Dees. S2. Ratia

"FACTORS AFFECTING COMVBUSTION IN A HIGH SPesD

COLPRESSION IGNITION OIL ENGINE".

e . am tm Gmt SR VER D B W TR ME G A e P GAt My e S Pl T T TN GE DN S e S N e M M P W S e e

By D. ULD. Jafar, B.Sc.

Thesis Presented for the Degree of Doctor of Philosovhy.

October, 1936.




FOREWORD.

This research on combustion in a high speed
Diesel engine, concerning in particular air swirl,
delay period and Diesel knock, was carried out in the
Mechanical Engineering Department, Birmingham University,
under the supervision of Professor S. Lees, M.Sc., M.A.,
whose help and criticism were of great value, especially
when deciding the manner in which the research should
be conducted.

The authof would like to thank Professor S. Lees
and Mr, S;J. Ellis, M.Sc., for their assistance and advice,
which is greatly appreciated.

The author also wishes to thank all the
Mechanical Engineering Technical Staff, for their help
in making a good deal of apparatus used for the

research.
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SUMMARY.

The success of the high speed Diesel engine
depends greatly upon the combustion.process. Rotational
movement of the air is probably the only successful means
for uniform distributibn of the liquid fuel inside the
combustion chamber; thus successful and more or less
complete combustion is achieved by bringing the air in
contact with the fuel, at the right moment., Different
methods have been employed to produce this rotational
movement inside the combustion chamber, but up to the
present there has not been published a gréat deal of
information on the principles of its production, in so far
as the poppet valve type engine is concerned. From the
experiments carried out by the author, with an open type
combustion chamber, one draws the conclusion that an
optimum air swirl may exist with a shrouded inlet valve.
The velocity of the air, through the inlet valve, was
varied at first by altering the extent of shroud, and later |
on by varying the 1lift of the inlet valve, The jet of

the air and its direction on entering the cylinder may
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influence the fuel consumption. Under all conditions,
the rotational movement of the air resulted in a much
better fuel consumption than the indiscriminate movement
produced when an unshrouded inlet valve was used.

The delay period as measured by the cathode ray
oscillograph high speed engine indicator and a neon tube
arrangement for measuring the time of injection, seems to be
variable in time and decreases, in most of the cases,
as the engine speed increases.

The "Diesel knock" which may be due to the rate
of pressure wise, is probably caused by the accumulation
of the fuel entering the combustion chamber prior to
ignition. This seems to be eliminated somewhat by the
introduction of a minute quantity of the fuel before the
top dead centre (Pilot injection).

The effect of injecting Parrafin (Karosene) and
Petrols have been studied, the delay périod and Torque was

measured when timing of injection was varied over a big
is '

range. ItA probeble that the spontaneous ignition angle
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(S+I.A.) may bear a relation to the delay Period and
Diesel knock.

The S.I.A. 18 defined as the criticel angle
between the retarded position of injection, at which the

fuel ceases firing or fires, and top-dead-fentre.

OBJECT OF RESEARCH.

It was felt that a certain amount of work
should be carried out on the process bf combustion in a high
speed compression ignition oil engine; in particular the
effect of the air inlet velocity and its direction on the
fuel consumption. Later on, the research was mainly concerned
with the delay period and Diesel knock.

It was arranged at first that the author should
continue the work which was started by Mr, H, Faridany, M.Sc.,
namely the variation of the speed of the inlet air and its

direction, by using a number of shrouded valves with different



openings, The effect of these on the fuel consumption,
and therefore the efficiency of the engine, was studied.
Another method for varying the -velocity of the
Ainlet air had to be devised, by the author, so that the jet
effect when the different valves, which were used to start
with, could be very nearly eliminated. The avoidance as
far as possible of this jet effect was considered important,

and was achieved by using the same valve but varying the

1lift while the engine was rumning.

Lkt ettt ettt L L TS



Tangys Engine (Top Portion).
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PART 1.
"ATR SWIRL AND ITS EFFECT ON COMBUSTION".

INTRODUCTION,

Satisfactory combustion in a high speed com-
pression ignition oil engine is a matter of importance for
the development of this type of engine, particularly for
aviation and road use. To make full use of the many
advantages possessed by this type of engine over the petrol
engine, the fuel must be completely burnt in the short time
available for combustion. The rate at which this fuel
burns is also of great importance to ensure smoother running
of the engine, and at the same time longer life.

A smoky exhaust is usually a sign of incomplete
combustion of the fuel 0il, and with such an exhaust carboﬁ
will be deposited on the combustion chamber, exhaust valve,
atomizer holes, and round the exhaust pipe; these faults
may cause the engine to shut down.

Generally speaking, smooth running is essential
to this type of engine if it is éver to replace the petrol

engine. The "Diesel knock" is objectionable to those who
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haﬁe been accustomed to the smooth runhing of the six-
cylinder petrol engine.

In this connection a summary of the advantages
of the compression ignition 0il engine over the petrol
engine may be of interest.

1. TUtilisation of cheaper fuels, with high flash point.

Reduction in fire risks (particularly with aircraft).

2. Reduction in fuel consumption.

3. The elimination of earburetter and electric system.

4, Higher torque at low speeds, which reduces the amount
of gear changing and better pulling power on hills.

5. Cooler running, and therefore less cooling water.

6. More suitable for supercharging. The possibility of-
this is obvious, especially with the 2-stroke type:
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"PROCESS OF COMBUSTION".

In a petrol engine, a more or less homogenous
mixture exists in the combustion chamber towards the end
of the com@ression stroke, i.e, at the start of the
combustion process., Magneto or coil is usually used to
cause the sparking of a plug or two placed inside the
combustion chamber.

In the compression ignition oil engine, air is
compressed alone, and the fuel oil undergoes injection into
this highly compressed air a few degress before the top dead
centre is reached, The temperature of the highly compressed
air causes the ignition of fuel.

To obtain satisfactory combustion within the small
time available for burning the fuel completely, thorough
mixing of the air and the fuel is necessary, there being two
practical ways in which this can be carried out.

First., The Directed Jet Method.

In this method the fuel reaches the combustion

chamber in such a manner that it will be uniformly dis-
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tributed, but this of course necessitates a very elaborate.
design of fuel nozzle, to stand.a pressﬁre of from five to
eight thousand pounds per square inch. As the liquid fuel
0il can only take the straight line direction on leaving the
nozzle holes, to allow it to mix thoroughly with fhe air,
and ensure uniformity of distribution, the nozzle must
possess a number of very small holes, varying in size, so
that the injected fuel oil reaches different distances in
the combustion chamber at the same time. Apart from the
diffieculty of maintenance of the nozzle holes, the rate of
pressure rise, when the fuel is ignited, becomes quite
uncontrollable, owing to the presence of a large quantity
of fuel inside the cdmbustion chamber, at'the end of the
delay period.

The question of fuel compressibility also arises,
which makes the running of the engine, at variable speeds,

unsatisfactory.
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Secondly. The Directed Air Method.

In this method the air can be directed to meet
the fuel in a much simpler manner. The fuel can be
injected at a much lower pressure of the order of one to
two thbusand pounds per square inch, and for this a nozzle
with one hole, or one with many holes of the same size, can
be used.

The rate of pressure rise, in this method is
more controllable than that of the directed jet method,
This ensures a smoother running of the engine.

The air takes a rotational moveﬁent inside the
conbustion chamber, which causes it to be in contact with

the fuel oil end supplies this with oxygen throughout the

combustion period.

Mr. Ricardo, in a Paper read before the
Institution of Automobile Engineering, March 1930, divided
the process of combustion in a compression ignition solid
injection type oil engine into three phases. In this

comnection Fig. (1) shows an actual out-of-phase diagram
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taken at the University of Birmingham (Mechanical
Engineering Department) by means of a Cathode Rey
Oscillograph, designed by Ir. Dodds, and manufactured by
the Metropolitan-Vickers Company Limited, of Manchester.
Fig. (2) is the theoretical out-of-phase diagram

as suggested by Mr. Ricardo.

PHASE I. The Delay Period, during which time fuel is

admitted, but either ignition does not take place or is
restricted to some very localised nuclei. It seems probable
that some minute quantity of the fuel, which has had time
to mix with sufficient Oxygen, while in a vaporised éonditioh,
forms a readily éombustible mixture; from these nuclei the
flame spreads at first in almost the same manner as it would
in a Petrol engine (presumably with a number of sparking
plugs).

Ricardo regards this period as constant in time
and only depending on the nature of the fuel, the tempera-

ture and pressure after compression and fineness of

pulverisation.
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PHASE II. The Spread of the Flame. This, like

that of the petrol engine depends on turbulence.
Fortunately, this flame spread is appreciably constant in
terms 6f crank angle, but not in terms of time. The actual
pressure attained, after ignition has started, depends on
the quantity of the fuel present in the cylinder, the rate

of injection, the temperature, and pressure of the highly

compressed air.

PHASE I1T. At the end of the second phase, of the process

of combustion, the temperature and pressure are high enough
to burn the fuel as it enters the cylinder. The burning
of the fuel at this phase, is under direct Mechanical control,
The pressure variation depends upon the rate of injection
and turbulence..

Pye, in his book entitled "The Internal Combustion
Engine" (Vol. I), states that as soon as the delay period,
which is constant in time, is over, the rate of combustion
is directly dependent upon turbulence. Without turbulence
‘the rise of pressure would be so slow, that the combustion

would not be completed in the available time.
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(1) (2)

Ricardo's and Alcock's experiments on a sleeve
valve engine with a specially constructed cylinder head
(so that there was a rotational movement of the air, which
was measured by a vane type instrument), showed that a rate

of air swirl of about ten times the R.P.M. gave the most

satisfactory fuel consumption.

(1) Proceedings I.A.E. March 1930.
(2) Proceedings I.Mech.Eng. 1935.
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DESCRIPTION OF APPARATUS.
ENGINE DATA.

The experiments were made on a Tangye four-stroke
solid injection compression ignition engine, capable of
giving 10 B.H.F. at 1200 R.P.M. The cylinder dismeter was
4% inches, and the stroke 5% inches. The normsl running

speed is 1200 R.P.M., but the engine was fitted with a
| special cast steel flywheel which could be run up to
2000 R.P.M. Fig. (38) is a cross-sectional elevation of
the engine.

The atomizer was fitted in the centre of the
cylinder head, and had four small holes., The fuel pump is
of the Bosch type and is driven by the cam shaft. The
combustion chamber is of the open type, the piston is
slightly domed (see Fig. 4.)

The Governor was disconnected from the pump,

and the engine was coupled directly to the brake.






View of Supercharger for FTangye Engine.
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ATR SUPPLY,

The air supplied to the engine was passed through
a suitable air vessel fitted with a nozzle on its suction
side. An inclined water gauge was used for the measurement
of the pressure drop across the orifice, so that the air
supplied to the engine cduld be regulated and'caléulated.

Two more vessels were also fitted on the suction
side, between the above tank and the engine, to act as
dampers, and prevent big fluctuations in the fressure of
the air on the induction side,

A supercharger was also fitted between the engine
and the air vessel. The supercharger was supplied by
Messrs. Bryan Donkin & Co. Ltd., of Chesterfield, an& its
capacity was 4,000 cubic feet per hour against 5 1bs.
pressure.

A pressure gauge and a mercury manometer were
also fitted for the measuremént of the air pressure on

the induction side.
| Three valves were also fitted on the induetion
side. The first was a quick action one, to connect the

suction side of the engine directly to the atmésphere.
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The second was introduced between the engine and the air
vessel, so that the air used by the engine could be
regulated by throttling. The third valve was between the |

air vessel and the supercharger. See Fig. (5).

ATR INLET TEMPERATURE.

This was measured in two places, (1) in the air
vessel and very near to the nozzle, (2) in the induction
pipe and very near to the inlet valve of the engine. - The
first measurement was made use of when calculating the
quantity of air used by the engine, and the second one was
useful in controlling the temperature of the air as it enters
the cylinder. |

| Provided the volumetric efficienéy‘is kept
constant the air inlet temperature has a big effect on the
temperature at the end of compression, and also has a direct
effect on the velocity of the air through the inlet valve.
The temperature of the air was kept constant (ZOOC. SPProx. )
except when otherwise stated, so that the resultqbf tests

carried out could be compared, especially when air swirl was

considered, either when using a number of shrouded inlet
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valves with different openings, or when varying the 1ift

of the inlet valve. The temperature of the inlet air was

regulated by two means.

First, An Blectric Heater. This was installed
in the induction side for heating the air beforeAentering_
the cylinder, It consisted of a resistance wire (Glowray)
coiled inside a quartz tube, round the circumference. A
conical baffle was also fitted at the entrance of the tube,
so that the air could pass very near the resistancé wire.

The quartz tube was also insulated by a thick layer -of
ashestos from an outer steel tube. This heater was fastened
between two flanges by means of four bolts, so that the

whole device could be easily removed and inspected.

Second. An Air Cooler. When the supercharger
was made use of, the air (due to the compression and the
rotating blades) warmed up, and a temperature of the order
of 5600. was recorded. An air cooler was installed in the
induction system. This consisted of a steel tube of
4 inch inside diameter, A great number of copper tubes

were fitted longitudinally inside the steel pipe. The

cooling water circulated outside the copper tubes, whilst
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the air passed through the inside of the tubes.

On the exhaust side, the temperature was noted by

means of a Platinum wire thermometer.

Brake Horse Power.

This was measured by means of a Froude Hydraulic

Dynamometer, directly coupled to the engine.

The measurement of this was made by means of two
instruments. The first was a belt driven»tachometer used for
the purpose of running the engine at a given approximate speed.
The second was a di%tch operated, chain-driven, revolution
counter, for the accurate measurement of the engine speed.

When these experiments were carried out, the speed
of the enghne yas regulated at IZOO?R.P.M. approximately, so
that comparison of the test results could be made, without
the introduction of many errors due to delay period, friction-

losgeg, and injection difficulties.

Cooling'Wdtér.

The'coolinglwater was supplied to the engine, from

a fairly large tank situated a few feet above the cylindef
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head level. A constant head of water was msintained throughout
the experiments. A mercury thermametef was kept in contact
with the water inside the tank for recording the water inlet
temperature. Another mercury thermometer was inserted in

the cooling water outlet pipe, very near the cylinder head,
for the purpose of measuring the cooling water outlet tempera-

ture. As this outlet temperature has an effect on the runnlng '

conditions of the engine, it was felt desirable to keep it

0
constant throughout the tests at approximately 60 C.

Fuel 0il and its Measurement.

- The fuel oil used was of the Diesel type supplied
by Messrs. Shell Mex and B.P. Ltd., and has been the same
throughout the tests. For analysis and specification,
see Appéndix.'

. The tank containing the Diesel 0il was of a fairly
large size and a calibrated glass bulb was installed in the
fuel supply pipes for the fairly accurate measurement of the

fuel o0il used by the engine.
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lgjebtion Timing. _

| To eliminate the "Diesel Knock" at high'loads,
the injection timing was retarded throughout the tests on
air swirl; while in the second part of this paper, as will
be discussed ldtér, the tixhing of the injection was varied.

| After this preliminary description of the apparatus

used, it is convenient to describe the work (on air swirl)
to be discussed in this part (Part I)Aof the thesis, under
~ two headings, labelled resrectively Sections A and B.



21-
SECTION ",

EFFECT OF VARIATION IN THE EXTENSION AND ORIENTATION OF
. THE INLET VALVE SHROUDING ON COMBUSTION.

- It will be of some interest at this stage to
outline a brief statement of the research work carried out
by Mr. H. Faridany, M.Sc., at Birmingham University. In
his thesis entitled "Studies of Combustion in a High Speed
Diesel Engine", it is mentioned that the obvious method of
varying the inlet velocity of the air is to alter the extent
of shrouding, and this work was done by usingAa number of
different inlet valves., To start with he neglected the effect
of variation of the wolumetric efficiency, and discovered
that the indicator plug hole had upset the symmetry of the
combustion chamber, and on fitting a smoothing plug syﬁmetry
was established. In the latter part of his work a super-
charger was installed for the purpose of keeping the volumetric
efficiency constant, but time did not permit of much work

in this connection.
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INLET VALVES USED.

' )
The inlet valve supplied by the makers had 120

o

of shrouding round its circumference, leaving 240 of arc
of valve opening. This valve will be referred to as
valve No. I.

Three more inlet valves were used.

Valve No. II 240o of shrouding, 1200 of opening.
i il III 2800 it i 800 1 it
0 o
u i IV 300 1 1 60 ] i
o o

An unshrouded valve O of shrouding, 360 of opehing, was

~also used.

Method Used for Varying the Direction of the Inlet fir.

Arrangements were made for fixing the inlet valve
in eight different positions, at 450 intervals. Special caps
were used in this connection. The top of each cap was slotted
for the rocker arm, and a 7/64" pin was fitted at the bottom
for locating the slot in the end of the inlet valve stem.

The angle between the pin and the slot was different in each
cap, so that the eight positionsof the inlet valve could be
obtained, by using four caps. The eight‘different positions‘

are shown in Fig. (6).
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Assuming the coefficient of discharge of all
the inlet valves is constant, and that the volumetric
efficiency, temperature of the inlet air as’it passes
through the valve, and speed of the enginé was kept
constant, it follows that the velocity of the inlet air

through the inlet valve will be proportional to the opening

of the valve.

Question of Volumetric Efficiency.

. To compare the test results for a number of
inlet valves with different angles of arc of shrouding, so
far as the inlet velocity of air is concerned, the Volumetric
efficiency should preferably be kept consfanf. A test was

sarried out to study the effect of variation of the
volumetric efficiency on the fuel consumption of the engine.
By throttling down on the suction side of the engine, the
volumetric efficiency was varied, while valvevNo. I

(120o of shroud, 240o opening) in Position "A" was usea.

The fuel consumption, quantity of air, B.H.P., water

outlet temperature, speed (approx. 1200 R.P.M.), air inlet
temperature (almost constant),and exhaust temperature,

were recorded.
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Fig. (7) shews the relation between fuel con-
sumption and volume of air used by the engine, in cubic
feet per minute; it also shewé thevexhauét temperature,
As can be seen from the curves in these diégrams the fuel
consumption per B.H.P. hour varied between 0;472 lbs. to
0.544 1bs., when the air drawn into the cylinder varied
from 30 cubic feet to 15 cubic feet per minute. Thé éxhaust
ltemperatures corresponding to these val;és were 29206 and
507°C, respectively. ’  y
| It was thought, therefore, that some means of
fixing the volumetric efficiency must be devised. The blower
which was installed heated up the air considerably.
| To stﬁdy the effect of the air inlet temperature
on fuel'consumption, the electric heater was made use of.
The air inlet temperature was vafied and recorded; the load,
speed of the engine, and the volumetric efficiency, were kept
constant., The fuel consumption and the exhaust temperature
were also recorded. With Valve No. IV (300 shrouaing,
'600 opening) as the inlet valve in Positioﬁ "A", Fig. (8)

. shews the results obtained.
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As can be séen from the curves, the fuel con-
sumption at 4000, is 0.73 1lbs, per B.H.P. per hour, as
compared with 0.83 1lbs. per B;H.P. per hour at 7000. |
A slight increase in the exhaust temperature W#s also
observed. It was anticipated that as the inlet temperature
inecreased, fuel consumptidn Would‘décregse,‘as the fuel
could burn more readily and combustion would be more com-
pleted in the available time. The reason suggested for the
higher fuel consumption with this valve (60o opening dnly)
in position "A", is that the velocity of the air is much too
high, even without heating. With heating, owing to the
increased volume of the air taken in, a still higher velocity
is attained, which seems to make combustion unsatisfactory.

Prior to‘the installation of an air cooler, it
was decided not'to make use of the supercharger, owing
to the temperature difficulty. The principle was used of
throttling down on the induction side, when valves with
big openings (small shroudings) were employed, in order
that the volumetric efficiency might be képt constant when

a number of inlet valves with different openings were to

be tested. In this way, the results could be compared,
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(although with a low volumetric efficiency). In this
mgthod the author has eliminated the effect of variation
pf the inlet temperature on the air velocity, through the
shrouded inlet valves.

Although, as stated, the volumetric efficiency
was low, it was kept constant throughout the experiments,
and it was felt that this method was fairly accurate for
studying the effect of turbulence on the fuel consumption,
when using different shrouded valves. The smoothing plug
was used with these experiments. The author suggests that
this method may be of some interest for aircraft compression
ignition o0il engines with a high compression fatio. |
Throttling down, while at low altitudes may be used. .At
high altitudes, normal run, full throttle may be made use
of. It is realised, of course, that in an aircraft engine,

at different altitudes, the exhaust pressure varies.
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TEST RESULTS.
(o] (¢]
VALVE I. (120 SHROUD, 240 OPENING).

This valve was tested for five different positions,
namely A, E, F, B and C, see Fig. (6). The fuel consumption
and B.H.P. were recorded, while speed, volumetric efficiency,
and air inleﬁ temperature, were kept constant. Fig. (9)
shows the relationship between B.H.P, and fuel consumption
per hour. The position of the valve is marked on each
curve, |

At 7 B.H.P. position E gives a fuel consumptioﬁ
of 3.5 lbs. per hour, while for poéitions B and C 6.2 lbs.
per hour of fuel,consdmptibn was recorded for the same
B.H.P. The fuel consumption for position F was 3.85 lbs.
per hour at 7 B.H.P, It may be of some interest to note
that the unshrouded valve gave a fuel consumption of the
order of 5.85 lbs, per hour at 7 B.H.P.

These results shew very clemrly that for the
same valveAthe fuel consumption is almost doubled for
positions B and C, as compared with position E. Thus b&
letting the air enter the cylinder in a direction so as to

ensure a circular motion, and hence come in contact with
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the fuel almost at right angles, the combustion is greatly
improved; while positions B and C, which in effect do not
allow of the air having such_motion,raised the fuel

consumption considerably for constant values of the

volumetric efficiency; inlet temperature of the air, load,

outlet temperature of the cooling water, and speed of the

engine.
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0 0
VALVE II (240 - Shrouding, 120 OPENING).

The curves showing the relationship between fuel
consumption and B.H.P. for different positions of the inlet
valve shrouding are plotted in Fig. (10). At 7 B.H.P. the

fuel consumptions for the different positions of the shrouding

are as follows: -

Position. Fuel in lbs. per hour.
F | 3.53 1bs. per hour.
E - 3 . 82 1] 1t ]
.A. 4 . 03 n ] il
B 6 . 1 l.l L] il
C |7 . 2 it 1 i

These results still indicate a high variation in fuel
consumption per hour, when the direction of the air is varied

through the shrouded inlet valve.
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' 0 ' 0
VALVE NO. III (280 SHROUD, 80 OPENING).

The five curves in Fig. (11) are test results
for the fuel consumption, as against B.H;P. All other
conditions are being kept very nearly constant.

The fuel consumptions for the five different

positions of the shrouded inlet vaive.at 7 B.H.P. are

as follows:-

Position.' Fuel in Lbs. per hour.
E 3.75 1bs. per hour.
F 3.9 " ¢ "
A | 4,45 " v v
B 5,45 " " "
c 6.6 " v v

D G AP D R Y D B WD PE e ey S 0w n- -
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. 0 . (¢]
VALVE IV (300 SHROUD, 60 OPENING).

Fig. (12) contains test results which shew the
fuel consumption for this valve, as against B.H.P., for

the positions marked on the curves.

At 7 B.H.P, The fuel consumptions of the

different positions given below:-

Position. Consumption in lbs. per hour.
E 3.65 1bs. per hour.
F 4 .05 f u 1
) .A. 4.5 1 l!. f1

The results for the four shrouded valvesshew
a remarkable vairation in fuel consumption, when com-

parisons of the different valve orientations are made.
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DISCUSSION OF RESULTS OF SECTION A.

THE IMPORTANCE OF THE DIRECTION OF THE INLET
. ATR ON THE PROCESS OF COMBUSTION.

Iﬁ Fig. (6), as mentioned in the earlier part
of this thesis, the inlet vaive could be placed in eight
different positibns. Owing to the existence of symmetry,
these could only be treated as five different positions
(so far as the effects of the direction of the inlet air
are concerned), namely Positions A, B, E, F and C. Thus
by placing the inlet valve in any of these positions, the
air could be given five different directions on entering
the cylinder. For the study of the effect of the direction
of the inlet air on the fuel consumption, Figs. (9), (10)
and (11), have been replotted on a different basis shewing
the relationshop between the fuel consumption per hour,
as against position of shrouding in degrees, for a few
different values of the B.H,P. |
VALVE I (120o Shroud, 2400 Opéning). Fig. (9), has been
replotted as shewn in Fig. (13). The curves shew the

relation between fuel consumption against shrouding
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position (in degrees) for 7, 6, 5 and 4 B.H.P.

It may be of interest to note that all the
four curves start at very high fuel consumpt ions (P051t10n ) :
and slope down rapidly until position E is reached (45 ), |
then the fuel consumptlon is nearly steady until Position F
is reached (135 ), when all the four curves slope up rapidly
shewing a marked increase in fuel consumption. In the case
of this valve Position E (450) gives the best results at all

loads.

o] o v
- VALVE NO. II (240 Shroud, 120 Opening).

Curves in Fig. (10) were replotted in the same
way as those of Valve No. I. Fig. (14) shews relation

between fuel consumption in 1bs. per hour against shrouding

position, for 7, 6, 5, and 4 B.H.P. All the four curves
shew a very high fuel consumption at position C (Oo), and
then slope down rapidly towards position E (450).. There is
then a very slight increase to position.A (900) followed by
a fall in fuel consumption at position F (1350), which in
the case of this valve gave the best fuel consumption. The

curves slope upwards again, and there is a marked increase
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. 0
in fuel consumption at position B (180 ).

0 0
VALVE NO. IIT (280 Shroud, 80 Opening). In the

same way Fig. (11) was replotted as in Fig. (15). In the
case of this valve the shapes of the curves are similar to
those of the previous valve.

" Positions E (450) and F.(1350) gave almost the
same fuel consumptions, and Position A gave a higher fuel

consumption than that in Fig.l4.

The results for these three valves also shew:
that when valves with big shroudings, i.e. small openings
were used, or in other words when the air was let into the
cylinder at high velocities, position A, which imparts
almost circular motion to the air, was no longer the
suitable position for a satisfactory combustion. This

will be explained later.

. e A . GD PR R D Y B
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DISCUSSION OF RESULTS OF SECTION A - CONTINUED.
EFFECT OF AIR VELQOCITY ON COMBUSTION.

Under fhis heading the author wishes to discuss
the importance of turbulence and how it effects the process
of combustion in general. It has been suggested, as
mentioned earlier in this paper, when experiments by
Messrs. Ricardo & Alcock were carried on a sleeve valve
engine, that there seems to exist a definite air swirl
which gives the minimum fuel consumption.

It has also been pointed out, that in the second
and third ignition oil engine (solid injection), turbulence
is very essential to attain a satisfactory combustion. The
reason for the necessity of turbulence advanced by the 
present author is one which extends the views given by
Mr. Ricardo., As soon as the fuel rushes into the
cylinder, in a pﬁlverized condition, the.minute droplets

of the fuel find themselves in an atmosphere of air rich
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(1)

in oxygen. When the delay period is over and a number

of these droplets have already been ignited, the flame
then starts spreading. At the same time, the préssure
commences to rise, which marks the beginning of the second
phase,

The rate of pressure rise depends of course on
the rate of fuel combustion, which in turn depends upon the
quantity of fuel present inside the combustion chamber, and
the rate at which this pulverized fuel comes into contact
with the 6xygen of the highly compressed air (which is at
high temperature).

At the start, the few droplets of the fuel, inside
the combustion chamber, £ind no difficulty in burning, when
plenty of oxygen surrounds them. As soon as a minute
fraction of a second passes, these droplets, together with
the fresh pulverised fuel entering the cylinder;will be

surrounded by zones where oxygen is rare, and unless there

(1) The chemical changes during combustion in a Diesel
Engine have received careful attention at the hands
of Professor Egerton, F.R.S., 7. Smith, D.Phil,,
and A.N. Ubblohde, M.A., in a Philosophical
Transaction of the Royal Society of London.
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is relative motion between the air and fuel particles inside
the combustion chamber (in order to supply the fuel with

the required quantity of Oxygenh), the combustion process
will be too slow to be éompleted in the short time évailable.
This suggests, of course, that the higher the velocity of .
approach between the air and the'fuel, the quicker the
combustion takes place, and thefétéﬁat combustion will be
hastened, and fuel consumption will be improved. The above
statement, however, has been proved'by experiments to be
incorrect, as it will be shewn later that optimum sWir1 may
exist in this (open Tangye) type of combustion chamber.

It has already been mentioned that tests carried
out by Messrs. Ricardo and Alcock on a sleeve valve engine
with directed air swirl, gave a value for optimum swirl of
about 10 times the crank R.P.M.

The results obtained in Figs. (9), (10), (11)
and (12) were plotted again for each position, and the
curves obtained shew the relation between the fuel con-
sumption and opening in valve shrouding for a few different

B.H.Ps.
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POSITION "A".  Fig. (16) shews clearly, for this position,

the best fuel consumptions for the open Téngye.type of
- conbustion chamber (for the same volumetric efficiency,
cooling water outlet temperature and speéd), for the

following B.H.Ps.

B.H.P. Fuel Consumption in lbs. per hour.
5 2.5 lbs. per hour.
6 - 3.0 o
7 3.55 v "
7.5 3.85 " v 0

It appears from the curves that the optimum
‘value of arc of shrouding is of the order of 150o
(i.ea 210o of opening). This gives approximately the best
fuel consumption, in all the cases shown., With position
(A) at 7.5 B.H.P. the fuel consum@tion varied from
3.85 lbs. per hour up to 7.1 1lbs. per hour. The curves

. 0
for the four different B.H.Ps, slope down from 60 valve

0
opening to & minimum at 210 valve opening, then slope up

to a remarkably high fuel consumption.
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POSITION “F". In Fig. (17) the best fuel consumptions
in this particular combustion chamber, and for the same

conditions of running for the few different B.H.P., are

as follows:-

B.H.P., Fuel Consumption in lbs. per hour.
5 2.5 1bs. per hour.
6 3 .0 il it u
7 3 042 it 1 1

7 5 3.7 i 1 n

The optimum opening for this position appears to be of |
the order 1600, i.e. (200o of shroud), roughly independent
of load. At 7.5 B.H.P. the fuel consumption varied
between 3.7 lbs. per hour up to 7.2 1lbs. per hour. The

four curves in the last mentioned figure slope down from
600 opening to reach the minimum fuel consumption at
approximately 160o opening and rise again to a high value
of fuel consumption at 3600 opening.,
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POSITION "E". This position gave curves of peculiar

shapes, which may be due to the rather complicated paths
o
taken by the air. Starting from 360 opening the curves

in Fig. (8) slope down to the best positions at about
o .

0

140 of shroud, i.e. (220 opening), when they curve up

and then come down again to a certain extent when they
o

reach 60 opening. At the best opening the fuel con-

sumptions are as follows: =~

B.H.P. Fuel Consumption in lbs. per hour.
5 2.56 1lbs. per hour.
6 3.0 " oo
7 3.5 " v
7.5 3.75 e

Also at 7.5 B.H.P. the variétion in fuel consumption was
from 3.75 1lbs. per hour up to 7 1lbs, per hour. The four
curves start with fairly low fuel consumption at 60o opening
and curve upwards and then downwards again. They indicate

0
minimum consumptions at about 220 and the fuel consumption
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0
 increases up to the greatest at 360 opening (unshrouded

valve).

~ POSITION "B". It may be of interest to note that in this

position the best fuel consumptions were obtained when the

inlet valve with the‘smallest opening was used; the next

best consumption was given when the unshrouded inlet valve

was used. The curves in Fig, (19) also shew maximym fuel
o

consumptions, which were at approximately 180 of opening

0
in the inlet valve (180 of shroud), are given below.

- B.H.P. Fuel Consumption in lbs, per hour.

5 3.86 1bs. per hour.

6 4,75 " ! !

7 6.35 ’" " "
The three curves in Fig. (19) start at fairly low fuel
consumption at 60o opening, and slope upward to reach a
maximum at about 1800 of opening. They then slope down

0

until they reach 360 of opening.

POSITION "c".

In this position the fuel consumption was

very high, The three curves in Fig. (20) are almost the

same shape as those of position B shewn in Fig. (19), but
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the fuel consumptions are higher.

0

It appears that an inlet valve with 140 opening
)

(220 of shroud) would give a high figure of fuel consumption,

which is shewn as follows:-

B.H.P. Consumption in 1lbs. per hour.
5 3.86 1lbs. per hour.
6 4‘75 ti ] 1
7 6.35 t L] 1

These results, obtained by the author, may
indicate the existence of an optimum inlet velocity of the
air, and it might be argued from this (with certain valve
positions) optimum swirl, These results not only indicate
the existence of optimum air inlet velocity alone, but may
show that the valuwe of this is effected by the shrouding
position, i.e. by the direction in which the air enters the
cylinder through the ihlet valve. In other words, there is
a definite valve opening for eVery shrouding position, which

gives the minimum fuel consumption for that position.
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SECTION "B",

VARTATION IN THE LIFT OF THE INLET VALVE AND
ITS EFFECT ON COMBUSTION.

It was mentioned in the early part of this
paper that two methods were used by the author in varying
the air inlet velocity. The first (as was described
earlier) is by varyihg the extent of the shrouding.

The second is by varying the 1lift of the inlet wvalve.

DIESCRIPTION OF APPARATUS.

The engine and most of the apparatus described
in Section "A" were used in the present experiments.
In addition, the air cooler,which has been mentioned

earlier, was installed. There were also the following: -

Mechanism for Varying the Valve Lift.

Fig. (21) shows the mechanism which was designed
by the author for the variation in the inlet valve 1lift.
It is of a very simple type, consisting of two levers
pivoted at their ends with a sliding pin in between
them; held by two rockers. The 1ift of the valve
could be variéd by varying the position of the sliding

pin. This could be done even when the engine is
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rumning. A small scale at the side enabled the operator
to know the value of the 1ift of the valve after a
calibration had been carried out.

Fig. (22) shows a calibration cufvé giving
the 1lift of the valve in inches in relation to the side

scale of the mechanism.,

INLET VALVES. Two inlet valves were used. The first

0 0
had 120 arc of shrouding (240 opening), the second
0 0
150 shrouding (216 opening). These shrouded inlet
valves were specially made, having a shrouding which

was &'

in height, so that the air could be properly
directed, even at high values of‘inlet valve 1lifts.
Also, the thickness of the shrouding was reduced to
compensate for the addition of the weight due to height

of shrouding.

Method Used for Carrying Out the Experiments.

The two valves mentioned were set in
three different positions, namely A, E and F (see.Fig.(6)).

Three loads for each position were tried.
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The speed of the engine was regulated so as to
register approximatély 1,200 R.P.M, The air inlet
temperature, wifh the aid of the cooler, was kept at
about ZOOC, while the cooling water outlet temperature
was kept at 6000. Most of these tests were carried
out while the volumetric efficiency was constant, the
method used to achieve this being to throttle down,
when big inlet valve 1lifts were employed, and supercharge
Tthe engine when small inlet valve lifts were used. A
few of the tests were carried out, while the throttle was
fully opened and in direct communication with the
atmosphere.  These few tests were carried out for the
purpose of studying the effect of the 1ift of the inlet:
valve on the fuel consumption for the few loads. 1In
each of these tests a curve was obtained, when the engine
was steady. The load was kept constant for each curve,
as also was the speed of the engine, the only variables
being the 1ift of the valve and the fuel consumption.

Only in a few of the curves was the volumetric efficiency

altered.
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TEST RESULTS.

0 0
VALVE WITH 120 OF SHROUD (240 OPENING).

Position A,

| In Fig. (23) there are three curves which shew
the relation between the valve 1ift, which varies from
.166" to 0.454™, and fuel consumption. The volumetric
efficiency was kept constant. The three curves are
plotted with constant loads, namely 10, 7, 8 and 6 B.H.Ps.
The fuel consumption varies considerably with the valve
1ift. With é load of 10 B.H.P. the variation was between
46 to 4.93 1bs. per hour. On the 8 B.H.P. load the
variation was from 3.67 to 3.94 1lbs. per hour. On
6 B.H.P. load the consumption varied from 2.91 to 3.175
1bs. per hour. |

Starting from the very small walues of valve 1ift,

the curves slope down to a minimum fuel consumption, then
rise slightly. There seems to be an optimum valve 1ift
. of the value of 0.430", where the fuel consumption is a

minimunm.



HouRr.
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Position E.

The three curves shewing the relation between
vélve 1lift and fuel consumption are plotted in Fig. (24).
For three different loads in these tests, the fuel
consumptions varied as follows:-

B.H.P. Consumption at 0.166" 1ift. At 0.43" 1ift.

10 4,95 1bs. per hour. 4,58 1bs. per hour.
8 4 . 06 3] f i 3 . 84: n 1 1
6 3.14 u i n 2.92 H it n

The fuel consumption with each curve is very slightly
increased at the maximum inlet valve lift. The optimum

value of the valve 1ift is somewhere about 0.43".

Position F.

In this position the tests in Fig. (25) give a
much higher fuel consumption at high loads, as compared

with the two previous positions, this being shown by:-

B.H.P. Consumétion at 0.166" 1lift, At 0.43" 1ift.
10 5.9 1bs. per hour. 4,78 1bs. per hour.
8 4 . 23 1" 1" i 3. 83 " n i)

6 3‘1 n it Hi 2‘9 1t it 1
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The optimum valve 1lift which gives the minimum fuel
consumption is 0.43" approximately for this position, and

it is more marked than in the two previous positions.

Fig. (26) contains two curves for the same valve
and the same position, namely the valve with 120o of shroud
énd position "F". These two curves are test results
for two loads which shew the variation in fuel consumption
relative to valve 1lift, while the volumetric efficiency was
not constant. The supercharger was not used for these
two curves. The fuel consumption was fairly low at high
values of the valve 1lift, but increased considerably with
minimum valve 1ift. At 6 B.H.P. the fuel consumption was
2.86 1bs. per hour at 0.43" valve 1ift, and increased to
3.62 1bs. per hour at 0.166" valve 1lift. At 10 B.H.P. the
fuel consumption was 4.9 1lbs. per hour at 0.43" valve 1lift,
and increased anbnmously at small lifts, until it was not
possible to reach the point where the lift Qf the valve
is 0.166". This is‘undoubtedly due to the fact that there
is not sufficient air to burn the large quantity of the

fuel introduced into the cylinder head. In other words,






49~

the air was the scarce fluid in thié case.

The curves in Fig. (26) were plotted to shew the
effect of variation in the 1iff of the inlet valve, while
the suction side of the engine was in direct commmication
with the atmosphere and with no restriction in the suction

side whatever.

o o)
VALVE WITH 150 SHROUD (216 OPENING).

Position "A".

In Fig. (27) the three curves are test results
which shew the relation between fuel consumption in 1bs.
per hour and valve 1ift, the'volumetriclefficiency being
constant. The curves are piotted for three B.H.Ps.,
namely 10, 8 and 6, The variation in fuel consumption
‘is shown as folldws:—

B.H.P. Consumption at 0.166" 1lift. At 0.545" 1ift.

10 5.06 lbs. per hour, 4;59 1bs. per hour.
8 4,13 " n i 3.65 ] I u
6 3. 377 1" B { 1 2.92 ] ] i
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The curves also shew in the case of this valwe that the

least fuel consumption was obtained, when the inlet

valve 1ift was at 0.545".

Position "E".

In this position the test results are plotted
in Fig. (28) for the three different loads, the fuel

consumptions in this position being: -

B.H.P, Consumption at 0.166" 1lift. At 0.545" 1ift.
10 5.34 1bs. pér hour. 4,83 1lbs. per hour.
8 4 06 i i i 3 173 Y i 1
6 3'24 it il il 2.95 i 1 I

The least fuel consumptions were at the maximum 1ift,

i.e. 0.545" 1lift.

Position "F“.

The fuel consumption in this position is much
higher than in the two previous.positions. The three

curves shewn in Fig. (29) are test results, and give the

- following values:-
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B.H.P. Consumption at 0.166" 1ift. At 0.545" 1ift.
10 6.1 1lbs. per hour. 4,9 1bs. per hour.
8 4,66 " oo 3.88 7 ! "
6 3.63 * oo 3.04 " ! !

The least fuel consumptions were also at about 0.545" 1ift.
Fig. (30 contains three curves which are test
results for 10, 8 and 6 B.H.P. The valve and position
were. as before, but volumetric effibiency was variable
and the engine was in direct communication with the
atmosphere. At 8 and 10 B.H.P. when the valve 1ift was
at its minimum there was insufficient air in the cylinder
to burn the fuel introduced, therefore the load could
not be maintained; while at 6 B.H.P. the fuel consumption
was about 0.9 1lbs. per B.H.P. hour. For the maximum
valve 1ift, the consumptions were 4.83, 3.94, and 3.14 1lbs.

per hour, corresponding to 10, 8 and 6 B.H.Ps. respectively.
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DISCUSSION OF RESULTS.

A general survey of the experimehts with valve
11ft variastion carried out on the Tangye Oil Engine may
give some idea of the important part the air velocity plays
in the combustion process., It seems that certain valve
1lifts give best fuel consumptions, while an increase or
 decrease in the value of these lifts raises the fuel
consumption to a considerable value in some cases.

 To study the effect of the air inlet velocity
on the combustion process, i.e. fuel consumption, the
curves shewing the relation between the fuel consumption
and inlet valve 1ift were replotied on different lines.
The air inlet velocity was calculated roughly. The
assumption made was that the inlet valve opened instantly
to the maximum value at the beginning of the suctioﬁ stroke,
and closed instantly at the end of the suction stroke.
It is realised, however, that this is not the actual fact,
but for the sake of comparison this method of calculating
the average speed of the air through the inlet valve was

used.
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o 0
VALVE WITH 120 SHROUDING (240 OPENING).

Position A.

Fig. (23) is replotted in Fig. (31). The curves
shew the relation between the fuel consumption in 1lbs. per
hour against air inlet speed (average) in feet per second.
The consumptions of the fuel per hour expressed against

B.H.P. at the speed of (147) ft. per second are as follows:-

B.H.P. Fuel'Consumption. Fuel Consumption
at 147 ft. per sec. at 381 ft. per sec.
10 4.62 4,93
8 3.67 3.94
6 2.91 3.175

It may also be of some interest to note that the optimum
ailr speed was 147 ft. per second approximately.

This speed could also be put in terms of the
crank revolutions, making the following assumption. We
assume (1) that the air on leaving the inlet valve takes
the almost circular motion round the centre of the combustion
chamber, and (2) that the mean radius of the swirling air is
taken at the centre of inlet valve to the centre-of the

combustion.chamber,
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It is appreciated, however, that this radius
varies with the shrouding orientation; as the problem
of the motion of the air inside the combustion chamber is
much too complicated, it was decided on the second assumption
for the sake of comparison only, and as a rough method.of
expressing air swirl in terms of crank revolutions.

Assuming the average velocity of the inlet air
v ft. per second, the

Air swirl Revs./sec., r being the

-
2Yir
distance between the centre of the combustion chamber and the

centre of the inlet valve.

. . Air swirl in terms of the crank revolution

= S0v approximately where n is the crank

revolu%ign?pgr minute. - In the case of this position of the
valve, therefore, the optimum swirl in terms of crank
revolutions is of the order of 11.70 : 1 approximately.

The curves in Fig. (31) start at a fairly high
fuel consumption at an air inlet speed of the value 382.0 ft.

per second, and slope down to a minimum value of fuel

consumption at the speéd of the inlet air of 147.0 ft. per

second. They then seem to curve very slightly upwards, to
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show a slight increase in the fuel used by the engine at

the low air speed of the order 116.0 ft. per second.

Position "E".

Fig. (32) shews the test results which were
plotted in Fig. (24). The ordinates give the fuel
consumption in 1bs. per hour, while the abscissae represent
the average inlet air velocity in ft. per second. The
three curves represent as before 10, 8 and 6 B.H.P.

The values of the fuel used are as follows:-

B.H.P. Consumption at Consumption at
147 ft. per sec. 381 ft. per sec.
10 4,58 lbs.per hr. 4,95 1lbs. per hr.
8 3.84 it i i 4.06 H i if
6 2.92 il it 1 3.14 " 1t il

From the curves the best average air inlet
velocity to give minimum consumption is of the order of
147.0 -ft. pefvsecond, approXimately, which corresponds to
an air swirl of about 11.7 times the crank revolutions.

The curves are almost the shape of those in the previous

position.






Position "EY,

Fig. (33) is also a reproduction of Fig. (25)

and the fuel consumptions at the three loads are as

follows:-

B.H.P. Fuel Consumption Fuel Consumption

- at 147.0 ft. /sec. at 381.0 ft./sec.
10 4,78 1lbs. per hour. 5.91 1lbs. per hour.
8 3.83 * oo 4,23 " " "
6 2.90 oo 3.10 " v

From the three curves the avefage air inlet velocity at
which the engine is most economical at this position is

of the order 147 ft. per second approximately. The
correspohding air swirl in terms of crank revolutions is
11.7Q approximétely. The three curves shew a higher fuel

consumption at high air inlet velocities as compared with

the two previous positions.
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Q 0
VALVE WITH 150 SHROUD (210 OPENING).

Position "A".

Fig. (27) was replotted with the average speed
of the air through the inlet valve shown against fuel |

consumption (see Fig. (34)). The fuel used by the engine

in this position was as follows:-

B.H,P. Fuel Consumption at Fuel Consumption at
133.0 ft./sec. 435 ft./sec.
Average Speed. Average Speed.
10 4,59 1bs. per hour. 5.06 lbs. per hour.
8 3 65 4 1 " 4.13 1 ] i
6 ) 92 u 1 u 3‘377 1 ] ' ‘N

The three curves indicate clearly that the average air inlet
velocity of 133 ft. per second gave the best fuel consumption;
the corresponding air swirl in terms of the crank angle was

of the order 10.60 approximately., The curves also seem

to slope downwards as the speed of average inlet velocity

decreases.

Position "E™.

In Fig. (35) are test results plotted from

Fig. (28); The fuel consumptions for this position were:-
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B.H.P. Fuel Consumption at Fuel Consumption at
133 ft./sec. ' 435 ft./sec.
10 4,82 1bs. per hour, .34 lbs, per hour,
8 3 . 73 i 1‘1 it 4 ‘06 ] ] H
6 2.95 i 1 i . 3.24 u n n

The three curves also shew the least fuel consumption
occuxs when the air velocity through the inlet valve was
133 ft. per second, This corresponds to an optimum swirl

of 10.60 (approx.) times the crank revolutions.

Position 'F'.
In this position the fuel consumptions against
average air inlet velocity are plotted in Fig. (36), from

test results from Fig. (29). Some of the results are as

follows: -

B.H.P, Fuel used at Fuel used at
| 133 ft./sec. 435 ft./sec.
10 4,90 Ibs. per hr. 0.1 lbs. per hr.
8 3.88 ¢ v ¢ 4,66 " " ¢
6 3.04 it it ii 3,63 it i il

The optimum swirl in terms of crank revolutionms
is 10.60 approximately. The average speed at the minimum

fuel consumption was about 133 ft./sec. The three curves
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also shew a slight increase in fuel consumed at high loads,

as compared with the two previous positions.

From the above results, it seems probable that
an optimum swirl does exist in the case of the open
combustion chamber (Tangye) type. It is certain that by
using very small lifts with the inlet valve (and it may be
argued from this at very high inlet velocities of the air)
the combustion process is éffected and a considerable
amount of the fuel is wastéd.

A proper investigation of the results on the
Tangye Engine, together with the evidence of the experiments
carried out by Messrs. Ricardo and Alcock, reveals that
there is a certain air swirl inside the combustion chamber,
which would result in the most satisfactory combustion. In
exceeding this value, the fuel consumption seems to increase.
The author suggests the following reasons for this behaviour:-
(1) With excessive air swirl, the air may perhaps blow out

the flame or delay its movement.
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(2) A high swirl movement given to the air may perhaps‘
cause the latter to drag the fuel with it. This of
course will result in a slow burning due to the fact that
the fuel is carried in zones where Oxygen is rare, and
therefore the fuel will burn in a very slow manner.
(3) Another effect of the excessive air swirl may be to
drag the fuel and force it on to the surface of the com-
bustion chamber, resulting in a slow and unsatisfactory
combustion.  The surface of the combustion chamber is
comparatively cool, and when the fuel is in contact with a
cool surface and is not completely surrounded by air, it
naturally burns very slowly. This in effect may account
for the higher fuel consumptions.
(4) The excessive air swirl may cause the concentration
of hot burnt gases in the middle of the combustion chamber.
These burnt gases may surround the freshly injected fuel,
in this type of combustion chamber where the nozzle is in
the middle and delaying the burning process at the end of
the second phase and during the third phase of the

combustion process.
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(56) Heat losses to the cylinder walls may be very

appreciable when the air swirl exceeds a certain limit.

Any of the above reasons may be correct. It
may be that the whole process may be effected for all these
reasons, or may be due to one only or some combination of

the reasons.
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PART 1II.

"DELAY PERIOD AND DIESEL KNOCK".

INTRODUCTION.

(3)
C.B. Dicksee states that the question of noise

in a Diesel engine is important, not only from a public

point of view, but because noise, which is sometimes accepted
.as inevitable in the compression ignition oil engine, is in
reality detrimental to the engine itself, The Diesel knock,
like detonation in a éetrol engine, may result in high stresses,
so that the relative roughness of the compression ignition
engine is a serious handicap to its speedy and general
adoption..

Heldt, in his book "High Speed Diesel Engines”fl)
states that in general the efficiency of thé Diesel engine can
be increased by advancing the injection, but unfortunately
this improvement is usually accompanied by roughness in
operation.

~ The general adoption, and the improvement in
combustion efficiency of the Compression Ignition solid
injection type seems to be dependent on methods of tackling

the Diesel knock,  Although the Diesel engine has many
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advantages over the petrol engine, the noise problem,
probably one of the main disadvantages, seems to be a big
obstacle in the path of its success, especially in the motor
car industry. For the same reason, the injection of the
fuel is retarded, although this method of smoothing the
operation of the engine, lowers its thermal efficiency.

So far as The petrol engine is concerned, there
have been many theories. suggested for the causes of knock.
The author does not feel justified in describing all of
these in this thesis., For detail classification see e.g.
book by A.W. Nash and A4, Howeg%G)

The following are the important theories
advanced at present for petrol engine knock.
First:- The Spontaneous Ignition Theory of Knocking.

(20)
Lloyd Withrow and Geral }M. Rassweiler, with

the aid of a speed camera and a quartz window, arrived at

the following conclusion:~  The knock in a petrol engine

(the petrol having an octa&% number of 48, and the spark
o

advance 25 degrees), started when auto-ignition occurred

near the end of the combustion space, at a point well

separated from the normal flame front. Accofding to
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this theory, the knocking properties of the fuel are
determined by the temperature at which it will ignite on

compression by the traﬁelling wave,

Second:- The Peroxide Theory of Knocking.

This involves chemical changes inside the
combustion chamber. A sampling mechanism has been used,
gas being collected at different parts of the cYcle and.
analysed, For details see paper by Professor Egerton and
otherg%8)

In a compression ignition oil engine, knock
occurs at the early part of the combustion process. The
fuel is injected and there isitime interval before it burns
and the pressure rises; this time is called the delay period.
During the delay period a quantity of fuel enters the cylinder;
some of this fuel evaporates (with possible chemical change),
and the rest is still in a liquid form (very fine droplets)
at the end of this period. Once the ignition starts, the
combustible mixture burns quickly. The knock occurs if
a considerable amount of this fuel burns very rapidly at the
end of this period.

. (3) . ,
C.B. Dicksee, states that "the delay period
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or time lag, which exists between the moment at which
injection commences and the appearance of pressure-rise
due to combustion, plays a vitally important part in the
successful operation of the engine, It is during this
period that knock originates; in fact it may be said
without fear of contradiction that it is the delay period
which produces the knock".

From the evidence given above, and the absence
of published information concerning the chemical changes
involved, it seems that the knock in a compression’ignition
oil engine may be caused by the existence of a large
quantity of fuel, inside the combustion chamber, ready
to unite after the delay period with the oxygen it has
already mixed with.

Taking these views into account, the author
decided'to attempt to eliminate a great deal of the knock
often observed in Diesel engines (and so ensure a smoother

running of the engine and a longer life). Two methods

suggest themselves.
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First:- The Shortening of the Delay Period.

In this method, the delay period must be made
as short as possible, by J;iéping the fuel or increasing the
compression temperature.  With regard to {doping, some
liquid fuels have been tried out with some success. Thus,
e.g. MNr, Ricardg}O)has found that a small percentage of
Amyl-nitrate has the effect of decreasing the ignition lag.

G.D. Boérlage and J.J. Broeéggﬁave found that
when some fuels cause knocking they could be made non-knocking
by supercharging. Non-knocking fuels, however, could be
made to knock on throttling down on the suction side of the
engine. How far these effects are due to temperature, i.e.
whether density of air charge has itself an effect, it is
difficult to say. This method sometimes requires very high

pressures to prevent rough fuels from knocking, and ensures

a smoother running of the engine.

Secondly:~ The Use of Pilot Injection for Anti-Knock Purposes.

| The author here suggests the introduction of a
small quantity of fuel to start ignitiom, this "pilot

injection" to be followed by the main charge within a few
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degrees after the delay period is over, i.e. after the flame
has established itself in the combﬁstion'chamber. The
author is not aware of any published results dealing with
this method for reducing the Diesel knock.

This method is an attempt to overcome the difficulty
of the presence in the cylinder of s large quantity of the
fuel charge after the delay period; and should ensure a
ouieter running of the engine. This method, as will be seen
later, has proved to be fairly successful. To test the
author's suggestion, a new Bosch pump and nozzle had to be
installed. This will be referred to as the pilot injection
pump and nozzle, Details of the installation and tests
will be discussed later.

The author also suggests the possibility of a
third method, which involves a device acting as a pressure
relief mechanism. To keep the pressure constant after |
ignition some mechanism must be made to increase the
volume, One arrangement would be the mounting of the
crown of the piston on a spring, so that as the pressure
inside the combustion chamber increases, the crown of the

piston compresses the spring, and relieves the pressure.



68 -

In this method there is very little loss of efficiency due
to making the cycle more of a constant pressure one., The
advantage of it is on the one hand that only a little move-
ment of the piston (of the order of £") is needed to increase
the volume of the combustion chamber; on the other hand,

at the end of the exhaust stroke, the piston clears out a
larger volume of the exhaust gases. But on calculetion

it was found that the beam type spring, which is the best
type for a'rigi& construction of the piston, would compress
very little, and the utility of the device is probably
negligible. | | | |

Another mechanism that suggested itself consisting

of an auxiliary deta¥chable chamber, may be of interest.
-This mechanism is a simple closed chamber, the volume of
which is about one-third of that of the combustion chamber,
with two mushroom type valves. One valve opens into the
combustion chamber, and is held on its seat by means of a
lift spring. The other opens into the auxiliary chamber

and is held by a stiff spring to allow it to 1ift only

when the pressure inside the .combustion chamber exceeds a
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certain limit. For simplicity these two valves could be

made concentric. The thermodynamic analysis of the cycle

has not been attempted. Actually the device has not been

tried. It is in effect a relief valve, the escape from

which is usefully employed later.




Pilot Injection System.
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DESCRIPTION OF ADDITIONAL APPARATUS.

The Cylinder Head.

When the work on the delay period and "Diesel
Knock" was decided upon, a new cylinder head had to be made
with an additional hole-for indicating pﬁrposes, while the
original indicator hole was used for a second nozzle.
Fig. (37) shows the new cylinder head designed by the
author, which is a modification of the old one. The
indicator hole and the new nogzle hole, are in a straight
line in opposition to each other inside the combustion
chamber,

The pressure element of the indicator, which is
IZL“ diameter.had to be screwed into the cylinder head
from between the two push rods. To allow of this being
done the push rods had to be reduced in diameter near the

pressure element of the indicator.

Pilot Injection System.

An additional Bosch pump was installed for the
purpose of supplying the engine with a pilot‘charge; A

nozzle, with one small hole, was fitted in the cylinder
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head horizontally. The fuel was injected from this nozzle
in a direction inclined to the normal to the cylinder, in
fact in a direction having opposite direction to the air
movement inside the combustion chamber.

The pump was chain driven by the engine. A

gear wheel mechanism reduced the speed of the pump to half
the engine speed, and could be operated by hand‘in‘order to

vary the timing of injection. See photograph.

Mechanism for Varying the Injection Timing.

The mechanism was designed by the euthor for
“the purpose of obtaining a big range of variation in the
time of injection of the inlet charge. Fig. (38) shows
the mechanism designed,

The gear box was so arranged that its cover was
extended and formed a circuiar segment (rather more than
180o in arc), with slant teeth cut on the circular edge.
A hand operated worm wheel, which was mounted on two
small bearings directly under the gear box, engaged the
slant teeth. By turning the worm wheel by hand, the |

Whole.gear box could be made to rotate round two bearings

which carried the box; the axes of these bearings were in
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line with those of the two spindles, as can be easily
seen from Fig. (38). In this way the timing of injection
could be varied while the engine was running. A circuler
brass index, marked in degrees, was attached to the gear box
cover, concentric with the centre of rotation of the gear
box.
Oné of the two bearings, supporting the gear box,

had a locking device. The gear box was made oil tight,

and the lubricating oil was introduced from a small hole

at the top.

Devices for Setting the Two Bosch Pumps.

The makers supplied the engine with a special hand
operated lever and a ratchet arrangeﬁent. The governor
and the fuel pump were connected to this lever. It was
not a suitable mechanism for accurate setting of the fuel
pump.

The author disconnected the lever from the pump
and attached a special micrometer (made in the Mechanical
Engineering Department), diréctly on the fuel pump ratchet

only. It was arranged that this micrometer was mounted in

such a way that its spindle could be reduced guiokly in
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the case of emergency. A locking device was also provided.
The other end of the ratchet of the fuel pump was
spring loaded to take up the back-lash.
The governor had no control over the engine with
the above arrangement.

Another micrometer of a similar type was fixed to

the pilot Bosch fuel pump.

Fuel Supply to the PilotnFuel Pump.

An additional fuel tank, small in size, was installed
for the purpose of supplying the pilot injection system with
different fuels, A calibrated glass bulb, small in sigze,
was Titted (in the suction line to the pilot fuel pump),
for fuel measurement purposes. A tube connection between
the two fuel supply systems, with a quick action valve was
instélled. With this connection the pilot injection system
could be supplied with fuel from the original tank and vice-
versa.

A small valve was also fitted very near the pilot
fuel pump, for the purpose bf emptying the fuel pipes as
well as the Bosch fuel filter, in short time. See

photograph.
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Injection Timing Indicator.

Tﬁe two fuel atomizers (nozzles) used were of
the Bosch type with a spring loaded valve. The valve
lifts, when the pressure of the fuel reaches a certain
value and allows the fuel to forcé its way through the
hole or holes, in the nozzles, into the engine cylinder;

It is not much wrong to assume that the times
et which the nozzle valve 1ifts and the fuel enters the
cylinder of the engine coincide, i.e. the two phenomena
are almost instanteneous. The author assumed that the
time at which the atomizer valve lifted is the commencement
of the fuel injection. Another method has been used |
extensively by many authors. This method included the
pressure diagram of the fuel injected. The commencement
of the pressure rise is taken as the timing of injection.

This method, in the author's opinion, is not
very accurate. The fact is that the pressure rise of the
fuel does not indicate the commencement of injectionm,

An appreciable Time may pass in order that the pressure
may build up and force the nozzle valve off its seat.

- Also the time for the pressure wave to reach the nozzle
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may introduce an error, which varies with the speed of
the engine.

A petrol engine contact breaker was fitted
on top of each nozzle. In each case a light needle was
used, one end of it was in contact with the top end of
the nozzle valve, and the other end was in contact with
the insulated centre of the light rocker of the contact
breaker. The contact points were adjustable.

The adjustment was made so that as soon as
the nozzle valve lifted, the needle pushed the roller and
broke the contact. The roller of the contact breaker
was spring loaded and very 1ight.

To start with, the primary circuit of a
sparking coil was connected to the contact breaker. The
secondary side (high tension) was connected to an insulated
stéel rod ending in a cone with a very small (ball shaped)
end situated near a brass drum. This brass drum was about

z" outside diameter and was mounted on the end of the
hydraulic brake shaft. The drum rotated at engine speed.
A thin piece of paper was on the drum. The drum formed the

earth side of the high temsion circuit. A spark pierced the
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paper at the time the nozzle valve lifted. For the
top dead centre mark, the contact breaker was operated
while the engine was at top dead centre. This method,
however, was not acéurate enough, due to the fact that
the spark did not travel in a straight line, and the

result was the spark pierced the paper in a number of

places over a fairly wide range. ' |
Professor Egerton and othegi?) have described

a method for the measurement of the spark timing in a

petrol engine. The author, on Professor Lees' advice,

adopted the same principles. The primary circuit was

connected as before. A small neon lamp was inserted

inside an insulated material with a slot in it (1/32"

in width). This neon lamp was fixed to the brake shaft

inside the brass drum, and rotated with it at engine speed,

A graduated disc, marked in degrees, with its centre

concentric with that of the shaft, This—dise formed

a cover for the drum, and could be rotated by hand or

locked at any position.  Another slob was machined in

this disc at the same distance from.the centre as that

of the insulated material containing the neon lampn’



Neon Tube Injection Timing

Indicator.
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A pertscope was fixed to the.disc, with a mirror fixed
at 45 near the thin slot of the disc.

The secondary side (high tension) of the sparking
coil was connected to the neon lamp. Every time the
nozzle valve lifted, a flash passed through the neon lamp
and was seen through the pefiscdpe. See ﬁhotograph.

While the engine was running, the periscope with
the disc was rotated by hand until the beginning of the
flash appeared and the angle was then noted. The top dead
centre was marked, when the engine was stationary, and the
contact breaker was operated by hand. By this method,
the timing of injection relative to top dead centre was
noted.

This mechanism was synchronised with the contact
breaker of the engine indicator (which is described later),

and was found to be fairly'accurate.

High Speed Engine Indicator.

The Engine Indicator used was a Metrovick-Dodds
high speed indicator, supplied by Messrs. Metropolitan-

~ Vickers Electrical Co. Ltd., of Manchester. The Indicator



Metro=-Vick-Dodds Engine Indicator.
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consisted of five separate units, namely, the exciter

unit, cathode ray tube with a magnetic deflecting system,
contact breaker, pressure element, and a pressure gauge for
Peéording maximum pressures. The pressure element was made
up of a pile of resistance material (composition unknown),
the resistance of which varied with the pressure. The
change of this resistance varied the current, t@@ugh the
magnetic deflecting coils, mounted on the cathode ray tube,
produced a deflection in the ordinate direction as the
pressure varied inside the cylinder. The pressure element
consisted of a stainless steel body with a circular flat
diaphragm 27/1000" thick integral with it. The whole
elenent was water cooled,

The base line or the.horizontal sweep of the
indicator diagram, which was formed at the screen of the
cathode ray tube, was obtained electrostatically by charging
up a variable condenser through a high resistance, and
suddenly discharging this condenser by short circuiting it
through a contact breaker mechanism driven from the end of
the crank shaft of the Tangye engine. The base line of

the indicator diagram represented crank angles, See

Photograph of the indicator.
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A graduated disc, in degrees, was also part of
the equipment of the contact breaker, for the purpose of

measuring and locating different points on the indicator

diagram,

Noise Measuring Instrument.

The photograph shews the instrument used for
measuring the engine noise, It was a M.L. Noise Comparator,
which was kindly loaned by the Institution of Automobile
Engineers (Research Department). In order to obtain
a measurement of the voltage generated by the sound waves,
the voltage is amplified by means of 8 third, or rectifying
valve, which is polarised by a grid bias battery, so as
to work on the bottom bend of the anode characteristic
curve. A milliammeter is inserted in the plate circuit
of this last vaive, and norhally reads zero.

When an alternating voltage is impresséd on the
amplifier the resultant alternation in grid potential on
the rectifying valve permits a current to flow in the plate
oircuit; and the reading on the milljiammeter is a measure of

the amplitude of the impressed voltage, and hence the



View of M.L. Nofse Comparator.
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amplitude of the noise is picked up ‘by the receiver. The
photograph shews the instrument with the microphone |
transformer. The microphone was placed very near the
cylinder head., It was actually attached to the air inlet
pipe (which in turn was connected to the engine by a rubber

tube).
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PART II.

SECTION A.

EFFECT OF SPEED ON DELAY PERIOD.

t was felt that some light might be thrown on
the subject of the delay period and its behaviour when the
speed of the engine was varied. Ricardo in the Proceedings
of the I.A.E. 193éiogtated that "under any given conditions
as to fuel, mixture, strength, oompression pressure and
temperature, the delay péribd occupies a substantially
constant period of time'irrespeotive of engine speed, and
therefore, as the speed increases the injection timing must
be advanced to compensate for the del@y. Davies and
Giffen, I.A.E, 15%1, found that the ignition lag or delay
period varied in time with the speed. Dicksee has also
~ given results which are not in complete agréement with
those just mentioned.

In the author's opinion, the instruments used
by many researchers, were not good enough, for the measure-
ment of the delay period at high speeds. To clear up

this point, with the aid of the instruments already

described, some tests (to be described later), were carried

out.
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At first a number of tests were carried out for
studying the effect of speed on the delay period, with the
main fuel pump in operation only, and the smoothing plug
fitted in the place of the pitot nozzle. The volumetric
efficiency was not kept constant. A test was also carried
out to find the effect of variation of volumetric effioiency
on the delay period, with the engine speed kept constant.

At the end of these tests a number of further tests were
on the delay perio&,.but with the volumetric efficiency

kept constant at different speeds.,

Method Used for Carrying out the Tests.

The engine speed was varied from aBout 1000 R.P.M.
up to about‘1800 R.P.M. The engine “eighgqspuﬁéd" (when
the timing of injection was fully retarded) at about |
900 R.P.M. and therefore it was not desirable to go‘below
1000 R.P.M. A reason will be suggested for"eight-stroKing"

later on.

f At about JI° after T.D.C.
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It was also felt that for the sake of comparison
the quantity of the fuel injected per cycle must be kept
constant. This was done by means of the micrometer.on the
fuel injection pump. The volumetric efficiency was regulated
by means of the inclined water gauge, (for calculation see
Appendix). Air inlet temperaturé was regulated by means

0
of the air cooler, and was kept at about 20 ,approximately

0
The water outlet temperature was kept at about 60 C. The

brake was adjusted to give the required speed. Timing of
injection was noted by means of the neon lamp indicator.
The fuel consumption measurement was carried out using the

revolution counter, so that the fuel per cycle could be

calculated accurately.

Timing of Combustion Measurement.

The contact breaker of the engine indicator was
rotated by hand, until the beginning of the portion
represénting the commencement of combustion coincided with
the starting point of the indicator diagram, or, with any
given datum line on the tube screen. The first method
was preferred as the starting point, and is always constant.

The angle on the graduated disc was noted. Top-&ead-cenﬁre
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was checked by means of the neon tube indicator, and therefore
the timing of combustion in reiation to top dead centre was
used on the contact breaker disc, hence the delay period. Fig.
(39) shews two photographs, A and B. The hump of com-
bustion very near the commencement is shown by A. B shéws
the beginning of combustion at the starting ?oint of the

diagram, Injection timing was retarded.

TEST RESULTS.

I. Variable Volumetric Efficiency.

The timing of injection of the main pump was
fixed in three different positions.

(i) Timing of Injection Retarded.

Fig. (40) shews a diagram when the timing of
injection was at 8.75O after top—dead-centre (average).
Three curves are plotted in this Fig. (a) Deiay period
in secondsx 10“3 plotted against engine speed in revolutions
per minute. (b) Volumetric efficiency against revolutions
per minute, and (c) torque in 1b.ft, plotted against
revolutions per minute.

-3
The delay period decreased from 1.2 x 10
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to 0.48 x 10-'8 seconds, as the speed of the engine increased
irom nearly 1015 R.P.}, to 1380 R.F.l., After this, the
delay period increased as the engine speed increased;
at 1780 R.r.ll. the delay period was 0.64 x 10“3 seconds.
This increase, however, in the delay veriod, as will be
explained later, may be due to a decrease in volumetric
efficiency at high speeds. The curve for the volumetric
efficiency shews a steady drop in the value of this, as the
speed of the engine increases. The volumetric efficiency
at 1015 R.P.M. was 0,895, while at 1780 R.?.H. it fell to
0.67. '

The torque curve shews a steady drop from 35.6

1b.ft. at 1380 R.P.M. to 33.8 1b.ft. at 1780 R.P.i. This
drop must be largely due to drop in volumetric efficiency.

I. (ii) Injection Timing near Top-Dead-Centre.

Fig. (41) shews the results when the injection
timing was at 0.87O after top-dead-centre (average). The
curves in this fig.,as before, shew delay period in seconds
X 1O~3, volumetric efficiency and torque in 1b.ft. against

speed in R.P.M,

The delay period, as before, decreased as the
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speed of the engine increased to about 1400 R.P.M., and
after this increased as the engine épeed increased.
The volumetric efficiency decreased throughout as the speea

increased. The torque started dropping when.the engine speed

increased above 1368 R.P.M. A few of the results are given
below: -
: -3
R.P.I, D.P, Seconds x 10 Vol. Eff, Torque in

. 1bs.ft.

1000 0.542 0.9 40.8

1368 0.422 0.795 40.8

1760 0.466 : 0.675 - 35,6

D.P. represents delay period,

I. (1ii1) Injection-Timing Advanced.

In Fig. (42) the injection timing for the results
plotted was 5.‘75o (average) before top-dead-centre. The
fig. shows three curves. The absciésae represent speed of
the engine in R.P.M., the Ordinates represent the delay
period in seconds x IO- ’ volumetric efficiency and torque
in 1b.ft. ‘The curve for the delay period starts from the
highest point at 1000 R.P.M. and slopes down rapidly to a

minimum at about 1600 R.P.M. Then it increases at the

higher speeds. The volumetric efficiency (as before)
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dropped steadily as the engine speed increased, while the
torque only started decreasing when the speed increased

above 1378 R.P.M. The following are a few of the test

results:-
R.P..  D.P. in Secs. x 10°. Vol. Eff.  Torque
in 1b.f%.
1000 0.666 ’ 0.895  38.5
1600 0.362 0.75 . 37.9
1800 0.376 | 0,67 36,7

1. Effect of Speed on Delay Period with
Constant Volumetric Efficiency.

To study the effect of speed on delay period
only, other variables must be kept very nearly constant.
Volumetric efficiency has a big influence on the temperature
and pressure of the compressed air inside the engine cylinder.
It also affects the speed of the inlet air, which may in
turn affect the swirl at the time of combustion, A test
was carried out to discover the effect of variation of
volumetric efficiency on delay period. The speed of the
engine was kept constant at about 1200 R.P.M. The
quantity of fuel injecfed per cycle was kept constant by

means of the micrometer on the fuel pump.
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The brake was so adjusted as to keep the speed
of the engine constant. The temperature of the inlet
alr was kepﬁ at aboutl ZOOC,, while the outlet temperature
of the cooling water was about 6000. The volumetric
efficiency was varied by throttling down (when low values
were required) and supernharging (at high values of
volumetric efficiency). Injection timing was kept at
2.5O after top~dead centre.

Fig, (43) shews test results. There are two
curves shewing the relationship between delay period in
secs, X :l.O-3 and torque in 1lb.ft. as against volumetric
efficiency. VThe curve for the torque starts from 38.2
1b.ft. (this being the highest at 1.025 volumetric effic-
iency) and slopes down gradually until it reaches 36.7 1b.ft.
at 0.663 volumetric efficiency. Then it slopes rapidly
to the value of 31.45 1b.ft. at 0.538 volumetric efficiency.
After this point it was very difficult to maintain the
speed.

The delay period curve starts from the value

-3
of 0.833 x 10  seconds at 0.538 volumetric efficiency,
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and drops down steadily until it reaches the value of
0.208 x 10~ seconds at 1.025 volumetric efficiency.
This curve, however, as will be discussed later, may éxplain
the reason for the slight increase in the value of the
delay period at very high speeds in testS'élready described.

It was therefore decided to supercharge the
engine at high speeds in order that the volume of air used
by the engine per cycle could be kept very nearly constant.
The inclined water gauge was used for regulating the quantity
of air. The inclination of the original water gauge was
8 : 1. This had to be replécea by one of 5 : 1 inclination,
as the volﬁme of air down at 1800 R.P.}. could not be
measured by the original water gauge. For calculation
and graphs see Appendix, The air inlet teﬁperature wa.s
kept about ZOOC. by means of the air cooler. The speed was
regulated from the brake., The fuel was set to give constant

quantity per cycle. The delay period was measured as

described before. The outlet temperature of the cooling
0
water was 60 C.
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TEST RESULTS,

The tests were carried out for three different
values of injection timing. TFig. (44) contains three

curves shewing the relationship between engine speed
(R.P.1.) and delsy period in seconds x 10—3 for the three
different injection timings, viz., 10.250, 0.50 after
top~-dead-centre, and 5.250 before top-dead-centre; at

constant volumetric efficiency. A4s can be seen from the
figure the threelcurves shew a decrease in the value of

delay in secse X 10_3, as the engine speed increases. The
curve for 10.250 after top-dead-centre forms almost a
straight line, while the other two curves tend to bend
upwards at very high speeds. But in all cases they decrease
~as the speed increases, and the variation in value of the

delay period is very marked, The following are some of

the results:-
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Injection Timing, Speed. Delay Period ig;SeCS.
0 -3
-3
" " ! 1800 0.605 x 10
0 -3
‘0.5 " " 1000 0.915 x 10
-3
f " " 18Q0 0.55 x 10
o} -3
55,25 before T.D.C. 1000 0.680 x 10
" u " 1800 0.43 x 1072

DISCUSSION OF RESULTS.

A general survey of the test results described in

Section "4", Part II of this thesis, indicates that the
delay period is not constant in time at different engine
speeds. Vhen the volumetric efficiency was allowed to
vary, there was a slight increase in the delay period at
very high speeds. See Figs. (40, 41, 42). This increase
was no doubt due in a great measure to the fall in
volumetric efficiency. The test described, in which the
volumetric efficiency was varied, while speed and quantity
of fuel injected per cycle were constant, supporfs the

above statement. Test results shown in Fig. (44), in

which the volumetric efficiency was constant and the speed
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Varied, give another demonstration that the delay period
is not constant in time, for the delay period decreased as
the engine speed increased, even at very.high speeds.

The author submits the following views on the
subject: -

For given conditions of temperature, pressure, and
fuel, the delay period depends (amongst other things)‘on
the relstive velocity.of approach between the particles of
fuel and the swirling air. The delay period, it is
suggested, is the time required for the heat from the air
(which is at high temperature) to be transferred to some of
the fuel oil droplets, so raising its temperature to the
ignition point that it ignites it under.the given conditions.
Now the swirl and the relative velocity of approach is
almost constent in terms of the crénk revolutions, and
therefore vary as the engine speed varies, provided the
volumetric efficiency is kept constant. It followsAthat_
this process.of heat transfer varies with the speed, amongst
other things.

According to the principles of dimensional thedry,

and considering a droplet of fuel stationary, while the air
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moves round 1it. Heat transfer between the air and the

fuel per unit time is a function of:-

1. Densities of airand fuel. ( p ).

2. Visgosities of airu  « ; (HA).

3. Radius of the fuel droplets.(a)

4, Heat conductivities of fuel and air K .

5. Temperature difference between the air and fuel
droplets. | (6)

6. Speoifio heats of fuel. KP.

7. - Relative velocity of approach between the air and
the fuel droplets. (v). (depending on engine
speed and injection speed).

8. Surface tension of the fuel droplets.

9., Latent Heat. (Ll).

It will be noticed that chemical factors are
here omitted. No doubt such factors are of primary
importance, but the object of the present investigation
is to endeavour to interpret the facts observed in terms
of the physical factors, as it seemed possible that some
progress might be made in this direction.

g 1is ignored, and also the surface tension.
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a - Lc
© =6
-3 -1
X = MLT 6
-3
f' = ML
2 -2
L1 = L T
-1
v = LT
time = t.
-1 -1
P st
2 .2 -1
K =L T ®©
Y

Consider a droplet. Temperature difference 6 at surface
of radius(a)at time t is:
« y§ &€ 5 1 i A
Take & = OﬁKlev Kp’c/l
By substituting the values of each as above.

.

“ B 3 -17, 3§,9--2€, 1% g, -1 -1}

..6= L o 11 "e ) QL )(LZT )(1r 1); T"(ML T )
-2 -1
(LZT 2 0 _)’l

From above the following equations are derived:-

For @ 1 2 P=Y=T  eiiiiiiiiiiiieiananns (1)
L0 md4 V-3842€+ S~At2)) oiii.... ceseeen (2)
L o S P P Ceeaeas (3)
"1 0 z-3¥-ze~Erin-2h (4)



These are four equations for nine unknowns.

Take independent variables as B,y , §, ¢, & .

. h= B~ (+l) from (1)
= = (V5 "(3)
and 2e-¢ = -3y-$-xn2h v (g)

- 3y =S4+ s) ;gr,
a2y-%48- 2
-2y -%46-2(B-Y-1)

= -4-2pss5+2

*

O 2e=i-8-2p1590

and hence« = =Y+36 - 2€ -%x ) -2 ) from (2)
Substituting = 435 - «+52 B-5-2-£(Y+5) - 2(B->= 1)
-5 :

. . Substituting

| N
- B F=52P 18+ 2 §.p i ~(V+s)
R e 7 AR T

0= &

5
or @z le [@L k][KkP A 1y [ale e

- L < L 3
[= ! L t] [y ]
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K
Now for a given air /,,IE is constant, and by dividing

the two sides by le -1

j@ af’Ll , It v]. ..... (5)
a Ll?a‘ .

- afv, Lt v
or alternatively :J{[‘?—Eﬁp———, ““}(f}“"’ wl’a > I® ]
1

There is also the possibility of:-

L
)
Wt

kp fair K air v injection
’ ’ , and -
Kpoil [ oil = K oil v swirl

coming in as well,.
Similarly at time t if radius a becomes

radius r:
. Gk afv , Ll t v *]
& J(z “P“Ll * M e Lq7

X
2
Now from (5) (GJkE ) and (a‘f;} ) are approximately
1

constants for a given air and fuel, when the only variable

is speed.
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* e ekp,__._ = f [Ll v ’ v.%.]
L1 3| a le

© being the difference of temperature between oil and air. .

w]

If ignition temperature (difference)® is fixed
(on the theory that the combustion effectively commences,
i.e. the delay period ends, when the temperature at the
surface of a drop reaches a certain value.) Note that this
value will depend on the temperature and pressure of the

air, which are both here taken as constant.

...' Lyt =% @kp ’ Y;] :f[LV ] where t is -

now the delay period in time.

k .
for © P__ 1is taken as constant for end of delay.

L .

1

Period. There is however the probability of the ratio
of velocity of injection to rate of swirl coming in;

in which case

1.
. 7}
.ot may have to be written a function of
a
[ v v s 60 20 aa (6)
g 7
!

where v 1is taken to be a meaa velocity of swirl.

V. 1is taken to be the velocity of injection.
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It eppears that the delay period t is proportional
to the original radius a of the drop, provided v and V

are constant (as well as the other factors referred to).
(6) may also be written

2

Ly ¢ )[ [__\1___ _V;._]
v 7 L-®
a 4 1
v
f4 {'V%}

. :-"‘f%ﬁ[%] ........... e (7))
1

Strictly Ll may vary slightly with conditions,
With the type of injection gear used (with spring controlled
injection valve) it is likely that the variation of injection
speed V with speed of engine (and therefore with v) is small.

The writér has to express his acknowledgments to
Professor Lees for several discussionson dimensional tﬁeory
applied to this problem, but the above theory must not be

considered as necessarily giving Professor Lees! final

opinions on the subject.




PART TI.

SEGTION B.

"PILOT INJECTION".

It has alréady been mshtioned that in order to
get smooth running of the engine, the delay éeriod should
either be reduced or a very small quantity of fuel be
introduced in the cylinder at first (Pilot injection).

(See Introduction, Part II).

Method Used for Carrying Out the Tests.

A number of tests were carried out to study the
effect of pilot injection. Nafurally a few different
quantities of the fuel injected into the cylinder (by the
pilot pump), have been tried. Also the timing of injection
of the pilot jet was varied over a wide range for three
values of timing of injection of the main pump.

For comparison purposes, the speed of the engine
was kept constant, at 1200 R.P.M. For the same reason the
| quantity of fuel injected per cycle by the main pump was
kept constant.
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The load was adjusted to keep the speed constant.
The air inlet temperature and ﬁhe cooling watér outlet
temperature were képt constant at about EOOC. and GOOC.
respectively. Timing of injection and of combustion.
(i.e. end of delay period) of the main pump were recorded.

Time of injection of the pump, load, fuel injected per

cycle, noise and delay period were all recorded at 1200 R.F.M.

TEST RESULTS.

(1) MAIN INJECTION TIIING AT T.D.C.
-~
(i) Quantity Injected by Main Pump = 0.812 x 10 1bs./cycle.
e '

" " " Pilot 0.187 x 10 " " !

1

Fig. (45) shews the results obtained. The main
pump was injecting at T.D.C. The three curves in this

Fig. shew the relation between Torque in 1lb.ft,, delay
-3 .
period in secs. x 10 and noise (in Decibels) against

0
pilot injection timing, with T.D.C. taken as O degrees.

+ The noise readings are comparative only and

have no relation to the threshold of hearing. The
readings are really reductions below the greatest noise,
the highest reading representing the quietest condition.
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~ The curves shew a decrease in delay Qeriod as the
0 . .
pilot injection advances to 30 before T.D.C. After this,

the indicator diagrams were very smooth and the measurement

of timing of combustion could not be carried out accurately.

o
VWhen the pilot injection was advanced to 80 before T.D.C.,

avsmall hump indicating combustion appeared again.,  After
this'point the delay period increased. The results (with
illustrations) will be discussed later.

With regard to the noise meaSurements, it was
found that the I.L. Instrument, was not sensitive to Diesel
knock at all. A heavy knock could be heard sometimes, while
this instrument recorded nothing appreciably different to
the reading with smoother running.

At T.D.C. there was a fairly heavy knock, and
as the pilot charge ﬁas advanced, the engine ran more
smoothly until 400 before T.D.C. was reached for the pilot
injection timing. Before 400 and 60O advance for this
timing there was no appreciaEle change in the noise.

When the pilot jet was advanced beyond 60O before T.D.C.,

the audible knock was found to increase with the advance.
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The torque, as the curve in Fig. (45) shews,
increased to a maximum at minimum delay period.
(1) (1) | -4

Quantity Injected by liain Pump = 0.814 x 10 lbs.per oycle

" ! " Pilot " = 0. 186 x 10 lbs, " F
Fig. (46) shews test results with the pilot pump 1nJect1ng
a little more fuel than in the previous test. The delay

period, in this case, decreased as the pilot charge injection
0 : !
was advanced up to 20 before T.D.C. The indicator diagram.

was fairly smooth after this, and the timing of commencement
of combustion could not be measured with any accuracy. 4

small hump only appeared when the injection advance of the
o , :
pilot pump was 90 before T.D.C. It will be noticed,

however, that the indicator diagram was smooth over a longer
o .
range (in fact for 20 more) than in the previous test.

In this case the range of smooth indicator dlagrams
o 0

was from 20 to 90 , while in the previous case the range
o 0

was from 30 to 80 . This may be due to a larger quantity

delivered by the pilot pump.

There was also a slight increase in the torque

as the pilot injection was advanced.
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At T.D.C., There was a noticeable knock which
faded away as the pilot injection timing was advanced, and

0
appeared again at about 860 injection advance, beyond which

}_Io
[uy
}-—Jo

ncreased as the injection advanced.

(1) (iii) ) -4

Hain Pump Supply = 0.813 x 10 1lbs. per cycle.
B | -4

Pilot " " = 0.2656 x 10 1bs. per cycle.
The three curves in Fig. (47) shew the test

results. The delay period, as before, could only be
0

measured up to 20 advance of the pilot injection.  The
indicator diagrams were smoothed out over a range of
o
injection advance of nearly 80 . There was a noticeably
small combustion hump on the diagram due to the large
quentity of pilot fuel charge being injected. ‘This only
appeared when the pilot injection was advanced to between
o 0

40 and 60 Dbefore T.D.C. :

The knock was marked with pilot injection at
T.D.C. and after advancing the pilot charge there was

0

a light knock up to 50 advance., Beyond this, the knock
appeared ‘again. This may be due to the laprger quantity

being rejected.
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The torque was very erratic throughout

this test.

(11) Y

==

ATN TNJECTION TIMING 11.5 AFTER T.D.C.

-2

(i) Main Pump Supply = 0.828 x 10  1bs. per cycle.
. Y1

Pilot " ! = 0.1366 x 10 o "

Fig. (48) shews the test results for the quantities
delivered per cycle as mentioned above, o

The delay period is in seconds x 10— . The
speed of the engine was kept constant at 1200 R.P.M. This
was checked by means of a calibrated tachometer.

The delay period decreased, as the pilot injection
was advanced. The big hump on the indicator diagram
smoothed out also with pilot injection advance. The torque

0
curve shows a minimum value near 30 advance., The fairly

heavy knock, which could be heard at a retarded position,

disappeared gradually as the pilot injection was advanced.
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(11) (ii) 4
Hain Pump Su?ply = 0.818 x 10 , 1bs. per cycle.
Pilot " ' = 0.1785 x 10 " ! ;

The three curves in Fig. (49) shew, as before, delay period,
torque and noise against timing of pilot injection.

The delay veriod decreased as the position of

o)

pilot injection changed from 11.5 after T.D.C, to 20 before
T.D.C. Beyond this last positidn, the indicator diagram
was very smooth, and it was not easy to notice the
commencement of the bump accurately. The dotted line
is only a suggestion of what the delay veriod would be.

There was an increase in load to a maximum value
as the injection timing advanced.

The heavy knock accompanied by a big hump on
the indicator diagram soon disappeared when the timing was

0

advanced up to 20 before T.D.C. A slight knock appeared
o

after 40 advance.

(I1) (iii) ~4
Main Pump Supply = 0.814 x 10  1bs. per cycle.

. 1! it 4 i1 ] u
Pilot 0.233 x 10

Fig. (50 shews the tests results. As before, the quentity

delivered by the pilot charge was slightly increased.
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The torque curve shews an increase to a maximum at about

0
10 bvefore T.D.C.

. : 0
The delay period, however, decreased up to 10

advance, After this the delay period was not easy to detect.
0
The hump on the diagrem appeared only at 120 advance. The

knock at & retarded position was very heavy indeed. It
0
decreased a little and rose again at about 50 advance.

This may again be due to the large quantity of fuel injected

oy the pilot pump. The "“smooth range"
0

was about 5 .

of indicator diagrams
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0

(IIT) MAIN INJECTIOQN TINIKG 4 BEFORE T.D.C.

(i) lain Pump Supply = 0.814 x 10“4 1bs. per cycle.

Pilot " 20,1336 x 10-4

i il il
Test results are plotted in Fig. (51) which shew, as before,

the delay period, torque and noise plotted against pilot

injection angle of advance. The gquantities delivered by

each pump are mentioned above.,

The torque curve shews a slight increase to a
' o

maximum at about 20 pilot injection advance.

The delay period was decreasing as the injection
0

advanced to 30 before T.D.C. After this it could not be

measured accurately, as the indicator diagram was very

o 0
smooth. A slight hump on the diagram appeared at 110

advance.

The knock, occurring at the T.D.C. position of

pilot ignition, disappeared as the injection advanced.

It only appeared again at an injection timing of about
0
90 Dbefore T.D.C.
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(II1) (ii) -4
Main Pump Supply = 0.813 x 10 1bs. per cycle.

Pilot " " 20,1768 x 10'4 " L

Fig. (52) shews the test results.
o
The torgue curve shows a maximum at about 30

advance of pilot injection, The delay period decreased

0
from injection at T.D.C. to about 30 advance; beyond this

0
advance the indicator diagram was smooth for a range of 90 .

After this a small hump on the diagram appeared. A heavy

knock could be heard with injection at T.D.C.; this decreased

to a slight knock as the angle of advance increased. The
0

heavy knock appeared again at 50 Pilot injection timing

before T.D;C.

(111) (iii)
Main Pump Supply

-4
0.813 x 10 lbs. per cycle.
Pilot " " = 0.220 x ZLO-4 y oo

The test results plotted in Fig. (53) shew very clearly

that the delay period decreased again as the pdlot 1n3ect10n

0
timing was advanced from O to about 30 before T.D.C.

The hump on the indicator diagram disappeared until nearly.

0
140" advance was reached. The indicator diagram was fairly
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smooth, with the exception of a small‘hump due to the
pilot charge (a large quantity of which was delivered)

o
for a range of 105 .

The torque increased slightly and was very erratic.

The knock, with injéotion near T.D.C., was heavy indeed;
it was smoothed somewhat as the injection advanced, Then

0
it appeared again at about 50 advance.

- EIGHT -STROKING.

It was mentioned before, that the engine eight-
5fqued regularly at about 960 R.P.M., when the injection
was retarded with the main pump alone supplying the engine
ﬁith the fuel.

The funning was very rough, and the engiﬁe shut
down after about half-an-hour's run, In.ihis case, a
heavy deposit of carbon was found on the exhaust valve stem.
The reasouns Suggested for these phenomena are discussed

below,
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DISCUSSION OF RESULTS OF SLECTION B.

Tests shown in Figs. (45) to Fig. (54) all
reveal that there is, in some cases, a marked improvement
in the engine rumning, so far as the knock and torque
questions are concerned. In all cases, with certain
angles of pilot injection advance,}the delay period of
the main pump was nearly decréased to nothing. The best
quantity delivered by the pilot pump, so far as the
smoothness of running is concerned, seems to be in the
region of 0.177 x 10 1b. per cycle, or for a main
injection quantity of 0.813 x 10 1b., in the region of
about little over % 21.75 of the main charge.

‘ The best timing of pilot injection appears to
be between 400 and 500 before T.D.C. To illustrate the
description of the indicator diagram, and the changes
paking place, when the pilot injection was advanced,

Fig. (54) contains six photographs of indicator diagrams
(out-of-phase) on a time (or angle) base. In this

Fig. The timing of injection of the main pump was advanced
by 4 degrees. The quantity delivered per cycle is

-4
10.813 x 10 1b. main pump and 0,1768 1b. pilot pump.
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Fig. (54) (4) is the indicator diagram with the piloﬁ
injeecting at T.D.C. It is clear that éombustion is
fairly rapid. VWhen the pilot injection was advanced; this
rapid pressure rise smoothed out gradually as shewn in

(B) and (C) with pilot injection timing 100 and 200 before
T.0.C. hen the timing of injection was advanced further,
the diagrams smoothed out comple%ely. This is 1llustrated

in Fig. (54) (D) & (E), where the pilot injection timing
0 ' '

. 0 :
‘was 40 and 60 before T.D.C. The hump appeared very

- distinct at 180O angle of advance, as shewn in Fig. (54)(F).
It is suggested that the apbearance of the hump
was due té theAfagt thaé by adﬁittiﬁg the pilot injection
| at excessive advance angles, some of the fuel clings to the
cylinder walls, and very little of it burns, before the main
charge is adﬁitted. ' Thus the temperature is not high
enough to burn the main.ohargé a5 soon as it enters the
oylindér. It is important to note that this explanation
also suggests itself by the fact that the larger fhé

quantity of charge, the larger the deviation of smoothness

of the diagram in terms of angle of advance. Thisk,
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behaviour (already mentioned) was consistent for all the
tests mentioned.

Fig. (55) shews six indicator diagrams as

follows: -
Injection Timing of Pilot Charge.

o

A 11.5 After T.D.C.
0

B 0] at T.D.C.
0

C 20 before " "

D 4:00 1 i u

E 600 n 1 1
o)

F 95 1 " 1

The fuel injected was 0.818 x 10-4 1b. per cycle, and
0.1785 1b. per cycle from the main and pilot pumps
respectively. The main fuel was injected at 11.50 after
T.D.C. A and B shew a distinct hump on the diagram. The
hump appears small at C.. At D and ¥, the diagrams, as can
be seen, are quite smooth. At F a small hump appears again.
~ These indicator diagrams vary in height. This,
however, may be due to the variation.in voltage of the
pressure element and must not be considered as necessarily

indicating any variation in the combustion pressure. The

shapes of the diagrams were fairly consistent.
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In Fig. (56) the six diagrams are:-

Injection Timing of Pilot.

o _
A 0 T.D.C.
o
B 10 before T.D.C.
0
C 20 il il t l
0
D 40 il [ YR
E 600 I o on
F 1800 1 LEIN ) B

The quantity of fuel delivered by the main charge was
0.813-x 10—41b. per cycle, while that delivered by the pilot
was 0.7168 x-10-41b. per cycle. A and B show a striking
appearance of the pressure rise. The main pump was
delivering fuel at T.D.C.

C appeared to be much smoother than 4, while
D and E are quite smooth. A small hump appears in F.

It appears from these diagrams that the pilot
charge certainly smoothed out all the rapid pressure rise
when pilét injection was about 400- 50° before T.D.C.

The reason suggested for eight-stroKing when main

0

(and only) injection was fully retarded (at about 12 after
T.D.C.) end the speed was at the region of 900 R.P.%W. is
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as follows: -

The temperature at the time of injection, due to
late injection and low speeds, is not high enough to igni%e
the fuel. ‘hen the piston clears the oil charze out on
the exhaust stroke, some of the charse is blown through
the exhaust valve, and a 1little of it clings on its stem.

The remainder, a small guantify, is left inside the cvlinder,
This acts as a pilot charoe =2nd ignites the fuel injected

in the following cycle.  The fuel which burns at the exhaust
valve stem, leaves a carbon deposit on it; and after a while
the exhaust valve keeps off its seat and cavses the engine

to shut down.

The author also suggests the following practical
procedure for utilising the results of these tests:-

The cam in Fig. (57) is now suggested. This cam
mey operate the fuel pump. 4 small gquantity is injected
at first (about 20% of the maximum). This should be followed
by the remainder of the charge 400 later, The injection
may commence about 45° before T.D.C. For smooth running
purposes, this cam saves the installation of two pumps,

vhich are expensive items.
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PART TIT.

SECTION "G".

THE BRHAVICUR OF DIFFERERT FUBLS AD A RATTING SUGGESTION.

So far as the petrol engine is concerned, and
according to the spontaneous ignition theory, the tendency

to ¥nock is dependent on the spontaneous ignition temverature

“hen the Diesel engine is considered, the above
theory may hold in the reverse_way. Ths knocking occurs
more readily with aromatic than with faraffinic hydrocarbons,
since the ignition temperatures of the former are higher;
more readily with paraffins of low molecular Weight.than
with higher paraffins for the same reason; also perhaps
the flame temperature may slightly increase with the mole-
cular weight,

Tt is customary to define the S.I.T. of & substance
as the temperature at which that substance, under certain
specified conditions, takes fire or explodes spontaneously
without the application of spark or flame.

The S.T.Ts. of liguid fuels have been studied

by a number of investigators, meindy in connection with
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anti-knock properties of petrol and Diesel engine fuels.
The investigators have used a variety of methods. The
work done has ﬁot established definite S.I.Ts. f&r various
substances, as the variables involved are very complicated.

The most common method used is to allow a small
drop of fuel into a heated pot, often supplied 'with a stream
of oxygen. The lowest temperature at which the érop
ignites is taken as the S5.I.T. Other workers have used
“adiabatic compression. - |

In reviewing what has been done in the direction
of rating fuels for a Diesel enginé, it would seem that
not a great deal has been done in this direction. - The
S.I.T. found statically may not prove ﬁery useful, as
the behavioug” of a fuel sometimes differs when used in an
engine, and when used under other conditions, -

To compare different fuels for a Diesel Engine
the following procedure was suggested; for some standard .
engine: - |
1. The running conditions of the engine must be very
nearly the same, pértioularly speed, fuel quantity injected

inside the cylinder, volumetric efficiency, air inlet
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temperature and water outlet temperature.
‘2. - The injection timing should be varied over a Wide
rangé, before and after'T.D.C., and the delay period,
knock and torgue should be noted. |
3. The injection timing should be retarded until the
critical angle is reached. At this angle fhe fuel ceases
to fire regularly. This angle will be referred to as the
Spontaneous Ignition.Angle (S.I.A.), which is defined as
the angle between the retarde& position of the injection
at which the fuel fires or ceases to fire, and the T.D.C.
This angle, it was thought, may bear a relation to the
quality of fuel used; inside'a Dieéel'éngine, éo far as
the.delay period and Diesel knock are concerned. The
author is not aware of any published results relating to .

this method of comparing and rating fuels.
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TEST RESULTS AND DISCUSSION.

It was decided to do some further tests with the
engine, uéing only one fuel pump. To start with, the
~ pilot pump and nozzle were chosen so that a big range of
injection timing could be tested. It was found that by
admitting all the necessary fuel from the pilot nozzle, the
exhaust was black in colour, and the engine was not develop-
ing more than 5 B.H.P. at 1200 R.P.M. This injection
timing was about lOo before T.D.C. 'On advancing the
injection beyond 100, the engine was developing more power,
but the knock was very heavy. On investigating the prablem,
the following points suggested themselves:-

The pilot nozzle contains one small hole and when °
the fuel is injected into the cylinder it only accumulates
in one corner. This is due to the fact, as was mentioned
before, that the small hole in the nozzle was drilled at an
angle to its axis, so that the fuel takes the same direction
as that of -the hole, i.e. at an angle to the axis of the
cyiinder head.

The air inside the combustion chamber, although

in motion, does not seem to reach the fuel and burn it
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in the short time available, Thls would appear to follow
from the fact that by advancing the injection the load
increases considerably, but the engine knocked badly.

To‘overcbme'the difficulty mentioned, the.pilot
pump was. connected to the maiﬁ nozzle, which contained
four holes. This nozzle proved most satisfactory. From
what has been mentioned, it seems that to ensure a satis-
factory combustion,-the'fuel should be distributed evenl&
inside the combustion chamber, even when directed air
swirl is employed.

To test the behaviour of different fuels with
the single pump, Wheq the injection timing was varied over
a wide range, the following fuelslwerevselected:f
(1) Diesel 0il (for specification, see Appendix.)

(2) Kerosene (" o : " " )
(3) Dominion Petrol (Summer Grade) with an Octane number

of 69.
(4) Esso Ethyl (Summer Grade) with an Octane number of 89.

~Figures kindly supplied by Mr, T.G. Hunter of the
0il Mining Department of the University of
Birmingham.
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The speed of the engine was kept constant
throughout the tésts. Volumetric efficiency, air inlet
temperature, quantity of fuel injected pér cycle, and water
outlet temperatures, were kept constant as before.

The torque, delay period and injection timing;
were recorded. The critical angle at which the fuel
ceased firing was particularly noted, and was repeated
fairly accurately. |

Fig. (58) and Fig. (59) shew the test results.
Fig. (58) shews the delay period in relation to tiﬁe of
injection for the different fuels. Fig. (59) shews
torque against injection timing.

The most satisfactory fuel of the fuels tested,
sovfar as knock and power are concerned, seems to be the
Diesel fuel, with Kerosene next. The petrols behaved most
unsatisfactorily; the engine was hardly puliing any load,
and combustion was irregular. The knock was terrific at
advanced injection. Fig. (59)(4) shews two out—of-phése
diagrams which may give some‘idea of the roughness of this.

fuel.
It may be of interest to mention that it was

noticed the bigger the S.I.A, the smoother the running of
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the engine, so far as the ear could tell. The writer does
" not wish to stress this point, as further evidence is
’-

necessary.

The following are S.I.As. as measured:

S.I.A'
, 0
Diesel 0il. 12.5
0
Kerosene. : 10.5
0
Dominion Petrol. 6.0
0

Esso Ethyl. - 5.5 A

iy This research will probably be continued in the

Mechanical Engineering Department.
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It may be of interest to note that on
examining the two indicator diagrams in Fig. (59 "A")
and some of the previous diagrams, where knock was severe,
a wave is noticed during combustion. This wave continues
along»the expansion side of the indicator diasgram.  The
amplitdde of this wave is small.

‘ Inﬁa petrol engine, Lloyd Withrow and Gerald
Lie Rassweilégf)observed a shock wave when the engine
knocked severely. By comparing the reéults of the flame
and pressure records for the same engine explosion, they
found that the frequency of shoék corresponded well in
the measurements. By the frequency of shock wave is
meant the number of times per second that the pulse travels
across the combustion chamber and back.

The above statenment méy throw some light on the
nature of knock in a Diesel'engine. It seems probhadblo
that knoclk in & Diesel engine is of a similar nature to
that of a petroi engines Possibly it occurs when a wave

is set up inside the combustion chamber.
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The frequency of this wave, as indicated-
. in Fig. (59A)I seems to be about 2800 cycles per seconds

The diameter of the combustion chamber=4%“.

« . the velocity of this wave =
2800 x 45 x 2

12
(z044)
= 044 £t. per second.

ft. per second.

This is approximately equal numerically to the velocity

- of sound inside the combustion chamber during combustion.
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CONCLUSTION,.

Finally, the author wishes to oonciuﬁe with
some of the factors affecting combustion in a Diesel engine.
It seems that for a satisfactory combustion, the air inside
the combustion chamber should be kept in motion, preferably
as directed swirl. An optimum value of this in all
probability exists. The fuel, howeﬁer, must also be
directed so that it is more or less evenly distributed
inside the combustion chamber, particularly with the open
type in question.

Eight-stroKing is a dangerous phenomenon to the
running conditions of an engine, particularly of the poppet
valve type, and it ultimately shuts the engine dowvm in a
short period.

The delay period in time varied with volumetric
efficiency, Whilé other conditions were kept nearly
constant. It also varied With the speed of the engine.

It is exoeedingly probable that the delay period controls
the Diesel knock;
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The introduction of a small quantity of fuel
0

(Pilot injection) at about 45 before T.D.C., to be
followed by the main charge 35° - 40’ later seems to
improve the running conditions of the engine. The knock
was smoothed somewhat with the above arrangement. It was
also notiqed that the engine started much easief with
the pilot charge in operation, particularly when the main
charge was in a retarded position. -k

The spontaneous ignition angle may bear a relation
to Diesel knock, and it seems to offer a simple method for
rating fuels. Vith this method the delay period may

play an important part.

¢ S.I.4. is defined as the angle between the retarded
position of the’injection at which the fuel ceases

firing, and the T.D.C.
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APPENDIX TI.

. SPECIFICATION OF FUELS.

(1) The Diesel Fuel.

For the Diesel fuel used, the test data were

supplied by-Messrs. Shell-liex and B.P. Ltd.

- Approximate Analysis and Specification:-

Carbon , 86.0%
Hydrogen 12.0%
Sulphur 0.7%
Undetermined Oxygen, ‘
Nitrogen, etc. 0.3
100.0%

' 0
Specific gravity at 60 F. = 0.84

Flash point (closed) 200°F.

Higher Calorific Value. B.Th.Us. per 1b. = 19600.
Carbon residue (€onradson) = 0.01% |
‘Asphalt, Ash, Water and Sediment contents are negligible.

o ,
Viscosity Redwood No. 1. at 100 F. 35 secs.
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Distillation.

Initial Boiling Point

Final ! "
0
Distilling to 300 C.

(2) Kerosene.

o]
220 C.

360°C.
70°¢C.

The Kerosene used was supplied by

Messrs. Mathews' Oils Ltd.,

supplied by them.

Specification.

0
Specific gravity at 60 C

Initial Boiling Point at

1k

165%

53%%

81%%

- 95%
Final Boiling Point at

Recovery
Residue
Loss

Closed Flash Point

il

1"

Hi

1n

4]

and the following data were

10.805
. 0]
171G
0
175 ¢
0 .
200 €
0
225
250°¢C
!
275 C
294°C

99%

1%

- Nil.
130°F |
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CALCULATION OF VOLUME OF AIR AND VOLUMETRIC EFFICIENCY.

A rounded orifice was employed on the suction
side of the engine for-calculating the volume of air used.
The orifice was 1 " dismeter. The pressure drop across
the orifice was measured to start with by an inclined gauge
of 8 : 1 inclination. Later on this gauge was replaced
by one having an inclination of 5 : 1. | |

For calculating the quantity of air (Q) used in

cubic feet per minute, the following method was employed:-

Let: A = Area of orifice in sq.fte
‘K = Goefficient of discharge through orifice, (taken
A as 0.604).
H = Pressure drop across the orifice.
V = Velocity through the orifice in feet per second.
B -H = Difference in pressure between two sides of
: orifice. ' :
ST B o= ;3;._?21__ = ?ﬂ;__fﬁi,_ x RT.

Density P
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Assuming~the compressibility is negligi@le

. 2
o o v - 2gH

or on substifuting,

. .V :.‘ég(Hl - Hy) RI.

P

One inch pressure drop = 9.2 1lbs. per square foot.

Let L = pressure drop across the orifice in inches water.

.". 5.2 L = pressure in lbs. per square foot.
RT
s o v - Zg.A. 50211 r

Now Q = 60 KAV

’ RT
= 60KA 2g x 5,2 n —5*
‘ substituting
, 0T . 0
- = 4,15 —§—~ . Taking T = 293 abs.

and P

14.55 1bs./sq.ft.

.
.

i)

n

4,13 ny For inclination of 8 : 1

hl in cms. of water on the inclined

- 5.92. Vh n u n n u n woon ga}rlge"
- L] 1 .
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Fig. (60) shews the relation between Volume-of
air used and readings on the inclined gauge.

For calculations of the volumetric efficiency all -
the values are for the air drawn into the cylinder, taken‘
as a ratio (when the air is at ZOOC.‘and the atmospheric
pressure as 14.95 1Bs. per square foot) , to that of the

volume swept by the piston. This is not the volumetric

efficiency reckoned -on a charge at H.T.P.
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