uniform as the injection pressure and the air density in the 
chamber increase and as the oil viscosity decreases. The cone 
angle increases with the injection pressure and tiie chamber 
density, and J^rofessor Schweitzer has pointed out in this 
connection that with an injection i)ressui*e of 4000 psi, if the 
injection takes ])lace into air at atmosplieilc density, 57 per 
cent of the total discharge will still be confined within a cii’cle 
of 1-in. diameter at a distance of 12 in. from the nozzle, 
whereas if the discharge takes place into air at a density eor- 
rest)oudiiig to 200 psi pressure, the percentage will be only 
8.7. It was also shown that the percentage of the sprayed 
oil which reaches a certain distance from the nozzle increases 
as the cone angle decreases. With very viscous oils the cone 
angles were much smaller and the dispersion wasi poor. 

Differential Action of Valves—With hydraulically-actu¬ 
ated valves, up to the time the valve leaves the seat the fuel 
pressure acts on an annular surface whose outer diameter 
is equal to the diameter of the valve stem and whose inner 
diameter is equal to the outer diameter of the valve seat. As 
soon as the valve is off its seat, the pressure acts on a circular 
surface of a diameter equal to the diameter of the valve stem. 
With an increase of the area on which the pressure acts and a 
simultaneous increase in pressure due to the increase of the 
speed of the pump plunger, the valve is lifted very rapidly. 
Valves of this type open with a popping sound. In most de¬ 
signs the lift is limited by a stop. 

As the fuel pressure acts on a larger area when the valve 
is open, it follows that the pressure must drop to a value 
materially lower than the opening pressure before the valve 
can close again. This is referred to as the differential action 
of the valve. 

Valve-Opening and -Closing Pressures—The fuel pres¬ 
sures at which the valve opens and closes have an influence 
on the spray characteristics. One effect of an increase in the 
valve-opening pressure is to increase the injection lag. With 
an increase in the opening pressure the injection pressure is 
raised not only at the beginning, but throughout the whole 
period of injection. In fact, the characteristics of the injec¬ 
tion system can be materially changed by a change in the 
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valve-opening pressure, and means for changing the opening 
pressure are generally provided. 

A high closing pressure tends to prevent objectionable sec¬ 
ondary discharges. If the difference between the opening and 
closing pressures is small, there is greater assurance that the 
valve will be opened by the first pressure wave striking it, 
which is desirable from the standpoint of smooth operation. 
The difference between the opening and closing pressures de¬ 
pends, of course, on the ratio of the diameter of the valve 
seat to the diameter of the valve stem. 

Minimum-Injection Limit—With hydraulically-operated, 
inwardly-opening injection valves the smallest quantity of 
fuel that can be injected per cycle is determined by the dif¬ 
ference between the fuel pressure required to open the valve 
and the fuel pressure wdiich just allows the valve to close, as 
well as by the elasticity of the fuel and the fuel line. As ex¬ 
plained in the preceding paragraph, a larger area of the valve 
is exposed to the fuel pressure when the valve is off its seat 
than when it is closed. As the spring pressure on the valve is 
substantially the same wdiether the latter is closed or just off 
its seat, it follows that the unit pressure of the fuel must be 
greater wdien the valve is being opened than wdien it is merely 
being held open or is closing. 

Let us call the fuel pressure which just allows the valve to 
close, Pi, and the fuel pressure required to open the valve, P2. 
Also, let the normal capacity of the fuel line be V and the 
modulus of elasticity of the fuel and line, E (equal to about 
280,000 psi for ordinary fuel oil). At the time the pump 
begins to deliver fuel the pressure in the line is Pj, and fuel 
will not leave the line until the pressure therein has reached 
the value 1*2 i^ud the injection valve begins to lift. While 
the pressure in the line rises, the fuel therein compresses and 
the tube expands, and the quantity of fuel required to make 
up for this is 

F 
Q = - (P2 ~ Pi) or 0.0000035F(P2 - Pi). 

E 

If the pump delivers less than this quantity into the line, the 
injection valve is not lifted at all; but if the quantity deliv¬ 
ered th the line slightly exceeds this amount, the valve lifts, 
and as much fuel is injected into the engine as is delivered to 
the line. Hence the minimum quantity of fuel which can be 
injected per cycle in an engine with inwardly-opening, hy¬ 
draulically-operated valves is 0.0000035F(P2 — Pi), where F 
is the normal capacity of the line in cu in. and P2 — Pi is the 
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dilference between the hydraulic preKSsures required to open 
the valve and to just allow it to close, in psi. 

Under certain conditions, OAving to the presence of pres¬ 
sure waves in the line, it is possible to inject still smaller fuel 
quantities than the foregoing equation would indicate. Under 
such conditions it may also occur that fuel will be injected 
every second or every third cycle, no injection taking place 
during the intermediate cycles. 

American Bosch Injector—An axial section of one type of 
American Bosch injector is shown in Fig. 21, where the names 
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Fig. 21.—American Bostii Fuel-Injection Nozzle. 

of the different parts are lettered in. The nozzle proper 
consists of two parts—the nozzle body and the nozzle valve. 
These parts are made of alloy steel and heat-treated. Body 
and valve of all nozzles are lapped to a very close fit, and the 
two parts cannot be interchanged individually. At its upper 
end the nozzle body is provided with a flange, and it is secured 
to the nozzle holder by a cap nut. Fuel enters the nozzle 
holder through a fitting shown at the left, and passes through 
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a drilled duct to a chamber directly above the valve seat. Any 
fuel leaking past the valve into the nozzle holder can return 
to the injection pump through a leak-off tube, for which a 
fitting is provided on the nozzle holder. Abutting faces of the 
nozzle body and nozzle holder are accurately ground, and in 
reassembling these parts, great care must be taken that they 
are absolutely clean. The fuel pressure at which the valve 
opens can be varied by means of the adjusting screw at the 
top, which is rendered accessible by removing the cap nut. 

American Bosch injection nozzles are made in three basic 
types, viz., pintle nozzles, throttling nozzles, and hole nozzles. 
In the hole-type nozzle there are one or more spray orifices 
in the form of straight, round holes through the tip of the 
nozzle body below the valve seat. The spray from the indi¬ 
vidual orifice is relatively dense, and the general spray pat¬ 
tern, which may or may not be symmetrical, is determined 
by the number and arrangement of the holes. Orifices can be 
made of as small a diameter as 0.004 in., and in large nozzles 
there may be as many as 18 orifices. Hole-type nozzles are 
used mostly in engines with undivided combustion chamber. 

Scintilla Injector—Pig. 22 shows a Scintilla injection noz¬ 
zle. The nozzle tip and the nozzle-valve assembly are held to 
the holder body by an assembly nut. The nozzle valve as¬ 
sembly includes a stop plate. Spring pressure is transmitted 
to the valve by a long pressure pin. The pressure on the pin 
can be adjusted by means of an adjusting screw which, after 
adjustment, is locked in position by a lock nut. Other parts 
of the unit include an inlet nipple, a filter, a leakage-return 
fitting, and a bleeder valve. 

Ruston & Hornsby Injector—In this injection device 
(Pig. 23) the nozzle body is clamped between the nozzle 
holder and a cap, in accordance with a very common practice, 
this facilitating the machining operations on the nozzle body. 
The fuel passage down the nozzle holder is of annular form, 
between the outer wall of the valve guide and the bore of the 
nozzle holder. Fuel enters the nozzle holder through the 
fitting at the side, and any leakage drains off through the 
fitting at the top. The method of holding the nozzle holder 
in place in the cylinder head by means of a clamp plate and 
studs i^ clearly shown. 

Hints on Injector-Valve Design—To ensure oil-tightness, 
injection valves must be so designed that the unit pressure on 
the seat is quite high. On the other hand, the pressure must 
not be too high, as that tends to injure the seat by chipping, 
etc. The N.A.C.A. has recommended that the widths of valve 
seats be calculated on the basis of 15,000 psi. One authority 
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recommends making the seats on the valve and in the valve 
body of the same width, so that no ridge can form on the 
wider seat, but in general the seat on the movable part is made 
somewhat wider. 

For proper seating it is essential that the valve be aecu- 

Fig. 22.—Scintilla Injection Nozzle. 

rately guided. Packing is impractical, the same as in pumps, 
and the stem and guide therefore must be made of consider¬ 
able length, equal to at least 5 or 6 diameters, and the stem 
accurately lapped in. It has been pointed out already that 
rounding of the up-stream edge of the spray orifice consider- 
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ably improves the eoeffieient of discharge. If the edge were 
left sharp in the manufacturing process, it would soon be 
worn away by abrasive material in the fuel, and this would 
alter the characteristics of the nozzle. It is therefore ad¬ 
visable to always round the up-stream edge. Pointers on this 
subject are given in the i)ublications of the N.A.C.A. It is 
advisable not to bring the valve spring too close to the nozzle 
tip, as that might result in its temper being drawn. The 

Fig. 23.—Ruston Injection Nozzle. 

nozzle fittings must be made quite substantial, so that they 
may be tightened without fear of injuring them. In some 
designs a vent screw is provided at the highest portion of the 
injection valve, so that any air getting into the injector may 
be allowed to escape, and interference with the proper opera¬ 
tion of the valve prevented. 

Injector Mounting—Injectors should be secured to the 
cylinder or cylinder head in such a manner that they can be 
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easily removed for inspection and tests. A familiar method 
of mounting is by a clamping plate or yoke with a circular 
hole through it, which is passed over the outer end of the 
injector body and rests against a shoulder thereon. This 
plate has the general form of a two-bolt pipe flange and is 
drawn against the shoulder by means of two studs and nuts. 

Quite a unique method of injector mounting has been 
worked out by the Swiss firm of Saurer. As shown in Pig. 
24, the injector is completely submerged in a long drilled 
boss in the cylinder head. The fuel pipe connecting to it is 
provided with a brazed-on fitting with a spherical head, which 
is clamped between the top of the injector and a set screw 
screwing into the head casting. Attention may be called to 
the fact that the shank of the fitting is cut off at an angle 
of 45°, which is intended to reduce concentration of stress in 
the tube where it enters the fitting. This type of mounting, 
of course, makes for a very ' ^ clean exterior of the engine. 
The injector is of the type having an outwardly-opening valve, 
and it needs no leak-off tube. It gives what is called an 
umbrella-shaped spray. 

Nozzle-Operating Temperatures—A good deal of the 
trouble experienced with injection nozzles is due to the high 
temperatures attained by them in severe service. The nozzle 
tips reach a temperature of between 600 F and 650 P, which 
is approximately the end temperature (end point) of the 
fuel. Unless injection terminates with a very sharp cut-off, 
a small amount of dribbling will take place at the end of 
the period. The rapidity of tlie cut-off depends on a number 
of factors of the injection system, including the rapidity of 
opening of the pump relief valve. The surface of the nozzle 
tip is then covered with liquid fuel. Owing to the high 
temperature of the tip, this fuel evaporates, leaving a tarry 
deposit adhering to the nozzle. At still higher temperatures, 
some of the fuel on the tip will be ‘ bracked,in which case 
gas carbon combines with the tarry deposits. Frequently 
this deposition of carbon and tarry material continues until 
a regular ‘‘crater'" forms on the tip, which tends to deform 
the spray cone and may even choke the orifice. It is therefore 
advisable to so mount the injector that it will be effectively 
cooled by the cylinder cooling system. Alternately, internal 
cooling by means of a liquid circulating through cooling pas¬ 
sages in the nozzle may be resorted to. 

Nozzle Protector—In some injector designs the nozzle is 
held to the injector body by means of a gland nut, and a 
certain clearance is allowed between the head portion of this 
nut and the nozzle. If the nozzle were made a close fit in 
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the nut, heat distortion of the latter might cause the injector 
valve to stick. If the clearance between nozzle and gland nut 
is of any importance, it further adds to the maximum tern- 
l)erature reached by the nozzle tip in service, because this 
clearance space will fill up with burning gases during each 
cycle. To eliminate this heating effect, the German Daimler 
Company places a heavy washer of soft copper underneath the 
injector, as shown in Fig. 25. The nozzle is so designed that 
its tip projects about 0.004 in. from the gland nut. When the 
mounting nuts of tlie injector are screwed down, they deform 
the copper washer plastically until the gland nut seats on it, 
and the clearance space between nozzle and gland nut is then 

Fifl. 24 (Leji).—Saurer Injection Nozzle and Mounting. 

Fig. 25 {Right).—Daimler-Benz Nozzle Protector. 

completely shut off from the combustion chamber. This ‘‘noz¬ 
zle protector'’ is said to greatly increase the life of nozzles. 

Injector Cooling—In engines in which the injector is 
mounted in the cylinder head it is usual to provide a drilled 
boss wjiich is completely surrounded by water. Owing to the 
presence of inlet and exhaust passages in the head, the water 
jacket there is always quite deep, and a considerable length 
of injector body can be brought into close proximity to the 
jacket water. In other engine types, where the injector has 
to pass through the cylinder wall, there is less depth of water 
jacket, and the cooling effect on the injector then can be in- 
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creased by drilling through the jacket and combustion- 
chamber walls and expanding a bronze or copper sleeve in 
the drill holes, which the lower part of the injector fits with 
only little clearance. The walls of such a sleeve can be made 
thinner than the walls of a drilled mounting boss cast in the 
cylinder block and, besides, copper and bronze have higher 
heat conductivities than east iron. One method of mounting 
the injector in a non-ferrous sleeve (in this case in the cyl¬ 
inder head) is illustrated in Fig. 26. Here the sleeve has an 
inward flange at its lower end, wliich sej'ves as a gasket for the 
injector. 

Fig. 26 (Left).—Mounting Injector in Bronze Sleeve. 

Fig. 27 {Right).—Svlzeb. Brothers Liquid-Cooled Nozzle. 

Nozzle Cooling by Fuel Circulation—The most practical 
way to cool the nozzle effectively seems to be to circulate fuel 
through chambers or passages close to the nozzle tip. In the 
pump-injector units of the General Motors two-stroke Diesel 
engine, a cooling effect is produced by surrounding the pump 
barrel with an annular chamber through which fuel is cir¬ 
culated continuously by the transfer pump. The injector is 
located immediately below the pump barrel, and while the 
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circulating fuel does not come close to the nozzle tip, the heat 
conductivity of the nozzle seems to ensure an adequate heat 
how from the tip to the fuel chamber above the nozzle to 
prevent excessive heating of the tip. 

Quite a number of liquid-cooled injection nozzles have 
been offered to engine manufacturers in recent years. In a 
design due to the Swiss firm of Sulzer Brothers (Pig. 27), 
the lower end of the nozzle has a circular recess D cut in it 
and is provided with a welded-on jacket C. A cooling liquid 
enters the jacket space tijrough duct E and returns through 
the oppositely-located dinff F. The intermediate duct B serves 
to convey fuel to the chamber surrounding the lower end of 
nozzle valve A, while 6r is a dowel pin provided to ensure 
I)roper registry of the ducts in adjoining parts. 

The two views shown in Fig. 28 are of a Bosch liquid- 
cooled nozzle and are axial sections taken at right angles to 
ea('h other. A cooling jacket is formed between the nozzle 
tip and a sleeve with internal and external flanges at opposite 
ends, which is set into the nozzle cap nut. The coolant 
flows toward and away from the jacket through oppositely- 
located coolant ducts C, which terminate in tapped holes at 
the upper end of the injector, opposite from the fuel-inlet 
and leak-off connections. In the left-hand view, F indicates 
the duct through which fuel is supplied to the nozzle. These 
liquid-cooled injectors are used mainly with engines having 
large-sized cylinders. 

Open Nozzles—Open nozzles have been used principally 
in Germany, by such firms as M.A.N., Krupp and Junkers. 
The Packard Diesel aircraft engine, which was developed in 
this country, had nozzles of this type, and they are also used 
on the Hesselman spark-ignition engine formerly manufac¬ 
tured by the Waukesha Motor Co. The open nozzle has the 
advantage of simplicity, as it consists essentially of a plug 
fastened into the cylinder wall, through the axis of which 
there is a very fine hole. Another advantage that has been 
claimed for it is that any air entering the fuel line can readily 
pass out of the nozzle, whereas with a closed nozzle the air, 
owing to its compressibility, may prevent opening of the valve. 
Furthermore, the open nozzle is free from all trouble due to a 
leaky ^alve. 

The chief disadvantage of the open nozzle is that the pres¬ 
sure producing the spray will be comparatively low at the 
beginning and end of injection, as a result of which atomiza¬ 
tion will not be so thorough during these parts of the injec¬ 
tion period. This means comparatively large droplets in the 
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spray, which tend to result in poor combustion and a smoky 
exhaust. At low engine speeds atomization is poor through¬ 
out the injection period, but owing to the greater time then 
available for combustion, it is not so essential that the fuel 
charge be introduced into the combustion chamber in a state 
of very fine division. 

A sectional view of an open nozzle used in an early truck- 
type Diesel engine of the Maschinenfabrik Augsburg-Niirn- 

Fig. 28 (Lejt and Center).—Bosch Liquid-Cooled Nozzle. 

Fig. 29 {Right).—M.A.'N. Open-Nozzle Atomizer. 

berg is shown in Pig. 29. Either one or two nozzles were used 
per cylinder, and were secured into the cylinder-head casting 
at the side, a flange around the head of the piston being cut 
away where the nozzles were located. The arrangement of the 
air inlet port and valve was such as to produce a swirling flow 
of air in the combustion chamber, and this was depended on 
in part to assure proper distribution of the fuel through the 
air charge. 



CHAPTER VI 

Injection Pumps, Their Principles and Characteristics 

Practically all modern high-speed Diesel engines make use 
of the jerk-pump system of fuel injection. As a rule, there 
is one pump or one pump element for each engine cylinder, 
though in some cases a single pump injects fuel into all of the 
cylinders, being placed in communication with the different 
cylinders in turn by a distributor. Where a separate pump 
element is used for each cylinder, the different elements, of 
course, can be combined in a single unit and provided with a 
single drive, a single control linkage, and a single connection 
to the fuel tank or the transfer pump. Each of these pump 
elements, in addition to forcing fuel into the cylinder under 
high pressure, must accurately meter the fuel charge and 
time its delivery. Plunger pumps are used exclusively for 
this purpose. 

In addition to the jerk-pump there are two other systems 
of fuel injection, the common-rail and the spring-pressure 
system. These, however, are rarely met with at present, and 
they are of interest chiefly from the historical standpoint. 
In the common-rail system fuel is maintained at a substan¬ 
tially constant pressure somewhere between 2000 and 8000 
psi in a manifold which connects to injection valves in the 
individual cylinders. The fuel is put under pressure in this 
manifold (and in an ‘‘accumulator^' in the form of a steel 
bottle connected to it) by a pump, and the pressure is kept 
uniform by means of a spring-loaded by-pass valve. In this 
system, which was first used by the British firm of Vickers 
Ltd. for submarine engines, metering of the fuel is accom¬ 
plished by means of the injection valves. The valves of the 
different cylinders are opened mechanically in the proper 
sequen^je, and are held open for a given length of time rela¬ 
tive to the time of one engine cycle. The amount of fuel 
injected per cycle by this system evidently depends upon 
the pressure on the fuel in the manifold, the number, diam¬ 
eter and form of the injector orifices, and the time the in¬ 
jector valve remains open, as well as upon some other factors, 
including the viscosity of the fuel if the injector orifice is 
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140 PUMP PRINCIPLES 

quite long relative to its diameter. Tlie common>rail system 
has been widely used on large marine engines, but it is poorly 
adapted to engines which must operate satisfactorily over a 
wide speed range, and it has not come into use in this field. 
Among other reasons why it is not suited to automotive-type 
engines are that it is rather complicated and that if the en¬ 
gine is overloaded and pulled down to a Ioav speed, there is no 
definite limit to the fuel quantity injected. The engine then 
operates witli a smoky exhaust and fouls up internally. 

With the spring-pressure system a plunger is moved posi¬ 
tively by means of a cam during the suction stroke of the 
pump and is returned by a spring—which has been com¬ 
pressed during the suction stroke—during the delivery or 
injection stroke. It is obvious that the speed of the plunger 
during the delivery stroke depends only on the pressure of 
the spring and the inertia of the masses moved by it, and it is 
therefore independent of engine speed. The amount of fuel 
injected does not vary with the engine speed, as with the 
common rail system, but the duration of injection in terms 
of crank angle varies greatly, which is almost equally objec¬ 
tionable. 

Injection pumps operated by spring pressure have seen 
only limited use. An advantage of both the common-rail and 
the spring-pressure systems is that the pressure behind the 
jet, the initial velocity of the jet, and the fineness of atomiza¬ 
tion are not influenced by engine speed. 

Ratio of Piston Displacement to Fuel-Charge Volume— 
The degree of accuracy with wdiich the injection pumps of 
small, high-speed oil engines must function may be judged 
from the small quantities of fuel required by them per cycle. 
Commercial fuel oils need about 10,000 times their volume 
of atmospheric air for their complete combustion, theoreti¬ 
cally, but these engines usually work with 50 per cent excess 
air even at full load, hence the volumetric ratio of air to fuel 
is about 15,000 to 1. In regular operation the engine cylin¬ 
der, of course, is not completely filled with air at atmospheric 
pressure during the inlet stroke; assuming a volumetric effi¬ 
ciency of the engine of 75 per cent, the volume of fuel de¬ 
livered by the pump would have to be 1/20,000 of 'the dis¬ 
placement of the engine cylinder. 

Approximately this same proportion between engine- 
piston displacement and maximum volume of fuel required 
per cycle is arrived at by a calculation based on performance 
data of actual engines. An average high-speed Diesel engine 
will show a brake mean effective pressure of 80 psi and a 
specific fuel consumption of 0.45 lb per brake horsepower- 
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hour. Assuming the mechanical efficiency of the engine under 
these conditions to be 80 per cent, the indicated mean effec¬ 
tive pressure is 100 psi and the specific consumption per indi¬ 
cated hp-hr, 0.36 lb. Since one horsepower is equal to 33,000 
foot-pounds per minute, with an indicated mep of 100 psi 
one indicated hp-hr corresponds to a piston displacement of 

33,000 X 12 X 60 
-- 237,600 cu in. per hr. 

100 

One cu in. of Diesel fuel of 0.84 specific gravity weighs 
0.030 lb, and the specific consumption of 0.36 lb therefore is 
equivalent to 

0.36/0.030 = 12 cu in. per ihp-hr. 

Thus the ratio of engine-piston displacement to volume of fuel 
injected at full load is about 

237,600/12 = 19,800 

In the above calculation the assumed values are such as to 
give a rather large figure for the volumetric ratio between 
air and fuel charges. That ratio increases in direct proportion 
to the specific gravity p of the fuel burned and varies in¬ 
versely as the mechanical efficiency t/, the indicated mean 
effective pressure p, and the brake specific fuel consumption /. 
It is given by the equation 

844,000p 
r -- 

vpf 

If we assume that the engine operates on lighter fuel, of 0.80 
specific gravity, and that at maximum output the mechanical 
efficiency is 80 per cent, the indicated mep, 110 psi, and the 
brake specific fuel consumption, 0.50 lb per bhp-hr, the ratio 
comes out to 15,340. In practice engines usually are provided 
with pumps having a delivery between 1/15,000 and 1/18,000 
the displacement of the engine piston. Pump deliveries usu¬ 
ally are given in cu mm. One cu in. = 16,380 cu mm. 

Injection-Pump Displacement—It must not be assumed 
that the figures given by the above equation represent the 
ratios of engine-piston to pump-plunger displacements. Only 
a small fraction of the plunger stroke can be used for injection, 
because for efficient combustion the fuel must be injected dur¬ 
ing the time corresponding to a small crank angle, and in a 
four-stroke engine a small crank angle corresponds to an even 
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smaller pump-shaft angle. Besides, the first and last portions 
of the plunger stroke, which are necessarily at low speed, are 
not well suited to injection, as the injection pressure and 
the fuel atomization would be inadequate. In most de¬ 
signs of injection pump only one-fourth of the stroke or less 
is utilized. Assuming the ratio between engine displacement 
and pump delivery to be 16,000 to 1, and that one-quarter of 
the pump delivery stroke is effective, the total displacement 
of the pump plunger must be 1/4000 that of the engine piston. 
When the engine is idling, its fuel charge will be only about 
one-fifth as large, and the relation between the displacement 
of the engine piston and the volume of the fuel charge re¬ 
quired then will be of the order of 80,000 to 1. Thus a 4% x 
6-in. cylinder, having a displacement of 106 cu in., requires a 
maximum fuel charge of 0.0066 cu in. (about 110 cu mm), 
and an idling charge of 0.0013 cu in. 

In addition to measuring such small charges of fuel ac¬ 
curately, the pump must work against pressures which in the 
case of engines with direct injection into the combustion 
chamber range between 5000 and 25,000 psi. In spite of the 
lapped fit, there is some leakage past the plunger, and this 
affects the accuracy of the metering function. The fuel quan¬ 
tities injected into individual cylinders of a multi-cylinder 
engine must be equal within 3 to 5 per cent. Leakage assumes 
greatest importance at low speeds; it naturally increases with 
wear, and with a pump in an advanced state of wear it is 
generally difficult to start the engine, because too little fuel 
is being injected. 

Elements of Pump—An injection pump consists of a bar¬ 
rel, a plunger adapted to reciprocate therein, a valve or port 
through which fuel is admitted to the barrel during the suc¬ 
tion stroke, a valve or port through which it is discharged 
during the delivery stroke, and means for reciprocating the 
plunger within the barrel. Owing to the high pressures 
against which the pump must work and the high degree of 
accuracy required in its operation over a long period of serv¬ 
ice, all of the parts must be made of high-grade material, 
designed to possess a relatively high degree of rigidity, and 
accurately machined or fitted. The pump barrel and plunger 
generally are made of forged steel and hardened. Bronze, 
semi-steel and the better grades of cast iron, such as the 
pearlitic irons and alloy irons developed in recent years, also 
may be used for the barrel. All parts are accurately ground, 
and the plunger is lapped into the barrel. 

With plunger pumps for other purposes it is customary to 
use a stuffing box to prevent leakage past the plunger, but 
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owing to the fact that fuel injection pumps are usually oper¬ 
ated by a cam and spring, the cam moving the plunger posi¬ 
tively during the delivery stroke and the spring returning it 
during the suction stroke, it is not practical to use a stuffing 
box. Dependence for oil-tightness therefore must be placed 
on the fit between plunger and barrel, and the sealing effect 
of the viscous fuel. To reduce the leakage to a minimum, 
the plunger must have a comparatively long bearing in the 
barrel. In order to reduce wear and minimize leakage, it is 
also desirable that motion be imparted to the plunger in such 
a way that there is relatively little or no side thrust of the 
plunger on the barrel, which can be accomplished by using 
a tappet. In most designs of injection pump the barrel is 
not the pump body but a sleeve inserted in the pump body. 

Pump Valves—For the proper operation of the pump it is 
also necessary that the valves close tightly and open freely. 
The valves of an injection pump may be either of the auto¬ 
matic or positively-actuated type. Automatic valves may be 
either of ball or conical form; they are opened by a difference 
ill pressure on opposite sides, and closed by a spring. Such 
valves have given quite satisfactory service at low and mod¬ 
erate speeds, but it is doubtful whether they can be made to 
function properly at really high speeds. This applies par¬ 
ticularly to the suction valve, which must open under the 
influence of atmospheric pressure plus whatever pressure 
head there is on the fuel, hence its spring cannot be made very 
strong. 

Conical valves can be actuated also mechanically, like the 
inlet and exhaust valves of engine cylinders. Mechanical 
actuation is always used when this type serves as a “return- 
flow"’ or spill valve, as will be explained farther on. 

Finally, the valving functions may be accomplished by 
ports in the wall of the pump barrel which are controlled 
either by the pump plunger itself or by a separate valve 
plunger adapted to reciprocate in a bore parallel with the 
pump cylinder. The most widely used type of jerk pump has 
ports in the wall of the barrel which are opened and closed by 
the pump plunger. 

A simple diagram of one type of injection pump is shown 
in Fig. 1. A is the pump barrel; R, the plunger; C, the fuel 
inlet; 2>^, the inlet or suction valve; E, the delivery valve, and 
Py the delivery-line connector. The plunger is moved up in 
the-barrel by the cam shown at the bottom, and returned by a 
coil spring. 

Delivery Control—Fundamentally there are three meth¬ 
ods of varying the amount of fuel delivered by the pump per 
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stroke. The first (Fig. 1) consists in varying the stroke of the 
pump plunger and delivering the whole of the fuel charge dis¬ 
placed by the plunger to the engine cylinder; the second, in 
throttling the fuel flow into the pump barrel more or less, 
by providing an adjustable needle valve in the inlet passage; 
and the third, in by-passing more or less of the fuel moved 
by the pump plunger to the inlet side of the pump or to 
the fuel tank. This can be done either by holding the suc¬ 
tion valve open during a part of the delivery stroke, by pro- 

Fig. 1 {Lejl).—Pump with Delivery Control by Inclined Cam. 
Fig. 2 (Right).—Pump with Delivery Control by Spill Valve. 

viding a throttling spill valve remaining open continuously, 
or by providing a spill valve which is opened at some point of 
the delivery stroke, the point being variable, of course. 

Control by Timed By-Pass—The system of delivery con¬ 
trol by a timed by-pass or spill valve is illustrated in Fig, 2. 
With this system the pump has three valves, a suction vaJve, 
a delivery valve, and a spill valve. Delivery begins shortly 
after the beginning of the up-stroke of the plunger, and con¬ 
tinues until the spill valve is lifted from its seat. Lifting of 
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the spill valve is effected by a lever arm whose free end moves 
up and down with the plunger, with which its free end has a 
sliding connection. TJie fulcrum of the lever can be raised or 
lowered by means of an eccentric, and the time of opening of 
the spill valve relative to the plunger stroke thereby advanced 
or retarded. The earlier the spill valve is opened, the smaller 
the amount of fuel injected. Injection control may be effected 
also by means of a mechanically-actuated suction valve, which 
tlien is held off its seat througho\it the suction stroke and dur¬ 
ing a variable portion of the delivery stroke. This, however, 
causes injection to begin later at light than at full load, and 
it is undoubtedly better to have the start of injection substan¬ 
tially independent of the load and coiitrol the engine by vary¬ 
ing the point of cut-off'. 

In the type of injection pump in most extensive use today, 
fuel is admitted through ports in the wall of the barrel which 
are uncovered by the plunger toward the end of the down- 
stroke or suction stroke, and is forced into the line through 
a delivery valve at the top of the barrel. The delivery is con¬ 
trolled by the plunger. Part of the cylindrical surface of the 
plunger is undercut. Delivery begins when the top of the 
plunger passes the top edge of the port, closing the latter, 
and it ends when the undercut portion of the plunger begins 
to register with a port. The undercut portion has a helical 
upper edge, and by rotating the plunger around its axis, the 
port can be uncovered earlier or later in the stroke. With the 
second and third methods of delivery control the stroke of the 
l)ump plunger is fixed. 

Plunger-Controlled Port—The action of an injection pump 
in which the delivery is controlled by means of ports opened 
and closed by the plunger is illustrated by the three diagrams 
of Fig. 3. The view at the left shows the plunger at the bot¬ 
tom of the stroke, and fuel is being forced into the pump bar¬ 
rel through ports in the wall of the barrel by the transfer 
pump. In the view in the center, where the plunger has 
partly completed the up-stroke, the ports are closed by the 
plunger, and fuel is being forced from the pump barrel 
through the delivery valve at the top. The pressure of the 
fuel in the line has lifted the valve of the injection nozzle off 
its seat, ^nd fuel is being injected into the combustion cham¬ 
ber. In the view on the right the plunger is shown farther 
up the pump barrel, and the land of the plunger with helical 
lower edge has uncovered one of the ports. This has relieved 
the pressure on the fuel in the pump chamber, and as a 
result the injection valve has closed and injection has ceased. 
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Injection Timing—In a spark-ignition engine the spark 
is advanced as the speed increases, because it takes time for 
the fuel to burn, and if the spark occurred so late that at 
low engine speeds the cylinder pressure reached its peak 
value only after the top dead-center position, then at high 
speed some of the fuel would burn so late during the expan¬ 
sion stroke that only a small fraction of its energy would 
perform useful work on the piston, and most of it would pass 
out with the exhaust. Combustion conditions are similar in 
the compression-ignition engine. First of all, there is an 
ignition lag. If this lag had a constant time value, its dura¬ 
tion in crankshaft degrees would be greater at high than at 
low speeds. The same applies to the combustion period. 
Some time ela])ses between the moment ignition occurs and 

Fig. 3.—Phases in Cycle of Jerk-Pump Operation. 

On Left—Plunger at Bottom of Stroke, Barrel Filled with Fuel. 
In Center—Plunger Moving Upward, Fuel Being Injected. 

On Right-—Relief Port Uncovered by Plunger, Injection Has Ceased. 

the moment the peak pressure is reached, and if this time 
were independent of engine speed, it would correspond to a 
greater number of crankshaft degrees at high than at low 
speeds. Actually both the ignition lag and the combustion 
period in time measure are reduced at high engine speeds by 
the greater turbulence then prevailing in the combustion 
chamber. Turbulence eflEects, however, vary greatly in dif¬ 
ferent engines. In high-turbulence engines the ignition lag 
and the period of pressure rise, expressed in degrees of crank¬ 
shaft rotation, may be nearly constant over a considerable 
speed range, and permit of fixed injection timing. This, of 
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course, applies only to the beginning of injection, the end of 
injection, or the cut-off, being always varied in accordance 
with the load on the engine. 

In engines with relatively quiescent combustion chambers 
the ignition-lag and pressure-rise periods in time measure 
are nearly constant, which makes it desirable to advance the 
beginning of injection as the speed increases. Both manual 
and automatic injection timing devices have been worked 
out, and an example of each type will be described later on. 
With the manual timing device the injection can be retarded 
for starting and idling, and advanced for normal operation, 
while with automatic timing, injection is advanced gradually 
as the speed increases, by means of a speed-sensitive device 
which usually comprises masses subject to centrifugal force. 

It has also been proposed to make use of the pressure on 
the fuel in the supply line to the injection pump for injection¬ 
timing purposes. The fuel is caused to flow through a cali¬ 
brated orifice, so that its pressure ahead of the orifice will 
vary with the rate of fuel flow, that is, with the engine speed. 
The oil pressure is made to act on a piston against the pres¬ 
sure of a spring, and the piston acts on the shifter fork of 
the injection-timing device. Most modern high-speed engines, 
however, have fixed injection timing. 

Speed-Delivery Characteristics of Pumps—In the fore¬ 
going, methods have been described by which the quantity of 
fuel injected into the engine per cycle can be varied either 
by hand or automatically by means of a governor. The ques¬ 
tion now arises as to whether—and if so how—the quantity of 
fuel injected varies with the engine speed when the latter is 
changed by the torque load, the position of the control device 
remaining unchanged. But before discussing this question it 
may be well to consider how the quantity injected should 
vary with the engine speed, if at all. 

It is obvious that for the ‘‘full-load^' setting of the con¬ 
trol device at least, that particular speed-delivery character¬ 
istic of the pump is best which for all engine speeds shows 
delivery of the maximum amount of fuel which can be burned 
with a clear exhaust. This amount of fuel is substantial!}' 
proportional to the mass of air inducted into the engine at 
any givan speed, and under given atmospheric conditions it is 
proportional to the volumetric efficiency. By volumetric effi¬ 
ciency is meant the ratio of the mass of air which enters and 
is retained in the cylinder during each cycle, to the mass of a 
volume of air equal to the piston displacement at the prevail¬ 
ing atmospheric pressure and temperature. The mass of air 
passing through the engine per cycle is given by the expression 
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DWe^ where D is the piston displacement in cu ft; TT, the 
weight in lb of one cu ft of air under the prevailing conditions 
of pressure and temperature, and e, the volumetric efficiency. 

In Pig. 4 the upper one of the two curves is a volumetric 
efficiency curve of an actual Diesel engine, plotted on a base 
of “veiocity-of-air-flow” through the inlet valve—which for 
a given design is proportional to the engine speed. It shows 
that the volumetric efficiency decreases continuously as the 
speed of the engine increases. This is due to the fact that 
the velocity of flow through the valves and passages increases 
with engine speed, and the resistance to air flow increases 
likewise. The lower curve in Pig. 4 is a composite volumetric- 
efficiency curve of about a dozen high-speed gasoline engines. 
That the volumetric efficiency of these engines at fairly low 

TH£Oe£T/CAL A/P ^£LOCtTy PaST 1/AIi/£ SpAT- FTPM 

Fig. 4.—Typical Volumetric-Efficiency Curves for Diesel Engine 

AND Otto Engine with Preheating of the Charge. 

speeds is considerably lower than that of the Diesel is due 
partly to preheating of the carburetor air and partly to the 
resistance to flow through the carburetor throat. 

Characteristics of ‘‘Valved*' Pumps—The ‘'speed-de¬ 
livery’^ characteristic of the injection pump evidently should 
be of the same general form as the volumetric-efficiency curve 
of the engine. That is to say, the delivery per cycle should 
increase as the speed decreases. Pumps with spring-closed 
suction valves possess this general characteristic, though the 
effect of a change in speed on the delivery is likely to be 
greater than desirable. The straight-line characteristic in 
Fig. 5 is that of a pump with a spring-closed suction valve. 
It will be seen that as the speed of the pump drops from 
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normal to 20 per cent of normal, the delivery per stroke in¬ 
creases from normal to 60 per cent above normal. The maxi¬ 
mum increase in the mass of air drawn into the cylinder as 
the speed drops below normal is usually only about 25 per 
cent, hence with this particular pump there is a tendency for 
the cylinders to get too large a fuel charge at low speeds. 
This, of course, tends to increase the torque of the engine 
up to a certain point, and engines equipped with this type 
of pump are characterized by great ‘‘lugging’’ ability. The 
disadvantage of this kind of pump characteristic is that if the 
pump is adjusted to deliver exactly the right amount of fuel 
at normal speed, it will deliver too much at low speed, with 
the result that the exhaust will be smoky and the fuel econ¬ 
omy low. 

That the delivery of a pump with spring-closed suction 
valve increases as the speed decreases is evidently due to lag 
in the closing of the valve. Some of the fuel drawn into the 
pump barrel during the suction stroke is forced out again 
before the valve is fully closed, and the amount thus returned 
is greater at high speeds, because the valve will then close 
later in the stroke. With an inlet port closed by the plunger 
the timing of port closing and of the beginning of delivery is 
independent of the speed. 

Characteristic of “Ported” Pump—The curved line in 
Pig. 5 shows the variation of delivery with speed for a pump 
in which the intake and return flow take place through ports 
controlled by the motion of the pump plunger. With most 
of these pumps the delivery has a tendency to increase with 
the speed, though this tendency is considerably more pro¬ 
nounced in some designs than in others, in which the delivery 
is substantially constant over the upper half of the speed 
range. One reason the delivery in this type of pump in¬ 
creases with speed is that immediately after opening of the 
port, and before the delivery valve has time to close, expan¬ 
sion of the fuel in the line causes a slight return flow past the 
delivery valve, and this is less at high speed when, on account 
of the higher line pressure, the delivery valve closes more 
rapidly. A second reason is that delivery begins before the 
inlet port is completely closed, because of the excessive throt¬ 
tling of lihe flow when the port is very nearly closed, and the 
consequent rapid building up of pressure in the barrel. 

It is obvious that when the quantity of injection increases 
with speed, if the pump is set to give the proper quantity at 
high speed for maximum power with clear exhaust, it will not 
deliver quite enough fuel at low speed, and with such pumps 
the torque of the engine does not increase so rapidly with 
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decrease in speed as with pumps with spring-closed suction 
valves. Where port-controlled pumps are used, it is custom¬ 
ary to so adjust the delivery that the air inducted into the 
cylinders is used to best advantage at intermediate speeds. 
Tlie amount injected at high speeds will then be slightly too 
great, and there is likely to be smoke in the exhaust at high 
speeds, indicating incomplete combustion. This, however, can 
be corrected by the driver by means of the control member. 
At low speeds, with the control set for maximum delivery, 
the amount of fuel injected will be slightly too small, and 
the engine in consequence will not have quite the lugging’’ 
ability that it would have if the ratio of fuel to air were 
independent of engine speed. Fig. 6 shows torque curves of 
the same engine when fitted with the two pumps whose de¬ 
livery characteristics are shown in Fig. 5, respectively. It 

Fir.. 5.—Speed-Delivery Char\cteristics of Pumps with Spring- 
Closed Inlet {a) and Plunger-Controlled Inlet (h). 

will be seen that at lower speeds the torque is much greater 
with the pump having a spring-controlled suction valve. 

Effect of Pump Characteristic on Engine Performance— 
There are two distinct disadvantages inherent in a pump- 
delivery curve such as shown by &, Fig. 5. Most injection 
pumps are provided with a stop for the control rack which 
limits the maximum fuel quantity that can be injected per 
cycle. If this stop is so set that it just permits tolerably 
smokeless operation at full speed, then at low speeds the en¬ 
gine does not receive enough fuel to take full advantage of 
the air charge inducted, and the torque is considerably less 
than it should be. The result is a practically flat torque 
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curve, as shown by h, Fig. 6. Besides lacking “lugging abil¬ 
ity,an engine with such a torque curve is not stable in the 
lower speed range. No engine in which the torque increases 
and decreases automatically with the speed can be stable in 
operation, unless the torque load also decreases automatically 
with speed, as in propeller work. 

Referring to Fig. 6, assume that the engine is running at 
60 per cent of normal speed and developing the maximum 
torque corresponding to that speed. If the load now increases 
for any reason, the engine will slow down, and owing to the 
pump characteristic, it will then receive a smaller quantity 
of fuel. This again A\iil cut down the engine torque and 
speed, and further reduce the injection quantity, with the 
result that finally the engine stalls. Now let us suppose that 
the engine is running under light load at, say, 30 per cent 

6PE£0 of /^OTATfON W PeQ CEA/T. 
Fig. 6.—Torque-Spef:d Characteristics of Engines Equipped with 

Fuel-Injection Pumps Having Spring-Closed Inlets (a) and Port- 

Controlled Inlets (h). 

normal speed. If for any reason the load is reduced further, 
the engine immediately will speed up, and this will result in 
an increase in the fuel quantity injected. The increased fuel 
charge will result in a further increase in speed, and finally 
the engine will race. To prevent such instability in opera¬ 
tion, automotive-type Diesel engines sometimes are provided 
with a sj)ecial type of governor which not only limits the 
maximum speed but also controls engine speed in other parts 
of the range. Some governors of this type will be described 
in the next chapter. 

Improvement of Delivery Chaxa,cteristics—Manufactur¬ 
ers of injection pumps have been at pains to improve their 
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pumps so as to obtain a delivery-speed cliaraeteristic corre¬ 
sponding fairly closely to the engine volumetric-efficiency 
curve. The speed-delivery characteristic is influenced to some 
extent by the design of the delivery valve, because as soon as 
the pressure in the system is relieved by the opening of the 
port, fuel begins to flow back from the line into the pump 
barrel, a phenomenon sometimes referred to as “re-induc¬ 
tion,'' and the amount of fuel which thus returns from the 
line to the pump depends on the speed with which the delivery 
valve can close. A change made in the design of the delivery 
valve of an early Bosch injection pump is illustrated in Pig. 7, 
where A and B represent the old and the new design respec¬ 
tively. It will be seen that four slots are cut in the stem of 
the valve, through which the fuel has to pass. In the older 
valve the section of the slot was uniform over practically the 

Figs 7A and 7B {Abfwe).—Old and 

New Delivery Valve op Bosch 
Pump. 

Fig. 8 {Righl).—Simms Delivery 

Valve. 

entire length, while in the new one it tapers gradually. This 
evidently results in an increased lift of the valve for a given 
pump speed, and owing to the increased lift the valve takes a 
longer time to close, which increases the “re-induction" or 
return flow of fuel. 

A valve specially designed to improve the pump delivery 
characteristics is used also in the Simms injection pump manu¬ 
factured in England. As shown in Fig. 8, this is a poppet 
valve which, when off its seat, allows the fuel to flow into an 
annular space between it and its guide. From this space 
the fuel passes through a small radial hole into an axial hole 
in the upper part of the valve. The radial hole is the point 
of greatest restriction, instead of the passage through the 
valve, as in most other designs. This is claimed to make it 
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possible to so design the valve that even at high speeds it 
will allow a certain amount of fuel to return from the line 
before the delivery valve closes following the cut-off action. 

Governor Control of Fuel Delivery—In recent years the 
preferred method of improving the speed-delivery character¬ 
istic of the injection system (or the speed-torque character¬ 
istic of the engine) has been by modifications to the governor, 
rather than to the pump delivery valve. With an increase 
in speed, the centrifugal force on the governor weights in¬ 
creases, and they tend to move out from their axis of rotation. 
The weights are connected to the pump control rod in such 
a way that their outward motion cuts down the fuel delivery. 
With the conventional governor, designed to limit the maxi¬ 
mum engine speed, the centrifugal weights begin to act on 
the control rod only as maximum speed is approached; but 
by providing the governor with softer springs (or springs less 
prcloaded), it can be made to act on the control rod prac¬ 
tically throughout the entire speed range. In that case, any 
increase in engine speed cuts down the injection quantity and, 
therefore, the engine torque, thus giving the drooping type 
of torque curve which ensures stability in engine operation 
and great ‘Mugging power.A few governors based on this 
pi-ineiple will be described in the next chai)ter. 

Elasticity of Fuel and Tubes—It is evident that all of the 
fuel entering the line from the pump must leave it at the 
injection valve; but the rate at which fuel enters the line at 
any particular moment of the injection period is not neces¬ 
sarily the same as the rate at which it leaves the line. ^This 
is due to elasticity of the fuel and of the metal tube. It is 
customary to use tubing with rather heavy walls, as compared 
with the inside diameter, and the effect of the expansion of 
the tube is negligible compared with the compression of the 
fuel, even if the tubing is made of brass with a modulus of 
elasticity of 12,000,000, instead of steel with a modulus of 
elasticity of 30,000,000 psi. 

The compressibility of fuel oil was investigated by D. H. 
Alexander {Trans. Inst, of Marme Engineers, 1927-8) for 
pressures up to 5000 psi, and his results are given in Fig. 9. 
The bulk modulus, it may be explained, is the inverse of the 
fraction ^representing the reduction in the bulk of fuel by a 
surface pressure of one pound per square inch. R. S. Jessup 
{Bureau of Standards Journal of Research, November, 1930) 
investigated the compressibility and thermal expansion of a 
nurilber of petroleum oils, but although his temperature range 
wa^ from 0 C to 300 C, the pressure was carried only to 700 
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psi. Fig. 10 shows the results from two gas oils of widely 
different densities and viscosities. He also found that the 
mean compressibility of gas oil decreases only slightly with 
increase in pressure, but, as the curves show, the compressi¬ 
bility is very susceptible to temperature changes and is widely 
different for the two oils. «Jessup also found that petroleum 
oils of the same density and viscosity had, within narrow 
limits, the same thermal expansion and compressibility. 

A ready rule for the compressibility of petroleum fuel is 
one twenty-thousandth for every additional atmosphere of 
pressure on it. The relative effect of the elasticity of tubing 
may be judged from the fact that if steel tubing is worked at 
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a fiber stress of 30,000 psi, or brass tubing at 12,000 psi, the 
diameter of the tube will increase only 0.1 per cent, and the 
area 0.2 per cent. 

Injection Lag—When an injection valve is opened by the 
pressure of the oil in a tube connected to it, the pressure of 
the oil being controlled by a timing valve or a pump some 
distance away, there will be a time lag between the opening 
of the timing valve (or the delivery valve of the pump) and 
the beginning of injection by the nozzle, owing to the ex¬ 
pansibility of the tube and the compressibility of the fuel. 
For instance, in some experiments reported in the paper by 
D. H. Alexander, referred to in the foregoing, although the 
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pump stroke started 30° of crank motion before top center, 
injection began only 6° before top center. 

The injection lag is in reality made up of two periods, 
one being that required by the pressure wave to travel through 
the line from the pump to the nozzle, the other that required 
by the valve to leave its seat after the pressure wave has ar¬ 
rived there. The first period in time units depends only on 
the length of the line (aside from characteristics of the fuel 
and line material) and in pumpshaft degrees is therefore 
directly proportional to the pump speed in rpm. The second 
period in pumpshaft degrees is independent of the pump 
speed and the length of the line, but is much greater if the 
line pressure is relieved between injections than when it is 
not. 

Fig. 10.—Effect of Tempekaturb on Compressibuity of Fuel Oil. 

A comprehensive investigation of the subject of injection 
lag was made by Dr. Hans Heinrich, whose results were pub¬ 
lished in Dieselmaschinen V (Society of German Engineers, 
1932). In his experiments the second part of the injection 
lag period was of the order of 1.5 pumpshaft degrees without 
line relief, and 5.0 pumpshaft degrees with line relief. It will 
be seen that the second part is very small when there is no 
line relief, and in that case, therefore, the total injection lag 
in pumpshaft degrees is substantially proportional to the 
length of the line. 

Pig. 11 represents some of the results obtained by Hein¬ 
rich with a jerk-pump injection system operating without line 
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relief, the pump-plunger diameter being 0.315 in.; the in¬ 
ternal diameter of the fuel line, 0.08 in., and the length of the 
line, 40 in. Fig. 12 shows results of the N.A.C.A. and covers 
the effects of both injection pressure and line length. 

At very low pump speeds, when the amplitude of the pres¬ 
sure wave is low, it may happen that, although the valve is 
lifted upon the arrival of the wave, it seats again as a conse¬ 
quence of the reduction in pressure due to opening of the 
valve. The cross section of the fuel line has no appreciable 
influence on the injection lag. In Heinrich’s set-up, the 
nozzle-opening pressure had no appreciable influence on the 
injection lag in degs at pump speeds of over 1000 rpm, while 
at lower speeds the lag increased somewhat with the opening 
pressure. 

Fic. 11.—Effect of Nozzle-Valve Opening Pressure on Injection 
Lag at Various Pump Speeds. 

Line-Pressure Belief—With direct pump injection, as 
soon as the pressure in the pump barrel is relieved by the 
opening of the spill valve, the delivery valve closes. Delivery 
of fuel through the spray nozzle continues for a while, how¬ 
ever, owing to expansion of the fuel in the line as the pressure 
in it decreases gradually, and to the simultaneous contraction 
of the tubing carrying the fuel. This is known as after¬ 
dripping. Such dripping is objectionable for various reasons. 
In the first place, since this fuel is sprayed under reduced 
pressure, the droplets are large and its combustion therefore 
is poor. Then, since this fuel burns rather late in the cycle, 
the eflBciency of conversion of its heat energy is low. With 
an open nozzle, after-dripping is affected also by the fact 
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that during the expansion stroke the pressure in the cylinder 
drops from 30 atmospheres or more to a few atmospheres. 

Dripping due to compressibility of the fuel is consider¬ 
ably less with closed than with open nozzles. To reduce it 
still further, line-pressure-relief devices are extensively used, 
by means of which a small amount of fuel is withdrawn from 
the line just before the delivery valve closes. The manner 
in which this is accomplished in the American Bosch system 
is illustrated in Fig. 13. The delivery valve, which is of the 
conical type, has a collar on its stem which exactly fits the 
guide. During delivery the fuel passes through the hollow 
stem and through two inclined holes to a groove cut in the 
stem, and thence past the valve into the line, as shown in 
the right-hand view. When delivery into the line ceases, 

Fig. 12.—Effect of Injection Pressure on Injection Lag. 

communication between the pump chamber and the line is 
shut off by the collar on the valve stem entering the guide. 
The rest of the seating motion of the valve increases the 
capacity of the line, thereby taking care of expansion of the 
fuel and contraction of the tube. 

Besides preventing—or at least materially reducing— 
after-dripping, relief of line pressure (or unloading of the 
line askit is usually called by British writers) has some other 
effects, notably on the injection lag. The lower the pressure 
in the line between injections, the more the fuel in the line 
must be compressed before injection can start again, hence 
the longer the injection lag. This was confirmed by the ex¬ 
perimental work of Heinrich already referred to. 

It is obvious that with the system of line-pressure relief 
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described in the foregoing, since the volume of the line is 
increased in a definite proportion at the end of injection, the 
line pressure is reduced in a certain proportion. Now, the 
injection pressure, or the pressure in the line at the moment 
the spill valve opens and injection ceases, varies greatly with 
the speed of the pump (and engine), and the residual line 
pressure therefore also will vary greatly. At high speed the 
residual pressure is higher and the injection lag shorter. 

Constant Residual Line Pressure—A method of relieving 
the line pressure which—theoretically—results in constant 
residual pressure in the line was described in a paper pre¬ 
sented to the Institution of Automobile Engineers in 1931 by 

Fig. 13 {Left).—American Bosch Line-Unloading Delivery Valve in 
Closed and Open Positions. 

Fig. 14 {Right).—Line-Unloading Delivery Valve Independent of 

Engine Speed. 

S. W. Nixon, and is illustrated in Fig. 14. It makes use of a 
normal delivery valve with a small relief valve inside of it, 
which opens in the opposite direction to that in which the 
delivery valve opens. The relief valve is closed by a spring, 
the strength of which governs the pressure remaining in the 
line. As soon as the pump chamber is relieved of pressure by 
the opening of the port, the delivery valve seats and fuel 
under pressure is momentarily trapped in the line. The pres¬ 
sure of this fuel immediately opens the relief valve, and the 
line pressure then decreases until the relief valve is closed 
by its spring. Unfortunately, the delivery valve is a very small 
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part, and a relief valve inside of it would have to be of almost 
microscopic dimensions. 

Elimination of Pump Delivery Valve—Line-pressure re¬ 
lief could be effected in a very simple way by merely doing 
away with the delivery valve of the pump and relying on the 
nozzle valve to perform the function of a delivery valve. This 
would result in a very rapid drop in line pressure down to 
that maintained in the pump-inlet line, and thus would pre¬ 
vent after-dripping completely. It would decrease the de¬ 
livery of the pump for any given position of the control rod, 
by an amount depending upon the capacity of the line and 
the closing pressure of the injector valve. However, the 
principal objection to the system is that if any air should get 
into the line, it would be extremely difficult to remove it, be¬ 
cause operating the pump by means of a priming lever would 
merely compress and expand the air. Owing to the fact that 
with this system the delivery depends on the capacity of the 
line, it would also be necessary to see to it that the lines to all 
of the cylinders had substantially the same capacity. 

Pressure Waves in Fuel Lines—If the fuel were incom¬ 
pressible and the material of the fuel tube inexpansible, then 
the velocity of fuel flow and the pressure in the fuel at any 
instant would be the same at both ends of the line. Any 
change in velocity at the pump end would be instantly trans¬ 
mitted to the nozzle end, and since the fuel in the line would 
form a rigid column, the pressure imparted to it by the pump 
would be transmitted without change to the nozzle end. How¬ 
ever, owing to the elastic nature of the liquid column and 
the property of inertia possessed by it, any increase of the 
pressure of the fuel at the pump end due to motion of the 
pump plunger results in a pressure wave which is propagated 
along the tube at a velocity which depends on the coefficients 
of elasticity (or bulk moduli) and the densities of the ma¬ 
terials. Since the tube material plays a very minor part in 
the phenomenon as compared with the fuel, the former will 
be neglected in the following discussion. The blow of the 
pump plunger sets up a compression wave in the fuel, and 
the velocity at which this pressure wave is propagated through 
the fuel line is the same as that at which sound travels in 
the saiiie medium. 

Velocity of Pressure Waves—The velocity with which an 
elastic disturbance is transmitted through a fluid is given by 
the equation 

V = inTper sec, 
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where K is the bulk modulus of the fluid in psi; g, the ac¬ 
celeration of gravity, in ipsps, and p, the density of the fluid 
in ]b per cu in. An average fuel oil has a bulk modulus at 
normal atmospheric temperature of about 280,000 psi; that 
is to say, when the fuel is subjected to a pressure of 1 psi 
on its surface, it contracts one part in 280,000 of volume. 
The value of g is 386 ipsps, and the value of p, the weight 
of one eu in. of fuel, for an average Diesel fuel of 0.86 specific 
gravity amounts to 0.0311 lb. Hence the velocity of pressure 
waves in such a fuel is 

280,000 X 380 

0.0311 
59,000 ips, 

or, roughly, 4900 fps. 
Actual measurements of the velocity of the pressure wave 

in gas oil in small-bore tubing were made by E. Blaum at 
Dresden Technical College. The velocity increases with tlie 
pressure and with the inside diameter of the tube. For gas 
oil of a specific gravity of 0.86 and a 3-mm C^-ih.) tube the 
velocity is given by the equation 

V = 4450 + 0.072P fps, 

and for a 1.5-mm (^/^(j-in.) tube by the equation 

V = 4340 + 0.076P fps, 

P being the line pressure in psi. 
Reflection of Pressure Waves—When a pressure wave 

from the pump end arrives at the nozzle and its amplitude is 
insufficient to open the nozzle valve, it is completely reflected 
and travels back through the line, and when it reaches the 
advancing pump plunger it is again reflected and adds fur¬ 
ther to the line pressure. The effect is somewhat as illustrated 
in Pig. 15. 'In addition to the pressure wave there is also a 
velocity wave. That this should be so is obvious from the 
fact that pressure variations at any point along the line are 
accompanied by a change in bulk of the fuel, and such a 
change in itself produces a flow of fuel along the tube; in 
other words, a velocity. And since pressure waves are propa¬ 
gated along the line, the velocity variations also travel along 
it. There is one difference between the pressure waves and 
the velocity waves, however, and that is that while the pres- 
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sure waves when reflected add to the pressure already in the 
line, the velocity wave when reflected subtracts from the 
velocity of the wave as it arrives at the end of the line, so that 
at the nozzle end, for instance, if the valve remains closed, the 
velocity wave has a zero amplitude. 

in any analysis of the effects of pressure waves, four dif¬ 
ferent cases must be considered: If the nozzle is closed when 
the wave arrives there, the latter is totally reflected. If the 
nozzle opens but fuel leaves the line at a rate lower than that 
at which it enters at the pump end, the wave is partly re¬ 
flected. If fuel leaves the line at the same rate at which it 
enters, the pressure wave comes to an end at the nozzle, and 
if fuel leaves the line faster than it enters, a negative pres¬ 
sure wave passes back through the line to the pump. 

Amplitude of Pressure Waves—As would be expected, the 
amplitude of the initial pressure wave passing through the 
line depends upon the velocity of flow which is set up in the 
line by the motion of the pump plunger. This velocity v is 

Fig. 15.—Diagram of Pressure Wave in Line and Its Reflection. 

equal to the product of the pump-plunger velocity at the mo¬ 
ment the inlet port closes by the square of the ratio of plunger 
diameter to bore of fuel line. If the bulk modulus of the 
fuel is designated by K and the velocity of sound in the fuel 
by V, then the increase in line pressure by the pressure wave is 

K 
p —V psi. 

For the same values of K and V as used before, viz., 280,000 
and 4900, respectively, we find that 

p = 57a; 

that is to say, the amplitude of the pressure wave (the height 
of the wave front) is equal to 57 psi for every fps increase 
in the velocity of flow. 
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Since the amplitude of the pressure wave is proportional 
to the velocity which the plunger motion sets up in the line, 
it follows that it is inversely proportional to the square of 
the bore of the fuel line. 

Form of Pressure-Wave Front—In theoretical investiga¬ 
tions it is generally assumed that the pressure wave has a 
‘‘vertical’^ front; that is to say, that there is a material rise 
in pressure between one section of the line and another sec¬ 
tion at an infinitely small distance therefrom. Such a ‘ Verti¬ 
cal’^ wave front is a physical impossibility, however. What 
gives a semblance of justification to the assumption of a 
“vertical” wave front is the fact that with a pump in which 
the inlet port is closed by the plunger after the latter has 
completed a moderate fraction of its stroke, at the moment 
the delivery valve opens, the pump plunger already has a 
definite velocity, and as the velocity of the fuel in the line 
is theoretically a definite multiple of the plunger velocity— 
the ratio between the two being the ratio of the cross sections 
of pump bore and line bore—the fuel in the line seems to 
start with a definite velocity. As a matter of fact, however, 
when the inlet port is very nearly closed by the plunger, the 
fuel cannot escape through it as rapidly as it is being dis¬ 
placed by the plunger, and a pressure is being built up in the 
pump barrel, so that the delivery valve may begin to lift be¬ 
fore the inlet port is fully closed; besides, the fuel begins to 
compress in the pump barrel as soon as the pressure begins to 
rise therein, and in the line as soon as the delivery valve opens, 
hence the rate of pressure rise, though rapid, is always finite, 
and the wave front is “inclined.” 

Records of Pressure Waves—Actual records of pressure 
waves in fuel pipes of Diesel engines have been made at the 
Rugby Works of the English Electric Company by means of 
a Farnboro electric indicator fitted with a pressure-reduction 
device. One of these curves, reproduced from the I.A.E. 
paper of Davies and Giffen, is shown in Fig. 16. The solid 
line shows the variation of pressure at the pump end, and 
the dotted line that at the injection-valve end. The pres¬ 
sure waves set up after closing of the injection valve are very 
marked, but are not sufficient to cause the valve to re-open; 
that is, there is no secondary injection. It will also be noticed 
that the damping effect is quite strong and that the waves 
die out quickly. 

Number of Pressure Waves per Injection—Since the ve¬ 
locity of the pressure wave is of the order of 5000 fps, for a 
line length of 2 ft, which is the approximate length on large 
truck engines, it takes 
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2/5000 = 0.0004 sec 

for the wave to travel from the pump end to the nozzle end 
of the line, and if the engine turns at 1600 rpm for instance, 
and injection extends over 20° of crank motion, the injection 
period is equal to 

60 X 20 
-= 0.00208 sec, 
1600 X 360 

so that the pressure wave has time to travel five times through 
the line during the injection period. 

In Pig. 16 the pressure wave is seen to travel back and 
forth only once during the injection period, the crest of the 

second wave as it arrives at the nozzle being below the open¬ 
ing pressure of the nozzle valve. This is due to the fact that 
the fuel pipe on which the record wasi, taken was 18 ft long, 
or about ten times as long as in a conventional truck engine. 

The effect of the pressure waves in the pipe is to increase 
the pressure at the n(^zzle stepwise. The time interval be¬ 
tween the arrival of successive steps depends essentially on 
the length of the line, while the amplitude of the waves or 
steps depends upon the initial velocity of fuel in the line gen¬ 
erated by the plunger motion; that is, it depends essentially 
upon the plunger velocity at the moment the inlet port closes 
and on the ratio of pump-bore section to line-bore section. 
Damping, of course, rapidly decreases the amplitude of the 
waves. 
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Davies' and Giffen's Experiments—Much experimental 
work on the elfeets of pressure waves in fuel lines has been 
done by Drs. Davies and Gilfen of Kings College, London. 
They used a slotted disc stroboscope of a type first suggested 
by Dr. Schweitzer at the First National Oil and Gas Power 
Conference in 1928, which enabled them to collect the fuel 
delivered by the nozzle during one degree of cam travel, and 
by varying the phasing of the apparatus relative to the in¬ 
jection period, to obtain data which made it possible to trace 
curves of rate of fuel injection for the whole injection period. 
The form of these rate-of-injection curves (quantity of fuel 
injected per degree of crank angle as ordinate against crank 
angle as abscissa) depends, of course, on the variation of 
plunger speed with crank angle. During the early part of 
the plunger stroke the plunger velocity must necessarily in¬ 
crease, and during the latter part it must decrease, while in 
between it may be constant or nearly so. 

Drs. Davies' and Giifen's experiments covered injection 
under all three conditions, with rising plunger velocity, fall¬ 
ing velocity, and uniform velocity. In all cases there was a 
rapid initial rise in the rate of injection, to a value which was 
lowest for the rising plunger velocity, highest for the falling 
plunger velocity, and intermediate for the constant plunger 
velocity. During the following major part of the injection 
period, with rising plunger velocity the rate of injection rose 
slightly less rapidly; with constant plunger velocity the rate 
of injection rose slightly during the first half and remained 
constant during the second half of this period, while with 
falling plunger velocity the rate of injection, after continuing 
to rise more slowly for some time after the original rapid 
rise, decreased during the major part of this period. Any 
difference between rate of plunger displacement and rate of 
injection must, of course, be due to compression or expansion 
of fuel in the system between the pump plunger and the injec¬ 
tion nozzle. 

Injection-Rate Diagrams for Open-Nozzle System—The 
first series of experiments of Drs. Davies and Giffen were 
carried out with a Junkers pump, in which inlet and cut-off 
are controlled by plunger-closed ports, and with open nozzles, 
so the pressure waves were only partly reflected at the nozzle. 
One set of injection-rate diagrams is reproduced in Fig. 17. 
These show mainly the effect of pump speed on the rate and 
duration of injection. Since the nozzle is open, the line pres¬ 
sure relieves itself almost completely through the nozzle after 
the cut-off, and there is, consequently, considerable after- 
dripping, except at very low speeds, when the pressure in the 
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line does not reach a very high value. The diagram shows 
that the higher the speed, the longer the duration of injec¬ 
tion in terms of crank angle. The effects of the arrival of 
successive pressure waves at the nozzle are also quite evi¬ 
dent in these curves. It is interesting in this connection that 
while the injection per degree of crank angle is greatest at 
low engine speeds, the injection per unit of time is greatest at 
high speeds. 

Injection lag and after-dripping increase slightly with the 
viscosity of the fuel, but it was found that, except for very 
long lines, the effects are negligible from a practical stand¬ 
point. After-dripping, of course, increases with the length 
of the fuel line, as well as with the bore of the line. Using 

Cmnk 

Fig. 17.—Injection Rate-Cr.\nk Angle Curves for Different Pump 
Speeds (Open Nozzle). 

orifices of three different diameters, 0.0075, 0.0125 and 0.0195 
in. respectively, all of the same length/diameter ratio, it was 
found that the injection lag was least with the smallest and 
greatest with the largest orifice; the maximum rate of delivery 
was noj very different for the two largest orifices, while with 
the smallest orifice it was much lower; the cut-off was sharp¬ 
est wdth the intermediate-si^ed orifice, a little slower with 
the largest, and much slower with the smallest. Calculation 
showed that the maximum velocities of the sprays from the 
three orifices were substantially in the proportion of 6:3:1.5. 

Pig. 18 shows delivery curves obtained by H. P. Bryan 
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from an International Harvester Company closed nozzle at 
650 pump rpm. One of the curves shows the volume de¬ 
livered, in per cent of the total injection volume, plotted 
against elapsed time, in per cent of the total injection time, 
while the other shows the momentary rate of injection, in 
per cent of the mean rate, plotted against elapsed time. Aside 
from the fact that it is much smoother, the rate curve bears 
considerable resemblance to the open-nozzle curves in Fig. 17. 
As the valve opens, there is first a rapid increase in the rate 
of delivery, due to the fact that the high pressure in the line 
at the moment of valve opening rapidly accelerates the fuel. 
When about 20 per cent of the total injection time has 
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Fig. 18.—Curves of Injection Rate and Volume iNJEcrrsD for a Closed 

Nozzle. 

elapsed, a state of equilibrium seems to be reached in the 
system. Thereafter the injection rate continues to increase 
only because the plunger velocity, and hence the line pres¬ 
sure, is still increasing. This continues for another 20 per 
cent of the total time. At this point the relief port of the 
pump is opened and the line pressure immediately begins 
to drop; the nozzle valve, however, remains open and injec¬ 
tion continues until the line pressure drops below the valve 
closing pressure. 
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Eliminating Pressure Waves or Mitigating Their Effects 
—From the foregoing it is apparent that pressure waves in 
the fuel lines affect the injection process adversely in a num¬ 
ber of ways. Pressure waves and their effects can be elim¬ 
inated completely by combining an injection pump with the 
nozzle and mounting such an injection unit on each cylinder. 
The only objection to this practice is that the pump drive 
and the low-pressure fuel lines are somewhat more compli¬ 
cated. Where high-pressure fuel lines are used, all of them 
should be of the same length, so their effects on the injection 
will be the same in all cylinders. All lines will be of the same 
length naturally if a separate injection pump is used on each 
cylinder and all of the pumps are similarly located with re¬ 
spect to their cylindei’s. This practice has gained a certain 
vogue in connection with relatively large engines. 

Preferred Form of Plunger Motion—Of the three possible 
forms of plunger motion dui-ing inje(dion—with rising, con¬ 
stant, and falling velocity respectively—the first has definite 
advantages over the others. In the first place, the initial rate 
of injection is somewhat lower with it, hence less fuel is in¬ 
jected during the ignition-delay period, and combustion, con¬ 
sequently, should be smoother. Then, since the plunger ve¬ 
locity is a maximum at the end of the effective delivery stroke, 
the port opens rapidly, and the line pressure is relieved 
quickly, which should reduce the after-dripping. 

Davies and Giffen have shown that at low speed the nozzle 
valve may vibrate violently during the injection period, so 
that there are extreme fluctuations in the delivery rate. At 
100 rpm pump speed, for instance, the delivery rate rose 
rapidly almost to the maximum value, then dropped as rapidly 
to zero. Thereafter it passed through three more peak values, 
between which it dropped to from 25 to 65 per cent the pre¬ 
ceding peak value. Of course, injection pumps operate at 
such low speeds only during the cranking period. 

Calculation of Injection Pumps—Most injection pumps 
are operated by means of cams which move the plungers posi¬ 
tively during the delivery stroke. This stroke, of course, is 
produced by the rising slope of the cam. During the first 
portion of the up-stroke the cam accelerates the cam follower 
and ptlmp plunger upwardly, and during the last portion of 
the stroke it allows them to decelerate. If a design of cam is 
used which produces plunger acceleration according to a 
simple law, then the acceleration, speed and position of the 
plunger for any angular position of the cam can be readily 
calculated. 
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Constant-Acceleration Cam—One of the simplest forms 
of earn is that whieh im])arts to the pump plunj^er a uniform 
aeeeleration during a eertain ])ortion of its stroke, and allows 
it to decelerate uniformly during the remainder of the stroke. 
The two portions of the stroke need not be equal, and it is 
advantageous to make the accelerating portion about twice as 
long as the other. The stroke, moreover, is made considerably 
longer than is required to deliver enough fuel to the cylinder 
under full load, so that it is possible to utilize only a fraction 
of the stroke near the middle thereof, when the plunger speed 
is at or near the maximum. This assures the high pressures 
required for thorough atomization. Moreover, by utilizing 
only the middle portion of the stroke, the i)ump plunger can 
be brouglit up to speed and decelerated more gradually, which 
makes for smoother operation and reduced strain on the 
mechanism. To ensure injection during a fraction of the de¬ 
livery stroke near its middle, the inlet valve or suction valve 
or port is kept open until a certain portion of the delivery 
stroke has been completed, and a return-flow valve or spill 
valve or port is opened during the latter portion of the same 
stroke. 

Sample Calculation—The calculations necessary to deter¬ 
mine the required dimensions of a pump may be illustrated 
by a practical example. We will assume that the full stroke 
of the plunger is to be 0.42 in., and that the cam imparts this 
stroke to the plunger directly without intermediate levers, 
so that the throw of the cam must be 0.42 in. We will further 
assume that during the first two-thirds of the stroke (0.28 in.) 
the plunger is uniformly accelerated, and that during the last 
one-third (0.14 in.) it is allowed to decelerate uniformly. 
Acceleration may continue during a period correspondingly 
to 55of cam motion, and deceleration during 27.5° of cam 
motion. The period of fuel delivery seldom is greater than 
20° of crankshaft rotation, which is equal to 10° of camshaft 
rotation. The total angle of cam circumference over which 
the rising slope extends is chosen somewhat arbitrarily, but 
since it is desired to utilize only the central portion of the 
lift for injection purposes, it must be several times the cam- 
motion angle corresponding to the injection period. The 
greater the angular extent of the lift period, the smoother the 
operation of the pump cam be made; on the other hand, for 
a given lift, the less will be the speed of the plunger and the 
less the plunger travel during the fixed injection period; 
hence, it will be necessary to use a larger pump-barrel bore, 
which involves the risk of greater leakage. 

We will assume that the engine for which this pump is 
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intended is a four-cycle type and is to run at 1800 rpm, so 
that the pump sliaft must turn at 900 rpm. The equation 
for distance covered by a uniformly-accelerated body is 

where a is the acceleration, which in this case may be expressed 
in inches per second i)er second; and i the time in seconds, the 
distance d then bein^’ obtained in inches. As in our case the 
acceleration is to extend over 55° of cam motion and the pump 
shaft carrying the cam turns at 900 rpm. ( = 15 rps), the time 
occupied by tla^ acceleration of the pump plunger is 

55 1 
-X — = 0.01018 sec. 
3()0 15 

Since the plunger travels a total distance of 0.28 in. during 
the period of acceleration, by substituting in the foregoing 
e(iuation we get 

0.28 = -0.010182, 
2 

from which it follows that 

0.56 

0.010182 
5400 ipsps. 

We next calculate the times occupied by cam motions of 
5°, 10°, 15°, etc., which we can do by simple proportion, since 
we have already found that 55° of cam motion corresponds to 
0.01018 sec. Next we determine the plunger travels corre¬ 
sponding to 5°, 10°, 15°, etc., of cam motion, by substituting 
the times corresponding to these cam motions in the equation 
for d. These calculations were made, and from the results 
obtained was drawn that portion of the plunger-travel curve 
in Pig. 19 which corresponds to acceleration. 

The remaining portion of the plunger lift curve is of the 
vsame general form, but inverted and of different proportions. 
Since there is deceleration during 27.5° of cam motion, equiva¬ 
lent to 0.00509 sec, and the total plunger travel during this 
period is 0.14 in., we have 

0.14 = -0.00509^ 
2 

from which it follows that a = 10,800 ipsps. 
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During the last 10*^ (0.00185 sec) of cam incline the plunger 
travel is 

10,800 
-X 0.001852 = 0.0185 in. 

2 

during the last 20° it is 

10,800 
-X 0.00372 = 0.074 in. 

2 

and during the last 30° it is 

10,800 
—X 0.005092 ^ Qj4 

2 

or the full travel of the plunger during deceleration. With 
the aid of these figures the lift diagram Fig. 19 is completed. 

Locating Injection Period on Delivery Stroke—We next 
have to choose that portion of the delivery stroke which we 
want to use for the actual injection. The injection should 
not extend over more than 20° of crankshaft rotation (10° 
of cam rotation) when the engine is running under over-load. 
(This relates to the theoretical or assumed duration of injec¬ 
tion; the actual duration is somewhat greater, because injec¬ 
tion is continued after the pump delivery valve closes, due 
to expansion of fuel in the line.) Under normal conditions 
the injection period will extend over about 16° of crankshaft 
rotation or 8° of cam rotation. Injection is preferably 
effected during the latter part of the period of accelerated 
motion, so that there will be a gradual increase in the pres¬ 
sure behind the jet. This is thought to be beneficial, at least 
with ^‘quiescent’’ combustion chambers, because it enables 
the latter part of the spray to break through the zone of burnt 
gases resulting from combustion of the first part. If we start 
injection at 45° of cam motion (counted from the point at 
which the plunger begins to lift), it will be completed, under 
normal full load, at 53°. 

Pump Bore Required—The next dimension to be deter¬ 
mined is the required pump-barrel bore. Let us assume that 
the cylinder to be served requires—^under normal full load— 
0.006 cu in. of fuel per cycle, which would be about right for 
a cylinder of 105 cu in. displacement. When the pump be¬ 
gins to deliver, at 45° of cam motion, its plunger is 0.1875 in. 
from the beginning of the stroke, and when delivery ceases. 
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at 53°, it is 0.260 in. from the same point. Hence, the effec¬ 
tive length of stroke is 

0.260 - 0.1875 = 0.0725 in. 

From this it follows that the plunger diameter must be 

0.006 

0.0725 X 0.7854 
0.325 in. 

Fig. 19.—Tkavel, Velocity and Pressure Curves of Injection Pump. 

Nozzle Pressure—In order that the fuel may be properly 
atomized, the pressure on the nozzle must be adequate. This 
pressure, of course, depends on the velocity of flow through 
the nozzle oriflce or orifices, which is directly proportional 
to the^velocity of the pump plunger. Hence in this case the 
pressure at the nozzle will be a maximum at the moment de¬ 
livery by the pump ceases. The maximum velocity of the 
pump plunger is 

5400 X 0.01018 « 55 ips. 
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This velocity is reached at 55° camshaft angle. At 53°, when 
delivery is shut off under full load, the plunger speed is 

55 X 53 
-= 53 ips. 

55 

Now let us suppose that from a study of the shape of the 
combustion cliamber and the characteristics of fuel sprays we 
have come to the conclusion that at the end of injection the 
effective pressure behind the spray should be 3000 psi. If in 
the equation for the jet velocity v on page 114 we substitute 
for the pressure head h its equivalent in terms of Pi, P2, and 
5, and insert the numerical value of g, we get 

where / is the coefficient of discharge of the orifice; Pi, the 
pressure on the fuel; 2^2, the pressure in the cylinder, and s, 
the specific gravity of the fuel. Let us assume that / is equal 
to 0.94 and 5, 0.85. Then we have 

V = 146,5 X 0.94 8180 ips. 

The velocity of the pump plunger at this moment we found to 
be 53 ips, hence the velocity of the jet must be 

8180 
154 times as great. 

This, of course, means that the area of the nozzle orifice or 
orifices must be 1/154 that of the pump-plunger section, 
and in the case of a single orifice its diameter must be 
1/V154 = 1/12.4 that of the plunger. Since the plunger has a 
diameter of 0.325 in., that of the orifice must be 0.0262 in. 
If four orifices are used instead of a single one, then each 
orifice will have to have a diameter of 0.0131 in. This is more 
likely to give the right penetration. 

Empirical Equation for Orifice Size—^Values for the 
orifice diameter required arrived at by the above method of 
calculation may be checked by means of the following em¬ 
pirical equation, which is based on data from numerous pro- 
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duction engines and may be said to represent average modern 
practice. The proper diameter of the individual orifice de¬ 
pends to quite an extent on the spray penetration required, 
that is, the distance from the nozzle orifice to the most remote 
point of the combustion chamber. With both the orifice diam¬ 
eter and the penetration given in inches, it is found that with 
open-combustion chambers the average practice is to make 

Log of penetration + 0.55 . 
Orifice diameter =-—-in. 

70 

Tliere is a simple relation also between the piston-displace¬ 
ment rate of tlie engine and the total nozzle-orifice area. The 
piston-displacement rate is found by multiplying the area of 
the piston head in sq in. by the mean piston speed in ips. For 
engines with an open combustion chamber the total nozzle- 
orifice area A in square mills (1 mill = 0.001 in.) is given by 
the equation 

Piston-displacement rate + 1600 
A =-sq mills. 

18 

With pintle-type nozzles the maximum opening area of the 
orifice is made considerably greater, and its proper value may 
be found from the equation 

Piston-displacement rate + 2000 
A =-sq mills. 

12 

Selection of Pump Dimensions—It was shown in the first 
part of this chapter that the volume of fuel consumed at full 
load by a cylinder of V cu in. displacement is approximately 
F/20,000 cu in. The maximum delivery capacity of the in¬ 
jection pump is made somewhat larger and the delivery is 
limited by a stop on the fuel control rack. Usually, the 
amount of fuel injected at full load is only from one-fourth 
to one-sixth the plunger displacement. 

Let d be the plunger diameter; i, the length of stroke, and 
r, the ratio of plunger displacement to full-load delivery. We 
then have 
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Now let us suppose that the stroke of the plunger is equal to 
1.3 its diameter. Then, evidently, 

and 

V l.Sird^ 

2o7oOO ~ 4r . 

d = 
Vr 

20,400 
in. 

The value of r is determined by the injection angle. It is 
obvious that for a given quantity of fuel injected, the greater 
the injection angle, the smaller will be the diameter of the 
pump plunger, and vice versa. The present tendency seems 
to be to reduce the injection angle. This reduces the specific 
fuel consumption (provided the timing is right), but it also 
increases the injection pressure. The nominal injection angle 
is given by the equation 

Full-load injection quantity in cu mills 
O' == ---* 

Cam rate (mills per crankshaft deg) X plunger area (sq mills) 

Applying the above equations to the injection system 
calculated in the foregoing, we obtain the following results: 
Penetration of jet, 2%o in.; nozzle-orifice area required (as¬ 
suming the engine to have cylinders of 4.80-in. bore by 7.00- 
in. stroke = 126.6 cu in. displacement), 511 sq mills (instead 
of 589, the actual area of four orifices of 0.0131 in. diameter 
each). With a stroke/bore ratio of 1.3 for the injection pump 
and a full-load fuel charge equal to one-sixth the plunger dis¬ 
placement (r = 6), the plunger diameter required figures out 
to 0.328 in. Finally, the equation for the theoretical dura¬ 
tion of injection gives 16 crankshaft degrees. 

If an injection nozzle with orifices of the size calculated 
is used, the excess of pressure on the nozzle over the compres¬ 
sion pressure into which injection takes place, at the end of 
the injection period, will be 3000 psi, and with a compression 
pressure of 500 psi the actual pressure on the fuel will be 
3500 psi. The pressure excess on the nozzle varies as the 
square of the plunger velocity, and since the graph of plunger 
velocity has been already determined, it is an easy matter 
to find the injection pressure for any point of the injection 
period. Values of the pressure throughout the injection pe¬ 
riod were calculated and plotted in the upper part of Pig, 19, 
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Variation of Injection Pressure with Orifice Size—The 
need for a high degree of accuracy in the orifice diameter 
may be easily shown. With fixed plunger speed the velocity 
of flow through the nozzle orifice varies as the square of the 
orifice diameter, and the excess pressure at the nozzle varies 
as the square of the velocity of flow through the orifice; con¬ 
sequently, the nozzle pressure varies as the fourth power of 
the orifice diameter. An error of only 5 per cent in the diam¬ 
eter of the orifice causes a variation of about 23 per cent in 
the nozzle pressure. 

According to Dr. Schweitzer, the most practical method of 
accurately determining the diameter of the orifice is by means 
of a low-power microscope. Every shop which has anything 
to do with Diesel nozzles, he says, should have a microscope of 
20-30 magnification. This serves not only to accurately deter¬ 
mine the diameter of the hole, but also for verification of its 
sliape. 

Graphical Method—If the pump cam is of such shape that 
it does not produce plunger acceleration according to some 
simple law, then the plunger speed for different points of the 
effective stroke must be determined graphically. First of all 
a diagram of plunger travel is drawn, angular motions of the 
cam being plotted as abscissas and corresponding plunger 
travels from the beginning of the stroke as ordinates. The 
data for such a diagram can be obtained graphically by lay¬ 
ing off the cam mechanism to an enlarged scale, with the cam 
successively in different angular positions. From the plunger- 
travel curve thus obtained a plunger-velocity curve is derived. 

Let us take any point F on the plunger-travel curve (Fig. 
20) of ordinate y (in. of plunger travel) and abscissa x (de¬ 
grees of cam motion). Let unit distance along the vertical 
axis represent 6 in. plunger travel, and unit distance along 
the horizontal axis a degrees of cam motion. Then the actual 
distance of the point on the plunger-travel curve from the 
horizontal axis is y/h units, and its distance from the vertical 
axis, x/a units. We then have 

\ 

. tan 0 
d{y/b) -, 
d{x/a) 

where 0 is the angle of the tangent to the travel curve at point 
P with the horizontal Simplifying, we have 
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Now, the velocity of plunger travel is dy/dt, where t is the 
time. Since the velocity of the cam is constant, 

di t I 00 1 
— = - =-minute or -= — second, 
dx X 360iV 360iV m 

where N is the number of cam revolutions per minute. Hence, 

dx = 6N dL 

Substituting this value of dx in the equation for tan we get 

Fig. 20.—Diagram for Determining Plunger Speeds Graphically. 

from which it follows that the plunger velocity 

dy 6Nb 
y = — =-tan 6 ips. 

dt a 

In Fig. 20 the divisions of the horizontal and vertical axes 
are equal; b = 0.04 in. and a = 5°. With a pump-shaft speed 
of 1000 rpm we therefore have for the point of the plunger- 
travel curve for which == 45® and tan 4> = 1.00, 

6 X 1000 X 0.040 
V =-X 1.00 = 48 ips. 

5 
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For other points of tlie plunger-travel curve the velocities are 
found in the same way. 

Points in Pump Design—All parts of injection pumps 
must be designed so as to be comparatively rigid, so they will 
not deflect unduly under the fluid pressure on the plunger 
during the delivery stroke, which would affect the delivery. 
The pumps must be so designed, moreover, that no air pockets 
can form in them. This means that the delivery valve must 
be at the liighest point and tJiat any liquid or gaseous contents 
of the pump ehamber can reach the delivery valve by a con¬ 
tinuous upward movement. It is necessary to guard against 
air traps particularly in the case of pumps for automotive 
engines, owing to the fact that the fuel in the tanks of road 
vehicles always absorbs a certain amount of air, due to surg¬ 
ing and splasliing in the tanks. 

Injection pumi)s are being manufactured in single- or two- 
element units to be flange-mounted on engines where the cams 
and tappets necessary for operating the pump plungers are 
incorporated in the engine; and in units of three or more 
pump elements for bracket-mounting or for flange-mounting 
to the housing of the front-end drive. Some multi-unit pumps 
have provision for mounting the transfer pump directly on 
them, while in tlie case of others that pump must be separately 
mounted. In pumps for multi-cylinder engines the cams 
should be arranged in such order that injection strokes follow 
in the same order as the firing strokes of the engine, so the 
fuel lines to the injectors need not be crossed. 

Pump-Barrel Leakage—An investigation of the relative 
importance of leakage in injection pumps was made by A. M. 
Eothrock and E. T. Marsh (N.A.C.A. Eeport No. 477). Since 
the leakage is inversely proportional to the viscosity of the 
fuel, the subject is a particularly vital one when injection 
pumps are used to inject gasoline into spark-ignition engines 
(air])lane engines). One reason why leakage past the pump 
plunger is objectionable is that it may lead to unequal dis¬ 
tribution of fuel charges to the various cylinders of an engine. 

It was found that the rate of leakage (expressed in 
weight/time units) between a lapped plunger and a sleeve 
varies directly as the density of the fuel, the pressure produc¬ 
ing tha leakage, the diameter of the plunger, and as the cube 
of the mean clearance between plunger and sleeve. The rate 
of leakage varies inversely as the length of the lapped fit and 
inversely as the viscosity of the fuel in absolute units. Be¬ 
cause of these relationships, the length of the lapped fit is of 
minor importance as compared with the clearance. Provided 
the clearance is not greater than 0.0001 in., the leakage past 
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the plunger will be limited to between 0.01 and 0.2 per cent 
of the fuel injected, depending on the viscosity. A length/ 
diameter ratio of 3-5 is generally sufficient for the lapped fit. 

It must be remembered in this connection that in opera¬ 
tion the effective clearance will be affected by contraction of 
the plunger and expansion of the sleeve under the fuel pres¬ 
sure. This effect can be minimized by keeping the plunger 
diameter down and increasing the wall thickness of the sleeve, 
or by making the plunger hollow so the fuel pressure on the 
inside will tend to expand it. By maintaining fuel pressure 
also on the outside of the sleeve, it is ])ossible to cause the 
clearance to decrease in operation. 



CHAPTER Vn 

Modern Injection Pumps and Governors 

Previous to tlie advent of the high-speed type of Diesel 
engine, practically every manufacturer built his own injection 
equipment. In the automobile industry such components as 
carburetors, ignition units, brakes, and friction clutches are 
produced almost exclusively by parts makers, and a similar 
parts and accessories industry has now grown up in the Diesel 
field. It is apparent that the production of such parts as 
injection pumps and spray nozzles calls for different skills 
and production equipment than the machining of engine 
blocks, crankshafts, etc. Among the difficult problems that 
arise may be mentioned the lapping of plungers and sleeves 
with a clearance not to exceed 0.0001 in., and the accurate 
drilling of holes of such small diameters as 0.006 and 0.008 
in., in the spray nozzles. On the latter problem manufacturers 
of injection equipment have had some help from firms ex¬ 
perienced in making dies for the manufacture of rayon. 

A pioneer in the Diesel parts industry was the Robert 
Bosch Company of Stuttgart, Germany, which entered the 
field in 1926, and early in 1951 turned out its one-millionth 
injection pump. The Bosch company established branches 
and subsidiaries in different countries, which have since been 
succeeded by independent firms, including the American Bosch 
Corporation in the United States, C.A.V. Ltd. in Great Britain, 
and Lavalette & Co. in France. While most makes of high¬ 
speed Diesels on the market now carry injection pumps and 
spray nozzles manufactured by specialists, a number of large 
engine manufacturers produce their own injection equipment. 
One argument sometimes advanced in favor of the latter prac¬ 
tice is that it obviates divided responsibility toward the final 
consumer, the engine operator. 

In this chapter wiU be described various items of injec¬ 
tion equipment other than spray nozzles (which have been 
dealt with already), and different types of engine-speed and 
injection-timing governors. 

American Rosch Pumpa—^American Bosch fuel-injection 
pumps (American Bosch Corporation, Springfield, Mass.) are 

179 
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of the type having plunger-controlled ports. A side elevation 
of the driven end, partly in section, and a cross section of 
the APE-A and APE-B pumps are shown in Pigs. 1 and 2 
respectively. These pumps come with either aluminum-alloy 
or cast-iron housings. The housings comprise a camshaft 
compartment, a plunger-and-spring compartment, and a 
header section. The pumps are available with either a ma¬ 
chined base for mounting on an engine bracket, or with an 
integral mounting flange at the driving end. A mechanical or 
a pneumatic governor can be mounted directly on the pump; 

Fi(3. 1 {Left).—Sectioned Side View of American Bosch Pump. 

Fia. 2 {Right).—Cross Section of American Bosch APE Pump. 

where a mechanical governor is so fitted it is advisable to use 
the flange mounting for the pump. These pumps are of the 
in-line type and are made with from one to eight cylinders. 

The lower compartment houses the camshaft and forms 
an oil reservoir. Plugs in the base contain oil-saturated felt 
pads with which the cam lobes come in contact during every 
revolution of the camshaft. The camshaft compartment has 
end plates into which the ball bearings and oil seals for the 
cam^aft are fitted. A fuel transfer pump, with or without 
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hand primer, can be mounted on the outer side of the housing 
and is operated either by one of the fuel-pump cams or by a 
separate eccentric on the camshaft. (See Fig. 3.) 

Referring to the sectional view, the plunger-and-spring 
compartment is separated from the camshaft compartment by 
a heavy bridge containing the bores for the tappet-and-roller 
assemblies. Adjustable tappet screws make direct contact 
with the plungers. The plunger-and-barrel assemblies extend 
into this compartment, and each plunger is provided with a 
control sleeve and a cadmium-plated return spring. Into slots 

Fia. 3.—American Bosch Type APE Injection Pump. 

at the lower end of the control sleeve engages a crosshead 
carried by the plunger. The adjustable gear segment on the 
control sleeve is in mesh with a control rack. A large opening 
in the ^all of the compartment provides ready access for 
calibration and timing. 

The header section contains the fuel sump and is tapped 
for the delivery-valve holders. A shoulder on the pump bar¬ 
rel rests on a seat just below the sump cavity. The barrel 
head, with inlet and bypass ports, projects through the fuel 
sump and is located angularly by a locating screw. Lapped 
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surfaces of the barrel head and the delivery-valve assembly 
are held together and sealed against leakage by a copper- 
asbestos gasket which the delivery-valve holder holds in place 
on top of the valve-body flange. The outlet end of the holder 
is threaded to receive a union nut securing the fuel tube. 

Plungers can be provided with various helix arrangements. 
They may have either an upper, a lower, or both an upper and 
a lower helix, and the helices may be either right-hand or 
left-hand. A x)lunger with a lower helix gives a constant be¬ 
ginning and a variable end of injection. During the up-stroke 
the barrel ports are closed by the top edge of the horizontal 
plunger head, except when the plunger is in the ^^no-delivery 
position. A plunger with an upper helix gives a variable be¬ 
ginning and a constant end of injection. With this arrange¬ 
ment, during the up-stroke, the barrel ports are closed by the 
helix and opened by the horizontal upper edge of the annular 
groove. A plunger with both an upper and a lower helix 
gives a variable beginning and also a variable end of injec¬ 
tion. The preferred method of timing the pumps is by port 
closing, though under special conditions timing can be based 
on port opening. The tolerances on the timing ,are plus and 
minus % camshaft degree. 

The cover over the opening in the plunger-and-spring com¬ 
partment incorporates a combination lubricating oil filler and 
breather cap. The camshaft compartment should always be 
kept filled with S.A.E. 30 engine oil. It is recommended that 
the oil be changed whenever the engine oil is changed, or at 
least after 200 hours of operation. Plungers and barrels are 
adequately lubricated by the fuel oil. The oil level in the 
camshaft compartment can be checked by means of a cock. 
In operation the proper level is maintained automatically by 
an overflow fitting. A drain plug is located near the lower 
front edge of the compartment. 

Delivery valves of these pumps are provided with retrac¬ 
tion pistons which enter a bore in the valve body when the 
valve seats and give line-pressure relief on the principle ex¬ 
plained in the preceding chapter. The manufacturer states 
that under full-load conditions the residual pressure in the 
lines should not be more than 60 i)er cent of the nozzle-opening 
pressure, and not less than 200 psi. At part load and idling 
the residual pressure will be correspondingly less, and in 
some cases it will be nil. 

The quantity of fuel delivered per stroke is controlled by 
means of a rack which extends lengthwise through the pump 
and meshes with the gear segments of the individual pump 
plungers. The end of the control rack projects from the pump 
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housing and is linked to the governor. A locating screw enter¬ 
ing a slot in the control rack limits the travel of the latter. 
When the rack is at the end of its travel toward the governor, 
it is in the ‘‘no-delivery'' or “stop" position. As it moves 
away from this position, fuel delivery begins after a few milli¬ 
meters of “dead travel," and thereafter the delivery increases 
in proportion to the travel. 

Base-mounted pumps should be driven from the engine 
through an adjustable, non-flexible Oldham coupling. Such a 
coupling requires the pump shaft and driving shaft to be 
parallel, but takes cai-e of misalignment between them up to 
0.010 in. There are timing reference lines on the protruding 
part of the camshaft and on the end plate, by means of which 
the pump can be properly timed. 

Fig. 4.—American Bosch PSB Single-Plunger Injection Pump. 

Single-Plunger Pump for Multi-Cylinder Engine—In 1948 
the American Bosch Corporation brought out a single-plunger 
injection pump for use on four- and six-cylinder, four-stroke 
engines, Model PSA, It was designed with a view to economi¬ 
cal production and maintenance, and was of the cam-actuated, 
constant-stroke, throttled-intake type. It was to be driven at 
crankshaft speed. A continuous rotary motion was imparted 
to the plunger by a pair of bevel gears, of which the driving 
member was integral with the camshaft, and the plunger 
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served also as a distributing valve. Tlie following year Model 
J^SA was suceeeded by Model PSB, of which a sectional view 
is shown in Fig. 4. This, also, is of the constant-stroke type, 
vith one plunger and one delivery valve. It differs from the 
PSA in that a different type of gearing is used to rotate the 
plunger (see illustration), in that the operating mechanism 
incor])orates a roller follower, and in that the delivery is con¬ 
trolled by a high-pressure sleeve on the plunger instead of by 
a throttled intake. This pump, moreover, can be equipped 
with a governor which not only limits the maximum speed, 
but also permits control of the injection quantity at any speed. 
While primarily designed to be driven at crankshaft speed, it 
('an be arranged to be driven at camshaft speed by doubling 
the number of cam lobes and suitably changing the internal 
gearing. 

I.H.C, Pump —The I.H.C. four-cylinder, single-plunger in¬ 
jection pump of the International Harvester Company, of 
which two sectional views are shown in Fig. 5, is flange- 
mounted on the crank(‘ase front plate. It is a distributor- 
valve type of pump and uses a single eccentric to operate a 
lapped plunger at constant stroke. The unit is completely 
enclosed in a housing of alloy cast iron, provided with cover 
plates. A camshaft in the upper half of the housing operates 
four distributor valves in the distributor-valve block. The 
eccentric which operates the single plunger is formed on the 
rear of the governor shaft, and the removable single-plunger 
unit is mounted on the top face of the pump housing, to the 
rear of the distributor block. 

A combination primary and scavenging pump (helical- 
gear type) is mounted on the rear end of the pump housing, 
and is driven by the governor shaft, which latter is driven 
from the distributor camshaft through a pair of spur gears 
with a 4 to 1 ratio, located outside the pump housing at the 
front. These gears are enclosed by the pump mounting flange. 
The hub of the pump drive gear is secured to the distributor 
camshaft. Distributor unit, plunger unit, and primary pump 
are separate assemblies which, if necessary, can be installed 
on the injection pump while it is in place on the engine, with¬ 
out interfering with other units already assembled thereon. 

Operation of Pump—^After passing through the auxiliary 
fuel filter, the fuel is forced by the primary pump (transfer 
pump) through the final fuel filter into the plunger unit and 
through a 0.002-in. strainer into a reservoir surrounding the 
upper part of the plunger bushing. The primary pump is 
provided with a by-pass valve which maintains a pactically 
constant pressure on the final fuel filter. A fuel-return check 
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valve, which maintains a practically constant pressure on the 
injection pump inlet, is located on top of the plunger unit. 

The single injection pump operates on the same principle 
as other pumps with plunger-controlled ports, and its mode 
of operation, therefore, does not need to be described. It de¬ 
livers fuel through the high-pressure pipe to the distributor 
block. There the fuel passes through one of the four dis¬ 
tributor valves (which has been lifted olf its seat by the cam¬ 
shaft) into the injection pipe, and it is finally discharged 
through the injection nozzle into the combustion chamber of 
the engine. 

Line-pressure relief between injections is a feature of this 
pump. A delivery valve and reverse-check-valve unit is lo¬ 
cated above the plunger bushing. As soon as the port is 
opened and the delivery valve has seated, the reverse check 
valve opens, because it has a lower opening pressure than 
the nozzle valve. Fuel from the high-pressure line then flows 
back through the reverse check valve and through a port to 
the pump chamber, which is now open to the reservoir. This 
pressure relief allows the nozzle valve to snap to its seat, thus 
ensuring a sharp cutoff and preventing dribblilng. The cam 
then allows the distributor valve to seat. The injection-pump 
unit goes through a complete cycle for each distributor-valve 
lift or opening. Distributor valves open in the order 1-3-4-2 
during one revolution of the injection-pump camshaft. 

Fuel injection is under the control of the centrifugal gov¬ 
ernor, mounted on the governor shaft below the camshaft in 
the pump housing. The centrifugal weights of the governor 
act through a governor fork on the control rack of the pump. 
A motion of in. of the control rack from the shut-off posi¬ 
tion is required before fuel injection begins. From that point 
on the injection quantity increases in direct proportion to the 
motion of the rack. 

Fuel by-passed through the fuel-return check valve passes 
through a fuel-return pipe on the back of the pump and down 
through drilled passages in the pximp housing to the scaveng¬ 
ing pump. Any leakage fuel from the plunger and distribu¬ 
tor units returns to the scavenging pump through a filter and 
scavenging valve located at the lower rear in the pump hous¬ 
ing, and is pumped back to the fuel tank together with the 
by-passed fuel. The governor mechanism will be described 
in detail farther along in this chapter. 

Single-Unit Pumps—Some engines are fitted with a sepa¬ 
rate injection pump for each cylinder, which is mounted over 
an opening in the engine crankcase directly over the cam¬ 
shaft, and operated by a cam on that shaft, A pump of this 
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type, manufactured by Scintilla Magneto Division of Bendix 
Aviation Corp., Sidney, N. Y., is shown in Fig. 6. A tappet 
in a guide on the crankcase contacts the follower of the pump. 
Adjustments are made by the adjusting screw of the tappet, 
or in the case of non-adjustable tappets, by means of shims 
under the mounting flange of the pump. In multi-cylinder 
engines equipped with such pumps, the maximum combus¬ 
tion pressures of individual cylinders can be equalized by 
varying the beginning of injection. This can be accomplished 
by adjusting either the angular position of the injection cam, 

Fig. 6.—Section and Side View of Scintilla Single-Unit Pump. 

the length of the tappet, or both. Advancing the timing in¬ 
creases the maximum combustion pressure, and vice versa. 

The- principle of operation of this pump is similar to that 
of the standard multi-unit jerk pump, the quantity of fuel 
injected being controlled by turning the pump plunger around 
its axis by means of a rack. This control rack is connected 
to the governor and the engine controls. 

A single-unit injection pump with injection control by 
means of a spill valve is being manufactured by Aircraft & 
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Diesel Equipment Corporation of Chicago, and a sectional 
view thereof is shown in Fig. 7. Plunger 6 and barrel 7 form 
a separate assembly which is secured in the pump body by 
cap screws. The discharge valve 18 comprises the discharge 
valve, its guide, a spring, a valve stop, and a nipple. It is 
said to be of such design as to permit accurate control of line 

Fig. 7.—Deco Single-Unit Pump with Spill Valve. 

relief with sturdy parts. The spill-valve assembly 13 con¬ 
sists of the spill valve proper and its guide. This valve is 
hydraulically balanced, to minimize its reaction on the con¬ 
trol shaft. Motion is transmitted from pump plunger 6 to 
spill valve 13 through rocker 10 and ball link 11. The ful¬ 
crum of the rocker is on control shaft P, and is provided 
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witli a screw adjustment for the clearance between the tappet 
and the valve. Pump housing 5 contains the spring cup 8, 
which serves to relieve plunger 6 of side thrust. The control 
shaft, a single-throw crankshaft, is carried in needle bearings 
in the housing, and is connected to the governor and engine 
control by a linkage. With the control shaft in the ‘‘stop^^ 
position (position i), the spill valve begins to open at the 

same time the pump plunger be¬ 
gins its delivery stroke, and no 
fuel is delivered. With the con¬ 
trol shaft in the full-power’^ 
position (position 2), the clear¬ 
ance between the spill valve and 
its tappet is a maximum, and the 
valve lifts only after a full 
charge has been delivered. All 
Avorking parts of this pump are 

Fig. 8.—General Motors 

Injector. 

hardened and ground or lap])ed. 
General Motors Injector— 

To obviate the difficulties arising 
from pressure waves in high- 
pressure fuel lines, some manu¬ 
facturers combine the injection 
pump and injector nozzle in a 
single unit, which is mounted 
on the cylinder head. This, of 
course, renders the transmis¬ 
sion of power to the injector 
pumps somewhat more compli¬ 
cated, but the advantages of 
such combined units are con¬ 
sidered to outweigh their dis¬ 
advantages. 

In the General Motors injector, shown in section in Fig. 8, 
fuel is circulated through all of the units continuously by the 
transfer pump, which not only helps to cool the injectors but 
makes it impossible for air locks to develop, even if the tank 
should run dry. Cooling of the injectors is further facilitated 
by the method of installation, the unit being inserted into a 
drawn shell that extends through the cylinder head and is 
completely surrounded by cooling water. 
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Referring to Fig. 8, fuel enters at connection A and passes 
through filter B into annular chamber C surrounding pump 
barrel D. The pump plunger is forced down by means of a 
mechanism comprising a cam, tappet and rocker lever, and is 
returned by spring F, During the return stroke or suction 
stroke, fuel enters the pump chamber through inlet port (?. 
The pump plunger is undercut on its cylindrical surface near 
its lower end, and the chamber formed by the undercut com¬ 
municates with the pump chamber through a longitudinal slot 
in the plunger. The undercut has inclined or helical upper 
and lower edges, and the plunger can be turned around its 
axis by means of a rack H and pinion 

Shortly after the beginning of the down-stroke, inlet port 
0 is closed by the plunger. Injection begins when spill port 
K is closed by the upper edge of the undercut, and ceases 
when inlet port 0 is uncovered by the lower edge of the under¬ 
cut. The fuel displaced by the plunger is injected into the 
combustion chamber through injector L, which has six orifices 
of 0.006 in. diameter. As the pressure for injection is gen¬ 
erated close to the orifices, there are no pressure waves in the 
system, and a pressure-cam angle diagram from this injection 
equipment is comparatively smooth. Measurements have 
shown that at 780 rpm the peak pressure during injection is 
about 28,000 psi, and that this pressure varies substantially as 
^1.23^ where n is the pump speed. 

Oil-Fag Injection—In all of the early successful Diesel 
engines the fuel was injected into the combustion chamber by 
means of a blast of compressed air. This ensured good dis¬ 
tribution throughout the air charge, but the need for a com¬ 
pressor capable of compressing injection air to between 1000 
and 1200 psi was a disadvantage, and engineers naturally tried 
to get away from the system. About 1912 the so-called solid- 
injection system was introduced, which is in use today on the 
great majority of high-speed engines. At first the efficiency 
of combustion was not nearly as good with solid as with air 
injection, and the author remembers hearing a sea captain 
remark at an engineering meeting that at sea he always could 
pick out the motorships with solid injection, as they invariably 
left a trail of smoke behind. Inventors therefore tried to 
provide means for injecting the fuel in a manner similar to 
that with compressed air, but eliminating the need for a 
compressor. 

One scheme tried consisted in storing some of the gases 
of combustion in a chamber within the engine, and admitting 
it in lieu of compressed air to the fuel passage at the moment 
of injection. Little success was achieved along this line. In 



MODERN INJECTION PUMPS 191 

another type of engine a steel fuel cup was arranged in the 
cylinder below the head, with a number of orifices in its wall 
through which it communicated with the combustion chamber. 
A mixture of fuel and air was drawn into this cup during the 
suction stroke. Some of the fuel passed through the orifices 
into the combustion chamber, and ignition undoubtedly took 
place there toward the end of the compression stroke, but the 
flame was communicated to the fuel cup, and because of the 
much greater richness of the mixture in it, the pressure rose 
more rapidly there, and the excess pressure in the cup blew 
the remaining fuel into the combustion chamber. Engines 
making use of this principle (Brons and Hvid) were in regu¬ 
lar production in Europe and this country for a number of 
years during the period of World War I, but their manufac¬ 
ture was later discontinued. One of their weaknesses was 
that the orifices in the cup frequently became choked with 
carbon. 

Another system, wdiich is in a sense a development of the 
one described in the foregoing, consists in forming an air-oil 
mixture (or an oil fog) in a small auxiliary cylinder commu¬ 
nicating with the combustion chamber, and forcing it into the 
combustion chamber at the proper time by means of a piston 
in the auxiliary cylinder. This system evidently is intermedi¬ 
ate between air injection and solid injection, and may be called 
oil-fog injection. It is made use of in the Cummins Diesel 
engine, which was the pioneer automotive-type Diesel on the 
American market. 

Cummins Injection System—The Cummins injection sys¬ 
tem comprises a transfer pump of the gear type which delivers 
fuel under a pressure of 50-60 psi to a single plunger pump 
serving all cylinders of the engine. This pump is combined 
with a rotary distributing valve which places its barrel in 
communication with the transfer pump during the suction 
stroke, and with the fuel injector of a cylinder during its 
delivery stroke, the various cylinders being served in rota¬ 
tion. Fig. 9 is a diagram of the Cummins fuel-pump system. 
The single plunger pump is operated by means of a cam having 
as many lobes as there are cylinders to be supplied. Control 
of the injection quantity is effected by varying the stroke 
of the pump, this being accomplished by varying the point 
of contact between a strut swiveled to the pump plunger 
and a roCker lever serving as cam follower, the strut having 
a link connection to the governor. The pump requires no 
valves, as the distributor places its barrel in communication 
successively with the fuel transfer pump and the injector 
valve of the cylinder to be supplied. Thus the distributor 



Fig. 9.—Diagram of Cummins Fuel Pump System. 

enpne, and a rocker lever. Fitted over the lower end of the 
injector is a nozzle cap with a conical bore into which the 
point of the plunger can descend. The plunger is held in its 
topmost position by a spring, and there is then a space in the 
nozzle cap below the plunger which is much larger than the 
volume of a single fuel charge. From this space there is a 
fuel passage leading to the fuel connection of the injector. 
There is one check valve in the fuel passage in the injector 
and another in the connector fitting. 
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Cycle of Operations—During the compression stroke of 
the engine the metering pump forces a fuel charge of the cor¬ 
rect amount for the momentary load on the engine to the 
injector. Since the fuel line and the passage in the injector 
were already completely tilled, any fuel added at the pump 
end of the line will force an equal amount into the space below 
tlie plunger of the injector. During its passage through the 
injector, and cspecdally while in the cylinder of the injector, 
tlie fuel absorbs considerable heat. Although the injector is 
o])en to the combustion chamber, none of the fuel'can leak 
into it, partly because the orifices of the injector are very 
small, but mainly because during the time 
the fuel is being forced into the chamber by 
the metering pump, the plunger of the in¬ 
jector is moving upward in it, and is there- 

Fig. 10.—Cummins Fuel 
Injegtor. 

fore producing a suction effect wliich draw's 
air from the combustion chamber through 
the orifices. 

During the latter part of the compression 
stroke, heated, compressed air is forced from 
the engine cylinder through the orifices into 
the injector chamber, w9iich atomizes the 
fuel charge, and tit least partly vaporizes it. 
As the compression stroke nears its end, the 
])lunger of the injector is rapidly forced 
down in it by a cam of the proper shape, and 
practically the whole of the air-fuel mixture is forced from the 
injector chamber through the orifices into the combustion 
chamber, wdiere it ignites spontaneously. 

Cummins Double-Disc Metering and Distributing Unit— 
In addition to the metering and distributing unit described 
in the foregoing, Cummins now also has in production a 
“DD'' pump which, while operating on the same general 
principles, embodies a number of refinements. It weighs only 
about one-third as much as the earlier design, aluminum alloys 
being used wherever possible, and the whole design is worked 
out with an eye to compactness and low weight. The prin¬ 
cipal difference compared with the earlier model is that the 
metering pump now has two disc valves, one for suction and 
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one for delivery, where a single valve formerly served both 
functions. A flow diagram of the system is shown in Fig. 11. 
The complete unit comprises flve subassemblies—a camshaft, 

Ik 

a distributor, a metering pump, a governor, and a pair of 
feed pumps. 

In the new unit the camshaft turns at crankshaft speed 
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and carries a three-lobed cam (for a six-cylinder, four-stroke 
engine). The metering is controlled by the governor or the 
hand control in the same way as in the earlier unit already 
described. The governor is of the two-stage type and connects 
to the strut of the metering pump through a linkage. With 
this pump fuel is distributed under a pressure of 120 psi. 

Referring to Fig. 11, two gear-type feed pumps, each 
provided with a pressure-relief valve, are driven from the 
camshaft through the same bevel gear as the governor. Dur¬ 
ing shutdown periods the fuel lines are kept filled with fuel 
by check valves in the feed-pump inlet line and in the cover 
of the feed pumps. An emergency stop valve, enclosing a fine- 
mesli screen, is inserted in the line from the feed pump to the 
distributor. 

In the fue]-fl()w diagram, solid lines indicate the main path 
of flow, dashed lines the alternate or bypass path. Fuel from 
the supply tank is drawn into gear pump No. 1 through the 
cheek valve in the line, and is delivered by the pump into the 
float chamber through a float valve. When the float chamber 
is full and its valve closed, the fuel moved by pump No. 1 
escapes through its relief valve. No. 2 pump draws fuel from 
the float chamber and delivers it under pressure through a 
fine-mesh screen and through the emergency stop valve to the 
suction disc and plate. The suction disc registers with the 
plate at the proper time to allow the fuel to pass on to the 
metering pump during the suction stroke of the latter. In 
between suction strokes the fuel delivered by pump No. 2 
escapes through its relief valve. When the engine is not run¬ 
ning, No. 2 cheek valve keeps the system primed. 

When the priming valve is closed and the priming vent 
open, oil delivered by the priming pump bypasses the gear 
pump and primes the suction disc. When the priming valve 
is open, the priming fuel bypasses the suction disc and passes 
through the metering pump to the distributing disc, and 
through the distributor successively into the fuel lines to the 
different cylinders. A small amount of fuel drains back from 
the injectors to the float chamber by way of the injector drain 
manifold and connecting line. 

Atlas Pilot-Injection System—The pilot-injection system, 
to which reference was made in Chapter III, had its first ex¬ 
tensive application in 1949, when it was adopted for use on 
the bus engines of the London Passenger-Transport Board. 
The engines of these buses were of the open-chamber or direct- 
injection type, which have a tendency to be rough in operation 
because of their high combustion pressures. The system 
adopted was one developed by the Atlas Diesel Company of 
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Stockholm, Sweden. As shown in Fig. 12, the cam of the 
fuel pump has a variable slope. At first the pump plunger is 
raised gradually, and a small, fixed quantity of fuel is in¬ 
jected at a low rate, so that when ignition occurs there is only 
little fuel in the combustion chamber, and detonation is pre¬ 
vented. The pilot charge, which is just sufficient to keep the 
engine idling, is constant at all loads. The two parts of the 
cam up-slope are joined by a smooth curve, so that there is 
no interruption in the injection. 

With a conventional injector the nozzle opening pressure 
is greater than the closing pressure, because when the valve is 
open the fuel presses against an area equal to the full cross 
section of the valve, whereas when the valve is closed, it presses 
against a smaller, annular area, and in each case the total fluid 
pressure must equal the spring pressure before valve motion 
can take place. A fairly high closing pressure is needed to 
ensure a sharp cutoff and prevent after-dripping, and if in 
the Atlas system the opening pressure were higher than the 
required closing pressure, the valve might not open under 
the relatively low pressure generated by the gentle slope of 
the pilot section of the cam. Tlie system therefore is so de¬ 
signed that the opening pressure of the injector is less than 
its closing pressure. 

Referring to Pig. 13, it will be seen that the valve comprises 
three sections of different diameters, and that two annular sur¬ 
faces on it are acted upon when the line pressure is increasing 
during the delivery stroke of the pump. There is a small 
check valve in the passage connecting the lower fuel chamber 
to the fuel-supply line, which prevents the pressure of com¬ 
bustion from forcing fuel from this chamber back into the 
supply line toward the end of the injection period. As the 
line pressure increases during the injection stroke, it acts on 
both of the annular surfaces, and the valve opens at about 
1000 psi. At the end of the injection period the pressure in 
the supply line drops, and the check valve in the injector 
closes rapidly. The injector spring then works only against 
the fuel pressure on the larger one of the annular surfaces on 
the valve, which enables it to close the valve against a higher 
pressure, thereby preventing after-dripping. 

As a further precaution against after-dripping, the pump 
delivery valve, shown in section in Fig. 14, is so designed that 
at the end of injection it meters fuel back into the pump and 
unloads the fuel line to the injector. This is claimed to have 
the additional effect of preventing disturbances in the injec¬ 
tion of other cylinders. 
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Equipment for pilot injection similar to that just described 
is now beings manufactured in Great Britain by C.A.V. Ltd. 

Slowing Down Injection at Start—Elfects similar to those 
from pilot injection are obtained from a number of other 
injection systems. For instance, the throttling nozzle, de¬ 
scribed and illustrated in Chapter V, which was introduced by 
the Bosch company about 1934, is so designed that the area of 
the annular opening between pintle and nozzle body increases 
gradually as the nozzle valve lifts. Consequently, the flow is 

Fig. 12 (Top).—Injection-Pump Cam for Pilot Injection. 

Fig. 13 (Left).—Section of Atlas Injection Valve. 

Fig. 14 (Right).—Delivery Valve of Atlas Injection Pump. 

% 

throttled at the beginning, and less fuel enters the combustion 
chamber in a given time. Such throttling nozzles are used in 
some precombustion-chamber and auxiliary-chamber engines, 
mainly with the object of quieting the engine at idling. In 
the Cummins injector the space below the injector plunger is 
filled with a mixture of air and fuel (or a fuel fog) at the 
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beginning of injection. This mixture is compressible, and as 
the plunger descends, pressure is built up gradually, hence 
fuel starts to enter the combustion chamber at a low rate. 

Transfer Pumps—In stationary installations, where the 
fuel tank can be placed a considerable distance above the 
injection pump, the latter can be connected to the tank di¬ 
rectly, but this is not practical in automotive installations, 
as a rule. The injection pump, of course, exerts a suction on 
the fuel line, but if this were depended upon to fill the pump 
barrel with fuel during the inlet stroke, a vacuum would 
exist in the fuel line, which would have a tendency to draw 

Fig. 15.—C.A.V. Diaphragm-Type Transfer Pump. 

air into the line through any slight leaks at joints, etc. This 
is highly undesirable, and a fuel transfer pump should be 
used. The thought naturally occurs that the diaphragm-type 
fuel pumps which are used on most modern automobile en¬ 
gines might be suitable for the purpose, the thing to recom¬ 
mend them being that they are produced in very large num¬ 
bers and therefore relatively cheap. The conventional auto¬ 
mobile fuel pump is hardly sufiSciently robust for the pur¬ 
pose, but a special diaphragm-type transfer pump (Pig. 15) 
is in production in England by C.A.V. Ltd. This pump is 
secured to the side of the injection pump and is operated by 
an eccentric on the camshaft of that pump. One arm A of the 



MODERN INJECTION PUMPS 199 

operating bellcrank extends through an opening in the side 
of the camshaft housing, and the forked arm B inside the 
transfer pump presses against the spring plate C, During 
half a turn of the eccentric the bellcrank compresses spring 
D and imparts a stroke of about 0.13 in. to the diaphragm E. 
This motion of the diaphragm creates a partial vacuum in the 
compartment to the leti of it, which causes the plate valve F 
to lift against the force of its spring, and fuel to enter the 
diaphragm chamber through this valve. This suction stroke 
of the diaphragm is produced positively by the eccentric, 
while the return or delivery stroke is performed by spring D. 
During this stroke fuel is forced from the diaphragm chamber 
through the ball-type delivery valve G, The pressure against 
which the pump can deliver fuel is determined by spring 2>, 
and in this case is limited to between 3% and 4% psi. Once 
this pressure is reached, the stroke of the diaphragm is re¬ 
duced, and less fuel is delivered. Under these conditions the 
operating lever A is held in contact with the eccentric by a 
spring, to prevent noise and undue wear. 

Transfer pumy)s, as a rule, are provided with priming de¬ 
vices, which enable the operator to prime the system in the 
event the fuel tank should have been allowed to run dry and 
fuel should have drained out of the system. If no such prim¬ 
ing device were provided, it would be necessary to ‘ ‘ motor 
the engine with the starter for priming, which would be hard 
on the battery. The C.A.V, diaphragm pump is provided with 
a priming lever If, the shaft of which at its inner end carries 
a cam I which engages the spring plate U. When the priming 
lever is depressed, it imparts a full stroke to the diaphragm, 
hence the system can be quickly primed. When not in use, the 
priming cam is held out of contact with the spring plate by 
a coil spring on its shaft. 

American Bosch Transfer Pump—Fig. 16 shows two sec¬ 
tional views of the American Bosch transfer pump, which is 
of the plunger type. It has a single-piece cast-iron Ibody with 
bores for the plunger, plunger spindle or pushrod, tappet 
guide, valve seats, and oil ducts. This pump also is mounted 
on the injection pump. It has a three-bolt flange and is lo¬ 
cated in the housing of the injection pump by a pilot which 
also sai^’ves as guide for the roller tappet. The roller is held 
in contact with an eccentric on the camshaft by a spring. 
Prom the tappet motion is transmitted to the pump plunger 
through a pushrod. The plunger is moved down (in the view 
at the left) positively by the eccentric, and is returned by its 
spring. During the ‘Mown^’ stroke fuel is drawn into the 
pump barrel through the inlet valve shown at the right in the 
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right-band view, and during the delivery stroke it is forced 
out of the barrel through the delivery valve, at the left in 
tlie same view. From the space above the delivery valve there 
is an internal duct to the delivery port directly below it. 
Inlet and delivery connections are made at the bottom by 
means of ^/4-in. threaded fittijigs. One of these transfer pumps 
was shown in place on the injection pump in Fig. 3. 

With this pump also the stroke decreases as the pressure 
in the delivery line increases, and the pressure in the sump of 
the injection pump is automatically maintained at about lb 
psi. A priming pump is shown screwed into the transfer 

Fig. 16.—American Bosch Transfer Pump with Primer. 

pump over the suction valve. Without this priming pump the 
opening for the priming pump is closed by a screw plug. 

Governors—In common with most other prime movers, 
the Diesel engine has the characteristic that it speeds up when 
the torque load on it is reduced, and to protect it from abuse 
by overspeeding or racing, it is provided with a governor. 
There are two principal types of governor, mechanical (cen¬ 
trifugal), and pneumatic. A simple centrifugal or pneumatic 
governor controls only the maximum speed of the engine. In 
automotive applications it has been found advisable to pro¬ 
vide, in addition, a minimum-speed governor, which prevents 
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the engine from stalling when the control device is moved to 
the idling position. Tlu* need for such a governor is due to 
a eharaeteristie of certain fuel-injection pumps, of delivering 
less fuel per cj^le at low than at high speed for a certain 
position of the control rack. Tlie control rack must have suffi¬ 
cient range of movement so the pump can deliver the correct 
amount of fuel when the engine is running without load at 
high or intermediate speeds, and since with pumps of this 
type the delivery decreases with the speed, the tendency is 
for the engine to stop wlien the torque load increases. To 
prevent this is the function of the minimum-speed governor. 
Maximum- and minimum-speed governors can be combined in 
a single unit. 

Fia. 17.—Maximum- and Minimum-Speed Governor. 

Full-Range Governors—Most automotive engines now are 
equipped with maximum- and minimum-speed or full-range 
governors. The basic principles of all of these governors are 
similar, and may be explained by reference to Pigs. 17, 18, 
and 19, which represent an early Bosch design diagram- 
matically. The governor is combined with the injection pump, 
the two cup-shaped governor weights being mounted on pins 
extending radially from a tubular fitting keyed to the tapered 
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end of the pump shaft. The governor springs are inside the 
eup-shaped governor weights. This arrangement has the ad¬ 
vantage that the centrifugal force on the governor weights 
and the spring force of the governor springs act in direct 
opposition, whereby friction in the governor mechanism is 
reduced to a minimum, and the governor is made more sensi¬ 
tive and less prone to ^4iunt.’’ However, the governor pref¬ 
erably should be operated at a higher speed than that of the 
pump shaft, so that the weights will produce a greater oper¬ 
ating force. The governor weights act through bellcranks on 
a sliding member, which in turn acts on one arm of a double¬ 
armed floating lever whose other arm is connected to the pump 
control rack. 

Operation of Maximum- and Minimum-Speed Governor— 
The operation of this governor may be readily understood 
from the diagrams shown in Pigs. 18 and 19. The two gov¬ 
ernor weights A,A are mounted on an extension of the injec¬ 
tion-pump camshaft, and from these weights connection is 
made through bellcranks B,B to floating lever 0. When the 
engine is turning over at high speed, the centrifugal force 

Fig. 18 (Left),—Diagram of Maximum- and Minimum-Speed Governor. 

Fig. 19 —Showing Governor Weights in Idling and Normal 
Operating Positions. 

causes the weights A^A to move outward from the governor 
shaft, and thus to pull control rod D of the injection pump 
toward the ^idling’’ position, thereby causing the engine to 
slow down. The weights are under the influence of the gov¬ 
ernor springs, and when the speed of the engine (and the 
centrifugal force on the governor weights) decreases, the 
weights are moved inward toward the governor shaft, which 
results in increased fuel delivery and an increase in engine 
speed. Floating lever C is connected to control rod D by 
means of adjustable links, adjustments being made by means 
of the central bolt in the link. 

Floating lever C has a movable fulcrum, being mounted 
on the eccentric E on shaft F, which carries the lever arm (?. 



MODERN GOVERNORS 203 

Prom the latter a link connects to the accelerator pedal shown 
at the left in the diapjram. The spring on the pedal tends to 
draw the control rod in the direction toward the idling posi¬ 
tion. When the accelerator is depressed by the driver, the 
control rod is moved away from ^‘idling’’ and the engine is 
speeded up regardless of the position of the governor weights. 
In this way automatic speed control by the governor is com¬ 
bined with independent control by pedal. 

The governor is of such design that it governs both the 
maximum speed which the engine can attain when the driver 
presses down on the accelerator pedal, and the minimum 
speed of idling when the foot is removed from the pedal. 
How this is accomplished is made clear by the diagram Fig. 
19. Each governor weight is provided with two springs, a 
lighter outer spring H and a stiffer inner spring 7. When 
the engine is idling, only the outer spring H presses against 
the governor weight, the washer J of the inner spring resting 
against a shoulder on the transverse pin on which the gov¬ 
ernor weights are mounted. Spring II forces the governor 
weight inward, toward the shaft, and such motion of the 
weight results in an increase in the quantity of fuel injected. 
This increase in fuel as the idling speed is approached pre¬ 
vents stalling of the engine. A relatively small increase in 
speed above idling will move the governor weight into con¬ 
tact with washer J, because spring H has a low rate. With 
further increase in engine speed the governor weight remains 
in this position until the ‘‘governed speedis reached, be¬ 
cause the inner springs are set to exert a high initial pressure. 
However, if the pedal is pressed down so far that more fuel 
is delivered than is required to keep the engine running at 
the maximum desired speed under the load upon it, then 
springs 7 are compressed, the governor weights move farther 
out from the shaft, and the control rod of the pump is moved 
toward the “idling'' position. 

When the engine is being cranked over, the centrifugal 
force on the governor weights is very light, and springs H 
force them inward, thereby moving the control rod away from 
the “idling" position. As this would result in more fuel 
being delivered to the engine than can be burped properly, a 
stop is provided for the control rod which limits its motion 
away from the “idling" position. This stop is adjustable. 
In addition to this stop at the far end of the control rod, 
there is provided a stop on the outside of the governor hous¬ 
ing which limits the angular motion of shaft F, The speed 
range of the governor can be adjusted by means of adjusting 
nuts JT, which support the outer spring washers. 
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American Bosch Type 6V Governor—Fig. 20 shows two 
views of a more recent type of governor produced by Ameri¬ 
can Bosch Corporation. The shaft on which the centrifugal 
masses are carried is driven from the end of the pump shaft 
through spur gears giving an increase in speed, thereby mak¬ 
ing it possible to obtain the needed governing force with 
smaller centrifugal masses. The lever arms of the pivoted 
centrifugal masses act on a sliding sleeve A, and the axial 
force exerted on this sleeve as a result of centrifugal force on 
the rotating masses is opposed by a pair of coil springs B. A 
collar C is placed in a groove cut in a flange on the sliding 
sleeve, and a yoke D surrounds the collar and is connected to 
it by a pair of trunnion screws E. The upper end of yoke D 
connects to the pump control rack F by means of a link G, 
while its lower end is hinged to a lever II mounted on control 
shaft /. Lever H is free on the control shaft, but there is a 
fixed hub J on the shaft, and lever H and hub J are provided 
with lateral prongs to which are attached the ends of a double¬ 
coil torsion spring K which surrounds hub J and tends to 
turn lever H around shaft I in such a direction as to cause the 
two points of spring anchorage to approach each other. To 
control shaft 1 outside the governor housing is secured a con¬ 
trol lever L, from which connection is made to the accelerator 
pedal. 

Adjustably secured to the upper end of yoke i> is a torque 
cam M which, by abutting against an adjustable stop plate 
N limits the maximum fuel quantity that can be injected. 
It follows that motion of quantity-control rod F to the left 
increases the injection quantity, and vice versa. Carried in a 
boss on the governor housing back of the upper end of yoke 
D is a bumper spidng 0. The yoke contacts this spring only 
when the engine is running at high speeds without load, and 
the object of the spring is to prevent surging or hunting of 
the engine when the load is suddenly removed and the yoke 
comes up against the stop. 

How the governor increases the full-load injection quan¬ 
tity when the speed is reduced may be explained as follows: 
Since the engine is under full load, torque cam M is in con¬ 
tact with stop plate iV, and if the speed is reduced, the centrif¬ 
ugal masses approach their axis of rotation, and sliding 
sleeve A is forced toward the left by governor springs B, 
The yoke, pivpting around the line of contact of the torque 
cam with the stop plate, turns in a clockwise direction around 
this pivot axis, such motion being permitted by the torsion¬ 
spring connection between lever H and fixed hub J on con¬ 
trol shaft L But since the connection between link G and 
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yoke D is below the axis around which the yoke turns, the 
link—and the control rod with it—will move toward the left 
and cause a larger quantity of fuel to be injected. This effect 
is obtained entirely automatically, without change in the posi¬ 
tion of the accelerator pedal and of the control shaft 1 to 
which it is connected. 

In a separate compartment at the side of the governor 
housing—and therefore quite accessible—are located the ad¬ 
justing means for idling speed and maximum speed. These 
consist of set screws with the points of which a stop plate on 
the control shaft contacts when the latter is in its extreme 
])()sitions. 

Fig. 20.—American Bosch Type GV Centrifugal Governor. 

A still later model, the GVA, shows a number of detail 
improvements: The rollers on the contact fingers of the cen¬ 
trifugal masses are omitted, the fingers now pressing against 
an antifriction thrust bearing on the sleeve. The coil-type 
bumper spring 0 has been replaced by a flat spring. 

I.H.C. Governor—A governor used on International 
Harvester Company's four-cylinder, single-pluflger injection 
pump, which was illustrated in Fig. 5, controls the maximum 
speed, the idling speed, and the torque characteristics under 
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full load at less than governed speed. The governor proper— 
the governor weights with the governor sleeve—was shown in 
the drawing of the pump. In Figs. 21 and 22 are shown three 
views of the mechanism by means of which the governor acts 

I 

Fig. 21.—Two Views of I.H.C. Centrifugal Governor. 

on the controj rack of the pump and is acted upon by the 
operator. 

Eeferring to the drawings, C is the governor fork, the 
prongs of which at their ends carry horizontal pins against 
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which the governor sleeve acts through a thrust bearing. An 
increase in engine speed causes the governor weights to move 
out from their axis of rotation and turns fork C and its shaft 
II in the counterclockwise direction. An upward extension 
of governor fork C engages a spool D on pump control rack 
E. Any increase in engine speed tends to move rack E to¬ 
ward the left, decreasing the injection quantity, and vice 
versa. 

Centrifugal force on the governor weights is counteracted, 
under different conditions, by three different springs, the 
heavy and liglit coil tension springs A (referred to as the 
governor springs), and the leaf spring R, called the torque 
spring. The latter forms part of a torque-control unit which 
also includes the torque arm F and the torque-control lever G. 
Lever G is keyed to shaft RT, while torque arm F is free to 
rotate on that shaft within limits. 

When the governor weights move outward from their axis 
of rotation under the influence of centrifugal force, lever G 

Fia. 22.—Another View of the I.H.C. Governor. 

rotates with shaft H in the counterclockwise direction, com¬ 
pressing spring B and rotating arm F with it. Spring arm 
F is pin-jointed to the governor-spring unit and stretches the 
governor springs when the governor weights move outward. 
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Control lever I on the outside of the pump is rigid with gov¬ 
ernor spring lever J inside the housing, both being secured to 
the same shaft. Lever J connects to the rear (right-hand) 
end of the spring unit. The position to which control lever 1 
is moved by the operator determines the position of the 
anchorage point of the governor spring, and also the position 
of the torque-control unit, which in turn controls the engine 
performance. Movement of hand-control lever 1 is limited 
by stop screws carried by lever J inside the pump housing. 

When control lever 7 is set in its extreme rear (right- 
hand) position, which is determined by stop screw 7f, gov¬ 
ernor spring A will be under light tension and will pull the 
torque-control unit against stop L on the outside of the pump 
housing. This is the maximum-power setting of the control 
lever. At governed or maximum speed, the tension in spring 
A will hold torque-control arm F against stop L, and torque 
spring B will be fully compressed by torque-control lever G 
keyed to shaft 77. 

If now the engine load decreases, the speed will increase, 
the governor weights will move outward, and fork C will turn 
in the counterclockwise direction. This puts additional ten¬ 
sion on go vendor spring A and moves control rack E forward 
(to the left), decreasing the injection quantity and reducing 
the speed to substantially its original value. If all of the 
load is removed from the engine, the control rack is moved 
to a position corresponding to the ‘‘high idling speed,’* in 
wdiich the increased centrifugal force on the governor weights 
is balanced by additional tension in the governor springs. 
Any increase in engine load, resulting in a decrease in speed, 
moves control rack E in the opposite direction (to the right), 
until at full load torque arm F ends up against stop L on the 
outside of the housing. At this point the governor springs A 
become ineffective, and if the load is increased still more, the 
speed of the engine will drop below “governed” speed, and 
the centrifugal force on the governor weights will be balanced 
solely by the force of torque spring B, The drop in speed 
resulting from the increase in load will reduce the centrif¬ 
ugal force on the governor weights, and torque spring B, 
acting on torque-control lever G, will move control rack E to 
the rear (right), causing the pump to deliver more fuel per 
stroke. Thus the effect of the torque-control unit is to in¬ 
crease the injection quantity as the load increases and the 
speed decreases (below governed speed). 

If it is desired to idle at low speed, the hand-control lever 
is moved forward until a poppet in the governor friction con¬ 
trol on the engine drops into its socket. With the lever in 
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this position, tlie anchorage point of governor spring A is far 
enough forward (to the left) to remove all tension from the 
outer governor spring. Torque spring B has moved torque- 
(‘ontrol lever G against stop screw M in tor((iie spring arm F, 
and control rack E has been moved forward (to the left) to a 
position where only enough fuel for slow idling is injected. 
The centrifugal force on the governor weights now is balanced 
solely by the tension of the light inner governor spring, which 
latter is so arranged that it can stretch a small distance be¬ 
fore the outer spring is picked up. 

Cummins Governor—Cummins Engine Company fits its 
engines with what is known as a two-stage governor. As 
shown in the upper left-hand corner of Fig. 11, the device 
comprises two pairs of centrifugal weights. The light spring 
shown at the top tends to increase the fuel quantity injected 
into the cylinders, preventing stalling of the engine at idling 
speeds. It is counteracted by the idling weights, which pre¬ 
vent the injection of an excess of fuel under these conditions. 
For normal operation the strut of the metering pump is moved 
away from the idling position by hand control. That com¬ 
presses the light idling spring, and the idling weights are then 
held against a stop. When the engine reaches the ‘‘governed’^ 
speed, the maximum-speed weights comi)ress the heavy spring, 
and move the strut of the metering pump toward the shutoff 
position, thereby preventing a further increase in speed. 

Pneumatic Governor—A pneurnatic-type of governor was 
developed by the Robert Bosch Company and in slightly modi¬ 
fied form is being manufactured by the various Bosch suc¬ 
cessor firms. Fig. 23 shows a design due to C.A.V. Ltd. of 
Great Britain. This governor, which seems to be used mainly 
on tractor engines, is actuated by inlet-manifold vacuum. 
Ordinarily there is no throttle in the inlet pipe of a Diesel 
engine, but when this pneumatic governor is used, a venturi¬ 
shaped throat is provided, and a butterfly valve is placed in 
this throat. A small section is scalloped out of the butterfly 
disc near its edge, and a by-pass or tunnel is formed in the 
throat in such a position that it will occupy the recess in the 
throttle disc when the latter is closed. 

The pneumatic governor consists essentially of two parts, 
the tlirottle valve C already mentioned, which is located in a 
flanged casting inserted between the air cleaner and the inlet 
pipe, and a diaphragm chamber mounted on the injection 
pump. At the side of the throttle housing (or venturi) there 
is a small fitting D which opens into the by-pass in the venturi 
and connects by a tube E to the vacuum chamber. The va¬ 
cuum in the venturi is governed by the position of throttle C, 
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which latter, by means of a linkage to the accelerator pedal, 
can be moved around its axis, movement in both directions 
being limited by adjustable stops. The diaphragm chamber 

Fio. 23.—C.A.V. Pneumatic Governor. 

consists of two castings, with a leather diaphragm clamped 
between them. A light spring K, pressing against the dia¬ 
phragm, tends to keep the latter in the “full open” position 
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and to damp out pressure fluctuations. A stop lever i, 
mounted on the diaphragm chamber, connects to a stopping 
control on the dash by a wire and acts directly on the pump 
control rack. To prevent difficulty in controlling idling speeds 
under conditions where the intake pressure may vary widely, 
an auxiliary spring P is provided which can be adjusted by set 
screw Q to suit the conditions of the particular installation. 

To start the engine, control lever L is released and spring 
K then forces the fuel-control rack all the way to the right, 
which is the starting position. After the engine has been 
started, the accelerator pedal is partly released, which partly 
closes throttle valve G and increases the vacuum in compart¬ 
ment (?. The overpressure in compartment JET, which is open 
to the atmosphere, then forces the diaphragm and the fuel- 
control rack toward the left, thereby cutting down the injec¬ 
tion quantity and reducing the engine speed in accordance 
with the position of the pedal. To increase engine speed, 
the accelerator pedal is depressed, which opens throttle C, 
decreases the vacuum, and allows spring K to move the fuel- 
control rack so as to increase the injection quantity. 

General Motors Fuel Modulator—6.M. Series 71 engines 
installed in highway trucks are equipped with a special gov¬ 
ernor which, in addition to governing the maximum and mini¬ 
mum (idling) speeds, reduces the fuel charge when the engine 
is slowed down by a heavy load, regardless of the throttle posi¬ 
tion. The object of this additional governor element—^known 
as the Fuel Modulator—is to improve the fuel economy and 
to prevent a smoky exhaust at high load factors. Two sec¬ 
tional views of the governor are shown in Fig. 24. 

The governor on the Series 71 engine is driven through the 
Roots blower, the splined end of its shaft fitting a splined hole 
in the end of the blower upper rotor shaft. As in other maxi¬ 
mum- and minimum-speed governors, there are two pairs of 
centrifugal weights, high-speed weights A and low-speed 
weights By which act through a sleeve or riser and a ball thrust 
bearing on an operating fork at the lower end of an operating 
shaft extending up through a tube to the control housing. The 
latter is located at the level of the unit injectors, which are 
on topi of the engine. In the lower view of Pig. 24 a part of 
the vertical tube is cut away, for reasons of space. 

Within the control housing there are three coil springs, a 
high-speed spring C, a low-speed spring D, and a modulating 
spring E. The governor weights act on these springs through 
the vertical shaft, which at its upper end carries an operating 
lever (or bellcrank) F, one arm of which bears against low- 
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speed spring cap 0. When low-speed spring D is compressed, 
its cap first comes in contact with modulating-spring plunger 
II, and further movement of the cap brings it into contact 
with high-speed spring plunger I. It is not necessary to de¬ 
scribe in detail the action of the so-called limiting-speed gov¬ 
ernor, as it is similar to that of other governors limiting both 
the maximum and the idling speed, and in the following only 
the fuel-modulating feature of the device will be explained. 

The centrifugal force on the governor weights naturally 
decreases with engine speed, and as the speed drops below 
1800 rpm, low-speed spring D and modulating spring E, acting 
together, overcome the centrifugal force and move low-spring 
cap G toward the right. This motion of the cap is transmitted 
to operating lever F, on which is pivoted the differential lever 
J, The latter is caused to rotate around its pivot, but its rota¬ 
tion is restricted by engagement of its roller K with modu¬ 
lator cam L, The cam causes the differential lever to rotate 
in such a direction that the governor link is pulled into the 
governor and the fuel-control racks of the unit injectors are 
withdrawn to reduce the injection quantity. 

The modulating motion of lever J is opposed by torsion 
spring M, which holds roller K lightly in contact with cam 
L, It is due to the provision of this spring that the fuel modu¬ 
lator is able to operate regardless of the position to which the 
operator may move the ‘‘throttle.^’ 

The fuel modulator is used together with two different in¬ 
jectors, of 70 and 80 cu mm capacity, respectively. With the 
80-cu mm injector the fuel quantity is decreased immediately 
as the speed drops below 1800 rpm, because the helix of its 
plunger starts at the ‘‘full-load’^ end. With the 70-cu mm 
pump, on the other hand, the first 0.075 in. movement of the 
fuel rack, corresponding to a decrease in engine speed from 
1800 to 1600 rpm, does not reduce the injection quantity, 
because the helix of the injector plunger starts only at a cer¬ 
tain distance from the '‘full-load^’ end. 

Governor with Hydraulic Belay—On certain locomotive, 
rail car and other large engines, use is made of the Woodward 
governor with hydraulic relay. With this system of control, 
the injection-pump control rod is directly connected to a 
'‘power piston^’ in a cylinder. A spring pressing against 
one side of the piston always tends to force the control rod 
of the injection pump toward the,idling position. The other 
side of the power piston is acted on by oil under pressure. 
The oil is maintained under constant pressure by a gear pump 
and a spring-controlled by-pass valve; this corresponds to 
the usual pressure-feed lubrication system, and the engine 
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oiling system can be tapped for the purpose, in which case no 
special pump is required. Admission of oil under pressure 
to one end of the power-piston cylinder and evacuation of oil 
therefrom are controlled by a piston valve, which in turn is 
under the control of a centrifugal governor. 

A centrifugal governor with hydraulic relay is used on 
some Cummins engines, and a section through the governor 

Fig. 25.~-Section of Cummins Fuel Pump and Governor with 

Hydraulic Relav. 

and fuel-injection unit of this engine is shown in Pig 25 
A horizontal shaft driven from the engine crankshaft through 
helical gears drives the governor (on the left) and the injec 
tion unit (on the right) through bevel gears. The L-shaped 
centrifugal masses are clearly shown at the top of the ^v- 
ernor shaft; they act through a ball thrust bearing on a piston 
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valve inside the hollow, ported governor shaft, which con¬ 
trols the admission of oil under pressure to the space below 
the plunger shown to the right of the governor shaft. This 
plunger acts on a lever which connects to the mechanism that 
varies the stroke of the single injection pump, as explained 
earlier in this chapter. In the illustration the piston valve 
is shown to close the port to the space below the hydraulic 
plunger. If the engine speed increases, the valve is raised, 
and oil is allowed to escape from below the plunger to the 
bottom of the governor housing. The coil tension spring, of 
which a part is shown below the plunger, then pulls the 
plunger down and cuts down the injection quantity. If, on 
the contrary, the engine speed should decrease, the piston 
valve will be forced down in the hollow governor shaft by the 
governor spring, and place the space below the plunger in 

Fig 26—Mechanism for Manual Control of Injection Timing. 

communication with the source of oil under pressure, the oil 
entering the hollow governor shaft through ports located 
above that controlled by the valve. The oil pressure then 
forces the plunger up and increases the injection quantity, 
which in turn restores the engine speed. 

The right-hand part of the illustration shows many de¬ 
tails of 4;he injection unit, which will be recognized if refer¬ 
ence is made to the diagrammatic drawing and description 
of the Cummins injection unit given earlier in this chapter. 

Injection Timing—For best results with respect to both 
power and economy, the injection must be advanced as the 
speed increases. Pig. 26 is a sectional view of a manual 
timing device. At its driving end the camshaft of the injec- 
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tion pump is provided with an extension E which carries a 
splined cylinder A keyed to it, and another, B, which is free 
to turn on it. Both cylinders are cut with helical splines, 
but the two sets are of opposite hand, that is to say, they are 
inclined in opposite directions. The two splined members 
are surrounded by a sliding: sleeve C which is chambered out 
at the middle and has internal splines cut in its end portions 
D,D. Sleeve C forms the inner race of a ball bearing:, whose 
outer race is cut with a g:roove for tlie ends of the shifter fork. 
The splined cylinder B is formed inte^iral with clutch member 
F, Since the splines on A and B are of opposite hand, when 
sliding sleeve E is moved axially, the angular relation between 
the driving and driven shafts is changed, and the injection 
either advanced or retarded. 

A^ B 

Fig. 27.—Mack Injection-Timing Governor. 

Timing Governor—Timing governors sensitive to speed 
changes are fitted by a number of manufacturers, and Fig. 27 
is a sectional view of that used on Mack Lanova engines. 
It consists essentially of three elements, viz., a pair of gov¬ 
ernor weights A,Ay mounted on the pump shaft; a sliding 
member B with two sets of internal helical splines cut in it, 
and a clutch member adapted to engage with a similar mem- 
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ber on the driving shaft. The two pairs of internal splines 
engage similar external splines on a short tubular shaft keyed 
to the clutch member. Coil springs located in sockets formed 
on the sliding member force the latter away from the clutch 
member and change the angular relation between the driving 
and pump shaft in such a way as to cause injection to occur 
late. As the speed of the engine increases, centrifugal force 
on the governor weights causes them to move out from the 
axis of rotation. The sliding member is thereby moved axially 
against the spring pressure, and injection is advanced. 

Hydraulic-Relay Type Timing Governor—An injection¬ 
timing governor incorporating a hydraulic re^ay is being used 

by Adolphe Saurer of Arbon, Switzerland, and sectional views 
of it are shown in Pig. 28. Mounted in bearing A in the hous¬ 
ing of the ^‘front-end driveis a hollow shaft B which is 
driven through a triple roller chain running over the sprocket 
C secured to a flange on it. Fastened to this flange is a header 
X on which are carried the centrifugal masses D of the gov¬ 
ernor, which act through levers on the central slide valve E. 
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A lead from the pressure lubricating system of the engine 
connects to bearing A, and oil from this lead passes through 
groove F and radial passages in the header into tube G, in 
which valve E is located. There are ports in tube G which are 
covered or uncovered by valve E when the latter moves rela¬ 
tive to the tube. When these ports are uncovered, oil from 
the engine lubricating system will enter cylinder H and exert 
a pressure against piston 7, which pressure is resisted by 
spring J. Connected to piston 7 is a member K which has on 
it two helical splines that engage into helical grooves on the 
inside of shaft R. Member K does not completely fill the bore 
of shaft R, but leaves spaces on opposite sides into which the 
yoke-shaped extension of shaft L enters. Tube 0 also is con¬ 
nected to piston 7, and the ports in the tube therefore are 
displaced axially whenever the piston moves. 

Assume that the ports in tube G are closed by valve E and 
that the whole system is in equilibrium, as it will be when¬ 
ever the engine is running at constant speed. If now the 
speed increases, the governor masses D will move out from 
the axis of rotation, with the result that valve E will uncover 
the ports in tube G, and oil will enter cylinder 77, forcing 
piston 7 and the attached member K toward the right, against 
the pressure of spring J. Because of its helical splines, any 
axial motion of member K is accompanied by an angular 
motion. This angular motion (but not the axial motion) 
of member K is communicated to shaft R, from which the 
injection pump is driven, and thus the time of injection is 
advanced. Motion of tube G with piston 7 closes the ports 
in the tube, and thereby shuts off the flow of oil into the cyl¬ 
inder, so that equilibrium is restored. If thereafter the speed 
of the engine should decrease, valve E would be moved by 
the governor spring to open the ports in tube G again, and 
as at the lower engine speed the oil pressure in the lubricat¬ 
ing system will be lower, spring J wiD move piston 7 toward 
the left, forcing oil from cylinder H and drawing member K 
toward the left, thereby retarding injection. 



CHAPTER Vni 

Precombustion-Ghamber Engines 

The type of high-speed engine first to be produced com¬ 
mercially was that having a precombustion chamber (also 
known as an ignition chamber, ante-chamber, or pre-cham¬ 
ber). An engine of this type for use on trucks and tractors 
was placed on the market in Germany in 1923 by the Mann¬ 
heim Motor Works, formerly Benz & Co. Quite a number 
of high-speed Diesel engines had been built previous to that 
year, but none, apparently, had advanced beyond the experi¬ 
mental stage. 

Definition—A precombustion-chamber engine is one in 
whicli a small, separated part of the combustion chamber 
communicates with the main part, in the cylinder, through 
one or more small passages or orifices, and the fuel is injected 
into the small (preeombustion) chamber opposite its point of 
communication with the cylinder. In an engine of this type, 
all of the fuel injected must necessarily pass through the 
precombustion chamber. 

In general arrangement the precombustion-chamber en¬ 
gine is similar to another type, known as the turbulence-cham¬ 
ber engine. In both a portion of the combustion chamber is 
divided off, and in both the fuel is injected into the separated 
portion of the combustion chamber. The main differences be¬ 
tween the two types are that, whereas in the turbulence type 
the volume of the separated chamber comprises nearly the 
whole of the compression volume, the volume of the precom¬ 
bustion chamber is only one-third or less of the total com¬ 
pression volume; that the passage through which the turbu¬ 
lence chamber communicates with the cylinder is much larger 
in cross section than the orifice (or orifices) of the precombus¬ 
tion chamber, and, finally, that the orifices of the precombus¬ 
tion chamber are arranged with a view to effecting uniform 
dispersion of the mixture of gases and atomized liquid ejected 
from the precombustion chamber throughout the combustion 
chamber in the cylinder, whereas the passage through which 
the turbulence chamber communicates with the cylinder is so 
arranged that the air entering the chamber from the cylinder 
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during the compression stroke is caused to swirl therein. The 
principal objects of the two designs are quite different. What 
is aimed at in the precombustion-chamber type is to generate 
pressure for the injection of the fuel into the cylinder, by the 
combustion of a small part of the fuel injected into the cham¬ 
ber, while in the case of the turbulence chamber the object is 
to produce a vigorous swirl of air in the chamber, so that 
when fuel is injected the combined motions of fuel and air 
may result in a better mingling of the two. 

In addition to the two types just described, there is a third 
type of Diesel engine with divided combustion chamber, re¬ 
ferred to as the auxiliary-chamber type. In tliis type, how¬ 
ever, the fuel is not sprayed into the separate chamber from 
the side opposite the outlet to the cylinder; it is sprayed into 
the portion of the compression space outside the separate 
chamber, though generally into or toward the outlet from 
that chamber. 

The precombustion-chamber principle has been widely used 
in Germany, and there was a great deal of patent litigation in 
that country in connection therewith. The courts recognized 
Prosper L^Orange, designer of the Benz engine,'* as the real 
inventor of this type, but the patent expired in 1932, and its 
use therefore is now free to the public. It is characteristic of 
the way in which ideas regarding new inventions often change 
in the course of their development, that L ^Orange in his patent 
specification referred to what we now call the precombustion 
chamber or ignition chamber, as an enlargement of the spray 
nozzle. As he considered the inlet to the precombustion cham¬ 
ber, the chamber itself, and the outlet therefrom all parts of 
the injection nozzle, he naturally expected to spray the fuel 
right through the precombustion chamber. He claimed, how¬ 
ever, that the fuel would be ignited in the nozzle and that the 
fuel spray throughout the period of injection would be ac¬ 
companied by gases and vapors formed in the enlargement, 
which would help to atomize the fuel. 

Advantages of the Type—The precombustion-chamber 
type of engine has the advantage over the direct-injection 
type that a much lower injection pressure suffices for it. 
With direct injection the injection pressure is generally of 
the order of 3000-4000 psi and sometimes much higher, while 
in a precombustion-chamber engine the injection pressure 
ranges between 900 and 1500 psi. With these lower injection 
pressures the elasticity of the fuel and fuel lines is a factor 
of much less importance, and trouble from dripping is prac¬ 
tically eliminated. To get the same amount of fuel into the 
engine in the same time under lower fuel pressure, the orifices 
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must have a considerably larger diameter, and these are less 
likely to beeome clogged. Self-cleaning pintle nozzles are 
generally used in this type of engine. 

A very important advantage of the precombustion-cham¬ 
ber principle is that it materially reduces peak pressures. 
With direct injection, peak pressures of 1200 psi and over 
are quite possible, while in precombustion-chamber engines 
they seldom exceed 750 psi. Consequently, the latter type of 
engine is considerably smoother in operation. The cause of 
the high peak pressures in direct-injection engines was fully 
explained in the chapter on Combustion Phenomena. That 
the peak pressures are much lower in precombustion-chamber 
engines would indicate that in these there is practically no 
ignition lag in the main combustion chamber, the fuel burn¬ 
ing therein at the rate at which it enters. The relatively 
small rise in pressure above the compression pressure at the 

Fig. 1.—Pressure-Time Diagram of Pbecombustion-Chamber Engine 
(Koerting). 

beginning of combustion in a precombustion-chamber engine 
is well illustrated by Fig. 1, which shows a pressure-time 
diagram taken from the cylinder of a Koerting precombustion- 
chamber engine by Professor Neumann. The compression 
pressure shown is 580 psi, and the maximum combustion pres¬ 
sure, 625 psi, hence the pressure rise on combustion amounts 
to only 8 per cent. A direct-injection engine tested at the 
same time had a compression pressure of 565 and a maximum 
combustion pressure of 930 psi, and in its case the pressure 
rise due to combustion was practically 65 per cent. 

Better Idling Qualities—^It is claimed for the precombus- 
tion-chamber engine that it idles better and also pulls better 
at low speeds. In a direct-injection engine, if the accelerator 
pedal is pressed down smartly while the engine is still running 
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slowly, there is likely to be insufficient pressure behind the 
fuel spray to carry it to the more remote parts of the combus¬ 
tion chamber, which results in incomplete combustion and a 
smoky exhaust, particularly in the case of a quiescent com¬ 
bustion chamber. In a precombustion-chamber engine, the 
quantity of fuel burned in the precombustion chamber and 
the pressure generated thereby are independent of both speed 
and load, hence the dispersion of the fuel charge in the main 
chamber is equally good at all engine speeds. Early engines 
of the direct-injection type did not idle well, and one maker 
of such engines solved the problem by injecting fuel into three 
cylinders only, during idling periods. The difficulty has since 
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Fia. 2.—Consumption Characteristics of Precombustion-Chamber 
Type 50-HP Engine. 

been overcome by subjecting fuel injection to governor con¬ 
trol throughout the speed range. From the very fact that in 
the precombustion-chamber engine the combustion process is 
so modified that the peak pressures are materially reduced, 
it follows that this engine is much less sensitive to fuel char¬ 
acteristics. Moreover, since larger orifices (and lower injec¬ 
tion pressures) are used, the requirements with respect to 
maximum viscosity of the fuel are less severe. 

Higher Fuel Oonstimption—The chief disadvantage of the 
precombustion-chamber engine is that it consumes from 10 
to 12 per cent more fuel than an equivalent direct-injection 
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engine under similar conditions. There are several reasons 
for this. The principal one probably is that transfer of the 
fuel from the precombustion chamber to the main chamber 
takes place gradually, and generally in a number of succes¬ 
sive discharges, so that some of the fuel burns rather late in 
the cycle, with consequent loss in thermal efficiency. Besides, 
the breaking up of the combustion chamber into tw^o parts in¬ 
creases the wall area and therefore the heat loss through the 
walls. 

Fuel-consumption characteristics of a small precombus¬ 
tion-chamber engine are ])lotted in Fig. 2. They apply to a 
four-cylinder light-truck engine of 230 cii in. displacement, 
rated 50 hp at 2000 rpm. The chart shows that the indicated 
iJiermal efficiency is at its maximum when about 25 hp is 
being generated at 1200 rpm. The specific fuel consumption 
is then about 0.41 lb per indicated hp-hr, and if the me¬ 
chanical efficiency under these conditions is assumed to be 75 
per cent, the consumption per brake hp-hr would be 0.55 lb. 
That seems rather high for a Diesel engine, but it must be 
considered that the figures apply to a small engine of an early 
design. 

It is generally conceded that precombustion-chamber en¬ 
gines are more difficult to start than the direct-injection type, 
and glpw plugs are frequently used as starting aids, particu¬ 
larly abroad. In these engines ignition takes place at a point 
close to metallic walls. When starting a cold engine these 
walls are at a low temperature and readily absorb heat gen¬ 
erated by compression, hence it is more difficult to reach a 
temperature sufficiently high for ignition. 

Arrangement of Precombustion Chamber—A sectional 
view of the upper end of the cylinder of the original Benz 
precombustion-chamber engine is shown in Pig. 3. It will 
be seen that the chamber is located in the cylinder head be¬ 
tween the inlet and exhaust valves. The injection nozzle is 
fitted centrally into the top of the precombustion chamber, 
which latter communicates with the cylinder through a necked 
passage. Into this passage is screwed a device known as a 

burner,^' a sort of nozzle with a number of orifices in its 
lower end. The burner^' is located between the two valve 
pockets, where there is no water jacket, and in addition its 
central section is relieved on the outside, to retard the flow of 
heat from it to the cylinder-head casting. 

A central location of the chamber in the cylinder head is 
unsuitable for really high-speed engines, because of the re¬ 
striction it imposes on valve dimensions. It has therefore 
become the custom to arrange the chamber to one side, sym- 
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metrically with relation to the valves, and some designers even 
place it at an angle of 45^ with the cylinder axis. The ques¬ 
tion then arises as to the best arrangement of the outlet 
orifices, from the standpoint of optimum dispersion of the 
fuel through the air charge of the combustion chamber. In 
one design the chamber is arranged parallel with the cylinder 
axis and only sufficiently off center so as not to restrict the 
valve size. The chamber is provided with inclined orifices, 
those on the side nearest the cylinder wall being made some¬ 
what smaller than those on the opposite side. Another scheme 
consists in placing the chamber parallel with tlie cylinder axis 

Fig. S.—Benz Cylinder Head with Precombustion Chamber. 

and close to the cylinder wall, and to provide it with a single 
inclined outlet. The spray from the chamber will then strike 
the crown of the piston, where a hot spot will develop that 
will reflect the discharge and help to disperse and burn it. 
Care must be taken, of course, that the piston is not over¬ 
heated at this point, and the section should be thickened or 
a shield of some special heat-resisting material should be pro¬ 
vided there. 

The principal manufacturers of precombustion-chamber 
engines in the United States are the International Harvester 
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Company and the Caterpillar Tractor Company. Their ar¬ 
rangements of the precombnstion chamber are shown in Figs. 
4 and 5 respectively. In each case the chamber is located 
over to one side of the cylinder and makes an angle with the 
cylinder axis. The chamber is completely water-jacketed and 
is provided with a steel insert that is held in place by the 
nozzle holder. In the Caterpillar engine the prechamber con¬ 
stitutes about 28 per cent of the total compression volume. 
In the American engines the precombustion chamber has a 
single outlet of relatively large size. No glow plugs are used 
as an aid to starting, elimination of this somew^hat trouble¬ 
some accessory being made possible by the methods of crank¬ 
ing employed, which will be described farther on. 

Fig. 4 {Left) —I H C Precombustion-Ch\mber Design 
Fig. 5 {Right)—Caterpillar Precombustion-Ch\mber Design. 

Cycle in Precombustion Chamber—Injection begins while 
the flow of air into the precombustion chamber is taking place, 
and wdien the fuel first enters the throat, it encounters a cur¬ 
rent of air flowing in the opposite direction. Ignition occurs 
in the throat before any fuel enters the cylinder. A partial 
combustion of the fuel in the precombustion chamber then 
takes place, which results first in an equalization of the pres¬ 
sures in the precombustion chamber and in the cylinder, 
respectively, thereby stopping the flow into the precombustion 
chamber; and then in an excess of pressure in the precom¬ 
bustion chamber over that in the cylinder, which results in 
the so-called ‘‘blow-off,” that is, the forceful ejection of liquid 
fuel, gases of combustion, and air from the precombustion 
chamber. 

Principles of Combustion—It is, of course, impossible for 
all of the fuel injected to burn in the precombustion chamber, 



226 PEECOMBUSTION-CHAMBER ENGINES 

because far too little air is present in the latter. However, 
what really limits combustion in the precombustion chamber 
is the time element. 

In the combustion of a homogeneous mixture of hydro¬ 
carbon vapors and air, the hydrogen component of the hydro¬ 
carbons burns first, and if only enough oxygen were present 
to burn the hydrogen, the carbon would be precipitated as 
soot. If sufficient air is present, the carbon, of course, will 
burn too. Carbon and oxygen together form two different 
compounds, carbon monoxide (CO) and carbon dioxide (CO2). 
However, carbon can combine with oxygen directly only into 
CO2. If there is an excess of fuel, then some of the CO2 

will combine with additional carbon (provided the tempera¬ 
ture and pressure conditions are favorable) to form CO. 

Fig. 6.—Koerting Cylinder Head with Precombustion Chamber. 

In the precombustion chamber, however, we do not have 
a uniform mixture of hydrocarbon vapors and air, but a very 
heterogeneous mixture. Therefore, although on the basis of 
the total amount of fuel injected there would be an excess 
of fuel in the precombustion chamber, on the basis of the 
amount of fuel actually available (at a sufficiently high tem¬ 
perature) for combustion, there is generally an excess of air 
in the precombustion chamber, and no carbon monoxide is 
formed. In some designs of precombustion-chamber engine 
the fuel is injected at such a slow rate that even counting 
all of the fuel injected at any time, there is never an excess 
of fuel in the precombustion chamber up to the time that the 
pressure in that chamber exceeds that in the cylinder and 
fuel is forced from the precombustion chamber. 

Analysis of Goxnbustion Phenomena—The following study 
of the process of combustion in a precombustion-chamber en- 
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gine is based on research work carried out by Prof. Kurt 
Neumann of the Hannover Technical College on a single¬ 
cylinder Koerting engine (Pig. 6) of 7.5-in. bore and 12.5-in. 
stroke running at 350 rpm. This, of course, is not a nigh- 
speed engine, but the results arrived at give a good idea of 
what goes on inside an engine of this type. The piston dis¬ 
placement was 547 cu in.; the compression volume in the cyl¬ 
inder, 27.1 cu in., and the volume of the precombustion cham¬ 
ber, 11.9 cu in. Consequently, the compression ratio was 
exactly 14 to 1 and the volume of the precombustion chamber 
was a little more than 30 per cent of the total compression 
volume. Owing to the restricted communication between the 
two parts of the compression space, during the compression 
stroke the pressure rose more rapidly in the cylinder than in 
the precombustion chamber, as may be seen from Pig. 7, in 

^ 90^ /20^ /60* fdo* 

CQ^K Angle 
Fig. 7.—Pressure in Cylinder (Pi) and Precombustion Chamber 

(Pj) DURING Last Half of Compression Stroke. 

which the cylinder and precombustion-chamber pressures are 
plotted against the crank angle. 

It was found that the air flow from the cylinder into the 
precombustion chamber during the latter part of the com¬ 
pression stroke played an important part in the atomization 
of the fuel, which in this type of engine is injected under 
comparatively low pressure. The rate of air flow from the 
cylinder into the precombustion chamber reached a maximum 
value about 14° ahead of top dead center. 

The delivery stroke of the injection pump began 17° of 
crank motion ahead of top center, and injection into the pre¬ 
combustion chamber, 14° ahead of top center, or just about 
when the velocity of air flow into the chamber was at its 
maximum. Ignition occurred in the precombustion chamber 
4.5° ahead of top center. Almost immediately after ignition, 
the pressure in the preeombustion chamber rose above that 
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in the cylinder, and the chamber began to ‘^blow into 
the cylinder, this process continuing for about 90° of crank 
motion. During this period the composition of the gaseous 
portion of the ‘'blow’’ changed continuously, the oxygen 
content decreasing and the contents of water vapor and car¬ 
bon dioxide increasing. 

Of the fuel injected during each cycle, about 20 per cent 
burned in the precombustion chamber, the remainder in the 
cylinder. Up to the time of ignition in the chamber, there 

Fiq. 8.—Curves of Pressure and Temperature in Prbcombustion 

Chamber. 

was not enough fuel present to require all of the air for its 
combustion. In fact, at this time, when the amount of air in 
the chamber was a maximum, there was an excess of air of 
46 per cent in the chamber. This excess of air tends to pre¬ 
vent carbon deposits on the walls of the precombustion 
chamber. 

A characteristic of the engine on which the tests were 
made is that both the precombustion chamber and the passage 
from it to the cylinder are completely water-cooled. The 
mean temperature of the chamber wall ranged from 170 P 
on the outside to 234 F on the inside, and the mean tempera- 
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ture of the passage wall from 162 F on the outside to 362 F 
on the inside. 

In Fig. 8 are shown curves of pressure and temperature 
in the precombustion chamber during the compression and 
power strokes. During the other two strokes both the pres¬ 
sure and the temperature in the precombustion chamber re¬ 
main substantially constant, the temperature at about 875 F. 
The maximum pressure reached was 840 psi, and the maxi¬ 
mum temperature, 3375 F. 

A point that needs consideration is the evacuation of the 
precombustion chamber. There is no outlet from this cham¬ 
ber except that into the cylinder, and at the end of the ex¬ 
haust stroke the chamber is filled (mainly with products of 
combustion) at the same pressure as the clearance space in the 
cylinder. A small amount of the contents of the chamber will 
be drawn from it during the suction stroke, when the pres¬ 
sure in the cylinder drops further, so that at the beginning 
of the compression stroke the chamber is filled to substantially 
atmospheric pressure with gases consisting mainly of prod¬ 
ucts of combustion. During the compression stroke, however, 
the entire charge of the cylinder and precombustion chamber 
is compressed to one-fourteenth its original volume, with the 
result that at the end of the compression stroke the propor¬ 
tion of pure air in the precombustion chamber is very large. 

Injection of fuel into and combustion in the precombus¬ 
tion chamber and cylinder respectively, together with related 
factors, are plotted in Figs. 9 and 10. In Fig. 9 are shown 
curves representing the amount of fuel burned in the precom¬ 
bustion cliamber, the pressure in the chamber, and the blow- 
off velocity or velocity of flow from chamber to cylinder, in 
relation to the crank angle. The chart also indicates the point 
at which ignition occurs, viz., —5°. In Fig. 10 are shown the 
total amount of fuel injected (0.000915 lb), the amount of 
fuel blown into the cylinder (0.000726 lb), the amount of fuel 
burned, the coefficient y of excess air, the rate of combustion, 
the point at which the fuel valve opens ( — 13°), and the point 
of ignition ( — 5°). 

Interruption in the Blow-Off—Eecent tests on precombus¬ 
tion-chamber engines, in which pressure-time curves of both 
the pi^gcombustion chamber and the main chamber were super¬ 
posed on the same card, have shown that the blowing-off proc¬ 
ess is not a continuous one. Throughout the compression 
stroke the pressure is higher in the main chamber than in the 
precombustion chamber, because of the smallness of the orifice 
through which the two communicate. When ignition takes 
place in the precombustion chamber, the pressure therein 
rises above that in the main chamber, and the blow-off starts. 
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It continues until the pressures in both chambers are equal¬ 
ized. Then, since the pressure in the main chamber is re¬ 
duced rapidly by the expansion (downward movement of the 
piston), the pressure in the precombustion chamber once more 
rises above that in the main chamber, and the blow-off starts 
again. This renews combustion in the main chamber, and the 
resulting liberation of heat in the main chamber, together 
with the loss of charge by the precombustion chamber, equal¬ 
izes the pressures once more and definitely stops the blow-off. 
It sometimes happens that the precombustion chamber is so 
poorly cleared of fuel that preignition occurs during the fol¬ 
lowing cycle; that is, ignition takes place before any fuel is 
injected. 

Brake Mean Effective Pressure—The average bmep at 
rated horse power of twenty-four precombustion-chamber en¬ 
gines of which the author has the data is very close to 80 psi. 
The average bmep of a somewhat smaller number of direct- 
injection engines is practically the same, and from this point 
of view the two types therefore are practically on a par. 

International Tractor Engine—Figs. 11A and IIB are a 
longitudinal section of an engine manufactured for installa¬ 
tion in farm tractors by the International Harvester Com¬ 
pany, and Fig. 12 is a cross section of that engine. The latter 
view shows the arrangement of the precombustion chamber 
and the location of the injection equipment. The engine is 
equipped with an injection pump of special design, of which 
an illustrated description was given in Chapter VII. These 
engines are being manufactured in six models, three four- 
cylinder and three six-cylinder. The one represented by the 
drawings is the four-cylinder with a bore of 4% and a stroke 
of 6% in., which is rated 76 hp at 1400 rpm. This rating 
corresponds to a bmep of 93 psi. 

The cylinder block and crankcase are in a single casting 
which is provided with ‘^wet’^ cylinder liners. The valve ar¬ 
rangement is rather unusual, due to the fact that the engine 
is started as a spark-ignition engine on gasoline, as described 
in detail in Chapter XVI. It will be observed that the pistons 
have a great deal of metal in the crown, which helps to keep 
down the temperature around the upper piston rings. There 
are six rings on each piston, four narrow compression rings 
and two oil control rings, of which one is below the piston pin. 

All bearings, including those of the piston pins, are pres¬ 
sure-oiled, a gear-type oil pump being located in the deepest 
part of the sump, supplying oil to the main bearings through 
a main header drilled in the crankcase wall. A compression 
ratio of 15.5 is used. The weight of the engine is 1775 lb. 
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Fro. IIB.—LoNornTDiNAL Suction of IH.C. Enoinb, Fbon* Half. 
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Fia. 12.—Cbobs Skctiom’ of I.H.C. Dibsei. Enqinb. 
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which makes the specific weight a little more than 23 lb per 
horse power. 

Caterpillar Tractor Engines—Diesel engines specially de¬ 
signed for use on farm and industrial tractors have been de¬ 
veloped by the Caterpillar Tractor Company, Peoria, Ill. One 
of these has six 5% by 8-in. cylinders and develops 145 hp 
at 1000 rpm. Since the displacement is 1246 cu in., this out¬ 
put corresponds to a bmep of 92 psi. A longitudinal section 
of a Caterpillar engine is shown in Pig. 13. The following 
description applies to the 145 hp engine. 

The construction is very rigid, cylinder shell and crank¬ 
case down to several inches below the crankshaft axis being 
in a single iron casting. Cylinder liners of alloy iron, heat 
treated, are inserted in the block, leak-proof joints being ef¬ 
fected at the upper end by means of a soft copper gasket and 
at the bottom by two packing rings of oil-proof soft rubber. 
Gas-pressure stresses are taken up on through studs which 
hold both the cylinder head and the crankshaft bearing caps 
in place. Inspection holes are provided in the cast-iron sump. 

The crankshaft has seven main bearings, 3% in. in diam¬ 
eter. End thrust is taken up on a bronze and cast-iron thrust 
bearing at the forward main bearing. Cylinder heads are 
in two alloy iron castings, each covering three cylinders. The 
seat of the injection valve, the precombustion chamber, and 
the burner tube are a single unit which is pressed into the 
cylinder head. Its axis makes an angle with the cylinder axis 
and it is sufficiently offset from the cylinder axis so as not to 
reduce the possible valve diameter. Means are provided for 
holding the exhaust valves off their seats during the starting 
period. There are cylindrical shields around the exhaust 
valve stems inside the valve pockets, protecting the stems 
from the hot exhaust gases. These are intended to prevent 
burning of the lubricating oil on the stems and consequent 
sticking of the valves in their guides. 

Injection pumps and injection valves of the company’s 
own design are being used. Fuel is delivered to the injection 
pump through a five-stage filter at a pressure of 15 psi by a 
gear-type transfer pump. The filters are of the absorbent 
type and are said to exclude even very fine particles of dirt. 
There is a separate pump for each cylinder, but all of the 
pumps hre mounted in a common housing at the side of the 
cylinder block, from which they can be removed after loosen¬ 
ing the connection of the high-pressure fuel tube and taking 
out a number of cap screws. All fuel pumps are interchange¬ 
able, and pumps are not serviced in the field or locally, but 
replaced by new units when necessary. The same applies to 
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the injection nozzles. Quantity control is effected by rotating 
the pump plungers in the barrels by means of a rack which 
is connected to the centrifugal governor. The injection noz¬ 
zles are located outside the valve cover, so they are quite 
accessible. 

A dry-sump system of lubrication is employed. In addi¬ 
tion to the pressure unit of the pump, there are two scaveng¬ 
ing units which draw oil from both ends of the crankcase and 
deliver it into the sump. The oil pump, which is located in 
the sump, draws in oil through a screen with large area, and 
on its way from the pump to the bearings the oil is forced 
tlj rough three large oil filters outside the engine. 

Daimler-Benz Rail Car Engine—It was stated in the fore¬ 
going that the precompression type of Diesel engine originated 
with Benz & Co. of Mannheim, Germany. The succession firm, 
Daimler-Benz Company, has produced this type of engine in 
great variety, from a four-cylinder 24 hp for small passenger 
cars to a 20-cylinder V of 3000 hp for fast naval vessels. Fig. 
14 shows a cross section of a 12-cylinder supercharged, 800-hp 
engine for rail car installation. Cylinder dimensions are 6.78- 
in. bore by 8.08-in. stroke, which makes the displacement equal 
to 3490 cu in. The cylinder banks and the upper half of the 
crankcase are in a single casting of aluminum alloy. Set into 
this block are wet cylinder liners of alloy iron having a Brinell 
hardness of 240-250. There are two inlet and two exhaust 
valves in each cylinder head, and the precombustion chamber 
is located centrally between them, in line with the cylinder 
axis. It will be seen that the so-called “burner'^ at the outlet 
from the precombustion chamber is continued. Its design is 
said to have been refined to improve the fuel economy, the re¬ 
finement apparently consisting in an enlargement of the orifice 
or throat and rounding of its edges. 

The crankshaft is forged of low-carbon steel and case- 
hardened to 60-64 Rockwell, to increase its wear resistance. 
It has six counterweights and is supported in lead-bronze 
bearings. It is of such robust design that there are no critical 
periods within the speed range. Connecting rods are mounted 
side by side on the crankpins, hence all twelve are alike and 
interchangeable. 

This engine can be equipped with either a mechanically- 
driven blower or a Buchi turbocharger. It delivers its rated 
output of 800 hp at 1400 rpm (128 psi bmep), with a specific 
fuel consumption of 0.38 lb per bhp-hr. As the engine is 
supercharged, the performance figures cannot be directly 
compared with those of other engine types with natural 
aspiration. 
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Fia. 14.—-Cross Section of Daimler-Benz 800-HP Railway Enqine. (Fi 
Motortechnische Zeitschrift) 



CHAPTER IX 

Direct-Injection Engines 

Engines in which the fuel is injected directly into the 
main combustion chamber may be divided into two classes, 
viz., those in which the air is comparatively quiescent during 
the period of fuel injection, and those in which there is con¬ 
trolled air flow in the combustion chamber, calculated to assist 
in the distribution of the fuel throughout the air charge. En¬ 
gines with air flow may be divided again into four sub-classes, 
according to the nature of the flow, which may take the fol¬ 
lowing forms: 

1. Swirl around the cylinder axis. 
2. Radial flow toward the cylinder axis. 
3. A combination of these two. 
4. Flow across the combustion chamber. 

There are also engines in which each cylinder is provided 
with an air-storage chamber, communicating with it through 
a narrow passage or throat, into which air is forced during 
the compression stroke and from which it escapes during the 
power stroke, but these “auxiliary-chamber engines'' form 
a class by themselves and will be discussed in a separate chap¬ 
ter. Here again the boundary between the two classes is not 
clearly defined. In addition to engines in which the com¬ 
bustion chamber is in the form of a flat cylinder between the 
piston and cylinder head, there are others in which the greater 
part of the combustion space is constituted by a chamber 
either in the cylinder head or in the piston. These will be 
considered as of the auxiliary-chamber type only if the com¬ 
municating passage between chamber and cylinder has a defi¬ 
nite restricting effect. 

In all automotive-type two-stroke engines the fuel is in¬ 
jected directly into the combustion chamber, but in this chap¬ 
ter only four-stroke engines will be dealt with. 

Qidesoent OombiiBtion Chambers—If the air in the com¬ 
bustion chamber is substantially at rest while the fuel is being 
injected, atomization of the fuel and penetration of the spray 

239 



240 DIEECTJNJECTION ENGINES 

must be depended upon to distribute the fuel particles. It is 
then necessary to so coordinate the form of the sprays and the 
form of the combustion chamber that fuel will be sprayed into 
practically every part of the chamber. If this is neglected 
the result will be a very low mean effective pressure and a 
high ratio of excess air at maximum output with smokeless 
exhaust. 

The natural form of the combustion chamber of an engine 
having its valves in the head is a very flat cylinder. For in¬ 
stance, if the stroke is, say, 25 per cent greater than the bore, 
and a 15 to 1 compression ratio is used, the compression sx)ace, 
if of flat cylindrical form, has a depth only about one-eleventh 
its diameter. Such a form is undesirable for two reasons. In 
the first place, without the aid of air flow it is difficult to 
properly disperse the fuel in it; secondly, at the time of maxi¬ 
mum compression, all of the air within the combustion cham¬ 
ber is relatively close to a wall through which the heat of 
compression is carried off, and none of the air therefore gets 
as hot as if the compression space were of more compact form 

Fig. 1 (Lfjt)—Dished T^te of Piston Crown. 

Fig. 2 {Right).—Hemispherical Piston Crown. 

and the distance from its center to the cooling wall surface 
were greater. 

Some of the early submarine engines had a slightly dished 
piston crown, with the injector located in the center of the 
cylinder head and directing a number of sprays at an angle 
of about 30° from the horizontal, as shown in Pig. 1. Natu¬ 
rally, if the top of the piston and the bottom of the cylinder 
head are not parallel surfaces, there will be a certain air flow 
as the piston approaches the top of the stroke, and as it starts 
on the down-stroke. In this case the flow is radially inward 
and outward. 

Hemispherical Combustion Chamber-—By providing the 
piston with an upwardly extending rim which comes close to 
the cylinder head at the end of the up-stroke, a hemispherical 
depression may be formed in the center of the piston head, 
of such a diameter as to give the desired clearance (Pig. 2). 
If the nozzle is then provided with five or six orifices making 
an angle of 45° with the cylinder axis, the fuel will be fairly 



DIEECT-INJECTION ENGINES 241 

well distributed. As the piston approaches the cylinder head, 
the inward rush of air tends to break through the sprays, and 
the following outward flow will tend to carry fuel particles 
toward the cylinder wall. One difficulty with this arrange¬ 
ment for small engines is that the diameters of the orifices 
become exceedingly small, and such orifices not only are diffi¬ 
cult to produce accurately, but they also become choked easily. 
In considering the best form of the combustion chamber from 
tlie standpoint of fuel distribution, not only its form at the 
end of the up-stroke, but the range in form from the begin¬ 
ning to the end of the injection period must be taken into 
account. 

A further development in combustion chambers is repre¬ 
sented by Pig. 3, this type having been used by Ilesselman, 
M.A.N., and others. The piston crown has a flange running 
around it and is cone-shaped, sloping down from the center 

Fig. 3 {Left)—Piston with Circumferential Flange on Top. 

Fig. 4 {Right),—km Swirl Created by Masked Valve. 

toward the flange. The angle between the sloping surface 
and the bottom surface of the cylinder head is made to cor¬ 
respond to the angle of the spray cone. An injector with four 
or five orifices is located at the center of the cylinder head. 
An advantage of this type of combustion chamber is that the 
spray does not come in contact with the water-cooled cylinder 
wall; besides, there is no danger of the fuel of any missed 
charges running down the cylinder walls and diluting the 
crankcase oil. 

Location of Spray Nozzles—In large, low-speed engines 
it is the common practice to place the spray nozzle at the 
center of the cylinder head, as that is about the only point in 
which it can be symmetrically located with respect to the 
combustion chamber, so the spray may reach all parts of the 



242 DIRECT-INJECTION ENGINES 

chamber equally. But having the nozzle centrally in the 
cylinder head necessarily reduces the space available for the 
valves—assuming that there are two valves per cylinder—and 
in a high-speed engine it is desirable to have these as large 
as possible. The requirements affecting the location of the 
spray nozzle are therefore rather conflicting. One solution 
of the problem consists in using four valves per cylinder, or 
what is usually referred to as dual valves. This has been 
done in engines with comparatively large cylinders, and the 
practice is now being extended to smaller cylinders, in spite 
of the fact that it involves complications, especially in con¬ 
nection with the valve-oi)erating mechanism. 

Swirling Air Plow—With the inlet valve located in the 
cylinder head, a swirling flow of the air in the cylinder can 
be produced by means of a so-called masked valve. As illus¬ 
trated in Fig. 4, this is a poppet valve having a flange extend¬ 
ing part-way around the stem side of the head, the height of 
the flange being slightly greater than the valve lift. Pro¬ 
visions are made so the valve cannot turn in its guide, and 
the flange is located unsymmetrically with respect to the 
plane through the valve axis and the cylinder axis. The air 
then enters the cylinder tangentially and swirls iaround in it, 
as indicated by the arrows, the swirling motion being main¬ 
tained throughout the compression stroke. As a help in dis¬ 
tributing the fuel through the air charge, this method of in¬ 
ducing air flow has merit, no doubt, but the capacity of the 
inlet valve is reduced by the mask. Other disadvantages are 
that the valve assembly is more expensive to produce and that 
the valve itself weighs more and therefore calls for the use 
of a heavier spring. Masked valves have never been used in 
production engines in the United States, so far as is known 
to the author, but they are in extensive use in European 
countries, where the direct-injection engine has come to the 
front on account of its higher fuel economy. 

Bowl-Shaped Combustion Chamber—In England a type 
of combustion chamber which may be regarded as a develop¬ 
ment of that shown in Pig. 3 has come into general use. As 
shown in Fig. 5, the chamber is in the crown of the piston, 
but its diameter is little more than one-half that of the piston 
and its depth about one-half its diameter. The rim of the 
piston is made to approach the cylinder head at the end of 
the up-stroke as closely as working conditions permit; hence, 
toward the end of the up-stroke a strong inward flow of air 
(referred to as the squish’’ by British writers) is produced, 
and this air motion is superimposed on the swirling motion 
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due to the masked valve. As the diameter of the swirling 
body of air is reduced from that of the cylinder to that of 
the chamber in the piston, the angular velocity of the swirl 
is materially increased. At the same time swirls in vertical 
planes are set up in the chamber, which assist further in 
mingling of the fuel with the air charge. It has been found 
that a central ‘‘mound’’ at the base of the air chamber im¬ 
proves the combustion, apparently because it facilitates ver¬ 
tical movement of the air. 

In the A.E.C. engine, which employs this type of combus¬ 
tion chamber together with masked inlet valves, the spray 
nozzle, located centrally with respect to the chamber in the 
piston, has four orifices which produce sprays making angles 
of 75 deg with the cylinder axis. These sprays cut across the 
air swirl produced by the masked inlet valves, and the vertical 

Fig. 5.—Bowl-Shaped Combustion Chamber in Piston. 

movement of the air, produced by the ‘ ‘ squish ’ ’ and facilitated 
by the “mound,” serves to bring the whole of the air charge 
into proximity with the sprays. 

Effect of Angular Position of Valve Mask—The effect of 
a masked inlet valve in increasing engine output is shown by 
Pig. 6, which is based on an illustration in an S.A.E. paper 
by C. B. Dicksee, research engineer of the Associated Equip¬ 
ment Co., Ltd. To determine the optimum form of the mask, 
tests were begun with a mask extending nearly halfway around 
the valve head, and the angular width was gradually reduced. 
With a mask of an angular width of 80° the bmeps at different 
engine speeds were decidedly higher than with a 140° mask. 
In the experimental setup provisions were made to rotate the 
valves through a whole circle, and the effects of the angular 
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position of the mask on the bmep at both 1000 rpm and 1500 
rpm are shown in Pig. 6. It can be seen that while there is a 
difference of about 20 psi between the brneps for the optimum 
and the worst positions of the valve, the peaks of the curves 
are quite flat, indicating that positioning of the mask is not 
critical. 

Tangential Valve Passage—^An effect similar to that of 
the masked valve can be produced by making the valve pas¬ 
sage outside the inlet-valve port of a particular form. Ordi¬ 
narily this passage has approximately the form of a pipe 
‘^ell.’^ By making it substantially straight and at an angle 
of, say, 45° to the plane of the valve seat, the air can be 
made to enter the cylinder tangentially instead of in a direc¬ 
tion parallel to the cylinder axis. If the axes of the inlet and 
exhaust valves are in a vertical plane through the crankshaft 

Fig. 6.—Variation of BMEP with Angular Position of Masked Valve. 

axis and the inlet passage extends down to the valve seat 
from the side of the cylinder head, the air will have a swirling 
motion imparted to it as it enters the cylinder. 

Displacer Piston—Another arrangement designed to pro¬ 
duce energetic air flow in the combustion chamber during the 
period of injection is what has been referred to as the dis¬ 
placer piston. Where this is used, the two valves are arranged 
coaxially in the cylinder head, at right angles to the cylinder 
axis, the greater part of the compression space being between 
the valve heads. The compression space is connected to the 
cylinder by a passage of limited cross section, and as the 
piston approaches the top end of the stroke, there is a very 
violent surge of air through the passage, which naturally 
means great turbulence in the combustion chamber. One 
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such design, which has been used by the Deutz Motor Works 
in Germany, is illustrated in Pig. 7. In this case the piston 
is provided with a central extension (or a pilot) which enters 
the ''throaf leading to the space between the valves, leav¬ 
ing only a very restricted passage between it and the wall of 
the throat.'^ 

A similar design but without the pilot on the piston head, 
which has been used by Ruston-Hornsby, in England, is illus¬ 
trated in Fig. 8. 

N.A.C.A. Experiments with Displacer Pistons—Very sat¬ 
isfactory experimental results from an engine with a displacer 
])istoii were obtained by the National Advisory Committee for 
Aeronautics. Tlie combustion chamber of the 5 by 7-in. single- 
('ylindcr experimental engine was of flat-disc shape and had 

I 

Fig. 7 (Lejt).—Deutz Cylinder Head and Displacer Piston. 

Fig. 8 {Right).—Ruston-Hornsby Cylinder Head. 

the form shown diagrammatically in Fig. 9. The displacer, 
which was of rectangular section, fitted the throat fairly 
closely at the sides, but left passages for air flow at both 
ends of the rectangle. A compression ratio of 15.3 was used. 
It was found that the optimum width of each of the two flow 
areas was ^%4 in., which gave a flow velocity equal to eight 
times the instantaneous piston speed. Performance was not 
greatly affected by the height of the displacer, and that which 
allowed the displacer to enter the throat at 42° ahead of top 
center was found to be best. 

The performance of this engine at 1500 rpm was com¬ 
pared with that of another similar one with a quiescent com¬ 
bustion chamber, the compression ratio being the same in both. 
At the limit of clear exhaust, the bmep was 90 psi in the en- 
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gine with quiescent combustion chamber and 115 in the one 
with air flow. At these loads the maximum cylinder pressure 
was slightly greater in the quiescent combustion chamber, 
while the specific fuel consumptions were substantially the 
same. The main difference between the performances of the 
two engines was that as the fuel quantity was increased be¬ 
yond that giving approximately 70 psi bmep, the bmep curve 
of the engine with air flow continued to rise fairly uniformly, 
while that of the quiescent engine dropped away rapidly. 
With the displacer piston the specific fuel consumption 
dropped as low as 0.41 lb per hp-hr. 

Fig. 9.—Combustion-Chamber Form of N.A.C.A. Test Engine. 

Performance Data—As with other types of high-speed 
Diesel, the specific output and the fuel economy of the direct- 
injection type have been gradually improved, chiefly by refine¬ 
ments designed to produce better utilization of the air charge 
and better timing of the combustion. Some pertinent data 
are contained in C. B. Dicksee’s S.A.E. paper already re¬ 
ferred to. When his firm first started the development of 
direct-injection engines, the best they could obtain was a bmep 
of 85 psi and a fuel consumption of 0.52 lb per bhp-hr, and 
these results generally were accompanied by an evil-smelling 
exhaust that was by no means clean. With their latest engine, 
which has a combustion chamber of the type shown in Fig. 5, 
the bmep varies between 110 and 120 psi within the speed 
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Fig. 10.—Cross Sbction of A.E.C. 126-HP Engine. 
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range of 1000 to 1400 rpm, and the exhaust is said to be no 
more offensive than that of a good gasoline engine. The fuel 
consumption is between 0.37 and 0.38 lb per bhp-hr, and drops 
to 0.36 lb if the load is reduced to between 70 and 95 psi 
bmep. 

A cross section of an A.E.C. engine is shown in Fig. 10. It 
has six 120 by 142-mm cylinders (approximately 4% by 5% 
ill.), and is rated 125 hp. The maximum bmep is 111 psi at 

1000 rpm. For many 
years the firm governed 
its engines at 2000 rpm, 
but the governed speed 
w’as later reduced to 1700 
rpm, because the fuel 
economy drops off rather 
rapidly in the higher 
speed range, owing to a 
rapid increase in the fric¬ 
tion horse power. Owing 
to the high cost of fueJ, 
British operators of com¬ 
mercial vehicles naturally 
I)lace great weight on 
high fuel economy. The 
firm also manufactures a 
larger engine of very sim¬ 
ilar design, with 130 by 
142 mm cylinders, and 
both engines are also pro¬ 
duced in the horizontal 
form for under-floor 
mounting in buses. The 
125-hp engine weighs 
1680 lb. 

Cummins Engine— 
Comparatively few makes 
of American high-speed, 

four-stroke Diesel engines work with direct injection. Among 
these is the Cummins, which, however, does not have solid 
injection, but injection of an oil fog by means of a cam- 
actuated plunger in the injector. Fig. 10 is a section through 
the upper part of the cylinder and the cylinder head of a 
Cummins engine, and shows the form of the combustion 
chamber and the location of the injector between the two 
valves in the head. In general form the combustion chamber 
is not unlike that shown in Pig. 3. 

Fig. 11.—Combustion Chamber op 

Cummins Engine. 



249 



250 DIRECT-INJECTION ENGINES 

Fig. 13A.—Longitudinal Section of Cummins Engine, Foeward Half. 
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Fra. 13B.—Longitudinal Section of Cummins Engine, Rear Half. 
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The Cummins, which was the first American high-speed or 
automotive-type Diesel engine to be placed on the market, is 
now being manufactured in numerous models with from four 
to twelve cylinders, some of them supercharged. Outputs 
range from 100 to 550 hp. A six-cylinder model of 5%-in. 
bore by 6-in. stroke is rated 200 hp at 2100 rpm maximum, and 
130 hp at 1800 rpm for operation under continuous load. This 
same model when supercharged is rated 300 hp at 2100 rpm 
maximum and 188 hp at 1800 rpm under steady load. The 
supercharger, which is of the Roots-blower type, is mounted 
at the side of the engine and positively driven through the 
front-end gears. Maximum ratings of the two models corre¬ 
spond to 101 and 152 psi bmep, respectively. With atmos¬ 
pheric induction a compression ratio of 15.5 is used, while 
the supercharged model has a compression ratio of 12. 

Fig. 14.—Spherical Combustion Chamber of M.A.N. Engine. 

Pig. 12 is a cross section and Fig. 13 (A and B) a cut¬ 
away side view of the Cummins six-cylinder 4% x 5-in. engine 
(406 cu in., 150 hp at 2500 rpm). Cylinders and crankcase 
are in a single casting, the cylinders being provided with 
^^wet'' liners. Pistons are of aluminum alloy and carry three 
compression rings and one oil ring each. Indicative of the 
rigidity of the design is the fact that the seven main bearings 
supporting the crankshaft have a diameter of 3.88 in. Piston 
pins are 1.5 in. in diameter. Among the notable features of 
the engine are that the crankshaft has counterweights on all 
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arms, that all main bearings are interchangeable, and that the 
very rigid ‘‘big-end’’ caps are held to the rods by U-bolts and 
nuts. This permits of gradually merging the flanges of the 
shank into central reinforcing ribs on the upper half of the 
“big end,” thus avoiding points of stress concentration which 
often result from milling seats for the connecting-rod bolts. 

M.A.N. Engine—The Maschinenfabrik Augsburg-Niirn- 
berg, which has been manufacturing automotive-type Diesel 
engines since 1923, started out with an engine having a flat 
cylindrical combustion chamber into which fuel was sprayed 
by two injectors from o{)posite sides. It later changed to the 
air-chamber type described in Chapter XI, for one reason 
because with injection nozzles on both sides the fuel connec¬ 
tions were rather obtrusive. In 1939 the firm returned to 
the direct-injection type, because of its higher fuel economy, 
but the new engine had a combustion chamber of spherical 
form in the piston, as shown in Fig. 14. The small offset of 
the combustion-chamber center from the piston axis probably 
is due to a desire to so position the injection nozzle that it will 
permit the use of valves of maximum diameter in the cylinder 
head. A fuel consumption of 0.375 lb per bhp-hr is claimed 
for the truck engine. 

Maybach railroad engines, described in Chapter XIII, 
have spherical combustion chambers in the cylinder head, 
while engines built by the Austrian Saurer Works in Vienna 
have combustion chambers with a vertical section of elliptic 
form in the piston. None of these engines have masked valves, 
all of them depending on the “squish” at the end of the up¬ 
stroke to produce in the combustion chamber the turbulence 
necessary to carry fuel to all parts of the air charge. 



CHAPTER X 

Turbulence-Chamber Engines 

It Avas pointed out in a preceding cliapter tliat turbulence- 
chamber engines are similar in form and arrangement of parts 
to the precombustion-chainber type, the main difference be¬ 
tween them being one of proportions, in that the separated 
portion of the combustion chamber and the cross-sectional 
area of the passage (or passages) between the latter and the 
main chamber are smaller in the precombustion-chamber en¬ 
gine. It would be difficult, of course, to fix limits for the 
proportions of each class; and it is therefore quite conceiv¬ 
able that designs will be evolved which it will be difficult to 
classify on the above basis. In such a case, one test that 
will help to decide to what class a particular engine belongs 
is based on the form of the separated chamber. In a turbu¬ 
lence-chamber engine, a section through the chamber which 
cuts the communicating passage in halves is at least approx¬ 
imately circular in form, whereas in a precombustion-cham- 
ber engine it is most likely to be rectangular. 

A diagram of an engine cylinder with turbulence chamber 
is shown in Fig. 1. The chamber may be either spherical or 
cylindrical in form. 

AdvaJitages^—^In the turbulence-chamber engine the energy 
necessary to effect a rapid and thorough intermixture of the 
air and fuel charges derives from two sources—the kinetic 
energy of the fuel jet and that of the swirl of air in the turbu¬ 
lence chamber. If fuel is injected directly into the main 
combustion chamber, in which there is little or no turbulence, 
all of this energy must be supplied by way of the fuel jet, 
from which it is natural to conclude that in a turbulence- 
chamber engine it is possible to work with lower injection 
pressures than in an engine having direct injection into the 
main combustion chamber. This is one advantage of the 
turbulence-chamber type. 

Another advantage resides in the fact that if the rotational 
velocity of the air swirl in proportion to the engine speed is 
well chosen, and the injection nozzle is properly located and 
aimed, the fuel charge will be so well distributed through 
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the air charge that the proportion of excess air required to 
effect smokeless combustion need not exceed 25-35 per cent. 
This means a high bmep and low fuel consumption. 

The turbulence chambers usually are provided with a hot 
surface opposite the injection nozzle, which in a way corre¬ 
sponds to the ^'burner’’ in the precombustion-chamber type. 
This hot surface helps to heat the air during the compression 
stroke, which promotes ignition and complete combustion, and 
one advantage often claimed for these engines is that they 
are free from the pungent exhaust odor characteristic of some 
Diesel engines, which, if present, is indicative of incomplete 
combustion. 

Less Objectionable Exhaust—When the combustion in an 
engine burning petroleum products is complete, the exhaust 
contains only carbon dioxide, steam, nitrogen and oxygen. 

all of which are odorless, and under conditions of complete 
combustion the exhausts from both gasoline and Diesel en¬ 
gines are practically odorless. It is well known, however, that 
under certain conditions the exhaust of each type of engine 
has a characteristic odor. This is not due, either, to carbon 
monoxide, which is always present in some proportion in the 
exhaust from gasoline engines, as this poisonous gas also is 
absolutely odorless. The odors are due to intermediate prod¬ 
ucts of combustion. 

In the combustion process, the first thing that happens is 
that the hydrocarbon molecule of the petroleum product is 
split up into carbon and hydrogen atoms, both of which 
eventually combine with the oxygen of the air to form carbon 
dioxide and steam. These transformations, however, are not 
effected directly; on the contrary, intermediate products are 
first formed, including peroxides, aldehydes, ketones and 
acids. If conditions are unfavorable, combustion is never 
completed, in which case these products appear in the exhaust, 
and they are the cause of the characteristic odor. 

One reason for an interruption of the combustion process 
may be that the intermediate products of combustion come 
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in contact with a cold wall, which chills them to such a degree 
that the final chemical reaction of the combustion process 
cannot take place, and since in the turbulence-chamber engine 
the surface with which the burning fuel jet is most likely to 
('ome in contact is at a high temperature, this cannot—or at 
least is not so likely to—occur there. 

What is probably the greatest advantage of the turbulence- 
chamber engine is its fiexibility, due to the relative independ¬ 
ence of the ignition lag, in crankshaft degrees, of the speed 
(more rapid combustion at high speeds). 

Disadvantages—The advantages discussed in the forego¬ 
ing paragraphs are offset by some disadvantages. In the first 
place, the high rate of swirl of the air i]i the turbulence cham¬ 
ber, which is at least partly water-cooled, results in an in¬ 
creased rate of heat loss during the compression stroke, so 
that the temperature in the chamber at the end of the stroke 
is not as high as it would be in an engine with undivided 
compression chamber having the same compression ratio. 
This makes it somewhat more difficult to start the turbulence- 
chamber engine from cold, and starting aids, such as glow 
plugs, are usually required. There is greater loss of heat due 
to this cause also in normal operation, from which a loss in 
thermal efficiency might be expected, but if this loss does occur 
it is offset in part by greater combustion efficiency. 

The objection also has been raised against the turbulence- 
chamber type that its combustion pressure tends to be very 
high and that the engine is rough in operation. The rapidity 
of combustion in the turbulence-chamber engine and, conse¬ 
quently, the rate of pressure rise, is dependent on what has 
been called the ‘‘swirl ratio,’’ that is, the ratio of the angular 
velocity of the swirl to that of the engine crankshaft. 

MeaiSurement of Swirl Velocity-—If it is granted that an 
air swirl has beneficial effects, the problem of the relation be¬ 
tween the velocity of the swirl and the output, economy, and 
smoothness of operation of the engine arises. The swirl starts 
as soon as compression in the cylinder and flow into the turbu¬ 
lence chamber begin, but its velocity varies throughout the 
compression stroke, and this, together with the fact that it is 
influenced by the elasticity and viscosity of the air, makes it 
very difficult to calculate. 

A number of attempts have been made, therefore, to de¬ 
termine this velocity experimentally. What it is particularly 
desirable to know, of course, is the velocity of the swirl dur¬ 
ing the injection period. Dr. Friedrich Sass of the German 
General Electric Co. developed a swirl indicator applicable 
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more particularly to large, direct-injection engines. It com¬ 
prises a vane located in the compression chamber close to the 
cylinder wall, mounted on a shaft which extends through a 
bushing in the cylinder head. At its outer end the shaft is 
fitted with an arm carrying a pencil adapted to record its 
motion on a revolving drum. Normally the indicator is held 
in the zero position by a spring, the vane then occupying a 
radial position in the cylinder. The air swirl exerts a pres¬ 
sure on the vane, deflects the spring, and causes the pencil 
to scribe a record on the drum. By rotating the drum around 
its axis by connection to the engine crankshaft, it is possible 
to obtain a diagram of the variation of the swirl velocity 

Fig. 2.—Rkardo Swirl Meter Applied to Engine with Vortex Com¬ 

bustion Chamber. 

throughout the engine cycle. A weak feature of this instru¬ 
ment is that the presence of the vane in the combustion cham¬ 
ber is likely to change the air velocity therein materially. 

Ricardo Swirl Meter—Harry Ricardo has devised a swirl 
meter which records the number of revolutions made by the 
air in m given time, and therefore gives the mean velocity 
of the swirl during the whole cycle. Like Sass’ instrument, 
it is applicable only to engines with a particular form of 
combustion chamber. Ricardo has designed a number of en¬ 
gines with what he calls a Vortex combustion chamber (Pig. 
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2). In these engines the air is admitted to the cylinder 
through tangential ports, and is compressed during the fol¬ 
lowing up-stroke into a cylindrical combustion chamber coaxial 
with the cylinder but of smaller diameter. The Ricardo swirl 
meter comprises a vane on a shaft carried in ball bearings in 
a bushing located centrally in the cylinder head, connected to 
a counting mechanism at its top. The velocity of swirl is 
measured while the engine is being ‘^motored.'’ 

Engines with Ricardo Vortex combustion chambers are not 
turbulence-chamber engines as defined in the early part of 
this chapter, being akin to the direct-injection type shown 
in Fig. 5 of Chapter IX, as the fuel is injected parallel with 
the axis near the wall of the chamber, so that the spray cuts 
across the air swirls. However, the effects of air fiow or air 
swirl in this engine have been thoroughly investigated, and as 
this investigation threw much light on these effects, some of its 
results will be given here. 

Swirl Ratio—The term 'Swirl ratio” was introduced by 
Ricardo to signify the ratio of tlie number of revolutions per 
minute of the swirl in the turbulence chamber or combustion 
chamber, to the number of engine revolutions per minute. 
An investigation of the effect of changes in the, swirl ratio 
on engine performance, made in the laboratory of Ricardo 
& Co., was dealt with in a paper presented to the Institution 
of Automobile Engineers by J. P. Alcock in 1935, from which 
the following information is taken. 

The tests were carried out on a single-cylinder 5 by 7-in. 
engine with Vortex combustion chamber (PTg. 2) and with 
means at the inlet ports permitting of varying the swirl ratio 
in the cylinder from zero to 6.3, and in the combustion cham¬ 
ber from zero to a final value of 16.3. Measurements showed 
that the volumetric efficiency was not affected by the means 
employed to change the swirl velocity, hence the changes in 
performance were due entirely to effects of changes in the 
swirl ratio on the efficiency of combustion. The tests were 
carried out at 1300 rpm. 

Fig. 3 shows the effect of the swirl ratio on the maximum 
bmep obtainable with the "exhaust just visible^’ (full line) 
and "moderately dirty'’ (dashed line), as well as the effect 
on the fuel consumption. It will be seen from these curves 
that a swirl ratio of 10-10.5 gives both maximum bmep and 
minimum fuel consumption. In these tests the beginning of 
injection was fixed, and Mr. Alcock pointed out that if the 
injection timing had been varied to give a constant peak 
pressure, which would have been more logical, the optimum 
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swirl ratio would have been found to range between 9.5 and 
10. 

Effects of Swirl Ratio on Performance—Additional re¬ 
sults from these tests are given in Fig. 4, which shows that 
the maximum pressure and the rate of pressure rise increase 
with the swirl ratio. This makes the engine rather rough in 
operation at high swirl ratios, for which reason it is generally 
advisable to operate at a swirl ratio about 10 per cent lower 
than that giving maximum engine performance. Not much is 
sacrificed thereby in the way of performance, and the engine 
operates noticeably smoother. 

From the relationship of the two bmep curves in Fig. 3, 

Fig. 3.—Effect of Swirl Ratio on BMEP and Fuel Consumption. 

both peaking at substantially the same swirl ratio and drop¬ 
ping symmetrically from the peak values, the conclusion 
was drawn that the optimum swirl ratio is substantially the 
same for all loads. In the tests on this engine, the speed was 
varied between rather narrow limits only, 900 and 1300 rpm, 
but it was found that one swirl ratio gave best results through¬ 
out this range. That the optimum swirl ratio is independent 
of the speed was confirmed on other engines with Vortex-type 
combustion chamber, in which the speed was varied through 
a wider range. 
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It was further found that as the swirl ratio increases, the 
heat loss to the jacket increases and, as a consequence, the 
compression pressure drops, which accounts for greater diffi¬ 
culty in starting with a high swirl ratio. What is referred 
to as '‘the heel of the load-range curve,’' that is, the full¬ 
load end of the curve of specific fuel consumption vs. bmep, 
rises more abruptly if the swirl ratio is decreased below the 
optimum value, and the exhaust begins to show smoke at a 

SmeL PATiO A//n 

Fig. 4.—Effect of Swirl Ratio on Various Engine Characteristics. 

The scale for fuel consumption is in hundredths of a pound. 

lower bmep. Tests on engines with a wide range of cylinder 
sizes showed that cylinder size has no effect on the optimum 
swirl ratio. 

Mr. Alcock pointed out in this connection that the swirl 
velocity obtained with the Ricardo swirl meter is much lower 
than that obtained from calculations (evidently based on the 
tangential component of the air velocity through the inlet 
ports and the circumference of the combustion climber). In 
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one particular case it was only one-third as large. The dif¬ 
ference is thought to be due to wall friction. In a turbulence 
chamber like that of the Ricardo Comet engine, the friction 
is not likely to be nearly as large, and it is believed that the 
actual swirl ratio in such an engine ranges between 20 and 25. 

Size and Form of Turbulence Chamber—Extensive tests 
with turbulence chambers were made by the N.A.C.A. on a 
single-cylinder 5 by 7-in. experimental engine which was fitted 
successively with cylinder heads having turbulence chambers 
of different form and size, and different connecting passages 
(N.A.C.A. Technical Note No. 514, by C. S. Moore and J. H. 
Collins, Jr.). In the earlier tests the chambers were of 

Fig. 5.—N.A.C.A. Turbulence-Type Combustion Chamber. 

spherical form and had a radial connecting passage, and the 
compression ratio used was 13.5. It was found that the out¬ 
put and economy increased as the volume of the turbulence 
chamber was increased from 20 to 70 per cent of the total 
clearance. On the other hand, the smoothness of the engine 
decreased over the greater part of the range, the engine run¬ 
ning Smoothest with a turbulence-chamber volume equal to 
35 per cent of the total clearance. The total heat loss to the 
jacket increased from 20.5 to 28.5 per cent with increase in 
the turbulence-chamber volume through the range given. 

Using a spherical chamber of 50 per cent of the total clear- 
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ance volume, the best size of the connecting passage, for a 
speed of 1500 rpm, was found to be that of a circle of between 
0.45 and 0.53 in. diameter. A decrease in the size of the pas¬ 
sage, which naturally increased the velocity of the swirl, cut 
down the ignition lag and speeded up the combustion. 

A flat-cylindrical turbulence chamber of 50 per cent the 
total clearance volume and with tangential connecting passage 
(Fig. 5) gave better performance than a spherical chamber 
of the same volume and radial connecting passage. Starting, 
idling, and combustion shock were affected little by the form 
of the turbulence chamber. Rounding the cylinder end of 
the connecting passage improved the performance, while 
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Fig. 6.—Test Results from N.A.C.A. TurbuLiBncb-Chamber Engine. 

rounding the chamber end impaired it slightly, evidently be¬ 
cause it interfered with the air swirl in the chamber. Best 
performance was obtained when the connecting passage en¬ 
tered the cylinder radially. As regards injection nozzles, 
results were best with a single-orifice nozzle injecting the fuel 
substptially at right angles to the direction of air flow. 

Fig. 6 shows performance curves obtained with a flat- 
cylindrical turbulence chamber of 50 per cent the total clear¬ 
ance volume, with a tangential connecting passage flared at 
the cylinder end, and a single 0.050-in. spray from the middle 
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one of the three tapped holes for the nozzle. This is believed 
to represent substantially the best performance obtainable 
with this type of turbulence chamber, though a slight improve¬ 
ment might result from an increase in the chamber volume. 

An increase in the compression ratio of this engine, from 
13.5 to 17.5 (made by decreasing the cylinder clearance, so 
that the percentage of turbulence-chamber volume increased 
with the compression ratio), resulted in an increase in the 
imep of only 4 psi, and as the friction also increased with 
the compression, the full-load brake output remained sub¬ 
stantially constant. It was concluded that for this type of 
cylinder and head the optimum compression ratio is 15.5. 

Boosting tests made on this engine showed that the bmep 
increased 2.5 psi for every inch of mercury column boost 
below 10 in. At part load the specific fuel consumption (on 
the brake-horse-power basis) was greater wlien boosting, be¬ 
cause of the power consumed by the blower. 

Ricardo Pintaux Nozzle—Harry Ricardo, who originated 
the turbulence-type of combustion chamber, also devised a 
special injection nozzle to facilitate the starting of engines 
equipped with it. It is known as the Pintaux nozzle and is 
being manufactured by C.A.V. Ltd. 

It was found that with engines having the Ricardo 
Cornet’^ type of combustion head, where the injection nozzle 

is located opposite the entrance to the swirl chamber, the all¬ 
round performance is best if the fuel is injected tangentially 
in the direction of the air swirl. But while this results in 
maximum power, it makes starting of the engine difficult, 
for one reason because, since both the fuel and the air travel 
in the same direction, the spray jet is not broken up so ener¬ 
getically, and none of the fuel reaches the center of the 
spherical chamber, where the temperature probably is the 
highest. Before the introduction of the Pintaux nozzle it was 
common practice to employ starting aids with turbulence-type 
engines, either glow plugs in the swirl chambers or an electric 
heating element in the inlet pipe. 

As shown in Pig. 7, the Pintaux nozzle is of the pintle type, 
and a small, inclined hole is drilled in the nozzle body imme¬ 
diately below the valve seat. The pintle is a fairly close fit 
in its hole. At starting and when idling, the pressure devel¬ 
oped by the injection pump is sufficient to lift the nozzle valve 
off its seat, but not sufficient to lift it so far that the pintle is 
entirely out of its hole. Under these conditions most of the 
fuel is forced through the auxiliary injection orifice directly 
below the valve (Pig. 8, left) and meets the air as it enters 
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the turbulence chamber, where it certainly is hotter than after 
it has nearly completed the round of the chamber. As soon as 
the engine gains speed, the pintle is lifted out of its hole at 
each injection, and the bulk of the fuel (about 90 per cent) is 
then injected in the direction of the nozzle axis (Fig. 8, right). 
It is claimed that the Pintaux nozzle lowers the minimum 
starting temperature of the ‘‘Comet’' engine without starting 
aids by about 25 P. 

Hercules Engines—An extensive line of two-, four-, six-, 
and eight-cylinder turbulence-type engines is being manufac¬ 
tured by Hercules Motors Corporation of Canton, 0. A side- 
sectional view of one of these engines, the Model DJX, is 
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shown in Pig. 9, and a cross section in Pig. 10. Hercules 
engines range in displacement from 113.7 to 1468 cu in. and 
in maximum horse power from 12 to 500. In these engines 
there is a spherical turbulence chamber at the side of the 
cylinder, as clearly shown in the cross section. This chamber 
is formed in a pocket cast on the engine block and is provided 
with a lining held in place between the block and the cylinder 
head. The turbulence chamber has a narrow tangential inlet, 
which causes the air to swirl therein. Toward the end of the 
compression stroke, when injection takes place, the velocity of 
the swirl is increased, because the air then enters through a 
narrower passage, part of the inlet being masked by the 
piston. That, naturally, increases the velocity of inflow. 

The engines are of very rugged design. Except in the 
smallest model, which is designed for hand-cranking (al¬ 
though an electric starter is supplied on demand), the com¬ 
pression ratio is 14.8 to 1. A somewhat higher ratio, 15.5 to 1, 
is used in the small engine to facilitate starting. ‘‘Dry” 
liners are used in most models. 

Inlet and exhaust valves are located in the cylinder head 
and operated through pushrods and tappet levers from the 
camshaft in the crankcase. Throughout the line the exhaust 
valves have smaller diameters than the inlet valves. Thus the 
inlet valves of the 4% x 5^4-in. engine have a port diameter 
of 2 in., while the exhaust ports are of 1%-in. diameter. 
Crankshafts are of very rigid design, that of the six-cylinder, 
4% X 5^/4-in. engine having main bearings of 354-iii. diameter. 
Crankshafts are drop forgings and are surface-hardened by 
the Tocco process. • ' 

Puel-injection pumps and the pintle-type nozzles are of 
standard make. The nozzles are clamped to the sides of the 
turbulence-chamber pockets and mounted in sleeves passing 
through the water jackets. Lubrication of all bearings, in¬ 
cluding those of the floating piston pins, is by the pressure 
system. Injection pressures (nozzle-opening pressures) vary 
from 1650 psi in the smallest to 2000 psi in the largest sizes. 
The shipping weight of the six-cylinder, 4% x5^-in. engine 
is 1600 lb; its maximum rated horse power, 150 at 2200 rpm. 

Waukesha Engines—The Waukesha Motor Company, 
Waukesha, Wis., manufactures a complete line of Ricardo- 
type turbulence-chamber engines, piston displacements rang¬ 
ing from 129 to 2894 cu in. and rated horse powers from 35 
to 385. A cross section of the Model 148-DK is shown in Pig. 
11. This is a six-cylinder engine of 5-in, bore by 6-in. 
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Fia 10—Cboss Section op Hebcdles Engine 



TURBULENCE-CHAMBER ENGINES 269 

stroke and is rated 200 hp at 2100 rpm (97 psi bmep). The 
weight of the engine is approximately 2320 lb. 

The turbulence chamber, which is removable from the out¬ 
side, consists of a lower cup made of a heat-resistant alloy, 
and a water-cooled cap which receives the injector. There is 
an air space between the cup and the metal of the cylinder 
head surrounding it. Approximately one-half of the air charge 
passes into the chamber during the compression stroke and 
absorbs heat from the cup. The temperature of the cup in¬ 
creases with engine speed, and the resulting increase in the 
air temperature reduces the ignition delay at high speeds and 
prevents excessive combustion pressures. 

From the cross section it can be seen that the cylinder block 
and crankcase are a single easting into which ^^wet’^ cylinder 
sleeves are inserted. The sleeves are flanged at the top, and 
the block is counterbored to such a depth that when the 
sleeves bottom in the counterbores a ‘‘fire land'’ on top of 
them projects a few thousandths of an inch above the top 
surface of the block. This projection provides a dependable 
sealing action at the sleeve flange, preventing leakage and 
retaining the sleeve firmly in the block. 

Injection equipment is of American Bosch make. The in¬ 
jectors fit into the turbulence-chamber caps, and adjacent to 
each injector there is provision for an electric glow plug, 
which serves as a starting aid. Pistons are of aluminum alloy. 
Each of them carries three keystone-type compression rings 
(of which the topmost is chromium-plated), one keystone-type 
oil-scraper ring above the piston pin, and two straight-sided 
oil-control rings, one above and one below the pin. Piston 
crowns are formed with oo-shaped depressions in them. When 
ignition occurs in the turbulence chamber, the blow-off from 
that chamber enters the depression through a radial channel, 
is split in two, and forms two distinct, oppositely directed 
swirls in the combustion chamber. 

The pistons are oil-cooled. A nozzle secured into the top 
of the connecting rod throws a stream of oil from the lubri¬ 
cating system against the piston crown. Most of this is 
caught in an oil chamber formed in the top of the piston by 
an integral inner flange and a flanged ring secured thereto, 
the latter acting as a dam. The oil pump, which is of sufficient 
size to njeet both the lubricating and cooling requirements, is 
mounted on the outside of the crankcase and is shown at the 
right in the sectional view. An oil cooler, shown to the left 
of the cylinder, is standard equipment on this model. 

The crankshaft is carried in seven main bearings of 4 ^4-in. 
diameter. Bolted-on-type counterweights are provided for 
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Fia. 11.—Cboss Section or Waukesha Enoine. 
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high-speed applications. Main journals and crankpins are 
surface-hardened. Caps of the connecting rods are secured 
to the rods by four heat-treated bolts each. The high-speed 
model usually is furnished with electric starting equipment, 
comprising a 12-volt generator, a 24-volt starting motor, glow 
plugs, electric intake heaters, and series-parallel controls. 
Batteries used with this equipment are connected in parallel 
for charging and in series for starting. For the moderate- 
speed industrial model a four-cylinder gasoline starting en¬ 
gine is available. With this the inlet manifold of the Diesel 
is heated by the exhaust from the gasoline engine before 
starting. This installation includes an automatic pinion shift 

Fid. 12.—Cylinder and Cylinder Head of Perkins Engine. 

and a manually operated clutch. No glow plugs and electric 
heaters are used with this starter. 

Perkins Engine—Pig. 12 is a partial cross section and Figs. 
13A and 13B are a longitudinal section of an engine with 
the Ricardo ^‘Cornet’' head, manufactured by P. Perkins, 
Ltd., of Peterborough, England. 

The sixrcyUnder engine has a bore of 3.5 and a stroke of 
5 in. (288.5 cu in. displacement), and is rated 85 hp at 2600 
rpm, the governed speed. This corresponds to a bmep of 
90 psi. The maximum torque of 193 lb«ft is developed at 
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Fra. 13A.—Longitudinal Section of Perkins Engine, Forward Half. 



Fia. 13B.—Longitudinal Section of Perkins Engine, Rear Half. 
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1500 rpm. Complete with flywheel, bell housing, starting 
motor and fuel pump the engine weighs 712 lb. Its compres¬ 
sion ratio is 15.8. The cylinder block and crankcase top-half 
are cast of chrome-alloy east iron, with full-length water 
jackets. Cylinder walls are made sufficiently heavy to permit 
of fitting dry liners when reconditioning becomes necessary. 
The crankshaft is a drop forging of niekel-chromium-molyb- 
denum steel and is electrically hardened. The oil sump, valve 
cover and valve-gear cover plate are steel pressings. 

There are seven bearings on the crankshaft, 2% in. in 
diameter, while crankpins are of 2y4-ir). diameter. Those 
halves of both sets of bearings which take the load due to the 
gas pressure are lined with copper-lead, while the remaining 
halves are lined with babbitt. The camshaft, which is located 
in a trough extending lengthwise of the cylinder block near 
its top, is driven through a triple-strand roller chain, and it 
actuates the valves through short tappet rods and rocker 
levers. Inlet and exhaust-valve ports are of 1^%2 1%6- 
in. diameter, respectively. The engine is governed by means 
of a pneumatic governor. 

An unusual system of crankcase ventilation is employed. 
Pipe connections are made at opposite sides of the throttle 
in the inlet passage, at points between which there is normally 
a pressure difference of y^^in. water column. This pressure 
difference is made use of to force a considerable proportion 
of the incoming (filtered) air through the crankcase and the 
valve chamber. 



CHAPTER XI 

Auxiliary-Chamber Engines 

An auxiliary-chamber engine may be defined as one in 
which part of the compression space is in a chamber separated 
from the space directly above the piston by a throat or re¬ 
stricted channel, and in which the fuel nozzle is located out¬ 
side of this chamber. This distinguishes it from the precom¬ 
bustion-chamber and turbulence-chamber types, in which also 
part of the compression space is separated from the space 
above the piston, but the nozzle is located in the separated 
chamber, so that all of the fuel injected must pass through 
the latter. Sponsors of some of the engines coming under 
the above definition have referred to them as air-chamber 
engines, while others call theirs energy-cell engines. 

In the original engine of this type the auxiliary chamber 
was comparatively large, comprising approximately 70 per 
cent of the total compression volume. It was known as an 
air-chamber engine, and combustion was supposed to take 
place in the throat separating the chamber from the cylinder, 
where the fuel spray was believed to meet air rushing out of 
the chamber during the early part of the expansion stroke. 
If this theory is correct, the outflow from the chamber is 
due solely to the piston motion, which creates a pressure 
difference between the chamber and the cylinder. 

Energy-Cell Engine—In the energy-cell engine the sepa¬ 
rated chamber is much smaller, comprising from 10 to 18 per 
cent of the total clearance space. The fuel nozzle is directed 
at the inlet to the chamber, and since injection begins before 
the compression stroke is completed, a certain amount of fuel 
is carried along with the air flowing into the energy cell and 
apparently forms a good combustible mixture therein. Igni¬ 
tion starts in the space between the tip of the injection nozzle 
and the inlet to the energy cell, but is communicated to the 
cell, and combustion produces in the cell a pressure much 
higher than that in the combustion chamber, with the result 
that gases of combustion are blown from the cell with great 
force. The energy of this gaseous jet is taken advantage of 
to create a swirling motion in the combustion chamber, 
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Returning to the air-chamber type, it is rather obvious that 
if a large part of the total air charge is in the air chamber at 
the beginning of the expansion stroke, and enlargement of 
the combustion chamber by the downward movement of the 
piston is depended upon to draw that air into the throat, 
where the combustion is supposed to take place, much of the 
fuel will be burned rather late in the power stroke. Under 
these conditions it would be impossible to efficiently convert 
the heat energy of the fuel into mechanical energy, and that 
may explain why air-chamber engines are no longer being 
produced, at least not on a large scale. These engines, how¬ 

ever, played a rather prominent role in the early history of the 
high-speed Diesel, and a brief account of their development 
may be of interest. 

Aero Engine—The first representative of the air-chamber 
type was the Aero engine, which was invented by Franz Lang 
of Munich, who for many years was connected with the Ma- 
schinenfabrik Augsburg-Niirnberg, the original manufacturer 
of Diesel engines. Lang assigned his American patents to the 
American Crude Oil Motors Corporation, organized in 1923, 
and the word ‘^Acro^^ was formed from the initials of the 
corporation to serve as a trade name. Some time later the 
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Aero Motor Company of Kiissnacht, Switzerland, was formed 
and took over all European rights under the Lang patents. 
In 1925 this company came under the control of the Robert 
Bosch Company of Stuttgart, Germany. 

The Aero engine had the auxiliary chamber either in the 
cylinder head or in the piston. Fig. 1 shows the combustion 
chamber of an Aero engine with the auxiliary chamber in the 
cylinder head. The compression space is divided into three 
parts, one being in the auxiliary chamber, the second in the 
venturi-shaped throat connecting it with the cylinder, and the 
third in the cylinder. This latter part is constituted prin¬ 
cipally by the shallow space between the cylinder head and 
the piston when the latter is at the end of its up-stroke. The 
injection nozzle is so located that it sprays directly into the 
venturi throat. 

Air stored in the auxiliary chamber was supposed to start 
flowing from that chamber into the cylinder at the beginning 
of the expansion stroke, at a time when fuel was being sprayed 
into the throat in the opposite direction, and from this coun¬ 
terflow a thorough intermingling of fuel and air was expected. 
However, in a high-speed engine, in order to ensure efficient 
combustion, all or nearly all of the fuel must be injected 
before the beginning of the down-stroke, or before the outflow 
from the chamber can begin, and the conditions for fuel dis¬ 
tribution in the air charge therefore are not as favorable as 
would seem to be the case at first sight. 

The Robert Bosch Company, as manufacturer of ignition 
equipment for gasoline engines and injection equipment for 
Diesels, had close connections with engine manufacturers 
throughout Europe, and quite a number of British and Con¬ 
tinental firms undertook the manufacture of engines under the 
Aero patents, some of them placing the air chamber on the 
cylinder head, others in the engine piston. However, all of 
these licensees later abandoned the system. 

M.A.N. Air-Chamber Engine—A rather different type of 
air-chamber combustion head was developed by the Maschinen- 
fabrik Augsburg-Niirnberg (M.A.N.) and is illustrated in 
Fig. 2. The piston is slightly dished, and its outer portion 
comes close to the cylinder head at the end of the compression 
stroke. The major portion of the combustion chamber is in 
the cylinder head; it is of substantially conical form and the 
injection valve is located at the outer, small end, hence the 
spray cone conforms substantially to the form of the combus¬ 
tion chamber. One reason for locating the combustion cham¬ 
ber toward one side of the cylinder is that it permits of the use 
of larger valves, as required for high-speed operation. It 
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will be seen that the auxiliary chamber is located alongside 
the combustion chamber and discharges through three orifices, 
the air escaping from these orifices mingling with the rich 
mixture formed in the combustion chamber. Tt is claimed 
that the substantially horizontal discharge of the auxiliary 
chamber creates a certain amount of turbulence in the com¬ 
bustion chamber, which assures clean combustion up to maxi¬ 
mum load. 

Air-chamber type truck engines were successfully pro¬ 
duced by M.A.N. over a considerable span of years, and this 
combustion system was adopted for the German standard 
Army truck in the thirties and used throughout World War 
II. However, after the war the firm switched to the direct- 
injection type with spherical combustion chamber in the pis¬ 
ton, described and illustrated in Chapter IX, on account of 
its higher fuel economy. This was the second change in com¬ 
bustion systems by M.A.N., which began the manufacture of 
truck-type Diesel engines in 1923 and originally produced an 
engine with direct injection into a combustion chamber of flat- 
cylindrical type, through two horizontal, oppositely located 
open injectors. 

Lanova Energy-Cell Engine—Franz Lang, wl^o originated 
the Aero combustion head for Diesel engines, some years later 
took out patents on another design, to which he applied the 
name Lanova. The original development work was done in 
Switzerland, and licenses under Lanova patents were issued 
in different countries. In this country further development 
of the combustion system and its commercial exploitation 
were undertaken by Lanova Corporation of Long Island City, 
N. Y. Diesel engines under Lanova license are being manufac¬ 
tured by Buda, Continental, Mack, Waukesha, and Fairbanks- 
Morse. Kohler, Chrysler (Dodge), Electric Boat, and Nord- 
berg also are licensees, but are inactive at the time of this 
writing. 

Vertical and horizontal sections of the Lanova double-lobe 
combustion head are shown in Fig. 3. The greater part of the 
compression space is in the cylinder head and is open to the 
cylinder. In horizontal section it has the approximate shape 
of a figure 8. Inlet and exhaust valves are located directly 
above this chamber. To one side of the main combustion cham¬ 
ber there is a small auxiliary chamber or energy cell, and 
directly opposite the latter is located the injection nozzle. The 
energy cell is divided into two compartments by a throat, the 
compartment nearest the inlet being the smaller one. 

Action of Energy Cell—The spray from the nozzle passes 
through the main combustion chamber, and some of the fuel 
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enters the energy cell with the air flowing into it during the 
latter part of the compression stroke. Ignition takes place 
somewhere between the nozzle tip and the inlet to the energy 
cell, because there the air is at the greatest distance from 
cooling walls and therefore reaches the highest temperature. 
But combustion is quickly communicated to the energy cell. 
In the design of the combustion chamber and the injection 
system the aim is to so arrange matters that the contents of 

COMBUST/OA/ 

the energy cell at the moment of ignition will be a combustible 
mixture of the proper proportion for complete combustion. 
When s^ch a mixture, at from 14 to 15 times atmospheric 
density, is ignited, a very high pressure is generated, and 
although the charge in the combustion chamber is ignited in 
advance of that in the energy cell, the pressure rise is less 
rapid in the former, on account of the greater local richness 
of the charge there. Consequently, an excess pressure is pro- 
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duced in the energy cell, and this causes the products of com¬ 
bustion to be discharged with great force from the energy cell 
into the combustion chamber. The gaseous jet issuing from 
the energy cell is split and deflected by the “nose’’ of the 
nozzle tip, and this results in energetic swirls in the lobes of 
the combustion chamber. These air swirls, of course, are 
helpful in distributing the remainder of the fuel charge 
through the air in the combustion chamber. 

Fia. 3,—Lanova Energy-Cell, Dual-Lobe Combustion Head. 

Two-Oompartment Design of Energy Cell—It can be seen 
from the drawing that the energy cell is divided into two 
compartments, which communicate with each other through a 
small passage or throat. A cell of somewhat similar shape 
was used in the original Lanova engine, in which the outer 
compartment could be shut off by means of a valve, for the 



AIJXILIAKY-CIIAMHER ENGINES 281 

purpose of increasing the compression ratio for starting. 
When this starting aid was later abandoned and a single¬ 
compartment cell was tried, it was found that the inlet or 
throat of the cell corroded rapidly. With a single-compart¬ 
ment cell, the mixture in the cell at the time of ignition evi¬ 
dently is much leaner than the mixture in the compartment 
nearest the inlet of the double-compartment cell, and it is 
understandable that with the double-compartment energy cell 
the blow-off* gases may be neutral and even reducing, whereas 

Fig. 4.—Lanova Single-Lobe Combustion Head. 

with the single-compartment cell they evidently were oxidiz¬ 
ing. It also appears reasonable to suppose that with the 
double-compartment cell the blow-off occurs earlier and pro¬ 
duces air swirl in the combustion chamber at a time when it 
is of more benefit. 

Single-Lobe Combustion Chamber—After the double-lobe 
construction described in the foregoing had been in use for 
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some years, a simpler design, known as the single-lobe cham¬ 
ber, was developed. Engines employing the single-lobe com¬ 
bustion chamber are cheaper to produce and are said to have 
a somewhat higher thermal efficiency, and Lanova licensees are 
gradually turning to the single-lobe construction. This type 
of combustion head is illustrated in Figs. 4 and 5. With this 
design there is less machine work on the cylinder heacf, and, 
besides, there is no need for the small displacers on the piston 
crown, which with the double-lobe type are needed to reduce 
the combustion chamber to the re(iuired volume. In most 

Fig. 5.—Ajsother View of the Lanov.\ Single-Lobe Combustion Head. 

Lanova engines the exhaust valve is located at the top of the 
cylindrical combustion chamber, while the inlet valve is nearly 
flush with the bottom of the head. The reason for placing 
the exhaust valve in the combustion chamber, rather than the 
inlet valve, is that it is of smaller diameter and gives a more 
favorable form to the chamber. In the chamber shown in the 
drawings the energy cell and the nozzle are in the same ver¬ 
tical plane through the cylinder head, but the cell may be 
offset slightly toward the center of the cylinder. The energy 
cell is so located that it discharges tangentially into the com¬ 
bustion chamber, while the injection nozzle is aimed at the 
discharge orifice of the cell. With this design, too, combus- 
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tion starts in the main chamber and is communicated to the 
energy cell, and the resulting blow-off sets up a swirling motion, 
breaks up the spray, and carries fuel to all parts of the 
chamber. 

Advantages of the Lanova Combustion System—Among 
the advantages claimed for the Lanova system are the follow¬ 
ing: Owing to the manner in which combustion is initiated, 
the rate of pressure rise and the maximum combustion pres¬ 
sure are relatively low, and the engines therefore are not 
harsh in operation. Maximum pressures usually are below 
850 psi, though they may rise to 900 psi in small engines at 
the speed of maximum torque. The strong turbulence created 
by the blow-off from the energy cell ensures efficient combus¬ 
tion, and the fuel consumption is relatively low. Curves 
said to represent average performance of Lanova medium-size 
truck engines at up to 2500 rpm show a minimum specific fuel 
consumption of 0.42 lb per bhp-hr, and a consumption of about 
0.48 lb at full load; this together with a bmep dropping from 
a maximum of 108 psi to 90 psi at full load. 

Self-cleaning pintle nozzles are generally used in Lanova 
engines, and are set to open at between 1700 and 2000 psi. 

Tests of Energy-Cell Engine—When the Lanova combus¬ 
tion process was first made available to the Diesel-engine in¬ 
dustry, comprehensive tests were made on a six-cylinder truck 
engine of 4.53-in. bore by 6.70-in. stroke by Dr. A. Loschge of 
Munich. Pressure-time diagrams were taken with a Farnboro 
electric indicator from both the pressure cell and the combus¬ 
tion chamber, without fuel injection and also when the engine 
was idling and operating under different loads. Fig. 6 shows 
two such diagrams from the two chambers superposed, these 
having been taken when the engine developed a bmep of 85 
psi. 

It will be seen that throughout the compression stroke 
the pressure is lower in the energy cell than in the combus¬ 
tion chamber. In crossing the dead-center line, both pressure 
lines are upwardly inclined, which indicates that combustion 
has already begun, but the rate of pressure rise is still rela¬ 
tively slow. About 5° past top center there occurs a very 
rapid rise in the energy cell, to a peak pressure of nearly 
1200 psi. A similarly rapid rise in pressure starts in the 
combustion chamber about 5° later, but there the pressure 
increase is much smaller, the maximum value attained being* 
only about 630 psi. In the energy cell, after the pressure 
has attained its peak value, it drops again very rapidly, which 
is no doubt due to the rapid blowing-off effect, and for a brief 
space of time this pressure drops below that in the combus- 
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tion chamber, which must induce a reverse flow. The great 
excess of pressure in the energy cell during the early part 
of the expansion stroke must result in a violent swirl in the 
combustion chamber. 

Combustion Characteristics of Energy-Cell Engine—A 
series of tests on two Lanova engines was run at Munich by 
Dr. S. J. Davies of London. In Fig. 7 the author has plotted 
some of the results obtained by Dr. Davies from a four-cyl¬ 
inder 4.72 by 7.09-in. engine at 1400 rpm, on a basis of bmep. 
At this speed the engine developed a maximum bmep of 94.6 

Fig. 6.—Pressure-Time Curves from Energy Cell and Combustion 
Chamber of Lanova Engine. 

psi. To those familiar with gasoline-engine exhaust tempera¬ 
tures, the temperatures of the exhaust from this engine will 
seem very low. The specific fuel consumption at this speed 
reached a minimum value of 0.42 lb per hp-hr. In determin¬ 
ing the volumetric efficiency, a correction was made to account 
for the fact that Munich has considerable altitude, and the 
atmospheric pressure at the time of the tests was only 13.8 
psi. Another factor determined that is not covered in the 
chart was the degree of air utilization; in other words, the 
ratio of the amount of air theoretically required to combine 
with the fuel consumed, to the amount of air actually taken 
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in by the engine. This factor naturally varies with the load, 
and for maximum load it attained a value of 0.808. It is more 
common in Diesel practice to express this relationship in the 
form of an excess-air factor, and an air-utilization coelScient 
of 0.808 corresponds to an excess-air factor of 1.24. 

Referring to Fig. 7, the scale marked Vol. EfRciency, Per 
Cent'^ is really a scale of relative charge density. The volu¬ 
metric efficiency, as now generally defined, does not vary with 
the density of the atmosphere, but the mass of charge taken 

Fig. 7.—Test Results from Lanova Engine (Davies). 

in by the engine does, being proportional to the product of 
the volumetric efficiency and the relative atmospheric density. 

Mack Engine—Mack Motor Truck Corporation since 1938 
has been manufacturing Diesel engines embodying the energy¬ 
cell combustion principle. These engines are fitted into trucks, 
and a l^rge number of Diesel-engined trucks were delivered 
to the armed services during World War II. A cross section 
of the END-672 truck engine is shown in Fig. 8. With a bore 
of 4% and a stroke of 6 in., the six-cylinder engine has a pis¬ 
ton displacement of 672 cu in. and is rated 165 bhp at 2000 
rpm. 



Fig. 8.—Cross Section of Mack-Lanova Engine 
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The cylinder block is cast of nickel-chromium semi-steel, 
in a single block that forms a compact unit of great vertical 
stiffness. Cylinder heads are cast in two interchangeable 
blocks of three, and are held to the cylinder block by 32 studs. 
The cylinders are provided with “dry” liners of nickel- 
chromium semi-steel. Asbestos-copper gaskets are interposed 
between the cylinder heads and the block. 

Both intake and exhaust valves have 45-degree seats. The 
exhaust valves seat on Niferite inserts that are copper-plated 
and provided with Stellite facings. Valve covers are of 
pressed steel, and to make it unnecessaiy to exert great pres¬ 
sure on the covers to prevent oil leakage from the compart¬ 
ments, the cylinder heads arc recessed so that the oil in the 
compartments never reaches the gasket level. There are seven 
main bearings on the crankshaft, of 4-in. diameter, while crank- 
pin bearings are of 3-in. diameter. All bearing surfaces are 
case-hardened. 

Pistons are of aluminum alloy, of the cam-ground, T-slot 
type, which permits of a relatively close cold clearance. Piston 
pins are lubricated with oil scraped off the cylinder wall, 
that gets to them through drain holes in the piston. The 
camshaft and accessories are driven through a train of four 
gears. These gears are made from drop-forged steel blanks, 
which are cut with helical teeth that are ground in generat¬ 
ing machines. The equipment of the engine includes Bosch 
injection units, a coolant-temperature-control valve with by¬ 
pass, an oil-temperature regulator, an oil filter, and a crank¬ 
case ventilator with an air filter on the inlet. 



CHAPTER Xn 

Two-Stroke Engines 

The operating cycle of the two-stroke engine was described 
in Chapter I. It was there explained that, since in this en¬ 
gine there is no separate exhaust stroke, the burnt gases must 
be blown out with a scavenging medium. In carburetor-type 
two-stroke engines combustible mixture serves as a scaveng¬ 
ing medium. Some of this mixture escapes through the ex¬ 
haust ports with the burnt gases, with the result that the 
specific fuel consumption is relatively high. Carburetor-type 
two-stroke engines therefore are used only in services where 
the number of hours of operation per year is small and the 
investment in the engine must be kept to a minimum. In 
designing a carburetor-type two-stroke engine, the aim always 
is to provide such porting that practically all of the burnt 
gases will be swept from the engine with a minimum loss of 
combustible mixture. In a Diesel two-stroke engine, on the 
contrary, a considerable amount of fresh air often is pur¬ 
posely blown through the engine during the scavenging pe¬ 
riod, because of its cooling effect on the piston and the com¬ 
bustion-chamber walls. 

Crankcase Scavengi^—The simplest type of two-stroke 
engine, and the one which has been most widely used as a 
carburetor engine, is that employing the crankcase as a 
scavenging pump. Crankcase scavenging can be used also for 
Diesel two-stroke engines, and such engines have been used to 
a certain extent in the past for industrial locomotives, for 
driving electric generators, oil-drilling rigs, pumps, etc. But 
the bmep obtainable with crankcase scavenging is only about 
one-half that of the average four-stroke Diesel engine, and 
where high weight efficiency is required, crankcase scaveng¬ 
ing is impractical. 

Fig. 1 is a cross section of a two-stroke Diesel engine with 
crankcas^ scavenging. During the up-stroke of the piston air 
is admitted to the crankcase through a check valve fitted 
over a large opening east in its side (the right side in the 
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drawing). This air is compressed in the crankcase during 
the down-stroke, and when the piston is at the bottom of the 
stroke, as shown in the drawing, the air-inlet valve is closed 
and there is an over-pressure in the crankcase. Since both 

Fig. 1.—Cross Section of Crankcase-Scavenged Two-Stroke Engine. 

the transfer ports and the exhaust ports are now fully un¬ 
covered by the piston, air flows from the crankcase through 
the transfer passage into the cylinder. Upon en#iing the 
cylinder at its lower end, the current of air is directed up- 



290 TWO-STROKE ENGINES 

ward by a reduced upward extension of the piston, now 
directly opposite the ports. While air is thus entering the 
cylinder through ports on the right, the burnt gases escape 
from it through ports at the left, as indicated by the arrows. 

Advantages of Two-Stroke Cycle—Certain advantages of 
the two-stroke cycle for Diesel engines have long been recog¬ 
nized, and whereas in the gasoline-engine field the two-stroke 
engine is almost extinct, except for small sizes or where periods 
of use are short and separated by long intervals, two-stroke 
Diesel engines have been extensively used in large sizes, espe¬ 
cially in marine work. In 1941 a listing of American manu¬ 
facturers showed 34 to be producing four-stroke and 14 two- 
stroke engines. It is true that in the field of high-speed engines 
the number of manufacturers of the four-stroke type pre¬ 
dominates greatly, but that may be due to the fact that most 
of these manufacturers were producing gasoline engines of the 
four-stroke type before entering the Diesel field, and therefore 
were more familiar with that type. 

A definite advantage of the two-stroke engine is that prac¬ 
tically the same degree of torque uniformity can be obtained 
with half the number of cylinders as in a four-stroke engine. 
If the engine had only half the number of cylindea*s, only one- 
half the number of injection units—pump elements and in¬ 
jectors—would be needed, and that would materially reduce 
the cost of the injection equipment. In practice, however, 
this advantage is not fully realized, for most truck and bus 
engines of between 100 and 200 hp have six cylinders, whether 
they operate on the two-stroke or four-stroke cycle, and the 
mean number of cylinders of American railroad two-stroke 
Diesel engines is only 15 per cent less than that of the four- 
stroke engines.* However, as there are nearly twice as many 
power strokes in the two-stroke engine in unit time, its torque 
curve must be smoother. 

Two-stroke engines of the high-speed type develop prac¬ 
tically the same maximum bmeps as equivalent unsuper¬ 
charged four-stroke engines, and at practically the same rpm, 
hence their output per unit of displacement is about twice as 
great. The weight per horse power is considerably less for the 
two-stroke, even though the latter must be provided with a 
blower. The blower usually is so designed that it delivers 
nearly 50 per cent more air per cycle than the cylinder could 
draw in by natural induction, but most of the excess air deliv- 

♦ Shortly after this was written GMC Truck and Coach Division an¬ 
nounced a line of light trucks equipped with the three-cylinder Type 
71 GM two-stroke engine. 
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ered is blown through the cylinders to produce an internal 
cooling effect, and is not used to supercharge the engine. The 
cylinders, however, are completely scavenged, and if they are 
filled to atmospheric pressure at the moment the inlet ports 
close, they contain more air than the cylinders of an equivalent 
four-stroke engine with atmospheric induction. This greater 
air charge seems to just about compensate for the losses result¬ 
ing from earlier opening of the exhaust port in the two-stroke 
and from power absorbed by the blower, so that the bmeps are 
substantially the same in both engine types. 

Jacket Losses—Owing to the fact that the time for heat 
transfer to the water jacket is shorter in the two-stroke engine, 
and also because an engine equipped with a blower is in¬ 
ternally cooled, the jacket losses bear a smaller proportion to 
the engine output than in the four-stroke type. Experimental 
data from a four-stroke and a two-stroke engine, both of 140- 
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Fig. 2.—Rates of Heat Transfer to Water Jacket in Two- and Four- 

Stroke Engines. 

hp rating, are plotted in Pig. 2, which shows that the tempera¬ 
ture of the jacket water rose nearly twice as fast in the four- 
stroke as in the two-stroke. 

With some types of two-stroke engine, such as the Junkers, 
in which the combustion takes place between two opposing 
pistons, only a small portion of the combustion-chamber wall 
area is in direct contact with water at the beginning of the 
power ^stroke. Most of the wall area is made up by the two 
piston heads, which are at a much higher temperature than 
the water-cooled cylinder wall, and the rate of heat absorption 
per unit of area is materially lower for the piston head than 
for the cylinder wall. This, of course, is not a direct result of 
the use of the two-stroke cycle, but rather a result of the par- 
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ticular design. In the conventional engine a large part of the 
heat carried of£ by the jacket water enters the jacket through 
the cylinder head, which is in contact with the burning gases 
longest. 

Where the exhaust is through piston-controlled ports, a 
slight reduction in the jacket losses might be expected also 
from the fact that such ports usually open more rapidly than 
cam-actuated poppet valves. In any case, in the two-stroke 
engine the exhaust is completed some 50 to 60 deg past bottom 
dead center, whereas in a four-stroke engine it continues for 
substantially 180 deg past that point. 

Heat Stresses—From the foregoing it must not be inferred 
that cooling problems are less troublesome in the two-stroke 
engine, for the exact opposite is the case. In any engine, the 
maximum temperatures attained by such parts as piston head, 
valve head, etc., vary directly with the frequency at which 
combustion cycles follow one another, and since for the same 
speed there are twice as many combustion cycles per unit of 
time in a two-stroke engine, it can be readily understood that 
the parts directly exposed to the flame must attain materially 
higher temperatures. Many two-stroke engines, of course, 
have no poppet valves, but cooling of the piston hekds presents 
quite a problem, which is the more diflScult the greater the 
bore and the higher tlie speed of operation. 

If the exhaust takes place through ports uncovered by the 
pistons, during the exhaust period all of the hot gases sweep 
by the piston head at high velocity, in consequence of wliich 
the rate of heat absorption by the piston is much greater than 
in an equivalent four-stroke engine. Trouble is caused also 
by the fact that when the exhaust ports begin to open, the hot 
gases come in contact with the outside of the piston over a 
length which at the start is substantially equal to the depth 
of the ports. This tends to burn the oil in the ring grooves 
and to cause the rings to stick. Once the rings are “frozen’’ 
in their grooves, they can no longer perform tlieir pealing 
function efficiently, excessive blow-by occurs, and the piston 
is quite likely to be seriously injured, especially if it is a 
light-alloy piston. 

Piston Cooling—One way to keep down the piston tem¬ 
perature is to make the head of quite heavy section, so that 
the heat absorbed can flow off more readily. However, the 
most effective way is to cool the piston artificially, and some 
method of artificial cooling is quite essential in high-speed 
two-stroke engines of large bore. Such cooling can be effected 
by throwing a jet of lubricating oil against the under surface 
of the piston head; by forming a closed chamber under the 
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piston head and circulating oil through it by means of slid¬ 
ing connections with stationary pipes, or by carrying some of 
the heat from the head to the lower part of the skirt by a 
method similar to that employed in sodium-cooled valves; 
that is, filling cavities formed in the piston about half full 
with metallic sodium, which melts at the operating tempera¬ 
ture and then conveys heat from the hot crown to the cooler 
skirt. 

It is most important to protect the top piston ring against 
excessive temperatures, so as to prevent the oil in its groove 
from coking and ‘‘freezing’' the ring. To this end a wide 
land may be provided above the top ring and the section at 
this land made thin, so it will act as a heat dam. 

Types of Scavenging Pumps—In a two-stroke engine with 
crankcase precompression, which is the oldest type, the dis¬ 
placement of the scavenging pump is, of course, exactly the 
same as that of the working cylinder, since both displacements 
are effected by the same piston or pistons. Owing to the fact 
that there is always a certain loss of scavenging medium 
through the exhaust ports, and also because the clearance 
volume in the crankcase is large, the amount of charge re¬ 
ceived by the working cylinder per cycle is less than a similar 
cylinder would draw in under equivalent conditions of speed, 
port-timing, etc., when working on the four-stroke cycle. This 
is reflected by the lower bmep of two-stroke engines as com¬ 
pared with four-stroke engines of the same general design. 
For instance, the crankcase-scavenged engine shown in Fig. 1 
developed a bmep of only 40.4 psi at its rated speed, whereas 
four-stroke engines develop from 70 to 100 psi at their speeds 
of maximum output. 

Crankcase precompression for scavenging purposes is gen¬ 
erally recognized as unsuitable for use where light weight or 
high specific output is desirable, and in such cases separate 
scavenging pumps are always used. There is a choice of at 
least five types of pumps, viz., the piston type, the Roots- 
blower type, the axial-flow positive-displacement type, the 
vane type, and the centrifugal type. The latter, however, 
is not well suited to bus and truck engines, as it raises the 
high-speed torque of the engine more than its low-speed torque, 
causing the torque to increase with the speed through prac¬ 
tically ^the whole operating range, which deprives the engine 
of all ‘‘lugging” power. A number of the earlier two-stroke 
Diesel engines were provided with piston-type scavenging 
pumps, probably because the designers were most familiar 
with that type. At present the Roots type of blower is in most 
extensive use in this country, while abroad the vane type has 
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a certain vogue. Centrifugal blowers can be used to advan¬ 
tage where the torque load decreases rapidly with the speed 
(propeller load). 

Roots Blower—Blowers in which the motion of the parts 
is purely rotary naturally offer advantages, and considerable 
use has been made of what is known as the Roots blower (orig¬ 
inated many years ago for industrial purposes by the Roots- 
Connersville Corporation, Connersville, Ind.). It is essen¬ 
tially a gear pump, two ''rotors” with either two, three or 
four lobes each being enclosed in a suitable housing. As 
shown in Fig. 3, which represents a Roots blower with two- 
lobed rotors, the inlet is located centrally on one side and the 
outlet on the opposite side of the housing, the air being 
carried around from the inlet to the outlet side in the spaces 

Fig. 3.—Transverse Section through Roots Blower. 

between the lobes and the housing. The rotors are so de¬ 
signed that they do not come in contact with each other or 
with the housing, but the clearances are made as small as 
manufacturing and operating conditions permit. They are 
usually of the order of 0.004-0.006 in. Leakage through the 
clearances tends to reduce the volumetric eflSciency at low 
speeds. However, owing to the resistance to air flow of the 
air cleaner and inlet pipe, the density of the air in the spaces 
between the rotors and the housing decreases as the speed in¬ 
creases, and this has a preponderating effect on the volumetric 
efficiency. F. G. Shoemaker has shown that the volumetric 
efficiency of the tri-lobed blower on the General Motors Type 
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71 engine decreases from slightly over 85 per cent at 500 rpni 
engine speed (970 rpm blower speed) to 83 per cent at 2000 
rpm engine speed. 

One of the two rotors receives the drive directly. Since 
there must be no contact between rotors, it is impossible to 
transmit the drive to the second rotor through the lobes or 
teeth, as is done in a gear pump, and the shafts of the two 
rotors must be placed in driving connection by means of gears, 
which are enclosed in a separate housing at one end. It is 
essential that the two rotors should be accurately spaced 
angularly; that is to say, in a blower with two-lobed rotors, 
they should be accurately at right angles to each other. To 
facilitate fine adjustments of the angular relation, the gears 
may be secured to the shafts by splines, and the number of 
teeth in the gears and the number of splines be vso chosen 
that a vernier adjustment is possible. For instance, if there 
are twelve splines, and each of the gears has, say, 25 teeth, 
then moving one gear around two teeth relative to its mate 
moves one of the shafts through an angle of (2 X 360)/25 = 
28.8°, and by then moving the rotor one spline on the shaft, 
it is turned through an angle of 360/12 = 30° in the opposite 
direction, so that an adjustment of 30 — 28.8 = 1.2° is ob¬ 
tained. Still finer adjustments may be had with larger num¬ 
bers of teeth and splines. 

Form of Rotor Lobes—The lobes of the rotors are made of 
epicyeloidal form. That is to say, the outline of the lobe is 
generated by a point in the circumference of a generating 
circle rolling on the pitch circle. Since the two rotors have 
the same number of lobes, the radius of the pitch circle is 
equal to one-half the center distance between rotors, and for 
two-lobed rotors the radius of the generating circle is made 
equal to one-quarter the radius of the pitch circle. To reduce 
the inertia of the rotors, the lobes must be made hollow. This 
reduces their resistance to deformation under centrifugal 
force, and to stiffen them they may be ribbed internally, or, 
alternately, circular discs may be welded into the ends of the 
openings in the lobes. Owing to the fact that the load on the 
rotors is a pulsating one, there is a tendency for the gear teeth 
to wear, and when the teeth are worn the rotors are likely to 
come in contact, which always causes abnormal noise. The 
volumel^ric efficiency usually decreases somewhat with length 
of service. Small blowers cannot be made quite as efficient as 
larger ones, owing to the fact that the clearance cannot be 
reduced in direct proportion to the linear dimensions. One 
disadvantage of early Roots blowers was that they were usually 
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very noisy in operation. The noise can be reduced by using 
rotors with a larger number of lobes than two, using rotors 
with helical lobes together with ports whose lengthwise edges 
are parallel to the rotor axis or, alternately, rotors with 
straight lobes together with j)orts whose edges are inclined 
to the rotor axes. 

Characteristics of Blower—The power consumed by a 
blower when ('ompressing 1000 eu ft of free air per minute 

Fig. 4.—Performance Curves of G.M. Roots-Type Blower. 

from normal atmospheric pressure of 14.7 psi to an absolute 
pressure p psi is given by the equation 

P = 
221.5 

L\14.7/ J 1 Ihp, 

where r/ is the so-called adiabatic eiSciency, which usually is 
somewhere between 70 and 75 per cent. At other rates of 
delivery the power consumed is directly proportional. 

Performance curves of a three-lobed Roots-type blower 
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used on General Motors two-stroke six-cylinder engines of 
425.4 eu in. piston displacement are shown in Fig. 4. This 
blower turns at 1.94 times crankshaft speed, and its air de¬ 
livery at 2000 engine rpm is 943 cu ft per minute. It will 
be seen that the delivery pressure (scavenging pressure) 
varies substantially as the square, and the horse power con¬ 
sumed nearly as the cube of the speed. Since the ratio of 
engine piston displacement to blower displacement is con¬ 
stant, the curve of excess air in the chart may serve also as 

Fig. 5.—Sectional View of Hamilton-Whitfield Axial-Flow Blower. 

a curve of blower volumetric efficiency, which latter in this 
particular case is given by the expression 0.59 (100 per cent 
excess air). 

Asial-Flow Rotary Blower—In the Roots-type blower the 
air may be considered to flow circumferentially through the 
housing. It is possible also to so arrange two intermeshed 
rotors that they will displace air trapped in the tooth spaces 
or thread spaces axially. One such axial-flow blower is the 
Hamilton-Whitfield, which is being manufactured by the 
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General Machinery Corporation of Hamilton, Ohio. A sec¬ 
tion through the axes of the rotors is shown in Fig. 5. This 
blower has two helically threaded members mounted in ball 
bearings in a housing, with their threads intermeshed to 
form a continuous sealing line over the whole length of their 
engagement. The housing seals the perimetral edges of the 
rotors, and the only path through the blower is through the 
troughs of the threads. Inlet and outlet ports are located 
at opposite ends of the housing and communicate directly 
with the troughs in the threads. 

The larger or main rotor, which is driven directly, has 
two helical threads with a helical advance of about 180 deg 
over the length of the rotor. It meshes with a smaller rotor 
known as the gate, which has foui* helical threads with a 
helical advance of about 90 deg from one end of the rotor 
to the other. As in the case of helical gears, the threads of 
the intermeshing rotors are of opposite hand. Both rotor- 
thread forms are symmetrical and are generated. The sides 
of the threads on the main rotor are described by the con¬ 
tinuous edges of the helical threads of the gate rotor, while 
the troughs of the gate rotor are described by the edges of 
the crests of the helical threads on the main rotoi^. The two 
rotors are connected by a pair of 2:1 gears located in a sepa¬ 
rate compartment of the housing opposite the driving end. 

When the rotors are in motion, their threads intermesh to 
form pockets which advance axially from the inlet to the 
outlet end. If the direction of rotation is reversed, the flow 
is reversed, and the inlet becomes the delivery port. The 
blower ports are diagonally opposed on opposite sides of the 
plane through the rotor axes, and formed partly in the heads 
and partly in the side walls. The adiabatic efficiency of this 
blower is said to range between 70 and 76 per cent, and the 
volumetric efficiency between 88 and 92 per cent. 

Elliott-Lysholm Blower—^Another type of rotary blower, 
in which the air is transported diagonally by a pair of inter¬ 
meshing, helically lobed rotors, is the Elliott-Lysholm, which 
was invented by Alf Lysholm, chief engineer of the Ljung- 
strom Steam Turbine Company of Stockholm, Sweden, and 
is being manufactured in this country by Elliott Company, 
Jeanette, Pa. Two sectional views of the blower are shown 
in Fig. 6. The distinguishing feature of this device is in its 
action on each air charge after the latter is sealed off from 
the inlet and before it is brought into communication with 
the discharge. A charge is first trapped in the space bounded 
by the thread flanks, the casing and end walls. On the con- 
vex-lobed rotor the helices have a wrap of about 240 deg, 
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and a particular thread space is filled and sealed off from 
the inlet port at the very moment when a coacting lobe on the 
other rotor enters it at the opposite end. As rotation con¬ 
tinues, an axial seal is established which separates this charge 
from charges in succeeding thread spaces. The seal moves 

Fig. 6.—Two Sectional Views of Elliott-Ltsholm Axial-Flow 
i Blower. 

axially, and as a result the volume of the charge is reduced 
and the latter is compressed substantially adiabatically. 
When the leading lobe of the space passes the edge of the 
discharge port, the space begins to discharge. 
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Compressing the air adiabatically is claimed to be more 
efficient than compressing it at constant volume, as in a Roots 
blower, for instance. In the latter a charge of air at nearly 
atmospheric pressure is carried around from the inlet to the 
discharge side of the blower. When the leading lobe passes 
the edge of the discharge port, air from the discharge rushes 
back into the space between lobes, and fills it to discharge 
pressure. Thereafter the trailing lobe is subjected to dis¬ 
charge pressure on one side and to suction pressure oji the 
other, and it must be moved against this constant pressure 
difference. The pressure-volume diagram of its compression 
cycle is therefore a rectangle. In the Lysholm blower, on 
the other hand, the pressure of the air in the lobe spaces 

Pressure rci+io 
Fk,. 7—Efficiencies of Elliott-Ltbholm Blower. 

increases gradually as the volume of the sealed chamber de¬ 
creases, and at the moment the chamber is opened to the dis¬ 
charge, the pressure in it is slightly above that in the reservoir 
into which the blower delivers. The ratio of the work which 
must be done when air is compressed adiabatically to that 
which must be done when it is compressed by the constant- 
volume process varies from 1.00 for a pressure ratio of 1.00 
to 0.80 for a pressure ratio of 1.8 in a substantially straight- 
line manner. Volumetric and adiabatic efficiencies of a 
Lysholm 1100 cfm compressor for different speeds and dif¬ 
ferent pressure ratios are shown in Pig. 7. 

Vane-Type Blowers—Another type of blower that can be 
used for supercharging is the vane type, of which the Zoller 
and the Centric are examples. The latter is illustrated in 
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longitudinal and transverse sections in Pigs. 8 and 9 respec¬ 
tively. Each of the four vanes is separately hinged on a cen¬ 
tral spindle by means of ball bearings. The vanes rotate 
at speeds of up to 5000 rpm, but as they are individually 
counterweighted there is little load on the ball bearings. Very 
small clearances are maintained between the vanes and the 
housing, and the volumetric efficiency is said to be well main¬ 
tained at low speeds. 

The vanes are driven against the pressure head through 
the displacement drum, which is mounted eccentric to the 
housing and spindle. Tiie drum, which is mounted on its own 
ball bearings, drives the vanes through trunnion blocks and 
is in turn driven from the central spindle through a pair of 
internal and external gears. This arrangement has the ad¬ 

vantage of affording a ‘‘through drive,but it reduces the 
effective speed to two-thirds that of the driving shaft. The 
trunnion blocks, which are slotted, cylindrical rods of Pabroil, 
drive the vanes and permit of a limited amount of rocking or 
wobble, and seal the working space from the central com¬ 
partment. 

Owing to the fluctuations of the rates of displacement of 
the engfine pistons and the blower rotors or vanes, these blow¬ 
ers cannot be connected directly to the inlet ports of the en¬ 
gines, but must deliver into an air-storage chamber, which 
latter communicates with the inlet ports of all cylinders. 

Blowers are discussed further in the chapter on Super¬ 
charging. 
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The Scavenging Process—In the two-stroke engine the 
bmep is reduced somewhat by the fact that the exhaust ports 
(or valves) begin to open when between 30 and 35 per cent 
of the ‘‘in” stroke of the power piston is still to be com¬ 
pleted, and the pressure in the cylinder then drops rapidly, 
jbecause of the rapid increase in the port-opening area. In 
the conventional crankcase-scavenged two-stroke engine both 
the inlet and the exhaust ports are located at the bottom end 
of the cylinder, the top edge of the exhaust ports being some¬ 
what higher than the top edge of the inlet ports, so that the 
exhaust will open some time before the inlet opens, during 
which time the pressure of the burnt gases in the cylinder 
drops to that of the scavenging air. Most of the remaining 
burnt gases are swept out by the scavenging air. Since the 
inlet and exhaust ports are located on opposite sides of the 
cylinder, to prevent the incoming scavenging air from passing 
right across from the inlet to the exhaust ports, it is common 
practice in low-compression (carburetor-type) two-stroke en¬ 
gines to provide a deflector on the piston head directly op¬ 
posite the transfer ports. In a high-compression engine witli 
its shallow compression space there is not enough room for 
such a deflector, and a similar effect is then obtained by pro¬ 
viding channels in the piston opposite the ports, as in Fig. 1. 
The current of air entering the transfer port is supposed to 
be directed upward by the deflector or its equivalent, and 
upon striking the cylinder head, to be turned back toward 
the exhaust ports, sweeping the burnt gases before it. In 
practice, however, this scavenging action is far from being 
perfect, and there is always a tendency for the burnt gases 
to be trapped in the upper part of the cylinder, while the 
scavenging air takes a short cut from the inlet to the exhaust 
ports. For this reason the practice of placing the inlet and 
exhaust ports at opposite ends of the cylinder, which results 
in what is referred to as uniflow scavenging, has come into 
use in high-speed two-stroke Diesel engines. 

Port Capacities—To be able to operate at high speeds, a 
two-stroke engine must be provided with adequate port ca¬ 
pacity. The capacity of a port varies more rapidly than the 
depth of the port in the direction of the cylinder axis, because 
any depth that may be added at the upper end is effective 
for a longer time than an equivalent depth at the lower end. 
The capacity of any small element of the port of depth dh 
and width w is proportional to the expression aw dhy where 
a is the angle of crank motion during which this element is 
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uncovered by the piston. The values of w and dh being given 
in inches and that of a in degrees, the port capacity is meas¬ 
ured in square inch-degrees. The angle a, through which 
the crank passes from the time the port begins to open until 
the lower dead-center position is reached, is dependent upon 
the relation between the length of stroke Z and the distance h 
from the upper edge of the port to the top edge of the piston 
when at the bottom of its stroke. We will assume that the 
lower edge of the x>ort is on a level with the top edge of the 

Fig. 9 (Leji).—Cross Sec¬ 
tion OF Centric Blower. 

Fig. 10 (Below).—Port- 
Oi’ENiNG Diagram. 

piston when the latter is at the bottom of the stroke, which is 
the usual arrangement. 

It is shown in books dealing with the mechanics of the 
internal combustion engine that the distance x which the pis¬ 
ton moves down on the stroke while the crank turns through 
an angle 6 is given by the equation 

1 I . 
a: = - (1 — cos 0) H-sin"^ B, 

2 8n 

Referring to Fig. 10, the top of the piston evidently begins 
to uncover the port when x = Z — /i, Z being the length of 
stroke and h the height of the port. Then 

1 I o 
~ (1 — cos 6) -\-sin^ 6 = I — h 
2 8n 

Z 
h = Z(0.5 + 0.5 cos B)-sin^ B. 

8n 

and 
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Now let us designate by a the angle through which the 
crank passes from the time the port begins to open until the 
bottom dead center is reached. Then 6 = 180° — a; cos 0 = — 
cos a, and sin 6 = sin a. Making these substitutions and on the 
assumption that n, the ratio of connecting-rod length to length 
of stroke, is equal to 2 we get 

h = 1(0.5 — 0.5 cos a — 0.062 sin^ a). 

ft will be seen from this equation that for a given angle <x 
of port opening the depth of port h is directly proportional to 
the length of stroke 1, and the following ratios of l/h have been 
calculated: 

a = 40° 42° 44° 46° 48° 50° 52° 

f
r
^

 

11 oo
 

o
 

11.6 10.4 9.35 8.48 7.70 7.00 

a = 54° 56° 58° 60° 62° (i4° 66° 
l/h = 6.42 5.96 5.50 5.10 4.77 4.45 4.17 

Any difference there may be between the actual value of 
the ratio n and the value here assumed (2) will make prac¬ 
tically no difference in the port timing. 

Port-Opening Integral—From Pig. 10 it can be seen that 
the width of opening o of the port when the piston has moved 
down a distance x from the top end of the stroke is 

0 = h — (I x) = /i + X — Z. 

Substituting the value of x given in the foregoing we have 

II I , 
0 = h-cos B -sin B. 

2 2 8n 

In Fig. 11 is shown a coordinate diagram in which the 
abscissas represent crank angles and the ordinates length of 
port opening. Let dB represent any small increment in the 
crank angle and o the corresponding length of opening of the 
port. Then the product o dO represents the area of the nar¬ 
row strip of width dO and height o. The total area enclosed 
by the port-opening curve and the horizontal axis may be 
called the port-opening integral and denoted by /. Inserting 
the value of o in the expression for the area of the narrow 
strip, we have 

II I , 
odd — hdB-dB-cos B dB -sin^ B dB. 

2 2 8n 
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To find the area of the entire diagram we have to integrate 
this expression between the limits di and $0, these being the 
crank angle corresponding respectively to opening and closing 
of the port. 

rh I I I 
I hdd-dd-cos 6 dB -\-sin^ B dB 

Joi 2 2 8n 

/ l\ I 
= (/?--) (Bo — Bi) — - (sin B2 — sin (9i) 

I I 
_|-(^2 — ^1)-— [(sin B2 cos Bo — sin Bi cos ^1)]. 

16n 16n 

In applying this equation, angles B^ and B^ must be en¬ 
tered in radians and the results will be in inch-radians. To 

change to inch-degrees it is only necessary to multiply by 
57.3 ( = 360/6.28). However, the equation can be materially 
simplified. If we denote by a the angle through which the 
crank must turn from the time the port begins to open to the 
moment it reaches the lower dead-center position, then 

Bi = 180° - a; B2 = 180° + «; ^2 “ = 2a; 

sin^i = sin a; sin ^2 = — sin a; 

cos Bi = — cos a; cos B2 = — cos a. 

Making these substitutions and giving n its usual value, 2, 
we obtain 

^/ l\ I I 
I = [h-I 2a + “ (2 sin a)-(2a — 2 sin a cos a) 

\ 2/ 2 16n 

(cos a\ / l\ 
1-1 — (Z ~ 2/i-la. 

8n / \ 8n/ 
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In this equation a must be inserted in radians and the result 
will be in inch-radians. To obtain the result in inch-decrees 
directly, a is inserted in decrees in the richt-hand term, and 
the left-hand term, which involves functions of a, is multiplied 
by 57.3 (= 360/6.28). This leads to the equation 

(cos a\ / I \ 
1-] — ail — 2h-) in.-deg. 

8n / V 8n/ 

It was shown previously that for any given angle a, h is 
directly proportional to the length of stroke I, hence I also is 
proportional to /. Values of the ratio I/I for different angles 
a are given in the following table, and in calculating these 
values n again has been assumed to be equal to 2. 

Angle a = 40° 42° 
I/I = 3.72 4.35 

Angle a = 54° 56° 
I/I = 10.80 12.25 

44° 46° 48° 
5.15 6.00 7.00 

58° 60° 62° 
13.75 15.25 16.85 

50° 52° 
8.20 9.50 

64° 66° 
18.60 20.60 

Graphic Method—Those who prefer graphic '>to algebraic 
methods can readily determine the port-opening integral 
practically without calculation. First the crank train is laid 
out with the crank at various angles from the lower dead- 
center position (in steps of 10°, for instance). Next a port¬ 
opening diagram is drawn, with the crank angles as abscissas 
to any convenient scale, and the widths of port opening as 
ordinates, preferably to a scale about four times actual size. 
A series of simple geometrical figures are then superimposed 
on this diagram, so chosen that their aggregate area is the 
same as that of the diagram (see Fig. 12). The ‘‘area^’ of 
each geometrical figure is then obtained by multiplying one- 
half of the represented width of opening, in inches, by the 
base in degrees in the case of triangles, and the mean width of 
opening in inches by the base in degrees in the case of quadri¬ 
laterals, the product in each case being in inch-degrees. The 
areas of all of the figures are then added together, and the 
sum multiplied by the width of the port is the port-opening 
integral represented by the diagram. 

Sometimes the lower edge of the port does not coincide 
with the top of the piston when at the bottom of its stroke, 
but is located higher. In that case the port-opening integral 
can be found by first determining the value the integral would 
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have if the port extended all the way down to the top edge 
of the piston when in its lowest position; then determining a 
port-opening integral for an imaginary port extending from 
the lower edge of the actual port to the top of the piston when 
in its lowest position, and finally subtracting the last value 
from that first obtained. This, of course, applies to both the 
graphic and the algebraic methods. The graphic method can 
be used also to check the results of computation. 

Circular Ports—With engines of the uniflow type fitted 
with cylinder liners it has become customary to have the 
transfer ports in the form of one or more rows of drill holes 
extending all around the liner at the lower end of the stroke. 
This makes machining of the ports easier, obviates the stress 

Fig. 12.—Graphical Determination op Port-Opening Integral. 

concentration which undoubtedly occurs at the corners of 
rectangular ports, and makes it practically impossible for the 
piston rings to catch on the edges of the ports. Capacities of 
such ports also can be determined either analytically or 
graphically, but the process naturally is somewhat more com¬ 
plicated, since both the width and the height of opening vary 
simultaneously. 

Symmetrical and Unsymmetrical Timing—When a port 
in the ^cylinder wall is opened and closed by the piston, it 
closes the same number of crankshaft degrees after dead 
center as it opens ahead of dead center, and this is referred 
to as symmetrical timing. With such timing, since the ex¬ 
haust port must open before the transfer port, it will close 
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after the transfer port. This has the disadvantage that some 
of the air which has been forced into the cylinder by the 
scavenging pump during the charging period escai)es through 
the exhaust ports during the period between transfer-port 
closing and exhaust-port closing. Moreover, supercharging 
is quite impossible with such a timing, because as tong as the 
transfer port is open and the blower delivers air to the cyl¬ 
inder, the exhaust port is wide open and practically prevents 
the building up of a super-atmospheric pressure. High-speed, 
two-stroke engines therefore usually are given an unsym- 
metrical timing. The exhaust port or valve then opens ahead 
of the transfer port, but it also closes ahead of the transfer 
port. Such a timing can be obtained in various ways. For 
instance, instead of using ports uncovered by tlie piston for 
the exhaust, cam-actuated exhaust valves may be placed in 
the cylinder head, which can be timed as desired, regardless 
of the piston motion. Alternately, each cylinder or combus¬ 
tion chamber may be provided with two pistons connected 
to crank throws making a slight angle with each other, so 
that there is a small phase ditference between the motions of 
the two pistons; one piston then is made to control the trans¬ 
fer port, the other the exhaust port. A third possibility lies 
in the use of a rotary valve in the passage just outside the 
transfer port, the latter being made as high as, or even higher 
than, the exhaust port. The transfer port then will open 
simultaneously with, or ahead of, the exhaust port, but no 
burning gases can get into the transfer passage, because the 
rotary valve is closed at the time. The beginning of the 
scavenging period then is determined by the timing of the 
rotary valve; it follows the opening of the exhaust port at 
an interval equal to the blowdown period, that is, the time 
required for the pressure in the cylinder to drop to the value 
of the scavenging pressure. 

Non-Return Valve in Transfer Passage—The various 
schemes outlined in the preceding paragraph all involve a 
degree of complication, and to secure some of the advantages 
they offer in a simpler manner, check valves or non-return 
valves sometimes are placed in the transfer passage just out¬ 
side the transfer port, which latter is then arranged to open 
as early as, or earlier than, the exhaust port. Such an arrange¬ 
ment is illustrated in Fig. 13. When the transfer port is 
uncovered by the piston, the gas pressure in the cylinder closes 
the non-return valve, and the burning gases cannot get into 
the transfer passage. Upon opening of the exhaust ports, the 
pressure in the cylinder drops rapidly, and when the pressures 
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in the cylinder and the air chamber are equalized, the check 
valve opens and scavenging begins. 

Port Capacities Required—In a two-stroke engine the 
port-opening periods, expressed in crankshaft degrees, are 
little more than one-half as long as the inlet and exhaust 
periods in a four-stroke, and for equal rotative speeds the 
port-opening areas of a two-stroke therefore must be propor¬ 
tionately larger than the valve-opening areas of a four-stroke 
engine with cylinders of the same size. In determining the 
port areas and port timing of a high-speed two-stroke engine, 
care must be taken that the 
exhaust-port capacity during 
the blowdown period is suf- 
ficient to permit the cylin- a | N 
der pressure to drop to the | | | 
scavenging pressure by the I * f f ^ 
time the transfer port opens. I t 
If we assume the exhaust _n fn rq ^ _ 
ports to be of constant width, j ' , i \ 
a plot of the instantaneous I 
port-opening area vs. crank f |—| 
angle imeasured from the be- | ^ 1 ■ 
ginning of opening is sub- \ ^ 
stantially a right-angled tri- 
angle, the hypotenuse bulg- 
ing outwardly very slightly, H H 
because the piston motion per - 
degree of crank motion do- j » ^ 
creases as dead center is ap- • ItiiT 
proached. If we designate • \\^u\ 
the circumferential width of • 
the exhaust ports by w and i iigg; 
the height of the opening of j » 
the port at the moment the 
transfer port begins to open ^ ^ 
by Ifi, then with conventional Inlet Passage. 
timing the port capacity dur¬ 
ing the blowdown period is approximately 0.55 wh<l> sq in.-deg, 
where is the crank angle corresponding to the blowdown 
period. The port capacity can be accurately calculated by 
means of the equation given on page 306, but this simple rule 
saves time. 

Fig. 13.—Engine with Check Valve 
IN Inlet Passage. 

The quantity of air or gas that must pass through the 
ports per cycle varies directly as the piston displacement. 
The quantity which actually flows through a port varies as 
the area of opening (measured at right angles to the direction 
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of flow) and as the time of opening. The latter factor in 
turn varies directly as the period of opening in angular 
measure and inversely as the engine speed. Therefore, 
D>—A(f)/n^ where D is the piston displacement of the cyl¬ 
inder; Aj the mean area of the port during the opening 
period; <f>, the angle of port opening, and n, the engine speed 
in rpm. But A(l> is the port capacity in sq in.-deg, hence 

Dn 
A<t> = — sq in.-deg. 

c 

For high-speed engines (1200-1800 fpm piston speed) with 
unsymmetrical timing, the divisor c has a value of about 4500 
for the blowdown period, 525 for the intake, and 575 for the 
total exhaust period. In these engines, therefore, the same as 
in most four-stroke engines, the intake-port capacity is greater 
than the exhaust-port capacity. The exact opposite holds in 
the case of two-stroke engines with symmetrical timing. Since 
the exhaust ports must be of materially greater depth than 
the inlet ports, the total time of opening of the exhaust ports 
is greater, and the maximum area of opening often also is 
greater, so that in some cases the area-time integral of the 
exhaust ports is about twice that of the inlet ports. 

In making use of the above equation for the minimum port 
capacity required it must be remembered that to obtain sub¬ 
stantially the full capacity, the edges of the ports must be 
rounded. Also, if the top of the piston is domed or cone- 
shaped, the port capacity is reduced in the proportion of 
unity to the cosine of the angle which the outer portion of the 
piston head makes with the plane of a flat head. 

While it is customary to assume that the delivery is 
directly proportional to the area of the port and to the time 
of flow, owing to the inertia of air and gas there is undoubt¬ 
edly a slight time lag. All motion starts with a velocity of 
zero, and during the opening period, while the opening area 
has reached a certain value, the instantaneous mean velocity 
of flow through that area undoubtedly is somewhat less than 
that corresponding to steady flow through the same area under 
the same pressure drop. The effect of this lag on the mean 
rate of flow throughout the period of port opening would 
be greater the higher the speed of the engine and the shorter, 
therefore, the total time of flow. This would have to be com¬ 
pensated for by increasing the area-time integrals (reducing 
the values of the divisor c) for really high-speed engines. No 
port-capacity data for Diesel engines of very high speed are 
available, but in a two-stroke gasoline racing engine designed 
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for a top speed of 6500 rpm the value of c for the blowdown 
was 2600 and that for the exhaust period about 250. 

The above simple equation will give a first approximation 
to the minimum port capacities required. However, there are 
additional factors which have an effect on the charging opera¬ 
tion, such as the scavenging pressure, the delivery ratio, the 
temperature of the scavenging air, etc., and for accurate re¬ 
sults these must be taken into account. The subje(*t is covered 
in ^‘Scavenging of Two-Stroke Cycle Diesel Engines” by 
Paul II. Schweitzer (The Macmillan Company, New York). 

Crank Arrangements—Two-stroke multi-cylinder engines 
require crank arrangements different from those of corre¬ 
sponding four-stroke engines. In the latter, cranks at equal 
distances from the center generally are in line or in phase with 
each other. That results in phase equality of their respective 
inertia forces and eliminates bothersome roc'king couples. 
With a similar crank arrangement in a two-stroke engine two 
cylinders would have to fire simultaneously, which would 
largely nullify the advantages of multi-cylinder construction. 

In the selection of a crank arrangement the aims should 
be to obtain equal or nearly equal firing intervals, and to 
eliminate unbalanced inertia forces and rocking couples; and 
if that cannot be done, to reduce these forces and couples to 
a minimum. Another item that deserves consideration in this 
connection is that of main-bearing loads, which depend largely 
on the inertia forces on the reciprocating parts in the cylinders 
on opposite sides of the particular bearing. If the recipro¬ 
cating parts in these cylinders are in phase, the bearing loads 
produced by their inertia forces add together, whereas if they 
are opposed in phase, they neutralize or cancel each other. 
In a two-stroke engine the reciprocating parts of adjacent 
cylinders always are out of phase, and the greater their phase 
difference the smaller will be the inertia load on the main 
bearing between them. 

Shaking Forces and Rocking Couples—Firing intervals, 
primary and secondary unbalanced inertia forces (shaking 
forces), and primary and secondary rocking couples of two- 
stroke in-line engines with from one to ten cylinders are given 
in Fig. 14, and similar data for two-stroke V engines with 
from four to twenty cylinders in Fig. 15. The data given 
in eaclf case apply only to engines designed to have a definite 
firing order (determined by the crankshaft design), which 
can be obtained from the diagram in the column at the left 
by reading off the cylinder numbers in the counterclockwise 
direction, starting with 1. In the chart for V-type engines 
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the same procedure gives the firing order for the left bank of 
cylinders. Each cylinder in the right bank follows that of the 
same number in the left bank at one firing interval if the 
angle between cylinder banks is equal to the firing interval, 
and at three firing intervals if the angle between banks is 
equal to three times the firing interval. The symbols in the 
charts have the following significance: 

C, centrifugal force in pounds produced if the recipro¬ 
cating mass of one cylinder were rotated with crankshaft 
speed at crank radius. 

ir, centrifugal force produced by the counterweight neces¬ 
sary to cancel all or part of the inertia forces. The primary 
weight must turn at the same speed and in the same direc¬ 
tion as the crankshaft, and its angular position is indicated 
in the diagrams by P. 

II, horizontal unbalanced inertia remaining when the 
counterweight indicated is used. 

V, vertical unbalanced inertia remaining when counter¬ 
weight indicated is used. 

(f>, crank angle measured from the position indicated in 
the diagram. 

a, distance in inches between cylinder axes. , 
rocking couple in pound-inches in the vertical plane. 

A positive couple turns clockwise in a side view with the for¬ 
ward end of the engine at the left. 

Mn, rocking couple in pound-inches in the horizontal plane 
(perpendicular to the drawing). A positive couple turns 
clockwise in the top view. 

A, ratio of crank radius to connecting-rod center-to-center 
length. 

All crankshafts are shown in front view in the column at 
the left. Rotation is supposed to be clockwise in the front 
view. The subscripts and refer to vertical and 
horizontal planes through the crankshaft axes. 

Neutralizing Rocking Couples—Primary rocking couples 
can be neutralized by two pairs of unbalanced masses, one 
pair at each end of the engine, the two masses of each pair 
rotating in opposite directions at crankshaft speed. Fig. 16 
is a diagram of such an arrangement. The masses must be 
driven positively from the crankshaft, and the gearing is pref¬ 
erably combined with that for the camshaft and accessories. 
In Fig. 16 A,A are the masses at the driving end, and are 
here shown as cast on the driving gears, while B,B are 
equivalent masses on the gear shafts at the opposite end of 
the engine. When the engine is running, each unbalanced 
mass is subjected to a centrifugal force in the direction from 
the axis of rotation through its center of gravity. This force 
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Inertia balance and firing intervals 

Cylinder 
arrangement 

1 Secondary 

Shaking 
force 

Rocking 
couple 

Two-stroke in-line engines 

M=0 
V= 
X Ceos 20 

M = 0 

0 

Fig. 14.—Chart op Crank Arrangements for Two-Stroke In-Line 

Engines 
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Fia. 15.—Chart of Crank Arrangements for Two-Stroke V-Type 

Engines 

ordinarily has both a horizontal and a vertical component. 
If the phase relations are as shown in the drawing, the hori¬ 
zontal components of the forces at each end cancel each 
other, while the vertical components add together. The re¬ 
sult is a vertically reciprocating force at each end, and since 
the two reciprocating forces are 180 deg out of phase, they 
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produce a rocking couple. This rocking couple must be so 
proportioned and so timed that it exactly neutralizes that, 
due to the engine reciprocating parts. A similar mechanism 
can be used to neutralize a secondary rocking couple, but in 
that case the gears must be driven at twice crankshaft speed. 

Primary rocking couples are easier to deal with than sec¬ 
ondary, because the unbalanced masses required to neutralize 
the former must rotate at crankshaft speed instead of at twice 
that speed. In many cases it is possible, by the use of a 

Fig. 16.—^Balancing Means fob Primary Rocking Couple. 

particular firing order, to either eliminate the secondary 
couple or to reduce it greatly, and if the primary couple 
is then’^neutralized by means of a mechanism of the type 
described, engine vibration due to this cause can be minimized. 

Rotating Couple—In a multi-cylinder, two-stroke engine, 
unless all rotating parts are completely balanced by counter¬ 
weights on the crank arms, there will also be a rotating couple. 
The centrifugal force on the rotating parts always is in line 
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with the crank arms, and since in a six-cylinder engine, for 
instance, cranks 1 and 6 extend in opposite directions from 
tlie axis, the centrifugal forces on these cranks alone form a 
rotating couple. There are similar centrifugal forces on the 
rotating parts of the other four cranks, but their moment 
arms are shorter, and although the forces on cranks 2 and 3 
and on cranks 4 and 5 are partly in opposition to those on 
cranks 1 and 6’, respectively, they reduce the moments due to 
the latter only moderately. For instance, in an engine with the 
firing order 1-4-2-6-3-5 the resultant rotating couple will be 
about 70 per cent of that produced by the centrifugal forces 
on cranks 1 and 6 alone, and will lag about 30 deg of crank 
motion behind it. The exact value and the phase angle of the 
resultant couple can be readily determined by trigonometry. 
This couple rotates at the same rate as the crankshaft, and 
therefore can be neutralized by providing one balancing 
weight at each end of the crankshaft, so proportioned and 
so located angularly as to produce a rotating couple that will 
exactly neutralize that due to the rotating parts of the crank 
trains. This method of eliminating a rotating couple is pref¬ 
erable to that of balancing the rotating parts of each crank 
train individually, as the latter method would call for the 
use of rather large counterweights on the crank arms. These 
might be difficult to accommodate in the crankcase and might 
make it necessary to lengthen the connecting rods to prevent 
interference of the counterweights with the pistons. In addi¬ 
tion, they would lower the critical speeds of torsional vibra¬ 
tion of the engine. 

Five- and Seven-Throw Crankshafts—Five- and seven- 
cylinder engines have been produced by a number of manu¬ 
facturers abroad to make it possible to offer a series of en¬ 
gines with a considerable range of output with a minimum 
investment in tooling, all engines of the series having cylinders 
of the same size. Alternate crank arrangements for each en¬ 
gine type are shown in Pig. 14. In each case the first, which 
produces the smallest primary and the largest secondary rock¬ 
ing couple, is preferable if no means to neutralize the rocking 
couples are to be provided, while the second is preferable if 
the primary rocking couple is to be neutralized and the sec¬ 
ondary disregarded. 

Six- and Eight-Throw Crankshafts—The crank arrange¬ 
ments for six- and eight-cylinder in-line engines shown in 
Fig. 14 produce no secondary rocking couples, and in the 
eight-cylinder the primary rocking couple is very small. The 
six-cylinder crank shown has the same firing order as the 
General Motors 6-71 engine, in which the primary rocking 
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couple is neutralized by rotating imbalanced weights. In the 
General Motors 6-110 engine, which is designed for mobile, 
stationary and marine applications, where freedom from vi¬ 
brating forces and couples is not so essential as in road 
vehicles, a different crank arrangement is used, giving a firing 
order 1-5-3-4-2-6. This introduces a small secondary rocking 
couple but reduces the primary rocking couple as compared 
with the firing order of the 6-71, and in this engine the couple¬ 
neutralizing mechanism is dispensed with. 

An index of the relative magnitude of the rocking couple 
is obtained by dividing the coefficient in the expression for 
the couple by the number of engine cylinders. For the three- 
cylinder engine we get 0.577 for this index, while for the 
eight-cylinder we get 0.056, or less than one-tenth the former 
value. 

Crank Arrangements for V-Type Engines—Of the V-type 
engines represented in Fig. 15, the four-cylinder has a cer¬ 
tain appeal where a very compact powerplant is desired. En¬ 
gines with this crank arrangement are being (or have been) 
manufactured by Graef & Stift in Austria and Krauss-Maffci 
in Germany. In such engines there are no rocking couples, 
but there is a small horizontal shaking force, which can gen¬ 
erally be disregarded. Theoretically this could be neutralized 
by means of a pair of meshing unbalanced gears at crankshaft 
height and midlength, rotating at twice crankshaft speed; but 
the installation and drive of such gears involves difficulties. 
A German truck engine of this type (Krauss-Maffei) is with¬ 
out such balancing means. 

Six-cylinder V engines are free from shaking forces, but 
have primary and secondary rocking couples in both the ver¬ 
tical and the horizontal plane through the crankshaft axis. 
Ordinarily the angle between cylinder banks would be 60 deg, 
as this gives uniform firing intervals. The strongest rocking 
couple is the primary in the vertical plane, and this can be 
readily neutralized by means of a mechanism producing an 
equivalent rocking couple of opposite phase. By reducing the 
angle between cylinder banks to 45 deg, to minimize the width 
of the engine, the horizontal rocking couples would be re¬ 
duced by about 41 per cent, while the vertical couples would 
be increased about 11 per cent. However, with this angle of 
V the firing intervals are unequal—45 deg and 75 deg. 

In the eight-, twelve-, and sixteen-cylinder engines the 
cranks are provided with counterweights of sufficient size to 
eliminate the horizontal rocking couples. These counter¬ 
weights, which are in addition to those required to compen¬ 
sate for unbalanced rotating masses, also reduce the vertical 
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rocking couples. The twenty-cylinder engine requires no 
counterweights and produces only a small secondary rocking 
couple. A twenty-cylinder, 2000-hp two-stroke engine having 
the firing order shown in Fig. 15 was produced during World 
War II by the Tokyo Engineering Works for the Japanese 
Navy, and was brought to this country after the war. 

Brake Mean Effective Pressures—The full-load mean ef¬ 
fective pressure obtainable with two-stroke engines varies 
within wide limits, depending on the method of scavenging 
and the degree of supercharge employed. In an engine with 
crankcase scavenging (which would not be considered for ap¬ 
plication to transportation units), it runs as low as 40 psi. 
If a separate blower is used, phenomenally high bmeps can 
be obtained by making the blower capacity large relative to 
the cylinder displacement, that is, by using a high super¬ 
charge ratio. Rut in practice a limit is set to the supercharge 
ratio and the quantity of fuel injected by overheating diffi¬ 
culties. AVith an increase in the specific power the rate of 
waste-heat generation rises, such working parts as pistons 
and piston rings reach higher temperatures, and lubrication 
and other difficulties are run into. 

General Motors rates its Type 71 engine '(with uniflow 
scavenging) on the basis of 106 psi at the maximum-torque 
speed of 1200 rpm,* of 93 psi at the governed speed of 2000 
rpm for intermittent load, and of 74 psi at the governed speed 
of 1800 rpm for continuous load. The three corresponding 
values of the bmep for the Type 110 engine (with cylinders 
55 per cent larger) are 99, 92, and 75 psi. Rail-car engines 
built in Sweden by Atlas Diesel and employing the loop¬ 
scavenging system illustrated in Fig. 13, are said to develop a 
bmep of 73.5 psi at 1800 rpm. Engines built by the Manu¬ 
facture d’Armes de Paris, of the double-piston type and 
similar to the Sulzer described further along in this chapter, 
except that a Roots-type blower is used instead of a piston- 
type scavenging pump, develop a bmep of 78 psi at 2000 rpm, 
the cylinder dimensions being 3.46-in. bore by 4.02-in. stroke 
of each piston. 

General Motors Type 71 Engine—General Motors Cor¬ 
poration in 1938 placed on the market a line of two-stroke 
engines in a single cylinder size of 4^-in. bore by 5-in. stroke 
(71 cu in. piston displacement). These engines are built 
with from two to six cylinders, and the four- and six-cylinder 
units are combined into eight- and twelve-cylinder ‘‘twins’’, 
twelve-cylinder “tandem twins,” and twenty-four-cylinder 
“quads.” Outputs of the series extend from 65 to 800 hp. 
The engine was designed primarily for use on trucks and 
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Fiq. 18A.—Longitudinal Section op General Motors Type 6-71 Enoinb, 
Forward Half 



Fig. 18B.—Longitudinal Section of General Motors Type 6-71 Engine, 
Rear Half. 
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buses, but application to road vehicles naturally is confined 
chiefly to the three-, four- and six-cylinder models. 

These engines are scavenged by Roots-type blowers with 
two three-lobed helical rotors each. The cylinders are sur¬ 
rounded by a large air chamber, and the side walls of the 
block are practically plane and extend up vertically from the 
bottom flange, to which the pressed-steel oil sump is secured. 
Air enters the cylinders through ports in the cylinder wall 
at the bottom of the stroke, and exhaust takes place through 
dual exhaust valves in the cylinder heads, so that the engines 
operate on the uniflow principle. A combined injection pump 
and injection valve (unit injector) is located in the center of 
each cylinder head, the plunger of the injection unit being 
actuated from the camshaft, which extends through a tunnel 
running the length of the engine block near its top at the 
side opposite the blower. Prom the camshaft all of the ex¬ 
haust valves and the injection units are operated. This being 
a two-stroke engine, the camshaft turns at crankshaft speed. 
It is driven from the crankshaft through spur gears located 
at the flywheel end of the engine. Extending parallel with 
the camshaft on the opposite side of the engine block is an¬ 
other shaft geared to the camshaft to turn hi the opposite 
direction at the same speed. Both shafts carry balancing 
weights at opposite ends; these weights produce a rocking 
couple equal to and opposite in phase to the primary rocking 
couple due to the reciprocating parts of the engine, and there¬ 
fore neutralize it. 

From the sectional views of the six-cylinder engine. Figs. 
17 and 18, it will be seen that the crankshaft is of very rigid 
design, its main bearings having a diameter of in. and 
its crankpins of 2% in. Pistons are of cast iron and carry 
four compression rings above the piston pin and two oil rings 
below it. Special interest attaches to the provisions made 
for cooling the pistons. It will be seen that there is a con¬ 
siderable distance between the top of the piston and the top 
ring, and there the wall of the piston is made quite thin, so 
it will act as a '‘heat dam.'' This is made possible by trans¬ 
mitting the pressure from the crown to the piston bosses 
through pedestals instead of through the piston skirt. Con¬ 
necting rods are rifle-drilled and have a nozzle pressed into 
the top, from which jets of oil are thrown against the ribbed 
under side of the piston crown to carry off excess heat. The 
cylinders are provided with "dry" liners. The air chamber 
surrounding the cylinders is cast open at both ends, the open¬ 
ings being closed by steel plates. 
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All of the three automotive models (three-, four-, and 
six-cylinder) are governed at 2100 rpm for truck use. The 
('ompression ratio is 16, the maximum torque is developed at 
between 800 and 1000 rpm, and the fuel consumption is given 
as 0.45 lb per bhp-hr. Performance data of the three engines 
are given in the following table: 

Tabulated Data of G.M. Automotive Engines 

Model 3-71 4-71 6-71 

Displacement, cu in. . 212.8 283.7 425.6 
Maximum horse power * . . 105 145 220 
Maximum torque, Ib-ft... . 300 400 600 
Dry weight, lb f. . 1110 1245 1600 

* At 90 F, 28.33 in. mercury column, 1500 ft altitude, 
t Complete with starter and generator but without fan, transmission, 

and clutch. 

For industrial use the two-, three-, four-, and six-cylinder 
engines are governed at from 1200 to 1800 rpm. At 1600 rpm 
they have ‘ ‘ continuous ^ ^ ratings of 45, 67, 89, and 134 hp. At 
2100 rpm the friction mep is 38 psi, one-half of this being 
accounted for by the power required to drive the blower, the 
other half by internal friction. This makes the mechanical 
efficiency under full load approximately 72 per cent. At 2100 
rpm the scavenging pressure is 6.5 psi. This pressure varies 
nearly as the square of the speed and is only 1.5 psi at 1000 
rpm. Weights and performance data of the three blowers 
used for the automotive engines are given in the following 
table: 

Tabulated Data of Blowers for G.M. Automotive Engines 

Blower Output 
Rated Engine 

Output 
Blower 
Weight. 

Blower 
Specific 
Weight. 

Cfm Rpm Bhp Rpm Lb Lb per bh'i 

700 4200 220 2100 62.9 0.286 
466 4200 145 2100 53.2 0.367 
350 4200 105 2100 48.5 0.462 

With the engine running at 2100 rpm the blower speed is 
4200 vpm. Throughout the normal speed range the blower 
delivers free air at the rate of about 135 per cent of the piston 
displacement. A conventional four-stroke Diesel engine with 
atmospheric induction takes in about 85 per cent of its dis¬ 
placement volume of free air under normal load, hence about 
60 per cent more air passes through a cylinder of the Type 
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71 two-stroke engine per cycle as through an equal-sized cyl¬ 
inder of a four-stroke engine. A considerable fraction of the 
air in the two-stroke engine is used for scavenging and passes 
out through the exhaust valves before compression really be¬ 
gins, the valves being open throughout the period the inlet 
ports are open. 

Injectors Adapted to Type of Service—Engines intended 
for continuous’^ service with relatively constant load and 
speed are equipped with what is known as the ^‘60” injector 
(combined injection pump and fuel nozzle) ; while those in¬ 
tended for '^intermittent” service with varying load and 
speed are equipped with either the "60”, "70” or "80” in¬ 
jector. The pumps of these injectors have displacements of 
60, 70 and 80 cubic millimeters, respectively. Nozzles of the 
smaller injectors have six; those of the larger ones have seven 
orifices. 

The smaller injectors are used on engines for work boats 
and most industrial applications, Mobile the larger ones go into 
engines for pleasure craft, certain industrial uses, and vehicle 
applications where the ability to materially increase the power 
for short periods is of importance. The "60” injector gives 
an overload capacity of 10 to 15 per cent and protects both 
the attached machinery and the engine from damage, thereby 
insuring economy and long life under any load conditions. 
With the "80” injector, the output can be stepped up to as 
much as 33 per cent above the "continuous” rating, at a cer¬ 
tain sacrifice in economy. Users of the engines are cautioned, 
however, that the average load over a 24-hour period must 
not exceed the "continuous” rating. Owing to the large 
capacity of the blower, there is always a large excess of air 
in the cylinders, and the additional power can be obtained 
by merely supplying additional fuel. This large overload 
capacity is claimed to be a unique feature of the two-stroke 
engine. 

Timing of the engine varies slightly with the injector 
equipment. With "60” injectors the exhaust valves, when 
having the specified "hot” lash of 0.009 in., begin to lift 86^ 
ahead of bottom center and close 64° past bottom center. In¬ 
take ports open 46° ahead of and close 46° past bottom center. 
Exhaust cams have a 10-deg ramp at the beginning and a 
16-deg ramp at the end of the lifting lobe, and the exhaust 
period increases as the engine heats up and the lash is re¬ 
duced. With "60” injectors injection begins 12° ahead of 
top center, theoretically, and under full load ends 2° ahead of 
top center. The fuel-injection system of the engine was de¬ 
scribed in Chapter VII. 
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Adaptability of Engine—In designing the G.M. two-stroke 
engine, the engineers endeavored to make it possible to adapt 
it for truck, bus, marine and industrial installations with the 
least possible changes, so that most of the parts could be pro¬ 
duced on a true quantity basis. It is held that the two-stroke, 
uniflow engine with unit injector lends itself particularly to 
this program. The engine block is symmetrical in design, 
which permits of turning it end for end and placing all of the 
accessories on the opposite side. Cylinder-head studs are 
distributed symmetrically around the cylinder, so that the 
head can be placed on the block to locate the exhaust manifold 
on either the right or left side, regardless of the location of 
the blower. There is an idler between the crankshaft gear 
and the camshaft gear, and the direction of rotation of the 
engine can be reversed by merely placing this idler gear be¬ 
tween the crankshaft gear and the gear on the shaft running 
parallel with the camshaft at the top of the engine. The 
crankshaft then turns in the opposite direction, while all other 
shafts turn in the same direction as before. When the cyl¬ 
inder heads are reversed to change the location of the exhaust 
manifold, the camshaft and balancer shaft are interchanged 
in position. 

Multiple Engine Units—The adaptability of the Series 71 
design, referred to in the foregoing, is exemplifled by the 
multiple units in which this engine is being offered, the ^‘Twin 
6^^ and the ‘‘Quad 6.^^ The Twdn 6 consists of two six-cylin¬ 
der engines mounted side-by-side and driving through dry- 
disc clutches and helical geai-s to a single drive shaft. More 
than 20,000 of these units were used in tanks and tank de¬ 
stroyers in World War II. In a slightly modified form and 
fitted with a base, radiators and controls, this unit is being 
supplied for oil-well drilling and other purposes. The Quad 
6 consists of four 6-71 engines mounted together on a com¬ 
mon base and delivering their i>ower to a single drive shaft. 
The gear box is located in the center and a power take-off 
shaft extends between one pair of engines. Each engine is 
provided with a friction clutch and one or more engines can 
be declutched. More than 10,000 marine “Quads'^ were built 
for the U. S, Navy for use in invasion boats. 

After the Series 71 had been in production for about a 
decade a number of improvements were made in the design. 
Eibs in the cylinder head and block were enlarged and in¬ 
creased in number, to make the eastings more rigid. The 
holes for the cylinder-head studs were drilled and tapped 
% in. deeper, and counterbored, to prevent stress concentra¬ 
tion at the point where the studs emerge from the block. A 
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new method of cylinder-head packing was introduced, which 
is illustrated and described in Chapter XV. To prevent 
‘^brinelling’^ of block material under the flange at the upper 
end of the cylinder liners, the block is now counterbored and 
has rings of heat-treated material inserted under the flanges. 
The angle of the exhaust-valve seat has been reduced from 45 
to 30 deg, to ease the flow of the exhaust. These improvements 
are not shown in the drawings reproduced herewith. 

General Motors Series 110 Engine—In addition to the 
Series 71 the Detroit Diesel Engine Division of General Mo¬ 
tors Corporation produces a Series 110, a six-cylinder of 5-in. 
bore by 5.6-in. stroke (110 cu in.). It was designed to meet a 
demand for a single unit of greater horse power than the 
6-71 in vehicular, marine, and stationary applications. De¬ 
sign features are similar to those of the Series 71, with the 
following principal exceptions: Instead of a Roots blower, a 
centrifugal blower is used for scavenging purposes. The lat¬ 
ter is well adapted to applications—such as propeller w'ork— 
where the torque load increases rapidly with engine speed. 
The blower is mounted in back of the engine block over the 
flywheel housing, thus making the engine moi:e compact in 
the transverse direction. A different firing order is used 
(1-5-3-4-2-6 instead of 1-4-2-6-3-5). This eliminates the pri¬ 
mary rocking couple and obviates the need for a couple-neu¬ 
tralizing mechanism. Counterweights are provided on four 
of the twelve crank arms. Cranks on opposite sides of inter¬ 
mediate bearings other than the center bearing are spaced 
120°, hence the inertia forces on their reciprocating parts 
cancel out to a certain extent, and the load on the bearing 
is reduced, A torsion damper of the viscous-fluid type is 
fitted. For industrial purposes this engine (as well as the 
Series 71) can be fitted with an integral hydraulic torque 
converter, which has torque-load characteristics similar to 
those of a propeller. 

Junkers Double-Piston Engine—Diesel engines of the 
double-piston type have long been built by the Junkers En¬ 
gine Works of Dessau, Germany. Sectional views of a two- 
cylinder truck engine of early design are shown in Fig. 19. 
There is a six-throw crankshaft, to which each of the two 
lower pistons is connected directly by the conventional rod, 
while each upper piston is connected to it through a balance 
lever and a pair of long connecting rods, one on each side of 
the cylinder. The upper piston forms a rigid unit with the 
piston of the scavenging pump. 

Transfer ports are located at the upper end of the cylin¬ 
der and are controlled by the upper piston, while exhaust 



TWO-STROKE ENGINES 327 

ports are at the lower end and controlled by the lower piston. 
The cranks for the upper pistons are set 15® out of phase with 
those for the lower, so that while the exhaust i)orts open ahead 
of the inlet porls, they also close earlier. 

The scavenj^ing pump, of the reciprocating type, is located 
at the top, and the whole interior, including the crankcase, 
serves as an equalizing chamber to maintain a substantially 

constant pressure at the inlet ports. To compensate for the 
greater weight of the upper reciprocating parts, their stroke 
is made shorter than that of the lower ones. Tests carried 
out on a single-cylinder engine of 2.36-in. bore and a total 
stroke of 8.28 in. (3.54 in. upper and 4.74 in. lower) showed 
that it developed a bmep of 90.7 psi at 1000 rpm, with a 
specific consumption of 0.47 lb per bhp-hr. The compression 
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ratio of tlie engine was 15.8, based on tlie eifective length of 
stroke, which was 14 per cent less than the actual combined 
strokes. Timing of tliis engine was as follows: Exhaust 
opened 54° ahead of and closed 54° after bottom center; 
inlet opened 36° ahead of and closed 66° after bottom center. 

One disadvantage of certain direct-injection Diesel en¬ 
gines is that the compression chamber is a cylinder of very 
small depth, with a very large surface in com5)arison with its 
volume, which results in rapid heat loss at the beginning of 
the power stroke. In the double-piston engine, owing to the 
great stroke/bore ratio, the compression space is not nearly 
so shallow as in the conventional Diesel, and, besides, the 
greater part of the surface enclosing it is furnished by the 
crowns of the two pistons, which are not water-cooled. These 
advantages are offset by the disadvantages of the engine’s 
unwieldy form (abnormal height), of the heavy reciprocating 
parts, and of the difficulty of cooling the pistons in really 
high-speed operation. At the moment of ignition, about two- 
thirds of the combustion-chamber wall is constituted by the 
piston crowns, and a large percentage of the waste heat there¬ 
fore must go into the pistons. 

Junkers later also built aircraft Diesel engines of the 
double-piston type, but in these there was a crankshaft at both 
top and bottom, the two shafts being connected by a train of 
spur gears and the propeller mounted on the shaft of the top¬ 
most intermediate gear. 

A modern American engine of the double-piston type is 
described and illustrated in Chapter XIII. 

Scavenging by Gas Inertia—It has long been known that 
when the exhaust valve or exhaust port of an engine is opened 
rapidly, the elastic force of the suddenly-released gas sets up 
a wave motion in the exhaust line, which is sometimes referred 
to as a pipe-organ effect. The cylinder contents at first rush 
into the exliaust pipe at great velocity, and the inertia of the 
gaseous column creates a momentary suction effect, so that 
the pressure in the cylinder drops below atmospheric. The 
vacuum thus created tends to fill up again, and a moment 
later a reverse flow sets in. The pressure wave has a definite 
period, which depends on the length of the exhaust line. If 
the air port is opened while the pressure is below atmospheric, 
air will be drawn into the cylinder, and a definite scaveng¬ 
ing effect will be obtained without the use of a pump. The 
period of the wave motion set up by the exhaust is independ¬ 
ent of engine speed, for which reason this effect can be taken 
advantage of for scavenging purposes over a narrow speed 
range only. There is no inertia-scavenging effect when the 
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engine is being started, and one solution of the resulting 
problem consists in providing the engine with a manually- 
controlled valve which j)laces the air-inlet manifold in com¬ 
munication with the crankcase, thus providing crankcase 
scavenging for starting. When the valve is thrown to the 
running position, it opens the air-inlet passage to the at¬ 
mosphere. 

Kadenacy Engine—Work on engines with inertia scav¬ 
enging has been done by Michel Kadenacy, a French engineer, 
in collaboration with the Armstrong-Whitworth Securities 
Company, Ltd., in England. The Kadenacy engine has been 
built in single-cylinder and six-cylinder models, both for sta¬ 
tionary installation. The single-cylinder model, of which a 
sectional view (from Engineering) is shown in Fig. 20, has 
no scavenging pump, but the six-cylinder model is fitted with 
a Roots-type blower bolted directly to the side of the cylinder 
block and delivering into an air chamber surrounding the 
lower portion of the cylinders. 

This engine is of the '‘uniflow’' type, having air ports at 
the bottom of the stroke and an exhaust valve in the center 
of the cylinder head. A peculiarity of the design is the shape 
of the combustion chamber, which is formed between a cup¬ 
shaped depression in the piston crown and the slightly-dished 
exhaust valve. Fuel is injected into this compact chamber 
by a nearly horizontal injector mounted in the cylinder head, 
through a channel formed in the rim portion of the piston 
crown. 

As shown in Fig. 21, the air ports extend all around the 
cylinder and are cut tangentially, so that they will impart a 
swirling motion to the incoming air. Ordinarily the air is 
drawn in through two "straight-through” silencers mounted 
vertically at the side of the crankcase, and through the manu¬ 
ally-controlled valve, which is shown in the "running” posi¬ 
tion in the drawing. When this valve is turned through an 
angle of 90 deg, it cuts off direct communication with the at¬ 
mosphere and opens the air-inlet passage to the crankcase. 
There is an automatic check valve in the end of the "switch¬ 
over” valve, which admits air to the crankcase during the 
up-stroke of the piston. 

Published test results from the single-cylinder engine 
(2%-ln. bore, 4%-in. stroke, 26.6 cu in. displacement) show 
that it developed 5 hp at 950 rpm, which corresponds to a 
bmep of 78 psi. At this output the specific fuel consumption 
was 0.405 lb per hp-hr, and the exhaust temperature, 480 F. 

Burmeister & Wain Engine—The firm of Burmeister & 
Wain, Copenhagen, Denmark, well known for its larger Diesel 
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marine engines, has in recent years built light, moderate- 
speed two-stroke engines for rail-car work. A transverse sec¬ 
tion of this engine is shown in Fig. 22. In addition to the 
power piston, each cylinder contains a piston valve coaxial 

Fig. 20.—Cross Section of Kadenact Single-Cylinder Engine. 

with and above the piston. Scavenging and supercharging 
are effected by means of a Roots-type blower with four-lobed 
rotors. Scavenging air enters the cylinder through ports in 
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the cylinder wall, which are uncovered by the piston when 
approaching the lower end of its stroke. These ports extend 
completely around the cylinder. Exhaust takes place through 
ports in an upward extension of the cylinder, of reduced 
diameter, which ports are masked and unmasked by the piston 
valve. As air enters the cylinder at the bottom and gases of 
combustion leave at the top, the engine operates on the uniflow 
principle. The piston valves are operated from the crank¬ 
shaft through the intermediary of eccentrics, eccentric straps, 
crossheads, and pullrods. Piston and piston valve move sub- 

Fig. 21.—Porting of Kadenacy 

Engine. 

stantially in opposition to each other, but the eccentrics are 
not exactly opposite the cranks, so that an asymmetric timing 
diagram is obtained. 

In a general way the engine works on the same principle 
as thb Junkers opposed-piston type. The piston valve also 
acts as a piston, as it moves most of the time in the direction 
in which it is being urged by the gas pressure, but the work 
done on it by the expanding gases is only about 10 per cent 
that done on the piston, the area exposed by it to gas pressure 
being 25 per cent and its stroke 40 per cent that of the piston. 
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Rocking-Beam Engines—In another type of double-piston 
engine the cylinders are horizontal and the two pistons in 
each cylinder act on a crankshaft located centrally below 
the cylinder or cylinder block, through the intermediary of 

Fig. 22.—Bubmeistek & Wain Two-Stroke Engine in Cross Section. 

two pairs of connecting rods and a pair of rocking levers. 
Diesel engines of this type were built in this country for a 
number of years by the Hill Diesel Engine Company of 
Lansing, Mich., but the design was abandoned again. It 



TWO-STROKE ENGINES 333 

seems that the problem of lubrication under high-speed con¬ 
ditions gave rise to some difficulty. Such engines are now 
being built by Sulzer Brothers in Switzerland for motor 
trucks, farm tractors, and stationary power units. A sec¬ 
tional view^ of one of these engines is shown in Pig. 23. With 
this engine, an asymmetric timing diagram is obtained by 

merelj^ placing the crankshaft axis slightly below a tangent 
to the two circular arcs described by the center lines of the 
bearings at the lower ends of the rocking beams. The crank¬ 
shaft, of course, has two throws for each cylinder, set at 180 
deg. Each piston reaches its extreme inward position when 
its crank and the attached connecting rod come in line with 
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each other, which occurs slightly before the crank reaches 
the horizontal position, for one piston, and slightly after it 
has passed through that position, for the other. 

Sulzer roeking-beam engines are made in two cylinder 
sizes of 2% by 4 and 3% by 4% in., and in two-, three-, and 
four-cylinder models, the small cylinder, in addition, being 
used in a single-cylinder model. Each cylinder is provided 
with a separate piston-type blower, driven from the rocking 
beam at the scavenging end. As in the double-piston vertical 
engine, scavenging air enters the cylinder through ports un¬ 
covered by one of the pistons, and exhaust takes place through 
ports controlled by the other. These engines are designed to 
be operated at a maximum speed of 1500 rpm in automotive 
use, and at 1000 rpm in heavy-duty service. The compres¬ 
sion ratio is 22:1 and the maximum combustion pressure 
1150 psi. Engines are rated on the basis of 84 psi bmep. 
Weights of these engines are comparatively high. For in¬ 
stance, the two-cylinder 2% by 4-in., which is used for tractor 
purposes and develops a maximum of 30 hp at 1500 rpm, 
weighs 1000 lb. 



CHAPTER XIII 

Railroad Engines 

As pointed out in Chapter I, in the railroad field there are 
four distinct applications for Diesel engines—to switching 
locomotives, rail cars, streamlined articulated trains, and 
main-line locomotives. In the United States there has been 
little demand for rail cars since the early thirties. Articulated 
trains also did not come into extensive use, because with their 
limited passenger capacities they did not meet the require¬ 
ments of main-line roads, and at present the use of Diesel en¬ 
gines in the railroad field is confined almost entirely to loco¬ 
motives—switching, passenger, and freight. 

Switching Locomotives—On American railroads Diesel 
engines so far have been used most extensively for switching 
locomotives. The first locomotive of this type in this country 
was built by the American Locomotive Company and was 
placed in service in 1925. It was equipped with an engine 
built by the Ingersoll-Rand Company, while the electrical 
equipment was furnished by General Electric Company. The 
four-stroke engine developed 300 hp at 600 rpm and weighed 
about 63 lb per hp. It may be pointed out in this connection 
that very light construction is not necessary for switching 
locomotives. These latter must have a certain total weight in 
order to be able to produce the traction effort wanted, and 
there seems to be no good reason why a good percentage of 
this weight should not be put into the engine. 

The power required by switching locomotives varies con¬ 
siderably. In Europe the rolling stock is generally much 
lighter than in this country, and the switching locomotives 
therefore also can be lighter. Thus the London, Midland and 
Scottish Railway has in service a number of ‘‘shunting^' loco- 
motixes of only 150 hp rating. These locomotives have a fluid 
flywheel (hydraulic coupling) and a two-speed planetary 
gear-set giving speeds of 4.5 and 9 mph at the governed en¬ 
gine speed of 900 rpm. The final drive is from a cross shaft 
with crank directly coupled to a crankpin on one of the 
wheels, the other two wheels being connected to this one in 

335 
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the usual manner. The locomotive develops tractive efforts of 
12,000 lb and 6000 lb at the two speeds respectively. 

Most of the Diesel switching locomotives delivered to 
American railroads in recent years are much heavier and 
more powerful. Being equipped with the flexible electric 
drive, they can be used also for light branch-line service. 
During World War II four different sizes of Diesel-electric 
locomotives were developed for the U. S. Army, of 25, 44, 
65 and 127 tons, equipped with engines of 150, 380, 500 and 
1000 hp, respectively, and geared for maximum speeds of 20, 
35, 45 and 60 mph, respectively. The Army preferred Diesel- 
electric locomotives in its overseas operations because they 
require no large amounts of water, are instantly available 
after delivery, use a fuel that can be easily procured and 
transported, and can be operated by one man. Other ad¬ 
vantages that count heavily in military operations are that 
these locomotives can be maintained without extensive re¬ 
pair facilities, are equally satisfactory in switching and road 
work, produce no smoke and fire-box glare at night, and are 
always instantly ready, which is of special importance in 
emergency operations. Some of these Army locomotives were 
used for the transportation of war equipment oVer the Trans- 
Iranian Railroad from the Persian Gulf to Russia. This line 
leads through a desert where water is unobtainable and where 
steam locomotives therefore are impractical. 

At the beginning of 1952 a number of the leading railroads 
of the country had been almost completely ^‘dieselized,^’ and 
others were rapidly approaching this condition. Consequently, 
there was a strong demand for main-line Diesel locomotives as 
well as for switchers. Among new models introduced the pre¬ 
vious year were three six-axled, six-motored (electric) road 
switchers. Locomotive-type Diesel engines were being pro¬ 
duced with up to 16 cylinders, their outputs ranging up to 
2500 hp. In some cases two engines were installed in a single 
cab. 

Some European Developments—In Europe the applica¬ 
tion of Diesel engines to railway rolling stock previous to 
World War II was confined almost entirely to rail cars and 
switchers. There the private automobile had not cut into 
railway passenger traffic to the same degree as in this coun¬ 
try, and the Diesel-powered rail car promised a solution of the 
problem of providing low-cost frequent services in congested 
areas. Among the more ambitious projects of that era was 
one by the German State Railways to install 300 Diesel rail 
cars on lines in the industrial Ruhr district. Owing to the 
outbreak of war this plan was not fully carried out at the 
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time. Toward the end of the forties’^ these railways again 
turned their attention to the Diesel for a solution of their 
problems, and three of the leading manufacturers of Diesel 
engines in Germany (Daimler-Benz, M.A.N., and Maybach) 
brought out railroad engines of new design to compete for 
this market. These engines, with ratings up to 1200 hp, are 
still generally referred to as ‘‘rail-ear engines,^' although the 
larger ones would seem to be well adapted to locomotives. 
They are exceptionally light for their outputs, the Maybach, 
for instance, weighing only 6.7 lb per blip on the basis of its 
factory rating. This low specific weight is made possible by 
the extensive use of light alloys, by supercharging, and by 
operating at relatively high speeds. The designers hope to 
approach the engine life (period between complete overhauls) 
of American engines of much greater specific weights. The 
argument that in locomotives weight is required for traction 
they meet with the observation that “if it is weight you need, 
ballast is much cheaper than high-grade machinery.’^ 

Alco Engines—American Locomotive Company in 1952 
had in production a six-cylinder in-line engine of 12^/^-in. 
bore by 13-in. stroke, and twelve- and sixteen-cylinder V-type 
engines of 9-in. bore by 10%-in. stroke. The six-cylinder 
engine delivers 660 hp at 740 rpm with atmospheric induction, 
and 1000 hp at the same speed when turbosupercharged. 
Both of the V engines are equipped with turbosuperchargers, 
and deliver 1600 and 2250 hp at 1000 rpm, respectively. The 
in-line engines are installed in yard- and road-switching loco¬ 
motives; the 12-cylinder V-type engines, in road switchers 
and freight-passenger locomotives, and the 16-cylinder, in 
passenger locomotives. 

The vertical engine is of conventional design, having a 
cast-iron cylinder block with “wet^^ liners, a cast-iron crank¬ 
case to which the cylinder block is bolted, and individual 
cylinder heads secured to the block by heavy studs. There 
are four valves in each head, the injection nozzle being lo¬ 
cated centrally between them. Each cylinder is served by 
an individual injection pump. Engine speed is controlled by 
a Woodward governor. This engine weighs 33,700 lb without 
and 54,800 lb with the turbosupercharger. 

The V engines are of more recent design and comprise 
welded-steel structural members, including a base, a free-end 
casing, and a cylinder block. The angle of the V block is 45 
deg in both the twelve- and the sixteen-cylinder models. A 
photograph of the twelve-cylinder engine is shown in Pig. 1, 
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and Pig. 2 shows the base and the free-end easing. The base 
provides mounting surfaces for the free-end easing, the gen¬ 
erator adapter, and the eylinder bloek, and is equipped with 
two engine mounting pads, two additional pads being provided 
on the generator adapter. It forms the lower half of the crank¬ 
case and acts as an oil reservoir. Main and connecting-rod 
bearings, oil lines, cylinder liners, and piston skirts can be 
inspected through large openings in each side by removing the 

Fig \—Auo Twelve-Cylinder Supercharged 1600-HP Engine. 

crankcase covers. The free-end casing houses the viscous- 
fluid-type vibration damper and the pump gearing, and pro¬ 
vides mounting surfaces for the water and oil pumps, the 
turbosupercharger support, and the fuel oil filters. 

The cylinder block (Pig. 3) supports the crankshaft, rods, 
pistons, water jackets and liners, and cylinder heads. It also 
provides mounting surfaces for the turbosupercharger sup- 
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port, the inlet water header, the camshaft housing, and the 
generator adapter. The upper halves of the main-bearing 
saddles and a portion of the intake manifold are integral 
parts of the block. 

Each cylinder unit is made up of two maclimed cylindrical 
shells, the water jacket and the cylinder liner. The liner 
extends above the water jacket at the top and is provided with 
a recessed rim which rests on the flanged top of the water 
jacket, a water-tight joint between the two being effected by 
means of a rubber ring gasket in a groove in the jacket. At 
the bottom the liner is a close fit in the jacket, the'joint there 
being sealed by two ring gaskets. The top flange of the water 

Fia 2—Base and Free-End Casino of Alco Engine. 

jacket rests on the top surface of the cylinder block, the liner 
and jacket together with the cylinder head being held in place 
by means of the cylinder-head studs. Cylinder units with 
their pistons and connecting rods can be removed from the 
top of the block as shown in Pig. 4. 

A system of positive-flow oil cooling is provided for the 
pistons. Referring to Pig. 5, a separate ring carrier is shrunk 
on the upper part of the piston, and oil-cooling grooves are 
machined in the piston before application of the ring carrier. 
Oil from the engine lubricating system is forced up the 
drilled connecting rod, through the hollow piston pin and 
radial holes in the wall of the pin, and through the hole in 
the piston parallel to its axis, into the lowest cooling groove. 
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It enters this groove at one side of the piston and passes on 
to the groove next above through a slot in the intervening 
land on the opposite side. In this way, the oil passes through 
the different grooves in succession, and then drains back into 

Pio, 4.—^Showing Method of Removing Cylinder, Liner, Piston and 

Connecting Rod prom Block. 

the base. Each piston carries three compression and three 
oil rings. The oil chamber within the piston pin is closed by 
pressed-in sheet-metal cups. Plugs are fitted into the ends of 
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the piston-boss bores, and any oil finding its way into the 
spaces between the pins and these plugs drains back into the 
engine base. 

Three cylinder-liead studs pass through holes in the head, 
and in addition there are two studs between each pair of 

Fig. 5.—Alco Composite Piston and Its Oil-Cooling System. 

adjacent heads, by means of which pressure is exerted on the 
heads through the intermediary of clamping bars. Cylinder 
head-to-liner seals are metal-to-metal, the surfaces being 
lapped. Sealing gaskets are used at the water connections 
between the head and liner. 
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General Motors Railroad Engines—Two-stroke Diesel rail¬ 
road engines are being manufactured by the Electro-Motive 
Division of General Motors Corporation at LaGrange, Ill. 
They are being built in six-, eight-, twelve-, and sixteen-cyl¬ 
inder models, all with the same bore and stroke of 8% by 10 
in. All are of the V-type, with an angle of 45 deg between 
the two cylinder banks. That gives uniform spacings between 
power impulses of 45 and 22.5 deg in the eight and sixteen, 
respectively, but uneven spacings in the other models—45 and 
75 deg in the six, and 19, 26, and 49 deg in the twelve. The 
reason for using a uniform angle of Vee of 45 deg is that it 
results in a fairly narrow engine and leaves ample room in 
the cab to get at the engine from both sides; and the six is 
made a Vee rather than an in-line engine because more of the 
parts of the Vee can be made interchangeable with* those of 
the other models. The displacement is 567 cu in. per cylin¬ 
der, and the compression ratio is 16 to 1. Ratings of the dif¬ 
ferent engines are as follows: Six-cylinder, 600 hp; eight, 800 
hp; twelve, 1125 and 1200 hp; sixteen, 1600 hp. The six-, 
eight-, and twelve-cylinder engines are installed in switching 
locomotives, while the sixteen goes into freight, combination 
freight-passenger, and road switching locomotives. A cross 
section of the engine (known as the Series 567) is shown in 
Fig. 6. 

In these engines a fabricated-steel crankcase supports the 
cylinders and the main-bearing frames. Top decks, cooling- 
water, and lubricating-oil manifolds are formed in the crank¬ 
case. Each cylinder with its water jacket is a separate casting 
of alloy iron. The cylinder is secured to the cylinder head by 
eight studs and nuts, and the assembly is held in place on the 
crankcase by cylinder-head crabs. Head-retainer steel forg¬ 
ings in the top decks are counterbored to receive the cylinder 
assemblies. Horizontal plates and vertical stress plates hold 
the whole assembly in alignment. Two parallel plates of the 
crankcase, located at the bottom of the cylinder water jackets, 
form the water manifold and are bored to receive the cylin¬ 
ders, sealing rings of synthetic rubber being inserted between 
these plates and the cylinders. The oil manifold is formed 
where the two cylinder banks join at the center of the engine. 
The oil pan is a fabricated-steel base to which the crankcase 
is bolted, and its bottom slopes toward a sump at the middle. 
Main and connecting-rod bearings are inspected and serviced 
through hand holes in the oil pan, which are located directly 
below similar hand holes in the air box. Oil tubes leading to 
the various bearings extend up about 2 in. into the manifold, 
so that no sediment can get into them. The exhaust ports 
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in the cylinder heads line up with water-jacketed exhaust 
passages. 

There are four exhaust valves in each cylinder head. As 
shoAvn in Fig. 7, two valves are operated by a single rocker 
arm by means of a valve bridge. Hydraulic lash-adjusters are 
inserted between the valve bridge and the valve stems. Oil 
flows through a drilled passage in the valve bridge to the top 
of the lash adjuster. A coil spring resting on the cylinder 
head holds the valve bridge in contact with the rocker arm. 
The spring has a spherical scat on the cylinder head, and 

there is a ball-and-socket contact also between the bridge and 
the rocker arm. Exhaust valves have a head diameter of 2% 
in., 30-deg seats, and a lift of 0.686 in. The valve ports are 
venturi-shaped. 

The pistons, of which two sectional views are shown in 
Fig. 8, are of alloy iron, in two parts. The body or main part 
is supported by a pin carrier held in position therein by a 
%6-in- snap ring, with a bronze washer between the two 
parts. This so-called “floating piston” tends to prevent ring- 
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belt cracking, as the temperature gradients in the piston 
body are less than in a piston with integral bosses and large 
supporting ribs. The interior of the piston forms a cooling 
chamber through which oil is circulated. Drill holes parallel 

with the piston axis extend up through the pin carrier on 
opposite sides. Oil is injected into one of these holes—^which 
has a tapering inlet—by a fixed nozzle directly below it, and 
returns to the sump through the other hole. The piston pin, 
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of 3.5-in. diameter, is of the floating type, there being bronze 
bushings in the pin carrier and a silver-plated floating bushing 
in a fixed sleeve in the small end of the connecting rod. 

Connecting rods are of the ‘‘blade-and-fork^^ type. The 
blade rod oscillates on the outside of the upper bearing shell 
and is held in place by a counterbore in the fork rod, as 
shown in Pig. 9. Serrations on the side of the fork rod match 
serrations on the two-piece, hinged ‘'bearing basket.^' The 
outside of the upper shell in the fork rod provides the bear¬ 
ing surface for the blade rod. 

The crankshaft, with main bearings of 7.5 and crankpin 
bearings of 6.5 in. diameter, is Tocco-hardened. In the six- 

Fiq. 9.—Big Ends of the 'Tork-and-Blade Type” Connecting Rods. 

teen-cylinder engine it is made in two sections and supported 
in ten bearings, including two center bearings. The generator 
armature serves as flywheel and is connected to the crankshaft 
by a flexible coupling, consisting of a relatively thin steel 
disc 36 in. in diameter (which comes with the generator), and 
a somewhat thicker disc welded to a counterbored ring, which 
latter is secured to the generator disc by bolts. A Harmonic 
balancer is located at the forward end of the crankshaft, and 
an accessory-drive gear mounted on the crankshaft immedi¬ 
ately ahead of the balancer drives the water pumps, oil pumps, 
and governor. Camshafts are made in sections, each section 
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carrying the cams for three cylinders in the six- and twelve- 
cylinder engines, and for four cylinders in the eight- and 
sixteen-cylinder models. 

An overspeed trip mechanism, shown in Fig. 10, prevents 
injection of fuel if the engine reaches an excessive s[)eed. In 
tlie latched position a notch in the reset lever engages the 
trip pawl, so that the pawl camshaft is held away from tlie 
rocker arm. Thus the engine camshaft is free to operate the 
injector rocker arms in the usual manner. When the engine 
reaches the speed for which the trip is set (910 rpm), cen¬ 
trifugal force on the flyweight mounted on the counterweiglit 

of the right-hand camshaft overcomes the spring, and the 
flyweight moves out and engages the trip pawl. This pushes 
the shoulder of the trip pawl out of the notch in the reset 
lever, and the spring-loaded linkage rotates the pawl cam¬ 
shaft, which then engages the injector rocker-arm pawl. 
Then, as the engine camshaft lifts the injector rocker arm, 
the rocker-arm pawl snaps into a notch at the back of the 
rocker arm, holding the injector plunger in a depressed posi¬ 
tion and bringing the engine to a stop. 

Each engine is fitted with two gear-type oil pumps com¬ 
bined in one, a plate separating the two pairs of gears. One 
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pump delivers lubriealing oil to the bearings, the other cool¬ 
ing oil to the pistons. A scavenging pump returns oil from 
the sump to the strainer chamber through an oil filter and 
an oil cooler. The pressure in the lines to the main bearings 
ranges between 45 and 60 psi, the piston-cooling pressure 
between 20 and 30 psi. An oil separator for the oil vapor and 
blow-by which the blower draws from the crankcase is in¬ 
stalled at the rear end of the engine. 

The engines are equipped with a low-oil-pressure alarm, 
which gives both visual and audible signals and slows the 
engine down to idling speed w-hen the oil pressure drops to 
a predetermined limit. Another safety device gives a signal 
when the vacuum in the suction line becomes excessive as 
a result of clogging of the oil strainer. The oil pump is 
geared to turn at 1.415 times crankshaft speed. On the twelve- 
cylinder at 800 rpm the lubricating pump has a capacity of 
86 gpm; the piston-cooling pump of 43 gpm, and the scaveng¬ 
ing pump of 170 gpm. 

Blowers are of the triple-lobed, helical type, and both the 
housing and the rotors are of aluminum. There are single 
blowers on the six and the eight, while the twelve and sixteen 
have two blowers each. Each rotor is pressed onto a tubular 
shaft. A flanged quill shaft connecting to one of the tubular 
shafts by a serrated joint, extends through it and transmits 
tlie blower drive. This light shaft protects the rotors and 
drive from shock, because of its flexibility. Blowers on the 
six and twelve have a capacity of 2000 cfm each at 800 rpm, 
while those on the eight and sixteen have a capacity of 2700 
cfm each. At the speed mentioned the blower pressure ranges 
between 7 and 8 in. of mercury. 

The blower discharges into an air box which is formed by 
the sides and ends of the crankcase and the top and bottom 
decks. Scavenging air enters the cylinders through ports in 
the cylinder wall 1.36 in. high. Inlets to these ports are 
strongly flared. * 

Weights of the four engines are approximately 15,000, 
17,500, 23,500, and 30,000 lb. 

Fairbanks-Marse Engine—Fairbanks, Morse & Co. in 1944 
announced a ten-cylinder, two-stroke, double-piston engine 
for railroad and other applications. Development work on 
this type of engine (which is produced also in other cylinder 
numbers) was begun during the thirties, with railroad ap¬ 
plications in view. During the war, engines of this type 
were supplied to the Navy for submarine and surface vessels. 
A switching locomotive with a six-cylinder engine was placed 
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Fig. 11.—Cboss Section of Faibbankb-Mobse Locomotive Engine. 
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in service by the Chicago, Milwaukee & St. Paul Railroad in 
1944. 

With a bore of 8% and a stroke of 10 in., the ten-cylinder 
model has a piston displacement of 10,370 cu in. and is rated 
1600 hp at 720 rpm, which corresponds to 84.9 psi bmep. At 
850 rpm it develops a gross output of 2150 hp and a net of 
2000. This is a direct-injection engine and it shares the 
characteristics of that type: The maximum combustion pres¬ 
sure is given as 1250 psi and the fuel consumption at the 
rated speed and load as 0.375 lb per hp-hr. 

The cylinder block is built up of steel plates which are cut 
to shape, located in jigs, and welded together to form a light, 
rigid structure. Transverse vertical members together with 
horizontal decks form enclosures, bearing housings, and sup¬ 
ports for the operating parts. The four horizontal decks are 
bored to receive the cylinder assemblies. An extension is 
provided at one end for the attachment of the Roots blower. 
Within the cylinder block are formed a number of compart¬ 
ments, which are clearly shown in the cross section. Pig. 11. 
First above the lower crankcase comes the exhaust-manifold 
and deck compartment, which extends lengthwise of the block 
on both sides. An exhaust deck and two exhaust manifolds 
are installed in this compartment. Next come the injection- 
nozzle compartments, which house the injection nozzles, in¬ 
jection pumps, air-start check valves, cylinder relief valves, 
and fuel control rods. Immediately above these is the air- 
receiver compartment, which forms a passage for the scav¬ 
enging air to the inlet ports of the cylinders. Above this is 
the upper crankcase. 

After being welded, the block is sand-blasted, and a Mag- 
naflux test is made to check the welding in certain vital spots. 
It is then annealed to relieve the stresses set up by welding. 

The two ten-throw crankshafts—upper and lower—are 
cast of alloy iron. They are set out of phase by 12 deg, the 
lower crankshaft leading. This not only makes it possible 
to keep the inlet ports open after the exhaust ports have 
closed, but also results in most of the power being transmitted 
directly to the lower crankshaft, which is the output shaft. 
It is figured that 72 per cent of the total power is imparted 
to the lower shaft directly, and only 28 per cent to the upper, 
and of this latter fraction a considerable amount is used in 
driving the blower, so that relatively little power has to be 
transmitted by the vertical shaft, its fiexible coupling, and 
the two pairs of spiral bevel gears which connect the two 
ctankshafts. Exhaust ports open 16 deg ahead of the scav¬ 
enging ports. The exhaust extends over 112 deg of crank- 
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shaft rotation and the inlet over 104 deg. A torsional vibra¬ 
tion damper of the dynamic type is fitted to the lower crank¬ 
shaft. 

Gears on the two crankshafts mesh with pinions whose 
shafts are mounted in roller and thrust bearings in the upper 
and lower drive housings. A flexible coil-spring coupling 
unit, an adjusting flange, and a flexible coupling hub con¬ 
nect the two coupling hubs together and complete the drive. 
The vertical flexibility allows for expansion of the cylinder 
block and also for a small amount of misalignment. Its 
torsional flexibility enables the coupling to absorb any tor¬ 
sional vibration. These and other details are clearly showui 
in the two part-sectional views Nigs. 12 and 13. 

The cylinder assembly, which consists of a liner, jacket, 
rubber rings and lock ring, is bolted into the cylinder block 
by means of lugs near the upper end of tlie liner. That part 
of the liner wdthin the air receiver is provided with circum¬ 
ferential cooling ribs, w^hile the part within the jacket has 
longitudinal ribs designed to guide the cooling water upward. 
The jacket is shrunk to the liner. Halfway up the liner there 
are openings for the two injection nozzles, an air-start check 
valve, and a cylinder relief valve. Tapped holes for lifting 
eye bolts are provided in the lugs by which the cylinder as¬ 
sembly is bolted to the block. 

Each piston carries four compression rings near the closed 
end and an oil scraper ring and two oil drain rings near the 
open end. Piston-pin brackets bolted into the pistons, in 
addition to transmitting the gas pressure from the piston 
crown to the piston pin, form a chamber within the piston 
through which cooling oil circulates. Oil is admitted to this 
chamber through the drilled connecting rod. The eye at the 
small end of the connecting rod is provided with a bronze- 
lined steel bushing. Big-end bearings have steel backs lined 
with lead-base bearing alloy containing a special hardener. 
Main bearings are supported between saddles in the cylinder 
block and the bearing caps. The half shells are doweled to¬ 
gether and consist of bronze backs with lead-base alloy lin¬ 
ings. End thrust is taken on the bearings adjacent to the 
bevel gears. Limits on main-bearing clearance at assembly 
are 0.009 and 0.0115 in. In an engine of this type all bearing 
wear comes on the shell in the cap. 

Two injection pumps and two nozzles are provided for 
each cylinder. Fuel is delivered to the injection pumps by 
a gear-type transfer pump under a pressure of 25 psi. The 
injection pumps are located within the cylinder block on op¬ 
posite sides of the cylinders, and the connections to the noz- 
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zles are relatively short. These pumps are operated by cam¬ 
shafts driven from the upper crankshaft through a toothed 
chain at the control end. They are of the conventional jerk- 
pump type, with delivery control by racks. All of the racks 
on the same side of the block are adjustably connected to a 
control rod, and the two control rods are linked to a Wood¬ 
ward hydraulic-relay type of governor at the control end of 
the block. Fuel nozzles are of the differential type and have 
three orifices of 0.020-in. diameter, inclined 15 deg to the 
nozzle axis. The nozzles, which are set to open at 8000 psi, 
are cooled by the water in the cylinder jackets. To facilitate 
their removal, the camshafts are made in sections which are 
flange-bolted together. 

The blower is of the Roots type, with triple-lobed helical 
rotors. It is driven from the upper crankshaft through helical 
gears and a flexible coupling, at twice crankshaft speed. At 
rated engine speed it has a capacity of 6000 cfm, which is 
about 39 per cent more than the rate of piston displacement. 
At this same speed the blower has a volumetric efficiency of 
77 per cent and a mechanical efficiency which increases with 
the scavenging pressure and which at a pressure of 4 psi is 
equal to 58 per cent. Under these conditions the blower 
absorbs slightly more than 160 hp. 

A number of different governing systems can be supplied, 
but all incorporate the same basic hydraulic-relay type of 
governor which was described in Chapter VJl. The governor 
is driven from a coupling at the top of a flexible pump drive. 
To absorb any vibration which might pass through the flex¬ 
ible pump drive from the lower crankshaft to the governor, 
the coupling shaft is designed to ‘' floatbetween the pump 
drive and a second intermediate drive shaft. 

Lubrication of the engine is entirely by pressure, all bear¬ 
ings, including those of the vertical drive shaft, the cam¬ 
shafts, blower, pump and governor drives, being oiled auto¬ 
matically. As the oil is used not only for lubrication, but 
also for cooling purposes, it is circulated at a high rate, and 
the herringbone-gear-type oil pump has a delivery of 280 
gal per minute and requires 18.5 hp to drive it at normal 
engine speed. The relief valve is set at 60 psi. 

The engine is started by compressed air. The starting 
system includes air flasks, a reducing valve, a relief valve, 
gauges, and the necessary piping to the high-pressure header 
and the cylinders. The engine starting mechanism includes 
an air-start control valve, an air-start distributor, a header, 
pilot-air tubing, and air-start check valves at individual 
cylinders. 







356 RAILROAD ENGINES 

The starting mechanism operates at 250 psi, and a reduc¬ 
ing valve with by-pass is installed in the supply line. Prom 
the header beyond the reducing valve a pipe leads to another 
pressure gauge on the instrument board. For the protection 
of the system a relief valve set at 275 psi is installed in the 
air-supi)ly line between the rediKung valve and the engine. 
The air-start control valve is mounted near the control end 
of the engine, on the side opposite the control quadrant. 
When the control-shaft lever is moved to the '‘Start” posi¬ 
tion, the air-start control valve is opened through a linkage. 
Compressed air then enters the header which leads to the 
air-start check valves of the individual cylinders. Air also 
passes into the pilot-air supply pipes connected to the air- 
start distributor. This latter has one pilot air valve for 
each cylinder. These valves are arranged radially in a circle 
around the air-start distributor camshaft, according to the 
firing order of the cylinders. A spring normally holds the 
valve out of contact with the cam, but when air enters the 
distributor from the control valve, the air pressure overcomes 
the spifing and forces the valve plunger into contact with the 
cam. For any given position of the camshaft,! one valve will 
be on the low point of the cam and therefore will be fully 
open, and two other valves, on opposite sides of this one, will 
be partly open. These three valves will admit air to three 
air-start check valves. The air pressure then opens the check 
valves and the air rushes into the cylinders, forcing the two 
pistons in the cylinder apart and causing the crankshafts to 
revolve. As soon as the engine begins to fire the control- 
shaft lever is moved to the “Run” position. This closes the 
air-start control valve and shuts off the air pressure from the 
distributor. 

Maybach Engines—Maybach Motor Manufacturing Co. of 
Friedrichshafen, Germany, which in 1933 furnished the en¬ 
gines for the original “streamliner,” the “Flying Ham¬ 
burger,” in 1950 brought out an entirely new line of Diesel 
railroad engines comprising four-, six-, eight-, and twelve- 
cylinder, four-stroke modehs. The early Maybach engine was 
a development of one built for lighter-than-air craft (Zep¬ 
pelins), and w^as unusually light. In the design of the new 
engines the principal aim is said to have been to combine high 
specific output with long life (long periods between over¬ 
hauls). There is nothing very unusual in this goal, which 
probably is aimed at by a majority of all engine designers, 
but in this case the quest for the result sought has led to some 
unusual design features. 

In the following description the reference for the most part 
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is to the supercharged twelve-cylinder model, of which a 
photograph is shown in Fig. 14 and part of a longitudinal 
section in Fig. 15. The cross section, Fig. 16, is of the six- 
cylinder model, this having been chosen because it can be 
shown to better advantage in the space available. In this view 
the oil sump, containing two gear pumps for circulating the 

Fig 14—Maibxch Twelve-Cylinder, Supercharged, Four-Stroke R\il- 
Car Engine. 

oil through separate piston-cooling and lubricating circuits, 
has been omitted, for reasons of space. Such parts as pistons, 
cylinder heads, valves, rocker levers, injection units, connect¬ 
ing rods, and cylinder liners are interchangeable throughout 
the whole line, and crankshafts, camshafts, and frames^’ are 
interchangeable between the four- and eight-cylinder and be¬ 
tween the six- and twelve-cylinder models, respectively. 
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The engines have a bore of 7.28 and a stroke of 7.87 in., 
which makes the displacement of the individual cylinder 328 
cu in. and that of the twelve-cylinder engine, 3936 cu in. 
The twelve-cylinder model shown is supercharged by a turbo¬ 
blower and has a continuous-output rating of 1200 hp at 1600 
rpm. Making allowance for the fact that the American horse 
power is 1.42 per cent larger than the metric one, this cor¬ 
responds to a bmep of 149 psi. However, as used by the 
German State Railways the output is limited to 1000 hp, 
which limit is said to be imposed by the capacity of the largest 
transmission available. 

The engines are of the direct-injection type, having spheri¬ 
cal combustion chambers in the individually-cast cylinder 
heads. To provide the necessary room for these combustion 
chambers, three inlet and three exhaust valves are used, ar¬ 
ranged symmetrically around the combustion chamber. In 
continuous service, engine outputs usually are limited by over¬ 
heating of pistons, which causes the piston rings to stick; 
by excessive loads on main and connecting-rod bearings, which 
induce fatigue in the linings, or by overheating of the exhaust 
valves. To prevent trouble from ring-stickiilg, the pistons 
of Maybach engines, which are of cast iron, have their crowns 
cooled by positive oil circulation. A cooling chamber is 
formed in the top of the piston, between the piston proper and 
a steel head secured to it by six cap screws. There is a cooling- 
oil circuit, including an outside oil-cooler or heat interchanger, 
which is entirely separate from the lubricating-oil circuit. 
Oil enters and leaves the cooling chamber in the piston crown 
through telescoping tubes, and the passage through the cooling 
chamber is said to be so designed that the greatest cooling 
effect is produced where it is most needed. The intense cool¬ 
ing makes possible the use of pistons of true cylindrical form 
(not tapered and not ovaled), fitted with very small clearances 
and carrying only three narrow compression rings. These 
latter are located in grooves in the detachable steel head. 
The narrow ring belt leaves a comparatively long effective 
bearing surface and makes possible a favorable location of 
the piston pin. 

Valve troubles usually increase and decrease with the 
valve diameter. As there are three exhaust valves in each 
cylinder, the valve diameter is small and valve cooling pre¬ 
sents no problem. Each set of valves is actuated from a sepa¬ 
rate overhead camshaft through small rocker levers. Direct 
actuation reduces the weight of the valve-reciprocating parts 
and the spring force required to close the valves. Valve life 
is increas^ further by causing the valves to rotate in opera- 
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tion and by providing them with hydraulic clearance take- 
ups. Opening pressure is applied to the valve stems in such 
a manner that they produce no side thrust on their guides. 

Fuel is injected into the spherical combustion chamber 
by a combined pump and injector, which was developed in 
collaboration witli the L’Orange fuel-injection-equipment firm. 
Efficient combustion is possible only if the fuel is injected 
during a relatively short period. That calls for high injection 
I)ressures which, if produced in multi-unit pumps, would re¬ 
sult in pressure waves in the high-pressure lines and operat¬ 
ing difficulties connected therewith. 

The most radical features of the engine are to be found in 
the crankcase and crankshaft design. The crankcase is simi¬ 
lar to what in this country has been known as the barrel type 
(the Germans call it the tunnel type), and is cast integral 
with the two banks of cylinders, which certainly should make 
a rigid block. Instead of crank arms, the seven-bearing 
crankshaft has cylindrical discs which form the inner races 
for the large-diameter roller bearings supporting the shaft. 
This makes practically the whole length of the shaft avail¬ 
able for bearing purposes, and both the main and crankpin 
bearings can be made of liberal size, even though the cylinders 
are placed as close together as possible. One forked and one 
plain connecting rod are carried on each crankpin. The 
bearing of the forked rod, which extends practically the 
whole length of the crankpin, has a diameter of approximately 
4% in. and a length of 4 in. It consists of a heavy-walled 
steel shell made in halves, with a lead-bronze lining to which 
a protective coating is applied by electro-deposition. The 
plain rod has a bearing on the outside of the shell, also lead- 
bronze lined. Since it has only a slight rocking motion on the 
shell, it does not require a great length. Serrations on the 
faces of the joint between the half-shells help to prevent 
deformation of the bearing in service. 

The turbo-blower is located centrally on top of the engine, 
hence connections from it to the different cylinders are of 
nearly equal length. The weight of the supercharged twelve- 
cylinder model is given as 3600 kg or just under 8000 lb. 
That corresponds to a specific weight of 6.7 lb per bhp on the 
basis of the manufacturer’s continuous-output rating, and to 
8 lb on the basis of the maximum output of the engine on the 
German State Railways. 

Sulzer Engine—What was claimed to be the largest rail¬ 
road Diesel engine built up to that time was supplied by 
the Swiss firm of Sulzer Brothers to the French P.L.M. rail¬ 
road in the late thirties. It is a twelve-cylinder with a bore 
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and stroke of 12.2 by 15.35 in., is supercharged, and has rat¬ 
ings of 2200 hp at 700 rpm for one hour and 1900 hp at 600 
rpm continuously. Unlike most twelve-cylinder engines, it is 
not a V type, but has two rows of parallel cylinders, all in the 

Fia. 17.—SuLZBR Twin-Type Locomotive Engine of 2200 HP at 

700 RPM. 

same block. The pistons of each row work on a separate 
crankshaft and the two crankshafts drive the generator arma¬ 
ture through gearing having a ratio of 5:6. This, of course, 
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means that electric drive is being used. A cross section of the 
engine is shown in Fig. 17. 

Air is supplied to the cylinders by two turbo-blowers. In 
the event one of the blowers should fail, it can be completely 
cut out and the engine half affected operated with atmos¬ 
pheric induction, with which it develops about one-half its 
normal power. 

The crankcase lower lialf is made of steel castings welded 
together. It is substantially ribbed, and bolted to a common 
bedplate with the generator. Main bearings are formed in 
the lower half of the crankcase, which latter has an oil sump 
of welded sheet steel secured to its bottom. The cylinder 
block also is made of welded steel castings and is bolted to 
the crankcase. Cylinder liners of alloy iron are used, and 
are inserted in the block from above. At the top the joint is 
sealed by a copper gasket under a flange on the liner, at the 
bottom with tliree rubber rings. 

Each of the seven-bearing crankshafts carries a torsion 
damper at the front and a drive gear at the rear end. There 
is a separate head on each cylinder. The injection pressure is 
3900 psi (direct injection). Each injector is supplied by 
its own pump. A consumption of 0.41 lb per hp-hr is guar¬ 
anteed, but in acceptance tests the consumption is said to 
have been as low as 0.37 lb per hp-hr. 

There are two oil pumps in the lubrication system, one 
supplying oil under pressure to the bearings, the other pass¬ 
ing it through an oil cooler. Each has a capacity of 16 gpm 
at full engine speed. Tlic engine weighs approximately 20 
lb per hp. 



CHAPTER XIV 

Supercharging 

Most four-stroke engines of both the spark-ignition and 
compression-ignition types operate with natural induction; 
that is to say, the charge of combustible mixture or air is 
drawn into the cylinder by the pumping action of tlie cylinder 
itself. With natural induction the amount of air drawn in 
at low speeds is slightly less than the piston-displacement 
volume of air at atmospheric density, while at the speed cor¬ 
responding to the peak of the horse-power curve it drops to 
about 70 per cent of that volume. The ratio of the mass of 
air actually drawn in to that of the cylinder-displacement 
volume at the prevailing atmospheric density is called the volu¬ 
metric efficiency of the engine. By using other charging 
means than the working cylinder itself, more air can be 
forced in per cycle, and this greater air charge will burn 
more fuel and develop more power. As pointed out above, the 
volumetric efficiency drops with increase in speed, and some¬ 
times the extraneous charging means is used only to secure 
at high speeds the “same cylinder charge as that obtained 
with natural induction at low speeds or under the most favor¬ 
able conditions. In that case the process may properly be 
called ^‘charge restoration/' But if this extraneous charging 
means maintains in the inlet manifold a pressure materially 
higher than atmospheric, and the pressure in the cylinder 
at the time of inlet-port or inlet-valve closing is above at¬ 
mospheric, then the process is known as ^^supercharging." 

Supercharging Four-Stroke Engines—Blowers are com¬ 
monly used to scavenge high-speed two-stroke engines, and 
the various types were described and illustrated in Chapter 
XII. But while these blowers often have a capacity about 
50 per cent greater than the pumping capacity of the engine, 
most of the extra air delivered by them is blown right through 
the cylinders for internal cooling, and at the moment the 
inlet port closes the pressure in the cylinder is little, if any, 
above atmospheric. As each down-stroke or in-stroke is a 
power stroke, the heat stresses might be excessive if a mate¬ 
rial supercharge were used. 

364 
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With four-stroke engines supercharging is now used to a 
(‘onsiderable extent for large powers. It has been found 
that the output of an engine can be increased by as much as 
50 per cent, and that without adding materially to the bear¬ 
ing loads and to heat stresses in such parts as pistons, rings, 
and valves. These results are obtained without intercooling 
^le air between blower and engine, and it is believed that 
intercoolers—which may be warranted on quite large engines 
—would make it possible to double the output as compared 
with atmospheric induction. With the supercharging ratios 
currently employed, resulting in bmeps of from 130 to 150 
psi, the specific consumption of the supercharged engine gen¬ 
erally is less than that of the unsupercharged one in the 
upper half of the load range. For small load factors the 
supercharged engine consumes more fuel than the unsuper- 
eharged one, because within that range the power required 
to drive the blower—which in the case of a mechanical drive 
varies with the speed but not with the engine load—has 
greater influence on the efficiency of operation. 

Valve Overlap—To secure the full advantage of super¬ 
charging in a four-stroke engine, the inlet and exhaust periods 
must be made to overlap considerably, so that the cylinder 
will be fully scavenged. Scavenging is an effective aid in 
cooling the piston crown and other high-temperature portions 
of the combustion-chamber wall. It can be readily effected 
in the case of direct-injection engines, in which the entire 
combustion space is in a single, compact volume, but involves 
difficulties in its application to other types, such as prechamber 
engines, in which part of the combustion chamber is sepa¬ 
rated from the remainder by a partition with narrow passages. 
The amount of valve overlap required for effective scavenging 
increases with the speed of the eiigineVFig. 1 shows the varia¬ 
tion of the exhaust temperature and that of the specific fuel 
consumption with load for two different overlaps of inlet 
and exhaust periods (95 and 149 degrees), as observed on a 
Westinghouse single-cylinder 9 by 12-in. engine operating 
with a supercharge of 9 in. of mercury. In the case of the 
long overlap the inlet opened about 80° ahead of, and the 
exhaust closed about 70° after, top center. 

Effect on Output—Surprise has sometimes been expressed 
at the fact that the engine power apparently increases more 
rapidly than the charging pressure. For instance, it has been 
found that if a pressure gauge on the inlet manifold shows 
5 psi, the power will be 50 per cent greater than with atmos¬ 
pheric induction. If atmospheric pressure at sea level is 
taken to be equal to 15 psi, the gauge pressure of 5 psi cor- 
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responds to an absolute pressure one-third greater, and a 
gain in output of that order might be expected. However, 
atmospheric pressure at sea level is only 14.7 psi, and owing 
to the altitude of the engine above sea level and a drop of 
pressure in the air cleaner the inlet-manifold pressure with 
atmospheric induction may be no greater than 14 psi. That 
would account for a gain of 40 per cent with 5 psi gauge 
manifold pressure. The remainder of the gain evidently is 
accounted for by an increase in the combustion efficiency, and 
especially an increase in the mechanical efficiency. 

The compression pressure increases substantially in the 
same proportion as the manifold pressure, but the maximum 
combustion pressure does not increase nearly so much, be- 

Fig. 1.—Variation of Fuel Consumption and Exhaust Temperature 
WITH Load and Valve-Period Overlap. 

cause the ignition lag is reduced by the greater density of 
the charge. A diagram showing how the ignition lag varies 
with the charge density, based on results obtained by Pro¬ 
fessor Bird, was given on page 56. Fig. 2, which is taken 
from an N.A.C.A. report, shows how the ignition lag varies 
with the supercharge ratio for two different compression 
ratios. Harte Cooke, of the American Locomotive Company, 
in an S.A.E. paper made the statement that when using 
practically the normal compression ratio and a supercharge 
of 5 psi, he found no appreciable increase in the maximum 
combustion pressure. 0. Thornicroft in England found that 
for an increase in the inlet-manifold pressure from 0.9 to 1.2 
atmospheres (33 per cent) the maximum combustion pres¬ 
sure increased from 890 to 985 psi, or only 10.7 per cent. 
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British Experimental Results—Some experimental results 
obtained with a supercharger by 0. Thornieroft in England 
are given in Fig. 3. As already mentioned, raising the inlet 
pressure from 0.9 to 1.2 atmospheres increased the maximum 
combustion pressure from 890 to 985 psi. The bmep and the 
temperature of the air at the inlet increased with the inlet 
pressure as shown by the graphs. It will be seen that at 1.2 
atmospheres inlet i)ressure the bmep curve has become prac¬ 
tically horizontal, indicating that a further increase in the 
degree of supercharge would bring little further gain in out¬ 
put. Thornieroft’s experiments were made with an engine of 
6-in. bore by 6.5-in. stroke running at 2000 rpm. Compres¬ 
sion of the air by the blower naturally raises its temperature, 

Fig. 2 (Lejt).—Variation of Ignition Lag with Supercharge Pressure 
AND Compression R\tio. 

Fig. 3 (Right).—Variation of Inlet Temperature and BMEP with 
Inlet Pressure (Supercharge). 

and in this case the inlet temperature rose from 72 F at 0.9 
atmosphere inlet pressure to 108 F at 1.2 atmospheres. Thorni- 
croft’s experiments date back to the pioneer days of super¬ 
charging in the high-speed Diesel field. At present charging 
pressures of about 1.40 atm are frequently used, and the gain 
in output is greater than that obtained by him. 

Types of Blower—There are essentially four types of 
blower available for supercharging Diesel engines, as follows: 

% 

1. Reciprocating pumps as used by Attendu, Junkers, 
Sulzer, and Fetter in two-stroke engines. 

2, Rotating so-called positive-displacement pumps, such 
as the Roots blower. 
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3. Mechanically-driven centrifugal blowers. 
4. Turbo-blowers, that is, centrifugal blowers driven by 

exhaust turbines. 

The reciprocating pump has the most desirable delivery 
characteristics for application to road-vehicle engines, as its 
delivery-speed curve is very similar to the volumetric-effi¬ 
ciency curve of an engine, the delivery being substantially 
constant over a considerable speed range and dropping off 
moderately in the higher speed range. This is the only typo 
of pump or blower which maintains (and even increases) its 
delivery per cycle when the engine is pulled down in speed 
by a heavy load, and which, therefore, increases the ^Uugging’^ 

0.25 N 0.50 N 0.76 N N 

Fig. 4.—Relation between Pressure Ratio. Speed, and Air Delivery 
OF Roots-Type Blower. 

power. Some experimental w^ork on a unit comprising two 
power cylinders with a compressor cylinder between them 
has been done by Ricardo. As there must be one compressor 
cylinder for every two power cylinders, this type of super¬ 
charger would add materially to the weight and bulk of the 
engine, and it probably will be limited to engines with few 
cylinders. 

As regards the second type, positive-displacement rotary 
blowers, these may be divided into two subclasses, some having 
internal compression while others have not. The former are 
more efficient and probably are to be preferred where it is 
intended to use relatively high charging pressures, say more 
than 8 psi. 
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Characteristics of Rotary Blowers—These blowers have 
speed-delivery charaeteristics rather different from those of 
piston-type pumps. Measurements made on a two-stroke 
engine equipped with a Roots scavenging blower showed that 
the charging pressure varies nearly as the square of the 
speed, so that the engine acts almost as a fixed orifice. That, 
however, does not apply to four-stroke engines. The leakage 
paths in the blower also act as a fixed orifice. 

Relations between the delivery of the blower on the one 
hand, and its speed and the pressure head against which it 
delivers on the other, are generally shown in graphs similar 
to that of Phg. 4. Tlie ordinates of that graph represent the 
ratio of the blower d(‘livery pressure (absolute) to its intake 
})ressure. As the intake pressure usually is equal to one 

Fig. 5.—Relation between Pressure Ratio, Speed, and Air Delivery 

OF Centrifugal Blower. 

atmosphere, the pressure ratio is equal to the delivery pressure 
expressed in atmospheres. Abscissas represent the air deliv¬ 
ery, which is usually expressed in cu ft of air at the prevail¬ 
ing atmospheric density, per minute. At any given speed 
the delivery decreases as the pressure ratio increases, the 
proportional decrease being greatest at low speeds. 

Characteristics of Centrifugal Blower—Characteristic 
curves of a centrifugal blower with radial vanes are shown 
in Fig. 5. Such a blower does not operate satisfactorily at 
low deliveries against high pressures, as under these condi¬ 
tions there are likely to be interruptions in the flow, and the 
operation then becomes erratic. In Fig. 5 this field of unstable 
operation is bounded by the axis of ordinates and a parabolic 
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pumping-limit’^ line. At constant speed, within the field 
of stable operation, the pressure ratio at first increases slightly 
with increase in the delivery, and then begins to drop. When 
operating at points on a parabolic line from the origin through 
the point of maximum adiabatic efficiency, the delivery in¬ 
creases substantially in direct proportion to the speed, while 
the pressure increases as the scpiare of the speed. The oblong 
loops in Fig. 5 are curves of constant adiabatic efficiency. 

Intake Lines of Engine—German engineers * have devised 
a graphic method of determining the results which may be 
expected when a blower of certain characteristics is fitted to 

Fig 6 —Variation of Air Intake and BMEP with Charging Pressure 
AND Speed op Supercharged Engine. 

an engine of a given design. They plot what may be called 
^‘intake lines” of the engine for different operating speeds 
on coordinate diagrams in which the abscissas represent the 
volume of air taken in by the engine in unit time, and the 
ordinates the charging pressure. At any given speed the 
engine will take in a definite quantity of air, depending on its 
displacement, the intake pressure, the temperature of the 
entering air, the sizes of intake and exhaust valves and 
passages, and the valve overlap. Fig. 6 shows such intake 
lines for an engine equipped with a turbocharger. From 
the diagram it can be seen that at one-half the normal speed 
the air intake per unit of time is one-half that at full speed, 

♦Supercharging of Four-Stroke Diesel Engines, by Dr. Ing. Karl 
Zinner, Motortechnische Zeitschrift for May-June, 1950. 
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but the pressure required to get the air into the engine is 
only about 40 per cent that required at full speed. As the 
amounts of air taken in by the engine are directly proportional 
to the speeds, the cylinder charge is the same under both con¬ 
ditions, and the bmeps therefore also are the same. The 
dashed inclined lines in the diagram are lines of constant 
bmep. 

To determine the air intake and the charging pressure of 
the supercharged engine at different speeds, we superpose the 
characteristic curves of the blower on the intake curves of the 
engine, both sets of curves having the same coordinates. Such 
sets of superposed curves are shown in Fig. 7. There the 

0.25 N 0.5 N 0.75 N N 

Fig. 7.—Delivery Curves of Blower Superposed on ^Air-Intake” or 

“Gulp” Lines of Engine. 

deliveries of a centrifugal blower with straight blades are 
plotted for 25, 50, 75 and 100 per cent of normal speed, to¬ 
gether with intake lines (dashed) of the engine for the same 
proportional speeds. Coordinates of a point of intersection 
of a blower-delivery curve with the engine-intake curve for 
the ^same speed represent the air intake and the charging 
pressure for that particular speed. The dash-dotted line 
through the various points of intersection, which may be 
called the ‘‘operating line,’’ shows the variation of intake 
volume with intake pressure as the speed of the blower varies. 
Results obtained from a mechanically-driven blower on a 
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^ven engine can be changed by altering the gear ratio be¬ 
tween engine and blower, and the effects of such a change 
can be studied by means of the superposed charts of engine 
intake and blower delivery. 

Turbochargers—A turbocharger or turbo-blower is a ma¬ 
chine combining a gas turbine with a centrifugal blower in a 
common housing, with connections to both the exhaust and 
intake ports of the engine. Since the exhaust gases drive the 
turbine, use is made of what would otherwise be w^aste energy. 
However, insertion of the turbine in the exhaust line in¬ 
creases the exhaust back pressure slightly, and therefore re¬ 
duces the shaft power of the engine. Another effect of the 
turbocharger is that it silences the exhaust, and in some cases 
obviates the need for a muffler. 

Fig. 8.—Torque Curves of Normal and Supercharged Engines. 

Characteristics of Turbochargers—With turbochargers 
and mechanically driven centrifugal blowers the engine torque 
increases with increase in engine speed, as shown in Pig. 8. 
An engine with such a characteristic is well suited to pro¬ 
pulsion by means of a propeller (airplanes and motorboats) 
but is not suitable for use on motor vehicles with stepped 
mechanical transmissions. Where the gear ratio is fixed, as it 
is with a stepped transmission in any particular gear, the 
engine torque should increase when the vehicle speed is re¬ 
duced by an increase in the traction resistance, as otherwise 
there will be a constant tendency to stall, and the driving 
conditions will be very awkward. The situation is different, 
however, with either electric or hydraulic transmission, where 
the effective transmission ratio changes continuously and 
automatically. 
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Among the disadvantages of the turbo-blower, aside from 
its high cost, are the fact that under full load the turbine 
blades operate at a dark-red heat and are then exposed to the 
(‘orrosive influences of the exhaust gases; and that the bearing 
adjacent to the turbine rotor, owing to the high speed of the 
rotor and the high temperature to which it is exposed, is 
likely to be troublesome. The blades of the centrifugal blower 
sometimes become coated with a layer of incrustation com¬ 
posed of dust and oil, which may appreciably reduce the size 
of the air passages and the output of the engine. This trouble 
may be remedied by running the blower with open delivery 
and feeding Oakite plater's cleaner in with the air for a few 
minutes. 

Biichi System—A system of charging by turbo-blowers 
developed by Dr. Alfred J. Biichi of Winterthur, Switzerland, 
has come into wide use in Europe, and has been adopted also 
in this country, chiefly in connection with engines of rather 
large output. In four-stroke engines thorough scavenging of 
the combustion (chambers is combined with supercharging, 
to permit of high specific outputs at moderate combustion 
temperatures, to reduce heating effects, and to ensure a high 
mechanical efficiency. 

Owing to the rather low efficiency of the turbo-blower, the 
mean pressure required to drive the turbine is approximately 
the same as the blow^er pressure, consequently it is difficult 
to obtain the excess pressure in the charging air that is neces¬ 
sary for offi(nent scavenging. In the Biichi system scaveng¬ 
ing is made ])Ossible by creating strong pressure pulsations 
in the exhaust system. In an engine with four or more cyl¬ 
inders, only cylinders whose exhaust periods do not overlap 
are allowed to exhaust through the same manifold, and in a 
twelve-cylinder engine, for instance, four distinct exhaust 
lines, with an equal number of nozzle-ring sectors, are em¬ 
ployed. Fig. 9 shows the pressure variations in the exhaust 
manifold of three cylinders of a six-cylinder engine when 
operating at a bmep of 146 psi. The wavy, nearly-horizontal 
line represents the blow^er pressure, while the straight vertical 
lines on the diagram limit periods when the exhaust and inlet 
valves of the same cylinder are open simultaneously and when 
only the exhaust valve is open. It will be seen that during 
the pverlap of inlet and exhaust periods the exhaust pressure 
is much lower than the blower pressure, so that the cylinder 
can be thoroughly scavenged. Because of the scavenging, the 
cylinders are internally cooled and the volumetric efficiency 
is increased. Besides, as the burnt gases are completely swept 
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from the engine, there will be more air in the cylinder and 
more fuel can be burned. Fig. 10 shows an Alco (American 
Locomotive) engine equipped with a blower of Brown-Boveri 
make operating on the Biichi principle. 

Turbocharger for Truck Engines—Bus and truck engines 
equipped with turbochargers of Brown-Boveri make were 
placed in production in 1945 by Adolphe Saurer of Arbon, 
Switzerland. Such chargers had been used on large sta¬ 
tionary and railway engines for some time, but their applica¬ 
tion to the engines of road vehicles called for the solution of 
a number of dilBcult engineering problems. At normal engine 
speed the speed of the charger exceeds 40,000 rpm, and the 
dimensions of the unit are necessarily quite small. It is fig- 

Fig. 9.—Pressure Diagram for Six-Cylinder Supercharged Engine. 

ured that the gain in output must be at least 30 per cent, 
else the cost of the installation is not warranted. To obtain 
this—and preferably a somewhat larger—increase in output, 
the leakage losses must be held down by making the clearances 
extremely small. Another problem concerns the torque char¬ 
acteristic of the supercharged engine. To ensure good '‘lug¬ 
ging^’ power, the torque must increase fairly rapidly as the 
speed decreases. Now, even with natural induction the torque 
of a Diesel engine usually rises rather slowly with decrease in 
speed, and with a supercharger there is a tendency to in¬ 
crease the torque more at high than at low speeds, thus further 
reducing the ^‘lugging’’ power. This tendency must be con¬ 
trolled, and to that end the masked inlet valves are rotated 
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around their axes by a relay-type governor to increase the 
turbulence at low and to decrease it at high speeds. 

Large supercharged four-stroke engines usually are de¬ 
signed to have considerable valve overlap, as this facilitates 
the scavenging action of the blower In the Saurer engine, 
in which the compression chamber is in the piston and the 
piston crown comes within 0 040 in of the cylinder head at 
the end of the stroke, a large valve overlap was impossible 
It was undesirable also for the reason that in Switzerland 
most commercidl vehicles are equipped with the Oetiker e\- 

Fio 10—Alco Engine Equipped with a Brown-Boveri Turbocharger 

haust brake, which converts the engine into an air compressor 
while descending long, steep grades, and the effectiveness of 
the engine as a brake would be materially reduced by a large 
valve overlap. 

Btown-Boveri Turbocharger—Fig. 11 is a sectional as¬ 
sembly view of the Brown-Boveri turbocharger. The bearing 
problem of such a device naturally is a difficult one, on ac¬ 
count of both the high shaft speed and the great heat from 
the exhaust gases. In this turbocharger the rotor shaft is 
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mounted in ball bearings, and the bearings are loeated near 
the ends of the shaft, instead of between the two rotors, as in 
some earlier designs. Provision is made for flood lubrication 
of the bearings, and operators are advised to renew the oil 
supply and thoroughly clean the oil wells every 3000 miles or 
every 250 hours. In the drawing A is the combined air cleaner 
and inlet silencer; R, the blower outlet; C, the imi)eller; I), 
the turbine runner; R, the turbine inlet; R, the oil gauge; G, 
an oil ring; If, the water-jacketed turbine housing; J, tlie tur¬ 
bine exhaust, and 7i, a heat-insulating disc. 

Fig. 11.—Sectional View of Brown-Boveri Turbocharger. 

Comparison of Blower Types—A number of high-powered 
supercharged engines were developed for the German State 
Railways following World War IT. Both mechanically-driven 
centrifugal blowers and turbochargers were tried on these en¬ 
gines, and the State Railways decided in favor of the turbo¬ 
charger. Pig. 12 gives results obtained with one of these 
engines, a Daimler-Benz 12-cylinder 800 hp, when equipped 
with a mechanically-driven blower and a turbocharger, re¬ 
spectively. In connection with the curves of Pig. 12 it should 
be explained that they were obtained, not with the fuel- 
control lever permanently set in the maximum^’ position, 
but adjusted to give outputs corresponding approximately to 
those which would be absorbed by a propeller at the different 
speeds. The bmep curve shows how the engine has to be 
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‘ throttled’ ^ to reduce the speed from the maximum of 1400 
to the minimum of 1000 rpm. These engfines drive through 
hydraulic or electric transmissions, and they therefore oper¬ 
ate within a comparatively narrow speed range. 

Fig. 12.—Performanc’e Curves of Four-Stroke Engine When Equipped 

WITH A Mechanically Driven Blower and a Turbo-Blower, Re¬ 
spectively. 

With the mechanical blower the exhaust back pressure is 
lower throughout the speed range, while the exhaust tempera¬ 
ture is slightly higher only at and near maximum speed, this 
being due to the rapid increase with speed of the power con¬ 
sumed by the blower. Another advantage of the mechanical 
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blower is its far smaller weight, 110 lb as compared with 660 
lb in this case. One difference between the turbocharger and 
the mechanically«driven blower is that they respond differ¬ 
ently to sudden changes in engine load. The turbocharger 
naturally runs much faster at full engine load than when the 
engine is idling, because at full load both the exhaust pressure 
and the rate of production of exhaust gases are higher. But 
it takes time for the rotors to accelerate from the idling to the 
full-load speed, and if the load is applied suddenly the excess- 
air factor will be momentarily reduced and the engine may 
smoke during the short interval till stable (‘onditions are 
reached. It has been shown, however, that if the rotors are 
made of light alloy, to reduce their moment of inertia, and 
are well supported, the drop in engine speed and the decrease 
in the excess-air factor persist for only a few seconds, and 
have no really objectionable effects. If a mechanically-driven 
blower is so designed that it delivers just the right amount of 
air at full load, it Avill deliver more than sufficient air when 
the load is suddenly reduced, but with a Diesel engine an over¬ 
supply of air is never as harmful as an undersupply. 

The turbocharger shows up to best advantage in a compari¬ 
son based on fuel economy. In the Daimle?'-Benz 800 hp en¬ 
gine, with the two types of supercharger proportioned to give 
about the same excess air, the specific consumption with the 
turbocharger is 5 per cent less at full load (1400 rpm) and 
3 per cent less at 1000 rpm and the corresponding pro¬ 
peller” load. On the average the fuel consumption is about 4 
per cent less with the turbocharger, and that seems to have 
induced the German State Railways to adopt it. 

Heat Balances for Supercharged and Other Engines—The 
table below gives heat-balance data for an M.A.N. six-cylinder 
engine of lli%6-in. bore and 15-in. stroke, which develops 
690 hp at 700 rpm with atmospheric induction, and 950 hp at 
700 rpm when supercharged with a turbo-blower, the specific 
fuel consumptions in the two cases being 0.387 and 0.376 lb 
per hp-hr respectively. 

A fmospheric Induction With Turbo-Blower 

Btu Per Btu Per 
per Hr Cent per Hr Cent 

Shaft output. .. 1,760,000 36.0 2,420,000 37.0 
To radiator.. .. 1,220,000 25.0 1,020,000 15.5 
To oil cooler. 160,000 3.3 180,000 3.t) 
In exhaust... .. 1,620,000 33.5 2,760,000 42.5 
Radiation.... 100,000 2.2 120,000 2.0 

These heat balances reflect the internal cooling of the 
supercharged engine due to scavenging. A much larger pro- 
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portion of the waste heat goes into the exhaust and a much 
smaller one into the cooling water. 

Beaxing-Load and Vibration Problems—Two problems 
that must be studied when contemplating the installation of 
a supercharger on an existing engine model are those of the 
effect on bearing loads and on critical speeds and torsional 
vibration. Both of these effects are dependent on the higher 
maximum combustion pressure in the supercharged engine. 
An investigation of the effect of supercharging on bearing 
loads was made by Russell Pyles of Clark Brothers Co., who 
found that the principal effect is a material increase in the 
load on connecting-rod bearings. If the resulting loading 
should be excessive for the standard type of bearing, the 
possible remedies would be an increase in the reciprocating 
weights, an increase in the operating speeds, and change to a 
bearing material of higher load-carrying capacity. The in¬ 
crease in the load on the center main bearing is negligible. 
The mean bearing load per horse power is less in the super¬ 
charged than in the conventional engine, and this conclusion 
is borne out by the finding of John Dickson of the Westing- 
house company that the heat lost to the oil increased only 5 
per cent when the bmep was increased 50 per cent by super¬ 
charging. 

If the blower is positively driven from the forward end of 
the engine crankshaft, it adds materially to the polar moment 
of inertia of the crankshaft assembly, thereby lowering the 
critical speeds and increasing the chances of trouble from 
torsional vibration. It is therefore advisable to drive it from 
near the nodal point of the assembly, at the rear end of the 
crankshaft. If this is inconvenient, the crankshaft can be 
made stiffer, or the damping force of the vibration damper 
can be increased. Inertia characteristics of the crankshaft 
assembly are not affected by a turbo-blower, which has no 
mechanical connection with it. Where other types of blowers 
are used the effect on the crankshaft inertia can be eliminated 
by using either a magnetic or a hydraulic-drag-type coupling. 

Highly Supercharged Two-Stroke Engines—Some mod¬ 
ern medium-speed two-stroke Diesel engines are supercharged, 
but the charging pressure usually is quite moderate, from 3 
to 8 psi gauge. The reason the charging pressure is not car¬ 
ried higher is that then too much of the engine power would 
be required to drive the blower, besides which too much energy 
would be thrown away in the exhaust, since the exhaust pres¬ 
sure increases rapidly with the charging pressure. When a 
two-stroke engine is supercharged, the final compression pres¬ 
sure remains substantially unchanged, the compression ratio 
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of the engine being decreased as the compression effected in the 
blower is increased. This, of course, results in a lower ex¬ 
pansion ratio and a lower thermal efficiency. The natural 
remedy would seem to be to use a turbocharger and thus re¬ 
cover some of the energy in the exhaust; but, unfortunately, 
the conventional turbocharger cannot be used with a two- 
stroke engine, which must be charged by outside means under 
all conditions, and the turbocharger cannot perform this 
function while the engine is being started. 

Sulzer Brothers of Winterthur, Switzerland, have worked 
out an arrangement designed to overcome this handicap of the 
turbocharger. It consists in providing the engine with a posi¬ 
tively-driven blower and discharging the exhaust through a 
gas turbine which is in driving connection with the engine 
crankshaft, so that the power of the turbine is added to that 
of the engine. Some kind of flexible or safety driving coup¬ 
ling must be employed to prevent excessive stresses due to 
inertia effects. An attractive aspect of this plan is that as the 
supercharge ratio is increased, the engine displacement re¬ 
quired to handle a certain mass of air per minute is decreased 
(and there is, of course, an inclination to consider the power 
output proportional to the mass of air parsing through the 
engine in unit time). 

With an increase in the supercharge ratio the fraction of 
the engine power required to drive the blower increases, and 
with a charging pressure of about five atmospheres (75 psi) 
practically all of the engine pow^r is consumed by the blower, 
in that case only the power of the turbine is available power, 
and the turbine, therefore, need have no driving connection 
with the engine. The engine and blower then constitute a 
gas-generating plant producing ‘‘power gas,^^ and it would 
be advantageous to build the engine and blower as a free- 
piston unit without crankshaft. In Pig. 13 is shown a diagram 
of a powerplant comprising a power-gas generator of the 
free-piston type. The two Diesel pistons A in the same cyl¬ 
inder have two compressor pistons B formed integral with 
them and are interconnected by a synchronizing mechanism. 
The Diesel pistons are forced toward each other by the com¬ 
pressed air remaining in the compressor cylinders at the end 
of the out-stroke, whereby the air in the Diesel cylinder is 
compressed. At the end of the in-stroke, fuel is injected 
through nozzle E and burned in the highly-compressed air, 
and the resulting increase in pressure forces the pistons out¬ 
ward and compresses the air drawn into the compressor cyl¬ 
inders during the previous stroke. This air serves to scavenge 
and charge the Diesel cylinder. The exhaust gas from the 
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Diesel engine—which is referred to as ‘'power gas^’—passes 
through pipe H to exhaust turbine I which drives the electric 
generator K. This plant is designed for a Diesel charging 
pressure of 6 atmospheres, and as it takes more power than is 
generated in the Diesel cylinder to compress the air from one 
to six atmospheres pressure, a precompressor M is provided 

Fk;. 13.—Diagram of Sulzer “Power-Gas” System, Comprising a Free- 
Piston-Type Air Compressor, a Gas Turbine, a Generator, an 

Auxiliary Gas Turbine, and a Blower. 

and |s driven by an auxiliary gas turbine L, which also is sup> 
plied with “power gas'' from the Diesel engine. 

Sulzer Brothers have built a number of experimental en¬ 
gines using a high supercharge ratio. These engines are of 
the double-piston type (similar to the Junkers). A four- 
cylinder engine of 7.48-in. bore and 2 x 11.81-in. stroke, oper- 
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ating at a charging pressure of 28 psi, developed 1370 bhp 
at 750 rpm (one-hour rating which corresponds to a bmep 
of 174 psi). A six-cylinder engine of 7.09-in. bore and 2 x 8.87- 
in. stroke, also charged to 28 psi, has a one-hour rating of 
1560 bhp at 850 rpm. 

When an engine is highly supercharged, the mean pressure 
and temperature during the power stroke are materially 
greater than in an engine without supercharge, and trouble 
from excessive heat stresses might be anticipated. This is 
guarded against by limiting the amount of fuel injected. 
Experience with various experimental engines is said to have 
shown that with a charging pressure of 28 psi it is safe to 
go to a bmep of 170 psi; with a charging pressure of 42.5 
psi, to 210 psi, and with a charging pressure of 85 psi, to 225 
psi bmep. It is claimed that when supercharging to 28 psi, 
the specific fuel consumption was below 0.352 lb per bhp-hr. 



CHAPTER XV 

Some Details of Engine Design 

In a general way the design of parts for high-speed Diesel 
engines follows closely that of the corresponding parts for 
heavy-duty carburetor-type engines, which is dealt with in the 
author's book on High-Speed Combustion Engines. For a 
study of the general principles underlying the design of cyl¬ 
inder blocks, pistons, connecting rods, crankshafts, valves and 
valve gearing, and of lubricating and cooling systems, the 
reader is referred to that book. However, owing to the con¬ 
siderably higher peak pressures in the cylinders of Diesel 
engines, there is a tendency to deviate from established gaso¬ 
line-engine practice in certain particulars, and in this Chapter 
will be discussed some design practices which are either 
peculiar to the Diesel engine or else much more common in 
the Diesel than in the gasoline-engine field. 

Cylinder Liners—Removable cylinder liners have long 
been used in tractor engines of the carburetor type, owing to 
the rapid wear of cylinder bores sometimes caused by the 
entrance of abrasive dust into the cylinders in field opera¬ 
tions; more recently they have come into use also in truck 
and bus engines, but the use of such removable liners is most 
common in high-speed Diesels. Under similar service condi¬ 
tions, the rate of wear on the cylinder bore is always greater 
in Diesel engines. This is generally ascribed to the consid¬ 
erably higher peak pressures of combustion. The gases of 
combustion get behind the topmost piston ring and force it 
outward against the cylinder wall with great pressure, and 
this causes rather rapid wear at the upper end of that por¬ 
tion of the cylinder bore which the topmost piston ring slides 
over in its reciprocations. 

Pig. 1 shows a cylinder with a ‘‘wet" liner; that is, a liner 
in direct contact with the cooling water. The joint between 
the Block and the lower end of the liner is sealed by means of 
synthetic rubber rings, while that at the upper end is sealed 
by the cylinder-head gasket. Where “wet" liners are used, 
the walls of the block—which correspond to the jacket walls 
of a block without liners—are cast of heavier section. Fig. 2 

^ 383 
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shows a cylinder with a “dry^^ liner. In 1946 “wet’^ and 
“dry’^ liners were used in approximately the same numbers 
of models. By 1952 the proportion had changed to 60 per cent 
with ''wet'’ liners and 36 per cent with "dry” liners, the re¬ 
maining 4 per cent having no liners. With two-stroke engines 
with ports in the cylinder walls "wet” liners present a diffi¬ 
cult problem. A Graef & Stift (Austrian) eight-cylinder V 
engine features this construction, the liner being provided 
with a flange at the port level which is a close fit in a bore of 
the block. 

The liners generally are oast of nickel-chromium iron con¬ 
taining 1.80-2.20 per cent of nickel and 0.55-0.75 per cent of 
chromium. While ordinary gray iron as used in cylinder 

Fig, 1 {Lejt).—Cylinder with “Wet” Liner. 

Fig. 2 (Right).—Cylinder with “Dry” Liner. 

castings has a Brinell hardness of 230-250, these alloy iron 
liners when properly heat-treated have a Brinell hardness of 
slightly over 500, and their life between reconditionings is 
substantially three times as great as that of an ordinary gray- 
iron cylinder wall. With these alloy cast-iron liners it is not 
wear of the liner but loss of sealing effect of the piston rings, 
due either to wear of the rings and their grooves or to loss 
of tension of the rings, that first calls for reconditioning. 
Therefore, when such engines first begin to consume oil at an 
excessive rate, or to show excessive blow-by, the trouble usu¬ 
ally can be cured by installing new, standard-size piston rings. 
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Heat treatment of the alloy cast iron liners increases not 
only the hardness of the liner, but also the tensile strength 
of the material. Thus a cast iron containing 3.10-3.40 per 
cent total carbon, 0.75-0.90 per cent combined carbon, 0.55- 
0.75 per cent manganese, 0.20 per cent max. phosphorus, 0.10 
per cent max. sulphur, 1.90-2.10 per cent silicon and the pro¬ 
portions of nickel and chromium given above, will show a 
tensile strength of 45,000-56,000 psi when hardened and then 
tempered for one hour at 600 P. The hardening operation 
consists in heating in a furnace to 1540F-1560F for 30 to 
40 minutes and then quenching in still oil. 

These liners are machined for an interference fit in the 
bores of the cylinder block, the interference allowance being 
of the order of 0.0005 in. per inch of bore. Selective assem¬ 
bly is generally found advisable. Liners arc forced into place 
in the bores of the block in a press, with the block previously 
lieated in water at near the boiling point and the liner at 
atmospheric temperature. 

One difference between engines with hard cylinder liners 
and those having wearing surfaces of ordinary gray iron is 
that with the former a much longer time is required for the 
piston rings to wear in, or to properly seat themselves. This 
makes the oil consumption rather high at first, and the mileage 
per quart of oil consumed will increase for a considerable 
time. On the other hand, the engines can be operated under 
normal load right from the beginning, and need not be 

nursed^’ through a running-in period. 
“Through*' Bolts—In the conventional internal-combus¬ 

tion engine the stresses due to the gas pressure are taken by 
the cylinder block and crankcase, these stresses being largely 
in the form of tension. As these parts ordinarily are castings 
with unfinished surfaces, one can never be sure regarding 
the extent of the areas over which the gas-pressure loads are 
distributed, and to be on the safe side, wall thicknesses there¬ 
fore have to be made relatively heavy. For this reason the 
use of “through" bolts or “through" studs, tieing together 
the cylinder head, cylinder block, crankcase (if separate) and 
main-bearing caps has found some favor with Diesel-engine 
designers. The gas pressure exerts itself against the cylinder 
head in one direction, and—through the piston, connecting 
rod and crankshaft—on the main-bearing caps in the oppo¬ 
site'direction, and if cylinder head and bearing caps are tied 
together by bolts or studs extending through both, the engine 
structure is relieved of tensile stresses due to these pressures. 
Bolts or studs and nuts of alloy steel are generally employed 
for this purpose. This practice, of course, is particularly 
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applicable to engines with removable cylinder liners, in which 
the tensile stresses due to gas pressures otherwise would have 
to be taken entirely on the water-jacket walls, and it is practi¬ 
cally imperative in engines with cylinder blocks cast of light 
alloys. Pig. 3 shows an arrangement of through’’ studs 
which has been used in large Hercules engines. The studs 

are provided with eccentric 
heads that enter correspond¬ 
ing recesses at the top of the 
separate crankcase. These 
eccentric heads prevent the 
studs from turning and per¬ 
mit of removing the cylinder 
head without disturbing the 
main bearings. Also, tight¬ 
ening of the cylinder-head 
nuts does not affect the ad¬ 
justment of the main bear¬ 
ings. 

Welded Steel Engine 
Blocks—In order to keep 
down the specific weight of 
high-speed engines of large 
output, as used mainly for 
marine and railroad work, 
recourse has been had to the 
use of alloy steel as a struc¬ 
tural material, members of 
the engine block or frame 
being cut from plate steel by 
means of the oxygen cutting 
torch and welded together 
with electric welders. Such 
welded steel-frame engines 
have been built in this 
country, England and Ger¬ 
many. In this country en¬ 

gine blocks of this type are being produced by Lukenweld, 
Inc., of Coatesville, Pa. 

In the fabrication of these welded engine blocks, use is 
made of a low-carbon alloy steel having an endurance limit 
of 50,000 psi. (The endurance limit is the maximum stress to 
which a part subjected to alternating load can be carried an 
infinite number of times without failure.) In order to elimi¬ 
nate any injurious effects of the welding heat on the physical 
properties of the base metal adjacent to the weld, and also to 
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remove residual stresses set up by the cooling of the unequally- 
heated structure, the whole structure is annealed after the 
welding operations on it have been completed. It has been 
found that without a thorough annealing of the completed 
block, it is entirely impossible to keep it from warping and 
twisting during machining operations. There is a tendency 
to stress concentration at the edges of the welds, and con¬ 
siderable skill on the part of the welder is said to be necessary 
to prevent weak spots in the structure at these points. 

Fig. 4 shows one of the main-bearing girders of a twelve- 
cylinder V engine, cut from 4-in. plate steel. To utilize the 
metal to best advantage, it would be necessary to subject these 

members to simple tension, and in an in-line engine this could 
be achieved by merely extending the upper arms of the bear¬ 
ing girder all the way to the top deck. In a V engine this is 
impossible, on account of the offset between oppositely located 
cylinders, which in this particular case amounts to 3 in. So 
‘^transition” plates are used which extend the whole length 
of the engine. Each top deck is butt-welded to two such 
transition plates, and the transition plates in turn are welded 
to the main-bearing girders. These transition joints between 
the girders and plates are of rather peculiar shape, and to 
guard against imperfections in the welds, all of them are in¬ 
spected by means of X-rays, and the welds are also carefuiiy 
examined for undercuts and discontinuities. Fig. 6 shows the 
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block in the state of assembly at which these inspections are 
made. All of the welds subjected to gas-pressure forces are 
completed, but considerable welding still remains to be done. 

Next the inner deck, which supports the lower ends of the 
cylinders, is welded in place, and side plates and stiffening 
ribs are added. It will be noted that there are large hand 
holes in the lower side plates, wdiich give access to the con¬ 
necting-rod bearings. There are similar smaller hand holes 
in the upper side plates, through which the piston rings can 
be inspected as they pass the transfer ports (this being a two- 
stroke engine). To prevent these side plates from drumming 
in operation, the edges of the hand holes are flanged, which 

Fig. 6.—Engine Frame at Stage Where Welds Are Inspected, 

is said to stiffen them materially. Fig. 7 shows the engine 
block completed and ready to leave the welding shop. The 
oil pan, which is shown in place, also is of welded construction 
and is provided with a heavy top plate forming a tie for the 
bottom legs of the main-bearing girders and ensuring the 
requisite lateral stiffness close to the level of the crankshaft 
axis, where lateral reciprocating forces due to the angularity 
of the connecting rods must be taken care of. The main-bear¬ 
ing caps also are cut from steel plate and are of the form 
shown in Fig. 5. 

The engine block represented by Fig. 7, which is for a 
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twelve-cylinder 1000-hp engine, weighs about 2.6 lb per hp, 
and the entire engine as mounted on the test block weighed 
10 lb per hp. 

Steel-Barrel Company’s Design—In England, welded 
steel engine frames have been built by the Steel-Barrel Co., 
Ltd., of Uxbridge, from designs of C. H. Stevens, and chiefly 
used in marine engines. The features of the Stevens design 
may be seen from Pigs. 8 and 9. All gas-pressure stresses are 
taken up by a series of main-frame plates, of which there is 
one on each side of each cylinder. They are so arranged that 
they act as a sling around the cylinder-head seats and the 
crankshaft. An elevation of one of these frame plates is 
shown at A in Fig. 8. It is cut from plate steel and is of such 

Fig 7 —Welded Engine Frame Completed. 

shape that its contour conforms to tlie end elevation of the 
engine. A rectanpilar opening is cut in the upper part of 
the plate, to permit of the insertion of two horizontal plates 
extending the whole length of the engine, one at the top and 
the other at the bottom of the opening. These two plates 
serve as top and bottom supports for the cylinder liners. 
B in Fig. 8 illustrates the way in which these horizontal plates 
are,^inserted. They have slots cut in their sides, as indicated 
at C in Fig. 8, to accommodate the tension members. 

There is a second large opening in the lower part of the 
tension members, for the insertion of the crankshaft bearings. 
The series of vertical tension members are connected by what 
is referred to as a wrapper plate, which extends the whole 
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length of the engine on both sides and may be provided with 
hand holes as required by the particular design. A short 
annulus is welded to the lower deck to give a fairly long 
guide for the cylinder liner, which latter is provided with a 
flange at its upper end that is sunk in a counterbore in the 
top plate, and the wrapper plate then serves as the water- 
jacket wall. If the cylinders are cast with integral water 
jackets, the lower horizontal plate or lower deck is unneces¬ 
sary, and the tension member can then be given the form 
shown at B in Pig. 8. 

All of the various members of the whole structure are 
united by electric welding, and an interesting feature of the 
design is that none of the welds have to take care of gas- 

^ B 

Fig. 8.-“Elements op Stevens Welded Engine Frame. 

pressure forces. These forces are taken directly on the top 
and bottom girders of the unwelded tension members. 

A six-cylinder engine block of the general design described 
in the foregoing paragraphs is shown in Pig. 9. Bosses for 
the cylinder-head studs are welded to the under side of the 
top deck, and seats for the main bearings, of circular-arc 
shape, are welded in place on the tension members and suit¬ 
ably supported by stiffening ribs. In the case of the engine 
represented by the illustration, the specific weight was re¬ 
duced from 48 to 27 lb per hp, by the use of steel in place of 
cast-iron construction. 

Cylinder-Head Seals—In Diesel engines with their high 
combustion pressures the problem of producing a dependable 
seal between the cylinder head and block always has been a 
difficult one. Some early engines with individual cylinders 
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and heads even had tongued-and-grooved joints between these 
parts, which must have been rather expensive to produce. The 
ordinary laminated gaskets used in most gasoline engines to 
seal the cylinders, v^ater passages, and oil holes, are not en¬ 
tirely satisfactory in Diesel engines, and gaskets of sheet cop¬ 
per or soft iron are extensively used in the latter. Detroit 
Diesel Engine Division of General Motors Corporation in 1951 
introduced on its Type 71 engines a new method of ‘‘indi¬ 
vidual” or “metal-to-metal head-and-block” sealing, which 
is illustrated in Fig. 10. The compression gaskets, consisting 
of laminated terne-plate rings, take the major part of the 
pressure produced by drawing up the cylinder-head nuts. 

Fig. 9.—Stevens Welded Engine. 

By tightening these nuts to the recommended wrench torque, 
these gaskets are compressed from the original 0.085-0.100 in. 
thickness to 0.057-0.061 in. A small skirt on the gasket is 
made to enter a recess between liner and cylinder bore, to 
ensure correct positioning of the gasket relative to the liner. 
Immediately adjacent to the compression gasket there is a 
clearance of 0.007-0.014 in., and when the cylinder-head nuts 
are'drawn up in accordance with instructions, positive metal- 
to-metal contact between head, liner, and gasket is assured. 

Water and oil passages are sealed by individual sealing 
rings of synthetic rubber. Around each drilled water or oil 
passage a recess of liberal dimensions is counterbored into the 
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block. The waslier-like rubber seals are placed in these coun¬ 
terbores and are compressed when the cylinder-head nuts 
are tifj:htened. As only lig^ht ])ressures have to be contained, 
the compression of these seals is not critical. A lon«: endless 
seal fits into a rectangular, milled groove near the edge of 
the block and seals the camshaft cavities from the outside. 

Pistons—Pistons in general are made with heavier sec¬ 
tions at the top end than those of gasoline engines of similar 
bore, to keep down the piston-head temperature. This is the 
more necessary the larger the bore and the higher the engine 
speed, and, of course, the heat jiroblem is more difficult in 
tA\o-stroke than in four-stroke engines, on account of the 

Fig 10—Cilindcr-Hlad Gasket Oil and Water Seals of G M Series 

71 Engine. 

greater frequency of explosions in the case of the former. 
Excessive piston-head temperatures result in sticking of tlie 
piston rings in their grooves, due to carbonizing of the oil 
in the grooves. A stuck piston ring is of no value as a seal 
for the piston, and if more than one ring are stuck, excessive 
blow-by takes place, and the entire piston is likely to be 
ruined by overheating in short order. Thickening the walls 
of the piston increases its weight and inertia, thereby in¬ 
creasing the bearing loads, but this cannot well be avoided. 
Diesel engine pistons of aluminum-silicon alloy (Lo-Ex), to¬ 
gether with the piston pin and rings, average in weight as 
follows for different diameters: 4-m. bore, 4 lb; 4.5 in., 5.5 
lb; 5 in., 7 lb; 5.5 in., 8.5 lb. 

In designing pistons for high-speed Diesel engines it is 
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the prevailing practice to make the top land quite wide, which 
tends to reduce the temperature of the top ring by moving 
it further from the surface directly exposed to the heat of 
combustion, and at the same time makes it more difficult for 
the gases of combustion to get behind this ring. A practice 
that has been found useful by some manufacturers as a means 
to improve the seal, consists in leaving the top ring groove 
empty, or, in other words, providing a double land above the 
topmost piston ring, separated by a groove approximating a 
ring groove in shape. This, apparently, has an effect similar 
to that of the so-called labyrinth packing widely used in 
steam engineering. When cast-iron pistons are used in en¬ 
gines of fairly large bore, it is usual to form a closed chamber 

Fig. 11.—Two Sections of an Aluminum-Alloy Diesel Piston. 

at the upper end, so that oil thrown off the crank arms can¬ 
not come in contact with the under side of the piston head, 
wdiere it would be likely to carbonize or ‘^coke,^’ on account 
of the high temperature of the head. 

Because of the higher gas pressures in Diesel engines, a 
greater number of piston rings is generally used. Gasoline 
engines, as a rule, have either three or four rings, of which 
either one or two are scraper rings, but in high-speed Diesel 
en^nes the number of rings per piston is usually either five 
or six. Three or four are compression rings and one or two 
oil rings. 

Fig. 11 shows two sectional views of the aluminum-alloy 
piston of a Lanova-type engine. This piston is provided 
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with a T-slot to control its heat expansion. To make it pos¬ 
sible to reduce the compression space to the volume required, 
small ^‘displacers'’ are cast on the piston crown, which enter 
the lobes of the combustion chamber w^hen the piston com¬ 
pletes its up-stroke. 

Piston-pin diameters for Diesel engines are made larger 
in proportion to the bore than in carburetor engines, to allow 
for the higher combustion pressures. As the combustion pres¬ 
sure determines the maximum bearing load, the ratio of pin 
diameter to piston diameter should vary with it. Piston pins 
always are of tubular form, and it is important that the wall 
thickness be adequate, as otherwise the pin will deform under 
the shock load to which it is subjected. The following pro¬ 
portions have given satisfactory results in service: 

Max. Ratio of Ratio of 
Comh. Press., Pin O.D. Pin I.D. 

Psi to Bore to Bore 

1000. . 0.41 0.250 
900. . 0.37 0.225 
800. . 0.34 0.200 
700. . 0.29 0.175 

Needle Bearings for Piston Pins—In sohie cases needle 
bearings have been used on the piston pins. These are essen¬ 
tially roller bearings employing rollers of quite small diam¬ 
eter and without a cage holding adjacent rollers apart. The 
action of these needle bearings is claimed to be quite dif¬ 
ferent from that of conventional roller bearings, however, in 
that whereas in the roller bearing the rollers have a contin¬ 
uous rolling motion, in the needle bearing the needles turn 
around their axes only when the load is so high as to squeeze 
out the oil film between the needles and their races. Under 
other conditions the rollers, while partaking in the relative 
motion between their inner and outer races, do not turn 
around their axes. 

These needle bearings naturally require hardened inner 
and outer races. As the piston pins are always case-hardened 
and ground, they will serve as inner races, but for an outer 
race a case-hardened or oil-hardened bushing must be forced 
into the small-end boss. A design of needle-type piston-pin 
bearing due to The Bantam Ball Bearing Co. is shown in 
Fig. 12. The outer race is somewhat shorter than the boss of 
the small end, so as to leave room at each end for a hardened 
thrust washer. In another design the thrust washers are 
placed between the small end of the connecting rod and the 
piston bosses. This makes the entire width of the small-end 
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boss available for bearing purposes, and two series of needles 
are used, separated by a spacer ring at the center. 

Owing to the extreme gas pressures and the high inertia 
loads in Diesel engines, it is necessary to make all parts sub> 
jected to these forces as rigid as possible, considering weight 
limitations. The eyes at opposite ends of the connecting rods 
should be made of such form that their distortion, or their 
deviation from the true cylindrical form, under the effects 
of the forces acting on them will be a minimum. The small 
end is materially stiffened on its under side by its junction 
with the shank, and as there is no corresponding stiffening 
effect on the upper side, it has been suggested that the bore 
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Fig. 12.—Needle Bearing on Piston Pin. 

of the small end be made slightly eccentric, so that the wall 
will be thickest on top or on the side opposite the junction 
with the shank. 

Big-End Bearings—This same reasoning applies to the 
big end. Here the cap is provided with a substantial stiffen¬ 
ing rib between the bolt lugs. The bearing pressures are 
grCi^test in the upper half of the big-end bearing, which takes 
the load due to gas pressure, and during the first few years 
of high-speed Diesel engines a good deal of trouble was ex¬ 
perienced from the babbitt on this part of the big-end bearing 
cracking and eventually flaking off. This was evidently due 
to excessive pressure on this part of the bearing surface, di- 
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rectly underneath the junction of the shank with the con¬ 
necting-rod head. To reduce stress concentration at this 
point, it is advisable to increase the section of the shank as it 
approaches the head to tlie full width and length of the head. 
Many manufacturers have overcome trouble at this point by 
the use of copper-lead instead of babbitt big-end bearings, 
while one uses a duralumin half bushing for the part of the 

big-end bearing which 
takes loads due to gas 
pressures. Both of 
these materials retain 
their hardness at much 
higher temperatures 
than babbitt, and there¬ 
fore are able to stand 
much higher peak loads. 
However, both are hard¬ 
er than babbitt also at 
normal temperatures, 
and to prevent excessive 
wear on journals where 
these bearing metals are 
used, the former must 
be hardened, which adds 
to the cost. 

Owing to the very 
rugged crankshafts used 
in Diesel engines it is 
usually difficult to so de¬ 
sign the connecting-rod 
big end that the rod can 
be withdrawn through 
the cylinder. Pig. 13 
shows a rod which is 
split at an angle of 45 

Fig. 13.—Diesel Connecting Rod. deg to make this pos¬ 
sible. The joint be¬ 

tween rod and cap is tongued and grooved to hold the two 
parts rigidly in alignment. Similar results are obtained by 
fitting dowel bushings around the two connecting-rod bolts. 
Center-to-center lengths of connecting rods for high-speed 
Diesel engines average close to twice the length of stroke. 

Because of the high combustion pressures in Diesel en¬ 
gines and the risk of trouble from torsional vibration, crank¬ 
shafts are made considerably more rugged than those for 
carburetor engines of the same cylinder dimensions. In six- 
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cylinder engines the main bearings usually have a diameter 
equal to 90 per cent of the cylinder bore, and in one eight- 
cylinder engine they are even equal to the bore. Crankpins 
are made somewhat smaller in diameter than main bearings, 
in order to keep down the centrifugal forces on the connect¬ 
ing-rod big end (and resulting bearing loads). On the aver¬ 
age, crankpin diameters are equal to about two-thirds of the 
cylinder bore. 

The risk of injury to big-end and main bearings can be 
lessened by keeping down the temperature of the oil in the 
crankcase under severe operating conditions. One means to 
this end consists in the provision of an oil cooler, a heat ex¬ 
changer through which the oil is passed on its way from the 
pressure pump to the bearings and the water on its way from 
the circulating pump to the jackets. A number of American 
high-speed Diesel engines are regularly equipped with such 
oil coolers or heat interchangers, which have the additional 
advantage that, when starting up from cold, they raise the 
temperature of the lubricating oil more rapidly, thus tending 
to prevent injury to the bearing surfaces before an adequate 
oil film can form on them. 

Valves and Timing—All four-stroke Diesel engines have 
the valves in the cylinder head, and in proportioning the 
valves the best possible use must be made of the available 
space. Inlet valves always are given a larger diameter than 
the exhaust valves. The largest possible inlet-valve capacity is 
needed (in engines with natural induction) for maximum 
engine output. Smaller exhaust valves may slightly increase 
the exhaust back pressure, but that does not materially affect 
the engine performance, because at the end of the exhaust 
stroke the combustion-chamber volume is very small. In Her¬ 
cules Diesel engines the exhaust-port diameter is only about 
70 per cent of the inlet-port diameter. Engines with cylinders 
of large size sometimes are provided with four and even six 
valves in the cylinder head, arranged symmetrically around 
the injection unit. 

An average valve timing for a four-stroke high-speed 
Diesel engine with natural induction is as follows: 

Inlet opens 5° ahead of top center 
Inlet closes 35° past bottom center 
Exhaust opens 45° ahead of bottom center 
Exhaust closes 10° past top center 



CHAPTER XVI 

Methods of Starting Diesel Engines 

Starting of Diesels involves greater difSculty than start¬ 
ing gasoline engines. If the atmospheric temperature is very 
low, it is hard to generate enough heat by compression to 
ignite the fuel when injected into the cold engine. The maxi¬ 
mum temperature produced in the cylinder when the engine 
is being cranked or motored over depends not only on the 
temperature of the air as it enters the engine, and the tem¬ 
perature of the cylinder walls, but also on the speed at which 
the engine is being cranked. The torque required to turn a 
Diesel engine over against compression is about twice as great 
as that required by a gasoline engine of eqqal displacement. 
To make sure that the compression temperature will be suffi¬ 
ciently high to produce ignition even under the most unfavor¬ 
able conditions, the engine must be cranked at a comparatively 
high speed. As both the torque and the cranking speed must 
be high, the starter must develop'high power, and if an elec¬ 
tric starter of the type used for automobile engines is em¬ 
ployed, its capacity and that of the battery from which it 
draws its current must be several times as great as in the 
case of a gasoline engine of equal displacement. This natu¬ 
rally makes electrical starting equipment rather expensive, 
the cost being particularly onerous in applications where elec¬ 
trical generating equipment is not needed for other purposes. 

Compression Pressures and Temperatures—In Fig. 1 are 
shown curves of compression pressure based upon tests made 
on an engine having 4% by 6%-in. cylinders. Of course, 
ignition is most directly dependent on the temperature of com¬ 
pression, which is related to the compression pressure. The 
temperature at the end of compression for any initial air 
temperature (in the cylinder at the beginning of compres¬ 
sion), any compression ratio, and any engine speed can be 
calculated from the chart with a fair degree of accuracy. 
Use is made of two thermodynamic equations which express 
the relation between the compression ratio on the one hand 
and the ratios between the final and initial absolute pressures 

398 
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and temperatures, respectively, on the other hand, 
equations are 

and 
P2/P1 = r" 

,n — \ 

These 

where Pi and are the pressures and Ti and T2 the tem¬ 
peratures at the bep:inning and end of compression, respec- 

Fig. 1.—Variation of Compression Pressure with Compression Ratio 

AND Engine Speed. 

tively; r is the compression ratio and n, the so-called poly¬ 
tropic exponent. 

From the chart we find that with a compression ratio of 
16, Hf the engine is being cranked at 200 rpm, the compres¬ 
sion pressure will be 400 psi gauge or 415 psi abs. Substitut¬ 
ing in the first of the above equations, 

415/14.5 = 16^. 
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Taking logarithms, 

log 415 — log 14.5 = n log IG, 

from which it follows that 

2.6180 - 1.1G14 
n =-= 1.21. 

1.204 

When a cold engine is being cranked the initial temperature is 
equal to the ambient temperature, and we will assume this to 
be 32 F or 492 deg abs. Then, by making use of the second 
equation, we find that 

T2 - 492 X IG^-^^ = 882 deg abs or 422 F. 

This temperature is too low to ignite ordinary Diesel fuels. 
However, cranking of the engine generates heat, both by 
compressing the air and by overcoming the friction of the 
moving parts, and a good deal of this heat is absorbed by 
the cylinder walls. As the temperature of the walls rises, 
some heat is given up to the entering air, hence the initial 
temperature of each succeeding charge is slightly higher. 
Compression temperatures rise correspondingly, and eventu¬ 
ally ignition may occur. 

When the engine is operating under normal conditions the 
compression temperature, of course, is much higher. The 
engine considered in the foregoing, when running at 1000 
rpm will develop a compression pressure of 550 psi gauge or 
565 psi abs. The polytropic exponent then is 

log 565 — log 14 
n =-= 1.34. 

log 16 

In normal operation tlie incoming charge is heated by contact 
with the intake passages and the cylinder walls, and under full 
load its temperature at the beginning of compression will be 
of the order of 200 F or 660 deg abs. The temperature of 
compression then will be 

T2 == (660 X 16®*^^) - 460 = 1234 F. 

Starting Torque Required—For engines of a given num¬ 
ber of cylinders and generally similar design, the cranking 
torque under given operating conditions varies substantially 
as the piston displacement. Much of the starting torque, 
especially in cold weather, is required to shear oil films. The 
shearing force needed is directly proportional to the area of 
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the films, and it also varies with the cranking? speed. It is 
greatest at the very start, and is then known as the breakaway 
torque. With increase in speed the cranking torque at first 
decreases, then reaches a minimum value, and thereafter in¬ 
creases again. The point of minimum cranking torque evi¬ 
dently corresponds to the change-over from boundary to full 
fluid lubrication, for wl]ich latter the friction coefficient in¬ 
creases with the speed. 

The actual viscosity of the oil in the film depends on both 
the viscosity grade of the lubricant used and on the tempera¬ 
ture of the oil. IIow the cranking lorcpie varies with the 
ambient temperature 5 seconds after the breakaway is shown 
in Pig. 2, which is taken from an S.A.E. ])aper by II. L. 
Knudsen. The data were obtained with a (himmins six-cyl- 

AMBIANT TEMPERATURE-DEG F 
5-SECOND STARTING TORQUES 

Fig. 2.—Variation of Five-Second Cranking Torque with Ambient 

Temper.ature. 

inder super-charged engine of 672 cu in. displacement. Oils 
of three viscosity grades were used in the experiments, 
namely, an S.A.E. 30, an S.A.E. 10, and an S.A.E. 10 diluted 
with 30 parts of kerosene to 70 parts of oil. Mr. Knudsen 
found that when starting a cold engine only a small fraction 
of the total cranking power is consumed in overcoming com¬ 
pression. Por instance, to crank the engine referred to at 
2O0 rpm with an ambient temperature of minus 20 P when 
lubricated with No. 10 oil required about 12.5 hp with the 
compression relieved, and only 2 hp more with the com¬ 
pression on. 

When an engine is being cranked, the torque, which is at 
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its maximum during the breakaway, gradually decreases and 
usually reaches a steady value after about 5 minutes. Pig. 
3, which also is from Mr. Knudsen's paper, shows the rela¬ 
tion between the breakaway torque and the torque after 5 
minutes of cranking, for two different grades of oil. Prom 
Figs, 2 and 3 it can be seen that a very thin oil in the crank¬ 
case would be of great help in starting a Diesel engine in ex¬ 
tremely cold weather. However, a lubricant such as the 
diluted oil could not be used with safety in normal operation 
even in cold weather. If such an oil were to be used for 
starting, it would have to be introduced into the engine just 
before it was shut down after a run, and immediately drained 

Fig. 3.—Variation of Breakaway and Five-Minute Torques with 
Temperature. 

off and replaced with the regular lubricating oil after the en¬ 
gine had been warmed up. This procedure evidently is too 
complicated to be practical. The charts, however, show that 
under cold weather conditions an oil of relatively low-viscosity 
must be used to facilitate starting. It should be pointed out 
here that the cranking torques plotted in Pigs. 2 and 3 were 
obtained with the engine “decompressed."' 

Large Diesel engines sometimes are started by compressed 
air, which is admitted to the cylinders by means of special 
valve gear. This system is not adapted to small multi-cylinder 
engines, on account of its cost and complication. Separate 
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air motors, supplied from a storage tank (air bottle) and 
driving through a Bendix gear, have been used for marine 
engines of smaller size, particularly in England. 

Electric Starting—Wherever electric current is needed 
for other purposes, such as lighting in the case of road ve¬ 
hicles, motor boats, etc., electric starting offers many advan¬ 
tages. In this country electric starters are produced on an 
enormous scale for motor vehicles of all kinds. For starting 
the engines of passenger cars, six-volt systems are used ex¬ 
clusively here, but this low voltage is impractical where such 
large starting torques are required as for Diesel engines of 
100 hp and over. For this service batteries and starters of 

Fig. 4.—Characteristics of 6-In., 24-Volt Electric Starter. 

12 and 24 volts have come into use. Pig. 4 shows the char¬ 
acteristics of a 24-volt starting motor of about 6-in. diameter 
and 12-in. length. The engine rpm and torque in the scales 
at the left are based on a reduction ratio of 10 to 1 between 
starter armature and crankshaft. This starter will turn the 
engine over at 160 rpm, for instance, when supplied with 
current at 24 volts, and will then draw about 1200 amperes. 
The starting torque at the engine crankshaft is then about 
1040 Ib-ft, which corresponds to the torque required by an 
engine of about 1000 cu in. displacement at around zero F. 
At normal temperatures the starting torque required by this 
engine would be far less, and the starter would then turn the 
engine at relatively higher speed. 
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Starting-Battery Characteristics—When an engine is be¬ 
ing started in very cold weather, the battery always must 
furnish a very large current, and it can maintain such a cur¬ 
rent for a short length of time only. Fig. 5 shows how the 
cranking times or discharge periods vary with the ambiant 
temperature for four different discharge rates, corresponding, 
respectively, to 0.5, 1.0, 1.5 and 2.0 times the 20-hr-discharge 
ampere-hour rating of the battery. Jt will be seen that at 
minus 40 F, for instance, the battery will furnish a given 
current for only about one-fifth the length of time as at plus 

♦40 +30 +20 ♦lO 0 -10 -20 -30 -40 
TEMPERATURE-OCC F 

Fig. 5.—Variation of Battery-Discharge Period with Ambient 
Temperature. 

40 F. At very low temperatures it is therefore necessary to 
restore the capacity of the battery by heating it, and there 
are several methods of doing this. At moderately low tem¬ 
peratures the battery can be kept warm (overnight, for in¬ 
stance) by circulating hot water through a pipe coil at the 
bottom of a box surrounding the battery. But when the bat¬ 
tery has been parked for several days at minus 40 F, this 
does not suffice. Under these conditions a gasoline burner, 
such as the Coleman, can be used to advantage. This burner, 
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which develops 5000 Btu per hr, is provided with a flue rising 
to a height of about 5 in. above it, and is ‘ ‘ bayonetted' ’ to the 
battery hanger by three tabs. Gases of combustion from tlie 
burner pass into tlie battery box through a 3.5-in. hole in the 
bottom, and escape through the 1-in. clearance holes for the 
cables and through an additional %-m. hole in the top of the 
casing. With this heater the temperature of the battery can 
be raised from minus 40 to minus 10 P in about 40 minutes. 
However, only batteries with hard-rubber cells can be sub¬ 
jected to this rapid warming-up process, which is too severe 
for ordinary composition cells. 

Delco-Remy Heavy-Duty Starter—Fig. 6 is a longitudinal 
section of an electric starter developed for use on Diesel and 
large industrial engines by the Delco-Remy Division of Gen¬ 
eral Motors Corporation. It has a frame of 5%6-in. diameter 
and 9%0-in. length, and it develops a maximum output of 
12.2 hp wuth a current draw of 1000 amperes from a 24-volt 
battery. The starter is of robust design throughout, and 
steel banding is applied over the armature core and coils to 
prevent throwing^' of windings at higli speed. There are 
six poles and six field windings in the starter. Twelve brushes 
can be used on the commutator, in six pairs, each pair acting 
as a single brush, but giving increased current-carrying ca¬ 
pacity and steadier contact with the commutator. The arma¬ 
ture is supported in three bronze bearings provided with wick 
oilers in oil wells. 

These cranking motors are equipped with the Dyer drive 
for transmitting the power to the engine flywheel. Compo¬ 
nent parts of this drive are shown in Pig. 7. The motor shaft 
has helical splines cut on it and is surrounded by the starter 
pinion and a pinion guide, which latter is provided with in¬ 
ternal helical splines engaging with the shaft splines,‘and with 
two driving lugs on its circumference which engage into longi¬ 
tudinal slots in an extension of the pinion hub. A coil spring 
surrounding the hub extension tends to force the pinion guide 
away from the pinion. The various parts mentioned are sur¬ 
rounded by a shift sleeve with a helical slot in it, into which 
latter engages a pin in the end of the shift lever, the opposite 
arm of which has link connection to the plunger or core of a 
solenoid mounted on top of the motor. However, instead of 
by^ solenoid with remote control, the shift lever also may be 
controlled by a direct link connection to a starter pedal. In 
addition to the spring surrounding the pinion-hub extension, 
there is a torsion-type return spring on the shift-lever shaft. 
The springs aid in locking the starter pinion in the disen- 
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gaged position, away from the flywheel gear, and also in the 
engagement action. 

Action of Starter Drive—With the Dyer drive the starter 
pinion is positively meshed with the flywheel gear before the 
starter circuit is closed, so there can be no clashing of gear 
teeth. When the starter is at rest, its pinion is held away 
from the flywheel ring gear by a locking action of the pinion 
guide and pinion spring in combination with a milled section 
of the helically-splined shaft. The first motion of the shift 
lever, moving the shift sleeve toward tlie flywheel, unlocks the 
pinion guide from the splined shaft, while farther motion of 
the lever causes the shifting motion of the shift sleeve to be 
transmitted to the pinion through the pinion guide and the 
coiled spring on the pinion-hub extension, and the pinion 
to be meshed with the flywheel ge^r. Axial motion of the pin¬ 
ion is limited by a pinion stop near the end of the shaft, and 
by thrust washers on the shaft near the intermediate bearing. 

Fig. 7.—Parts of Dyer Stxrter Drive. 

When the pinion abuts against the stop, the shift lever closes 
the motor switch which, as shown in Fig. 5, is incorporated 
with the starter solenoid. Cranking then begins, and the 
shift sleeve at the same time is carried back to its original 
position by rotation of the starter shaft and compression of 
the coil spring. This axial return motion of the shift sleeve 
is accompanied by a rotary motion due to the presence of the 
pin at the end of the shift lever in the helical slot in the 
sleeve. 

As soon as the engine begins to fire, there is a reversal of 
the'torque on the starter pinion, which forces it out of mesh 
with the flywheel ring gear and back to its locked position. 
A safety feature embodied in the design makes it impossible 
to close the starter circuit while the engine is running, for as 
soon as the pinion teeth contact the teeth of the flywheel 
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gear, the shift sleeve is rotated and the pinion follows the 
armature-shaft spline back to the locked position. 

Electric starting motors generally are so designed that 
they can safely carry the heavy currents required for crank¬ 
ing for a short time only, and the manufacturers warn oper¬ 
ators against cranking for longer than a specified time, usu¬ 
ally JIO seconds, if the engine refuses to pick up its cycle. 

Starting on Gasoline—Diesel engines can be so designed 
that they can be started as carburetor engines, by supplying 
them with gasoline-air mixtures during the starting period. 
To this end it is necessary that either the compression cham¬ 
ber be enlarged for starting, so that the temperature of com- 

Fig. 8.—International Harvester Tractor Engine Which Stvrts as 

A Gasoline Engine. 

pression will not be sufficiently high to cause ignition of the 
mixture even if a full charge is drawn in; or that the amount 
of charge drawn in be limited in some way, so that even with 
the small compression space of the Diesel the heat of compres- 
siqn will not be sufficiently high to cause self-ignition. The 
former seems to be the more practical method. It is employed 
in the International Harvester engine, the cylinder and 
head of which are shown partly in section in Pig. 8. This is 
a four-cylinder engine with 4% by 6^/^-in. cylinders and 
operates on the precombustion-chamber principle. The air 
inlet and exhaust valves are located in the cylinder head, 
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slightly to one side of the longitudinal center plane of the 
engine, and to the left of these valves in the drawing there is 
an additional valve which places the engine cylinder in com¬ 
munication with an auxiliary combustion chamber used dur¬ 
ing the starting period only. The poppet valve is opened by 
means of a linkage connecting to a lever on the dash of the 
tractor, and the same operation closes butterfly valves in the 
main air passage in the manifold, opens the gasoline line to 
the carburetor, and turns on the ignition. A magneto fur¬ 
nishes current for ignition. The spark plug is screwed into 
the wall of the auxiliary compression chamber, so that it is 
isolated and not subjected to deterioration when the engine 
is operating normally. 

Starting is effected by means of a hand crank, and since 
the compression is reduced, the engine is no harder to crank 
than a gasoline engine of the same size. After the engine has 
run for about one minute on gasoline, the change-over to 
Diesel operation is made by a reverse movement of the lever 
on the dash, which, through the linkage referred to above, 
closes the valve controlling the passage to the auxiliary com¬ 
bustion chamber, opens the butterfly valves in the main air 
inlet passage in the manifold, shuts off the carburetor so that 
no more gasoline is drawn in, grounds the magneto, and starts 
fuel injection. 

Starting by Separate Gasoline Engine—Instead of an 
electric motor, a small gasoline engine may be used to start 
the Diesel. This plan has particular merit in the case of farm 
and industrial tractors, where no lighting is required. It is 
used on the chain-track tractors of the Caterpillar Tractor 
Co. Among the advantages of the system are that the engine 
can be cranked for a long time without exhausting the source 
of power; it can be started with the compression relieved, 
which reduces the stresses on the starter engine and gear, and 
in extremely cold weather the exhaust from the gasoline engine 
can be made use of to heat the intake manifold of the Diesel 
before the starter gear is engaged, which facilitates ignition 
in the cylinders of the Diesel. 

Pig. 9 illustrates the drive from the two-cylinder gasoline 
starter engine on the Caterpillar tractor engine. The starter 
engine is mounted at the side of the Diesel and drives to the 
flywhed of the latter. It is started by means of a hand crank 
from the front of the tractor in the usual way. In very cold 
weather a heat-exchange valve is then opened, which causes 
the intake manifold of the Diesel to be heated by the exhaust 
from the starter engine. When this has been accomplished, 
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the heat>exeliaiige valve is elosed again, the decompression 
device is set, and the starting gear is engaged. 

Referring to Pig. t), the pinion at tlie right, which is shown 
in the engaged position, engages the ring gear on the flywheel 
of the Diesel engine directly, and is splined to the shaft which 
extends from the clutch through the transmission housing. 
The centrifugal weights are pivoted to a case which is held 
to this pinion by small cap screws. In starting the Diesel, 
the pinion at the right is first thrown into engagement with 
the ring gear on the flywheel of the Diesel, by means of a 
hand lever which operates the small lever shown in dotted 
lines at the right of the assembly. This lever is then released 
and the clutch is thrown into engagement by another hand 
lever. 

As soon as the engine is turning over at the proper speed, 
the compression release is thrown off and the fuel-pump con¬ 
trol lever turned on, whereupon the engine begins to operate 
on its own cycle. When it has attained a certain speed, the 
pivoted weights fly out of contact with the plug in the end 
of the shaft, thereby allowing the spring and plunger inside 
the shaft to push the entire gear and bracket carrying the 
pivoted weights out of engagement with the flywheel ring 
gear. 

The cooling system of the starter engine is connected in 
parallel with that of the Diesel, which simplifies the pipe con¬ 
nections. 

Starting Aids—There are numerous expedients that may 
be resorted to in order to facilitate starting of engines. Small 
engines may be spun by means of a hand crank while de- 
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eoiripressed; in that way enough energy is stored up in a 
heavy flywheel so that when the decompressing device is re¬ 
leased, suflicient heat will be generated in the cylinder to 
ignite the fuel when it is injected. Small stationary and 
marine engines can be started in this way. 

One method of starting Diesel engines in cold weather con¬ 
sists in spraying a volatile fuel into the inlet pipe and igniting 
it either by means of a spark plug connected to an induction 
coil of the magnetic vibrator type, or by a blow torch. If the 
engine is being cranked while the starting fuel is burned in 
the inlet pipe, the interior of the cylinders quickly reaches a 
temperature at which compression-ignition of the regular fuel 
becomes possible. Even gas oil can be used as starting fuel, 
provided it is sufficiently finely atomized, and that makes it 
unnecessary to carry or keep on hand a special, volatile fuel. 

Ether as Starting Fuel—Instead of burning a combustible 
mixture in the intake pipe, the engine may be caused to draw 
in a small quantity of fuel of low ignition temperature with 
the air. This fuel will ignite at a lower temperature than the 
regular Diesel fuel, and the heat of its combustion will ignite 
the Diesel fuel upon its injection. Of a number of different 
chemicals with low ignition temperatures tried, best results 
were obtained with diethyl ether. It was found that at the 
start the ether-air mixture should be rather rich, to make sure 
that ignition will occur and that sufficient heat will be gen¬ 
erated by the heat of combustion of the ether to ignite the 
Diesel fuel. Once ignition has set in, the ether charge should 
be gradually reduced. In Germany extensive use has been 
made of a so-called starting fueP’ consisting of substantially 
equal parts of ether, kerosene, and gas oil. That helps to solve 
the problem of loss of ether, which is exceedingly volatile and 
hard to confine. 

Capsule Starter—A device for feeding diethyl ether into 
the inlet pipe for starting has been developed by C.A.V. Ltd., 
in England, and is marketed under the trade name ^‘Zero- 
start^^ {Fig, 10). A threaded, drilled plug at the top of the 
device is screwed into the manifold on the downstream side of 
a butterfly valve in the latter. The ether is contained in a 
small gelatine capsule A which is inserted into bowl B, The 
latter screws with a coarse thread into the body C of the 
device, and is held in position therein (against unscrewing 
and loss) by the wire bail D. As the rim of bowl B reaches the 
flexible collar E, the bowl is closed and ether is forced up 
through the axial hole in prong F—which has pierced the 
capsule—into the annular chamber G, As the rim passes the 
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flexible collar, the bowl is again opened to atmospheric pres¬ 
sure, and finally tlie lower joint is sealed. 

During the first few revolutions of the engine a rich ether 
mixture is drawn into the manifold from chamber G, designed 
to produce an immediate start. The supply of ether in cham¬ 
ber G is quickly exhausted, however. Thereafter the remain¬ 
ing ether is drawn through the hole in prong F into chamber 
G, where it mixes with air drawn in through felt filter H at 
the bottom of the device, and through passages leading from 
it to chamber 6r. In tiiis w^ay a weaker ether mixture is 
formed, which assists ignition until the engine has reached a 

temperature sufficiently high to ignite the regular fuel posi¬ 
tively. 

Excess Fuel Device—British manufacturers of injection 
pumps generally provide these pumps with a device which 
makes it possible to inject at starting a quantity of fuel larger 
than that which would be injected with the control rack in 
the normal full-load position. An automatic trip incorporated 
in the device ensures that no more than the regular full-load 
charge can be injected in normal operation. Fig. 11 is a 
perspective view of the excess-fuel device (with cover re¬ 
moved) of the C.A.V. Type N injection pump. Eigidly se- 
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cured to the fuel rack K at the end opposite the governor is a 
steel block II, which is threaded to receive the stop screw jB. 
Mounted on the vertical spindle L in liousing J is a stop plate 
D, on which is pivoted the trigger C, When the stop plate is 
pressed down by means of the external knob E, trigger C 
enters a groove P on spindle L, as shown in the view in the 
upper right-hand corner. This holds the plate in the ‘‘down’^ 

Fig. 11.—Mechanism of C.A.V. Device Designed to Automatically 

Supply Excess Fuel to the Engine at Starting. 

position. If now the control rack is moved toward the maxi¬ 
mum-fuel position by the governor at starting, stop screw B 
enters slot N in stop plate 2>, releasing trigger (7, which is 
thereupon forced upward by return spring M till the clear¬ 
ance between slot N and the stop screw is taken up. This 
movement is sufficient to prevent trigger C from reentering 
the groove in the spindle. 
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As the speed of the engine increases, the governor retracts 
the control rack to reduce the fuel quantity, and stop screw 
B is retracted from slot N in stop plate I), thereby allowing 
the stop plate to return to its normal position. Thereafter the 
maximum ‘‘out” movement of the control rack is limited by 
stop screw B abutting against stop plate D, Rotation of the 
stop plate around the vertical spindle under the pressure of 
the control rack is resisted by adjustable screw stop Cr, which 
is accessible from the outside. The drawing in the lower right- 
hand corner of Pig. 11 shows the parts in their relative posi¬ 
tions in normal operation. 

Another excess-fuel device was shown in Pig. ‘25 of Chap¬ 
ter VII. 

Electric Heater Plugs—Engines of the precombustion- 
chamber and turbulence-chamber types sometimes are pro¬ 
vided with electric heater plugs. In precombustion chambers 
the wall area is so large in proportion to the volume of the 
chamber, and so close to the center thereof, that at low speed 
it is practically impossible to produce a high enough tem¬ 
perature by compression to induce ignition, unless an excep¬ 
tionally high compression ratio is used. These heating plugs 
usually operate on 2 volts and consume between 40 and 
50 watts each. They constitute an additional load on the 
starter battery just when the latter is subjected to a very 
heavy drain by the starter. However, engines fitted with 
heater plugs usually need not be cranked faster than 150 rpm, 
and the difference between the power consumption at this 
cranking speed and that at 200 or even 250 rpm more than 
compensates for the energy consumption of the plugs. 

Electric heater plugs or glow xdugs are made of nickel- 
chromium heat-resisting wire about Yiq in. thick. In the 
earlier plugs the coil of wire w’'as grounded to the shell of the 
plug at one end, which necessitated connecting the plugs of 
individual cylinders in parallel. It takes from 25 to 30 
amperes to keep the coil at a temperature of from 1500 P 
to 1600 P, and a storage cell of large size was required to 
supply the plugs with current. Such a cell, moreover, is 
quite inconvenient to recharge. In later models both ends of 
the heater-plug coil are insulated, and the plug is provided 
with two terminals. Such plugs are connected in series, and 
in the case of six-cylinder engines—which are the type most 
widely used on trucks and buses—they can be connected di¬ 
rectly across the 12-volt starting battery. In the case of four- 
cylinder engines a resistance equal to that of two plugs must 
be connected in series with the four plugs. 

If the heater plugs are to show a satisfactory life, they 
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must not be placed directly in the path of the spray, yet they 
must be in a location where they will be surrounded with 
combustible vapors at the time of injection. Fuels with a 
high sulphur content are particularly injurious to the heater 
coils. To x^rotect the coil as much as possible from heat and 
corrosive vapors, it is usually placed in a recess in the wall 
of the combustion chamber, with its tip substantially flush 
with the chamber wall. ^ 

Air Heaters—To reduce the work which must be done 
by the starter under low-temperature conditions, it is a good 
plan to supply heat from an outside source to raise the com¬ 
pression temperature. Heat can be applied to the air on 
entering the cylinder, to the water jacket, or to the entire 
engine, but it is generally most ijractical to suxJi:>ly it to the 
entering air. Electric heater units may be used for the pur¬ 
pose, and can be conveniently inserted between the inlet 

Fig 12—Electric Air He\ter 
FOR Insertion between En¬ 
gine AND Inlet Manifold 

manifold and the cylinder block. Air heaters comprising 
ribbon-type Nichrome resistance coils in insulated blocks, as 
shown in Fig. 12, have been used by Mack. The ends of the 
Nichrome ribbon are fastened to binding posts, and copper 
jumpers connect the series of heater elements together. The 
elements are energized by means of solenoid switches con¬ 
trolled by a push button located convenient to the operator. 

The heater elements are turned on before the starter switch 
is closed, in order to preheat the coils and the metal adjacent 
to them. They may be either disconnected when the starter 
switch is closed or they may be left on, in which latter case 
the current through them decreases about 25 per cent, due to 
the drop in applied voltage caused by the heavy starter cur¬ 
rent. It seems that an input of 600-700 watts per 100 cu in. 
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piston displacement is about the optimum. Larger inputs 
further reduce the time required to start, but not suflSciently 
to make the greater expenditure of electrical energy worth 
while. Sometimes it is found preferable to preheat only, 
opening the heater circuit as the starter switch is closed. 
This results in a slightly higher cranking speed and reduced 
cranking time. An attractive feature of these heater ele¬ 
ments is that they are of simple construction and require little 
maintenance. 

Flame Primer—Instead of being heated electrically, the 
intake air may be heated by burning fuel in it by means of a 

Fig. 13.—AssEMBLy Drawing of General Motors Flame Primer. 

special device known as a flame primer. Only part of the 
intake air is consumed in the combustion of this fuel, and the 
remainder is available for the combustion of fuel injected into 
the engine cylinders. This type of preheater is particularly 
applicable to two-stroke engines, in which the scavenging 
pump furnishes a large excess of air, and in Fig. 13 it is illus¬ 
trated as applied to the General Motors Type 71 engine. It 
is essentially a small pressure oil burner with electric ignition, 
similar in its operating principle to the oil burners of domestic 
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heating plants. A diagram of the wiring and fuel connections 
is shown in Fig. 14. The burner proper is mounted in the 
engine air box, the air necessary for combustion being fur¬ 
nished by the engine blower, and the products of combustion 
together with the direct-heated air being discharged into the 
engine cylinders. Very little of the heat generated by the 
burner is lost, and the engine is said to respond immediately, 
as a rule. 

The device consists of two assemblies, one comprising the 
pressure pump and ignition switch, the other the burner noz¬ 
zle, filter, ignition coil and ignition electrodes. The former 
is mounted so as to be convenient to the engine controls, while 

Fig. 14.—Diagram of Wiring and Fuel Connections of Flame Primer. 

the latter takes the place of one of the hand-hole cover plates 
near the center of the engine air box. To prevent fuel dribble, 
a suitable air chamber is provided in the feed line near the 
pump. 

When a cold engine is to be started, the primer ignition 
switch is turned on, the engine throttle opened wide, and the 
engine starter engaged. The pump plunger is then released 
by turning its handle from one-quarter to one-half turn in the 
counter-clockwise direction, and the primer pump is operated 
with firm, even strokes, with a pressure of up to 10 lb on 
the deivery stroke. After the engine has picked up its cycle, 
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the throttle is regulated and the plunger is pushed in all the 
way, and then turned clockwise until the spring catch en¬ 
gages. Finally, the primer ignition switch is turned off. 

Immersion Heaters—As already pointed out, heat from 
an outside source may be applied to the cooling water or 
coolant to facilitate starting. This can be done by means of 
electric immersion heaters. These, however, consume so much 
energy that it cannot well be supplied by a battery carried 
on the vehicle, but must be drawn from service mains. This 
particular starting aid therefore is limited in its applications. 

Immersion heaters can be used in two diffei’cnt ways. 
They can be switched on when the truck or other vehicle re¬ 
turns from a trip, and then serve to retard cooling of the 
power unit and to cause it to reach an equilibrium tempera¬ 
ture well above the ambient temperature and sufficiently high 
to permit of an easy start when the vehicle is to be taken 
out again. Alternately, the engine may be allowed to cool 
to the ambient temperature and the immersion heater 
switched on in time to allow it to approach the equilibrium 
temperature by the time the vehicle is to be taken out. 

In some experiments with such an immersion heater, with 
an ambient temperature of 0 F, an engine vfith a coolant 
capacity of 6 gal cooled from 170 F to the ambient tempera¬ 
ture in 12 hr when no heat was supplied. With an input of 
500 watts to the immersion heaters it nearly reached the 
equilibrium temperature of 34 F in 8 hr, and with an input 
of 1100 watts it nearly reached the equilibrium temperature 
of 75 F in 6 hr. The temperature drop, of course, was quite 
rapid at first, and gradually slow^ed down. When the engine 
was allowed to cool down to the ambient temperature and the 
heaters were then switched on, it took practically the same 
times with the different inputs to reach equilibrium tempera¬ 
tures, and these latter were the same as when the engine was 
allowed to cool down with the heaters on. Retarding cooling 
of the engine is preferable to warming it from the ambient 
temperature, in that with the former process the engine is 
ready to be started throughout the period the equilibrium 
temperature is being approached, while with the latter it is 
not. With an ambient temperature of 0 F, a 500-cu in. engine 
equipped with an immersion heater with 1100 watts input had 
its coolant maintained at 74 F equilibrium temperature and 
was started in 8.5 seconds. 

Heating Coolant with Liquid-Puel Stove—Results similar 
to those obtained with electric immersion heaters may be ob¬ 
tained with what is essentially a miniature hot-water boiler, 
which is connected by piping to the engine jacket at top and 
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bottom, and heated by a burner combined with it. The prin¬ 
cipal part of the latter is an adjustable metering device which 
feeds liquid fuel into a vaporizing chamber, where it is ig¬ 
nited by a lighted match or taper. The flame in the fire box 
heats the coolant in the boiler and causes it to circulate 
tlirough the engine jackets by thermo-siphon action. One 
particular unit of this type is so designed that its rate of 
heat generation can be varied between the limits of 1200 and 
6000 Btu per hr. Of course, when heat is generated by such 
a burner the losses are greater than with an immersion heater. 
With this type of heater the time required to reach equi¬ 
librium temperature also is relatively long. 

The German State Railways in their rail cars and Diesel- 
engined high-speed trains, in cold weather heat the engines 
by steam coils for about dO minutes preliminary to starting. 
The coils pass through and around the crankcase. This not 
only facilitates starting, but protects the engine bearings 
against injury due to excessive loads during the starting pe¬ 
riod. Bearings are particularly liable to injury during this 
period because (1) the combustion pressures are likely to be 
highest at low speeds, when the amount of air drawn in is a 
maximum; (2) the bearing load due to the initial combustion 
pressure is not neutralized to any extent by the oppositely 
directed inertia force, which latter decreases as the square 
of the speed and is therefore negligible at cranking speeds, 
and (3) when starting from cold there is practically no oil in 
the bearings. 

Miscellaneous Starting Aids—In the past, engines have 
been built in which the compression ratio could be increased 
for starting by shutting off a part of the compression space. 
However, this is only a partial solution of the problem, for 
even if the compression ratio were increased from the conven¬ 
tional 15 to, say, 19 or 20, in really cold weather the engine 
would still be hard to start, unless additional starting aids 
were resorted to. The original Lanova engine had a two- 
compartment auxiliary chamber of which one compartment 
could be closed off for starting by a valve operated by means 
of a handwheel on the outside of the engine. Similarly, a 
Lister engine of the turbulence type, manufactured in Eng¬ 
land, had, in addition to the turbulence chamber, a small 
chamber communicating with it, which could be closed off 
from it for starting. It seems that all manufacturers who 
used this starting aid at one time have now abandoned it. 

What is known as the Joule-Thomson effect is made use of 
in the Ganz-Jendrassik engine built in Hungary, to facilitate 
cold-starting. This engine is of the precombustion-chamber 
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type. While starting, the inlet valves are opened only toward 
the end of the suction stroke, and then only slightly. It is 
claimed that the resulting strong rush of air through the 
narrow openings causes the air 1o be heated to such a degree 
that the engine can be started from cold without the use of 
any other starting aid, although its compression ratio is only 
12.4. The system, of course, calls for the use of double inlet- 
valve cams on a shaft which can be shifted axially. Also, the 
energy that heats the air while entering the cylinder must be 
supplied via the starter, and the engine undoubtedly requires 
a somewhat greater starting torque. 



CHAPTER XVII 

Lubrication 

All moving parts of Diesel engines—the same as those of 
other high-speed machinery—must be well lubricated to en¬ 
sure their smooth and efficient operation, and to minimize the 
wear on them. The lubricating systems of modern engines 
are entirely automatic, and about all the operator has to do 
is to see to it that the engine is filled with a suitable grade of 
lubricating oil, that the strainers, filters and oil coolers are 
properly serviced, and that the oil is changed at regular 
intervals. 

Oil Peed to Bearing Surfaces—All modern Diesel engines 
have a pressure lubrication system similar to that of automo¬ 
bile engines. An oil sump is formed at the bottom of the 
crankcase, and oil is kept in this sump at a level intermediate 
between maximum and minimum marks. Most engines are 
provided witli an oil gauge, usually of the dip-stick type, by 
means of which the oil level can be readily ascertained at any 
time. A gear-type oil pump, driven from the crankshaft or 
camshaft, is located in the sump. Its inlet or suction pipe is 
provided with a screen which prevents dirt or grit from 
getting into it. 

In aircraft engines, and in certain other types which may 
be operated at times at a considerable inclination to their 
normal attitude, the dry-sump system of lubrication is used. 
In this system there are two pumps which are generally com¬ 
bined in a single unit. One of these is a scavenging pump 
that draws oil from the bottom of the sump and delivers it to 
an outside tank or reservoir from which the pressure pump 
draws its supply. In certain other engines in which the sump 
is underneath one end of the crankcase, oil collecting in the 
opposite end will normally drain toward the sump, but if 
the engine is steeply inclined, this drainage fails, and a scav¬ 
enging pump then returns oil which collects in the crankcase 
at the end away from the sump, to the latter. 

The pressure pump delivers oil to a main distributing 
artery, which may be either a tube extending the length of the 
crankcase below the main bearings, or a drill hole in the wall 
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of the crankcase parallel with the crankshaft. In most of 
the later engines an ^‘oil gallery’' is drilled in the crankcase 
or engine block, together with radial lioles therefrom to the 
crankshaft and camshaft bearings. This construction is pre¬ 
ferred to the tubular distributor mainly because it makes it 
unnecessary to disturb the lubricating system when crank¬ 
shaft bearings have to be refitted and the crankshaft re¬ 

moved. A pressure-relief valve is incorporated in the pump 
or inserted in the delivery line. That line, as a rule, carries 
part of the oil to a filter and the remainder directly to the 
main bearings. 

Crankshafts have oil holes drilled in them, which extend 
diagonally through the crank arm from the surface of a main 
bearing to the surface of an adjacent crankpin bearing. The 
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inlet to this oil hole is so located that it registers with the oil 
inlet to the main bearing during part of a crankshaft revolu¬ 
tion. Connecting rods are ^‘rifle-drilled’' and have oil holes 
extending through them lengthwise from the crankpin bear¬ 
ing to the piston-pin bearing. The inlet to this oil passage 
is so located that it is in registry with the outlet of the oil 
hole drilled in the crankshaft during part of a revolution, 
and oil under pump pressure therefore is supplied directly 
to all main, connecting-rod, and piston-pin bearings. The 
relative length of time an oil hole in one part remains in 
registry with that in another part rotating in or around it, 
can be varied by cutting a circumferential groove in the bear¬ 
ing of one of the parts, through the end of the oil hole therein, 
and changing the length of that groove. A lubrication dia¬ 
gram for a marine Diesel engine is shown in Pig. 1. In tliis 
engine the crankshaft bearings are carried by the lower half 
of the crankcase. 

Cylinder Wall Lubrication—When a gear pump delivers 
oil through outlets of constant size (the bearing clearances), 
the pressure in the system increases with the speed, and to 
prevent excessive pressures from occurring in the system, the 
pump is provided with a relief valve—a spring-loaded ball or 
poppet valve which opens when the pressure in the system 
reaches a certain value, and then by-passes sufficient oil from 
the delivery to the suction side of the pump (or to the sump) 
to keep the pressure at the bearing inlets substantially con¬ 
stant. Oil working through the main and crankpin bearings 
is thrown off* by the rapidly-revolving cranks in all directions. 
A certain proportion of this oil gets into the cylinders, and 
this oil spray is depended upon for cylinder and piston lubri¬ 
cation. More oil usually gets onto the cylinder walls in this 
way than is necessary for their proper lubrication, and the 
pistons therefore are provided with oil-control rings, whose 
function it is to scrape off excess oil from the cylinder walls 
and return it to the crankcase. In order that they may prop¬ 
erly perform their function, these scraper rings must have a 
sharp lower edge and must exert a high unit pressure against 
the cylinder wall. Oil rings usually have a circumferential 
central groove in their outer surface, with slots at its bottom 
extending all the way through the ring. Any oil collecting 
in the groove in the ring passes through the slots into the 
ring groove, from which it returns to the crankcase through 
oil-return holes drilled through the piston skirt. 

Valve-Gear Lubrication—Similar provisions are made for 
the lubrication of the valve gear. Oil is fed directly from 
the main distributing passage or from the main bearings to 
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the camshaft bearings, and the camshaft sometimes is drilled 
out and forms an oil tube, with an inlet at one of its bearings 
and outlets at all of the other. The valve rocker shaft on 
top of the engine also is a tubular shaft and serves its part 
in the lubrication system. An oil tube or a drilled passage 
extends from the main distributing passage in the crankcase 
to the valve chamber, where it connects to one of the supports 
or pedestals for the valve rocker shaft, or it may connect 
to this shaft directly at one end. The rocker shaft does not 
turn, but the rocker levers rock upon it, and a radial drill 
hole is provided in the wall of the shaft at each rocker bear¬ 
ing. Sometimes oil holes are drilled in the rocker levers them¬ 
selves, their inlets registering with the radial hole in the wall 
of the tubular shaft, and their outlet being located at the 
surface where the rocker contacts with the valve. 

Oil from the pressure system is supplied also to the hous¬ 
ing for the camshaft and accessories drive, and to the bear¬ 
ings in that housing. 

Lubrication System for Heavy-Duty Engines—Reliable 
lubrication is particularly important in the case of large rail¬ 
road and marine engines, which operate at a high load factor 
for long periods. Fig. 2 is a lubricating-system diagram of the 
Daimler-Benz 800-hp railroad engine. There are two separate 
oil circuits, each with its own gear-type pump in the engine 
sump. Pump A delivers oil through a “foot valveB and a 
filter C to the main oil gallery, and through it to the bearings. 
After passing through the bearings the oil drains back to the 
sump. The filter is of the two-stage type, comprising a pri¬ 
mary filter with three ribbon-type filtering elements or inserts, 
and a secondary fine filter with two inserts. Connected to the 
line from the filter to the oil gallery are the pressure-relief 
valve Dy the pressure gauge <?, and the hydraulic engine gov¬ 
ernor F. 

The second pump, I, delivers oil through another “foot 
valve'’ B to the heat exchanger (or oil cooler) iST, from which 
it returns to the sump. Heat exchanger K has a cooling cir¬ 
cuit separate from that of the engine, including a radiator 
and fan M. There is only a single water pump, L, but it has 
two impellers. One of these forces water through the engine 
cooling circuit, the other through the heat-exchanger circuit. 
By keeping the two circuits separate it is possible to maintain 
the oil in the sump at 167 P, while the water enters the engine 
jackets at 185 F. 

To protect the engine from injury during cold starts, an 
auxiliary electric pump N is provided. This pump starts oper¬ 
ating the instant the engine starting device is operated, while 
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the engine cannot start until a predetermined pressure has 
been built up in the lubricating system. The auxiliary pump 
forces oil into the engine lubricating system through check 
valve 0. 

Cause of Bearing Friction and Wear—In order to operate 
with a minimum amount of friction and wear, bearing sur¬ 
faces must be kept apart by a film of oil. A bearing surface, 
even though it may appear perfectly smooth to the naked 
eye, consists of microscopic hillsand ^‘valleys,’' and when 
there is no oil film between the surfaces, the load on the bear¬ 
ing forces the ‘'hillsof one surface into the “valleys'" of 

Fig. 2.—Diagram of Daimler-Benz Lubrication System for Railroad 
Engines. 

the mating surface. Then, when the journal is rotated in the 
bearing, the “hills" on the former must be lifted out of the 
“valleys" on the latter and over the “hills" on same, which 
entails high frictional resistance. There is, of course, also a 
tendency for the hills on one surface to bend over or break off 
the “hills" on the other surface, and if such deformation of 
the bearing surfaces actually occurs, it means wear. To mini¬ 
mize both friction and wear, the opposing bearing surfaces 
must be kept suflSciently far apart so that the high spots on 
one will not come into metallic contact with those on the 
other. The journal then floats on a cushion of oil. 
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As long as there is a complete oil film there is practically 
no wear at all, but when the engine is stopped, the oil is 
squeezed out or drains off from the bearing surfaces, and most 
wear undoubtedly occurs during the first few minutes of 
operation after a period of rest, before the oil film has had a 
chance to form. Maintenance of the oil film probably is more 
difficult in the case of Diesel engines than in that of any other 
type of machinery, because of the high pressures and the high 
temperatures in the engine. Peak pressures in the cylinders 
of Diesel engines may exceed 1000 psi, and when starting, 
while the speed is still low, the unit bearing pressures are 
correspondingly high. Later on, when the engine is up to 
speed, the inertia of reciprocating parts acts in opposition to 
the gas pressure on the piston, and this reduces the bearing 
loads during periods of peak pressure in the cylinders. But 
the inertia forces themselves create bearing loads, which in a 
four-stroke engine reach peak values four times as often as 
the gas pressure, and at high speeds they are the chief cause 
of bearing loads. 

Bearing Metals—Bearings of automotive-type gasoline en¬ 
gines have long been lined with tin-base babbitt metal, which 
has the desirable property that it is comparatively soft and 
can be used with a shaft or journal not specially hardened, 
without causing excessive wear on the latter. An objection¬ 
able feature of tin-base babbitt is that its hardness and 
strength decrease rapidly as the maximum temperature 
reached by crankcase oil is approached, and the load-carrying 
capacity of the bearing is then greatly reduced. In the case 
of many heavy-duty Diesel engines it has been found neces¬ 
sary to use bearing metals which are not so sensitive to tem¬ 
perature, such as lead-base babbitt, cadmium-silver, and cop¬ 
per lead. Such bearings will carry materially greater loads 
than tin-base babbitt, but the last two are considerably harder, 
and to prevent excessive wear on shaft journals, the latter 
must be hardened. Crankshafts of Diesel engines now are 
generally hardened on their bearing surfaces by the induction¬ 
hardening process; that is, their bearing surfaces are rapidly 
heated by subjecting them to the inductive effect of high-fre¬ 
quency electric currents in coils surrounding them, and are 
immediately quenched by a water spray. Aside from their 
greater wearing effect on shafts and journals, most of these 
substitute bearing metals are attacked by certain engine lubri¬ 
cants, such as the running-in oils, and also by straight mineral 
oils that may have undergone a chemical change due to ex¬ 
posure to excessive temperatures. No lubricating oils should 
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be used in Diesel engines which have a corrosive effect on the 
metals with which their bearings are lined. 

Piston Materials—Since the adoption of superior bearing 
metals, bearing lubrication has been less troublesome than 
cylinder lubrication. In severe service the crown of the piston 
reaches a very high temperature, and oil coming in contact 
with either the under side of the piston crown or with the 
lands of the ring belt is apt to reach a temperature that will 
cause it to undergo a chemical change. In service, the hottest 
point of the crown is usually the center. Most of the heat 
absorbed from the burning gases by the piston is transmitted 
by the piston rings to the cylinder wall, and thence into the 
cylinder jacket. Since the heat absorbed by the piston must 
flow radially outward to reach the rings, there must be a 
temperature gradient from the center of the crown to its 
edge, and this temperature gradient is much greater in cast 
iron than in aluminum pistons, primarily because cast iron 
has a much lower heat conductivity, but also because, on ac¬ 
count of its higher si)ecific gravity, it cannot be used in such 
thick sections. The crowms of cast-iron pistons often become 
so hot in service that the oil accumulating on their under sur¬ 
face will carbonize and form a thick layer of coke thereon. 
In pistons of large diameter this is sometimes guarded against 
by providing them with a diaphragm immediately above the 
piston bosses, which keeps crankcase oil away from the crown. 
The tendency in high-speed Diesel engines is toward the use 
of aluminum pistons, and the crown is usually made quite 
heavy. 

Piston Temperatures—Lubrication trouble with Diesel en¬ 
gines is largely due to the occurrence of excessive piston tem¬ 
peratures. Exposure of the oil to excessive temperature re¬ 
sults in deposits on combustion-chamber and crankcase walls, 
accumulation of varnish-like material on pistons and in ring 
grooves, formation of sludge in the oil sump, coating and etch¬ 
ing of bearing surfaces, and deterioration of the oil as a lubri¬ 
cant. A considerable amount of research work therefore has 
been devoted to piston temperatures and the factors which 
control them. While the center of the crown is the point of 
maximum temperature—except in cases where some other 
part of the crown is struck by the fuel spray—the tempera¬ 
ture that matters most is that adjacent to the top piston ring. 
This ring gets hotter than any of the others, and consequently 
it is most likely to stick as the result of accumulation of gum 
and carbon in the ring groove. When the top ring sticks, 
serious trouble usually is not far off, because if nothing is 
done about it, the other rings usually will follow suit in short 
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order. The piston seal is then seriously impaired, blow-by 
will increase rapidly, and scuffing and scoring of the rings 
and cylinder wall will soon begin. Sticking of piston rings is 
indicated by a loss in torque or power for a given control-rod 
setting, and by an increase in the discliarge of vapor or smoke 
from the breather pipe. 

The temperature of the piston adjacent to the top ring in¬ 
creases almost in direct proportion with the load, and under 
very heavy loads, when the injection quantity is larger than 
the engine can burn properly, and the combustion period is 
therefore prolonged, the temperature rises even faster than 
the load. For a given fuel setting the temperature usually 
rises with the speed, though a case has been reported where 
the temperature was at its maximum at an intermediate speed 
and dropped oif at both higher and lower speeds. A change 
in the jacket temperature within the range possible with water 
cooling results in a substantially equal change in piston tem¬ 
peratures. When some of the rings are removed from the 
piston, the temperature at the top ring increases, which may 
be accounted for by the fact that the path for heat flow to the 
cylinder wall is then restricted, but it may be due also to 
increased blow-by. 

Oil Consumption—While the engine must be properly 
lubricated, it should not consume more oil than is necessary, 
because any excess consumption not only is a waste, but is 
likely to be attended by undesirable operating conditions, 
such as a smoky exhaust and the formation of carbon deposits 
in the combustion chamber. Excessive oil consumption often 
is due to cylinder distortion. Such distortion may be caused 
by unequal heat expansion of the cylinder head, which is 
usually a rather irregular casting and is rigidly secured to 
the cylinder. Distortion may be caused also by irregular flow 
of the cooling water through the jacket. Cylinder distortion 
can be measured only with the engine at rest and substantially 
at atmospheric temperature, and what it may be under oper¬ 
ating conditions can only be conjectured. It has been claimed 
that a very smooth cylinder bore (less than 6 microinches 
irregularities) has the effect of increasing the oil consumption. 

Oil consumption generally increases rapidly with engine 
speed. A. T. Stahl of Mack Manufacturing Co. at a National 
Oil and Gas Power Conference presented figures indicating 
that an increase in engine speed from 2000 to 2400 rpm roughly 
quadruples the hourly oil consumption. If the consumption 
is excessive, the usual remedy lies in a change in piston-ring 
equipment. How strongly the ring equipment can influence 
the rate of consumption was brought out by an experience 
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related by Mr. Stahl at the same meeting. A production 
engine of about 500 cu in. displacement showed a wide varia¬ 
tion in the consumption rate, and it was thought that this 
might be due to slight out-of-squareness of the compression 
rings. Therefore, following the usual '^break-in'’ run, all of 
the compression rings were replaced so that any signs of hard 
bearing were at the lower edge. An oil-consumption test was 
then run, and following this all of the compression rings were 
reversed in their grooves, so that the hard bearing was at the 
upper edge. It was found that with the hard-bearing edge 
down the consumption was 0.130 lb per hour, whereas with 
that edge up it was 0.694 lb per hour. The out-of-squareness 
of the rings was very small as compared with the % to 1 deg 
used in conventional tapered compression rings. 

Lubrication of Two-Stroke Engines—The two-stroke en¬ 
gine presents some special problems in connection with cyl¬ 
inder lubrication, because of the presence of ports at the 
bottom of the combustion chamber. This part of the com¬ 
bustion chamber usually is surrounded by an air chamber in 
which the air is maintained at a super-atmospheric pressure 
by the scavenging blower. Care must be taken that not too 
much oil gets to the air ports, for if it does, carbon deposits 
are formed around these ports and interfere with the port 
action (the charging operation). To prevent an excess of oil 
from reaching the ports, an oil control ring is placed on the 
piston close to its open end, and the piston is made sufficiently 
long so that this ring is still below the port at the end of the 
up-stroke. Owing to the over-pressure in the air chamber, 
there is a constant blow-by from it into the crankcase. This 
not only reduces the amount of oil which the oil ring at the 
bottom of the piston must scrape off the cylinder walls, but 
it also helps to keep the passages in the control ring clear. 
In the General Motors two-stroke engine there are two oil- 
control rings at the open end of the piston, and these are of 
three-piece construction, comprising two ring sections and a 
steel expander spring. This is said to have the advantage 
that it affords a large oil-return passage, in addition to which 
the scraping of one section against the other is thought to 
give a self-cleaning effect. The effectiveness of these three- 
piece rings can be changed by placing both ring sections in 
the groove with the scraper hook down—in which case the 
ring is most effective—or with one up and the other down. 

Results of Faulty Lubrication—Faults in the lubrication 
system or in the lubricant may result in (1) burning out or 
melting out of bearings, (2) corrosion of bearings, (3) stick- 
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ing of piston rings, (4) scuffing and scoring of rings, pistons, 
and cylinder walls, (5) excessive cylinder wear. 

A new engine or one w’hich has been reground or has had 
new liners fitted must be ''run in’’ or "broken in" to wear 
down the high spots on the contact surfaces of the cylinders, 
pistons and rings. During this "running-in" process there 
always is considerable risk of injury to the wearing surfaces 
by scuffing or scoring. Scoring results when high spots in the 
contacting surfaces are forced together with such pressure 
that the lubricant on them is squeezed out or scraped off. 
There is then "dry friction" at this point, and so much heat 
may be generated that the metal reaches the welding tempera¬ 
ture; a small particle in one surface welds to the other and 
is carried along by it, and the scraping of this particle over 
the surface from which it has been torn does the scoring. 
Certain special compounded lubricants have been developed 
which have the property of lessening the scoring tendency 
during the running-in process. These "running-in" oils 
usually contain fatty acids, but such acids attack lead and 
cadmium, and the fatty-acid type of oil cannot be used in 
engines in regular operation. 

Diesel Lubricants—The bulk of the oil used for lubricat¬ 
ing combustion engines is straight mineral oil of either par¬ 
affinic or naphthenic base. Where the service is not unduly 
severe and where the engines, in consequence, reach only 
moderate temperatures, these oils serve quite satisfactorily. 
Oils are marketed in different viscosity grades, and the vis¬ 
cosity grade should be selected in accordance with the manu¬ 
facturer’s recommendation. A somewhat heavier grade may 
be used in summer than in winter, and in a worn engine than 
in a new one. Cold starting is easier with a low-viscosity oil, 
because with such an oil the starter will crank the engine at 
a higher speed, and a higher temperature will be attained in 
the combustion chamber during compression. Another factor 
besides viscosity to which considerable importance is attached 
by some lubricating engineers is the viscosity index. This 
refers to the change in viscosity with temperature. Two oils 
may have the same viscosity at one of the standard tempera¬ 
tures for making viscosity tests (130 F and 210 F) and yet 
their viscosities may be quite different at the maximum tem¬ 
perature of the oil film in the bearing. Oils whose viscosity 
changes least for a given change in temperature are said to 
have a high viscosity index and are generally considered su¬ 
perior engine lubricants. 

Compounded Oils—^All oils deteriorate if subjected to 
sufficient heat and agitation with air. The only difference 
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between oils is that some of them can stand more heat than 
others. Like many other chemical processes, the oxidation 
and decomposition of oil increase in rate very markedly as 
the temperature rises. Oils do differ, liowever, in the type of 
undesirable products formed. Some of them oxidize to form 
sludge varying from a light brown, varnish-like material to 
a jet-black, asphaltic type. Varnishes or sludges may ac¬ 
cumulate and become deposited on piston skirts, valve stems, 
rocker arms, in oil lines and crankcases, on the under side 
of pistons, and in the ring grooves. If they accumulate in 
the ring grooves, the heat tends to bake them into hard car¬ 
bon deposits which hold the rings, preventing their proper 
functioning, thus causing engine failure. 

Other oils tend to oxidize to form petroleum acids with¬ 
out concurrent sludge formation. These acids do not have a 
harmful effect on iron, aluminum, copper or babbitt when 
used in engines. On the other hand, they do attack lead and 
cadmium as used in the newer bearing metals. 

Most oils marketed before 1935 were of the first type, in 
that they tended to form sludge, provided the engine condi¬ 
tions were severe. The oil industry eliminated most of this 
trouble by adopting solvent-refining processes. The solvent¬ 
refining process removes most of the sludge-forming constitu¬ 
ents of the oil, but also some of the natural inhibitors which 
may reduce acid formation. These solvent-refined oils proved 
satisfactory until the newer types of bearings were introduced 
in heavy-duty or severe-service engines. For these engines 
it was necessary to add inhibitors to the oil to prevent bearing 
corrosion. 

Detergent Oils—As operating conditions became more se¬ 
vere, ring sticking and piston coating became more evident, 
and it was found that it was necessary to use detergent oils 
for satisfactory operation. The detergent oils contain metal 
compounds or soaps which do not permit the solid oxidation 
products to coalesce and settle. They keep the sludge in a 
finely-divided form in suspension, so that it is washed out 
when the oil is drained. The early detergent-type oils cor¬ 
roded the newer type bearings, but the more recent oils have 
been properly inhibited or contain other detergents which 
function satisfactorily under all conditions. 

So much emphasis has been placed on oils lately that one 
is apt to blame all trouble on them. It must be remembered 
that engines vary just as much as oils. Some engines operate 
with very high crankcase oil temperatures, causing the oil to 
oxidize very rapidly. Other engines have unusually high ring- 
belt temperatures, which inevitably leads to ring sticking 
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if operated at full load. Proper water jacketing and oil cool¬ 
ers reduce sludging and ring sticking, and lengthen engine 
life just as effectively as the more expensive oils. Operating 
conditions, such as load and speed, and frequency of oil change, 
also determine engine cleanliness. 

Other additives have been discovered which not only have 
oxidation-inhibiting properties but reduce the tendency to 
score rings and cylinder walls. Some engines require such 
compounds, especially when operated under severe conditions 
Chlorine, sulphur and phosphorous compounds possess this 
anti-scoring or anti-welding property, and are used in some 
heavy-duty crankcase oils. These compounds are similar to 
the extreme-pressure additives used in gear oils, particularly 
for hypoid gears. 

Heavy-duty compounded oils can be used even if the serv¬ 
ice is not severe, but the extra expense is not justified. It is 
important, however, that the operator use a properly-inhibited 
oil if he plans to use it in a Diesel engine with copper-lead or 
cadmium-silver bearings where crankcase temperatures are 
above 200 F. 



CHAPTER XVm 

Operation and Maintenance 

Directions for the operation and maintenance of engines 
can be given with much greater definiteness if intended for a 
single make or design. This appJies particularly in the case 
of high-speed Diesel engines, which are still in a state of 
rapid development and therefore differ widely as regards fea¬ 
tures of design and items of equipment. Nevertheless, some 
hints and directions are given in this Chapter which are be¬ 
lieved to be of fairly general application. Even where they 
are not directly applicable because the assumptions on which 
they are based do not hold in the particular case, they may 
be suggestive as to what can be done under the prevailing 
circumstances. 

Starting—After an engine has been shut down by cutting 
off the fuel supply at the injection pump, the stop control is 
released and the quantity-control rack of the injection pump 
or its equivalent is automatically returned to the full-load 
position by the governor spring. The control rod should al¬ 
ways be in this position when the engine is being started, 
because fuel leakage is greatest when the engine is being 
cranked over at low speed, and the amount of fuel injected 
therefore will be less than at normal speed with the same 
setting of the quantity control. 

The majority of high-speed Diesel engines are equipped 
with electric starters, and the routine starting operation con¬ 
sists merely in pressing down on the starter button or its 
equivalent. The starter will then crank the engine, and the 
latter, as a rule, will immediately pick up its cycle, whereupon 
the starter button is released. However, if the engine has not 
been used for some time, or if the atmospheric temperature is 
close to or below the freezing point, the starting operation is 
not_Quite so simple. 

During an extended period of non-use, practically all of 
the oil will drain off the cylinder walls, and as it is possible 
for a Diesel engine to puli practically a full load immediately 
after starting from cold, whereas a gasoline engine must be 

nursed^’ through a more or less extended ‘‘warming up’^ 
433 
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period in cold weather, precautions must be taken with the 
former to prevent injury to the bearing surfaces by subject¬ 
ing them to excessive loads before they are adequately lubri¬ 
cated. One manufacturer recommends that before an engine 
is started after an extended period of rest, the injection noz¬ 
zles be removed from the cylinders, oil injected into the cyl¬ 
inders with a squirt can, and distributed over the cylinder 
walls by turning the engine over with the hand crank three 
or four times. An incidental advantage of this procedure is 
that a better seal is assured for the first few compressions, so 
that conditions affecting ignition are improved. The crank¬ 
ing also starts circulation of the oil by the regular lubricating 
system of the engine, and it gives assurance that the engine is 
free to turn and cannot be injured by having the power of 
the electric starter applied to it. Injury under such conditions 
might result from an accumulation of water in the combustion 
chamber, possibly due to a leak in the cylinder-head joint. 

Diesel locomotive and rail-car engines used on the German 
State railroads are equipped with electrically driven auxiliary 
oil pumps which put the lubricating systems under pressure 
before the engines can be cranked. A switch or contactor 
operated by the oil pressure is connected into the starter 
circuit, and this circuit therefore cannot be closed and the 
engine turned over by the starter until the oil pressure has 
reached a predetermined value. 

Limiting Bearing Loads—Considerable trouble was ex¬ 
perienced—especially abroad—with early high-speed Diesel 
engines from cracking of the babbitt lining in the upper half 
of the crankpin bearing. The cracking occurred directly be¬ 
low the junction of the shank with the bearing hub, and was 
the result of too high a specific pressure on that part of the 
bearing. Such injury is most likely to occur when starting 
from cold, because the low temperature of the air in the com¬ 
bustion chamber increases the ignition delay, thereby increas¬ 
ing the maximum pressure of combustion, which is not relieved 
or countered to any extent by inertia forces, owing to the low 
speed, and the effect may be further aggravated by the absence 
of an adequate oil film on the bearing surfaces, which always 
acts as a cushion. 

In most of the later engines, lead bronze is used instead 
of babbitt for the connecting-rod bearings, which is capable 
of withstanding much higher bearing loads, and, besides, 
greater care is now taken to so design the rod that the thrust 
transmitted by it is distributed more nearly uniformly over 
the whole bearing surface. But even where these precautions 
have been taken by the designer, it is well for the operator 
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to ^ard against excessive combustion j^ressures at starting, 
which are always detrimental to engine life. 

Starting in Cold Weather—Considerable difficulty is often 
experienced in starting Diesel engines from cold when the 
surroujidings are at a temperature below the freezing point. 
Ignition is dependent upon a certain minimum temperature 
being produced in a part of the combustion chamber that is 
reached by the fuel spray. This temperature may be hard to 
attain, because the air entering the engine is at a very low 
temperature, and also because the combustion-chamber walls 
are at an equally low temperature, so that as soon as the 
temperature of the air begins to rise by reason of its com¬ 
pression, the air loses heat to the cylinder walls rapidly. 
This Joss of heat is likely to be aggravated by the fact that 
the engine is being cranked at Jess than the normal cranking 
speed, because the oil on the bearing surfaces is nearly con¬ 
gealed and the engine therefore is very stiff, and also because 
the capacity of the battery to furnish starting current is 
reduced at low temperatures. 

Under extreme conditions it is advisable to drain all of the 
oil and cooling water (or anti-freeze solution) from the en¬ 
gine when shutting it down, and to return these fluids to the 
engine only after they have been heated to near the boiling 
point. This will heat up the whole block and render the 
engine limber for starting. It is also advisable to remove 
the battery from the engine and maintain it at room tem¬ 
perature overnight. Starting can be facilitated also by heat¬ 
ing the branches of the inlet manifold with a blow torch over 
the greater part of its length, or the flame from the blow 
torch may be directed into the inside of the manifold through 
a threaded hole provided for the purpose and which is nor¬ 
mally closed by a screw plug. This is done for a moment 
just before the operator presses down on the starter button. 
Each of the expedients mentioned has a certain effect in 
facilitating starting, and in moderately severe weather the 
one which is least irksome can be applied, additional ones 
being resorted to as conditions may require. When the cool¬ 
ing fluid is heated for starting, if it consists of a solution of 
alcohol or some other solute giving off inflammable vapors 
when heated, care must be taken that these vapors cannot 
be ignited. 

The minimum temperature at which an engine can be 
started depends on the ignition quality of the fuel, but even 
with the best commercial Diesel fuels, those of highest cetane 
number, starting difficulties usually begin if the temperature 
drops below 20 It has been found that a blend of diethyl 
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ether with an equal quantity of Diesel fuel greatly lowers 
the minimum temperature at which starts can be effected, 
to around 0 F, and even more effective is the feeding of diethyl 
ether directly into the inlet manifold while the engine is being 
cranked. By this method engines have been started at tem¬ 
peratures as low as minus 40 P. Of course, feeding fuel di¬ 
rectly with the air into a Diesel engine involves certain risks, 
and care must be taken that not too much can be supplied. 

In extremely cold weather it is always advisable to crank 
the engine over by hand (if that is possible) before attempt¬ 
ing to start it with the electric motor, as that will prevent 
needless exhaustion of the battery. 

Most of the established manufacturers of Diesel engines 
have worked out suitable cold-weather starting procedures for 
their engines, which are described in their instruction books. 
They either supply the necessary starting aids, or furnish in¬ 
formation as to where they can be obtained or how they can 
be constructed, and these instructions should be followed 
whenever possible. 

Selection and Handling of Fuels—Fuels should be se¬ 
lected in accordance with the recommendations of the engine 
manufacturer as to pour point, viscosity, sulphur, water, sedi¬ 
ment, and Conradson carbon limits, and as to cetane number 
(critical compression ratio or Diesel index). Occasions may 
arise when the engine manufacturer's specifications cannot be 
met, and in emergencies it may become necessary to use kero¬ 
sene or light distillate. The only disadvantages of these fuels, 
aside from their higher prices as compared with the usual 
gas oil, are that they have less lubricating value and are there¬ 
fore somewhat harder on the injection pump and nozzles. 
This may be remedied by adding 2 to 3 per cent of a light 
lubricating oil to the fuel when filling the tank. 

The main thing to look out for when handling the fuel is 
to keep all dirt and water out of the system. Some large 
users of Diesel engines have found it advantageous to centri¬ 
fuge all fuel purchased by them. Others buy fuel in bulk 
and store it in large tanks for several days, so that all water 
and solid particles in the fuel may settle to the bottom, whence 
they can be drawn off through drain cocks. 

. When filling the main fuel tank of the truck, etc., it is 
advisable to make use of a funnel with a wire-screen strainer 
of 200 mesh soldered into it. In spite of such precautions a 
certain amount of water will always accumulate in the fuel 
tank, mainly through condensation of atmospheric moisture, 
and the tank is normally provided with a settling chamber 
with drain cock at its lowest point. It is quite important 
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that no water should get to the injection pump, because both 
the plunger and the barrel of the pump are usually made of 
ferrous materials (cast iron and steel), and if the engine were 
laid up for some time and there happened to be even a small 
amount of water in the pump, the plungers probably would 
be found rusted to the barrels when the engine was next to 
be started again. Another reason for trying to keep water 
out of the system is that in cold weather it would freeze in 
the line and close it up. Most engines therefore have another 
settling chamber with drain plug in the fuel line from the 
tank to the transfer pump or between the transfer pump and 
the injection pump. This should be drained every day. 

Fuel Filters—Because of the very small clearance between 
the injection-pump plunger and barrel (of the order of 0.0001 
in.) it is necessary to remove even the finest particles of grit 
and abrasive material, and this is the reason for the successive 
filtering operations to which the fuel is subjected on its way 
to the pump. In fact, the life of the injection system is de¬ 
pendent chiefly on the thoroughness with which the fuel pass¬ 
ing through it is deprived of abrasive impurities. Large par¬ 
ticles of grit, if not filtered out, will cause the working parts 
of the injection system to stick or score, while smaller particles 
will increase the rate of wear on them. 

Pig. 1 shows a fuel-system installation recommended by 
American Bosch Corporation. It shows the transfer pump or 
fuel-supply pump combined with the injection pump. At the 
outlet from the fuel tank there is a shut-off cock, and in the 
line from this cock to the transfer pump there is a “ prelim¬ 
inary,’’ low-resistance filter. In some installations this con¬ 
sists merely of a fine-mesh wire-gauze screen which, after 
removal from its housing, can be cleaned by washing in fuel 
oil, kerosene or carbon tetrachloride, and then subjecting it to 
a blast of air. So-called edge-type and renewable-element fil¬ 
ters also are used in this location. The preliminary filter, 
through which the fuel is drawn by the suction of the transfer 
pump, serves to catch any coarse particles of dirt there may 
be in the fuel, and thus to protect the transfer pump. Be¬ 
tween the latter and the inlet to the injection pump in Fig. 1 
there are two filters connected in series. While the first of 
these, the primary-stage filter, may be of a cleanable type, it 
is recommended that a renewable-element-type be used for 
the final-stage filter. Since the fuel has been filtered at least 
twice before it reaches the final-stage filter, the latter should 
have a relatively long life. An alternate arrangement, by 
which the two filters in the line to the injection pump are con¬ 
nected in parallel, is indicated in dash-dotted lines. 
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Filter Types—The screen-type of filter, which is made of 
f ne-mesh wire gauze, hardly calls for a description. The fil¬ 
tering element may be a disc clamped between flanges of its 
housing, but it is preferably made of conical shape, so it will 
provide a fairly large screening surface without being unduly 
bulky. The edge-type of filter, illustrated in Fig. 2, contains 
a filtering element consisting of a large number of metal discs 
stacked on top of one another. Risers on one side of the discs 
hold the latter a minute distance apart. Fuel enters the con¬ 
tainer on top at the right, is drawn or forced through the 
capillary spaces between discs, rises inside the stack of discs, 
and leaves the strainer through the outlet at the left. Dirt 
particles larger in diameter than the distance between discs 
are retained on the outside of the stack, and some may be 
shaken loose and drop to the bottom of the container, where 
any water in the fuel also will collect. The water can be 
drained off through a drain cock at the bottom, which should 
be opened at frecpient intervals. Some filters of the edge type 
have provisions for cleaning the filtering element without 
removing it from the container. There may be a perforated 
sheet-metal cylinder inside the discs, with a piston which can 
be reciprocated in it by means of a handle at the top. Nor¬ 
mally the piston is at the bottom of the cylinder, and a 
threaded extension of the hub of its handle is screwed into the 
head casting. By first giving the handle a few turns to free 
it from the head casting, and then pulling up on it, fuel is 
forced through the spaces between discs in the rever.se direc¬ 
tion, which tends to dislodge any dirt adhering to the outside 
of the stack. The only way in which the filtering element 
showm in Fig. 2 can be cleaned is by removing it from the con¬ 
tainer, loosening the discs by unscrewing the nut at the bot¬ 
tom of the stack, and then washing the element in gasoline. 
Sometimes, if the engine has been out of service for a consid¬ 
erable length of time, the spaces between discs may have be¬ 
come choked with gum formed in the gas oil. This can be 
removed by washing with lacquer thinner. 

Filter Elements of Organic Material—Another type of 
fuel filter has a filtering element composed of felt, cotton, cel¬ 
lulose, or other fibrous material. One such filter is shown in 
section in Fig. 3. The container consists of a base, shell, and 
cover. The filtering element comprises inner and outer per¬ 
forated shells and is slipped over a tube that screws into a 
threaded boss on the cover and at the bottom enters a hole at 
the center of the base, where it is engaged by a screw cap by 
means of which the parts are held together and through which 
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the interior of the central tube communicates with the outlet 
in the base. 

Some felt filtering elements can be cleaned by washing the 
felt discs in fuel oil until all traces of dirt have disappeared 
from the outside, rinsing in gasoline or other volatile cleaning 
fluid, and then allowing to dry in a dust-free atmosphere. 
This cleaning process can be expedited by providing one end 

Fig. 2 (Le/0 .-Edge-Type of Fuel Filtor. 
Fig. 3 Filter Comprising a Filtering Element op Organic 

Material. 

of the central tube with an adapter from which connection caa 
be made to an air hose or a hand pump. The air flow agitates 
the cleaning fluid, which promotes the removal of dirt, and 
the air pressure in the central tube prevents dirt in the dean* 
iug fluid from entering the felt. After such felt filtering ele- 
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ments have been cleaned, say, a dozen times, they should be 
replaced by new ones. The various joints in the filter are 
rendered fuel-tight by gaskets or packing rings, and these 
should be renewed each time the filter is taken apart. 

Bag Type of Filter—The third type of filter is the bag 
type (Fig. 4), the filtering element of which consists of a bag 
of filtering cloth which is folded or pleated to provide a large 
filtering area in a compact space. The bag is either passed 
over a supporting coil of steel wire and drawn into the spaces 
between adjacent convolutions by an additional coil of smaller 
diameter on the outside, or is wrapped around a spacer mat. 
These bag-filtering elements cannot be satisfactorily cleaned, 
as the cleaning operation will force dirt particles through the 
pores of the fabric, so that on reassembly they could enter the 
pump. Therefore, when the filtering element becomes clogged 
it is replaced. In these filters, also, the fuel passes through 
the filtering element from the outside to the inside. One manu¬ 
facturer has combined a felt filtering element with a bag, the 
latter surrounding the former. The bag, which serves as the 
primary filtering element, has the advantage of inexpensive 
renewal, besides which it lengthens the life of the felt ele¬ 
ment. Combined bag- and edge-type filters also are being 
used. 

The filtering efficiency of most filters increases with use, 
because the layer of dirt particles collecting on the filtering 
surface acts as an auxiliary filter. However, the flow re¬ 
sistance increases with the accumulation of dirt, and eventU’ 
ally a condition is reached where the fuel cannot get through 
the filter fast enough to meet engine requirements. Irregular 
operation of the engine, due to misfiring occasioned by an in¬ 
adequate fuel supply, usually is a symptom of a choked filter. 
One method of proving the existence of excessive flow re¬ 
sistance in the filter consists in fitting a flexible hose or tube 
to the overflow manifold of the injection piimp and allowing 
it to discharge into a container of suitable size. While the 
engine is being run at moderate speed, the rate at which the 
fuel collects in the container is measured. If this seems to 
allow an insufficient margin for full-load operation, the filter¬ 
ing elements are removed from the different filters in succes¬ 
sion, and the increase in the rate of overflow after each re¬ 
moval is noted. From the results the condition of each Alter¬ 
ing element can be judged. 

No hard and fast rule can be given for the life of filtering 
elements, as it depends on the amount of dirt in the fuel and 
the conditions of operation. Engine manufacturers usually 
issue rules for the intervals between filter-element renewals, 
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in terms of either hours of engine operation or of gallons of 
fuel consumed. However, they also advise users—and espe¬ 
cially fleet owners—to determine the optimum intervals under 
their particular operating conditions experimentally, and to 
then make filter renewal a routine operation, preferably timed 
to coincide with other service operations. 

Air Cleaners—^All automotive Diesel engines are provided 
with air cleaners. These are of various types, some involving 
the use of strainer cloths, while others contain wire, steel 
wool, or fibers wetted with oil, which latter attracts the dust 
particles in the air and holds them. As these air filters be¬ 
come filled with dust, they must be cleaned, in order to main¬ 
tain their efficiency and prevent loss of engine power due to 
choking of the air passages. 

Fig. 5 is a sectional view of an air cleaner of the oil-bath 
type. Air enters through the perforations in the cap and 
passes down the central tube to the pool of oil at the bottom, 
where it is turned upward and passes through the filtering ele¬ 
ment to the outlet. Some of the dust in the air is adsorbed 
by the oil in the pool, and more adheres to oil bubbles that are 
carried up by the air current. A wire screen prevents the 
contaminated oil from getting into the engine cylinders. The 
filtering element can be readily cleaned in gasoline, but it is 
important to let it dry fully before reassembling it, as other¬ 
wise it might cause a ‘^runaway’’ of the engine. Connections 
from the air cleaner to the engine must be kept air-tight, espe¬ 
cially if the engine has to operate in a dust-laden atmosphere. 
In addition to the air cleaner on the inlet manifold, there gen¬ 
erally is one also on the crankcase breather, and that also 
requires periodic inspection to see that it is in proper oper¬ 
ating condition. 

Priming Fuel Line—If the engine has been out of service 
for some time, air may have entered the fuel line, in which 
case the system is said to be ‘‘air-bound. The fuel system 
also may become vapor-bound,'' especially if the engine is 
shut down after a continued hard run, which may have raised 
the fuel-carrying parts of the system to a temperature suffi¬ 
ciently high to vaporize some of the fuel. The vapor, of course, 
will condense again when the parts cool, but on doing so it 
may draw air into the system. 

Air in the high-pressure line does not necessarily prevent 
starting of the engine, provided it has not entered the injec¬ 
tion pump. In one installation fuel lines occasionally broke 
and Md to be replaced without shutting down the engine. 
There was no opportunity to bleed the line after it had been 
replaced, because injection began almost immediAtely a^er 
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the pump started to operate again. During the change of 
the line the pump was cut out. The fuel line was about 8 
ft long, the pump plunger had a diameter of 22 mm, and the 
injector was set to open at 4000 psi. This shows that if the 
injection pump continues to operate, the fuel delivered by it 
will force the air out of the line. However, the usual practice 
is to prime the system after the line has been opened. 

Hand-operated priming pumps are now generally provided, 
either on the transfer pump or elsewhere in the system. In¬ 
dividual units of the injection pump can be worked for prim- 

Fig. 4 (Le/0 .-Bag-Type Fuel Fh/ter. 

Fig. 5 (Right).—Oil-Bath-Typb Air Cleaner. 

ing purposes by hand by means of a screwdriver. The cover 
plate in the side of the pump is removed, the point of the 
screwdriver is inserted under the spring washer of the pump 
plunger, and the plunger is then lifted by using the lower 
edge of the opening in the housing as fulcrum. The plunger 
is returned automatically by its spring. 

In working on the fuel system to remove an air lock, the 
operator always should have his hands absolutely clean. If 
the hands are grimy, particles of grit will adhere to them 
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starting the work, all connections of the fuel system should 
be washed off. The first thing to do to eliminate an air lock 
is to disconnect the fuel line from the transfer pump (if one 
is provided) and allow the fuel to run out until no air bubbles 
show in it. If there is a strainer with sediment chamber in 
the line, that should be drained, and if there is a screen in 
the connection to the transfer pump, that should be cleaned, 
or at least it should be checked to see whether it needs clean¬ 
ing. Assuming that there is a main fuel filter between the 
transfer pump and the injection pump, the vent screw in the 
top thereof should be opened and fuel forced from it, by either 
operating the priming lever or cranking the engine, until 
there are no signs of air bubbles in the fuel stream. If there 
is no vent screw in the main filter, the fuel outlet from the 
filter must be disconnected, fuel forced through the opening 
until it is free of air bubbles, and the connection reestablished. 

Next the pump is deaerated by loosening the vent screw 
or opening the petcock near the delivery connection and 
cranking the engine or working the priming lever until no air 
bubbles show in the oil fiowing from the pump. Then the 
petcock or the vent screw is closed. The final s^ep consists in 
venting the high-pressure lines and the nozzles. Some nozzles 
are provided with vent screws, but the majority do not have 
them. If there is such a vent screw it may be opened; other¬ 
wise the connection of the fuel tube to the nozzle is just suf¬ 
ficiently loosened so that it will leak oil when the engine is 
cranked. Here, too, the engine is cranked over half a dozen 
times or so, or the priming lever is given a similar number of 
strokes, by which time all of the air will have been expelled 
from the system, so that the vent screw can be closed or the 
connection of the high-pressure line to the nozzle tightened 
again. The engine should now be in condition to start. 

As already mentioned, before the fuel system is opened at 
any point, the parts of the system near the joint should be 
thoroughly washed with fuel oil or kerosene. After the line 
has been disconnected, the openings should be plugged or 
capped to prevent dirt from entering. Cork plugs have been 
found suitable for the purpose. 

. Preventing Air Locks—Air naturally is most likely to get 
into the system at the suction line from the tank to the trans¬ 
fer pump, as this is under less than atmospheric pressure 
when the engine is running. The connections of this line 
therefore should be frequently inspected for tightness. If 
this tube shows any defects, it is generally the best plan to 
replace it with a new one, as any possibility of air locks in this 
part of the system is likely to give constant trouble. Amor^ 
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other causes of air lock may be mentioned too small a suction 
pipe, too little head on the fuel supply, a leaky spill-valve 
stem, and wax-choked fuel filters. 

Cleaning Fuel Filters—All fuel filters and fuel strainers 
must have their filtering or straining elements either replaced 
or cleaned periodically, because if this is not done, they will 
become choked so that the fuel cannot flow through them 
freely. Cleaning is generally accomplished by washing the 
element in kerosene or fuel oil, which must be clean, of course. 
All fuel lines and also the fuel tank must at all times be kept 
clean, and it is not permissible to use cotton waste for this 
cleaning operation, as linters would be likely to get into the 
system. A clean, non-fraying cloth must be used. As the 
system‘is always air-bound when it is allowed to run dry, a 
good deal of trouble can be avoided by always replenishing 
the fuel supply in time. 

Testing Nozzles—^Among the parts most likely to need 
periodic attention are the injectors or nozzles, whose tips are 
exposed to the heat and corrosive effects of the gases of com¬ 
bustion, and whose stems are such a close fit in the nozzle 
bodies that the slightest heat distortion or the entrance of very 
minute particles of dirt may cause them to bind. If one of the 
nozzles of an engine fails to operate properly, the cylinder 
affected will produce little or no power, and a method of lo¬ 
cating the faulty nozzle has been developed which is similar 
to that of locating a faulty spark plug in a spark-ignition en¬ 
gine. With the latter, if irregular firing of the engine indi¬ 
cates that one of the plugs is not producing a good spark, the 
operator idles the engine and then short-circuits one spark 
plug after another by means of a screwdriver. If a ‘‘good’^ 
plug is short-circuited, the engine will slow down, whereas if 
a faulty one is short-circuited it will not affect the speed of 
the engine. Some nozzles are provided with a bleeder valve, 
which can be opened and closed by means of a cross bar on its 
stem. If one of these bleeder valves is opened while the engine 
is idling, the particular cylinder receives no fuel. If that does 
not affect the speed, it shows that the cylinder receives no fuel 
(or at least not enough fuel) also when the bleeder valve is 
closed, and indicates that something is wrong with the nozzle. 
If the nozzles used have no bleeder valves, this test can be 
made only by disconnecting the fuel lines at the nozzles. 

Nozzles can be tested also by causing them to inject into 
the atmosphere—by cranking the engine—and observing the 
spray pattern, which should be symmetrical. A satisfactory 
and a poor full-load spray pattern are shown in Pig. 6, The 
first is cone-shaped near the nozzle tip, with a rather dense 
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core surrounded by a foggy shroud. At some distance from 
the tip the core dissolves, but the misty shroud retains its 
symmetry. In contrast to this, the faulty spray is jagged and 
unsymmetrical. Such a faulty spray may be due to injury to 
the pintle or to wear or corrosion of the orifice. Crater forma¬ 
tion around the orifice also causes distortion of the spray pat¬ 
tern. Unless good service equipment is available, little can be 
done to restore the serviceability of such faulty nozzles in the 
field, and the best plan is to replace them with new ones and 
send them to the factory for repair. 

Fig 6—Showing a Good {Left) and a Bad {Right) Spray Pattern. 

Fig. 7 shows the idling-spray pattern of a nozzle in service¬ 
able condition, and also the spray or drip of a leaky nozzle, 
the curved path of the fuel indicating that there is little pres¬ 
sure behind it. 

Servicing Nozzles—^After a nozzle has been removed from 
the engine it must be taken apart, and in doing this it is 
advisable to follow the maker ^s instructions regarding dis¬ 
assembly and assembly. Nozzle valve and bushing (or body) 
should be cleaned in kerosene or fuel oil. These parts must 
never be worked on with hard tools, emery doth or emery 
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powder, as any scratches on them would be almost sure to 
cause leakage. After the nozzle sleeve has been soaked in 
gasoline for some time, its inside can be cleaned with a small 
stick dipped in gasoline or fuel oil and then rubbed off with 
a soft non-fraying rag. The orifices of the nozzle can be 
cleaned with a special tool (Fig. 8) obtainable from the manu¬ 
facturers, and in some cases with a fine steel wire. Whenever 
a nozzle is replaced in the engine, the clamping plate should 
be tightened only after the nozzle has been tested by spraying 
into the atmosphere, or has been primed as explained in the 
foregoing. 

Fig. 7.—Normal Idling-Spray Pattern and Pattern op Spray from 

Leaking Nozzle. 

If the nozzle valve is found to be stuck in the bushing, the 
nozzle must be removed from the engine, connected to the 
pressure line from the pump, and allowed to spray into the 
atihosphere. If the engine is turned over by the starter, the 
nozzle must give a fine spray. If it does not do so, then 
it must be taken apart and the parts (valve and bushing) 
soaked in gasoline and cleaned as explained above. If this 
does not cure the trouble these parts must be replaced by new 
ones. If the orifices are clogged the part containing tiie 
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orifice or orifices (sometimes referred to as the burner plate) 
must be removed and the orifices cleaned out with the special 
tool or fine steel wire as explained. If necessary, the orifice 
plate must be replaced by a new one. 

Nozzle Test Stand—When a nozzle has been taken apart 
and is reassembled, it is necessary to adjust it for valve-open¬ 
ing pressure. This can be properly done only with the aid 
of a testing fixture or test stand, which is supplied by the 
makers of the nozzle. The Bosch nozzle test stand, illustrated 
by Fig. 9, consists essentially of a fuel-injection pump 
mounted on a base plate, which can be actuated by hand by 
means of a lever Oil is supplied to the pump from a small 
tank in vhich there is a replaceable filter A globe valve 

with a pressure gauge reading up to 5000 psi is mounted above 
the injection pump. Connected to the globe valve is a double¬ 
ball check valve, to which the high-pressure discharge line is 
attached. When a nozzle is to be tested it is secured to the 
high-pressure line and centered over the fuel tank, after the 
lid has been removed from the latter, and the pump handle is 
then operated. 

When a nozzle is allowed to spray into the atmosphere, 
great care must be taken that the spray does not hit the finger 
or hand of the operator, as great injury might be caused by the 
jet, owing to its high pressure. 

If the fuel filter in the connection to the nozzle is clogged, 
the connection must be loosened, the filter element removed, 
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its orifices carefully cleaned (with steel wire according to the 
recommendations of one manufacturer), and the element 
washed in fuel oil. Nozzle valve and nozzle bushing are never 
replaced separately, because a very accurate fit is required 
between them, and every owner should have one or more of 
these assemblies on hand so as to be able to make an imme¬ 
diate replacement in case of an emergency. When the nozzle 

Fig 9—American Bosch Nozzle-Testing Stand. 

is being replaced in the engine, care must be taken to see 
that the two nuts with which the clamping plate is forced 
down against the shoulder on the nozzle body are drawn up 
uniformly. If this is not done, the nozzle body may be dis¬ 
torted and the valve jammed in the bushing. 

Setiming Fuel Pump—If the fuel pump has to be removed 
from the engine for any reason, the pump driving coupling 
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must be disconnected, of course, and before doing this it is 
advisable to make marks opposite each other on both the 
driving and driven members of the coupling, which permits 
of reestablishing the proper timing without difficulty when 
the pump is being replaced. If no such timing marks have 
been made and it is desired to time a pump on an engine, the 
procedure is as follows: Timing is always effected by means 
of cylinder No. 1 and its corresponding pump unit. The 
crankshaft of the engine is therefore turned until the piston 
in No. 1 cylinder is in dead-center position at the end of the 
compression stroke. The compression stroke is determined 
from the fact that this is the up-stroke during which both 
valves are closed. The dead-center point is indicated by a 
mark on the flywheel which must be brought in direct opposi¬ 
tion to a stationary pointer or mark carried by the engine. 
Next the crankshaft is turned back through an angle which 
corresponds to the lead of injection on the particular engine, 
which will be given in the instructions accompanying the en¬ 
gine. In a high-speed engine this is generally of the order 
of 15 to 20 crankshaft degrees. The point at which injection 
begins may be marked on the flywheel; if it is not, it may be 
found by measuring off on the circumference of 'the flywheel, 
from the top dead-center mark, in the direction in which the 
flywheel turns in operation, a distance corresponding to the 
injection-advance angle. 

The injection pump is now fastened to its base or flange, 
but the driving coupling is left loose. The suction line and 
all of the high-pressure fuel lines, except the one to the noz¬ 
zle in No. 1 cylinder, are connected up. With the control 
lever in the wide-open position the pump is primed. Next 
the control lever is moved to the stop position, and No. 1 
delivery-valve holder is removed, the delivery valve and its 
spring are taken out, and the holder is replaced flnger-tight. 
The control lever is now returned to the full-load position, 
whereupon fuel should issue from the delivery-valve holder 
when the transfer pump is operated. If it does not do so, 
the pump shaft is turned by means of its coupling half until 
the fuel begins to flow. It is then moved back to a position 
where there is no fuel flow. In this manner the pump shaft 
is turned back and forth a number of times until the position 
is found where the fuel delivery just begins, and the coupling 
is tightened up in this position. This corresponds to the point 
of the cycle where the pump plunger closes the fuel port and 
pressure begins to build up in the pump barrel. After the 
delivery valve and spring have been replaced, No. 1 fuel line 
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is connected to its nozzle, all fuel lines are primed, and the 
engine is started. 

Maintenance of Pump Capacity—Attention was called in 
the foregoing to the fact that an injection pump must accu¬ 
rately meter the charge of fuel not only while the pump is 
new, but must continue to do so over a long period of use. 
Evidence of the continuance of performance of such pumps is 
given by Pig. 10 supplied by the Bosch company, which shows 
the delivery of the pump per stroke as a function of the gov¬ 
ernor position when the pump was new, and also after it 
had served on a motor truck during 80,000 miles of operation. 
Naturally, the wear caused a decrease in the delivery, but 
the change is practically negligible. 

Fig. 10.—^Delivery Characteristics of Pump when New and After 
80,000 Miles of Truck Service. 

Among the most delicate parts of the pump are the valves 
and valve seats, if valves of poppet or ball type are used. 
The wear and tear on these valves is naturally higher the 
greater the unit pressure on their seats. For long life of the 
valves it would therefore be desirable if the seats could be 
made wide, but in order to prevent leakage under high pres¬ 
sure the seats must be made narrow. Satisfactory life must 
then be assured by using hardened valves and valve seats. 

Fuel Stop—^All engines are provided with a fuel stop,*^ 
which determines the limit to which the control rack of the < 
fuel pump can be moved by the governor or by hand control. 
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To prevent abuse of the engine by drivers, this stop on some 
engines is sealed so it cannot be tampered with. This makes 
it impossible to feed the engine an excessive amount of fuel, 
and prevents smoke in the exhaust. One inconvenience of 
such a fixed stop is that it may make it impossible to get an 
adequate charge of fuel into the engine cylinders while crank¬ 
ing, because of the low volumetric eificiency of the pump at 
low speeds. A number of automatic or semi-automatic de¬ 
vices which overcome this difficulty have been developed in 
recent years. They are known as excess-fuel devices in Great 
Britain and as enriching devices in the United States. Some 
of the earlier ones involved hydraulic principles, the pres¬ 
sure of the lubricating oil or that produced by the fuel trans¬ 
fer pump being made use of to move the stop into position 
after the engine had started. These pressures are very 
low while the engine is being cranked, and the fuel stop is 
then held out of the way of the rack by a spring. Most of 
the later devices are purely mechanical in principle, how¬ 
ever. One such excess-fuel device was illustrated and de¬ 
scribed in Chapter VII. 

Large fleet operators determine the proper sejtting for the 
stop by means of exhaust-gas analyses. With increase in the 
fuel charge, the percentage of carbon dioxide in the exhaust 
increases, and for each design of engine the maximum fuel 
charge which can be burned with clean exhaust corresponds 
to a certain proportion of CO2 in the exhaust. 

Lubrication Service—^Whereas in the gasoline engine there 
is a tendency for the oil in the crankcase to become thinner 
or less viscous with use, owing to dilution by fuel leaking by 
the pistons, in a Diesel engine the oil usually becomes more 
viscous with use, on account of oxidation (sludging). Owing 
to this thickening of the oil in service, it is necessary to flush 
the crankcase from time to time. After the old oil has been 
drained off, a certain amount of flushing oil is introduced into 
the crankcase through the filler, and the engine is then idled 
at low speed for a few minutes. The flushing oil is then 
drained off, and the oil filter should be cleaned or flushed at 
the same time. Some manufacturers recommend washing the 
crankcase out with the flushing oil, using rags (not waste) for 
the purpose. This obviates idling the engine on the flushing 
oil, which operation involves a certain risk because of the 
low lubricating value of that oil. 

Aside from the engine itself, its accessories must be prop¬ 
erly looked after with respect to lubrication. The fuel injec¬ 
tion pump usually requires a little enpne oil added to the 
camshaft housing at intervals. There is a bayonet gauge in 
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this housing, by means of which the oil level can be checked. 
The water pump sometimes is grease-lubricated, in which case 
the cap of the grease cup must be given a turn now and then, 
while the radiator fan, if it is separate from the pump, also 
requires attention. 

Cooling System—Diesel engines operate to best advantage 
at the maximum temperature which gives a fair margin of 
safety from loss of cooling medium by boiling. It is especially 
desirable that the engine block be brought quickly to near its 
normal working temperature when starting from cold. One 
reason for this is that after the engine has stood idle for a 
considerable period, there is likely to be very little oil on 
its bearing surfaces, and the oil film therefore has very little 
cushioning effect, which is particularly needed under these 
conditions because of the high bearing load due to the heavy 
combustion pressure. 

To assure the maintenance of high jacket temperatures, 
most engines are provided with thermostats in the outlet from 
the engine water jacket, which limit the outlet temperature to 
between 150 P and 170 F. A sensitive type of thermostat 
(the balanced type) is best for this purpose, and it should be 
so arranged that when the jacket temperature is below the 
opening point of the thermostatic valve, the water circulates 
through a by-pass. 

It is also recommended that radiator shutters of either 
the hand-controlled or the automatic type be installed. Where 
the shutters are hand-controlled, an engine-temperature in¬ 
dicator must be installed on the dashboard, as a guide to the 
operator in setting the shutters. Diesel engines of a certain 
output throw less heat into the cooling system than equivalent 
gasoline engines, hence there is a tendency to overcooling if 
a radiator core and a fan of the same size are used. 

In a good many sections of the country the hydrant water 
contains much lime, and when heated to near the boiling 
point, this lime is deposited in the passages, so that the water 
spaces of the radiator core are clogged, decreasing the efiS- 
ciency of the cooling system. In such districts it is well to 
refill the cooling system with soft water from cisterns or to 
treat the hard water with a suitable softening preparation 
(boiler compound). 

Safety Shut-Down Valve—^Large industrial engines some¬ 
times are provided with automatic safety shut-down valves 
to protect them from injury. One such valve, which com¬ 
prises two Pulton Sylphon bellows, will shut down the engine 
when either the water temperature at the jacket outlet be¬ 
comes excessive, or when the pressure on the lubricating oil 
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drops below the safe limit. Both bellows act on a valve in 
the fuel line. The pressure of the lubricating oil, which enters 
one of the bellows, holds the fuel valve open. When the en¬ 
gine is being started there is no pressure in the lubrication 
system, and the operator then holds the fuel valve open by 
means of a lever projecting from the housing of the safety 
valve. As soon as the oil pressure reaches 10 psi the lever 
can be released. When the engine coolant is at normal tem¬ 
perature there is no pressure in the otlier bellows, which is 
connected to a temperature bulb in the engine cooling system, 
and the elastic force of the bellows then holds it in the ‘‘open^’ 
position. When the jacket temperature exceeds 205 P, vapors 
are formed in the temperature bulb, and the pressure of these 
vapors expands the bellows and closes the fuel valve, shutting 
down the engine. 

Loss of Compression—Loss of compression is a particu¬ 
larly serious fault in a Diesel engine, as ignition is dependent 
on compression, and if the seal in one of the cylinders is faulty 
it is likely to miss. The trouble may be due either to improper 
functioning of the piston rings or to excessive wear of the 
cylinder bore or liner. Leaky valves also will cause an engine 
to lose compression. Some trouble has been caused by the 
oil drain holes or slots in the scraper rings closing up with 
carbon, and this problem is receiving consideration. It may 
lead to the use of wider scraper rings permitting of larger 
drain holes. Excessive emission of blow-by from the breather 
pipe of the engine is a good sign that the piston seal is defec¬ 
tive and that either the piston rings need attention or that 
the cylinder requires regrinding or the installation of new 
liners. The increase in oil consumption has been used as an 
index of the need of reconditioning of cylinder bores. Thus 
an engine used in large numbers by a public-service corpora¬ 
tion in England has an oil consumption of one gallon per 1000 
miles, approximately, when in good condition. When the oil 
consumption has increased fourfold, that is, when it has 
reached a figure of one gallon per 250 miles, the engine is sent 
to the shop for overhauling. 

Measurement of Blow-By—The condition of the pistons 
and rings can be judged also by measurement of the rate of 
blbw-by, which is made by means of a gas meter, gasometer, 
or venturi and pressure gauge connected to the breather open¬ 
ing of the crankcase, any other openings of the case being 
closed. Tests made in the laboratory of the French Air 
Service showed that in aircraft engines in good condition, the 
blow-by amounts to between 0.1 and 0.5 per cent of the en¬ 
gine's displacement, at normal operating speed and with 
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lubricating oil and cooling water at a temperature of about 
175 P. If the blow-by is as high as 1 per cent, the seal is in¬ 
adequate, and this may be due either to wear or to stuck 
piston rings. Tests with numerous different fuels and lubri¬ 
cants led to the conclusion that sticking of piston rings is 
more or less independent of the qualities of these supplies 
and is due mainly to excessive temperature of the piston, too 
rapid heating of the piston, or delay in the supply of new 
lubricant to the rings when the engine is started up from 
cold. Stuck rings are more troublesome in a new engine than 
in one which has seen considerable service, which is probably 
due to the fact that in the latter the clearance of the rings 
is greater. 

Checking Valve Timing—When a Diesel engine has been 
taken apart and is being reassembled, great care must be 
taken that the timing is absolutely correct before an attempt 
is made to run the engine. The reason for this is that in many 
designs, especially those with turbulence chambers, the piston 
comes within a very short distance of the valve head, of the 
order of when at the end of the up-stroke, and as the 
valve usually has a lift of % or %6 piston stroke and 
valve lift overlap a good deal, so that if the timing gear were 
even one pitch out of time, the valve would be likely to in¬ 
terfere with the piston motion and some part would have to 
yield (the rocker arm bend, for instance). The very small 
and somewhat variable clearance between piston and valves is 
a potential source of trouble. Several Continental manufac¬ 
turers guard against such trouble by either sinking the valve 
seat some distance into the head, providing a clearance around 
it, or else machining a cylindrical recess in the piston head 
under each valve. 

General Inspection—All nuts and bolts on the outside of 
the engine must be checked at intervals for tightness, and 
tightened when found loose. This applies particularly to the 
cylinder-head-stud nuts, oil-pan-stud nuts, bolts or nuts hold¬ 
ing valve-timing gear and other covers in place, and also the 
engine mounting bolts. When the engine leaks oil while stand¬ 
ing, it is a good sign that some of the nuts or bolts are not 
drawn up properly. Cylinder-head-stud nuts should always 
be checked for tightness with the engine hot, so as to make 
sUre that the cylinder head gasket is tight with the engine in 
running condition. 



CHAPTER XIX 

Gas Turbines 

During the past two decades the gas turbine has played an 
important role in the research and development programs of 
several large industrial concerns. Development work on gas 
turbines first began half a century ago, after the steam tur¬ 
bine had gained a firm footing, but no practical results were 
achieved at the time. During World War I there arose a 
demand for superchargers for aircraft engines. Most of the 
early superchargers or blowers were driven directly from the 
engine, but Rateau in France proposed to drive them by 
turbines operated by the exhaust from the engine. That line 
of development was taken up in this country ‘ by General 
Electric Company, and it gave us the turbocharger, which 
combines a gas turbine with a centrifugal compressor. Such 
turbochargers are now extensively used to supercharge large 
aircraft and Diesel engines. In this application the turbine 
operates on what would otherwise be waste energy, and its 
low thermal efficiency, which had precluded success in other 
fields, therefore was no serious handicap. The turbocharger, 
however, is merely an auxiliary and not a prime mover that 
can be built for any desired output, which had evidently been 
the object of the pioneers in the gas-turbine field. 

Another recent application of the gas turbine also has to 
do with aviation: The powerplants of jet-propelled planes 
combine all of the same elements as the simple gas turbine 
used to generate power. The only difference between the 
two is that whereas in the latter all of the compressed and 
heated air passes through the turbine, in the jet-propulsion 
powerplant only enough passes through to develop the power 
necessary to drive the compressor, the remainder being by¬ 
passed and discharged toward the rear to generate the pro¬ 
pelling thrust. 

A new start in gas-turbine development was made in 
Switzerland during the early thirties by two large industrial 
concerns, Escher, Wyss & Co. and Brown, Boveri & Co. The 
work started by Brown-Boveri was taken up in this country 
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by the Allis-Chalmers Manufacturing Co., which has made 
a considerable number of gas-turbine installations in petro¬ 
leum refineries using the Houdry catalytic cracking process. 
In that process a large amount of air under considerable pres¬ 
sure is needed to regenerate the catalysts. Fuel is burned in 
this process, and the mixture of air and products of combus¬ 
tion, after it has served its purpose, is at a high temperature 
and considerable pressure, so that it contains a good deal of 
energy. Therefore, instead of being discharged directly into 
the atmosphere, it is passed through the turbine, which gen¬ 
erates the power necessary to drive the compressor that fur¬ 
nishes the compressed air for the process. 

Development work on gas turbines has been taken up by 
at least five other concerns in this country. The Brown- 
Boveri firm in Switzerland built a gas turbine-electric gen¬ 
erating plant for a Swiss municipality as a stand-by for use 
in the event of air raids. An advantage of the gas-turbine 
plant for this purpose is that it requires no water for its 
operation. The same firm also designed a gas turbine to de¬ 
liver 60,000 cfm blast air at 30 psi pressure for a steel works. 
In that case blast-furnace gas is used as the fuel. This nor¬ 
mally is also a waste product. More recently most of the 
development work has been on turbines for locomotives. 

Types—There are essentially two types of gas turbine, 
constant volume and constant pressure. The turbine of the 
turbocharger works on the constant-volume principle. The 
fuel which furnishes the energy on which this turbine operates 
is burned in the cylinders of the engine substantially at con¬ 
stant volume while the piston is at and near the end of the 
stroke. In that case the temperature of the gases of com¬ 
bustion is lowered by expansion in the engine cylinder, and 
the exhaust can be admitted to the turbine without danger of 
injuring the blades. If the cylinder in which the combustion 
occurred served only to supply working fluid to the turbine, 
communication with the latter would have to be established 
immediately after combustion had been completed and be¬ 
fore there had been any appreciable cooling or expansion. 
At that moment the gases are at a temperature which is much 
too high for the turbine blades to withstand. The blades 
might be protected by injecting atmospheric air along with 
the gases of combustion, but it would certainly be extremely 
difficult to ensure a satisfactory life for the valve in the com¬ 
municating passage between combustion chamber and turbine. 

At present practically all of the development work is being 
done on the constant-pressure type. A diagram of a simple 
constant-pressure gas-turbine plant is shown in Pig. 1. It 
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comprises a centrifugal compressor which compresses atmos¬ 
pheric air to the operating pressure; a combustion chamber 
in which some of the compressed air is used to burn fuel and 
in which the products of combustion are mixed with the 
remaining air; and a turbine in which the working fluid thus 
prepared is expanded to atmospheric pressure, and in which 
power is generated. Part of this power is used to drive the 
compressor and the remainder is the net output. The in¬ 
stallation includes an electric motor which serves to start the 
turbine and compressor. 

Working Pressures and Temperatures—In considering 
the problems of the constant-pressure turbine, the question 

GAS TURBINE 

Fig. 1.—Diagram of Simple Gas-Turbine Plant. 

of the optimum pressure and temperature at once arises. The 
objects aimed at are, of course, a high output from a machine 
of given size, and a high overall efiBciency. The specific out¬ 
put is measured by the work done by one pound of air pass¬ 
ing through the machine. Both the specific output and the 
eflSciency increase with the temperature at the inlet to the ^ 
turbine, but this temperature is limited by the stresses to 
which the working parts are subjected. The parts affected 
most by the heat are the turbine blades, which are subjected 
also to centrifugal and inertia stresses. Metals having rela¬ 
tively high strengths at high temperatures are used for these 
blades, but the best materials at present available limit the 
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inlet temperature to about HOOF if the machine is to be 
reliable in service and show a satisfactory life. 

The best operating pressure varies with the efficiencies of 
the compressor and turbine. The higher these efficiencies the 
higher will be the optimum pressure. It seems that for com¬ 
pressor and turbine efficiencies of about 85 per cent a pres¬ 
sure ratio of 4 gives best results. Atmospheric air is then 
compressed to four atmospheres absolute (60 psi abs or 45 psi 
gauge). Designers naturally aim to increase the mechanical 
efficiencies of the compressor and turbine, and with them the 
optimum pressure ratio. 

Operating Cycle—In Fig. 2 is shown what may be called 
a cycle diagram of a simple gas turbine. It shows the changes 
in volume and pressure a pound of air undergoes while pass¬ 
ing through the machine. We start at A with one pound of 
atmospheric air at 60 F which, as the diagram shows, occupies 
a space of 12.8 cu ft. We pass this air through the com¬ 
pressor, in which it is compressed adiabatically to 60 psi abs. 
The volume occupied by the air at the end of compression 
can be found from the equation pv^ ^ = constant. Since we 
know the values of p and v at the beginning of compression, 
we can calculate the value of the constant: 

15 X 12.8' ^ = 532.5. 

Since the absolute pressure at the end of compression is 60 
psi, we have 

60 X = 532.5, 

which when solved gives v = 4.76 cu ft. 
From the compressor the air passes to the burner without 

change in temperature or pressure. In the burner heat is 
added until the air reaches a temperature of 1000 F or 1460 
deg abs, the pressure remaining constant. When air is heated 
at constant pressure its volume increases in the same propor¬ 
tion as its absolute temperature, hence at point C, the tur¬ 
bine inlet, the volume of the gas is 

1460 
-X 4.76 = 9.00 cu ft. 
770 

In the compressor the gas expands adiabatically from C to 
D. The ratio of volumetric expansion in the turbine is exactly 
the same as the ratio of compression in the compressor, and 
the volume at D therefore is 
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12 8 
— X 9.00 = 24.2 cu ft. 
4.76 

The temperature of the gas at the end of expansion can be 
readily found from the equation relating the pressure, volume 
and temperature of 1 lb of air, viz.. 

Fw. 2.—Peessuee-Voltjme Diagram of Simple Gas Turbine. 

T = 2.7pv, 

where T is the absolute Fahrenheit temperature; p, the abso¬ 
lute pressure in psi, and v, the volume in cu ft. For point D 
we get 

T = 2.7 X 15 X 24.2 = 980 deg abs or 520 F. 

At the turbine exhaust, therefore, the pressure is back to 
atmospheric, but the temperature of the gas is still quite high. 
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In order to show how an increase in the turbine-inlet tem¬ 
perature will increase the specific output and the efficiency, 
an expansion curve for a turbine-inlet temperature of 1500 F 
is also shown in Pig. 2. Heating the gas to 1500 F will ex¬ 
pand it to 12.1 cu ft and at the end of expansion it occupies 
32.6 cu ft and has a temperature of 860 P. At any particular 
pressure the volume increase is 72 per cent over that with 
an inlet temperature of 1000 P, and the mechanical work 
done therefore is 72 per cent greater. It also takes 72 per 
cent more heat energy to raise the air from 310 P to 1500 F 
than to raise it from 310 to 1000 P. However, the heat sup¬ 
plied by the burner is only part of the energy imparted to 
the air, an equally important part being supplied by the com¬ 
pressor. But since the pressure remains the same, the work 
done by the compressor is the same for 1000 P and 1500 F 
turbine-inlet temperatures, and the ratio of energy available 
to energy supplied therefore is greater with the higher inlet 
temperature. As the gas expands through a much larger 
volume range, the output per pound of working fluid also is 
much greater with the higher turbine inlet temperature. 

Fig. 3 shows the approximate variation of the overall 
efficiency with the turbine-inlet temperature for different com¬ 
bined efficiencies of the compressor and turbine. It might 
be pointed out that since the turbine output is greater than 
the compressor input, the efficiency of the former influences 
the overall efficiency more. 

Economic Aspects of the Simple Turbine—When we com¬ 
pare the overall efficiencies of the simple gas turbine which 
Pig. 3 shows to be possible with present limiting operating 
temperatures and normal compressor and turbine efficiencies, 
with those of the Diesel engine, which in the larger sizes ex¬ 
ceeds 35 per cent, we see that the turbine cannot compete 
under ordinary conditions. Improvements in the gas turbine 
are still possible, of course. Metals of higher heat strength 
may be found, and more efficient blade sections and angles 
may be discovered, but developments already have been car¬ 
ried pretty far in these directions. It is therefore likely that 
the simple gas turbine will remain confined to fields where 
fuel costs are a relatively small item, as in the case of emer¬ 
gency generating sets or where waste energy can be used, 
such as that of exhaust gases, process gases, or blast-furnace 
gases. One thing in favor of the gas turbine is that it will 
operate on the same low-grade fuels that are burned under 
steam boilers, whereas high-speed Diesel engines are some¬ 
what critical with respect to fuel quality. 
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When only 18 per cent of the available heat energy in the 
fuel is usefully converted, 82 per cent is lost through various 
channels, and it is, of course, possible to recover some of these 
losses in part. Besides, the processes of compression and ex¬ 
pansion can be rendered more efficient by carrying them out 
in two (or more) stages, with inter cooling between stages 
during compression and reheating during expansion. Prac¬ 
tical considerations limit the number of stages, and it is doubt¬ 
ful whether more than two stages will be used. 

Regeneration—It has already been shown that the gases 
on being exhausted from the turbine are at a high tempera- 

Fig. 3.—Variation of Overall Efficiency with Temperature at 
Turbine Inlet and Mechanical Efficiencies. 

ture, and since the mass of exhaust gas per hp-hr is several 
times as great as in a reciprocating engine, the energy nor¬ 
mally lost in the exhaust is relatively high. To recover some 
of the exhaust heat, use is made of a regenerator. This con¬ 
sists of a heat exchanger through which the exhaust and the 
air from the compressor are passed. From Fig. 2 it will be 
seen that the air leaving the compressor is at 310 F, while 
with a turbine-inlet temperature of 1000 F the exhaust from 
the turbine is at 520 F, so that there is a temperature dif¬ 
ference of more than 200 deg between them. This difference, 
moreover, increases with the turbine-inlet temperature. It 
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is, of course, impossible to economically transfer all of the 
available heat from the exhaust, as that would require a very 
large heat exchanger. The heat exchanger offers some re¬ 
sistance to air flow and causes a pressure drop. This must 
be made good by the compressor, which must compress to a 
correspondingly higher pressure and consequently will con¬ 
sume slightly more power. This loss, however, can be mini¬ 
mized by careful design. It has been found that when operat¬ 
ing at 1200 F turbine-inlet temperature, 75 per cent of the 
available heat in the exhaust is about the most that can be 
transferred. 

Intercooling—The power required to compress the air, 
which normally represents considerably more than one-half 
the gross output of the turbine, can be reduced by effecting 
the compression in two stages and intercooling between stages. 
The power generated by the turbine depends on the mass of 
air passing through, and it can readily be shown that it takes 
less power to compress a given mass of air in a certain pro¬ 
portion if the temperature of the air is low. Let us assume, 
for instance, that we have two cylinders of 1 cu ft capacity 
each, both filled with air to atmospheric pressure, the tem¬ 
peratures of the air in the two being 0 F and 200 F, respec¬ 
tively. If the air in each cylinder is now compressed to % cu 
ft, the work of compression will be the same for both cylin¬ 
ders, as both the initial and final pressures are the same, as 
are also the displacements against these pressures (% cu ft). 
But the cylinder in which the initial temperature was 0 F 
contains about 43 per cent more air, and for the same mass 
of air the work of compression therefore is some 30 per cent 
less in the case of the cool air. 

Intercooling also calls for a heat exchanger, in which the 
air heated by the first stage of compression gives up some of 
its heat to water circulating through the device. According 
to F. K. Fischer and C. A. Meyer of the Westinghouse Elec¬ 
tric & Manufacturing Co., a single stage of intercooling re¬ 
duces the power required by the compressor by about 15 per 
cent. 

Reheating—The same as energy can be saved by inter¬ 
cooling between successive stages of compression, the avail¬ 
able output of the turbine can be increased by dividing the 
expansion in it into two stages and reheating the discharge 
from the first stage before admitting it to the next. It has 
already been explained that the eiBSciency of the turbine is 
higher the higher the inlet temperature, but that a limit is 
set on this temperature by the limited hot strength of the 
blade material. In axial-type turbines the gases always ex- 
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pand through successive stages, and in each stage there is a 
temperature drop. Since all of the blades are made of the 
same material, the strength of the blades of the later stages 
is not fully utilized. This can be remedied to a certain extent 
by reheating. In a gas turbine reheating can be effected by 
merely injecting fuel into the passage connecting one stage to 
the next, as the working fluid consists of about 85 per cent 
of air and therefore will sustain combustion. 

A diagram of a turbine installation with regenerator, two- 
stage compressor with intercooler, and two-stage turbine with 
reheater is shown in Fig. 4. In Fig. 5 are shown the gains in 
efidciency which may be expected from regeneration, intercool¬ 
ing and reheating, overall elBciencies being plotted against 
turbine-inlet temperatures. The curves are based on an as- 

Fig. 4.—^Diagram of Gas Turbine with Regenerator, Two-Stagb Com¬ 
pressor WITH InTERCXKILER, AND TwO-StaGE TuRBINE WITH RbHEATER. 

sumed turbine efficiency of 85 per cent, a compressor efficiency 
of 84 per cent, an air-inlet temperature of 70 F, and a pres¬ 
sure drop of 5 per cent in the regenerator. Figs. 4 and 5 are 
redrawn from illustrations in a paper on The Combustion Gas 
Turbine by P. K. Fischer and C. A. Meyer of the Westing- 
house Electric & Manufacturing Co. 

Exhaust Boiler—^Another way to recover some of the heat 
in the exhpst is by the use of an exhaust boiler, the steam 
generated in the boiler being used in a steam turbine. Drs. 
Davies and Fawzi of England, who made a thorough the¬ 
oretical investigation of the subject, came to the conclusion 
that with an exhaust boiler the specific output of the installa- 
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tion, in ft-lb per lb of air, can be increased 27 per cent, and 
the overall efficiency 12 per cent, as compared with a simple 
gas turbine operating under the same temperature and pres¬ 
sure conditions. They also found that regeneration alone 
may increase the efficiency by as much as 40 per cent, but has 
little effect on the specific output. For maximum output the 
compressor and turbine must be compounded and provided 
with an intercooler and a reheater respectively, and the ex¬ 
haust must be used in an exhaust boiler with steam turbine. 

Fig. 5.—Variation of Efficiency of Various Systems with Turbine 
Inlet Temperature. 

If intercooling and reheating are carried to 100 per cent, the 
output will be increased 118 per cent, as compared with the 
simple gas turbine. On the other hand, for maximum effi¬ 
ciency the exhaust should be used for regeneration, and this 
combined with two-stage compression and expansion. With 
100 per cent intercooling and reheating the efficiency will be 
increased 77 per cent and the specific output 55 per cent. 

Olofled Systems—Closed systems, in which the working 
medium is recirculated, have been proposed by Escher-Wyss 
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and Westinghouse. One advantage of the closed cycle is that 
the initial pressure can be made quite high, and if the pres¬ 
sure multiplication in the compressor remains the same, the 
final absolute pressure and the mean pressure will be in¬ 
creased in the same proportion. The turbine output increases 
in proportion. In such a system, however, the gases leaving 
the turbine must be cooled before they are allowed to reenter 
the compressor, and rather bulky heat exchangers are re¬ 
quired for the purpose. In the Escher-Wyss system the work¬ 
ing fluid is heated by external combustion. As no gases of 
combustion pass through the system it is possible to burn 
coal, but the combustion efficiency naturally is lower than 
with internal combustion. The heater operates on the same 

general principle as the furnace of a steam boiler, but for the 
same rate of heat transfer the heating surface must be ma¬ 
terially greater, because it is in contact with gaseous media 
on both sides. 

A turbine of the closed-cycle type is under development by 
the Westinghouse company and is shown in diagram in Fig. 6, 
The unit is designed for a compressor-inlet pressure of 150 
and a turbine-inlet pressure of 600 psi, or 10 times the pres¬ 
sures used in simple gas turbines. Internal combustion is to 
be used, and while the bulk of the fluid is being recirculated, 
enough fresh air is constantly added to support the combus^ 
tion. This air is supplied by a separate small turbine^m^ 
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pressor unit, which also serves to maintain the pressure in 
the main system. 

Where gas turbines are to be used on locomotives it is evi¬ 
dently necessary to provide a drive which picks up the load 
gradually and allows the turbine to be operated at full speed 
while the train is being started. 

Road-Vehicle Applications—A number of experimental 
installations of gas turbines in road vehicles have been made. 
In England a Rover passenger car was equipped with one, 
and was shown at the British Industries Pair in 1948. It 
probably provided good publicity for the Pair, but nothing 
further has been heard of it since. In this country, under 
the sponsorship of the Navy Department's Bureau of Ships, 
a Boeing gas turbine was installed in a Kenworthy truck and 
subjected to tests which were the subject of an S.A.E paper.* 

While the gas turbine possesses some very attractive fea¬ 
tures from the standpoint of vehicular propulsion, such as a 
remarkably low weight per unit of output, a very satisfactory 
torque curve showing a constant increase in torque with de¬ 
crease in speed down to the stalling point, simplicity of con¬ 
struction (a small number of parts), freedom from vibration, 
and ability to operate on a wide range of fuels, its low thermal 
efficiency is an obstacle to its practical use in this field that 
it will be diflScult to overcome. Tests of the Kenworthy truck 
(68,000 lb gwv, 175-hp gas turbine) extending over more than 
a year, showed a performance a little better than one mile 
per gallon of fuel. Diesel trucks of similar capacity will do 
better than 4 mpg under normal conditions. Some of the 
loss due to the lower fuel economy of the turbine is offset by 
a gain in payload capacity due to the lower weight of the 
turbine. The complete powerplant of the turbine truck weighs 
about 3000 lb less than that of a Diesel truck. 

Application of turbine power to truck wheels involves 
certain complications. In the Kenworthy truck the turbine 
drives through a 9.06:1 reducing gear incorporated with it, 
through a reversing gear, through a seven-speed-and-reverse 
planetary transmission, and through a three-speed auxiliary 
transmission. One purpose of the reversing gear is to change 
the direction of rotation, the turbine rotating in a direction 
opposite to that of the conventional truck engine. In addi¬ 
tion the gear makes it possible to use the turbine as a vehicle 
brake. 

Gas-Turbine Locomotives—Gas-turbine locomotives with 
electric drive have been under development in the United 

♦Gas Turbine Propulsion for Ground Vehicles, by W. M. Brown, 
S.A.^. Quarterly Transactions, Jan.. 1951. 
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States since the end of World War II by at least four con¬ 
cerns—^Allis-Chalmers, Elliott, American Locomotive in asso¬ 
ciation with General Electric, and Baldwin Locomotive in 
association with Westinghouse. An Alco-G.E. 4500-hp loco¬ 
motive in 1949 was reported to have completed satisfactory 
preliminary runs and was then turned over to the Union 
Pacific Eailroad for additional road tests in freight service. 
During the next 20 months it was operated in revenue freight 
service on three different railroads. At the end of that time 
it was withdrawn from service and a report on its performance 
was issued. It had operated more than 100,000 miles, most of 
it on the Union Pacific, where the average fuel consumption 
had been 4.2 gal per 1000 gross ton-miles. During the last 
two months, under somewhat more favorable conditions, this 
was reduced to 3.51 gal. The fuel economy was found to be 
highest at high-load factors, from which it was concluded that 
the gas-turbine locomotive is best suited to heavy through- 
freight service. 

The Baldwin-Westinghouse locomotive, which operates on 
residual fuel oils, after preliminary tests in the yards of the 
Westinghouse company, was operated experimentally on the 
Pittsburgh & Lake Erie Railroad for some time?, and was then 
withdrawn to have some changes made. In 1951 a coal-burn¬ 
ing gas-turbine electric locomotive was under development at 
the Dunkirk, N. Y., plant of the American Locomotive Com¬ 
pany, under the sponsorship of the Locomotive-Development 
Committee of Bituminous Coal Research, Inc. 

Gas Turbine vs. Diesel Engine—The following evaluation 
of the prospects of the gas turbine in the field of power gen¬ 
eration was presented at a meeting of Diesel-Engine mamifac- 
turers in Chicago in 1948 by Dr. John T. Retaliata, who was 
connected with Allis-Chalmers when that firm pioneered the 
large gas turbine in this country: “I don’t think the gas 
turbine is going to put the Diesel engine out of business. In 
most applications the turbine is not a direct competitor. Up 
to 2500 hp the Diesel will have no serious competition from the 
turbine. In applications of from 5000 to 20,000 hp the gas 
turbine will have a field of its own.” 
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Engine cycles, 1 
Engine oil. preheating, 419 
Engine units, multiple, 325 
Ether as starting fuel, 411 
Ethyl nitrate fuel dope, 104 
Excess-air factor, 42 
Excess-fuel devices for starting, 

automatic, 210, 412 
Exhaust boilers for turbines, 464 
Exhaust components, 14, 71 
Exhaust odors, 74, 256 
Exhaust temperatures, 285, 366 

Fairbanks-Morse engine, 849 
Fairbanks-Morse lubrication system, 

423 
Farm tractors, Diesel, 23 
Filter types, 439 
Fire risks, reduced, 25 
Flame primers, 416 
Flame pictures, 75 
Flying Hamburger, The, 17 
Four-stroke cycle, the, 8 
Fuel-charge volume, 140 
Fuel consumption vs. load factor, 18 
Fuel delivery, governor control of, 

158 
Fuel dispersion. 127 
Fuel dopes, 104 
Fuel economies of engine types, 12 
Fuel filters, 487, 445 
Fuel Injection, slow-starting, 197 
Fuel injectors, 108 

American Bosch, 180 
Ruston A Hornsby, 131 
Saurer, 134 
Sclntilia, 181 

Fuel mileages of Diesel car, 14 
Fuel Modufator, G.M., 211 
Fuel required, quantity of, 40 
Fuel-system installation, 487 
Fuel stop, 461 
Fuel-test engine, C.F.R., 83 
Fuels for Diesel engines, 78 
Fuels, handling of, 486 

Gasoline cranking engine, 409 
Gas turbines, 456 

dosed-eystein, 466 
economics of, 461 
for locomotives, 467 
for road vehicles^ 467 

_ operating cycle of. 459 
liO e^e, 826 

G.M. Series 71 engine, 318 
Governors, 200 

American Bosch Type GV, 204 
C.A.V. pneumatic, 209 
Cummins, 194, 209, 214 
Pull-range, 201 
G.M. Fuel Modulator, 211 
I.H.C., 206 
injection-timing, 216 
Mack injection-timing, 216 
maximum-and-mlnlmum, 202 
Saurer injection-timing, 217 
Woodward hydraulic, 213 

Guiberson aircraft engine, 29 

Hamilton-Whitfield blower, 297 
Heat balances of engines, 378 
Heat content of fuels, 97 
Heat stresses in two-stroke engines, 

292 
Heat treatment of liners, 386 
Hemispherical combustion chamber, 

240 
Hercules engines, 264 
Hydraulic drive for buses, 23 
Hydrocarbons, ignition qualities of 

pure, 92 

Ignition accelerators, 104 
Ignition lag, 10, 53 

effect of fuel characteristics on, 
63 

measurement of, 64 
physical and chemical, 61 

Ignition temperaturbs of fuels, 81 
Ignition-quality improvers, 104 
Ignition quality vs. volatility, 94 
I.H.C. governor, 205 
I.H.C. precombustion chamber, 225 
I.H.C. starting system, 408 
I.H.C. tractor engine, 230 
Indicator diagram, analysis of, 65 
Industrial uses of Diesels, 26 
Injection lag, 164 
Injection, limit of, 129 
Injection nozzles, 108 

differential action of, 128 
opening pressures of, 128 

Injection-pump characteristics, 147 
displacement, 141 
delivery control, 143 
elements, 142 
principles, 189 
valves, 143, 152 

Injection pumps, 
American Bosch, 179 
Atlas, 196 
calculation of, 167 
Deco, 188 
General Motors, 189 
I.H.C., 185 
Scintilla, 187 
single-plunger type, 183 
single-unit type, 186 

Injection timing, effects of, 88, 146 
Injector cooling, 135 
Injector mounting, 133 
Injector-valve design, 131 
Inlet valve, masked, 242 
Intercooling compressor fluids, 463 
Interference fit of liners, 385 
International Harvester imfiiie» 830 
Immersion heaters* 418 
Isothermal compression, 9, 30 
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Jacket losses In engines, 291 
Jet'dislntegratlon theory, 113 
Junkers double-piston engine, 826 

Kadenacy engine, 329 

Lanova engine, 278 
Leakage, pump-barrel, 177 
Line-pressure relief, 156 
Liquid-cooled nozzles, 137, 189 
Locomotive-operating costs, 16 
Lo-ex piston alloy, 392 
Lubricants, special Diesel, 430 
Lubrication service, 452 
Lukenweld steel engine blocks, 386 

Mack injection-timing governor, 216 
Mack-Lanova engine, 285 
M. A.N. direct-inaction engine, 253 
Marine apjdications, 24 
Marine-Diesel statistics, 25 
Masked inlet valves, 242 
Maybach railroad engines, 356 
Metal-soap oil additives, 431 
Microscope for checking nozzle ori¬ 

fices, 175 
Minimum injection quantity, 129 
Molecular structures of hydrocar¬ 

bons, 90 
Motor trucks, Diesel, 19 

N. A.C.A. research, 74, 245, 261 
Naphthene hydrocarbons, 91 
Needle bearings for piston pins, 394 
Nitrogen compounds in fuel, effects 

of, 101 
Non-return valve in transfer passage, 

308 
Nozzle cooling, 135 
Nozzle leakage, 110, 446 
Nozzle-opening pressures, 171 
Nozzle-operating temperatures, 134 
Nozzle size required, 114 
Nozzle protector, 134 
Nozzle test stand, 448 
Nozzle types, 108 
Nozzles, open, 187 
Nozzles, servicing of, 446 

Odor of Diesel exhaust, 74 
Oil droplets, velocity of, 122 
Oil consumption, 428 
Oil-cooled pistons, 339, 345, 358 
Oil coolers, 397 
Oil-fog injection, 190 
Olefin hydrocarbons, 91 
Open nozzles, 137 
Orifice proportions, 116, 122 
Orifice size, equation for, 172 
Orifice dimensions on droplet size, 

effect of, 126 
Output gain by supercharging, 365 
Overload capacity of two-stroke en¬ 

gines, 824 
Overspeed trip mechanism, 348 

Packard aircraft engine, 27 
Paraflin hydrocarbons, 90 
Perkins engine, 271 
PhotO|riiphlc study of combustion, 

Pilot injection, 68 
Pintaux Injection nozzle, 263 
Pintle nozzles, 109 
Pistons, 392, 427 
Piston-pin dimensions, 394 

Piston-ririg practice, 393 
Plstont-ring sticking, 292, 427 
Piston temperatures, 427 
Piston xnlve in two-stroke engine, 

331 
Plunger motion, preferred form of, 

167 
Poly tropic exponent, 30, 35 
Port capacities, 303, 309 

graphic method of determining, 
306 

Port-opening integral, 304 
Pour point of fuels, 98 
Precombustion chamber blow-off, 229 
Precombustlon-chamber cycle, 226 
Precombustlon-chamber design, 223 
Precombustion-chamber engines, 219 
Preheating of fuels, 63 
I*res8ure waves in fuel lines, 169 
Pressure-wave records, 162 
Pressure waves, tUminating, 167 
Priming fuel lines, 442 
Pump capacity, maintenance of. 451 
Pump characteristic on engine per¬ 

formance, effect of, 150 
Pump-delivery characteristic, im¬ 

provement of, 161 
Pump dimensions, selection of, 173 

Quiescent combustion chamber, 239 

Rail cars, 16 
Railroad engines, 335 
Railway applications, 15 
Reference fuels, secondary, 83 
Regeneration in gas turbines, 462 
Reheating turbine gases, 463 
Retiming injection pump, 449 
Reynolds number, effect of, 116 
Ricardo Pintaux nozzle, 263 
Ricardo swirl meter, 257 
Ring-type hydrocarbons, 91 
Rocking-beam engines, 332 
Rocking couples, neutralizing, 312 
Roots-type blower, 6, 294 

performance curves of, 296 
Rotary blower, characteristics of, 

369 
Rotating couples, 315 
Rotor lobes, form of, 295 
Running-in oils, 430 
Ruston-Hornsby cylinder head, 246 

Sabathd cycle, 11 
Safety shut-down valve, 453 
SasB swirl indicator, 256 
Saurer injection-timing governor, 216 
Scavenging by gas inertia, 328 
Scavenging process, the, 302 
Scavenging pumps, tj^es of, 293 
Servicing nozzles, 446 
Shaking forces and couples, 311 
Single-lobe combustion chamber, 281 
Smoke in Diesel exhaust, 72 
Smokemeter, 73 
Specific consumption, effect of fuel 

density on, 98 
Spray droplets, size of, 124 
Spray nozzle, location of, 241 
Spray penetration, 120 
Spray photography, high-speed, 117 
Sprays, theory of liquid. 111 
Spray-tip velocity, 120 
Stove-heating of coolant, 418 
Starting aids, 410, 419 
Starting-battery performance, 404 
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Starting conditions, 38 
Starting Diesel engines, 398, 433, 435 
Starting on gasoline, 408 
Starting torque required, 40 
Streamlined trains, 17 
Sulphur content of fuels, 101 
Sulzer opposed-piston engine, 333 
Sulzer power-gas system, 879 
Sulzer railroad engine, 861 
Supercharging, 364 
Swirl ratio, 258 
Swirl velocity, measurement of, 256 
Switching locomotives, 15, 335 

Tangential valve passage, 244 
Tar oil as Diesel fuel, 78 
Taxation of Diesel fuel, 80 
Temperature of compression, 32 
Test procedure with C.F.R. engine, 

84 
Thermal efficiency of cycles, 86 

as related to speed and load, 44 
Thermodynamics of the Diesel cycle, 

30 
Thermostat for cooling system, 453 
Throttling nozzle, 109 
“Through” bolts, 385 
Timed by-pass, control by, 144 
Timing governors, 216 
Torque characteristics of super¬ 

charged engine, 372, 376 
Tractors, industrial and farm, 23 
Transfer pumps, 198 
Transition plate in welded engine 

block, 387 
Turbine working pressures and tem¬ 

peratures, 458 
Turbocharger blades, cleaning, 373 
Turbochargers, 372, 374 
Turbulence-chamber engines, 254 
Turbulence chamber, form and size 

of, 261 

Turbulence of fuel jet. 111 
Twin engines, 326, 362 
Two-stroke cycle, 6 
Two-stroke engines, 288 

bmeps of, 318 
correction factors for, 50 
heat stresses in, 292 
highly supercharged, 379 
lubrication of, 429 
piston cooling of, 292 

U. S. Navy use of Diesel engines, 26 
Unit injectors, 189, 361 
Unsymmetric timing, 307 

Valve overlap, 866 
Valves and timing, 397 
Valve timing, checking, 455 
Vane-type blowers, 800 
Vaporization and combustion, 69 
Varnish formation of engine oils, 431 
Vegetable oils as Diesel fuels, 78 
Velocity of fuel jet, 114, 172 
Viscosity grades of oils, 430 
Viscosity of fuels, 98 
Volatility of fuels, 94, 99 
Volumetric efficiency, definition of, 

364 
vs engine speed, 147 

Waukesha engines, 266 
Weights of locomotive engines, 835, 

337, 349, 361 
Weights of aluminum pistons, 392 
Welded engine blocks, 386 
Woeltjen method of spray analysis, 

124 

X-raying steel cylinder blocks, 387 

Zephyr streamlined train, 17 








