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I IT TROD"JC T I ON 

In the east, a la_ re number of e:: eri_ments have 

een carried out by various ex erimenters investigatin 

the combustion of liquid fuel in air at different 

temperature s.nd -pressure conditions. 

The great majority of these experiments have been 

f a physical character, carried out in specially 

onstructed bombs. _ elatively few experiments have 

peen carried out with normal engines. 

The chief purpose of the tests described in the 

°ollowing pages was to investigate the combustion of 

°uel in a slow speed compression ignition engine and 

o show a connection between the phenomena of com- 

ustion and the :performance of the engine as a whole. 

In general, t he method ado -Dted was first to 

eterraine the load characteristics of the engine under 

Zoe °:lal, and approximately constant, atmsDheric 

onditions, from no load to full load. 

ariation of the temPal'aUure of the char ,e was 

.lade by preheating the inlet air, the rnay.ir irn inlet 

it temperature obtained being about 100 °C. 

Variation of the air consumption was effected by 

hrottling in the induction pipe of the engine. 

vailable equipment did not perr:rit of supercharging 

he engine. 

Prominence/ 
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TESTING EQUIPMENT. 

ENGII'TE : 

The Tests were carried out on a horizontal four 

stroke cycle, single cylinder National heavy oil engin: 

Cylinder Dimensions: Bore 8 inches; Stroke 16 inc1 . 

Volume Compression ratio: 13.11 :1 

Normal full load rating: 18 B.H.P. at 290 R.P.M. 

A cam operated plunger pump çelivered the fuel 

to the injector, the pressure of the fuel lifting the 

needle off its seat against the action of a spring. 

The fuel pump plunger has a constant stroke and the 

amount of oil delivered to the injector depends on 

the position of a bye -pass valve controlled by a 

governor. 

The engine was fitted with a water cooled rope - 

brake ring on the fly -wheel for power absorption 

purposes and a revolution conter, driven from the 

camshaft, was also incorporated. 

Two views of the engine and equipment are shown 

in Pigs. 1 and 2. 

FUEL SUPPLY: 

For the measurement of fuel consumption, two 

glass flasks of doúble conical form, tapering to a 

narrow/ 
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2. 

narrow neck at each end, were employed. These had 

been previously calibrated and the narrow necks 

suitably marked. The flasks were fed from a large 

supply tank about 8 feet above the level of the engine 

fuel pump. The procedure during any test was to 

switch over from one flask to another, checking the 

fuel consumption rates for consistency, by means of 

a stop -watch. 

Arrangement was also made for measuring the fuel 

temperature at the injector. A copper cadmium 

thermo- couple was built into the injector as close to 

the nozzle as practicable. The arrangement is shown 

in Fig. 3. 

The couple was connected to a potentiometer 

through suitable compensating loads. Calibration 

was carried out by passing heated oil through the 

dismembered part of the injector and checking against 

a reliable direct reading mercury thermometer. 

Records of injection pressures and timing were 

obtained on a Dobbie McInnes "Farnboro" Indicator and 

will be discussed later. 

AIR SUPPLY: 

Care was taken to measure accurately the quantity, 

temperature and pressure of the supply. 

A/ 
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A diagrammatic arrangement of the air induction 

system is shown in Fig. Li.. 

H Heater 

Heating was carried out electrically in a steel 

leak -proof tank, air entering at the top and passing 

out at the bottom b the engine. 

Four coils built from 20 S.W.G. Iron "':ire were 

suspended on: carriers inside the tank so as to afford 

as large a heating surface as possible. 

Each coil absorbed about i Kilowatt and was 

connected through an insulated and leak -proof terminal 

to a switch on the control panel. 

One of the coils was connectd to a variable 

resistance which was arranged to vary the power 
1 

carried by the coil in steps of 12 Kilowatt. 

By this means, the temperature could be regulated 

from minimum to maximum in steps of less than 2° C., 

since any number of coils could be brought into use. 

Quantity Control 

This was effected by a throttle plate interposed 

between the heater tank and the engine. Precautions 

were taken to avoid leakage at the spindle, one of the 

bearings being made 'blind" while the other was fitted 

with a gland. The arrangement is shown in Fig. 5. 

Measurement/ 
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easurement of Air consumption was made by a 

calibrated gasometer, consisting of water sealed bell 

and container, and having a capacity of 200 cubic feet 

of free air. 

Under normal induction conditions, this enabled 

air consumption to be measured over 22 minutes. 

A description of the Air measuring equipment 

appeared in "Engineering" on the 16th April, 1937. 

Induction Temperature 

Arrangement was made to measure the temperature 

as close to the engine as possible - about 6 inches 

from the inlet valve (see Figs. 1 and 2). 

Preliminary tests showed that, under certain 

running conditions, blow back from the cylinder gave 

readings which were obviously not the average 

induction temperature. A second arrangement was, 

therefore, incorporated on the other side of the 

throttle and about 2L4. inches from the inlet valve, 

and readings taken here were used for normal induction 

conditions. 

INDICATOR GEAR: 

An existing Dobbie McInnes "Farnboro" Electric 

Indicator was used to obtain records of the pressures 

in the engine cylinder, the induction pipe and the 

fuel injector. 

To/ 
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To the standard equipment used for obtaining 

these records was added an auxiliary electric circuit 

which was capable of sparking out, simultaneously with 

any other record, a diagram of injection timing. 

The diagrams obtained by the "Farnboro" Indicator 

are, of course, to a base of crankangle, the indicator 

drum in this case being.directly coupled to, and in 

pine with, the crankshaft. They represent the mean 

of about 50 cycles. This is a great advantage, 

I ractically a necessity, where the speed of the engine 

and its fuel consumption are controlled by a centri- 

Iugal governor. As will be seen later, the quantity 

f fuel injected during the cycle varies considerably 
.t any one load. 

Correct phasing was checked periodically by a 

"No -Fuel" compression and re- expansion curve. 

For obtaining the pressure records, Dobbie McInnes 

tandard units were employed - Disc Valve units for the 

-ngine cylinder and induction pipe pressures, a 

ifferential Plunge Valve unit for the fuel pressures. 

For measuring the injection timing, the author 

esigned a unit which was constructed in the University 

Vorkshop. Fig. 6 shows a full size drawing of this 

nit. It consists of a make and break disc operated 

hrough a plunger by the injector needle. When 

onnected/ 

i 
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connected up to the auxiliary electrical circuit in 

the usual manner, two sparks per cycle are obtained - 

one at the lifting of the injector needle and the 

other at the closing of the needle. T?o attempt was 

made to obtain a complete valve lift record but the 

"break" could be adjusted to occur at any desired 

position of the injector needle. This was achieved 

by means of the adjustable sleeve (3). ?rial showed 

that valve lift was completed in less than 1 degree 

of crankangle, the complete lift being about .016 ind 

Records were made of the time at which the needl 

was .002 inch open on the "lift's and .007 inch open 

on the closing. The difference of .005 inch between 

these positions is accounted for by the clearance 

between the disc and its seat. 

For converting the records from a crankangle 

base to a stroke volume base, a standard transparent 

scale was used, suitably calibrated in degrees. PV 

charts were prepared (see Fig. 7 et seq.), the base 

being divided by vertical ordinates into lengths 

equivalent to every 10 degree crankangle. 

Due allowance was made for the obliquity of the 

connecting rod when preparing these charts. 

CYLINDER/ 
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CYLINDER JACKET T WATER : 

For measurement of rate of flow, two calibrated 

tanks were fitted on the outlet side, the procedure 

being to switch over from one tank to another while 

one was being emptied. 

The supply was made up of hot and cold water 

obtained from the general supply to the building and 

mixed in a small cast iron cylinder before entering 

the engine. 

LIercury thermometers close to the engine inlet 

and outlet were used to measure the temperature. 

EXHAUST CONDITIONS: 

The average exhaust pipe temperature was measure 

in all tests by means of a platinum-platinum rhodium 

thermo- comle. This was inserted as close to the 

engine as possible - about 5 inches from the exhaust 

valve - and connected to a direct reading indicatór. 

At the end of each test, a check was made against the 

potentiometer, and proved satisfactory. 

Apart from a visual examination of the exhaust - 

during each tes -t - a chemical analysis was carried 

out when the visual examination and low air /fuel 

ratios indicated the possibility of incomplete 

combustion. 

Standard/ 
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Standard "Orsat" equipment was used with 

absorbents for 002, CO and 02, the sample being 

removed at a point in the exhaust pipe about 10 feet 

from the engine. 

PRELIMINARY COTtSIDÿRATIONS AND '!'RIALS. 

FACTORS AFFECTING HEAT LOSSES ATM COMBUSTION: 

The main object of these tests is to inveatigate 

the /ffect on the combustion of fuel in the engine 

cylinder of changes in 

(a) the temperature of the charge; 

(b) the weight of air used per cycle. 

There are, of course, a number of factors which 

may affect the process of combustion and, as it is 

desirable to have a single variable in any one series 

of tests, care has been taken to control these other 

factors suitably. 

One important factor is the quantity of oil 

injected per cycle. Consequently, it was decided 

that, when examining the (ffect of different inductio 

conditions at one approximate load condition, the 

quantity of oil injected per average cycle should be 

kept sensibly constant. This necessitated small 

alterations in the brake load to suit varying- Brake 

Thermal/ 
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Thermal Efficiency. Quick determinations of fuel 

consumption (forsetting purposes) were obtained by 

measuring the time taken to consume 0.1 lb. of oil. 

io alteration to load was made once the test had 

started. 

The quantity of fuel injected is controlled by a 

governor and there is, therefore, a cyclical variation 

in the period of injection and, consequently, in the 

cuantity of oil injected. 

The use of heavy gear oil in the dash pot attache 

to the governor damped down the variations, though it 

vas apt to require frequent regulation. The injection 

timing unit was found to be of great assistance in 

these adjustments. 

The temperature of the fuel oil will, if variedr,, 
7 

onsiderablyÇaffect the rate of combustion. Arrange - 

ent was, therefore, made to check the variation of 

emperature at the injector. The highest fuel 

emperature recorded in any test was 640 C. 

H.H. Wolfer has stated that the combustion is not 

ffected by fuel temperature below 1000 C. and this 
1,2 

iew is supported by other authorities . The 

ffect of the fuel temperature has, therefore, been 

eglected. 

chat/ 
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That the jacket conditions have a considerable 

effect on the engine performance is well known though 

the exact effect on combustion is not so apparent. 

There appear to be two factors: - 

(a) the jacket temperature, i.e. the average of inlet 

temperature and outlet temperature; 

(b) the rate of flow of water through the jacket. 

The former is of importance since it affects the 

conduction of heat from the cylinder walls, while the 

latter affects the scouring action, i.e. the removal 

of heat by convection. Experiments carried out in 

the Heat Ent-ines Laboratory at the University of 

Edinburgh in 1937 showed that, at full load, combustio 

became very irregular with cold jacket , and the heat 

given to the jacket water was greatly increased as 

the mean jacket temperature was lowered. Unfortun- 

ately, no attempt was made in these tests to keep the 

rate of flow through the jacket constant. 

It was thought that the engine would be more 

sensitive to small changes of flow rate when the rate 

of flow was low. To confirm this view, a few 

preliminary tests were carried out at about 9 D.H.P. 

and a jacket temperature averaging Li.5° C. Table I 

shows the chief results. 

Table/ 

* M. Davidson - "Effect , of.. Jacket Temperature 
PhD. Thesis University of Edinburgh 1937. 



11. 

TABLE I. 

I quantity of Jacket 
Water per min. lb... 

Inlet Temp. °C. 

utlet Temp. 0C. 

'lean Temp. °C. 

-feat to Jacket water 
per min. C.H.U. . . 

. H. P. 

19.63 11.53 6.18 5.53 

37.7 33.4 24.9 21.8 

51.5 56.5 65.9 67.4 

11)1.6 45.0 45.4 W1.6 

271 

8.96 

266 

9.01 

251 

8.92 

252 

9.03 

It will be seen that the variation of heat to 

jacket is not great for flows above 10 lbs. per minute,; 

ihereas, below 10 lbs. per minute, the heat taken up 

.y the jacket water is considerably reduced. 

The most noticeable feature observed was the 

.ifficulty in controlling the temperature at the loves 

now rates. Hence it was decided to maintain the flot 

.uring any series of tests between 15 lbs. per minute 

=nd 10 lbs. per minute except at the very highest 

oads, the mean jacket temperature being fixed at 4OOC. 

It is appreciated that the results of the above 

ests do not necessarily indicate any differences in 

uhe mode of combustion. 

Barometric Pressure cannot be said to affect the 

ombustion process except when air /fuel ratios are at 
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a critical stage. In order to obtain comparative 

values of exhaust and suction pressures (absolute), 

the variation of atmospheric pressure should not be 

excessive. In the tests carried out, this ranged 

from 1 4. 23 lbs. per sq.in. to 14.73 lbs. per sq. in. 

TEST .ARR.LIGET'.'rNTS. 

CLASSIFICATION OF TESTS: 

(1) Tests at normal induction conditions. 

6 tests were carried out chiefly to determine 

the power characteristics of the engine. 

Classification: P 1. - P 6. 

(2) Tests with varying charge temperature but 

approximately constant weight of air. 

3 tests at light load - Classification: TL 1, 

`_'L 2, TL 3. 

3 tests at half load - Classification: TH 1, 

TH 2, TH 3. 

(3) Tests at normal induction tempe?ature varying 

throttle opening. 

6 tests at light load - Classification: - WL6. 

FUEL OIL: 

The fuel oil used throughout these tests was 

Pool Diesel Oil. 

A/ 
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A sample was analysed by a competent authority 

yielding the following results:- 

Gross Calorific Value 

Nett Calorific Value 

Specific Gravity .. 

Chemical Analysis: 

C 85.5r3 

10,830 C.T.U. per lb. 

10,100 C.H.U. per lb. 

.868 

H2 13.0;; S 1.25;.; 

Nitrogen, Oxygen, Ash and Errors 0.25 

Theoretical Air required for 
complete combustion 14.4 lb. per lb. 

The Nett Calorific Value has been used throughout 

for the determination of thermal efficiencies etc. 

STEADY CONDITIONS: 

In order to obtain consistent results, care was 

taken to ensure steady running conditions. 

Not less than 12 hours was allowed to elapse 

after starting from cold before commencing a test and 

not less than 1 hour between tests. Temperature 

readings were taken every ten minutes - this being 

the minimum regular interval consistent with a regular 

measurement of air consumption and taking of pressure 

diagrams. Not less than two air consumption measure- 

ments were made during any one test. Two sets of 

indicator/ 
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indicator diagrams were taken - one set early in the 

test and the other set towards the end of the test. 

Usually both sets proved consistent. As would be 

expected. some tests ?Droved ilnsa ti f.^.ctory eiti?.or on 

accomt ,_..k t tel !.eïature or inlet conditions. 

'hese wore rejected and subseauent L'j repeated. 

,o-ordination o' Tests. 

The three croups of tests mentioned above have 

een dealt -with separately in so far as their reneral 

characteristics are concerned. Finally, information 

obtained from each of the three croups has been 

analysed and co- ordinated. 

ENGINE CT_T_ARACTE_'_ISTICS NDEF NORMTAL 

INDUCTION CONDITIO NS. 

O 1D PERFORMA= TESTS: 

Tests were carried out at six different loads to 

determine the characteristics of the engine over its 

whole power range i.e. from No load to Full load. 

Table II shows the more general characteristics 

and is followed by 6 pressure volume indicator diagram 

eferring to these tests (Pigs. 7 - 12). 

able/ 
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Test Yo. P1 P2 
1 

P3 P4 
1 1-T. L . 

P 5 

14.45 

P 6 

A tI;iospheric press. lb /sci. in.abs. 14.23 14.52 14.23 1 

ii.P.M. 288.8 288.6 288.7 288.3 288.1 288.1 

i:.H.. - 4.98 8.73 12.111 15.57 17.81 

I.M.E.P. (gross) lb. /sq. in. 21.9 38.7 48.95 62.2 72.5 78.1 

I.I ;i.E.P. -(pumping) ib./sq.in. 4.53 4.22 3.52 3.70 3.43 3.13 

I .Izt. L.P. (nett) lh. /sq. in. 17.4 34.5 45.4 58.5 69.1 75.0 

I.H.P. (gross) 6.111! 11.36 14.37 18.22 20.93 22.88 

I.H.P. (pumping) 1.33 1.23 1.03 1.08 1.01 .92 

I.H.P. (nett) 5.11 10.13 13.34 17.14 19.92 21.96 

riction H.P. 5.11 5.15 4.61 4.60 4.35 4.15 

3echanical Efficiency ó - 49.3 65.4 72.6 78.2 81.0 

uel used per hour - lb. 
i 

Puel /E.H.P./hour - lb. 

2.068' 

- 

3.68 

.738 

4.91 

.563 

6.65 

.535 

8.49 

.545 

11.10 

.624 

Fvel /Gross I.H.P./hour - lb. .321 .324 .342 .365 .407 .485 

i uel /Nett I.H.P./hour - lb. .405 .363 .368 .388 .L127 .506 

.T.E. ó - 19.0 X24.9 26.2 25.7 22.5 

I.T.E. on Gross I.H.P. ;:á 43.7 43.3 40.9 38.4 34.4 28.9 

I.T.E. on Nett I.H.P. 34.6 38.6 38.1 36.1 32.8 27.7 

Air used per minute - lb. 4.3 4.37 4.25 4.24 4.22 4.09 

olumetric Efficiency á 87.7 87.9 86.3 86.2 85.3 ,83.2 

Induction Temperature °C. 18.5 17.1 18.2 18.2 18.3 20.6 

Exhaust Temperature °C. 101 165 .217 265 381 515 

Jacket Water inlet temp. °C. 34.0 32.7 32.7 28.7 26.5 22.2 

Jacket Water outlet temp. °C. 46.9 49.7 50.7 52.9 53.4 58.9 

Jacket Water flow /min. - lb. 12.21 11.63 13.86 13.94 17.07 16.78 

Heat to Jacket Water /min. lb'. 157 198 249 337 458 615 

Temp. of Fuel at injector °C. 43 39.5, _46.5 47 54 64 
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ToteG on the I\ tt I.; and ?Friction H.P. 

The I.H.P. (nett) has been calculated by deductin 

he pumping_; horse -power (as liven b-:r the spring 

v diagram from the I. _ . ' (gross). T ' . ( } he Horse -power 

xpended in friction has estimate( .t been e.irnatec. as the 

ifference between the B.H.P. and the nett It, 

herefore, includes piston friction, bearing friction, 

.rind.age and the rower recmired to operate the fuel 

ump, luTh icating oil pump, inlet air valve and 

xhaust valve. No a ttemipt has been made to separate 

uhese items. 

imilarl ; ;r, the î'echani cal fficiency has been 

taken as the ratio i. .P. 
I. If. P. nett) 

Fin. 13a shows < ;rarjhically the mechanical 

characteristics with reference to B.H.P. 

The friction horse -rower, calculated as the 

difference between two observed values not greatly 

different, is necessarily somewhat erratic. This 

would not have been so noticeable had the Friction 

F.P. been dra:, i to the sale scale as the S.H.P. 

It arrears, however, that there is definitely 

a reduction in. friction with increase of load and 

this/ 
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this may be accounted for chiefly by the reduction in 

piston friction, in turn due to a lower viscosity 

brought about by the higher temperature of the gases 

in the cylinder. Overloading, resulting in a more 

or less partial breakdown of the lubricating oil films 

would no 'doubt raise the friction horse-power again. 

The pumping power also shows a decrease with load 

and is due chiefly to the reduced back pressure at the 

higher loads. The large drop in pressure which takes 

place at release, must give rise to a high velocity of 

discharge and the inertia of gases no doubt helps in 

continuing the reduction in back pressure throughout 

the exhaust stroke, as observed at full load. 

The mass of gas exhausted is sensibly constant 

for all loads whereas its volume (in the exhaust pipe) 

and consequently its momentum, will be roughly pro- 

portional to the exhaust temperature, which increases 

with load. The deceleration of the piston towards 

the end of the stroke reduces the momentum and this 

change of momentum aids in continuing the reduction 

in back pressure right up to the end of the exhaust 

stroke. (See pv diagram, Pig. 12.) 

The fuel characteristics with reference to 

B.H.P. are illustrated in Pig. 13b. They appear to 

be/ 
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be typical of slow speed compression ignition engines 

though the rather sharp rise in fuel per hour at high 

loads, and the consequent fall in B.T.E. is more pro- 

nounced than usual. This feature is given more 

consideration later on. 

Fig. 11 shows the fuel characteristics referred 

to I.H.Y. (nett) . It will be seen that the I. ̀ ï'. E. (on 

nett basis) reaches a maximum at nearly half load and 

that the efficiency falls off at about the same rate 

on either side of this load. The cause of the lower 

efficiency at light loads would appear to be due to 

the increased percentage which the pumping H.P. bears 

to the I.H.P. at light load.' This is indicated by 

Fig. 15 where the I.T.E. is shown to a basis of gross 

I.H.P. 

While it is perhaps more usual to give the I.H.P. 

and I.Y.E. on the "nett" basis, from a thermodynamic 

point of view the pumping loss is really a loss 

external to the process of converting the fuel heat 

into work. Consequently, it would appear that a 

deter::_ination of thermal efficiency from the positive 

loop only of the indicator diagram is the correct 

method. This was adopted by Hopkinson in 1907 and 

its validity very well explained by Captain Sankey . 

There/ 

* Hopkinson - "Indicated Power and Mechanical Efficie 
of the Gas Engine" (froc. Inst. E,3ch. En 
Vol. 4 p. 873. (1907) 

+ Sankey Discussion ibid p. 916 
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Cy 
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19. 

There would appear to be three main factors 

affecting the 

(1i) the specific heat. This increases: - 

(a) with temperature; 

(b) as the air /fuel ratio decreases. 

/jA4)( CO is usually accompanied by higher temperatures 

so that increase in Power output is accompanied by a 

cumulative increase in Specific Heat and a lower 

efficiency of conversion of heat to work. 

(2) the heat losses during combustion and expansion. 

(3) the period of combustion. 

In order to investigate the heat losses, certain 

additional data have been obtained, chiefly from the 

indicator diagram and t1iese have been tabulated 

(Table III). 
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20. 

TABLE III. 

Test No. i P 1 P2 P3 Pty t 5 P6 

I.H.P. (gross) 6..44 11.36 
¡ 
14.37 18.22 20.93 22.88 

I.H.P. (nett) 5.11 10.13 13.34 17.14 19.92 21.96 

Air /Fuel Weight Ratio 124.8 72.3 52.0 38.5 2(_'.7 22.1 

Excess Air % 767 402 261 157 106 53.5 

Air used per cycle - lb. .0298 .0304 .0296 .0296 .0293 .0284 

Residuals in Clearance .0026 .0021 .00175 .00155 .0013 .0010 
Volume - lb. 

Weight of charge during .0324 .0325 .03155 .03115 .0306 .029L. 

Compression 

Suction Temperature °C. 31 47 49 56 67 75 

Fuel per 1000 cycles lb. .2L. .1.18 .57 .769 .98 1.287 

Weight of charge during .03254 .03292 .03190 .03192 .03158 .03069 
Expansion - lb. 

Injection begins - 
degrees before I.D.C. 

6.0 8.2 10.0 11.0 1-1.0 11.5 

Injection ends - 
degrees after I.D.C. 

1 2. 0 21.5 29.5 Lj0. 5 95.5 72.5 

Period of injection degs. 18.0 29.7 39.5 51.5 66.5 84.0 

Combustion begins approx. 
degrees before I.D.C. 

1.0 4.0 5.0 6.2 6.6 7.5 

Delly Period (approx.) 
degrees 

5.0 4.2 5.0 4.8 4.4 4.0 
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NOTES OIT TABLE III: 

3eight of Chare. 

1) During Compression. 

This is macle up of:- 

(a) The air consumed per cycle. 

(b) The weight of residuals i.e. exhaust gases not 

completely evacuated from the cylinder. 

The weight of air passing through the engine per 

ycle can be measured accurately by means of a gasomete 

The weight of residuals will be mainly dependent 

n the weight of exhaust gases in the clearance space 

the end of the exhaust stroke. Unfortunately, 

here is approximately thirty degrees overlap between 

he opening of the inlet air valve and the closing of 

he exhaust valve (see Fig. 16), so that there might 

e expected, at full power, where the back pressure is 

ow, a further evacuation of the exhaust during the 

arly part of suction. 

Neglecting this effect in the first instance, the 

eight of residuals can be estimated from the pressure, 

olume and temperature in the clearance pace at the 

nd of exhaust. The pressure and volume can be found 

rom the indicator diagram. Direct measurement of th 

emperature of the residuals at instant of I.D.C. Is 



22. 

not practicable so the temperature recorded in the 

exhaust pipe about 6 inches from the exhaust valve has 

been used. `_'akin: into account the various heat 

losses during exhaust and the fact that the thermo- 

couples will give the mean temperature reached at 

that point between the cycles, it is considered that 

this will give a fair indication of the temperature 

existing in the clearance space at the beginning of 

suction. 

Then "Weight of Residuals = t°,'r 

pryr 
-RTr 

where R = Gas Constant for the residuals. 

The value of R is dependent on the molecular 

constitution of the exhaust and is directly affected 

y the air /fuel ratio. 

1 

R Universal Gas Constant = R 
Molecular Might of Exhaust Gas mixture rlm 

Values of I,1m and R for the extreme range of 

r /fuel ratio employed in these tests have been cal- 

culated for the particular fuel used. They are as 

ollows:- 

Air/Fuel Ratio Lim R ft.lbs 

124.8 

22.1 

26.86 

28.89 

96.3 

96.25 
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It is considered that this difference is negligib 

for the purpose of calculating témperatures etc., and 

throughout these tests the value of R for the exhaust 

roducts and for the charge prior to combustion has 

een taken as 96.3 in the foot lb. Centigrade system. 

To check up on the possible loss or gain of 

Products through the exhaust valve early in the suctio 

stroke, it was decided to fit a Dobbie _cInnes Pressur 

Disc valve unit in the exhaust pipe and measure the 

I. ressure variations. Records were taken for conditio 

similar to tests P 1 and P 6 and are shown in Fig. 17 

superimposed on records of cylinder pressures taken 

i reviously. 

It will be seen that, in both cases, the depressi 

during the beginning of suction is small and that, for 

the greater part of the first twenty -six degrees of 

suction stroke, the cylinder pressure" was less than 

that of the exhaust. On the other hand, while the 

exhaust pressure was less than the cylinder pressure, 

the valve opening was greater, so that the nett effect 

seems to be neither gain nor loss through the exhaust 

valve. 

Hence the weight of residuals mixed with the air 

at the end of suction has been taken as that obtained 

from/ 

s 

n 
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from equation (1) on page 22. 

Then ':7eiht of Charge during compression 

W1 
_ 1a +jr`ir 

( C 

where ":'a = `:Weight of Air per cycle. 

Weight o:' Charge after Combustion. 

where Wo = Weight of Fuel injected per cycle. 

(3) Weight of Charge during Combustion. 

W21 = WI + fflo (4 

where x = fraction of oil burned at any particul 

nstant. 

1 em perature of Charo.e. 

(1) During Compression. 

Absolute Temperature T = = deg.C.abs. .. ( 

where and v are obtained from indicator diagram 

W1 is obtained from equation (2) above. 

) Temperature of Charge during ex?)ansion after 

Combustion. 

T pv 
96.3W2 

Where W = W1 + Wo as in equation (3) above. 

Temperature of Charge during Combustion. 

T py 

96.3W2' 

where 'fd2I = W1+ tWo as in equation (Li) above. 

igs. / 
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Figs. 18 and 19 show the cyclical variation of 

amperature inside the cylinder. It will be seen 

hat, at high loads, the temperature during expansion 

s maintained at a fairly constant level for about 

'ifty per cent. of the stroke, and tends to support 

he suggestion put forward by F.71. Lanchester . that 

uhe solid injection engine cycle is a mutilated Carnot 

ycle. While this may be true at full load, the ligh 

oad diagram would certainly approximate more closely 

the constant volume cycle had the injection begun 

arlier, and it is at light load that the engine would 

e expected to approach the ideal. condition. 

nternal Energy of the Charge. 

For any change of temperature: - 
Ti 

hange of Internal Energy = JCvdT for one lb. of gas. 
T 

Cv is dependent both on pressure and on temperat 

Vhile the effect of temperature is fairly accurately 

mown, our knowledge of the effect of pressure is not 

eliable. Such data as do exist seem to show that, 

t the pressures and teperatures operating in oil 

ngines, the pressure has little effect. 

Curvos of Internal Energy, plotted against 

bsolute temperature have been obtained in accordance 

di th/ 

F.W. Lanchester - "Energy Balance Sheet of the T. C. 

Engine" (Proc. of InSt.I;lec11.E. 
1939 vol:. 141 No. 4 p 315 ) 



NOTE:- 
A, Mean Pressure 

between 47t,..3- E; v2 

FG 2 0- KEY DA'cRA/Yl. 
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vith Par ti nr; ton F: Shilling's values for the specific 

seat of CO2, H20, etc. Yo allowance has been made 

or the latent Heat of Steam when assessing the 

Dra ortion of Internal Energy provided by the 

content. This would a_, ear to be correct in view of 

the fact that the L.C.V. of the fuel has been used in 

it calculations. The curves cover the range of air/ 

uel patio employed and have been drawn from a zero 

nergy at 2730 C. abs. (See Chat in rear cover 

ocket. ) 

Teat Hecention Curves (Pir;s. 21 and 22.) 

These curves are based on the thermodynamic 

elation affectin the change of state of a mass of 

as. During any such ch=e, the nett heat received 

ey the gas is equal to the work done by the gas 

o`-et er with the increase of Internal Energy. 

?r,_olyin g this equation to the key diagram shown 

1i 20:- 

=eat supplied = = U(v2- v1) + W(E2- Ej) heat unit 

when E2 - E j = Charge of Internal energy per lb. 

.e./ 

gas. 

W = Lz of gas - lbs. 

Partin -ton c", Shilling - "The Specific Heat of Gases" 
pp. 208, 209 (193L1 Edition) 
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T1!.LE 

Corrc ;sion. 

CranlCylr. 
in 1 e vol. 

Press- 
ure 
lb./ 

sO. î't. 

-.7 

_'. . 

it I 

or_ :Cron 
I. I .v. 

",ork 
+ 

';:'xE Area 
sci. 7..n. 

C. =:. ü . 

.038L. 72,100 .0326 382 - 3.50 

10 .0L!.27 56,900 .0325 777 vcJ. O 2.86 .3 .205 5.065 

20 .0554 41,L-00 .0325 733 80.2 2.61 1.19 .61.!3 .: - r253 

30 .0759 27,400 .0325 697 74.0 2.407 2.13 1.152 3.559 59 

40 .1033 13,L30 .0325 603 58.5 1.90 2.97 1.506 3.506 

50 .1362 12,670 .0325 551 48.5 1.576 3.62 1.957 
; 3.533 

60 .1737 8,930 .0325 495 38.5 1.25 4.16 2.248 
! 3 . 49 8 

70 .2136 6,680 .0325 L!-55 51.5 1.025 4.58 2.476' H5.501 501 

80 .2551 5,180 .0325 421 25.3 .823 4.92 2.66 3. L-83 

90 .2964 4,230 .0325 401 21.6 .703 5.15 2.785 3.488 

110 .3730 3,065 .0325 365 15.5 .503 5.515 2.98 3.483 

130 .4354 2,450 .0325 3L!0 11.3 .367 5.73 3.467 

150 .4789 2,130 .0325 326 9.2 .299 5.86 3.106 3.465 



:,_-oansi on. 

J_ 

.oi'_: 
I.D.O. 

Crani: 
_An 

.1 e 

0J1=7. 

Vol. 
Cu.f1.. 

roSS- 
uPl.i 1. / 

.-.,_ 

:. . 

_J 

123.5 

137.0 

1 i-;-0 . C; 

132.5 

113.5 

1 0.7 

84.5 

. 76 .5 

7 

59.6 

49.9 

-r..,. ..'. 

_1'Ol' 

-¡- 

.,.._J 

3.50 

4.61 61 

4.36 

3.9 

3.31 

.2.78 

2.584 

1.96 

1.64 

c7. 

,-cy. in. 
ri 

. _ . . 

T.D.C. 

10 

20 

30 

40 

50 

c2o 

70 

ÚO 

90 

110 

130 

.0364 

.027 

.055) 

.0759 

.1033 

.1362 

.1737 

.2136 

.2551 

.2964 

.3730 

.4354 

72,100 

71, Wo 

59 , 000 

43,750 

30,800 

21,600 

15,200 

11,060 

8,850 

7,250 

5,180 

4.,030 

.0326 

. 03"7 

. 0a2C) 

. 0329 

.03292 

.03292 

.03292 

.03292 

. 03292 

.03292 

.03292 

.03292 

969 

1036 

1046 

1003 

927 

7L4-ß! 

711 

676 

606 

553 

1.55 

2.95 

4--32 

5.445 

6.36 

7.02 

7.58 

7.95 

8.6 

9.06 

. 24 

r > n .ü'ü 

1.595 

2.335 

2.946 

3.436 

579'_7 

4_.1 

4.33 

4.65 

.o, 4 r' 9 

3.50 

1: 273 

5.328 

6.205 

6.695 

6.846 

746 

6.68 

6.68 

6.61 

o.53 
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30. 

The values of [P(v2_ vi) + WE2J as given by the 
J 

data in the "Work + '.E." column, have been Plotted 

together with similar values for the remaining five 

tests of this series, and are shown in Fig. 21. 

The value of WEI1 - the internal energy of the 

gases 

at I.D.C. - when pubtracted from the value of 

{P(v2_ v1) + 
`E2J 

will give the heat supplied between 
J 

I.D.C. and any particular crank angle position. 

Hence, to determine the heat supplied between two 

crank angle positions, all that is required is to 

:Zeasure from the curve the change in the value of 

n(v2 - v1) +,WE2 
J 

To determine the heat supplied from the comiuer.ae- 

tent of combustion, it will, of course, be necessary 

to determine first the crank angle positions at which 

combustion begins. It is customary to assume that 

combustion begins at that point where the cylinder 

f ressu .tee rises above the normal compression pressure 

.ut reference to the pressure crank angle diagram 

for Test P. 2. (enclosed in rear cover. pocket) shows 

that this point is not at all well defined. This is 

due partly to the slow speed of the, engine but mainly 

o the fact that the quantity of fuel injected is 

never the same for two consecutive cycles. A method 

suggested/ 
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sug vested by Dr. J.Riffkin is to use the point of 

inflexion of the pressure crank angle curve. .7hi le 
this is, perhaps, better defined, it cannot be said 

to repreent the point at which heat from the fuel is 

released although up to the ;point at which rapid 

combustion takes place (as indicated by the steep 

pressure rise of the indicator diagram) the amount 

released would be quite m 1all. In drawing up the 

final heat reception curves, a combination of these 

two methods was adopted. The first method was used 

to find the point at ,Mich the cylinder gases began 

to receive heat and the second method to find the 

point at which rapid evolution of. heat began. ?o 

attempt has ,seen made to follow accurately the heat 

reception curve during this period of rapid corn - 

bustion. 

*Referring to gig. 22, the most noticeable 

features appear to be:- 

1. Combustion begins late at light load and early 

at full load. 

This results from the fuel injection character- 

istics and reference to Table III (page 20) shows 

that/ 

* Dr. J. TAffkin - "Ignition Quality of Diesel Fuels" 
"En;;ine:erinr_;", 6th January -1939 
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that-there is a difference of 5. 5 degrees in the start 

of injection over the whole load range. This 

corresponds roughly with the heat reception curves. 

2. The rate of combustion during the first forty 

degrees increases with the load on the engine. 

The curves represent the nett heat received by 

uhe gases and, since the radiation loss etc. will 

ncrease with the load., the difference between the 

ates of combustion will be even ..ore marked than that 

ndicated by the heat reception curves. 

The neat evolved during the period of rapid 

ombustion immediately following the delay is small 

nd sensibly constant for all loads - about .39 C.H.U. 

t no load and .49 C.H.U. at full load., i.e. 165 and 

.7 of the resrective heat received during the cycle. 

!his difference is not sufficient to have any material 

ffect on the I.T.E. 

The Period of combustion increases with the load. 

This will be directly affected by the Period of 

"'uel injection and reference to Table III (page 20) 

as shown that the period of injection does increase 

rith the engine load. The crank angle position at 

rhich injection ends has been marked on the heat 

°caption curve and it will be seen that the heat 

received/ 
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received by the gases after injection has ceased is 

not greatly different over the whole load ra_ngo (see 

also Fig. 23.) 

This would appear to indicate that, under all 

loads except the very lightest, the fuel is burned 

at a rate dependent on its rate of injection into the 

cylinder. 

Fuel Injection Characteristics of the Engine. 

In Fig. 24, the Period of injection has been 

plotted against the fuel consumption in pounds per 

hour. This shows that the injection eriod is 

almost proportional to the fuel consumption per hour. 

If this i5 so, then it follows that the mean velocity 

of discharge during injection must be sensibly constant 

for all loads. To shed some light on this result, 

fuel injection pressure diagrams taken during the six 

tests have been plotted to a crank angle base in Fig. 

25a. It will be seen that the maximum pressure during 

injection increases very considerably with the engine 

load - 1650 lbs. per so. in. at no load, 3,300 lbs. 

per so. in. at full load. 

This rise of pressure with load is due to the 

arrangements made for governing the engine. A 

sensitive/ 
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sensitive bye-pass valve operated by the 'overnor is 

kept open throughout the injection - the size of the 

bye--,ass oenirìr being dependent on the fuel renuire- 

Dents of the engine. At light load, this onening viii 

be large and, consequently, the )ressure taes longer 

to build up. ::easurements of the fuel pump plunger 

movement at various cran angle positions (shown 

suPer-imDosed in Fi. 25 confirm this, the ma::iLlum 

pressure during injection being reached at ap.r=imate 

the saille time for all loads. Similarly, this account 

for the lateness of injection at light load. 

It is well known that the discharge freq.' a nozzle 

is pro!Jortional_to the snuare root of the Pressure 

difference acting over the nozzle. 25b shows th 

square root of the fuel pl'essure plotted to a crank anrle 

y 

base and the mean square root of the pressure during 

the injection period has been tabulated on the graph. 

It will be seen that, although the pressure curves, 

Fig. 25a, continue to rise with the engine load, the 

mean square root of the pressure during injection is 

sensibly constant exce-22t in the case of Tests P.1 and 

P.2. This would seem to be in reasonable agreement 

with the fuel consumption curve shown in Fig. 24. 

Heat/ 

ef( 
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HEAT BALANCE: 

A heat balance is essentially a tabulated form 

of the general energy equation: - 

Heat supplied _ External ernal Work done + increase-of 

Internal Energy. 

The particular form which the balance takes 

s..ould depend on the purpose for which it is intended, 

and it can be said at the outset that the perfect form 

of heat balance has not yet been found and probably 

never will be found. 

Y'he chief difficulty in forming an exact balance 

lies in the fact that the engine does not work on a 

closed cycle. 2rom a thermodynamic point of view 

and when studying the conversion of fuel heat into 

work done on the piston of the engine, it would appear 

best to strike a balance between the closing of the 

air inlet valve durinf compression and the openi of 

the exhaust valve at release. 

Thus:- 

Heat supplied. by 7uel per Cycle 

Indicated Work per cycle 

acket loss 
beginning 

!racket loss 
expansion 

in compression up to 
of conabtstion .. 

during combustion anc_ 

up to release .. 

:exhaust Heat (above Suction Heat 

C.'_ L. 

In/ 
* The term jacket loss is intended to cover any heat 

loss which may be radiated from the piston to t ,.e - 

outer atmosphere.. 



3ó 

In cuc_l a balance, the Indicated fork would be 

measured from the positive loop of the diaErau i.e. 

the gross indicated work per cycle. The jacket 

losses would be due to conduction and radiation from 

the cylinder gases and - -rould include no ,.;art of the 

heat generated b:r ,piston friction, which is assumed 

to pass -Molly into the jacket. 

A similar heat balance was employed by B. 

:opkinson in 1908 and has been recently rejuvenated 
x . 

by 7.W. Lancaster. Both these experimenters deter fin 

the exhaust heat by extrapolating the compression and 

expansion ctPves up to the outer dead centre cylinder 

volume. The temperatures calculated from the 

pressures attained at this volume gave the exhaust 

and suction heats, the difference being classified as 

exhaust heat. 

Both Hopkinson and Lancaster then obtained the 

the jacket loss by difference. 

The validity of this method is -cuestionable since 

it does not take into account the rounding of the toe 

of the diagram since release is not instantaneous and 

the jacket is therefore credited with the difference 

between/ 

* B. Hopkinson - "Thermal E _"iciency of Gas Engine&' 
Proc . Ins t . of L.iech. Engineers 1905 ( 

x F.W. Lancaster - "P,nerr:y balance sheet for the I.C. 

Engine" 
Proc . Inst. of ilech. En :ineers 1939 
Volume 111.11 (21) p. 315. 
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bet':7een the ideal "toe" and the actual "toe" of the 

_']ais cif ference should be credited to 

exhaust. The aì'lo :7nt concerned is not normally large 

though it will increase with the load on the enr7ine. 

The heat reception curves slotted in 'gig. 22 

afford a method of obtaining the acket los: in 

compression and expansion, the exhaust Meat being 

obtained as a difference. 

Table V gives a heat balance for tests P. 1 to 

6 while the items are shown graphically in T'iP. 26. 

n n V 1..'J .J 

'uel 

P. 1 

per 
circle 

P. 2 P. 3 

C.._.U. 
,.,er 

cycle 

C.H.U. 
per 
cycle' 

L- i 100 4.29 100 5.7L 100 

i1G.7.cateC.'. IOrIL 1.05 45.7 
( ;vross ) 

ac_ :et Loss .58 24.0 
(compression) 

Tac1_et Loss (corn- .30 
17nistion & ey- nsion) 

xhaust Loss 
(measured above 
suction temp. by 
difference 

19.9 

1.85 

.50 

.66 

1.28 

)43.3 

11.7 

29.6 

2.35 

L-5 

.10 

1.814 

110.9 

7.9 

r 9.G 

32.0 

This ter ac1-_et loss is intended to cover any loss 

of heat which may be radiated from the piston 
direct 

to the outer atmosphere. 

yn;4 "J-- 
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turbulence o the air consequent on its ca:opression 

into the narrow coMbustion chaoiber. 

Te ped:centage cemiiression loss decreasos with 

10:ad a4a,---it is noticeable tat at no-load the 

coression loss represents the greatest of the three 

heat losses. 

The loss during coiabustion and expansion increases 

1.10P0 and i1020 rapidly with the engine load and Com- 

parison with the heat recJption curves, Pi. 22, show 

that b: 2a-J2 the L-Tuater proportion of heat is lost by 

radiation etc. during actual combustion. 

EI'fect of Incormleto Combustion. 

Althoujh the exhaust heat loss is given in the 

table as Obtained by difference, it is actually the 

jacket loss during expansion that has been obtained 

as the difference between Teat supplied by fuel per 

cycle and the sum of the Work done during expansion 

to release + the Increase of internal energy over the 

same period. Consequently, any heat lost by incom- 

plete conibustion will be credited to the jacket loss. 

This would appear to acCo71nt for the all of in 

exhaust heat noticeable in test 6. An exhaust 

gas analysis was carried o]:,t durin this test and, of 

the two samples taken, only one showed a trace of 

COI 
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These tests, carried out under variable induction 

conditions, have been grow -Jed together. 

Tables vl, VII and <rIII give ro Jilts obtained 

,,Then operating at different air inlet tem eratures, 

the wei :ht of charge being; kept a i roxinately constant 

These tables are followed by six pv dia.g2mas (Figs. 
27 - 32). 

Tables IX, X and I give results obtained ,'hen 

operating with different air consumptions, the 

tem_Derature of the inlet air being maintained approx- 

imately constant. The tables are followed by six 

ov dia :a :s (Fis. 33 - 30). 

'P LC T Cs SIP. INLET TJi.? P77-72-1T 

á 

In these tests, the air consuit.ion was kept 

onstant while the temperature was varied between 

5.30 C. and 99.70 C. The main purpose of the tests 

vas to examine the combustion process under two 

1ifferent air to fuel ratios, namely approximately 

3:1 arid ap_-.rolirnately 28.5:1, the engine perfor?1- 

nce being examined with three different inlet air 

emoeratures in each case. 

3, 

`7hile ??a -fie . 
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ATIONAL HEAV Y OIL ENCINE. FI3-. 30. 
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ATIONAL: H(AV Y . OIL -ENCINE. FIG. 32. 
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TABLE .IX 

T e s t To . : Z 1 

17.1 

14.52 

'I 2 'iT 6 ~ IL 3 `. T 4 ; I, 5 

Atmospheric Ter.p. ° C. 

Atmospheric Press. lb/sc,. in. 

17.0 

1 4. 59 

17.9 

14.57 

17.3 

1 4. 59 

19.0 

14.,51 

22.0 

1 4. 59 

In.d.uction i.'ernp. ° C. 

Air used per min. lb . 

Volumetric Efficiency ;;I 

17.1 

4.57 

87.9 

1 8. 2 

3.96 

78.8 

16.0 

3.425 

66.2 

16.3 

3.21 

63.6 

17.9 

2.552 

51.2 

21.6 

21.6 

43.3 

R.P.M. 

B. H. P. 

288.6 

.4-98 

287.5 

4. 63 

287.6 

4,405 

P 
5.81 

286 

3 .e23 

287.3 

3.26 

I.:._. F. P. (gross) 1b. /scÿ. in. 

I.ï'.L.P. (pumping) lb./sq.in. 

I . - _. r. P. (nett ) lb. /sci. in. 

38.7 

4.22 

34.5 

37.66 

5.86 

31.8 

36.9 

6.2 

32.7 

35.2 

6.23 

28.97 

34.76 

6.33 

8.43 

34.46 

6.91 

27.55 

I.H.P.(gross) 

I. H. P. (pur,zping) 

I.H._ . (nett) 

11.36 11.00 

1.23 1.71 

10.13 9.29 

10.78 

1 . 81 

8.97 

10.3 

1.L.,2 

8.48 

10.18 

1. 65 

8.32 

10.06 

2.02 

8.03 

Friction H.P. 5.15 4.66 4.565 L.67 4.5 4.77 

L_ecLanical Efficiency 49.3 L9.8 49.2 1149 46.0 40.5 

Fuel/hour lb. 

F ue l/B . II . P . /hr . lb. 

Fuel/I. H.P. (gross )/hr. lb. 

Puel/I.H.P.(nett)/hr. lb. 

3.68 3.58 

738 .773 

.324 .325 

.36Lí, .385 

3.57 

.798 

.326 

.393 

17.55 

43.0 

35.7 

3.565 

. 936 

.346 
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15.0 

40.4 

33.3 

354 

.927 

.348 

'427 

15.1 

40.2 

32.8 

3.72 

.1142 

.37 

463. 

12.3 

37.9 

30.2 

B.r2. _'. 

I.T. ,. on ;ross I.H.P. 

I.T.E. on nett I.II.P. 

19.0 18.1 

43.3 43.2 

36.6 36.4 

194 196 +31 287 Exhaust Temperature °C. 165 177 

Jacket inlet Temp. °Q. 

Jacket outlet `='e mp. °C. 

Jacket. auaiztitT . .n. lb. U ' 

Heat to Jacket/min. C.H.U. 

32.7 

49.7 

11.62 

196 

39.5 

31.1 

50.5 

10.79 

209 
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30.8 

51.6 
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11.5 2 
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32.0 

Fuel L.29 100 
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48. 

?hile it must be admitted that insufficient tests 

were carried out to 7ivc an accurate Picture of the 

effect of temperature variations, certain trends can 

be seen from the tables. 

Linder light load conditions, (Te, is TL1 - TL3), 

a considerable increase in the friction horse-Power 

was noticed as the inlet air temperature ras increased 

This friction horse -power includes bearing friction, 

piston friction, and the power to operate the valves 

and pumps. Of these, the piston friction is the onl: 

one likely to be affected by induction temperature. 

It is generally assumed that any increase in cylinder 

temperature results in a reduction of piston friction. 

It is doubtful whether film lubrication is maintained 

and "boundary" friction is more likely. Under t'-ese 

conditions, it may be that the substitution of a hot 

dry atmosphere during suction in place of the cool 

atmosphere obtained under normal induction conditions 

has resulted in less efficient l u1: :ication. The 

increase in air temcerat=e :ras accompanied by less 

throttling (in order to keep the air consumption 

constant) . The increase in cylinder .fressure brought 

about by this may also have been a contributory 

cause for the increased friction. The fact that 

the/ 
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9. 

the increase in friction is maintained as the tem-:er- 

ature increases seeriis to rule out any possibility of 

serious error in the observations and, in any case, 

the diagrams and other data taken appeared consistent. 

It is noticeable, however, that the increase obtained 

in the half load tests (TH1 - TH3) is much smaller. 

The thermal efficiency does not appear to be 

greatly affected. Under light load, increase of 

Indicated Thermal Efficiency appears to have resulted 

from the temperature increase, at least for moderate 

increase, and this may be due to more efficient 

combustion due to higher temperatures existing during 

the combustion process. At half load, this will be 

offset by the greater heat loss to the jacket (see 

Heap Balance, Table VIII, page 4L). 

Fig. 39 shows the temperature changes during 

com)ressi on and expansion. The increase of air 

te..íperature above 64 °C. (tests TI,3 and TH3) appears 

to have little affect on the maximum temperatures 

reached during expansion and this would be due to 

increased jacket loss during compression. 

Fir:. 40 shows the heat reception curves for these 

ï,e s GS. Reference to this and to Table VI, page 42, 

indi cate/ 
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52. 

the reduction in compression pressu7.°es which oflsees 

t:le reduceè, suction pressure ( see light sprint. diarari 

j> - no air COnsU]JtiC;n in pO'.'.ndS T)l;r 

minute is also shown. As wOl:i.ld be expected, this is 

directly proportional to .th volumetric efficiency. 

Care was ta_:cn when carrying out the tests to ensure 

them bein_:, under app-roxi.nately the same atmospheric 

conditions. The speed of the engine will remain 

r constant wore necessa_ °fir, ad,usc..:.m-lus i ;ractícall cons .Ilc and, 

were made to the governor control. 

The maximum cylinder pressures have also been 

plotted in Fig. Lj1 , showing a reduction in pressure 

almost directly proportional to the reduction in 

volumetric efficiency for the range covered by the 

experiments. This would seem to indicate that 

throttling the air supply might be advantageous at 

light load in the case of the lighter weight automobil 

engine. 

The _,. T. . and gross I.T.E. are plotted i(7. 'ig. 

42. Both show a reduction though, for volumetric 

efficiencies down to 65::, Umue. appears little 

reduction in the gross I. the reduction in the 

nett/ 
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53. 

ett and the B.T. being due chiefly to the 

increased puilpin;r; loss - the reduction in friction 

ielping to maintain the B.T.E. for volumetric 

fficiencies bet'.cen 80 ; and 90 

Fig. L13 s_.ovis the Exhaust pi >e temperature 

plotted an ainst the Fuel /Air We =t patio. As 7ould 

e expected, the temperature varies almost directly 

the patio until the latter is increased 

025, though, even here, the vow:. =_:. v e n of the curve 

LtraiL,ht line is not -Dron:,-.1iced. This may be an 

ndicatio.T1 that the -period of combustion of the fuel 

aas been unaffected by r,,,duction in the volumetric 

fficiency, this being the only factor likely to 

ffect the oroportionality of exhaust temperature to 

yclical Chanr s of Temperature. 

The cylinder gas temperatures have been calculate 

n accordance with the rrinciples outlined on pages 21 

nd 24. The increased depression during suction may 

e expected to draw back a proportion of the exhaust 

rom the pipe during the first thirty degrees of the 

uction stroke. To exemine this feature, a recording 

the exhaust pipe pressure Tas made for tests WL I 

d 7L 6. ï o a-- Poreciable difference at the end of th 

xhaust/ 

ct7 

7 
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54. 

exhaust stroke was noticeable so that the single 

"exhaust l)ipe pressure" curve, shown in Fig. 44, may 

considered representative of all six tests. Super 

.mposed are the cylinder gas pressures recorded during 

the same ;period. No very considerable difference is 

oticeable though, in General, the cylinder pressure 

during the first art of suction is reduced 7 it.`_ the 

olumetric efficiency. (The pv diagrabis, Pi zs. 33 

8, indicate that the reduction in suction pressure is 

pore ?ronounced as the stroke proceeds.) It appear-, 

zowever, frorL 7iß 44, that, as the volumetric efficielcy 

s reduced, more and more exhaust gases are drawn back 

rom the pi-)e into the cylinder. An exact deters ai nat on 

s practically inr.,ossible and, in any case, the amount 

ffected are not (_:reat, but an ap_.)roxirnation may be 

rrived at by comparison with the induction and 

linder pressures obtaining in the load performance 

ests P 1 - P 6. 

cor s:?all pressure differences acting over a 

ralve, the weight of g_as passing per second is given 

)y:- / 
= Cd A /2g(pi - p2)Z 

where Cd = coefficient of Discharge, 

A = area of Valve opening 

Pi - P2 = pressure difference over valve 

= Z1 + Z2 e,1 and Z2 being the densities 
2 

before and after passing the valve. 

In/ 

* Schule - "Technical Thermodynamics" 1933 _]Bition 
p. 257. 



110 

.a0-EJ 1.uaTnqaL11. aL%T pu13 auTuado 0AT13A aL¿; JO 
ad13t[s a13Tnyrup aL[1. 01. OUP ;qnop ou sT ai1T1311. aoT sTL[W 

/paaoTT 

qzodOad 13 apnTouT 9t1 aO13d X aTg13W pLt13 çi7 afjGd IIA aigu 

uT ua.aTO sTunpTsaa JO *unOt_n, aL{1. 'ILT;uanbasuo0 

-mot; 

;LrcLOLIre 0111 21.1T4:10TpuT JO po1.1;0111 liTuo an o; auadd 

pTn01z uOTTZ;Tn0TL0 JO pOuTatl OAOCL13: aT 0j1(1L O5130 1.sao1: 

aL[; uT UOAO a0u13Taodt:tT aTgT.STT:.au JO ST aapuT T1L 

aL[T OTuT <[013q l:.oTJ aU; ;131i1. 11aas aq TTTI« I oaaz SuTaCL 911 JO 09130 atr; UT JOJ paaOTT13 1.unou. 

rlL i209, Jo ;13q; aoTaq r0u0T0T:: J0 0Tal.autnToA u 

uóTl.Onpaa aL[; uoT2aodoad UT U0<170T 5131., S ;Sa ; aAT,, 

a0t[1.o aLq; uT aoJ pa1nOTT13 Tunotuu aL[T 'ucTl.t;t:zT.COaCd 

u13 u13L[; aaout s13 papau2aa ag Tcuu13b sTL{^ sy 

°spuaod Pt-000' - auTa 9,sn132L.,a 

aLT1. L_tOaJ aapuTZI.:O aL[1. oTuT I:oTJ aq1. ;13q; po ;LUtTTsa sut 

;T L[0TL[a L1JOa,T puc0as aad spunod 1-p = ¡;, Jo anTsA 

alit32 sTL[; puti 9aL, ;SG; JO 09130 0L[; UT 07e10a1.s uoTTOns 

Jo saaa50p %,.;aTtr1. ?s.zTJ at:{c? ZuTanp LT,rú L.`_'a sUOTTTpUOO 

11Gat_t ..C '0AT13A a.ry1:11.3111,0 Ot[; JO OSO 011 r uT 

'paTt11.T rscLns sua. ( 
9 _) p0uT11.cLO pp Jo at1T13A at[:; 

.* 
sa.,TnSSOaci p111 cOaL1;1aaO1. s13 Ts 

aL14 t.toaJ pauTt .aa;op sua g aTTU/:l isi'?ua 213Tp aO1 L;OTpUT 0:1:; 

IiIOaJ. pauT13TqO (Zd - 
ki) 61aa13 a.aT13n pu13 ;,.':TT aAT13A aL{1. 

L_toaJ pa; 1Tn0Tu0 sua 'aal.auOS12 1cL pauTU:taa;0p sua 12: 

Jo anT11L auT 'aAT13A aTL ;OTUT 01+1- JO 09120 OL[; UI 

55 



En 

:Ind 
1.__. -- - 

.-,-I 
4--i--t 

, t-- -1-+, 
-,- ---- . -- 

1 t-t- 
1- 

- --f- 
-h 

-17 
-4 .- 4- - - -4- 

.4- al , fa_ -. - -i- ,...__,_. 
- 

- ± 
-1-- 

1111 
no a 

; 

1_ man 

Iiih, -t- 
.-4-- 

r_ 
4-41_, 

-4---t-. 

_.:47,._, 

-f-t--+ 

- i 4- - 
. -4-- t , th-f-f 

1 , 

i 
4--+ a is mmerail 

, 

r :4 

am 
1- 
t 
In 

1- i-- 1--t 
, 

, 

-1. 

4- 

, 

14 
2}-1- 

. . , I i , 
... 

Mall 
., 

1 

i i- 4- 
- ' ' ' 

f 
___ 

,_ 
_....._ - 

.! 

. ,---.. -N 

'N 

_,_ HH- ' 

' t 
t--4-- 

' 
_,.,,,_,._,,..,,,,__,___, 

--4--r-f- ..., f 1- -1 , \ , 

T.-j.-. 

,_.., 

-I r . 

,. 
.. , ,.; 

4: r - - 
! - t , 

- - 
, H--1- i- 

1 1 h 

W L 3 C) 

lal.:4- k- 
Wt.5 IE 

' 
-4--0-- 

4- -1-1--t- 
: - 

i 
i . - 

-_J, 

- . :NI 
4---,--1\ 

, 

--t- 
. , 

, t -t 
i -1--IIIII 1 - t 

' 

t 1 t ge , -- 4" , + 
' I- t- i. 

:- f 
1 

-,- 

---_---5,1-----:-- 

El 

; v afil a i ' 

.. _ 

!'-`.-----i-i--- 
-+- 

mitil-,-t- 
L'_._4__4 

Ht---1- 
jr--4- 
4.. 

--t i -rit- "Fif' IA, --!-- 
, 4_, 1 

. 

',I-1- - - 
- 

- 

U 
' 

.... 
' ; 

; ' No;A-6' 1- -'4 

; 

; t 
----4- 

; - 
1-4 
4- 

1 

1 

- 

,-- 

4,-1 
1 

H ' 

' 

i 

-1---1- 

-1--1-+ 

-t- 
t- 

4- 
.. 

, - i 

-; 

. . 

' 

--- 
- 

±. -- p, 

No 
Rug I- 

t_ _LI 
i I 

i- f --t i- 

i -4---f-44 

--s- 
4_4 

! 

4 
- -1-,--i-i- 

4_4_1._ 
i-4- -; 

4 
,_ 

i 

i 
I 

f 

i 

i- 
. - 

-I i 
t ! 

I ' i 
!'l , 

, - 
i -t 

* -, ---- 

- 

--i- 
._4 '1__ LI_ 4 4-- 

-t i 

--f -1---1- 
4_ 

-}-1- . 

W 
s 111 ' 4. 

.-1--i- 

4. Ii! i- 
! t Kum 4._ 

1-4 -1- H _i_ mu . , A' MN ; ; 

i 
NM NM 4 NE 

- t i-,--F ' U-:111. .._ 
4 w 

! 

--4-- 
.4_,--_,b- 

1- 

--1-4i 
-1-10.- 

-4-. 
-4,--1-{ 

-4--,--, 
' 

4 

i-j-j-- 
-1- 

-4,---1---F-i-,--t-t-. 

---f--1-4- 
' 

L'2 In_ ¡ --' "t--1- 

--,- - 

4_4___,_ 

--~-4 4- ,--1-4-1 
-1--,--ti- 
-t-t--1--, -- -, - - 

, -._ t 

Mil _ 
-, v ,- 

1111".1 
, 

1 - i_ 

,n iii 11111111eN 

bli 
1 _,. 

.i-t- 
, ett - 

' -14 
', 

4 
t 

. _ 

-4 '4 - 

r 

4_÷: 
- ,- , 

H- 
-1- 

14 

+4 -t-i- 
1- 

/- 
. ,-1./ -4, MEW ' 

111113 Ruinulf27.1 .11111.111111111 -_,F t t-_-_-i-_ 

- i- - 

1--1 

A-- 

4 
- 

. 

; il _4' 4_ 

i _4_4_ 

-;-- 
_ 

PASfign: a 4_ ;_tv T-- 
! 46 

i 

1111111111 ,.. ._1-4;a4 ., , , 

,---1- 4 "1 t 4 

t--,---,---i-- 

40:--.01-----01 
VNIMPFOrigAll , , 

+ 

1-- ' ,...:__........insi 1----.....ru. ImillIMIN L. --t- i_._ 1 4_, 

a I= II. il'a 
_t_ 

' 

t-t 4 ti , 

-4---,--1- t7, 
L__I WI 

, ,, .,,,,, 

-- 

! - 
: -4- 
i 4 

, ,_,... 

-4-. 
, 

! ,4_i_i_ 

-1 
i 1 Flu' N-p. 

--t- 4 
1 _4_ 
.;,_4 4 . 

1- 

' -4. 1 

i 

1- 
I 

, 1 
i ,__f_ : 

, i _, N 
1 , . =1 a 1 ,! 

, 
_ 

-1,--i ---' 

200- 

4-1-±- 
4,;_t 

----H4 T 
f 

_ 

HMI 
, 

:i 1- , , 

1 1-- / 
_ 

4-4 1 1 

_tit: 
! tti' 

MO 11011ME MS 4-'t : 

. 4- -i-, frt 

i ' i 

_i___FH., t-- 

4 

4 I 

IIII 
i 

i I It, 
, 

-i- in jri it 1 ILIA. rii 
1111 

_4_ 

_L__,_ on____01. 
f rti* nommumulm 

IMIttir W.- Pp, ___ _ 
, 

. !?42 ..; i - 

4-- 41-14- 4 
-I ,..=.c. 2,o. 4 

/-- MI h II 
' !I! ,;:-- 4;5. ..q.,.er'irlY,_ - Vi 0-14 4- .0,' 

' 

i-+-- -,- -1-4,7" --; 

_L_ 
1 

", ' - 

'-'4-.4 t i 

- 

' - - 

or 

.-t 

4- r r 
--!---4--44 
_i --._ --4 40 
Eklie.4 

' -1 0;7-; C/N/Pt-kg/UR ' -3 - .... tr - - ' -.' 
STS- Nifs - - 

ININFIIIIIIIMMINIMEHTIGIrgiamnimui imenmene mum as 

4-4- EMINUMENWCHNIMMEMILMMEN 
i._..-,.... 

4 44 , 'r H : -; , , -,-4-4- I- ---I-- 



56. 

allowed for exhaust flow. back into the cylinder. 

A possible source of error in the charge ',rei ;ht 

is due to the exhaust valve not followin the cam 

during the closing period. »Tile exhaust valve spring 

was normally 40 pounds but an adcitional tension of 

10 pounds increased this to 50 pounds. 71ith a valve 

seat area of about 3. square inches, the latter force 

was equivalent to a pressure of lLi..3 pounds per square 

inch. The maximum depression in the cylinder was 

9.0 pounds per square inch (WL 6) though, during the 

valve closing: period, it was not more 'then 3.4 pounds 

per square inch. Under these circumstances, there 

should be no leakage past the exhaust valve. 

The cyclical change of teï_r?erature is shown to 

a crank angle base in Fig. 45. The compression. 

temperatures are not greatly affected and this would 

seem to be due to the small volume of-residuals 

associated with a high compression engine. It is 

noticeable, however, that decrease in the volumetric 

efficiency has ;=greatest affect in raising the com- 

pression temperature when the volumetric efficiency 

is low. 

As would be expected, the maximum expansion 

te mperatures rise in step with the fuel /air ratio. 

Heat/ 
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Fi . 46 s__o1-r,_, the heat reception. curves. The 

aost noticeable features are : - 

(1) Delay in combustion increases with throttlinc. 

For the range covered, the delay period has been 

early doubled. 

(2) The heat evolved during the rapid . cgmbustion 

)criod folloviinc7 delay is nearly constant, increasing 

somewhat with the degree of throttling. 

() The rate of heat reception during the first twent 

û.eß:_c o expansion is practically constant. There- 

after, 

iere- 

after, corlbustion proceeds rather moro slowly as the 

throttlinr, is increased. In general, it would ap_,ca_r 

that, provided a c?i r f,iel ratio is exceeded, 

the rate of coi: bustior will be dere zdent only on the 

rate of fuel injection into t he c -,-line_or (see also 

page 32.) 

HEAT B! L TC.» 

The data , iven in Table XI (page 47) have been 

plotted in Fig. 47 on a percentage basis. The quanti y 

of fuel injected per cycle is sensibly constant with 

the exception of tests WL I and t ?L 6 (representing an 

excess of 5.: and 5 respectively above the mean of the 

other/ 



-- r -°- 
EXHRZJSr-_ L p 

i . .{._. 

.....__3 ..r 

1 . . -. -, . . . 0 

.4 ... :. . , ._t 
_. 

... .. 

44. 
i.. e-- 

f ` L' 
.4 JfiG T +--.d>35---' frPg1/src 

Ì -t . 
. 

Q t . ' :JRCfriE T 1.653 n:-.- OterPR`1G'35/ O 

, 

! 

d 

: 

. e ' i z---i- 
. 

. 

Q 

. 

4 

' ' 

Si 
I ' . , 

-;,, N 1 
..- 

R: 
; :: 3` : 

L. 

7p 80 8 
; 

.VOLIa/M?' E/V'/G, --.Ff /( /,/ECY. c 
i . 

i -4 ß 57 IÑLf`-: ,EF %' BA`..i7/! 
. . 

ij:E.: 

-- 

to 

3 



58. 

ther four tests). once there will be little 

if_ferenco bet-"con the actual heat values anc. the 

percentage values. 

The compression heat loss is practically unaf :ect 

p'r the c_han :e in the charge density brouzht about by 

hrottling. It must be remembered., however, that, 

.wing to the increased dela,r, the compression 'period 

rior to combustion has been increased at a time when 

he rate of heat loss is highest. : ad. the compressi o 

oss been taken in each test up to say six degrees 

efore I . D. C. , the loss would be seen to decrease with 

he charge density. 

The heat loss during combustion and expansion is 

hot neatly different in either of the four tests 71L 2 

5. The increased heat loss recorded in tests 

IL and 77I, 6 appear then to be .nriiiarily due to the 

urger q-antitr of fuel injected. 

The increase in the exhaust heat is not very 

i iarked, since the reatly increased temperature of the 

: aust is counterbalanced by the reduced weight of 

barge. Any increase there may be in the exhaust 

_eat is mainly accounte<` for by the increased specific 

eat at the higher temperatures induced by throttling. 

It/ 
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59. 

It would seem then that the reduction in Lhe 

thermal efficiency as throttling is increased is 

occasioned partly by the increased jacket loss and 

partly by the increase in the specific heat, both 

brou ht about by the higher gas temperatures. 

CC,_ a- ARIä01" OF OYTIl!' TESTS: 

It may be objected that in the above tests '.'ïL 1 

to `.1L 6, the air u.seú in all cases was too much in 

excess of that theoretically required. 

It had been intended to carry out a test series 

at about half load as was done in the Fair temperature 

Lests but time did not permit of this. A comparison 

may, however, be made between the results of test P L 

(Table III page 20) and test Tai 1 (Table VII page L3) 

both of .-which employed apT roximately the some fuel 

consumption. 

Pif:. 2!13 shows the heat reception curves for these 

tests. T] .e nett -..eat recei'.rcd by the charge is 

greater for P 4 but this may be accounted for by the 

discrepancy in the fuel consumptions. To correct 

this, resource was made to interpolating between the 

curves P 4 and P 3 in Pig. 22, and the resulting curve 

is also shown in Fi-. 

The/ 
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60. 

The nett heat received as shown by the maximum 

value of tï e corrected. curve P.4 amounts to 6.3 

per cycle at 70° after I.D.C. , :°:he_.eao, l'or test T ?T I 

the corroo ondi n,: values are 5.93 C.77_.U. at 82° C. 

The heat losses during coif ustion and. expansion up to 

release are: - 

7.L9 - 5.82 = 1.67 C.TI.U.'s for test TI± 1. 

7.49 - 6.12 = 1.37 C. T.U.'s for test P.L; (correct d 

The corgi" ustion and expansion temDeratures are 

shown in Pi.. Li.9 from which it will be seen that the 

qa _imuc1 temperature reached for test TH 1 (1580 °C. al)s. 

is 1 1 . j .; :seater than for the corrected P.L. (1222 °C. a- 

'he to :.i eratures d.urino the remainder of expansion 

ollow in approximately the same order. Consequently 

the heat loss to the jacket after combustion has 

eased, should be greater in test 71' 1 than in Test P. 

(corrected). The avera__ e rate of heat loss shown by 

he curves in 48 for the last fifty derees -..efor 

-'elease show, however, rather smaller loss for Test 

I 1 than for Test. P. 4. It would seem then that 

com ustion continues further beyond its maximum heat 

reception point in Test T - -1 i than it does in Test P. L!. 

;ener ally comlmstion_ will not be complete at the point 

of! 
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62. 

ulb type compression ignition oil en[:ine with ,bore 

and stroke 7.5 inches and 15 inches respectively. 

The rate of injection was relatively hi_; ;il - -)eriod of 

injection 15 de ; ;revs for load conditions similar to 

those obtainin,; in test P. 4 and the combustion period 

lastinL: about ::0 derieos. Visual observation of the 

flame showed that it rapidly attained a bri,_l, t white 

colour and remaine( thus until shortly after injection 

ceased. `_'hereafter, the flame __radually became 

irregular and duller Until, at 50 degrees after I.D.C. 

combustion stion ha, a-72arentl - ceased. It would seem then 

a if the of rate ..; i_ n, -ate o_ inecion is slower, the ae of 

col-Abustion will practically follow in step with the 

injection of the fuel into the cylinder and that the 

luminosity will not vary r .ally darind- the injection 

eriod. (This too is in keepin_' with the mean 

char_:e tel )eratures recorded in 18.) The 

radiation and conduction losses should then be pro - 

oorti. nal to the of injection. 

Tests P. 1 to P. 6 have been used to plot a 

graph showin.f- the variation of heat lost during the 

combustion period with the period of injection. The 

eat lost durin combustion has been ta _en as the 

difference between the ï a_ imrifl "heat received " (as 

determined/ 
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63. 

determined from Fi. 22) and the heat supply per cycle 

the fuel. 

Thus: Test P. 4 ', a1 >imuil Heat received 
Heat supplied by fuel 

per cycle .. 00 

00 Heat loss in combustion 

= 6.147 

= 7.75 
= 1.26 C. t! 

This f;raph is shown in Pif -. 50. UD to about 18 I.H.P 

(`"rosy), the loss is rou`_hly Proportional to the 

injection period but, with further load, the "loss" 

increased much more rapidly. 

The mean an temperature of the charge is hi-her at 

iaeavy load and this will in itself increase the rate 

.f loss of heat to the acl_et. It seems, however, 

Ghat the chief factor would be that the combustion is 

y no cleans complete at the point of maximum heat 

reception, in the case of the full load tests. 

U. 
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