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SYMBOLS

Brake mean effective pressure, lb. per sq. in.
Brake specific fuel consumption, 1b. per brake
horsepower hour

Breke horsepower
Indicated specific fuel consumption, 1lb. per
indicated horsepower hour
Indicated horsepower
Fuel-air ratio
Inlet pressure

Exhaust pressure

Inlet temperature
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INTRODUCTION

Compression ignition engines require fuel pumps
so timed as to inject the solid fuel at a time when
the temperature and pressure conditions in the cyl-
inder are such that the fuelvill immediately begin to
burn. These pumps must deliver the fuel to the in-
jection nozzle at a pressure considerably higher
than that in the cylinder at the time of injection.
Considering the fact that compression ignition engines
use extremely high compression ratios, it may be seen
that ﬁhis pressure is high. Hence, such a pump, as
well as being subject to the mechanical difficulties
found in any high pressure pumps, must consume a con=-
siderable amount of power.

A compression ignition engine having the fuel
delivered carburated t hrough the intake would be sub-
ject to none of the difficulties or power losses
attributed to the high pressure fuel pumps. By using
benzol as a fuel it was hoped that some indication of
‘the performance of an engine under such conditions
could be obtained.

As far as could be aséertained, it is believed
thaf no previous work has been done in this field.

Diesel engines have been used which, after starting
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on liquid diesel oil, have continued to run on a
mixture of injected diesel fuel and carburated sewer
gassy but it has been found that these engines will not
operate on the carburated sewer gas alone, but must
have some_diesel fuel injected to maintain combustion.
Benzol was chosen as the fuel to be used in this

investigation, since it has a characteristically short
delay period; it is comparatively volatile; and its
compression-ignition characteristics are within the

range of the engine used.
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PURPOSE OF THE INVESTIGATION

The purpose of this investigation is to get
some indication of the performance of a diesel engine
using a cérburated fuel, benzol, induced through the
intake valve. A secondary purpose is to determine
some of the mechanical difficulties that must be over-
come in the engine for it to operate satisfactorily
under the imposed conditions.

The performance is to be indicated by the follow-

ing observations:

(1) The effect upon the brake horsepower and the
brake specific fuel consumption by varying the
fuel-air ratio, all other conditions remaining con-

stant,

(2) The effect of throttling at various fuel-air

ratios, all other conditions remaining constant,

(3) The high and low fuel-air ratio limits at various

conditions for the fuel used.

(4) The effect of fuel-air ratio, and speed, upon

the knock intensity. (obtained by ear)
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APPARATUS

A, Engine

The compression-ignition engine used was a
single cylinder engine with a Comet head. It was
converted from a C.F.R. engine, and had a fixed
compression ratio of 13.5, 3.25 inch bore, 4.50
inch stroke, and 37.4 cubic inch displacement.

A 1/16 inch annealed copper head gasket was
used to Withstand‘the’high pressures encountered.

A soft fiber gasket around the copper was used to
seal the water-jacket.

A neon-tube stroboscope was used with a tachometer
for speed measurements. A disk with 36 equally
spaced, radial lines was attached to the flywheel.
With this deviserthe exact engine s@eed could radily

be determined.

B. Fuel System
The benzol was led from an overhead 6 gallon
tank through a rotometer and then into a two piston,
alternately acting, Bosch fuel pump. From there it
was injected into the intake manifold through a
spray nozzel. The fuel pump was driven by a
1 1/2 horsepower constant speed motor. The rotometer

waé used to measure the fuel flow.
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C. Air System
The air system was provided with two 53 gallon
capacity surge tanks to smooth out the pulsations.
The throttle valvé was between the two surge tanks.
The intake manifold was jacketed with both steam

and water connections for inlet temperature comatrol.

D.‘ Engine Indicator
The ¥.I.T. high-speed engine.indicator was used
for taking the indicator diagiams. Due to the
danger of high pressures in the indicator pressure
cylinder, the diagrams were not always completed at

~ high pressures.

E. Electric Dynamometer
A D.C. dynamometer was used Hr both starting and
loading. The engine power was absorbed by the
dynamometer with a beam scale for measuring the engine
torque. The speed of the engine was varied by vary-
ing the field current in the dynamometer.
F. Calibration
1) Fuel System
The rotometer was calibrated by weighing the
anmount of fuel flow at a steady reading of the meter

for a given time interval,




2) Alr System
The air flow was calibrated by measuring the
pressure difference across a standard 0.5 inch

orifice.

e~

G. Load Measurenent

The load measurement constants were:

EMEP = 4,245 x BL

SHP = BL x rpm
5000

e8]
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PROCEDURE

The,ﬁsual steel and asbestos gaskets used in the -
converted C.F.R, diesel were found to have a very
short 1life, often not over one hour of running time
when benzol was being burned in the engine. The
benzol was a solvent for the composition covering of
the msket, and after this was removed, the steel
would burn, usually leaving a passagé for the gases:
into the water-jacket. Hence, after some experimenta-
tion, a solid annealed copper gasket with a minimum
surface area was found to withstand the cylinder
temperatures and pressures. (c¢f. Fig. 1).

Since the temperatures in the c¢ylinder would burn
the diesel fuel injection nozzel, it had to be
removed. This, then, necessitated the fihding of a
satisfactory method of starting combustion; for it
was found that the engine would not fire using benqu
unless some other fuel were added to start ignition.
Ether introduced into the air intake would ignite
the beﬁzol, but severe knocking resulted, and the ac-
companying high pressures made this method inadvisable.
Finally it was found that diesel oil injected into
the inteke manifold near the intake valve would
accomplish the purpose.

Due to the fact that it was difficult to start

the engine and much time was required for the



starting diesel fuel to burn entirely out of the

cylinder, the performance of the engine is expressed

in terms of brake cquantities rather than in indica-

ted quantities, since the engine would have © be

stopped to measure the engine friction after each

rune.

With these modifications a series of tests for

engine performance were than carried out.

Series I Tables I,II,III

1. 1000 rpm.

F{4 = 0,090, 0.110, 0,130, and 0.150

2. 1100 rpm,

F/4 = 0,090, 0,110, 0,130, and 0.150

3., 1200 rpm,

F/& = 0.090, 0,110, 0,130, and 0.150

Series I1 Tebles IV, V, VI, VII

1. Pi = 27.9 in. Hg

1100 rpm. F/A = 0,07, 0.08, 0.09,

2., Py & 25,9 in Hg

1100 rpm, F.4 = 0.07, 0.08, 0.09,

30 Pi = 23.9 ino ng

4, P3= 21.9 in. Hg

1100 rpm, F/A = 0,06, 0.07, 0.07,

and 0.11

0.10, and 0.10

and 0.10
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Series III Tables VIIL, IX

This series was a repetition of Series I,
omitting the 1200 rpm ruh.

Throughout all of these runs observations were
made as to the knock intensity and the fuel-air
ratio limits.

All runs were corrected in the usual manner for
variations in barometric pressure.

Owing to_the limited fange of the equipment and
to the unpredictability of the operation of the
engine, these tests were restricted and could not be
extended too far. Runs did not lend themselves to
duplication, but nevertheless, the range covered by
these tests gave sufficlent information to be studied.
General trends in output and consumption character-
istics were distinetly illustrated.

After the data showing effect of inlet pressure
(Series II) were tabulated, a definite differsnce in
range of fuel-air ratio for this series and Series I
led to further investigation of fuel-air ratio limits
at atmospheric inlet pressure. Series III shows the
results of this investigation. This showed a con=
tinual variation of the data in Series I. After 1000 and
1100 rpm runs were taken and the difference in opera-
tion was defined, the ¥.I.T. indicétor was attached
to the engine, and the cards showed a number of possi-

ble reasons for the variation. It was also noted
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that after opérating at hese fuel-air ratios'for an
hour or so, the engine would instantaneously revert
back to approximately.the original range of fuel-air
ratios of operation. Observations of the indicator
cards and the fact that the engine reverted back to
the original fuel-air ratios lead to belief that the
trouble possibly lay in either wornout piston rings
or defective valve operation. |

The engine was torn down and it was found that
the piston rings were in comparatively good condition.
However, the exhaust valve was badly burned, and the
valve stems showed signs of possible sticking. ( cf.
appendix). Also, the swirl chamber in the Comet
head was found to be badly burned and beyond use for
normal diesel operation. Due to this fact, and to
the fact that the valves and valve seats would have
to be reground for further tests, it was decided
that the entire investigation must be concluded.
There was not enough time to make all these repairs
and to take enough data to substantiate any new set
of operating conditions. The data already taken was
enough to establish trends and general characteris-
tics. Generally, data in Series I may be used for

aprroximate numerical data, but Series II and Series III
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must be considered only with the fact ofAdefective

exhaust valve operation in mind.
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DISCUSSION OF RESULTS AND CONCLUSIONS

The general characteristic of the curves of
brake horsepower versus fuel-air ratios (ef. Fig. 2,
3, 4; 5, 6, 74) is quite different from those obtained
from a spark ignition engine or a compression igni-
tion engine burning diesel fuel. The controlling
factor for these curves is seen in comparing the
indicator diagrams (cf. Fig. 15, 16, 17). These
cards were taken at constant speed, 1200 rpm., and
varying fuel-air ratios. The geﬁeral trend shows
that with a lean fuel-air ratio, combustion starts
earlier and the maximum pressure in the cylinder
is reached earlier before top dead center. This type
of_combustion requires more work by the piston in
comparison, and therefore subtracts from the power
output of the engine. In the richer fuel-air ratios
the combustion starts later and the peak pressure
is finally reached at or slightly after ®p dead
center. (Cf. Pig. 17). The curves bear this fact out
in that in the range of indicator cards available,
the brake horsepower reached a maximum at the higher
fuel-air ratios. Fig. 17 also indicates that a
maximum fuel-air ratio running condition is approached,
for if the fuel-air ratic were increased further,
combustion would not take place before top dead

center, and therefore there would be no firing.
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Due to starting difficulties, friction horse-
powers ﬁere not recorded under the different opera-
'ting conditions., However, in the range of 1000 rpm
to 1200 rpm, friction horsepowers varied from about
2 to 5, Were thesedta plotted for indicated horse-
power rather than brake horsepower, the scale would
orly be moved higher, but the same cshape would be
retained.

The increase in power output in the lean fuel-
air ratios was probably due to the fact of more uni-
form mixture of fuel and air, causing a definite
flame front to develop, probably from a hot spot
around the exhaust valve, and therefore a slower
pressure rise and possibly peak pressure point after
top center. Flame speed decreases with decreasing
fuel-air ratio.

As all comparisons were to be made on a con-
stant speed basis, brake horsepowers were plotted
rather than mean effective pressures. At constant
speed, these two quantites are directly proportional
to each other.

The fuel consuﬁption curves found on the same
sheet with the brake horsepower curves ére of charac-
teristic shapes compared to the EHP curves. As
BSFC is inversely proportional to BHP, we find that

where BHP decreases, BSFC increases and vice versa.
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The higher magnitude of the BSFC may be accredited
to the fact that the heating value of benzol
(17,330 btu per 1b.) is less than that of octane or
diesel fuel. Therefore, using benzol, fewer btu are
put into the engine per pound of fuel. Output is
therefore less per pound of fuel put in, and specific
fuel consumption is greater.

The other characteristicé of benzol are seen
in Fig. 7 and 8. The general characteristics of
these curves are similiar to those at atmospheric
inlet pressure. It is noted, however; that the
range of fuel-air ratios has shifted to a low region.
This, it is believed,was caused by improper valve
action. The details will be explained 1atér in the
discussion. Fuel consumption at varying inlet pres-
sure remains characteristic of the brake horsepower
curves. As inlet pressure decreases, less air is
taken into the engine; and therefore less power is
expected to be obtained. This trend is verified by
thé curves,

Although there are no plots of speed versus

output by comparing the data, it is seen that brake

" horsepower remained relatively constant with varying

speed. However, if the estimated friction load is

taken into account, we see that as speed increases,
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indicated horsepower will also increase at'constant
fuel-air ratio. This is a typical characteristic of
the operation of compression ignition engines., It
was noted that as eﬁgine speed increased, the tendency
of the engine to detonate was increased also., This
is explained by the fact that the delay period of
the fuel occupied a greater number of crank angle
degrees at higher speeds. A more répid pressure 5;35&
was experienced and burning started at a relatively
higher temperature and pressure in the cylinder.
(Cf. Fiz. 17) All these facts lead to detonation in
the compression ignition engine.

The curve of knock intensity versus fuel-air
ratio_(Cf. Fig.»9) is entirely an estimated trend.
Data was taken by ear and may be ccnsidered as a

general chéracteristic for all speeds investigated.

. Knocking was present for all conditions, and values

of knocking intensity are compared in a relative sense.
The high knock intensity at rich fuel-air ratios

may be aceredited to a long delay period. In com-

pression ignition, detonation is caused from long delay

period giving ﬁ%ﬁiﬁ pressure rise and instantaneous

explosion of fuel. The desired cendition is.to have

as short a delay period as possible and omparatively

early ignition with a slow pressure rise., With rich
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fuel-air ratios, there is more fuel in the mixture

and more heat is absorbed in heating the mixture

to the ignition point. This causes the long delay

and resulting detonation, or knocking, as it is called.
The indicator cards show this late burning and rapid
pressure rise (Cf. Fig, 17).

The increased knock intensity at the lean fuel-
air ratios is caused from the fact that the mixture
is very light, and enough air is present to make a
highly explosive mixture. As combustion is probably
complete, the exhaust temperatures are higher with
lean mixtures and a hot spot forms at the exheaust
valve, This causes a sort of pre-igznition and explodes
the mixture against the rapid motion of the piston con-
siderably before top dead center. The knocking in
this range, although increasing with decreased fuel-
air rstio, is not as hezsvy or sharp a knock as was
heard with the rich mixture.

At medium fuel-air ratios, knocking was at a mini-
mum. The mixture was probably nearer the "Chemically
correct™ fuel-air ratio, and combustion was complete.
Here, however, there is more fuel, and the tendency
to explode the fuel is lesz., Probably the hot spot
at the exhaust valve existed and started combustion,

and a normal flame front developed from that point.
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The delay period was short, and the flame front trav-
eled evenly across the cy;inder. Indicator cards bear
this assumption by showing a slow pressure rise in

the medium fuel-air ratio range (Cf. Fig. 16).

As would be expected, the throttling effect on
knocking was to decrease it. The inlet pressure was
decreased and therefore peak pressures were dereased.
This decreased cylinder pressure, and therefore allowed
slower burning of the fuel. Fig. 19 shows this fact
with the early ignition point.

As previously mentioned, a variation in the range
of_operatioﬁ was noted after the throttle runs were
recorded. Further investigation showed that at atmos-
pheric pressure the engine continued torrun at this
lower range of fuel-air ratios (Cf. Fig. 5 and 6).

The engine was torn down and evidence of Improper ex-

- haust valve operation was found, which explains the

shift in fuel-air ratios. A gummy formation on the
valve stem indicated valve sticking, If the valve was
sticking at any time, this meant that high temperature
exhaust gases were passing or leaking past the valve.
This accounted for the hot spot; and also caused severe
burning of the valve and valve seat which in turn led
to more leaking past the valve,

Aésuming the above condition, this explanation
fqllows. Gases leaking past the valve reduced the pres-

sure in the cylinder, and therefore reduced the brake

mean effective pressure. This lowered the brake
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horsepower, which is seen in the figures noted. The
hot spot ét the exhaust valve caused earlier combustion
and therefore earlier peak pressure also leading to

low brake horsepower. 7

Further reason to believe the trouble was with
the exhaust valve is seen by comparing Fig. 13 and 14,
In Fig. 13; the exhaust stroke shows a greater matter
at lower exhaust valve pressure than does Fig. 14,
These two cards were taken under identical running
conditions_and at approximately the same time. Also
note the relative peak pressures, motoring and firing.
The one with leaking exhaust valve has the lower pres-
sures.

It is assumed that conditions for data plotted
on Fig. 2, 3, and 4 were without valve stiéking.

This should make higher pressures, more knocking;.and
greater scatter on compression stroke--all these fac-
tors were borne out by experiment.

It is safe to assume that the original high fuel-
air ratios (Tables I; ITI, and III) are in the charac-
i teristic range for the benzol compression ignition
engine. In considering the remainder of the data; ¥he
general trends may be thought of as typical, but num-

erical values must be discounted.
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RESULTS

N

e

The results for the tests are presented in

Fig. 2 to 9 inclusive.

Some representative indicator diagrams are given

in Fig. 11 to 17 inclusive,

The data from the tests are gilven in the appendix.
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SUGGESTIONS FOR FURTHER INVESTIGATION

It is obvious that.no reliable observations will
be made unless some care is taken to insure that the
exhaust valve and its seat will not become burned, and
the exhaust valve will not stick. Perhaps a water
cooled valve will achieve this end.

From the operation of the engine it was observed
that a small variation in the inlet temperature of the
fuel mixture would cause a considerable variation in
the engine performance, It is suggested that a systenm
for controlling the inlet temperature within one degree
be used.

To keep the benzol from condensing on the manifoid
walls, it is further suggested that the intake air be
heated previous to mixing with the fuel.

Since the fuel used, benzol, shows extremely large
fuel consumption at all conditions, it is suggested
that other fuels be tried to see if this fuel consump-
tion can be reduced, If the rate of pressure rise
of the benzol be slowed down, more power wll result,
and therefore a smaller fuel consumption. Some dope
might accomplish this purvose and give a more con-

trolable output.
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APPENDIX

PHYSICAL CONDITION OF ENGIKE AFTER TESTS

After completion of the tests on the engine, it
was torn down in order that the effects of the tests
could be seen,

The piston and cylinder head were entirely free of
carbon., This was attributed to the fact that benzol is
an excellent solvent of most materials.

As was deduced from the indicator diagrams, the
exhaust valve was badly burned. The wvalve seat was
burned, but not so badly as the valve, The stem of the
5 valve was coated with a hard sticky substance on its
bearing surfaces, It was this observetion that sug-
gested that perhaps the valve had been sticking during
operation,

The Comet head swirl chamber was so badly burned
and eroded that the purchase of a2 new unit was neces-
sary before the engine could again be used as a
4 diesel engine, The damage to this unit was concen-
trated about three points. A large section of the
: 1ip of the chamnnel leading from the spherical part of
the chamber into the cylinder had burned off and
there were two cracks, one major and one minor, on the
remaining part of the 1lir. The two other damaged sec-
tions were around the clrcumference of the two holes

at the top of the unit. Channels were burned radially
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outward from them.

The special copper gasket used for this test was
found to have come distorted. The cylinder hole of
the gasket had assumed a more nearly elliptical,
rather than circular, shape. This distortion was due
to the elongation of the thinner sections of the gas~
ket., There could not have lgen any bending, since the
gasket, with the excevntion of elongated parts, re-

tained its original dimensions and position.
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