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INTRODUCRION .

he object of the experimental work deseribed in
the following peaper was to investigate the process of
injection of fuel oil into the engine combustion chamber,
and to relate it if possible to that of eombustion.
Phe injection process was taken to consist mainly of

(8) the motion of the fuel pump plunger,

(b) the varistion in the o0il pressure behind the
fuel valve nozzle,

(¢) the motion of the fuel valve spindle,
(d) the tempersture of the oil behind the nozzle,

(e) the rate of injection of fuel into the combustion
chamber, and

(£) the pressure in the combustion chamber.

It was obvious that items (a), (b), (¢), and (4)
were directly determinable from engine tests and the
necessary apparatus was aceordingly designed. For item
(e) however, an indirect method of determination was
é.eeidea upon. Preliminary engine tests were run and
neasurements made of items (a),(b),(c) and (d). With
& knowledge of the working limits of these items an
apparatus was designed whereby the discharge through the
engine fuel valve at any setting of spindle 1lift could
be measured for various conditions of pressure, density,
viscogity and tempersture of the liquid being Ad.isoharged,
and of pressure, density and viscosity of the *medium?
into which the discharge took place. Humerou; exper{-
ments on discharge (forming the first part of the thesis)
were carried out with this apparatus and from the results
of these, curves were obtained which were used in
conjunction with items (b) (c) anmd (d), as well as with
the eylindexr or combustion chamber pressure (£)(Which
directly/
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directly affeocts, but is hardly part of the process of
injection), to determine item (e), the rate of injection
for any instant during the injection period.

| Item (d), the temperature of the oil behind the
nozzle was investigated in a separate geries of engine

- tegts and the resdings thus obtained for full load
conditions and normsl Jacket temperature determined
roughly the temperature to which the fuel oil was heated
during the discharge experiments.

Item (a), the stroke of the fiuel pump plunger when
once determined was kept constant throughout the remaining
tests.

With the main object of obtaining reasonably sccurate
indicator diagrams of cylinder pressure, the motion of
the indicstor drum, which was found to be considerably
sffected by engine speed, was investigated.

Phree series of engine tests were then run for
various conditions of brake load and fuel valve spring
lead. For the first two series the injection process
was only investigated with respect to items (b) (¢) and
(£). The third series was carried rather further in
that not only was item (e) investigated but sufficient
readings were taken to enable a eompletef'q)" analysis of
the indicator cards to be made. PFor this analysis,
readings (apart from the ususl test readings) were taken
of air consumption and by thermocouple, exhaust temperature.
The sir flow was measured by means of air boxes and an
orifiece or throttle plate, and as a check on the accuracy
of this method of measurement, & series of earlilerx
experimemts are given showing the results obtained by
- the air boxes compared with direct measurement by means
of 8 gasometear.

By/



S

By means of the T(b analysis already ment ionged and
8 knowledge of the heat loss during the working stroke
an attempt was made to determine the true raté. of
combustion of the fuel. In this last determination an
approximate allowance was made for the lag of the
eylinder pressure indicator and & fairly close estimate
of the 'ignition lag' thus obtained.

-Thé finsal part of the thesis describes tests carried
out in order to determine roughly to what extent jhe
presence of inert gases within the combustion chamber
might be responsible for the lags in ignition and
¢ombustion indicated by the preceding experiments. As
& supplement to this last section some results are given
of increase of ignition lag produced by throttling the
gir flow to the engine.

It seems worthy of mention here, that before the
exPerimentsAdeécribed in the following pages were begun,
numerous preliminary tests were carried out on the engine
with the objeet of obtaining a knowledge of the geﬁexal
character of the high compression oil engine cycle.

From various approximate methods of indicator
diagram esnalysis it appeared that the combustion of the
fyel practically occupied the total period of the working
stroke, and the consumption of fuel wés excegsive. This
wag thought to be possibly due to an unnecessarily long
period of injection. At about full brseke load the
overflow through the byepass vselve of the fuel pump was
found to be 56% of the flow through the fuel valve
nozzle, and foé this reason a method of reducing the
injection period was employed first by steepening the
face of the pump cam toepiece and then reducing its
effective height.

Testa/
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Tests were run with these variations of toepiece
and as the effective height was diminished, improvement
in both consumpbtion and exhaust temperature was observed.
With the lowest toepiece the consumption was most
favourable but the running rather erratic owing to the
flow through the byepass valve being too small for good
governing.

With a view to checking the air flow to the engine
a8 measured by measns of air boxes and an orifice or
throttle plate, and ascertaining whether combustion was
complete, & considerable amount of exhaust sampling was
done. The samples were collected over acidulated water
and analysed either by means of a burette, or occesionally
by a Bone and Wheeler apparatus. Considerable experience
of this apparatus was acquired in connection with the
complete analysis of coal gas, as it was then the intention
to use it later for samples taken of cylinder contents
during combustion. The analysis, by means of the burette,
of the gas collected over acidulated water showed princi-
pally that, for a sample sllowed to stand for some time
before analysis, although the oxygen and nitrogen contents
remained constant, the carbon dioxide content rapidly
diminished. In no sample, even when immediately snalysed,
was the COp content found to be guite as much as desired.
This might have been due to the presence of traces of
co, CH4(MBthane) and other hydrocarbons, which the simple
burette method of snalysis, unlike the Bone and Wheeler,
was unable to detect. Owing to this uncertainty of the
GO, content it was found that much better results, which
checked very closely with the air box 'air consumption!
readings, were obtainable by calculating the 'air to fuel!?
ratio on a basis of the 0, content of the exhéust gas

analysis instead of the CO2 content, as was first attempted.
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DESCRIPTION OF ENGINE.

The engine used in the experiments was a horizontal,
high compression oil engine of the automatic solid
injection type as manufactured by Messrs Ruston and
Hornsby Ltd. Under full load, and at a normal speed
of 300 R.P.M. it developes about 14 B.H.P. It relies
entirely on the heat of compression for its ignition and
starts readily from cold by means of compressed air.

~Phe load is spplied to the engine by means of sm
ordinary rope brake fitted on a special water cooled
drum on one end of the crankshaft.

Figs 1, p+® gives a genersl view of the engine with
its normal experimemtal aspparatus. PFig.2,p.7 gives a
view of the back of the engine showing particularly the
positions of the fuel valve (with experimemtal apparatus)
end the engine indicator.

Leading Dimensions of Engine:-—

Dia. of Cylinder = T&"
Stroke = 14"
Stroke Volume = 0.35793 Tt
Glesrance Volume = 0.02816 £%>

Length of Comnecting Rod = 31.5%.

Cylinder Head.

Figs. O and 4, pp.d 2nd 9 , show the general form
of the Cylinder Head incorporating the Combustion Chamber.
In these sketches, for simplieity, only the essential
features are given. Fig.d()is a section taken
vertically along the centre line of the engine. It showm
the piston at the inner centre position. The air inlet
valve above and the exhaust valve below are shown in
their closed positions,and also at the opposite end of the
combustion chamber from the piston is indicated the pogition

of/
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10
of the fuel valve. Bolted to the end of the cylindef
head, but not shown in the sketch, is & circular end
cover forming the outer end wall of the water jacket.

Fig.3(b) depicts an end view of the cylinder head
with the end cover removed. Phe housings for the inlet,
exheust and adr-starting valves are clearly shown in
thisg view.

Fig.4lb) gives an impression of the shape of the
combustion chamber into which the fan shaped spray of
fuel is projected from the rectangular orifice of the
fuel valve nozzle. The position aslso of the passage
leading to the ordinery indicator is shown dotted.

In Fig.4@) is a cross. section of the head taken
vertically through the centre line of the inlet, exhaust
and air starting valves. Since this starting valve is
of no direct interest to the present work, it was not
withdrawn at any time and has not therefore been shown
in section in any of the figures.

Fuel Pump.

The relative positions of the fuel pump and its
operating cam sre shown in Fig.S, p.ll and a horizontal
seetion of the pump itself is shown in Pig.6, p.l2 . The
éump is brought into operation by turning the control
handle into the positioh shown in Fig.6, thus allowing
the roller to come into contact with the fuel pump cam,
(see Fig.5 ). To cut off the fuel supply this control
handle must be turned through apgroximately 180 degrees
. in the direction of the arrow,and the cam-shaped portion
of the control handle spindle throws the roller clear of
the fuel pump cam. The pump cylkinder is in direct
communication, except for e non-return ball valve, with }
the gtomiser or fuel valve of the engine, and the timing i
of the pump cam, other things remaining constant, directly a

controls/ {
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controls the instant when injection of fuel into the
combustion chamber commences.

The engine is governed by a spring loaded centrifugal
~ governor which acts on & bye-pass valve, within the fuel
punmp. through a system of levers, the details of which
are shown in Pig.7, p.!9. ™he governor direetly operates
the cam 1. A smsll steel beam 2. is supported at one end
by this cem, and at the other by & conically pointed
sorew 3. which can be adjusted if desired while the engine
ig running. - Resting on the beam at the centre is a small
push rod 4. on the top of which rests the bye-pass ball
valve 5. This ball is held on to the top of the push rod
by & light coil spring. The suction valve 6. is free,bub the non-
return valve 7., -is (1ike 5) held downbya light coil
spring . ‘Phe small circle 8. represents the passage
communicating with the pump cylinder. The connection for
the delivery pipe leading to the fuel valve is situated
immediately above the bye-pass valve.

While the engine is starting up, the cem 1. is in such
& position that the push rod is sllowed to fall eclear of
the bye—pass ball velve, and the maximum volume of fuel oil
is injected directly into the combustion chamber. As the
speed of the engine increasses the governor rotates the cam
and st & certain speed the ball valve is lifted from its
seat by the push rod. The engine speed is kept constant
by the slight influence of the governor on the amount of
1ift given to this ball valve, and can be varied within a
limited range by means of the adjustable point 3. or
alterna&ively by means of a convenient adjustment of the
length of the rod connecting the govérnor to the arm at
the end of the cam spindle as shown in Fig.(5) p.id. The
overflow of oil through the bye-pass valve is forced back
to the supply tank of the engine through a pipe leading

from/
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from the connection 9.

Fuel Valve.

A longitudinal section of the fuel valve or atomiser
is shown in Fig.8, p.l6 . Under correct working conditions
the entire space within the fuel syvstem, namely the fuel
valve, fuel pump and the connecting pipes between these
and from the supply tank,should always be full of oil.
During the injection the fuel velve is in direct communi-
cation with"hhe punp, this communication being cut off
during the remsining period by the non-return valve.

(see Fig.7,p.14 ). |

On the forward stroke of the pump plunger,the pressure
in the body of the valve rises rapidly, and as this
pressure, acting on the areas of the valve spindle (minus
the area of the valve seat) overcomes the load due to the
velve spring, the spindle lifts off its seat and injection
of fuel into the combustion chamber commences. As the
fuel pressure falls, the spring forces the spindle back on
o its seat and injection is eut off. The small gap,
shown on the drawing, between the back end of the spindle
and the corresponding end of the spindle barrel,represents
fairly closely the total 1ift of the valve. By actual
micrometer measuremeunt this 1ift equals.0256".

A thermocouple and gland arrangement, a.é shown in -
Fig.lS,p.E?,'vxas also used under running conditions on
the normal fuel valve as depicted in Fig.8, p.l6.

Phe extension to the valve spindle,shown in Fig.8,p.16,
wa.sv ugsed slong with the spindle motion recorder described

on pp.86- 89,
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FUEL VALVE NOZZLE.

In Pigs. O . and 10, (pp.18 ,19, ) are given the
results of an investigation mesde in order to determine
with reasonable accuracy the internsl formation of the
fuel valve nozzie. For this purpose & number of wax
impressions were taken of the interior of the nozzle
from the valve seat to the orifiece. Various plastic
subgtances were tried for this purpose but common cadle
wex was found to give the best results. A glance &t the
diminutive overall dimensions of'&he nozzle and orifice
will suffice to show that some care and practice were
required before a satisfactory impression could be
obtained. The impression having epparently the true
formation of the inside of the orifice was used to obtain
the shape and dimensions of the orifice, and that with
the apparently true formation of the valve seat was
similerly used in relstion to the valve seat. The
~ dimensions of these impressions were obtained by a special
“form of miecrosecope for use on an indexing mschine.‘ Phis
microscope was moveable by means of accuiately indexed
mierometer screws, in two directions mutually at right
angles. This enabled the coordinates of points on the
contour of the wax impressions, and relative to a fixed
pair of axes, to be obtained and plotted graphically on a
large scale. With this instrument also were obtained the
dimensions (length and width) of the projected rectangular
slot of the orifice and those of the faces of the original
fuel valve spindle and of the spindle made specially for
the discharge experiments described later.

It was noticed that under the microscope the outside
edges of the orifice were not uniformly sharp. Some parts
had the appearance of having been chipped off during the

process/
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process of machining. It was found to be practically
impossible to examine the state of the inside edges.

The ‘'length'of the orifice in the direction of flow
was not determined, but was thought to be small &t the
middle and to increase towards each end of the rectangular
slot. Except where otherwise specified, the word iength
is used to refer to the larger dimension of the orifice
at right angles to the flow, and the word width to the
Smaller dimension at right sngles to the length as defined.

During the course of the experiments>on discharge, a
steady increase in the readings under amy gi#en set of
conditions was observed. The increase must either have
been caused by an enlargement of the orifice or a rounding
of the inside or outside edges. Possible alternative ?
explanstions for these are stated below. Frequemtly f
during the experiments the orifice became partially choked,
and it was necessary, in order to avoid dismantling the
complete fusl valve, to dislodge the foreign particle by

means of a specially cut piece of steel. 'This operation

repeated a number of times, although carried out with care, _
may possibly have slightly increased the effective discharge %
area. It is possible however that & more probable csause

was the continuous abrasive action of minute particles of j
dust etc. present in the oil, especially as it is the f
jnside edge and therefore the one least likely to be so |
affected by the cleaning process which principally |
determines the flow through the orifice. It must be
clearly understood that the flow of liquid through the

nozzle in these discharge tests was abnormal, as the

amount of oil passed through the orifice in a given time
was on the average about 30 times greater than that taking :

place on the engine gnder full load econditions.

rig./
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Fig. 10 shows the true length of the inner edge
of the orifice. This will apparently be the effective |
length of the latter, on which a coefficient of discharge
might be based. In this case clesrly s determination
of the coefficient cannot be made with any high degree
of accurscy on account of the doubtful state of the
inside of the orifice. Of the two other curves in Pig.l0,
the full line represents the sctusl experimental readings
and the dotted line merely a construction teking into
account the fact that the inner edge did not lie exactly
along the crest of the 'dome' shaps but was displaced
laterally by half the width of the orifice. Phe true
length was obtained from this curve by redrawing it to
equal vertical and horizontal scales. ‘The boss-shaped
portion on the middle of the 'doms? of the original curve
was negiected. | '

Pig.D,p-1& shows definitely the effect on the
valve face of the originel spindie of the continued

hammering on the velve seat. The fact that the T'step!?
on the face of the spindle does not mesh closely with
the corresponding paert of the seal might be déme to

various ceuses, such as for example the valve spindle

and nozzle taking up slightly altered relative positions
on reassembly; the wearing effect of am infinite number
of injections or; inaccuracy of the wex impressions.
None of these explanstions, however, account for the very
deecided 'step! in the valve seat merked X in Fig. 3.

Iz see.ms‘prnbéble that this 'step?! was formed in the

course of manufacture.
®ne fstepping' of the original valve fasce marks the

only distimt a.ifférenee between it and the face of the

epindle used in the dis€nerge experiments which will now

: t

be described. J

- e s -
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'DISCHARGE OF LIQUIDS THROUGH FUEL VALVE NOZZIE.
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- APFARARUS FOR DISCHARGE EXPERIMENES.

—————

Various arrangements of apparatus were ﬁsed during
the course of work on the discharge of 1liquids through
the fuel valve nozzle. At first, only the discharge
of water into air was investigsted for various settings
of spindle lift, and for these experiments the necessary
apparatus used was of & simple charscter.

The valve spring (see Fig.8,p./6) was removed and
an extension piece (similar to that shown in Fig.8, p.l6)
fitted ,which had its outer end conically pointed to bear
on the end of an adjusting screw recessed to suit. This
asdjusting serew (26 thds./inch) had fitted on the other
end a circular indexed disc sgainst the scale of which
& stationary pointer was fixed. The fuel value and
spindle adjusting apparatus were held vertically down-
wards on a projecting bracket over a recepteascle. A pipe
was led to the fuel valve from & conveniemt stop valve
on a,maiﬁ from a hydraulic acecumulator normslly used
for operating certain testing machines. A length of
light copper tube, to the bottom of which were soldered
sheets of wire gauze, was fitted over the end of the fuel
valve in order to break the force of the spray and to
direct it into the container below. 'The water discharged

in & given time was weighed by means of & calibrated

spring balance. Pressures were measured on & calibrated

gauge screwed into the top of the fuel valve filter body.
In order that the discharge of liquids other than

watér-might be investigated, two additions were made to
One of these consisted of & tall

Il, p.25) made from a length of

the originsl apparatus.

vertical cylinder (see Fig.

steam piping, to each end of which were screwed and welded
3]

heavy steel flanges. Po these flanges were bolted

circular/
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c¢irculaxr covérs fitted with the necessary valves and
pipe counnections. The other addition was an electric
heating coil which was wound round the pipe leading to
the fuel valve. Both the cylinder and the heating
coil formed part of the complete apparatus, by means

of which all the results were finally obtained, and a
more detailed description of them is given in another
section. With the apparatus et this stage, readings

of discharge were_obtained by measuring the time taken
for the flow of a definite weight of liguid. Por this
-pdrpose an ordinary beam balance, with one slight
modification, was found to be satisfactory. This
modification consisted df the addition of & pair of
long wire pointers attached, one to each tray of the
balance, and formed so that they stood close together
in & vertical position. The wires were bent over for
a short distsnce at the top towards one another, and

in such a manner that, with the beam of the balance
horizontal, these ends were roughly at the same level.
®he object of these poihters was merely to indicate
one. definite attitude of the beam. Duiing each test,
when steady conditions of discharge into the receptacle
were attained, as these pointers passed one another the
stop watch was started, a known weight was added to the
balance, and the time reading taken ti]ll the instant

| when the pointefs again passed one another. Beasonably
good results were obtained with this apparatus for 100% 1lift
only of the valve spindle, and it was discovered that -
the fluid pressure acting on the end of the valve spindle
(over the combined length of the valve spindle and the
extension to the nut of the adjusting screw) caused so
much compression on this total length as to upset all the

other readings obtained. An attempt was made to allow for

this/
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this error by determining the correct zero reading on
the adjusting screw scale for each hydraulic pressure
employed. But even with this correction the results
were not satisfactory, and, as it was the intention to
investigate later the subject of +the discharge of liquids
into compressed air (a step which would involve a
considerable slteration of the existing apparatus) the
investigation was temporarily postponed.

®he complete appératus as finally used,is shown
disgrammetically in Fig.ll,p.25. By means of this
arrangement all the readings that had already been
obtained were repeated and sn additional series of
experiments carried out on the discharge of liquids into
mediea, other than air &t atmospheric pressure. The
complete apparatus consisted of, fuel valve, spray
chamber, o0il cylinder, heating coil, air compressor and
the various valves etc. as described in detail hereafter.
A genersl view of the apparstus (except for the compressor)
is swown in Fig.)2 p. 26 .
Fuel Valve.

The original internal parts of the fuel velve shown

complete in Fig.d p.l6 were replaced by those shown in Fig.l3

p.27. The form of the valve face on the new spindle was
'made; as nearly as possible, an exact copy of the original.
(See Fig. 9, p: 18 ). By means of the arrangement
shown in PFig. 13 , ‘bhé possibility of error due to
elasticity of the adjusting mechanism was reduced to &
negligible amount. Fig. O shows that the slight
difference in the sectional profiles of the velve faces
méy introduce a slight error,but this slso has been
agssumed to be negligible. Nozmé.lly the fuel oil on its
way to the fuel valve passed through a very fine megh
filter merewed into the body of the valve (see Fig.8,p.16)

on/
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On the supply side of this filter wes situated a pressure
gauge for measuring the pressure in the liquid behind
the nozzle; and in order that the pressure at the nozzle
ghould be with certainty the same as at the pressure
gesuge, the gauzes were removed from this filter. It
was afterwards found that these gauzes had no appreciable
effect on the discharge and might profitably have been
retained. For the experiments on the discharge of
heated fuel oil, a thermocouple was inserted as shown in
Pig. 15, p.27.

SErgx.chamber.

Fig.l4,pEdshows & section of the apparatus by means
of which the discharge of liquids into various medis was
investigated. The prineipal part of this chamber, the
eylindrical wall, was made for both economical and
practicel reasons from s length of solid steel shafting.
Bwo flats were machined on opposite sides of the body
to accommodate the four windows shown, and a third flat
at right angles to these to ascommodate two large
diameter plugged holes. In the'remaining and curved
side of the body,a hole was drilled and tapped to suit
a connection for the pipe lesding from the air compressor.
The end coverw were of cast iron and were held down on
the machined ends of the eylindrical body by studs and
nuts. The two Joints were each made by means of a ring
-of round copper,softened. and fitting neatly Just inside
the row of studs. Into the top cover was clamped the
fuel valve. With the valve in position, the arrangement
was such that the nozzle lay on a line between the two
opposite top windows and in the same plane as the top
plug. ‘The idea here was, that with a bright light
placed against one of the windows, the jet issuing from
s0/ , ,
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the nozzle could be examined through the other window,
and if any foreign particle might become lodged in
the orifice this would be noticed and removed by means
of & specially shaped implement inserted through the
hole at right angles when the plug had been removed.
The windows were further intended to serve as a means
of examining the jet when discharging into compressed
air. Experience has suggested that it might have been
preferable to place the windows so that the light was
thrown on to the jet at right angles to the line of
vigion instead of directly against it.

These windows, if kept firmly serewed up, were
apparently perfectly secure at 1500 lbs/ina. The
rubbexr or fibre’packing,however, appeared to be compressed
graduslly, and if the locking ring was not occasionally
tightened up,the rubber packing blew out and the glass
split. Only twice did this happen, and on neither
occasion did the window actually blow out.

To provide against such an occurrence a sheet steel
guard was placed over the inspection windows during work
with high pressure air. This shield had a narrow
vértieal slot over which was bolted a plate with a
relatively small hole in the centre of it and in the
line of the slot. On to the outside of this smaller
plate was clamped & spare window in & machined brass

“housing. In the centre of the back of this brass piece
-was drilled a hole just sufficiently large to enable

& clear view of the jet to be obtainsd. The plate
carrying these fittings could be moved up or down in
the slot in the guard and clamped so that the inspection
hole came into line with either row of windows in the
chamber. The bottom of the latter was shaped in the
form of a hollow cone and in the centre of it was

screwed/
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screwed the outlet valve. This valve originslly took
the form of a weight-loaded relief valve, But it was
found to be unsatisfactory and was replaced by the
hand-operated valve shown in the sketch. A sheet tin
'shield was fitted round the body of this valve to
divert dowawards the streams ofAliquid issuing from
the outlet passages.
0il Cylinder. |
The object of this cylinder (see Fig.ll, p.25) was
to make use of the water pressure from the accumulator
as & means of maintaining steadily during discharge any
desired pressure in the liquid under investigation
(within the pressure limits of the accumulstor). It
was made from a length of 4" bore steam pipe and e¢losed
at either end by thick circular plates bolted to screwed
and welded end flanges. (See Pig.l@ ). The joints between
"‘5§h9 end plates and the flanges were made‘%ith rings of
:oﬁhd softened 6opper. ?he cylinder was arranged to sit
‘wertically on & wooden stool. Through the centre of each
cover plate was screwed a plug threaded at the outer end
to take a pipe connection. To the lower of these was
ettached the pipe leading from the asccumulstor via the
main stop valve. @®o the upper plug was attached the pipe
leading to the fuel valve by way of a second stop valve.
In the upper cover were also located a filling plug and a
small serew-down valve. A drain valve was provided at
the foot of the oil ecylinder.
. 0il was passed into the cylinder at thevtop by means
of a hand pump and a ldng rubber connection with a
specially designed end—céupling which could be screwed
tightly into the £illing hole when the plug had been
removed. With the drain valve open,the oil could be

forced/
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forced in at the top of the cylinder, and the previously
used water forced out at the bdtto%g If the cylinder were
initially empty the small valve on the top éover had to

be opened during filling to allow the air present to
escape. The maximum useful capscity of the cecylinder

was obviously attained when the water surface was at the
level of the drain valve. '

On the opening of the main stop valve, the water
under pressure from the accunulator acted on the oil above
it in the cylinder and forced it out at the top along
the pipe to the fuel valve. By throttling the flow of
water past the main stop valve, any pressure ffom
atmospheric to 2240 1bs/in? could be obtained.

During the first attempts to use this system, the
0il was sometimes used up and water inadvertently allowed
to pass through the nozzle! this water not only spoiling
the parkicular reading,but also fouling fhe inside of
the fuel valve and the o0il already discharged into the -
spray chember. A thick emulsion of oil and water was

left in the container along with the pure oil. When the
'latter was returned for use sgain to the oil eylinder the
emulsion carried with it upset the readings of the
following discharges.

Several attempts were made to obtain & float
arrengement which would indicate the completion of the
0oil discharge. JHloats of various materials were tried but
were all found to‘be defective, due to the action of the
_watér or oil under high pressure. What might have been
& possible solution to tﬁis float problem,but which was
not tried,would have been & very light hollow metal Ifloat
filled with a very light fluid.

Finally after some practice it was found possible to
judge from the duration of the experiment the probable

0il level in the o0il cylinder, and trouble from the foregoing
cause/
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cause was practically eliminsted.

To the bottom of the plug in the top cover of
the o0il cylinder and therefore over the mouth of the pipe
leading to the nozzle was fixed, in place of the above
nentioned device, & large cylindrical filter made from
200 mesh copper gauze. This fine gauze was supported
on the 1inside by a gauze of much coarser mesh. This
was thé only filter in the system during the experiments
on discharge.

Heating Coil.

In order to investigsate the effect of temperature on
the rate of discharge of fuel oil, a heating coil was
fitted to the pipe leading from the top of the oil
cylinder to the fuel valve. For this purpose two lengths
(each 44 ft.) of nickel chrome resistance wire were
employed. The whole length of pipe was first wouhd care-
fully with one ply of asbestos string. The two lengths
of resistance wire were then wound on in the opposite
direction so that each length covered approximately helf
the totsal lengbh of the pipe. The ends were clamped by
~small brass elips round the covered pipe. The whole length
was finally wound with another layer of asbestos. The
brass clips were alsoAused as terminals, and the two coils
wdre connected in parallel to & switeh on the 250 volt main.
With the object of keeping the temperaturerconstant, a
variasble resistance was added to the circuit. This latter.
however, was found to be of no advantage, as its effect
took too long to make any appreciable difference in the
temperasture of the oil, and it was dispensed with.

The temperature of the oil caused by the heating coil
was measured by means of a eureka-copper thermocouple
placed close up to the valve seat as shown in Pig.!3,p.27%
On the whole, this heating system did not prove to be

satisfactory/
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satisfactory sinee during sny single test the oil
temperature value at the nozzle varied considerably.
The average temperature nowever was found to be similar
to the actual working oil temperature recorded on the

enginé. (See tables | and 8 p.52 ana p.07).

'

Ailr Compressor.
Phe compressed air necessary for the'exPeriments was
obtained from & small Reavell two-stage compressor
desi.gnedrfor pressures of from 600 to 700 1bs./in®. Tt
was found to work sétisfactorily at 900 1bs/in® or even
more. It was driven byvbelt off the main line of shafting
in the laborstory. for this purpose it had to be fitted
with a sgecially heavy flywheel. In order to simplify
the'working of the complete apparatus and make it
controllable by one person, the compressor was provided
with a small safety valve loaded with an ordinary
indiestor spring whieh was readily adjustable to any
desired pressdre. When the sir was compressed to the
required amount, the spray chamber could be cut off by
meens of the air valve (Pig.lb,p.25 ) and the safety valve
prevented the pressure in the compressor and in the pipe
leading to the chamber,from rising unduly. As soon as
was possible aftexr the valve at the chamber was closed,
the load was taken off the compressor by releasing the 7
safety valve completely until pressure was ggain reéuired.
The cylinder of the compressor was water cooled from a
small circulsating tank situated immediately above. The
length of copper pipe between the compressor and the
spray chamber provided ample cooling for the heated air.
Fig.lbp.?syshows the arrangement of the compressor in

relation to the spray chamber and auxiliaxy units.
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DISCHARGE EXPERIMENTS .

Particularly essential to an investigation of the
rate of fuel injection into the engine ecombustion
chamber by means of practical curves of pressure varia-
tion and fuel valve spindle motion, are practical
experiments on the rate of discharge of this fuel through
the particular nozzle with which the former curves were
obtained - unless the results of previoﬁs investigation
are complete enough to allow this pért of the work to be
dispensed with. In oréer to attain a reasonsable degree
of accuraecy,the range of certain conditions in the
dischargé experiments must agree as nearly as possible
with the éctual running conditions.

Phe possible conditions affecting discharge appear
to be,

(a) Phe pressure in the o0il behind the nozzle.

{b) Phe density and viscosity of the oil at the nozzle.

(e¢) Phe amount of 1lift of the wvalve spindle.

{(d) The pressure, density and viscosity of the medium

~ into which the oil discharges.

In order to bring out more clearly the re;ationshipA
'eiisting between these above conditions, various liquids
were usad in the following experiments, and for this
reason the results may possibly be, apart from their
immediate value in this work, of more general interest.
én this score however, it is perhaps unfortunsate that the
orifice should have been of the 'slot' form instead of
being e¢irocular. — ‘

' Phe experimental determinstion .of curves of discharge
into the stmosphere proved to be & more difficult task
ﬁhaﬁilaa at first anticipated. As already pointed out,
ﬁuring the course of these experiments the rate of discharge
wnndsr any given set of conditions was found to increase
*steadily (a8 indicated on Figs.}5 and 16, p.39).
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The readings taken during the earlier set of
experiments which gave increasing discharge were
discarded and another series of a comparatively small
number of individual readings, each oceupying about
the same period as before, was carried out. Over the
duration of this series a relatively small discharge
inerease took place.

The discharge readings determined by this series
of experiments are rather unsatisfactory, in the matter
of consisgtency. One explanation of this condition may
be that advanced by Dr. Telford Petrie in "An Investi-
getion into the Phenomens of Discharge through short
lengths of small dismeter Nozszles." published in Vol 13
of the Journal of the Municipal ﬁoilege of Technology,
Manchester. The results given therein show that for a
small circular orifice there are two critical retios of
length to diameter, in the csse cited between 2 and 4
and between 0 and 1, at which unstable conditions of
flow exist. Underx theée unstable conditions the jet
was found to vary considerably in its formation and the
rate of discharge to vary by as much &s 2&% from the mean
value. These tests, it appears, were oar;ied out with
water, but the same phenomenon is likely to occur with
low viscosity olls such as heve been mainly used in
the present experiments. It seems reasonable to suppose
therefore, that due care should be exercised in fixing
the dimensions of the orifice, or orifices, for an -
engine injection nozzle so that under running conditions
" it does not require to operate within either of these
eritieél z2ones. It would be interesting to study the
actual effect oi,thié phenomenon on an engine under such
.conditions.

Phe partisl choking of the orifice encountered in
these/
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these experiments would seem t¢6 be a particular
disadvantage of the high pressure'injection type of
moderately low-powered oil engine. A particle of
foreign matter need not be very large to lie across

an orifice measuring say .004%, and more especially

if the axis of the fuel valve*be vertical. A particle
mey be only sufficient to alter slightly the sctusl
discharge through the orifiece, and yet msy considerably
impair the formstion of the spray. In order to
minimise the possibility of this trouble it is suggested
that, whatever shape of orifice is used; the edges
should be kept sharp, thus reducing the coefficient of
discharge and allowing of the use of a larger opening.

This trouble of choking clearly can only be partially
eliminated by very efficient filtering, since even with
& great amount of care,traces of grit masy be allowed to
remain in the actual body of the fuel valve after it has
been dismantled for any reason.

Another interesting series of experiments bearing
on this subject of discharge has been published under the
title of "An Investigation of the Coefficient of Discharge
of Ligquids through small round Orifices® by W.PF.Joachim,
in the Eleventh Annual Beport of the National Adwisory
Gommittee for Aeronsubics 1925, in America.  Owing
however, to the mueh wider range of 0il Pressures
employed in the above investigation,the different types
of orifices and differences in the methods of stating

. the results, a comparison, other than in a very genersal

gsense, is slmost impossible.

In the following series of experiments the valve
spindle was maintained at its maximum 1ift and therefore,

as/
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as 1ls shown in the next section of the éaper, had no
appreciable throttling effeet on the discharge. Readings
were taken of the discharge into atmosphere:of water,
paraffin, fuel o0il at ordinary temperature, fuel oil
heated to approximately the temperature prevailing under
running conditions,and lubriceting oil (Mokiloil BB) at
ordinary temperature. The maximum range of pressures
obtainable was from atmosgherie to 2240 1bs/in? gauge,
a range of 2240 lbs/in? At first, readings were taken
at pressures below 500 lhs/in? but as difficulty was
experienced in keeping a steady reading on the pregsure
gauge at lower pressures, and alsc as it was desirsble
to reduce the total number of readings as much as
possible, 500 lbs/in% 0il pressure was finall& taken as
the lower 1limit of the range. |
| The discharge resulis of these tests are shown in
Fig.16,p.39 in 1bs/min.plotted to a base of 'pressures
behind the nozzle' and in Fig.7,p#0in ind/sec. plotted
to a base of 'inches head of liguid'. Fig.l7, p.40 represents
the correct.bésis for'comparison'between the discharge
coefficients for the various liquids, the standard formule
for diseharge being Volume discharged ;/ unit time :CdxijégT
where Cd = discharge coefficient, A = orifiece area, and
h = head of ligquid. The average curve drewn in Fig.l7, p.40,
ig of the parabolic form yzz ax, where y = iﬁ?/sec.and
x = head of liquid in inches.

in taﬁléhﬁﬂar& given the physical characteristics of
the liquids. On the a.ssumptvion thet the single curve (Fig.l7p.40.)
represents with reasonsble accuracy the discharge of the
various ligmids, it appeais established that, over a fairly
wide range, the viscosity of the ligquid has very little
effect on the coefficient of discharge.

The writer has been unable to ascertain whether or
not this result has already been estsblished. It is
possible that the range may practically domprise all the

values of viscosity met with in o0il engine fuels. The
coefficient/
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coefficient of discharge is (eﬁcept for Hobiloil BB) “
practically the same for sall liquids tested and is also
practically constant over the range from 500 1bs/in?upwards.
Within the range of the experiments the deviation from the
above 'law' can be best seen in Eig.IG,Ap.BS,. by taking

the diéchaige values at 500 and 2000 lbs/inf gauge preésure
in the ligquid. For constant ecoefficient of discharge the
discharge at 2000 1bs/inf‘should clearly be twice that at
500 lbs/inf For examplé, the water eurve gives 2.27 lbs/min.
at 500 1bs/in’end 4.43 lbs/min.st 2000 lbs/in. This last
value should be 2.27 X 2 = 4.54 1lbs/min. and the deviation

from the 'law' is therefore 4'5:':;2"43 or practically 2.5%.
Paraffin éiveé s deviation of a smaller degree in the same
direction but for the cold fuel oil it is 2.5% in the opposite
direction, that is the discharge ab 2000 1bs/in" is greater
than it should be for constant discharge coeffisient. For
Mobiloil BB this is obviously the case also to a much

greater extent. Strictly spesking therefore it appears that
for low viscosities the ecoefficient decreases slightly as the
pressure increases, but as the viscosity approaches that of
fuel o0il this decrease changes to a slight ineresse. When

the viscosity becomes that of Mobiloil BB this incresse
becomes considerable (Fig.6,p.39). More intermediate
viscosities would have been necessary to enable one to determine
any definite relationships here.

Further it appears to be elear from Fig.l7,p.40,that
neither is density & determining factor on disehaige. (It
mgst of ecourse be borne in mind that by discharge in these
i;éﬁ*remarks is essentially meant rate of volumetric
discharge as plotted against a base of head which, strictly
speaking is the only manner in which a true comparison
can be made when dealing with various liquids). The
justification for this statement regarding density is
considerable on sccount of the similarity between $he

viscosities of water and pareffin, the marked difference

between/
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between their respective densities and the fact that
their rates of discharge agree so closely.

Regarding tempersature, except that it reduces
wiscosity, it seems reasonable to assume that it also
has no effect on discharge.

As the possible degree of accuracy of the work did
not asppear to justify the additional complication, no
account has been taken of the compressibility of the
liquids. Consideration of the curve for Mobiloil BB
seems fo indicate that at the higher ranges of viscosity
this property does very definitely reduce the coefficient
of discharge, and especially so at the lower values of
head. Here sagain various intermediate values of
viscosity would be necessary to enable one to determine
a relationship.

Effect of Fuel Valwe Sgindle Lift on Discharge through
~the Huel ve Nozzle into Air Atmospheric Pressure.

All fuel valves whose spindles open either antomati-

e¢slly by oil pressure or mechanically by & cam or some
similsr gear have the inherent fault thaﬁ, no matter

what the diameter of the valve seat may be, at the
beginning of an injection into the combustion ehamber the
oll spray must grow from zero into a full spray and then,
at the end of the injection, shrink from this back to

zero again. TPhis of course is quite apart from the idea
of rate of spray growth as determined by the actual

veloc ity of the jet front,which has been investigated

and deseribed in the Report on ®"Spray Penetration with a
simple Fuel Injection Nozzle" in the Eleventh Annual Report
of the Nationsl Advisory Committee for Aeronautics 1925
in America,and also in various other reports of the same
cdmmittee. Phis growth or shrinkasge under present
discussion is due to the restricting influence on the flow
of/
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of fuel oil of the valve and valve seat. At normal
speeds, with a well designed valve of which the

opening and c¢losing periods are extremely short, the
effect may be hardly spprecisble, but nevertheless it
must exist anﬁ at higher speeds will become of

‘ insreasing im@ortance.

| Gensxtliy spesking, except as regards simplicity

no s&rsntage is ‘derived, but rather the reverse, by

tha eliminatlon of the valve spindle. The periods then
V raqnire& fer the growth and cut off of the spray will
‘he greatly increased, depending as they do on the
relstively slow rise and fall in pressure instead of the
‘hnah hore rapi& opening and closing of the valve by the
spindle. This will be readily seen from Figs.48- SE,pplls i20,
which show the alfference between & rise and fall of oil
p&éésure, and the corresponding opening and closing of
the valve.

- _—Kﬁéﬁ.affuel pump nas been devised which will raise

the ﬁreésure to its meximum snd then release it more
iﬁ?idly then & well designed velve spindle could corres—
pondingly open and'shut, then clearly the eliminstion of
the latter would be & distinet gain, both in simplicity
and economy. ‘In fact; such & number of fuel pumps and
valves of every description have been recently put
forward that it is possible that the design of such a
pump may have been already accomplished.
. Phe following experiments were earried out with the
object of investigating the effect of valve spindle 1lift
én the discharge of various liquids into air at atmospherie
préssure. Phe effect on discharge into air at higher
pressures is treated in the next section.
During the discharge experiments on valve spindle

11ft it was found, for all the liquids that during any

single/
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single test at comparatively smsll spindle 1ift the
pressure behind the nozzle tended to rise and the rate
of discharge to decrease simultaneously. A sharp
movement of tehe spindle in either the closing or opening
directions brought the pressure and discharge back again
to their original ststes. If the spindle was left
gtationery the same again took place. Referring to the
ad justment in Fig.d3,p.27,the best way to overcome this
difficulty was to keep the spindle in a continual but
very siight state of oscillation throughout each test.
After the phenomenon had been discovered the 1lift
experiments were carried out with the spindle in continual
motion, those previously carried out being repeated.

4As has already been mentioned on page @D,considerable
difficulty was encountered in obtaining a satisfactory 1ift
adjustment. With the arrengement in which the adjusting
screw was set to bear on the end of the extension %o the
vaelve spindle, on account of the compressive effect of
the liquid pressure the readings obtained were practically
valueless. 4 set of curves of discharge for heated oil
obtained with this arrangement are given in Figs. (18) and
(19) pp.45 and 46 . 'Phese curves were built up from
about half a dozen curves experimentally obtained. The
effect oftha pressure on the valve 1lift is very evident
from these curves, the discharge being unduly high &t the
higher pressures and low at the lower pressures. In
Pigs. 20-24pp.47-49 are the later curves of discharge
st the various settings of the 1ift for the respective
liquids, These results were obtained by the means of
adjustment shown in Fig.!d, p.&7 and may be taken to be
fairly reliable. Hére'éléb, a8 in the case of discharge
under full 1ift, the effect of viscogity of the order met
with in fuel oils is clearly not of great importance and

the/
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the behaviour of the Mobiloil BB agsin proves that

& relatively high order of viscosity has on the other
hand a considerable effect. Phe viscosity effect is
much more clearly brought out by the curves in Fig.(25),
ps 51 which were obtained by plotting mean values of
discharge on & base bf valve 1ift. The values of
discharge averaged, were not absolute. but were taken as
a percentage of the discharge at the maximum 1ift for

~ glven conditions of pressure etc., or what is the same
thing - & percentage of the maximum discharge within
these conditions. The results necessary for these
curves are given in ta.blesa-‘s, p.52 . ‘®he final column
of each table gives the mean of the four preceding columns
and these mean values have been used to plot the curves
in Fig.25,p.51 .  Although herdly permissible, on
considerstion of the wide veriation in the individual
readings, averages were taken for the Mobiloil BB also,
in order that an approximate means of éomparison might

be obtained.

As regards the injection of fuel into the engine, it
may be concluded from these results that a viscosity 6f the
order of that of fuel oil has only a slight effeot on the
discharge under any condition of restriction between the
velve spindle face and the valve seat; but the greater the
viscosity the greater will be the reduction in discharge.
Probably the curve for cold fuel oil gives a fair conception
of the worst case, on account of the heating effect of the
nozzle on the oil in sctual practice.

The results of these expsriments slso show the
piobable effect of the restricting influence of the valve
during the opening and closing periods. If the
,_panstxation and satomisation be correct when the valve spindle
15 at its maximum 1ift value, then at any lower 1lift these

qualities/
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TABLL §, ParTicULARS oF Liauwins DiSCRARGED.
PrESSURE HEAD IN INCHES.
Lrs./iN? WATER. 23°C |PaRArFIN.2R°C [FuEL O1u.56°C. [Fuel 01..225°C|MosicowBB.I75°C
520 14400 17800 16900 16700 15800
| 250 | 26300 | 32500 | 30900 50400 28900
| 1480 | 403200 | 50600 48200 47400 44300
| 2090 | - .~ - = 63500
| 2240 | 62000 | 76600 | 72800 | 71700 -
SPECIFICGRAVITY] - 999 206 846 .80 .10 |
| Densityles/ing - 0361 0292 0307 0312 | 0329
Viscosity (G5, 009 ‘39 ‘84 11-00
TABLE 2. WATER INTO ATMOSPHERE. DiscHARGE For 100% Lirr=UniTy,
PERCENTAGE MYDRAULIC PRESSURE. Leo./iNg G AVERAGE.
| LiFT 520 350 | 480 2240 '
| 1606 . 1000 _looo | _1r000 1’000 | 1-600
| 30 .| -9295 284 11000 980 [ .990
| 20 | .260 s48 | 272 | -s50 | .95%
5 | -®09 248 | 923 227 227 |
10 797 | 24 SRR - N - - 816
| 75 B ) 730 725 | 735 716
| 50 | a7s 525 563 573 | 534
25 219 263 310 323 -279

TABLL 3.

PARAFFIN INTO ATMOSPHERE. DiSCHARGE FOR 100 ZLiFT=UNITY.

PeRCENTAGE HybrAULIC PRESSWRE. LBS.[INZ G AVERAGE.

LiFT 520 950 14840 2240

oo} o660 | pooo | 1000 | (00O | {000
| 30 | 280 | 986 | 975 | -280 380 |

5} e8| .92t | @05 |  -9(5 905 |
.75 75 | €78 | -657 | +693 _re76 |
|50 387 | 4%2 | 435 48l 434

2.5 179 S 21 210 20t |

TABLE 4.,  FuerOin(Heaten)into Atmos. DischargE For 100X LiFt=UniTy.

PERCENTAGE HyoRrAUWLIC PrESSURE,LBS.[INZ G. AVERAGE.
LiFT. 520 250 14 B0 2240

— /oo 1000 joco 1000 | tooco )

20 | %45 ] 920 } 246 | 267 | 244 |
15 | sss | - | s20 | 898 | -374

e - 726 | _-8s2 | 85I 833 ]

o | . 7= o ese | 773 | 75 | 739 |

| 75 | ses sex | - | es43 | .sol |
5.0 %54 343 ‘398 4357 383

TABLE 5.

Fuel O (Cowd) iInTo ATmos. Discraree For 100/6LiIFT=UNiTy.

PERCENTAGE My DRALULIC PRESSURE. kbo. /IN G. AVERAGE.
LiFT. 520 2350 14 %0 2240
" ioo 1-600 I Tooo looo | tooo | looo
20 | eso | w6 | 935 -9%5 ‘934
s g22 | .828 | -se2 | 877 382
2 70| 788 | -795 828§ 795
o 695 ‘715 1 7 723 Al
75 | 487 - | -se7 ~s95 | .55
50 300 - .35 38 -334
o
TABLE 6. MoaiLoil BB inTo ATmos. Discrarce For 100 LiIFT=UniTy,
PERCENTAGE HyDRMALRIC PRESSWRE. LBS,/INT G, AVERAGL.
LiFT. 520 550 1480 2000-2200
— ioo 1000 000 11000 1-:Q00 00O
30 Ts02 | 714 | __-825 904 836
20 | 76 | sit_ ] €392 | 7920 | -Ce&
io | zi7z ] en__ | -eeo | 412 | -302 |
50 | ‘oo7 060 - — .079
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qualities are likely to be impaired in a manner and
proportion similar roughly to that shown in Fig.(25%) p.51.
Coefficient of Discharge of Orifice.

In calculating the coefficient of d ischarge Cd into
atmosphere for the orifice, (100% spindle 1ift) 1t is
clear from Fig. 17, p«40, that any one point on this curve
should give the approximate result for any of the low-
viscosity liguids used in the tests -~ the coefficient
being practically constant under sll conditions of discharge
into atmosphere, within the limits of the experiments
(see pe4l).

Teking therefore the case of water at 2240 lbs/in?
gauge pressure discharging into atmosphere,

Volume discharge = CdxA@ . [h=62000'ms. From \“aldle‘l.v‘]

= (dx-000328 x 6920 ins.z’/sec. [ A= 000328 n® Fig. 10. ]

= .27 (Cd. 'ms:?/sec.

.3
From Fig. 17, p.40 Actual volume discharge = 2.15 in§/sec.
U, Cdo= EE = .95,

2-27
This result can only be approximste on account of tle

difficulty of measuring the diminutive width of the orifice
viz. .0049" with accuracy. In the case of discharge into
a 'medium! at high pressure, as shown later, a further

inerease of 25% or more in the value of Cd can be obtained

giving it then a value of 1.2 (&pprox. ).

' /
" Bffective Area at Velve Seab. ((A)

It can be shown for a conical valve spindle and seat

thst the area A (see Pig. 9, p.18) for any value of 1lift L
is given by L

Al= fl.L.sinB [ER“E'sm.EG]

where O = half the cone apeX angle and R = half the

dismeter of the circle of contact of the valve spindle and

valve seab.
In this case O = 60°, and R = -93:21.
1'% 3 2
13 1a:3 |
N=T oL SETI

254

.«

rig./
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Fig. 25, p.51, shows that for low-viscosity liguids the
restricting influence (on the flow) of the valve seat
practically disappears beyond a lift value of 30%.

From the above formula,
Al ok 100% Lift = 00416 in®
Aot 30%Lift = 00141 n®
also from Pig.3 Ares of connecting passagef%etween

valve seat and orifice = .00315 in® and area of orifice
a2
.'-"—20000328 in .

It appears then, that for maximum discharge under

given pressure conditions the ratio Effective area ol valve seal _
Effective avea ab orifice "

should not be less than %;ﬁ practicslly 4.3. The
effective area of the orifice has here been taken as the
actual area, since the coefficient (d appears to be
practically unity, but where the orifice has a coefficient
much less than this the effective area will then be that
of the 'vena contractar.

In the present ecase the velocity past the valve
seat (at 100/ 1ift) will be r@ughlyé-v of the velocity |
through the orifice. The results show that when the
velocity at the valve seat exceedsa%% of the velocity at
the orifice {or 22 of that through the connecting passage)
the loss in hesd caused by the restricting tendency of
the velve seat becomes noticeable.

Effect of Pressure and Density of Medium on Discharge.

In the Diesel engine the fuel has to be injected
sgainst a considerable degree of back pressure due to the
highly compressed sair, and products of combustion. As
the injection proceeds, the pressure in the combustion
chamber may increase considerably, and the density also
to a certain extent. The temperature of theg ases is

high when the injection begins and rises as this process

cont inues/
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continues; but it is probable that, as stated regardingr
fuel o0il temperstures on pageda, temperature can only
affect the rate of injection indireetly, that is in so

far as it may cause a change in viscosity, pressure, or
density. Its effect therefore is taken into account by
those other conditions, both for the liquid being injected
and for the medium into which the injection is taking place.

The following experiments were carried out in order
thet some knowledge might be obtained of the behaviour of
the discharge through the fuel valve nozzle into medis
subjected to various conditions of both pressure and
dengity. 1In addition, during these experiments readings
were taken for various settings of fuel valve spindle 1ift.
The liquids employed were the same as in the previous
discharge tests, namely water, paraffin, fuel oil, and
Mobiloil BB. Phe medium into which these liquids were
first discharged was air at pressures varying from atmospheriec
to 1500 lbs/in? gauge. Such pressures are not normally
present in the oil engine cyele, but, as it was found possible
to gttain this limit, it seemed worth while to investigate
their effects. In order to find, then, the effect of the
density and viscosity of the medium,these liquids were
themselves used as medisa. Thet is, the water was
discharged into water at pressures varying from atmospheric
to 1500 1bs/in’,the paraffin into paraffin and so on.

The effect of valve spindle 1ift was only investigated
for discharge into compressed air.

For these experiments air pressuresup to 900 lbs/in?
were obtained directly by means of the air compressor.
Under these eircumstances the method of procedure waé
as follows, essuming sll valves initially closed and the
fuel valve spindle properly adjusted. The air valve
(gsee Fig.ll, p.25) was opened and the compressor safedy

valve screwed down. (The compressor was kept running

cont inuously/
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continuously during the experiments.) When the test
pressure was obtained within the spray chamber the air
valve was shut and the safety valve completely released.
PThe guxiliary stop valve was then opened and immediately
aftérwards the main stop valve. After a wait period of
perhaps & second or two,the oil gauge pointer jerked up
to about the desired discharge ﬁressure end the diseharge
Pime reading was faken from this instant. Simultaneously
the outlet valve of the chamber was opened and throughout
the discharge this valve together with the main stop valve
(and occasionally the auxiliary valve) were operated in
such & menner as to maintain the pressures within the
chamber and behind the nozgzle respectively &t their required
emounts, a continuous efflux of discharged liquid teking
place from the outlet valve. When the period for the
discharge had elapsed,the auziliary valve was smartly
closed (by a ha.'i:i’ turn) and the watch stopped simultaneously.
Phe mein valve was then closed but the chamber outlet valve
left open until all the contained liquid had been blown out
into the receptacle. The total liquid collscted was
weighed. -®he main valve was not used for the cut-off of
the discharge,as its use gave rise to considersble 'after
flow! through the nozzle on ascount of the ele.stici’éy of
the whole system. GConsidersble practice was necessary
for the manipulation of }a.ll the valves before satisfactory
operation could be obtéined.

P®o obtain for the experiments air pressures beyond
- 900 lbs/in?—’ (viz.1200 and 1500 l'bs/ina.) an indireet method
was adopted, for which preliminary ‘diaeha.rgea were necesssary.
For the lower pressure the spray chambexr was first filled
with sir in the usnél manner to éoo lbs/in? and the air
valve closed. The auxiliary valve was opered and the main
valve adjusted to cause disecharge inmto the chamber at an
arbitrarily chosen liguid pressure of 2000 1bs/ in, ‘When

the/
]
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the chamber pressure had risen to 1200 1bs/ ine the
auxiliary and then the main valves wei'e eldseé. The
liquid within the chamber was drained off and weighed.
Several such readings were taken and a mean value
obtained. (The individusl readings agreed closely).

The above procedure was repeated commencing at &

chamber pressure of 700 1bs/1n‘°: and rising to 1500 lbs/ina.
The discharge experiments proper, into air‘ at 1200 1bs/in?
and 1500 1bs/in® were carried out by first obtaining the
air pressures in the above msnner and then following the
method described for test air pressures of 90C 1bs/ in.
downwards, except that when the chamber was drained at the
end of a test and the total liquid weighed, the weight

of liquid obtained by the preliminary discharge had to be
subtracted to obtain the net discharge over the given

period.
Higher air pressures could clearly have beem obtained

2
in the above manner, but it was considered that 15001bs/in.

was about the safe limit for the packing rings of the
windows, and in any case the maxXimum hydraulic pressure
possible was 2240 1bs/irﬁ, thus allowing ss it was, &
pressure difference of only 700 1bs/ in. at the sbove limit.
It was at first intended to use the wéighing method
deseribed on page E‘Z’;,in which steady conditions of flow,
hyydrsulic pressure and air pressure were :Eirat to be
obtained. It wes soon found, however, that this method
was impracticable. Whether in the actual process of
ai;‘raying or in the turbulence caused by the jet impinging
on the walls and bottom of the chamber, the liquids
dissolved, or absorbed,considerable quantities of air.
The effect was not lasting in the case of paraffin
end almost megligible in the case of water; but the fuel
oil and even more especially the Mobiloil BB were quite

unsuitable/
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unsuitable for further use for some time after being
discharged into compressed air. The absorption became
more pronounced at higher pressures both of liquid and
air. Even when apparently basdk to a normal state agsin,
unle'ss & considerable period of time was allowed to
elapse, the fuel oil was found to give unsatis:factory
results, and accordingly only a very few readings were
taken, with econsiderable intervals intervening, which
eould be checked against those obtained for the discharge
of fuel o0il into fuel oil. For the same reason 8lsao,
only & very few readings for Mobiloil BB into compressed
air were teken. With the latter oil ‘s longer interval
had to be allowed for the regcovery of its normal state.
Owing to turbulence caused by the jet, air was frequently
blown out through the outlet valve of the chamber insteed
of the liquid.

| On account of the absorption and turbulerce,the
__ieve’l' of the 1liquid in the chember did not remsin steady
and .fhe nﬁt‘hod described on pageldwas therefore
inapplicable.

Foi the experiments on disoharge into liquid media,
the spray chamber was removed from its stand and placed
in & horizontal positi‘on. This was done to ensure that,
even with & slight amount of air remaining in the chamber,
the nozzle would be completely immersed. Readings in
thisg case however were taken by the alternative method
desoribed on page &3.

Figs.27-32 pp.59-61, show the series of curves of
diseherge of water fd:é various pressures of air, and lifts
of tﬁé velve spindle. Similar sets of curves have been
obtained for the discharge of paraffin end fuel oil, but
thege have not been added since they are practically the

game/
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same as the series shown for water, and also, on
account of the necessarily large number of readings
for these tests, an increase in discharge was observed
over their duration which was of sufficient magnitude
to meke any comparison between the ligquids doubtful.
The curves shown in Fig.27-32,pp.59-61, suggest that
the effect of valve 1lift on dischsarge is similar for
all air pressures but for low values of 1ift the
dischai'ge seems to inorease slightly with increasing
air pressure. Some of the 1ift curves are rather
confused by what sppears to be an instability-of-flow
effect causing them to overlap.

The remaining tests were carried out at 100% 1ift
and as slready stated consisgted of the-discharge-of
water, paraffin, fuel oil and Mobiloil BB into air at
vaerious pressures, and then the discharge of the same
liquids (exscepting the Mobiloil BB) into media the
gsama as the liquid being discharged. The results of
thesé tests are plotted in Figs.33-38,, pp.63-65.

‘ Owing to the erratie nature of the readings of
diseharge, it has been found impossible to place them on
any mathematical basis as was hoped for at one time, and
it is only possible to remark on the generasl tendencies
that are appsrent.

In the experiments by Mr. W.F.Joachim already referred
to on page 37, this subjeet of discharge of fuel oil into
éompressed air has been investigated. Hydraulic pressures
up to 8000 1bs/in2. and air pressures up to 1000 1‘as/1n§
were used in these tests. One coneclyusion arrived at was
that the goefficient of discharge of fuel oil “increases
in the cage of discharge into compressed air until the
compressed alr pressure equals approximtely-'% of the

hydraulic pressure, beyond which pressure ratio it remains

practically/
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practically constant®. The preceding curves of di scharge
are rather wvague to ;llow 8 definite ecomparison but they
' appesr to agree roughly with the foregoing theoxy;
excepting perhaps the value ﬁ%r. In view of some of
the results however, an alternative theory might be
advanced, nsmely that for any liquid discharging,there
igs & definite limiting pressure in the medium beyond
which the coefficient of discharge remains constant. Po
arrive at any really definite conclusions it is obvious
that the extremely erratic nature of the experimental
points would necessitate a great number of readings being
taken and repeated.

It will be observed from the discharge curves
(Pigs+«33-38 pp.63-65 )that the increase of discharge
coefficient for increase of pressure of the medium is
much greater for water and péraffin than for fuel oil
and least for lubricating oil. In fact for the latter
it is almost impossible under thg circumstances to state
whether or not there is any increase. The above suggests
that viscosity has some bearing on this discharge
phenomenon.

The similarity to be observed between the discharge
into compressed air and into compressed liguids would
appear to justify the conclusion that the coefficient of
discharge of a liquid into a medium is affected by the
pressure of the medium but not by either the density ox
the viscosity of the medium. It will be evident thsat
such an essumption simplifies gteatly the application of
these results to the ao?ual injection of fuel into the
engine. If this assumption together with the previous
one regsrding the viscosity of the discharging liquid be
correct, they might possibly assist in the detemmination

of/
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of the theory of this discharge phenomenon. Such a
theory of course may have been developed, although the
writer is unaware of it.

Phe shape of the orifice might be another
determining factor; and so also might be its dimensions.
A fitting was made similar in outside appearance to the
engine fuel valve, and designed %o hold discs in which
various forms of orifices could be pilerced. The
principal intention was to study the effect of the

length of a circulat orifice having a diameter suitable

to the resources of the pressure supply, on the coefficient

of discharge into compressed air, but anfortunately time
did not permit the carrying out of these tests. With &
knowledge of the various possible types of flow at the
vena contracta' as deseribed in the paper referred to
on page 36 ", the results if reasonably consistent, might

have been of interest.
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EFFECT OF AIR PRESSURE ON JET FORM.

On account of the poor visibility obtained through
the inspection windows of the spray chamber, only a few
rough observations have been possible on the change of
Jet form caused by & change of air pressure. The air
pressure mﬁy in this case have been only an indirect
factor and air density the real cause of the clhenge in
Jet form. Further elaboration of the experiments would
have been necessary to separate the effects of these
two properties of the &ir in the spray chamber.

The jet being of a simple fanshape, the readings
were taken mainly of the angle contained by the two
bounding edges of the plane of the jet. This for
convenience has been termed the 'face angle' and the
contained angle of the jet perpeﬁdicular toﬁtha plane of
the jet has been termed the 'edge‘angle" These angles
were measured by means of a éimple instrunent consisting
of two square pieces of celluloid placed esgainat each
other, and pinned together close to one edge in suweh &
manner a8 to allow them to swivel about this point. A
straight line wés engraved on each piece and these lines
could be gdjﬁsted‘to contein any angle between them. By
placing the instrument against the outside of the window
these two lines were set parallel to the edges of the
jet and the jet angle was then obtained from them by

means of a protractor.
Fig.39,p.69,shows the curves obtained by plotting

the angles dstermined on & base of air pressures. These

angles were m neasured £or 10Q7 valve 1ift, and at the most

‘convenient hydrsulic pressure from the point of view of

visibility. Over & wide range, neither the valve 1lift

nor the hydrsulle pressure appeared to have any appreciable

influence/
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influence on the jet angles for either water or
paraffin. | It can be seen from the curves, that for
paeraffin the face angle decreased gradually as the air
pressure increased, whereas the water held longer to the
original angle and then dropped rapidly to about 67% of
this. Within;this region of rapid drop,inspection~
guggested an unstable condition of flow. Prom what
could be seen of the jet of fuel oil through the windows,
it eppeared as though the angle varied only slightly,
just a8 in the case of the parsffin.

The 'edge angle' of the jet was measured only for
paraffin,-it being the only liquid that could be seen
reasonably well with the jet turned st right angles to
the windows. Unlike the *'face angle!, the 'edge angle!
was found to increase with‘air pressufe. ?ﬁa values )
obtained were also plotted in Fig.39. On inspection
however, whereas the decreasse in 'face amgle' hed the
appearsnce of an sctusl change of flow of the liquids
through the nozzle, the increase in 'edge angle' had
that of a spreading of the jet after it was clear of the
orifice, due to the resistance of the highly compressed
air. Against this however, is the fact that, as is
apparent from the curves, there is evidence of some .
relationship existing between the change of 'face angle’
and the change of 'edge angle’'. Further, there would -
almost appear to hé a relatioﬁship between these angles,
and the coefficient of discharge, except that the angles
attain & constant value st about 600 lba/in% air pressure
whereas the coefficient increases to a value somewhat
above this. More work would require to be carried out
on this subject in conjunction with results of discharge
before any definite conclusions could possibly be msrrived
at. For this purpose & much larger spray chamber would

be/
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be desirsable.

Regarding the penetration of the jet into highiy
compressed air, it was rather interesting to find,
during the experiments at en air pressure of 1500 1bs/in’
that,thmvenergy with which the jet struck the surrounding
vessel appesred to be very considerable, judging from
thé commotion observed within. and the tendency on
numerous occasions for the air to Wwlow out of the valve
at the bottom instead of the liquid being injeéted, even
 in the case of water which showed practically no tendency

to absorbd éir under pressure.
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APFLICATION OF DISCHARGE RESULTS TO

THE DEVERMINATION OF THE RATE OF

INJECEION INTO THE COMBUSTION CHAMBER
OF THE ENGINE.

To simplify the application of the results of the
foregoing experiments on discharge, certain assumptions
were made.

Phe first assumption was that Fig.37,p.65, (showing
discharge of cold fuel oil into fuel oil at various
pressures) gives a correct comparison of the variation
in discharge of heated fuel oil into compressed air or
products of ecombustion. On consideration of the. points
that were a.ctxially teken of cold fuel oil into compressed
eir (Fig.37,p.65,) and the resemblance between Figs.33and34,
and between Figs.35 and 36,p.64, the part of the
agssumption deealing with the medium appears to be justified.
The pa.r‘t; dealing with the fuel oil temperature was
unlikely to involve more than a véry slight error (caused,
if any, by the effect of the difference in viscosities
Between heated and cold oil on the phenomenon of increase
in diseharge coefficient discussed on p.66).

Phe second assumption was, that at every value of
pressure difference in Fig.37,p.65, the ratio

aischarée into a medium at any given pressure ..
ge into the same medium at atmospherie pressure

was & constant. 'Phis could obviously only be the case

if all the curves were of the same mathemetical form
except for the econstant factors. That is, if the
equa:bioﬁ for the discharge curve into atmosphere were
yz:ax,then the other curves in Fig.37,p.65, would de
correspondingly ya = 8, X; y2== &, x;etc. Judging from the
ghape of the experimental curves this is probably not

quite /.
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quite the case, but the error so involved is unlikely
to be apprecieble compared with the possible error due
to the experimental points themselves,

The third assumption was that the varistion of
discharge with valve spindle lift as shown in Fig.22,p.948,
was the same for discharge into any pressure of the mediumf
4 glance &t the diagrams for water into air pressures
from stmos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>