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In the past, a large number of experiments have

been carried out by various experimenters investig

C‘.
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the combustion of liquid fuel in air at different

temperature and pressure conditions

of a physical character, carried out in specially
constructed bombs. Relatively few experiments have
been carried out with normal engine

The chief purpose of the tests described in the
Following pages was to investigate the combustion of
fuel in a slow specd compressicn ignition engine and
to show a conmnection between the phenomena of com-
bustion and the performance of the engine as a whole.
In general, the method adopted was first
:‘te{:cﬂ“i v
normal, and approximately constant, atmospheric

conditions, from no load to full load.

Variation of the temperature of the charge was

=

pade by preheating the inlet air, the maxhgﬁn inlet
air teiperature obtained being about 100 Sa.
Variation of the air consumption was ef ed by
throttling in the induction pipe of the engine.
Available equipment did not permit of supercharging

Lhe engine.

Prominence/

The great majoriity of these experiments have been

the load characteristics of the engine under
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Prominence has been given to a thermodiynamic

methiod of estimating the rate of combustion and ithe

method has been applicd teo each series oi

When varying the induction conditions, care was

conswastion in any one serieg of Tesits. Since the
thernal efliciency of the engine changes with the

in the bralke loads While it was not pogsible to
obtain absolﬁt@ congtancy in the fuel consumption, it
is considercd that such a method is preflerable to
carrying ont tests at constant B.H.P. but varidble
fuel conswnption.

In conelusion, the author wishes 1lo acknowledge

the many helpful sugiestions recelved from various

induection conditions, this necessitated small variatio:
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Normal full load rating: 16 B.H.P. at 290 R.P.M.

L

[ESTING EQUIPMENT.

ENGINE: i

The Tests were carried out on a horizontal four
stroke cycle, single cylinder National heavy oil enginai
Cylinder Dimensions: Bore & inches; Stroke 16 inches.

Volume Compression ratio: i B I (R |

A cam operated plunger pump delivered the fuel
to the injector, the pressure of the fuel 1lifting 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
gOVEeIrnor.

The engine was fitted with a water cooled rope-
brake ring on the fly-wheel for power absorption
purposes and a revolution counter, driven from the
camshaft, was also incorporated.

Two views of the engine and egquipment are shown

in Figs. 1 and 2.

FUEL BSUPPLY:

Tor the measurement of fuel consumption, two
glass flasks of double conical form, tapering to a

narrow/
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narrow neck ait 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 connectied 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 llcInnes '"Farnboro!' Indicator and

will be discussed later.

ATIR 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. L.

Heating was carried out electrically in a steel
leak-proof tank, air entering at the top and passing
out at the bottomto the engine.

Four coils built from 20 S5.W.G. Iron Wire were
suspended on carriers inside the tank so as to afford
as large a heating surface as possible.

Bach coil absorbed about 1 Kilowatt and was
connected through an insulated and leak-proof terminal
to a switch on the control panel. |

One of the coils was connected 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 FPig. 5.

lieasurement/
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lleasurement of Air consumption was made by a

lcalibrated gasometer, consisting of water sealed bell
land container, and having a capacity of 200 cubic feet
of free air.

Under normal induction éonditions, this enabled

air consumption to be measured over 2% 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 2L inches from the inlet valve,
and readings taken here were used for normal induction

conditions.

INDICATOR GEAR:

An existing Dobbie licInnes "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
1these 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" Indicatorl
are, of course, to a base of crankangle, the indicator
drum in this case being.directly coupled to, and in
line with, the crankshaft. They represent the mean
of about 50 cycles. This is a great advantage, '
practically a necessity, where the speed of the engine
and its fuel consumption are controlled by a centri-
fugal governor. As will be seen later, the quantity
of fuel injected during the cycle varies considerably
at any one load.

Correct phasing was checked periodically by a
"Jo-Fuel" compression and re-expansion curve.

For obtaining the pressure records, Dobbie licInnes
standard units were employed - Disc Valve units for the
engine cylinder and induction pipe pressures, a
Differential Plunge Valve unit for the fuel pressures. |
For measuring the injection timing, the author
designed a unit which was constructed in the University
ﬁorkshop. Fig. 6 shows a full size drawing of this
nit. It consists of a make ahd break disc operated

through a plunger by the injector needle. When

conmected/




6.

connected up to the auxiliary electrical circuit in

the usval manner, two sparks per cycle are obtained - |

one at the lifting of the injector needle and the

other at the closing of the needle. o attempt was

made to obtain a complete valve 1lift 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). Tpial showed
that valve 1lift was completed in less than 1 degree
of crankangle, the complete 1ift being about .016 inch

Records were made of the time at which the needlg
was +002 inch open on the "1ift" and .007 inch open
on the closing. The difTference of .005 inch between
these positions is accounted for by the clearance
between the dise 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 Pig. 7 et seq. ), the base
being divided by vertical ordinates into lengths
equivalent to every 10 degree crankangle.

Due allowance was made for the obliguity of the

connecting rod when preparing these charts.

CYLINDER/




CYLINDER JACKET WATHR: |
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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 hoit and cold water
Iobtained from the general supply to the building and
mixzed in a small cast iron cylinder before entering
the engine.

llercury thermometers close to the engine inlet

and outlet were used to measure the temperature.

EXTAUST CONDITIOIS :

The average exhaust pipe temperature was measurei
in all tests by means of a platinum-platinun rhodium |
thermo-couple. This was inserted as close to the
engine as possible - about 5 inches from the exhaust |
valve - and connected %o a direct reading indicator.
At the end of each test, a check was made against the
votentiometer, and proved satisfactory.

Apart from a visual examination of the exhaust -
during each test - a chemical analysis was carried
out when the visual examination and low air/fuel

ratios indicated the possibility of incomplete

combusuvion.




Standard "Orsat" equipment was used with
absorbents for COo, CO and 0o, the sample being
removed at a point in the exhausi pipe about 10 feet

from the engine.

PRELIMINARY JOHBIDER_”TU“" AND TRIALS.

FACTORS AFFECTING HEAT LOSSES AND COMBUSTION:

The main object of these tests is to investigate
the/éffect on the combustion of fuel in the engine
cylinder of changes in

A
(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

Tactors suitably.

One important factor is the guantity of oil
injected per cycle. Consequently, it was decided
that, when examining the@@ffect of different induction
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/

L
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Thermal Efficiency. Quick determinations of fuel
consumption (forsetting purposes) were obtained by
|measuring the time taken to consume 0.1 1b. of oil.

7o 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 wvariation

B 3 T ; 3 ; -
iln the period of injection and, consequently, in the

cuantity of oll injected.

3

he use of heavy gear oil in the dash pot attached
to the governor damped down the variations, though it
|

was apt to reaquire frequent regulation. The injectiomn
timing unit was found to be of great assistance in
these adjustments.

The temperature of the fuel oil will, if varieds
considerablyﬁaffect the rate of combustion. Arrange- |
ment was, therefore, made to check the variation of
temperature at the injector. The highest fuel
temperature recorded in any test was 64° C.

H.H. Wolfer has stated that the combustion is not| |
affected by fuel temperature below 100° C. and this |
1,2

view is supported by other authorities . The
!ﬁ”fect of the fuel temmerature has, therefore, been
neglected.

That/

o

Gerrish & Ayer W.A.C.A. Technical Note lo. 565 19&6
2. H.H. Wolfer - (V.D.I. - Forschungschaft No. 392) 1738
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That the jacket conditions have a considerable
effect on the engine performance is well known though |
the exact efiect on combustion is not so apparent.

There appear to be two factors:-

(a) the Jjacket 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 convecilion. Experiments carried out in
the Heat Engines 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 Jjacket water was greatly increased as

the mean Jjacket temperature was lowered. Unf'ortun—
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 B.H.P.
and a jacket temperature averaging L5° C. Table I
shows the chief results.

Table/

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

g}
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TABLE T.

i

guantity of Jacket

Water per min. 1lb... 19.63 11.53 6.18 5.53
Inlet Temp. °C. 5 Slwit | 35l | 2.9 | 2448
putlet Temp. °C. - | 54:5 56.5 | 65.9 | 67.4
llean Teump. °C. > g | W6 L45.0 | L. | Lli.6
[fleat to Jacket water

per min. C.H.U. 5 271 266 250 252
[BriHe s A b s 8.96 9.01 8.92 9.03

It will be seen that the variation of heat to
jacket is not great for flows above 10 lbs. per minute,
whereas, below 10 1lbs. per minute, the heat taken up
by the jacket water is considerably reduced.

The most noticeable feature observed was the
difficulty in controlling the temperature at the lowest

Tlow rates. Hence it was decided to maintain the flow

during any series of tests between 15 lbs. per minute
%nd 10 1bs. per minute except at the very highest
#oads, the mean jacket temperature being Tixed at 1100C |
It is appreciated that the results of the above
tests do not necessarily indicate any differences in
the mode of coxbustion.

Barometric Pressurc cannot be said to affect the

combustion process except when air/fuel ratios are at

0,/
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a critical stﬁqe. 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 14.23 1lbs. per sqg.in. to 14.73 1bs. per sqg.in.

TEST ARRANGEIILNTS.

CLASSTFICATION OF THESTS:

(1) Tests at normal inanetion Sondibions.

6 tests were carried out chiefly to determine
the power characteristics of the engine.
Clagsification: P 1. - P 6.

(2) Tests with varying charge temperature but
approximately constant weight of air.

3 tests at light load - Classification: TL 1,
TL 2, TL 3.

3 tests at half load - Clagsification: TH 1,
TH .2, TH 3.

(3) Tests at normal induction ftemperature varying

throttle opening.

6 tests at light load - Classification: WL1 - WLG.

FUEL OIL:

The fuel oil used throughout these tests was
Pool Diesel 0Oil.

A/
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A sample was analysed by a competent authority

vielding the following results:-

Gross Calorific Value e 104830 C.H.U. per 1b.
Wett Calorirfic Value v'e 105,100 C.H.U:. per lb.
Specific Gravity e ve - o008

Cheniical Analysis

-

]

C 85.5% Hp 13.0 8 1.25%

Nit

[ l

':-

ogen, Oxygen, Ash and Errors 0.25%

Theoretical Air required for |
complete combustion 14.4 1b. per lb. |

The Nett Calorific Value has been used throughout

Tor the determination of thermal efficiencies etec.

STEADY CONDITIONS

In order to obtain consistent results, care was
taken to ensure steady running conditions.

Not less than 1% 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
measurecment of air consumption and taking of pressure
diagrams. Mot 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 |

-

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

Usually bhoth sets proved consistent. As would be

expected, some tests proved nngatisfa

Q
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account oF jacket vemverature or inlet conditions.
hese were rejected and subsequently repeaved.

lics - . o " i i
Lo=ordination ox "Yests.

The three groups of tests mentioned above have
been dealt with separately in so far as their general
characteristics are concerned. Finally, information
obtained from each of the three groups has been

analysed and co-ordinated.

BENGINE CHARACTERTISTICS UNDER NORIMAL

INDUCTION CONDITIONS.

=
4

LOAD PERFORMANCE TESTS:

e

I

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 diagrams
referring to these tests (Figs. 7 - 12).

Table/




TABLE II

Test INo. |]|P1 1IP?_ -]P?) 'PL;. P 5 P 6
\tiiospheric press 1b7Fn.in.ama{ 10.23] 1452 14.23 | 14 0L 1L 05 4001
R.P. I | 288.8 |285.6 |288.7 |286.3 | 285.1 | 288.1
B.H.P. li = $98|  8.75| 12.Lk 15.57 17.81
T.M.E.P. (gross) 1b./sq. 1}_."'”} 21.9 | 38.7 | 18,95 | 62.2 | 7245 | 761
I.1.E.P. (punping) 1b./sqg.in. i h.53: L..22 5:B2 | Beq0l 3Ll 5.13
T.1.E.P. (nett) 1nh. /ucs.m. L 4P | S | w5l | 58.5 | 691 | 75i0
TP (awoss) e 36 157 | 16,22 20-53] 22 b
I.H.P. (pumping) ‘ 1.33) 4425 '1.03| 1.08] 1.04 .92
I.EP. (nett) 5¢111 10.13| 13.34 | 17.14| 19.92| 21.96
Griction H.P. 5.11| 5.15] L.61 i G T T
Ilechanical Efficiency % - Li9.3 Gélu E-§§lghﬁ'%giétﬂ 81.0
Fuel used per hour — 1b. | 2.068] 3.68 | 1.91 | 6.65 | 8.9 |11.10
Fuel/B.H.P./hour - 1b. —- «738 « 563 «535 . 545 62l
Fuel/Gross I.H.P./hour - 1b. 324l w32k <3H2| w365 - <L07  shBE
Fuel/Nett I.H.P./hour - 1b. . 1J05 « 363 .368| .388 127 <506
B.T.E. & -~ | 19.0% 2uve | 26.2 | 25.7 2245
T.T7.8. on Gross I.H.P. ¢ 13.7 | 43.3 | 40.9 | 38.4 | 3h.l | 28.9
T.7.E. on Nett I.H.P. A 3.6 | 38.6 35 1 | 36.1 | 32.8 | 27.7
Air used per minute - 1b. La3 | Le37| heon|. he2l| lLso2| 109
Volumetric Efficiency % 877 | B7+9 | 863 | 66.2 | 853 [ .83:2
E;Eﬁction Temperature °C. i 18s5 [ A7ad.! 38.2 | 18:2 | 48.5 ) 206
Exhavst Temperature  ©C. 104|165 o1z 265 [ 381 . | 545
Jacket Water inlet temp. ©C. 3h. 0 3207 | 32-7 | 2847 [ 26.5 [ 22.2
Jacket Water outlet temp.©9C. U469 | L9.7 | 50.7 | 52.9 | 53.4 | 58.9
Jacket Water flow/min. - 1b. 12.21] 11.63| 13.86| 13.94f 17.07] 16.78
Heat to Jacket Water Amin. 1lb. | 157 198 249 53 458 615
Temp. of ITuel at injector °C. L3 39~§___%§:§JL L7 5l 6L,
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[lotes on the Nzttt

._and Priction H

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

- horse-power (as given by the light soring

pv diagram) from the I.H.P. (gross).. The horse-power
pxpended in Triction has been estimated as the
gifference between the B.H.P. and the nett I.H.P. It,

fore, includes piston friction, bearing friction,
windage and the power reguired to operate the fuel
punp, lubricating oil pump, inlet air valve and
cxhaust valve. o attempt has been made ©o0 separate
these Items.

Similarly, the Mechanical Efficiency has been

taken as the ratio B.H.P.

I.H.P.(nett)

M. 13a shows graphically the mechanical
characterigtics with reference to B.H.P.

Thé friction horse-power, calculated as the
difference between two observed values not greatly
differcnt, is necessarily somewhat erratic. This
would not have been so noticeable had the Friction
H.P. been draﬁh to the same scale as the B.H.P.

It apwears, however, that there is definitely

8 recduction 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

=

(0]

the cylinder. Overloading, resulting in a more
vartial breakdowvn 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
prlace at release, must give rise to a high velocity of
discharge and the inertia of gases no douvbt 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 lMomentum, 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, Fig. 12.)

The fuel characteristics with reference to
B.H.P. are illustrated in Pig. 13b. They appear to

be/

»
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18.

be typical of slow speed compression ignition engines

hough the rather sharp rise in fuel per hour at highi

loads, and the consequent fall in B.T.Z. is more pro- |
nounced ‘than usual. This feature is given more
consideration later on.

g. 1k shows the fuel characteristics referred
|to I.H.P. (nett). It will be seen that the I.T.E.(on
nett basis) reaches a maximum at nearly half load and
that the efficiency falls off at about the same rate
on either gide of this load. The cause of the lower
efficiency at light loads would appear to be due to
the increased percentage which the pumpiﬁg H.P. bears
to the I.H.P. at light load.' This ig indicated by
Fig. 15 where the I.T.E. is shown to a basis of gross
1:H:P:

While it 1s perhaps more usual to give the I.H.P.
and I.7.E. on the "nett" basis, from a thermodynamic
point of wview the pumping loss is really a loss
external to the process of converting the fuel heat
into work. Conseguently, it would appear that a
deternination of thermal efficiency from the positive
loop only of the indicator diagram is the correct
method. This was adopted by .'=_-1‘c>3_31-:insc:»n)]E in 1907 and

: +
its validity very well explained by Captain Sankey .

There/

% Hookinson - "Indicated Power and liechanical Efficiency
Z of the Gas Engine" (Proc.Inst.llicch.Eng.
Vol. L p. 873. (1907)
+ Sankey Discussion ibid Pe 9
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19.

There would apnpear to be three main factors
affecting the I.T.E.:=
(1) the specific heat. This increases:-

(a) with temperature;

(b) as the air/fuel ratio decreases.

;'./ /i i
Wl (b) is usually accompanied by higher temperatures
so that incregse in Power output is accompanied by a

cumulative increase in Specific Heat and a lower
efficiency of conversion of heat to work.
(2) #he 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 thése have been tabulated

(Table III).
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degrees

TABLE TIIT
20 |
Test No. P 1 P2 P 3 Pl P 5
I.H.P. (gross) Galilh | 11.36 | 14.37 | 18.22 | 20.93
|
I.1H.P. (nett) 5+ 10:A43 || 453k | 121k 1882
Air/muel Weight Ratio 12L..8 7243 52.0 3845 29.7
Excess Alir @ 767 1,02 261 157 106
|Air used per cycle - 1lb. [[.02986 . 030L .0296 . 0296 .0293
Residuals in Clearance . 0026 . 0021 «00175 |«00155 |.0013
Voluwne - 1b.
Weight of charge during [.0324 .0325 +03135 [+03115 [.0306
Compression
Suction Temperature ©C. 34 L7 L9 56 67
'uel per 1000 cycles 1b. 2L 118 sH7 . 769 « 98
Weicht of charge during [.03254 [.03292 [.03190 [.03192 |[.03158
EZxzpansion - 1b.
Injection begins - 6.0 8.2 100 11.0 11.0
degrees before I.D.C.
Injecition ends - 12.0 24D 29.5 0. 5 H5heh
degrees arfter T.D.Cs
Period of injection degs| 18.0 29.7 59'sH 515 6645
Cormbustion begins approz| 1.0 l1. O 5.0 6.2 6.6
degrees before I.D.C.
Delay Period (approx.) 50 i 2 Hs 0 e & ey

.028

.0010

.029l

75

1.287

.03069

7245

OlLe O

1. O







]

there is approximately thirity degrees overlap between

be expected, at full power, where the back pressure is
low, a further evacuation of fthe exhaust during th

early part of suction.

temperature of the residuals at instant of' I.D.C. 18

21. .

NOTES Ol PABLE III:

f r‘w-\ & =t
eight of Charge.

(1) During Compression.

This is made up of:-

(a) The air consumed per cycle.

(b) The weight of residuals i.e. exhaust gases not
completely evacuated from the cylinder.

The welg;t of air passing through the engine per

2

cycle can'be measured accurately by means of a gasaneter.
The weight of residuals will be mainly dependent
pn the weight of exhaust gases in the clearance space

bt the end of the exhaust stroke. Unfortunately,

the opening of the inlet air valve and the closing of

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

leglecting this effect in the Tirst instance, the
weight of residuals can be estimated from the pressure,
rolume and temperature in the clearaﬁcesyace at the

end of exhaust. The pressure and volume can be found
‘rom the indicator diagram. Direct measurement of the

s

ot/




22. |

not practicable so the temperature recorded in the l
exhaust pipe about 6 inches from the exhaust valve ha@
been used. Uaking into account the variocus heat
losses during exhaust and the fact that tThe 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 tTemperature

existing in the clearance space at the beginning of
suction.
- - PrVp
Then Weight of Residuals = Wp = R T S &
& lp

where R = Gas Constant for the residuals.
The value of R is dependent on the molecular
constitution of the exhaust and is directly affected

by the air/fuel ratio.

~ _ Universal Gas Constant T =
* T llolecular Veight of Bxhaust (as mixture

Sl 1
ko

Values of Iy and R for the extreme range of
ir/fuel rati ployed in ti tests have been cal-
air/fuel ratio employed in these tests hav X

culated for the particular fuel used. They are as

ffollows:—

Air/fFuel Ratio 1in R £t.1bsq
12L.8 26.86 96+3
22.1 28.89 96.25

Lt
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5%,

It is considered that this difference is negligible
for the purpose of calculating temperatures etc., and
throughout these tests the value of R for the exhaust |

produets and for the charge prior to combustion has

-

been taken as 96.3 in the foot 1b. Centigrade systen.
To cheek up on the possible loss or gain of

products through the exhaust valve early in the suctioz
stroke, it was decided to it a Dobbie licInnes Pressure
Disc valve unit in the exhaust pipe and measure the
pressure variations. Records were taken for conditio:z
similar to tests P 1 and P 6 and are shown in Fig. 17
superimposed on records of cylinder pressures taken
previously.

It will be seen that, in both cases, the depressit
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 lesg 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
secms to be neither gain nor loss through the exhaust
valve.

Hence the weight of residuvals mixed with the air

at the end of suction has been taken as that obtained

from/




oly.

from equation (1) on page 22.

*

Then Weight of Charge during compression
Wy = Vg + Wp e e s ST Y A (1
where Wgq = Weight of Air per cycle.

(2) Weight of Charge after Combustion.

where Wo = Weight of Fuel injected per cycle.

(3) Weight of Charge during Combustion.

instant.

Temperature of Charge.

(1) During Compression. .
PV

1 f A 1
1424 06. 34
where p and v are obtained from indicator diagram.

T4 is obtained from equation (2) above.

(2) Temperature of Charge during expansion after

Goubustion. ‘
s o Pv S s & s s 8 8 s 890 8 e 0 s e sB8S 6)
L e (6.

vhere Ws = Wq + Wo as in equation (3) above.

Foana
Ui
S

Temperature of Charge during Coubustion.

T = pv

" 96.3W51

vhere Wsl = Wq+ 2o as in equation (L) above.

zs./

I'___J
e
l""!
03]

F

P

Wl Wy & W, o by T e

wol = Wy + 2o BT et e I, MR

4

where x = fraction of oll burned at any particular

Absolute Temperature T = —— = ¥ deg.C«ab8s eu (F

l
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Pigse 106 and 19 show the eyclical variation of
temperature inside the cylinder. It will be seen
that, at high loads, the temperature during expansion
Ls maintained at a fairly constant level for gbout
rifty per cent. of the stroke, and tends
gestion put forward by F.W. Lanchester . that
the solid injectlion engine cycle is a mutilated Carnot
bycle. Thile this may be true at full load, the light
load diagram would certainly approximate more closely
to the constant volume cycle had the injection begun
earlier, and it is at light load that the engine would
be expected to approach the ideal condition.

Internal Energy of the Charge.

Tor any change of temperature:-

TZ
Change o Internal Energy = JGVGT for one 1lb. of gas.

T

Cy is dependent both on péessure and on temperatur
While the effect of temperature is fairly accurately
cnown, our knowledge of the effect of pressure is not
reliable. Such data as do exist seem to show that,
nt the pressures and temperatures operating in oil
engines, the pressure has little effect.
curves of Internal Energy, plotted against

sbsolute temperature have been obtained in accordance

h/

ck

Wi

ie.

¥ T.W. Lanchester - "Energy Balance Sheet of the T.C.
Engine" (Proc. of Inst.llech.X.
1939 Vol. 141 No. L p. 315 )
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with Partington & Shilling's values for the specifie
#

heat ol COz, In0, etc. o allowancc has been made

for the latent Ileat of Steam when assessing the

proporivion of Internal Energy provided by the a0
content. This would appear to be correcct in view of
vhe faet that the L..C.V. of the Tuel has een‘v sed in
nll calculations., The curves cover the range of air/
fuel ratio employed and have been drawn Ifrom a zZero
bnerey at 273° C. abs. (See Chart in rear cover

pocket. )

Sl

jleat Reception Curves (Figs. 21 and 22.)
These curves are hased on the thermodynamic

relation affectine the change of state of a mass of

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

c
@]
L]
_c-‘-"
@
3
e
I::-I
ck
o
(=5

ncrease of Internal Energy.

ng this eguation to the key diagram shown

Teat supplied = Q = P(?Eiufi) + W(EBs= 1) heat unitg
!J

when Bo - E4 = Chapge of Internal Energy per 1b. of
gass

W = Weicht of gas - lbss

% Partin-ton & Shilling - "ihe Gpeeciiilc ;oau of_fgse;”
pp. 208, 209 (1934 Edition)




TABLE IV.
Corpression.
| Crank | Cylr. | Pressa~| | | Torlk from "Tiﬁﬁf“j
Angle | Vols ure w T WxB | 1.D.C. +
cusE.l Ib. 50 rea G. IxE
ag. £t. e LT bo dBs
I.D.C.|.038L | 72,100|.0526 | 882 | 107.5 [3.50 | = ORI Fe- |
10 | «0L427 | 56,900(.0325 | 777 38.0 | 2.86 .38 205 | 5.065
20 |.055L | L1,L400[.0325 | 733 80:2 | 2:61 | 4419 Bl5 | 3.253
30 0759 274400|.0325 697 TUe O | 2.407 | 2143 1152 | 3.559
4o [.1033 |418,uz6l.0325 | 608 | 58.5 |1.90° |2.97 [4.606 |3.506 :
50 |.1362 |12,670|.0325 | 551 8.5 [1.576 [ 3.62 [1.957 | 3.533 i
60 T 8,930(.0325 | L95 5845 | 1«25 | 16 | 24248 | 5.1198
70, |-8436 65680(.0325 | L55 31.5 [1.025  L.58 [2.L76 |3.501
80 | .2551 5,180(.0325 | L21 25.3 | 823 | 4.92 |2.66 | 3.483
90 |.2964 | 4,230(.0325 | 401 21.6 | 703 | 515 |2.785 |3.488
110 « 3730 3,065(.0325 | 365 155 .503  5.515 [2.98 | 3.L83
130 |.L.35L 2,150].0325 | 3LO 113 | 367 | 5.73 |3:10 | 3.L67
150 |.L789 2,130]| .0325 | 326 9.2 [ «299 | 5.86 |35.166 | 3.465




1.._.
Lxpangion.
L_.__-._-- —— e = e I——-—-—. - — s ——— — o ——— & & = aflaa oo . ST - .__‘I_______ —— ——
Crank ;tlr. Preps— oz
Angle 1. |ure . 3 S5, T3

0 . 0550 {59,000 |.0328 [|1036 137.0 |Llio | 1.55
%0 0759 | 13,750 (.0320 [1048 110 51 | 2.95

1.0 «1033 | 30,800 |.03292 1003 | 132.5 [L.36 | L.32

62 | 21,600 |.

S
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.,\1

15,200 |

~J
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—
(8]
an

11,060 |.03292 | 7Ll 8lie5 [2.78 | 7.02
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no
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o
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2,584 | 7.50

o

110 « 3730 H54180(.03292 | 608 59.6 [1.96 G+ b6
130 L350 L, 03003292 | 553 L9.9 | 1.6L 9.06
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30.

The values of [3(v2u V) + WE%]as given by the

J
kK + 7.B." colummn, have been vplotited
together with similar wvalues for the remaining Ffive
tests of this series, and are shown in Mig. 21.
The wvalue of WE1 — the internal energy of the
gases at I.D.C. - when gubtracted Lrom the value of
p(vo - v1) + WEs i ive the ] £ ied 1
By = VAl Wh2t will give the heat supplied between
I.D.C. and any particular crank angle position.
flence, ©o determine the heat suppnlied between two
erank angle positions, all that is required is to

neasure from the curve the change in the value of

p(vp - vq) +.‘Ff?:=2]

To determine the heat supplied from the comnence—
t of combustion, it will, of course, be necessary
to determine first the erank angle positions at which
combustion begins. It is customary to assume that
combustion begins at that point where the cylinder
pressure rises above the normal c ompression pressure
but reference to the presgure 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
to the fact that the quantity of fuel injected is

never the same for two consecutive cycles. A method
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inflexion of the pressurec crank angle curve. While

thig is, perhaps, better defined, it cannot be said
to represent the point at which heat from the fuel is

e L

released although up to the point at which rapid

Q

ombustion takes place (as indicateda by the steep

pressure rise of the indicator diagram) the amount

released would be quite smalT In drawing up tvhe
final heat reception curves, a combination of these
two methods was adopted. The first method was used

to find the point at which the cylinder gases began

1.

to receive heat and the second met
poidt at which rapid evolution of heat began. o
attenmt has been made to follow accurately the heat

reception curve during this period of rapid com-

bustion.
Referring to Fig. 22, the most noticeable

features appear to be:i-
Y Comnbustion begins late at light load and early
at full load.

Thisg results from the fuel injection character-

istics and reference to Table IIT (page 20) shows

that/

% Dr. J. Riffkin - "Ignition Quality of Diesel Fuels"
"Engincering', 6th January 1939
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32

that there is a difference of 5.5 degrees in the-:tart
of injection over the whole load range. This
corresponds roughly with the heat reception curves

2. The rate of combustion duﬁing the first forlty

degrees increases with the load on the engine.

The curves reorccsent the nett heat received by
he gases and, sinqe the radiation loss etc. will
inerease with the load, the difference between the
rates of corbustion will be even more marked than that
indicated by the heat reception curves.

D The heat evolved during the period of rapid

e

combustion immediately following the delay is small
and sensibly constant for all loads - about -39 C.H.U.
5t no load and .49 C.H.U. at full load, i.e. 16§ and
3.7% of the respective heat received during the cycle.
This difference is not sufficient to have any material
b The period of combustion 1ﬂcrea es with the load.
This will be directly affected by the period of
fuel injection and reference to Table III (page 20)
has shown that the period of injection does increase

.

with the engine load. The ecrank angle position a

ck

which injection ends has been marked on the heat
rcception curve and it will be seen that the hedt

received/
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(€}

received by the géées after injection has ceased is
not zreaily different over il
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

Bt s

cylinder.

FPuel Injection Characteristics of the Ingine.

In ®ig. 2L, the period of injection has been
plotted against the fuel consumption in pounds per
hour. This shows that the injection period is
almost proportional to the fuel consumption per hour.

£ this is so, then it follows that the mean veloeitly

£ discharge during injection must be sensibly constan

for all loags. o 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.

injection increases very considerably with the engine
load - 1650 1bs. per sg.in. at no load, 3,300 1lbs.
per sg.in. at full load.

This rise of pressure with load is due to the

arrangeﬁents made for governing the engine. A

sensitive/

25a. T4 will be seen that the maximum pressure during
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pressure during injection beinpg reached at approximate]
the same time for all loads. Similarly, this account

for the lateness of injection at light

It is well known that the discharge from a nozzle

ig proportional to the sguare root of the pressure

difference acting over the nozzle. Pfig. 2bb shows thy

square root o the fuel pressure nlotted Lo a crank ang

bagse 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 cCurves,

®ig. 25a, continue to rise with the engine load, the
mean saquare root of the pressure during injection 15

oEﬂalle bonSuant execent in the case of Tests P.1 and

PP This uonlo seeil to be in reasonable agreement

0

with the fuel consumption curve shown in Fig. 2h.

Heat/

sensitive bye-pass valve operated by the governor is
kept open throughout the injection - the size of the
bye-pass opening being dependent on the Lfuel require-
menta of tlhie engine. At light load, this opening will
be large and, consequenily, the pressure takes longer
to build up. leagurements of the fuel pump plunger
movement at various cranik angle positions (shown
super-imposed in ]lr;‘i_;. 254 confirm: this, the maximum

s

L1

rle

R it £

/?\J[ A

= 1_.-#%--1‘

Aceen




35

HEAT BALANCE

A heat balance is essentially a tabulated form

of the general energy equ

-

tion:—

o

Heat suppli = Bxternal Work done + increase-of [
Inte 11&1 Inergy.
The particular form which the balance takes
siiould depend on the purpose for which it is intended,

5

and it can be said &t the outset that the perfect form
of heat balance has not yet been found and probably
never will be Tound.

The chief difficulty in forming an exact balance

-

n the fact that the engine does not work on a

=

c"ﬁ
[=te

ies

closed cycle. From a thermodynamic point of view

and when studying the conversion of fuel heat into

work done on the piston of

S

the engine, 1t would appear

best to strike a balance between the closing of the

the exhaust valve at release.

W 1
Heat supplied by Fuel per Cycle 0 H s /A

Indicated Work per cycle ..

Facket loss in compregssion up to

beginning of combustion .
"ﬁac:Cu s during combustion and
expmnulon up to release s

fixhaust Teat (above Suction Heat)

Lo = s

% The term jacket loss is intended to cover ang negL
loss which may be radiated Trom the piston to the
outer atmosphere.




Ui
‘h

In such a balance, the Indicated Work would bhe
measured from the positive loop of €
the gross indicated work per cycle. The jacket

losses would be due to conduction and radiat

the exhaust heat by extrapolating the compression and

expansion curves up to the outer dead centre cylinder

volume. The temperatures calculated from the

e

pressures attained at this volume gave the exhaust
and suction heats, the difference heing classified as
exhaust heat.

Both Hopkinson and Lancaster then obtained the

-

the jacket loss by déifference.

"he validity of this method 1is questionable since

s

it does not take into account the rounding of the toe
he disgram since release is not instantaneous and

the jacket is therefore CPGOluLQ with the difference

s —

between/

Proc.Inst. of lleech. Ingineers 1908 (2

« P.7. Lancaster - "Energy balance sheet for the I.C.
Bngine"
Proc.Inst. of lMech. Engineers 1939
Volume 144 (U) v« 315.

the eylinder gases and would inelude no partv of the
heat generated by piston Triction, which is umed
to pass wholly into the jacket.

A similar heat balance was employed by B.

ER

Topkinson in 19086 and has been recently rejuvenated

: X
by .. Lancaster. Both these experimenters determin

% D. Hopkinson - "Thermal Efficiency of Gas mnrlnes”

W




between the ldeal "toe'" and the aetual "toe! of the

jiagcram, This difference should be credited to
asrlhanet M OTIOTITYE OO APred 19 + Y -1-1"’ 1 ai
exnhrausic. LNe aimounc concerned 18 nod norma Lapge
|
though it will inerease with the load on the engine. |
'he heat recepti curves plothed in Hig. 22
s ~ _— 1

* E " =i o = ] T
lable V gives a heat balance for tegtsd P. 1 ©o
5 while th items are shown graphically in WMe. 26
= uglll ] o T 1 O b__C 1LJ._4.1... 1L bodh £ A r) e R LY L. 4 L] 2l -
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bustion & expansion)
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ndicated Work 296 F8li| 32 | Blicdi| 375 | 289
( oSS 3
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Jacket Loss «51 65 451 Ue5 .50 | 3.9
(compression)

Jaclket Losg (com— |1.44 18.6| 247 | 2129 | J3a67 |:28. 2
bustion & expansion

Exhaust Logs 2.82 36.5| 3.89 |39.2| 5.06 | 39.0
ured above

compression, the loss decreases slightly

. engine load, and, as would be expectied, sinece the

The most noviceable feature about the compression

hat the greater part of it takes place during

the last thirty or fority degrees of the stroke. This
is the period when the charge is hottesl during com-
pression bul this fact in itselfl would seem hardly

gufficient to account for the very considerable logs.

3

It seems more likely to be due to the increased

turbulence/
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T.ie percentage compression loss decreasges with
- . . . I : ;
load and~i% 15 noticeable tiiat at nc-load the
compression loss represents the greatest of the three
hieat lcsses.
The loss during combustion and expansion inerease
more and more rapidlj with vhe engine load and coli~ .
parison wivlhi the heat recepuion curves, Pig. 22, shows|
thiat by Tar the preater proportion of heat is lost by
radiation etc. during actual combustion.

EBifect of Incompletie Conbustion.

Althouslhy the exhaust heal loss is given in the
table as obtained by difference, it ie actually the
jackel loss during expansion that has been obtained
as the difference between Heat supplied by fuel per
cycle and the sum of the Work done during éxpansion
to release + the Increase of internal energy over uhe
sane period. Consequently, any heat lost by incom-
plete coubustion will be credited to the Jjaciket loss.

This would appear vo accouni for the fall off in
exhaust heat noticeable in test P. 6. An exhaust
-as analysis was carrvied out during this test and, of

the two samples taken, only one showed a trace of

GO/




Lo.

CO - less than 0.5%. It is quite probable, of
course, that combustion proceeds in the exhaust pipe
and, since the sample was rvemoved about eight f'eet
from the exhaust valve, combustion by then may have

been practically complete.

- -

(]

Since where is a continual logss of heat throughou
combustion and expansion, it seems likely thats

combustion doegs not cease until sone ten degrees or
more after tvhe maxinum registered by the hieat receptio:
curves. Thig effect will particulerly apply at Tull
load vhen that portion of fuel lagt injected will
require to "seek!" its oxygen supply i.c.
portions will burn very slowly.
Reoference to the heai reception curves, Fig. 22,
shows that the maximum value of heat received by the
chairge ip not arrived at until ten degrees before

release. IImder these circumstances, incomplete

combustion scoma to be indicated.
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TESTS UNDER VAETABLE THDUCTION CONDITIONS :

These tests, carried out under variable induction

conditions, have been grouped together.

o

Tables VI, VII and VIII give resulis obtaine
wien operating at different air inlet temperatures,
the weight of charge being kept apiroximaiel
These tables are followed by six pv diagrams (Figs.
27 = 32)s

IX, X and XI give results obtained vhen

[~ tay

m

Table
operating with different air consumptions, the
temperature of the inlet air bein ained apiIrox-

imately congtants The tables are followed by six

EFFECT OF ATR INLET TEMPERATURE:

ests, the air consumption was kept
constant while the temperature was varied between
16.3° ¢. and 99.7° C. The main purpose of the tests
7as to examine the combustion process under wo
Gifferent air to fuel ratios, namely approxzimately
F%:4 and approximately 26.5:1, the engine performn-
hnce being examined with three differcent inlet air
temperatures in each cace.

While/ (page LB)




Tnduction Temperature °0.

Alr used per nin. 1b.

s v Sy |
I Hella

B.::.I).

I.1i.B.P.(gross) 1b./sq-in.
T.M.E.P. (pumping) 1b./sq.in.

T.1.E.P.(nett) 1b./sq.in.

AP SN R A e B RS S e

e e

T.H.P. (gross)

[.7.P. (puiping)

T.H1.P. (nett)

fechanical Efficiency %

Ffuel per hour 1b.
fuel/B.1.P./hour 1b.
fuel/I.H.P.(gross) /hr. 1b.

Fuel/I.H.P.(nett)/hr. 1b.

n T
Jea Le_Je

e ey

I.%. K. on gross:T.HJP.

or.;.‘s;_':n o1l 116::-":' I-E‘ItP-

ol

Bxhaust Temperature °C.

Jacket Water inlet temp. °C.

Jacket Water outlet temp. °C.
Jacket Water guanitity/min.lb.

Heat to Jacket/min. G5

o - - L ar 0
Fuel Temp. at injector "C.

(¥




m

-k

h3.

By i
B

!
=

i

Compression — 1be.

Fuel used per 1000 cycles
1bs

Weight of Charge during
Dxpansion - 1b.

Injection begins - degrees
before I.D.C.

Injection ends - degrees
after I.D.C.

Period of Injection ~ degrees

rees before I.1D.C.

Corbustion begins

dec

Delay Period (approx.) degs-

e

\J1

L1 8

)

=

- 1A

7.8

1.0

]

Ve

-

2

.02378

o

<

o

1100

0.0

——

LIGHT LOAD HALF. T,OAD
Test No. . i
N S ol | Tle Lo |t ) T2 | TH3
I.H.P. (gross) 103 «| 106 [ A40:8 | 47.2 | 46.8 | 16.7
T.H.P. (nett) Beli8 | 9.0l | 9:35| 156 | 1542 | 45:97
Air/Muel Weicht Ratio 5l 535 1 2.2 29.7 282 29,0
Excess Air 4 275 073 253 102 96 101
Air used per cycle 1b. 0223 | . 0216 | 02956 +02158] 021 37| +0219
Peaiduels 1b. .0020 | .00196 | . 0041 | 0053 | .001L7| .001L2
Teipht of Charge duriig 0213 | .02356] « 02337| +02311| 0228} 02332

Oy




TABLE VIIT
LIGHT AD
rEST NO. = = 3 The 1 T 2 | T |
6106596 571 IR N < D781 74 T [T DU = 0 5 74 [ dan ¢
per A per er
AV e by e o oo o Bl W ] “ﬂWC "cle
el _ [L.18 100 L. 08 100 a0 100
Indicated Work (gross) 1«66 L0l 173 Lol N g T L.l
Jacket Loss (compression) wllf 11.2 « 5l 133 «H6 15.9
Jjacket Loss (conbustion .65 ] 5w 5O 11e2 «50 12.0
and expansion)
Hxhaust Loss measurec 137 32.6 Y25 3041 1535 St
o TCerD.
* HATLF® TOAD
T NO. R A N T R N
L ERE IR R D B ST
per % Der o3 ner %
e o A o L leyade A cycle cycle
el 7-49 100 | 7.66 100 ds 100

Indicated Work (gross)

Jacket Loss (compression)

Jacket Losg ﬁCO;;L“ulOn

and ox“ﬂnowop)
Rxhaust Loss measured
above suction terp.
(by difference)

v

i
-~

.1.6

e iaere .._ﬁ

Oe U
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Narional HEavy O ENCINE.
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Nationac FEAVY Ol ENGINE.

TEST TH.Be I.MJELD, Egross) Blel 1bef&d.itis Spring 1/80
L ileE.Pe (pumping) 5,23 1b./sd.in. _ Spring 1/6.9
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MART. r
= ;.__'_-:Uu Ifh

Test MO Wi 4 WE 2
SR A SR S Sy == s 1 all T

Atmospheric Temp. © C. 17 17..0

tmogpheric Press. 1b/sqg.in. 1L.52 | 1459 ]
Induction Temp:° C. 171 842
Air used per min. 1b. Ua37 | 3496

Volumetrie BEfficiency & 87:9 78.8

R .P. I‘-.E. 288.6 [287.5

I.M.B.P.(nett) 1b./sq.in. B | 3148

B.HePo .96 l1e 63

I.M.E.P.(gross) 1b./sq.in. 38.7 | 37-66

I.M.8.P. (punping) 1b./sqg.in. Li2a | 586

=]

T.H.P.(gross 11.36 | 11.00 10.06

I.H.P. (puwaping) 1423 177 S0

Iu.'_ ._-{"lebu 10013 9.29 8.03

Fr:i.ction H.P. 5.15 Le 66 X he77

Mechanical Tfficiency % 9.3 119.8

BeT.1s 19.0 ’18 '1

BExhaust Tern 'noratu.c D 165 177

3.72
112
37

Fuel/hour 1b. 5;{33 Fa 58
Fuel/B.H.P./hr. 1b. o158 «fi5
Fuel/I.H.P.(gross)/hr. 1Dh. « 320 « 3525
Puel/I.H.P.(nett)/hr. 1b. « 3604 .385

«T.B. on gross I.H.P. 3.3 L3 2

1I.T. 5. on nett I.“IT.P. 38.6 36el

Jacket outlet Temp. ©Cs 9.7 | 50«5

leat to Jacket/min. C.i.U. 190 209

Jacket inlet Temp. ©OC. 32.7 | 314 30.0

5.1

Jacket quantity/min. 1b. 14.62| 10.79 27

e ]

Fuel Temp. at ""'L,.C*LO“I"‘ C. 39.5 L3.0




i b e e

I.H.P. (nett)

Air/Fuel Weight Ratio

[

Fuel/Air Weight Ratio
Bxcess Alr %
Air used per eycle lb.

vl i

e

1b.

fleight of
expansion

Injection begins - degrees
before 1. D.Cs

Injection ends - degrees

L.D.Ce

after

Conbustion begins (approx.)
degrees before I1.D.C.

Delay Period (aaprox.) degs.

Period of injection - degreeg

- 0138

.02

. 0304

. 0525

e L4 o

Ll
- | i

-05011

WL 3

10.7

Oe 97

g, b &
DO

01715

505

02502

. 02585

<108

22.0

1t

¥l

Iy

51.0

. 0185

.0223

0243

1010

. 01949

<108

. 0199

. U1503

. 01675
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PABLE XI

e e o RO Ao il "o St L SR
TEST NO. L. 1 s 2 Tie. 3
- --_'— e s S SO Mo e e e _‘- ——— —— e e e ey
- - L] - i ! .
\r":‘:, T ) _;
o e S RN | o cycle ONGE (<< (&AL 4
Fuel lie 29 100 i O zuo lisd2 100
I;"'i lr\_,_VL", :f ”I'.C}'I' % 1\' j_"‘f_};_,”"l 'I .\JE‘) .I'__—:-‘.-:f; JI - 'C) :I'-_-: 'i -T? -",3-0
Jacket Toss (compression])] +5 ThsT o il (05 L6 s [0
:-L).C & G T]D‘;l_, '. 0 ' DS blC‘ - i }!::‘.l[. ni}‘») 15.9 05‘3? ']BCU
and expansion
1228 12946 1.36 32401 1.32 32.0
r.._ﬁ = e i s s e e =
e s ~
EST NO. WL. L L. 5 WL. G
ST A IR T o ol 3
o e LLle | e Lle e “Sda_le» ‘. ]
pDer % ner s per 70
yele _ ggele: (o ool CFels | . e o
Fuel l. & 100 Lsq2 100 e 3l 100
Tndicated Work (gross) 1.69 | 404 1.66 L0.2 1465 D9
Jacket Loss (compressiom)] .L7 | 11.2 U3 10.4 51 147
Jacket Loss (coﬁbustion 65 | 15.6 bl 15.5 =73 16.0
and expansion)
= zZ0 .8 4.3 e G ] =
[Exhaust Losgs measured 1557 3240 1.39 33560 1=l5 330
above suctlon temp.
(by difference)
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NaTIoNAL FHEAVY Ot ENCINE. . :..

37466 1be/sqein. - Spring 1/80
I,M.EePs (pumping) 5.86 1b./sa.in, Spring 1/6.9
CYLItDER Vorunve — Cuic FEET

i

o w15 iP5 o =3 3 .35 -4 45 5
B | AR Pt v 5 | iR T i T T ;
t-_;”'l‘l |*_l_leILEL{ILIJ.L;L.,,C"'[!Lf_I‘I_ll||[1II__lii S RS PR i D Fl DR |
B 30" o =Yoo j2o” 150°
- PR e RS T e R e S h..._F_..__.,‘.,..,,._ O o RS .‘_:1
1
| - - H
i
] O %
18
| \ \w-:.
R, == i s A
I

et

|
S B ke :/[’ 8
/ =
=
o
B
e -7 -
P -
| ]
. X
i L
— ]

L.

. Vor.
0384
1 -

b

Cu. Fr.

13-11

Lore 8 oia  Srreoxe 6" Corp® KATIO 775

s S SR et AL

e 30" 2 20" 120° 150°C.D.C.
FRACTIONS OF DI7RONE. ]

e S e S e e ) s s st s it s S e

RO PN M o P TR VO LUME = TE) 5 S S O e SRR >




INATIONAL FVEAVY Ol ENCINE., e, s,

TEST Whe3s I.M.EJP, Egross) 3669 1be/sq.in. Spring 1/80
LolleEoPe “O'lJII’lplIlé_.,) 64 2. 1be /a0 Spring 1/6.9
Oyttt OEr VoiwnmE — Cusic FEET
o | 1% ,__-5 5 .35 -4 45 .5

- LT
el b i ¢ — e L : et s
TR T: I D) TS AR W AR BN N W ol (e N Pl A LIS e *‘E"‘“I'":l':i{,___]l:—__i___f 1 |l EEVERS (N i 21 B ey IO PP VR (R

L=
Q
in

-1 - LB RO SOR

S T, PSS (. S

5 £ G 8 58 0 245 ] i 2 s 1 (51 G A e s 5 |

'illl_l_lII=

__ _ .
EE T [N e I T O [
- - -

i e

s
:

S

>

e e e

o

53 B 0 B Y B 5 s e oams

1
!
i
i
|
i
i
|
i
i
|
|
|

-

Yo

ab oy
P
g =t ol
-k
‘
1=
13

3

¥

§ 2 I R

W e S e (et g S5 LU
——— T ——— i
X SRR Ry SN vu. Pt SR LR s b

60" 307 oz i I1IS5°0.D.C.

ERaCTIONS OF DIRONE.
it i | b 3 ot : T ! T I f : e ol o i R et

C.lory ©5 4 2 3 4 S e % -8 = !

‘0 1 o s ¥
..._38_"_‘;,4,_.....______-._ S rrone Vorume = 04054 Cu.Froeo oy

Cu Fr. J e i ~ /3_ /;‘
Lore " v  Srroke 6" Comp? RATIO T°&

—— ; e i et a8 i A

|
:
|

=

o)

R PR A S e TR A

©

_aF
G
G
C

e f
~




NATIONAL FIEA

A

TEST WhLe4e IoMeE.P, Egross)
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Tihile it must be admitted that insufficient tests
were carried out to gmive an accurate picture of the

F

effect of wemperature variations, certain trends can

was noticed as the inlet air temperature was increased

This friction horse-power includes bearing friction,
ion, and the power Lo operate the valves

Lo . o - ) .
s §

1@ piston friction is the only

%)
o
o

s
=
o]
&)
(@
s
o
2
0
O

a

ikely to be affected by induction temperature.

(&}
B
@
1_._!

It is generally ascumed that any increase in cylinder
temperature results in a reduction of piston friction.
It is doubtful whether film lubrication is maintained
and "boundary" friction ig more likely. Imder these
conditions, it may be that the substitution of a hotv
dry atmosphere during suction in place of the cool
atmosphere obtained under normal induction conditions
has resulted in less efficient lubrication. The

increase in air temoerature was acconpanied by less

throttling (in order to keep the air consumption

constant). The increase in cylinder pressure brought
about by this may also have been a contributory

cause for the increased rrictione. The fact that
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the increase in friction is maintained as the temper-
ature increases secems to rule oult any possibility of
sérious error in the observations and, in any case,
the diagrams and other data taken appeared consistents.
It is noticeable, however, that the increase cbtained
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
inerease, and this may be due to more efficient
corbustion due to higher temperatures existing during
the combustion process. At half load, this will Dbe
offset by the greater heat loss to the Jacket (see
Heat Balance, Teble VIII, page Lli).

Fice. 39 shows the temperature changes during.
compression and expansion. The increase of air
temperature above 64 °C. (tests TL3 and TH3) appears
to have little affect on the maximun temperatures
reached during expansion and this would be due to
increased jacket loss during compression.

Pig. LO shows the heat reception curves for ithese

tests. Reference to this and to Table VI, page 42,

indicate/
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indicate a small reduction in the delay period which
- - 0 - - *
18 1n agreement with bomb experinments by R.F. Selden

L2
and others.

It would appear, however, that, for changes of
air temperature up to 100 ©¢., there is no appreciable
affect on the combustion process, the rate of heat
recepoion being practically the’ same for all inles

teupe:atures and the rate of com

similarly be una;A scoed. The Tact that the maximum

temperature is reached at the same crank angle

position (sec Fig. 39) also confirms this view.

i e while the
induction pressure is kept constant will result in a
reduction of volumetric efficiency. Any change in

combustion efficiency in aich a case would bhe due
r to the change in the guantity of air

available for combustion and not to the temperatures

% N.7. Belden - "Auto 1gn1u10n and combustion of Diesefl
- Tuel in a Constant Volume Bon
M. A.G.A. report No. 617 (19““

)
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Sle

of Air Density.

the Volumetric Efficiency.

This has been calculated on the basis of the

existing atmospheric conditions i.e.

Volumetric efficiency = “aRT

o

hiere Wg = weight of air consumed per cycle
|
' V = stroke ‘volume of engine - cu.fh.

p = atmospheric pressure - lb. per sg.in.abs.

T = autmospheric temperalture = %¢. abs.

R = Gas Constant for Air = 96.3

Fig. L1 shows the mechanical characteristics
blotted against volumetric efficiency.

The friction horse-power does nol appear to be

preatly affected, though a .reduction is noticeable and,
allowing Tor small observational errors, the reduction
apocars o be maintained, as the volumetric effieciency
Ls reduced.

Tncreasec in the pumping horse-.ower 1s niore pro-
nounced where the volumetric efficiency has been
Peduced only slightly below normnal. o considerable
inerease in pumping power is noticeable for volumetric
b ficiencies below 70% and this is accounted for by

the/
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gduction in compression pressures wihich offsets

the reduced suction pressure (see lipght spring diagrans

Figse 33 = 30)e The alr consumpiicon in pounds per
minuste is also shovm. As would be expected, this is

directly proporitional to The wvolumetric efficiency.

Care was taken vwhen carrying out the tests to ensure
then beinp uvnder épproximately tlie same atmospheric
conditions. The speed of theengine will remain
practically congtant and, ﬁﬁere necessary, adjustiments
were made to the governor conirol.
The maximum cylinder pressures have also been
plotted in Fig. 41, showing a reduction in pressure
almost directly proporiional to the reduction in
volumetric efficiency for the range covered by the
experiments. This would seem to indicave that
throttling the air supply might be advantageous at
light load in the case oi the lighter weight automobile
engine.

The B.T.E. and gross I.%7.B. are plotted in Fig.
L2. Both ghow a reduction though, for volumetric
efficiencics down to 65%, there appears little
reduction in the gross I.T7.H., the reduction in the

e e

neovu
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pffect the

pett I.T.H. and the B.7.E. being due chiefly tothe
inereased punming loss - the reduction in friction
1lelping to maintain the B.T.E. Tfor volumetiric

wit e ratio wntil the latter is increascd beyond
025, though, even here, the variation of the ecurve Trd
1 gtraight line is not proncunced. This may be an

125 been unaifected by rcduction in the volumetric
efficiency, this being the only factor likely o

Fuel/Air Weight

8073 and 90%4.

L3 shows the Bxhaust pipe temperature
ainst the Fuel/Air Weight Ratio. As would

the temperature varies almost directly

pericd of combustion of the fuel

oroportionality of exhaust temperature to

Ratio.

ond 2l.
be expectie
From the »
suction st
bE the exn
WL 6.

a1l

sxhaust/

Cyclical Changes of Temperature.
The cylinder gas temperatures have been calculated
in accordance with the prineciples outlined on pages 21

The increased depression during suction may

d to draw back a proporiion of the exhaust

ipe during the first thirty degrees of the
roke. To examine this feature, a recording
aust pine pressure was made for tests WL 1

o apopreciable differcnce at the end of theg
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exhaust stroke was noticeable so thait the single
"exhaust pipe pressure' curve, shown in Pig. Ll}, may
representative of all six tests. Super+
imposed are the cylinder gas pressures recorded during
the same period. o very considerable difference is
noticeable though, in general, the cylinder pressure

A T Lo L * - - Ly [EEEPRGC FL, T L
t nart of suction is reduced with the

Ll

volmmetric efficiency. (The pv diagreams, Figs. 3
36, indicate that the reduction in suction pressure is

nore pronounced as the stroke procecds. ) It appears,

is reduced, more and nore exhaust geses are drawn back
the nipe into the cylinder. An exact determinaty
is practically imjossible and, in any case, the amounis

pi'fected are not great, but an approximation may be

[
i__l
=
)
o]
@
i
]
@
)]
o]
r—l
i
L41]
€3]
8]
(_-’ 1
ot
)
=
2
(=N
¥
I

Tor small pressure differences acting over a

(=
gag passing per second is given
*
by =

P
W = Cqg A /2g(p1 - p2)e

where Cgq = coefficient of Discharge,

A = area of Valve opening

P4 = P2 = pressure difference over valve

= = a

g =41 * €2 g4 and €p being
2 i
before and after passing the valve.

In/

% Schule - '"lechnical Thermodynamics® 1933 Igition
Ve 257

hat, as the volumetric efficiency
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55«

3

in the case of the exhaust valve, for the mean

C

L

b value of W = .01 pounds per second from which it

exhaust pipe = 00016 pounds.

As this cannot be regarded as more than an

approximation, the amount allowed for in the other

in volumetric efficiency below that of test WL 1,

pmount allowed for in the case of WL 1 being zero.

It will be seen that the flow back into the
cylinder is of negligible inportance even in the

o4

appear to be the only method of indicating

b Tlow.

Congeguently, the amount of res uals given i

nllovied/

In the case of the inlet air valve, the value of

the valve 1irt and wvalve area,(p] - p2) obtained from
the indicator diagrams, while £ was determined from the
gas temperatur and Dressures.

conditions existing during the first thirity degrees of

suction stroke in the case of test WL 6 and this g

tests was taken in proporiion to the reduction

morst case but the above method of calculation would

the amount

Pable VII page L3 and Table X pnage U6 include a proport]

This low value is no doubt due to the anmular
of the valve opening and the turbulent Ilow.

shape
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.

allowed for exhaust flow back into the cylinder.

A possible source of error in the charge weight
is due to the exhaust valve not following the cam
during the closing period. The exhaust valve spring
was normally LO pounds but an additional tension of 7
10 pounds increased this to 50 pounds. With a wvalve

seat area of aboutIBf square inches, the latter force
was equivalent to a pressure of 14.3 pounds per sguare
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..L pounds
per square inch. Under these circumstances, there
should be no leakage past the exhaust valve.

The eyelical change of temperature is shown to
a crank angle base in FPig. L5. The compression:
temperatures are not greatly alfected and this would
seem to be due to the small volume of residuals
assoclated with a high compression engine. It is
noticeable, however, that decrease in the volumetric
efTiciency has greatest affect in raising the com~
pression temperature when the volumetric efficiency
is low.

As would be expected, the maximum expansion

temperatures rise in step with the fuel/air ratio.

-1 -
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HEAT RECEPTION AND RATH OF COMBUSTION:

Pip. L6 shows the heat ption curves. The
mogt noticeable features are:-

4 - o p L VAT ks O Ch e |
(1) Delay in combustion increases with throttling

=~
-
=

o€

For the range covered, the delay period has bheen
nearly doubled.

(2) The heat evolved during the rapid combustion
period following delay is nearly ponatant, increasing

somewhat with the degree of throttling.

expansgion is pwaﬂblcallj constant. There-

after, combustion proceeds rather more slowly as the

throttling is increased. In general, it would appear
that, provided a minimum air/fuel ratio is exceeded,

the rate of conmbustion will be dependent only on the

HEAT BATANCE:

The data given in Table XTI (page L7) have been

plotted in Fig. 47 on a percentage bagis. The quant
of fuel injected per cycle is sensibly ¢ nstant with
the exception of tests WL 1 aﬂé L 6 (representing an

excess of 3% and 5% respectively above the mean ol the

other/

(3) The rate of heat reception during the first twentT

ity
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Dthgg four tests). ence there will be little
difference between the actual heat values and the
percentage values.

The compression heat loss is practically unafi'ectd

by the change in the charge density brought about by

chrottling. It must be remembered, however, that

fi

2
pwing to the increased delay, the compression period

prior To conbustion has been increased at a time when

Loss been taken in each test up to say six degrees
before I.D.C., the loss would be seen to decrease with
the charge density- '

The heat loss during combustion and expansion is
hot sreatly different in either of the four tests WL 2
co WL 5. The increased heat loss recorded in tests
VL 1 and WL 6 appear then to be primarily due to the
larger quantity of fuel injected.

Tiie increasse im the exhaust heat is nov very
inarked, sincec the preatly increased temperature of the
¢xhaugt is counterbalanced by the reduced weight of
charge. Any increase there may be in the exhaust
heat is mainly accounted for by the increased specirfic

heat at the higher temperatures induced by throttling.

It/

Lhe rate of heat loss is highest. Had the combpression
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COMPARISON OF OTHER I

TGS

=
a

creaged jacket

specific ‘heat,

=
i

temperatures.

L

It may be objected

7L, ©, the air

that

at aboud as

cests but Time Gld neit

may, however, be made b

(Table III vage 20) and

o1

both of which employed

consumpotion.

o
e

o
o]

how

LG
nett heat
crecater for P 4 but thi
discrepancy in the fuel
resource was made
L end@®P 3 in F

i

curves P

i8 also shown in J

Pig

The/

uéed in
theorevically
had been intended to carry
was

permit of this.

] te

i

that abhove gts WL

all was too much in

out a test series

done in the "alr temperature

A comparison

etween the resulits of test P L

.!.

e m7

st TH 1 (Table VII page L3)

approximately the same fuel

ception curves for these

received hy the charge is

[ =]
(=)

may be accounted for by the

consumptions. To correch

to interpolating between the

Fig. 22, and the resulting curve

1O
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60.

The nett heat received as shown by th

~d

maxirmam

)

value of the correclted curve P.4 amounts to 6.3 G.I
per cycle at 70° after I.D.C.; whereds, for test TH T
linz values are 5.93 C.H.U. at 82° 0.

The heat losses during combustion and expansion up to

T li9 ~ 5.82 = 167 C.H.U:"s for test TH 71«

W

(1)

7:49 - 612 =1.37 C.H.U.'s Tfor test P.L (correctt
The combustion and expansion temperatures arve

shovm in Tig. L9 from which it will be seen that the

ci

maximun tenperature reached for test TH 1 (1380°C.abs,

«

is 11.3% greater than for the corrected P.L (12229C.ab;

uring the remainder of expansion

n

(Yo}
=

3

e temperatures
follow in approximately the same order. Consequently
the heat loss to the jacket after combustion has

ceased.should be greater in test WH 41 than in Test P. I

(corrected). The average rate of heat loss shown by
the curves in Pig. L8 Tor the last fifty degrcees beford

release show, however, rather smaller loss for Test

P 1 than for Test P. 4. It would seem then-that
comtusvion continues further beyond its maximum heat
reception point in Test TH 4 than it does in Test P. L

tenerally coribustion will not be complete o

of/

7 g

L]
Mot



61.

of maximum heat reception since these curves ren
ithe nett heat received by the charge. If combustion
ig assumed to De complete at the following points:=—
Test P. L : 700 &+ 10° = 80°

Pest TH 1 320 & 200 = 1029

o
)
o3
H
e
o)
| )
I,J-
&
Q@
¥
2
o
ke
&
b
I_,J
e
C
£

bxpansion stroke, the rate of combustion is approx
inately the same for test TH 41 as for test P. U

clination of TH 41 curve is less than that of ithe

¢corrected P. L curve, Dut the heat loss will be greaten
in the case of test TH 1, consequent on the higher gas
temperatures).

.

The data availaitle referring to radiation and
¢onduction losses during combustion in a compression
l1gnition oil engine are very scanty but it does appear
that this logs far exzceeds any loss during expansion
after combustion .

EBxperiments on the combustion of a fuel jet were

#*
¢arried out by L.R. Underwood in 1931 using a hot

% L.R. Dnderwood - "Coubustion of an 0il Jet in an
Ingine Cylinder
Procecdings of Inst. of lMech. Eng.
1931 Vol+ 121 p. 379.




62.

bulb type compression ignition oil engine with bore
and roke 7.5 inches and 15 inches respectively.

The rate of injectlon was relatively high - period of

injection 15 derrees for load conditions similar to
vhoge obvaining in test P. L and the combustion period
lasting about 50 degrees. Visual observation of the

flame showed that it repidly aittained a bright white
colour and remained thus until shortly after injection
ceased. Thereafter, the Tlame pgradually became
irregular and duller uwntil, at 50 degrees afiter I.D.C.
corbustion had apparently ceased. It would seen Then
that, if the rate of injection is slower, the rate of
combustcion will praetically follow in step with the
injection of the fuel into the cylinder and that the
luminosity will mot vary greatly during the injection
period. (This too ig in keeping wit
harge temperatures recorded in Fig. 18.) The
diation and conduction losses should then be pro-
portional to the period of injection.

Tests P. 4 to P. 6 have heen used to plot a

craph showing the variation of heat lost during the
combustion period with the period of injection. The

heat lost during ocombustion has been talken as the

difference between the maximm 'heat received" (as
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determined from Fig. 22) and the heat supply per cycle

L o o

Thus: Test P. L Maximum Heat received = 6,47
Heal supplied by fuel
per cycle iy = 7.75
2 Heat loss in combustion = 1. P8 . H

1)

IThis graph is shown in Fig. H0. Up to ‘dbout 18 T.H.P|

-

(gross), the loss is roughly proportional to the

5,

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

increased nueh more rapidly.
The mean temperature of the charge is higher at

heavy load and this will in itself increase the rate

b loss of heat to the jacket. It seems, however,
that the chief factor would be that the combustion is

by no means complete at the point of maximum heat

reception, in the case of the full load tests.

U.



While it is realised that the heat reception
curves that have been ploitted in the foregoing pages

do not give an exact picture of the combustion pro-

cess, theyv do gilve a comparison during the early
stages of conbustion. During the last stages of

injection at the heavier loads, they indicate; by theiwy

slow change of direetion, that combustion is proceeding
nore and more siowly.

The effects of induction conditions on combustion
have, perhaps, not showm up very well but it does

secil 50 De indicated that, in a slow speed engine of
chis tType, the process is not greatly affecied pro-
tided a minimum safe air/Tuel ratio is excecded.

The observatcions recordeé on the delay period,
vhile somewhat erratic, this being expected in view of

the slow speed of the engine and the governor fuel

control, do bear out the results of other experimentgis.

i)uft}';.l. .1.\ I
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