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Summary of Principal Results

A brief consideration of the known facts about knocking
indicates that it is due to a nearly simultaneous combustion
of a portion of the fuel. An explanation of the great
tendency of engines of high compression ratio to knock is
suggested. This explanation is based on the idea that max-
imum temperatures and not mean temperatures are the cause
of knocking.

An experimental study shows that lead tetraethyl reduces
oxidation of the fuel prior to ignition. The compression
pressure, however, is unchanged. A lead deposik on the walls
of the combustion chamber does not effect knocking.
Aldehydes were observed in samples ;} explosive gas from
an engine in decreased amounts when the fuel contained lead
tetraethyl.

A study of oxidation in heated tubes indicates that
there is an appreciable cracking of the fuel during slow
combustion. Lead oxide on the walls of a heated tube is
very effective in reducing oxidation which indicates that
all of the oxidation takes place on the walls. Perdxides,
formed by slow combustion of gasoline without lead tetra-
ethyl or lead oxide, were found to be ineffective in
producing knocking with a mixture of acetone and ether as
fuel. Such peroxides were never formed in the presence of

lead. Evidence is given which indicates that the formation

of peroxides is not the initial step in oxidation.



INTRODUCT ION

The main purpose in studying the complicated phenomena
of knocking in internal combustion engines has been the
practical one of increasing their efficiency. Sir Dugald
Clerk first showed that the efficiency is dependent on the
compression ratio. But attempts to realize the increased
efficiency of higher compression ratios failed whenever a
fuel which knocked was used. Interest in the problem was
increased'greatly when it was discovered by Thomas Midgley
Jr. that a small amount of lead tetraethyl in gasoline
greatly reduces its tendency to knock. At the present time,
a considerable number of substances which reduce knocking
have been discovered by various investigators, as well as
other substances which greatly indrease knocking. Also the
knocking of different fuels has been studied extensively.

A considerable number of theories of knocking have
been presented and studied. ( See the paper by G.L. Clark
and W,C. Thee, "Present Status of the.Facts and Theorigs
of Detonation," Ind. and Eng. Chem. 17 (1925) p 1219,
which gives a concise summary of the known facts and
theories at that time.)

Detonation Wave Theory of Knocking

One of the theories is that knocking is due to the
formation of true detonation waves such as have been stud-

ied by Berthelot, Le Chatelier, Mallard, and Dixon. This



theory would account for the facts very satisfactorily if
it could be shown that such waves exist in engines. Dixon
showed first ( Phil. Trans. Roy. Soc. 200 A (1903) 335 )
that a sudden change in the diameter of a tube causes a
detonation wave to be damped. Laffitte ( C, R, 179 ( 1924)
1394 ) studied this phenomenon in greater detail. Finally,
Dumanois (C.R., 182 (1926) 1378 ) constructed a stepped
piston so that the area of the flame front would increase
in a series of sudden jumps. His engine had a compression
ratio:of 6.7 . He stated that he was able to reach a speed
of 99 km. per hr. in an automobile with this engine when
using a fuel consisting of 77% gasoline and 237% kerosene.
Later, (C.R. 182 (1926) 1526 ) he stated that he found
that the engine pre-ignited badly when running with a full
load at low speed. It is unfortunate that this is nearly all
of the information available concerning the étepped piston,
for it is about the best evidence that true detonation
waves are formed in engines. The fact that Dumanois did not
discover the pre-ignition trouble in his engine until his
first paper had been read before the Academy, together with
the fact that he drove his car at a high speed, suggests
that the reason he did not observe knocking was that the
engine speed was high,.sinceAit is well known that knocking
is less at high engine speed.

e

While the evidence for the existance of detonation

—

waves is meager, there is much evidence that they do not



exist. Woodbury, Lewis, and Canby ( J. Soc. Aut. Eng. 8 )
came to the conclusion that it is very difficult to set up
a detonation wave in a vessel as small as an ordinary
engine cylinder. Egerton and Gates ( Proc. Roy. Soc. 114 A
137 ) from their experiments with tubes concluded that the
anti-knock compounds, lead tetraethyl and diethylselenide,
do not affect the position of detonation at ordinary
pressures and temperatures. From their further work, and
the work of others, Egerton stated ( Nature July 7,6 (1928)
20 ) that they have abandoned the detonation wave theory
of knocking.

Prbf.'CaLlendar's Theory

In 1926, Prof. H.L. Callendar, in a series of articles,
(Engineering 121 475, 509, 552, 575, 605 ) presented his
theory that knocking is due to the formation of nuclear
drops of fuel. There is now general agreement that this
theory is not broad enough to explain the behavior of zall
fuels, for there are fuels that knock badly which certainly
remain in the gaseous state. The exist;hce of nuclear drops
of ordinary fuel is extremely doubtful. Octane, a fuel
which knocks badly, has a critical temperature of 296.2 deg.
C., at which temperature the vapor pressure is 18730 mm.,

( Tables Annuelles Internationales de Constants et Données

"~ Numériques vol. 1 , p.69 ). One mol of octane requires 59.8

mols of air for complete combustion. If such a mixture at



a temperature of 100 deg. C. is compressed adiabatically
from a volume,6, at atmospheric pressure to a volume,l, the
final temperature will be approximately 490 deg. C., zand

the final partial pressure of the octane will be 156 mm,
Later, Callendar ( Engineering 123 (1927) 210 ) came to the
conclusion that organic peroxides are formed in the nuclear
drops during the early stages of combustion. These peroxides
will burn later and act as ignition centers for the rest of
the unburned fuel, thus causing a very rapid combustion
which accounts for the knock. The evidence for the existance
of peroxides will be considered later.

Experiments of Tizard-and Pye

Tizard and Pye ( Phil, Mag. 44 (1922) 79) who studied
the ignition of gases by sudden compression, were the first
to suggest that whether qﬁ not a fuel knocks is determined
by the processes of slow combustion which take place before
rapid combustion. According to them, not only the ignition
temperature is of importance, but also the temperature
coefficient of the rate of combustion when the ignition
temperature is exceeded. It might be expected reasonably
that when a combustible mixture is heated by adiabatic
compression, that it would be ignited and burn practically
instantaneously. The results of Tizard and Pye show clearly
that this is not at all the actual case. If the temperature

is just great enough to start combustion, there is a consid-

erable time lag during which the pressure of the mixture



remains nearly constant or even decreases after which rapid
combustion and increase of pressure follow., If the compress-
ion is a little greater than that necessary to start combus-
tion, the time lag is very much reduced. For example, they
found that when they compressed a mixture of heptane and

air from an initial temperature and pressure of 35 deg. C.
and 14.8 1bs./ sq. in. respectively to a pressure of 176 1lbs.
per sq. in., the time lag was 0.58 sec. while if the same
mixture was compressed from an initiel temperature of 46.5
deg. C. and an initisl pressure of 14.8 1lbs./ sq. in. to

a pressure of 227 lbs. / sq. in. ignition took place nearly
instantaneously. They calculated the difference in temper-
ature to be 58 deg. C. Callendar ( Engineering 121 476 )
gave further results obtained by Tizard on the igniticn
temperatures of several hydrocarbons by adiabatic compress-
ion. The mixture strength is given in terms of fuel to 15

by weight of air in each case.



Tizard's Results for Liquid Hydrocarbons

Hydro- wt. Comp. Press. 1Initial Final Temp.
carbon fuel ratio ratio temp. Mean Max.
n-pentane 1.0 7.0 12.8 60 336 399
n-hexane 1.0 6.0 10.4 60 306 362
cyclohexane 1.0 6.6 11.8 60 324 5864
n-heptane 0.8 5.5 9.34 59 291 325
n 1.6 6.7 11.4 59 292 364

" 0.4 8.0 15.8 13 292 348

" 1.0 6.5 11.2 40 284 335
n-octane 1,0 5.0 8.2 60 275 521
benzene 1.0 9.1 18.7 40 370 430
" 1.0 8.0 15.7 59 380 437

. 1.0 9.4 19.4 39 373 433

In this table, the maximum final temperature was comp-
uted on the basis of no heat loss during compression, while
the mean was computed from the final pressure.

These results of Tizard are of considerable interest
in that the temperatures of ignition of all of these fuels
are exceeded in all ordinary engines even if we take the
maximum temperatures given here. This will be seen from fur-
ther considerations of the conditions existing in engines.
It follows from this that the time lag is very important,
end that it is the only phenomenon which permits us to use
as high compression ratios as we do. Callendar's suggestions

of nuclear drops and peroxides may be considered as attempts



to explain the time lag and the rapid combustion following,
as observed by Tizard.

In view of these results, it must be expected that a
substance which reduces oxidation in its initial stages will
reduce the tendency of the fuel to knock. Conversly, a
substance which tends to increase oxidation either by its
own early oxidation which would increase the temperature of
the remainder of the charge, or by a catalytic effect, will
increase knocking.

Thus, experiments have been carried out in the Norman
Bridge Laboratory to determine whether or not lead tetra-
ethyl reduces oxidation of the fuel during\the compression
stroke of an engine. Further experiments on slow oxidation
in heated tubes have been performed also. The conclusion
from these experiments is that oxidation is reduced in the
engine and in the heated tubes. Before describing these
experiments, it seems desirable to consider the well
established facts about the behavior of combustion in
engines from the view-point of the conclusions of Tizard
and Pye.

Knocking in Engines

It is generally agreed that when knocking occurs there
is a very sudden increase in pressure. Some observers have
said that there is a very high instantaneous pressure.

H.C, Dickinson ( J. Soc. Aut. Eng. 8 (1921) 482 ) found



a pressure of about 1000 1lbs./ sq. in. during knocking while
normally the pressure was about 450 1lbs./ sq. in. He did not
mention what kind of an indicator was used. W. S. James

( J. Soc. Aut. Eng. 8 (1921) 558 ) mentioned that a weight
placed on a cylinder head was sometimes thrown as high as
1.5 inches from the head. He also stated that the pressure
was 550 lbs./sq. in. above normal. From these data, he
concluded that the pressure was not uniform throughout the
cylinder volume.

However, it seems more reasonable to assume that such
high pressures do not exist, at least, not long enough to be
measured and that the recorded high pressure is due to the
indicator and possible vibrations of the cylinder to which
the indicator is fastened. Generally speaking, too little
information is given concerning the indicators. Otherwise
an estimate of the rate of increase in pressure could be
made, for it is well known that the usual indicator will
read twice the final value of the pressure if the pressure
is applied instantaneously.

The fact that knocking causes an indicator to read high
is now used in the familiar Midgley bouncing-pin indicator
to compare the knocking of different fuels. The jumping of
the pin of such an instrument in itself appears sufficient
to justify the conclusion that when an engine is knocking

the rate of pressure increase is very high. Such high rates



10

of pressure increase will produce abnormally high elastic
stresses in the structure of the engine which may lead to
failure. Midgley mentioned ( J. Soc. Aut. Eng. 7 489 )

that pistons have been broken by knocking. A high rate of
pressure increase will cause the engine structure to vibrate
and emit a sound as if it had been struck a sharp blow.

A high rate of pressure increase means that an appreci-
able portion of the fuel must burn almost instantaneously.
The knock occurs some time after ignition by the spark.
During the time between ignition and knocking, the unburned
fuel-air mixture is compressed in part by the piston and
in part by the expansion of the gases already burned. If
the unburned fuel suddenly burns, the hot gases must be put
into a violently turbulent condition which accounts for the
observation that there is an increase in the amount of heat
lost to the cylinder walls, and partly for the lossiin
power, Some power may be lost due to the ignition being too
early. Thus the cylinder walls will become hotter during
knocking which will lead to pre-ignition.

Factors Influencing knocking

Apart from the chemical composition of the fuel and the
fuel-air ratio, there are several factors which influence
knocking in engines. Callendar ( Engineering 121 (1926) 509)
has given a discussion of these factors. Knocking in increa-

sed by:
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1, High temperatures

2. Hot pockets in the combustion chamber

3. Placing the spark plug on one side of the cylinder

rather than in the center

4, Increasing the compression ratio

5. Increasing the spark advance

6. Reducing the amount of inert gas

7. Decreasing the engine speed

8. Decreasing turbulence

9. Increasing the initial pressure by supercharging
Also, large engines knock more than small engines of the
same compression ratio. This is certainly due in part to
the higher temperatures existing in the large engines.
Making changes opposite to those above decreases knocking.
In particular, anything which decreasecs temperature will
reduce knocking.

A consideration of these factors shows that they may
be placed into four groups: factors related to temperature,
factors related to density of charge, factors related to
the time of combustion, and factors relating to the amount
of inert gas present.

There is general agreement that the general correspon-
dence between ignition by sudden compression and knocking
is good. But there is considerable difference of opinion

concerning the importance of the different factors. Thus
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Ricardo ( J. Soc. Aut. Eng. 10 (1922) 309 ) has expressed
his opinion that knocking is not dependent on the temperature
of compression but on the density of the charge. In support
of this, he stated that the temperature at the end of com-
pression is only 40 deg. C. higher in an engine of 6;1 com-
pression ratio than in an engine of 4:1 compression ratio,
and that knocking will occur in the engine of high compress-
ion ratio even when it is cold, while knocking will not V
occur in the.other even with considerable pre-heating of the
charge. Callendar ( Engineering 121 (1926) 510 ) stated
that Ricardo has always been of the opinion that pressure is
the most important factor, while Tizard concluded that temp-
erature is. While is does not appear possible to decide this
question from the available data, still a consideration of
the processes occuring in engines, together with the results
of Tizard and Pye, may serve to elucidate the question to
some extent.

From experiments carried out in the Air Ministry Lab-
oratory, Callendar ( Engineering 123 (1927) 211 ) has
calculated the following taﬁle for the temperature at the
beginning and at the end of compression. Air entered the

cylinder at 5 deg. C. which is rather low.
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Compression Temperature Temperature
ratio at beginning at end of
of compression compression
331 169 377
4:1 133 _ 384
5:1 112 407
6s1 | 102 429
7:1 95 452
8:1 90 479

It may be noticed that these results are in good_agree-
ment with that of Ricardo in that the difference in temp-
eratures, for an engine of 6:1 compression ratio and an
engine of 4:1 compression ratio, at the end of compression
is 45 deg. C., while Ricardo gave 40 deg. C. Also these
temperatures are all greater than the mean values for the
ignition temperatures obtained by Tizard, although some are
less than his maximum temperatures.This shows that some
oxidation preceding ignition is inevitable. The temperature
reached in the unburned charge just before it is burned is
of interest for knocking occurs an appreciable time after
ignition. This may be estimated assuming no oxidation or
cooling.

The pressure at the end of combustion cannot be com-
puted with mach accuracy. Dumanois ( La Technigue Aéro-
nautique, Sept. 15, (1928) 182 ) gave the following results

of the measurements of Aubert and Pignot for the maximum
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pressure produced by combustion by adiabatic compression.

Compression Ratio 5:i1 6:1 7:1 8:1
Press. 1lbs./ sq. in. at -
end of combustion 540 625 695 740

Using 1.35 for the value of 7 in the equation,
T \R/) 7

assuming the initial pressure to be 14.7 1lbs./sq.in., and
using Callendars values for the initial temperatures gives
the following results for the maximum temperatures of the

last portion of the unburned charge reached by adiabatic com-

pression.
Compression Ratio 5:1 6:1 7il 8:1
Temperature, deg. C. 706 717 726 737

Thus, even in this extreme case, the temperatures are
very much alike for the different compression ratios, which
tends to suppost Ricardo's view. But there are other differ-
ences between high and low compression engines whdich seem
to have been overlooked. The following explanation of why
a high compression engines tends to knock so much worse
than one of low compression is suggested.

Possible Temperature Variations

A consideration of the measurements of the usual temp-

eratures existing in engines and Callendar's values for the
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temperature of the charge before compression shows that there
must be a transfer of heat from the walls to the charge. In

a Hispano-Suiza water-cooled engine with steel liners in
aluminium cylinders, Dr. Gibson ( see A.W. Judge,"Automobile
and Aircraft Engines* p. 267 ) found temperatures of the cyl-
inder near the top as high as 241 deg. C.. In another test,
he found the temperature to be 172 deg. C.. Judge reported
the maximum temperatures of aluminium alloy pistons in a cer-
tain engine as 240 deg. C., while the maximum temperatures

of cast-iron pistons in the same engine was 400 deg. C.
Exhaust valve temperatures, especially in air-cooled engines,
are very high. Judge found exhaust valve temperatures in an
air-cooled engine as high as 752 deg.C. The temperature of

an exhaust valve is ordinarily considerably above the igni-
tion point of the fuel, so that the fuel would be ignited

if there were time enough. This is unfortunate, for it makes
experiments at engine temperatures impossible with an appara-

tus such as tnat used by Tizard and Pye.

wffect of Temperature Variation

A charge comes into the cylinder with an appreciable
velocity so that it remains for some time afterwards in
motion. Experience shows that this motion lasts long enough
to greatly reduce the time of combustion. In fact studies
of the rate of propagation of flames in non-turbulent

explosive mixtures show that they are too slow to be used



16

in engiﬁés. The fact that the motion lasts for an appreciable
length of time shows that the motion must be somewhat like a
vortex. This moticn will bring some of the mixture into
contact with the hot walls, valves, and the spark-plug so
that portions of the charge will be heated considerably high-
er than its mean temperature. Because of the short time avail-
able, these highly heated porticns will not tend to become
thoroughly mixed with the rest of the charge. It is imposs-
ible to imagine any kind of motion of the charge which will
not leave quite stagnant regions near the hot walls at one
place or another, Thus, part of the charge will be at nearly
the wall temperature. In normal operation, the engine temp-
eratures depend but little on the compression ratio. Further-
more, pre-heating the charge before it enters the cylinder
will have very little effect on these maximum temperatures,
although it will increase them some. Assuming that the
highest temperature in the charge is 200 deg. C., which

seems reasonable from the temperatures of the walls, the

final temperature by compression can be calculated.

Compression Ratio K 4:1 5:1 631 Wil 831
Temp. at end of 422 496 559 613 662 717
Compression

In view of the results of Tizard and Pye on the decrease

of the time of ignition by an increase in temperature beyond
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the ignition point, the increase in temperature as the comp-
ression ratio is increased is far from negligible. As com-
bustion proceeds and the unburned charge is further compress-
ed, the effect of an increase in compression ratio is still
greater. From these considerations, it appears that rapid
combustion may start in the highly heated portions so that
the flame area is so much increased that the combustion of

a part of the charge is almost instantaneous. Increased
turbulence as a means of reducing knocking has two effects;
one is the mechanical distribution of the flame causing
quicker combustion, the other is to cause mixing of the gases
so that the hot regions will be broken up to a greater extent,
Hot pockets, on the othér hand, will cause the charge to be
highly heated locally, and therefore promote knocking.

At the beginning of the compression, the temperature of
the charge is below the wall temperature, but as the com-
pressiocn proceeds, there will be & time when the temperature
of the charge exceeds that of the walls, and the heat trans-
fer will be in the opposite direction. Thus, the highest
temperature will be in the neighborhood of the wall, but
not at the wall. If a substance is to be effective in sur-
pressing knocking, it must act in these regions of highest
temperature. N

Thus, while there must be some effect of pressure, the
factors influencing knocking ( except that of the amount of
inert gas ) can be explained satisfactorily from the effects

of temperatures. The inert gases present diring combustion,
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namely the nitrogen of the air and the residual exhaust, act
chiefly by reducing the rate and temperature of oxidation.
it has been recognized that the decreased amount of residual
exhaust in a high compression engine helps to explain why it
knocks worse than a low compression engine. The addition of
an extra amount of cooled exhaust is the oldest method of
preventing knocking.

From these general considerations of the problem of
knocking, it seems reasonable to expect that lead tetraethyl
acts by reducing the slow oxidation of the fuel. The experi-

ments designed to decide this question will now be considered,

SLOW OXIDATICN IN AN ENGINE

General Method of Procedure

The general method of procedure was to cause an ignition
miss in the engine one time in four. At the end of the com-
pression stroke during which the charge was not fired, a
sample of the explosive mixture was removed and analyzed
chemically. Any oxidation would cause a decrease in the
oxygen content and perhaps an increase in carbon dioxide.

Engine Used

The engine used in these experiments was a 3/4 kw. air-
cooled Delco-light engine having a bore of 2.5 inches and a
stroke of 5 inches, making the piston displacement 402 cc.

The clearance volume was 105 cc. making the compression
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ratio 4.83 . The compression pressure was 83 lbs./sq.in.
gauge.

The changes from the standard engine were to provide a
means of regulating the spark advance, to add a cam and
arrangement of links for operating the sampling valve, and
to equip the ignition system with a mechanical switch for
eliminating the spark every fourth time it should occur. Iron
was welded to the head to give sufficient thickness for the
threads of the sampling valve.

A variable resistance was connected to the generator as
a brake for the engine. When this Delco-light generator was
connected in the usual manner, there was insufficient brak-
ing force regardless of what resistance was placed in the
armature circuit, so it was reconnected as a separately
excited generator. It was found that the field coils were
s0 liberally designed that 115 volts could be applied with-
out excessive heating. This gave a sufficiently large brak-
ing force to keep the engine speed down to 600 R,.P,M, when
the throttle was fully openec. Later the generator was con-
nected as a compound cumulative generator to give easier
regulation of the load.

There was a little leakage of exhaust gases into the

room. While it was not probable that the chemical composition
of the air in the rocom could be changed measurably by these
gases, still, to eliminate any possibility of the air to the
carburetor being impure, the carburetor intake was connected

to the outdoors by a pipe, three inches in diameter,
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Carburetor

An attempt was made to use a 3/4 inch Zenith carbure-
tor changed only by adding two fuel tanks with floats and
a stop cock for changing from one fuel in one tank to anoth-
er fuel in the other. It was found that the floats were too
erratic in their behavior to give very uniform fuel consump-
tion, so they were discarded. Instead, fuel was added more
rapidly than fequired by the engine and the excess allowed
to overflow. The tanks were so constructed that the fuel
level could be observed and adjusted. The flow into the fuel
tanks was from reservoirs directly above them. The rate of
flow was controlled by small orifices which permitted fuel
to flow about twice as fast as requiréd by the engine. Still
the Zenith carburetor was unsatisfactory, for it did not
permitcchanging quickly from one fuel to another due to its
rather large passages for fﬁel. Another carburetor was con-
structed.

This carburetor, shown in Fig. 2, was designed to give
uniformity of performance together with the possibility of
changing very quickly from one gasoline to another. A stan-

dard Zenith jet, B, is fastened in a brass stop-cock,D,

which may be turned to either of the tubes, C, which lead to
the fuel tanks. The venturi tube, A, and the part holding it
are from a Zenith carburetor. The total volume of the jet and

stop-cock is about 1/5 cc.
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Sampling Valve

The sampling valve ( designed by Mr. W. M, Zaikowsky ),
used in collecting samples of the unburned mixture from the
engine, is shown in Fig. 1. The engine hnas a cam driven
switch in the ignition circuit which causes the engine to
miss every fourth time. The sampling valve will open-after
the miss in ignition unless ignition has taken place spon-
taneously as it sometimes does. This action is produced as
follows.

A member of a link mechanism, driven. by & cam which in
turn is driven by the cam‘shaft of the engine, presses on the
knob, A, Usually, this mechanism was so adjusted that A
starts to move down at the top dead center following the
compression stroke, and returns to its top position before
the exhaust valve starts to open. However, this will not
open the sampling valve, G, unless the gas pressure applied
to the chamber, B, is great enough to hold the valve, C, on
its seat against the combined effects of inertia, the upward
force of the weeak spring, E, and, which is more important,
the pressure of the gases in the engine cylinder against G.
The gas pressure in B is adjusted so that the valve will
open only when there is no explosion. In case of explosion,
the valve, G, remains against its seat while C is opened
allowing the gas in B to escape through the openings, D.

When the link is not pressing against A, the spring, I,
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holds both valves firmly closed. The sample is taken from a
pipe connected to the opening, H. Packing, F, is placed
around the valve stem to partially prevent air leaking into
J which tends to take place to a small extent.

Having the sampling valve operate on the power stroke
allows the heating by compression to have its full effect,
if any, and allows some time for the mixing of the fresh
charge with the residual exhaust.

The gas pressure used in B is supplied from an ordinary
commercial nitrogen tank with a pressure reducing valve. A
1/4 in. dia. copper tube having several coils gives enéugh'-
flexibility for the connection to the valve. ‘
Sampling Bottles

Four sampling bottles of the type shown in Fig. 3 were
used in collecting the samples from the engine. An inverted
glass bell with a two way stop-cock is placed in a container
made from seamless steel tubing. The bell is sealed with
mercury. By moving the bell up, a fairly large sample of 400
cc. can be collected with less mercury than required for
displacement. There are the further advantages that samples
can be collected by equal portions and that they may be
stored under a slight pressure so that any leakage of the
stOp-cocks will be from the bottle and hence unimportant.

Engine Speed Indicator

A small belt-driven Tetco magneto and a milliammeter

was used to give the engine speed in most of the runs. In
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the runs when this was not used, an ordinary shaft-driven
electric tachometer was used.

Maximum Pressure Indicator

In the tests for measuring the maximum pressure at the
end of compression, an Okill gauge was used. The Okill gauge
has a small piston which is pressed against a seat by a cal-
ibrated spring, the tension of which is adjusted so that the
pressure just fails to move the piston, Settings can be made
with an accuracy of about 1/2 1lb./sq. in. if the adjustment
is made by placing a finger on the top of a rod which rests
on the piston in order to detect any motion

Apparatus for Measuring Intake Air

Pressure fluctuations in the suction of the engine were
damped out fairly completely by connecting the carburetor
intake to a wooden box having inside dimensions 8.5 by 8.5
by 45 inches. Air entered the box through a venturi meter
having a throat about 8.6 mm. in diameter., A water manometer
measured the drop in pressure at the throat. Since this
apparatus was used only to see if there was any variation in
the volumetric efficiency of the engine due to dope in the
fuel, it was unnecessary to calibrate the venturi meter.

Revolution Counter

A small revolution counter was mounted so that when it
was placed in an "in" position it would turn at engine speed,

and when it was placed in an "out" position it would stop.
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Engine Temperature Measurement

A mercury thermometer was placed in an o0il well in the
engine head. The reading of the thermometer served only to
give a check on the engine temperature so that conditions
could be approximately duplicated.

Gas Analysis Apparatus

Precision gas analysis apparatus using mercury as the
confining medium was used to analyze the samples. An o0il
manometer was used with the measuring burette to give
accuracy in temperature and pressure correction.

Necessary Conditions for Comparable Explosive Samples

Several conditions must be satisfied if samples of par-
tially oxidized mixture are to be the same except for the
effect of dope in the fuel: for both samples, a) the air-
fuel ratio must remain the same, b) the engine speed must be
the same, C) the engine temperature must be the same, d) the
chemical compdsition of the exhaust must either be the same
of the differences definitely known, e) the ratio of the mols
of exhaust to the mols of fresh charge must either be the :
same or the differences definitely known.

Quite a little work was necessary to be certain that
these conditions were satisfied. To get the same air-fuel
ratio for pure and doped gasolines was simply a matter of
adjusting the carburetor. The ratio of the mols of residual
exhaust will be constant if its temperature is not dependent
on the use of dope in the fuel, and if the volumetric

efficiency of the engine is not changed. The procedure in



28

sampling was designed to greatly reduce the effects of changes
in engine temperature.

Procedure in Collecting Explosive Samples

Before the collection of samples, the engine was always
allowed to run partially throttled until the engine tempera-
ture became constant as observed by the mercury thermometer
in the o0il well in the head. The single;jet carburetor does
not give a sufficiently rich mixture when partially throttled
if it is adjusted to give a slightly lean mixture at full
throttle, so the engine was operated on city gas while warm-
ing up.

Two of the sampling bottles of the floating bell type:
were connected by a Y-joint to the sampling valve, A wash
bottle, filled with water, was connected between the Y-joint
and the sampling valve so that the full pressure of the
engine could not be exerted of the sampling bottle. The
sampling bottles were completely filled with mercury before
the start of the collection. The arrangement was such that
the explosive gas could be passed through the connecting
tubes up to the stop-cocks in the sampling bottles so that
after one sample in one bottle was collected, the remaining
gas could be passed through the stop-cock and completely
removed before the collection of the other sample, It was
thus made certain that all of the gas taken into the samp-

ling bottles came from the engine and that there was no
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mixing of the samples.

The wash bottle allowed much more of the gas to excape
from the engine’tnan could be taken into the sampling bottle
which tends to give a more representative sample than would
be obtained if only a small amount of gas was taken from the
cylinder and all of it taken into the sampling bottle. The
idea was to take from the engine as much gas as the dimen-
sions of the valve would permit, and take a small part of
this into the sampling bottle. As may be seen from the
sketch of the sampling valve, there are no pockets for the
trapping of gas iniit. This method of collecting samples
should give representative samples, a matter of prime
importance in these experiments.

With the air-cooled engine, the temperature increases
when the throttle is fully opened until the engine becomes
too hot to run. Since steady temperatures are not obtain-
able with it, the samples from doped and non-doped gasoline
were collected alternately in approximately equal portions,
quick changes from one fuél to another being possible with
the apparatus used. The attempt was made to collect these
equal portions in the same number of openings of the valve
for uniformity. Each sample, about 400 cc., was collected
in eight portions. No significance is attached to the
number eight; it was merely convenient. If one starts col-

lecting one sample first, for example a doped one, and then
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collects a portion for the non-doped, the average temper-
ature for the latter is greater than for the former. To
eliminaﬁe this small effect, samples were collected in both
orders.

When a change was made from one fuel to another, knock-
ing did not start or stop immediately. The cause for this
will be considered below. It was necessary to wait until the
change had audibly taken place. Preliminary tests showed how
long a time was required, and a selected time was used to
give uniformity. The most convenient way to measure this was
to count the number of openings of the sampling valve which
made enough noise to be heard distinctly. '

Collection of Exheust Samples

Collection of exhaust samples was more simple. For the
sake of uniformity, they were collected in portions as in the
case of the explcsive samples. The sampling bottles were con-
nected near the engine to the long exhaust pipe which carried
the exhaust outdoors. It was not possible with fhe apparatus
to collect exhaust samples and explosive samples simultan-
eously, so the effect of dope on the composition of the
exhaust was studied first. As mentioned above, it is neces-
sary that this effect be known if explosive samples are to
be compared.

Measurement of Fuel Consumption

An attempt was made to measure the fuel consumption
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of the engine when using the overflow fuel tanks by passing
2 measured amount of fuel into the carburetor and measuring

the overflow. This cannot be very accurate because of evap-

oration of part of the fuel, and unavoidable errors. The

following results were obtained for one fuel tank.

o <2 O O s D

©

10
11
12
13

R.P.M.

690

690

690
690
690
690
690
690
690
690
690
690
690

Room
temp.

29
29
29
31
29
30
29
29
26
B
26
26
26

Engine head
temperature

170
171
73
169
168
170
157
165
1562
162
153
162
162

cc. fuel Revs.
burned

20.85
21.20
27.10
26.80
26.05
25.55
14.55
18.70
26.05
26.30
27,15
25,80
25.00

1491
1548
1961
1987
1940
1715
1019
1353
1884
1917
1946
1851
1801

The average volume of fuel per explosion is 0.0276

cC« per
explosion

.0281
.0274
0277
. 0270
. 0269
.0275
.0285
. 0277
. 0276
.0274
.0278
.0279
. 0277

cc. The

variation in the readings is considerable due in part to the

method of measurement and also to actual differences in the

behavior of the engine.

The following are measurements for the other fuel tank.
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Run R.P.M. Room Engine Head cc, fuel Revs. cc. per

temp. temperature  burned explosion
1 690 27 150 22.00 1598 0275
2 690 26 158 18220 1292 « 0283
3 690 27 158 20.05 1481 Q271
4 690 27 160 18.60 1371 . 0272
5 690 27 160 21.85 1605 +0273
6 690 27 160 21.95 1658 . 0265
7 690 = 27 160 21.70 1596 .0272
8 690 27 160 25.75 1774 . 0268
9 690 27.5 160 21.40 1613 . 0266
10 690 g P 160 22. 55 1698 . 0266

The average here is 0.0271 cc. per explosion. The engine
head temperatures are the temperatures of the head at the
beginning of the runs. The engine was idled before each run
until this temperature was nearly constant. It was not easy
to keep this temperature very uniform. One of the troubles
in getting a uniform fuel consumption is the variation in
temperature of the engine which dhanges the volumetric
efficiency. For this reason, an air cooled engine is rather
unsatisfectory for experimental purposes.

Adjusting the Fuel Tanks

The inaccuracies in this method of measuring the fuel
consumption made it useless in adjusting the fuel tanks to
give the same air-fuel ratio, so another method was used.

When a lean mixture is burned, the power developed is quite
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sensitive to small changes in the air-fuel ratio. So if the
speed of the engine is measured, keeping the resistance in
the generator circuit constant, small differences in power
may be detected although the power delivered by a generator
varies approximately as the square of the speed. The follow-
ing readings of speed were tazken when the level of the fuel
in tank, No. 1, was 0.3 mm. below that of tank, No. 2, as
measured by a cathetometer, The fuel was the same in both
tanks, namely Red Crown gasoline with 1/4% of lead tetra-

ethyl. Readings of speed were taken alternately starting with

tank No. 2.
No. R.P. M,
Tank 2 Tank 1

1 690 684
2 681 673
) 674 669
4 671 666
S 666 661
6 666 661
7 664 658
8 664 656
9 658 653
10 658 653

The levels of the two tanks were then adjusted so that
the difference was less than 0.1 mm. and the following read-

ings were taken alternately starting with tank No.2.
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NO. R.P.M.

Tank 2 Tank L

i 705 705
2 695 686
3 684 684
4 676 679
5 671 671
6 671 659
7 664 664
8 664 664
9 664 | 659
10 658 653
il 654 653

The readings for tank No.l are less in both cases due
partly to the increase in temperature of the engine. When
an average is made on an: approximate time basis, the speed
with tank No. 2 was 0.6% greater than with taenk No.l before
adjusting the levels, while after adjustment, this difference
was reduced to 0.1% . This shows how sensitive the behavior
of an engine is to variations of the fuel level and helps to
explain the irregular performance observed when floats were
used in the fuel tanks.

Volumetric Efficiency as Dependent on the Fuel

Because of the high temperature of the residual exhaust,

it seemed possible that some of the fresh mixture may be

burned before the intake vélve closes. If the oxidation
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depends of the presence of dope in the fuel, the volume of
the fresh charge will be different. It was considered
necessary to settle this question using the apparatus pre-

viously described. The following readings were taken.

No. Manometer Readings Speed R.P.N.
Pure Fuel Doped Fuel
1 63 65 990
2 62 63 990
3> 61 62 990
4 60 62 990
5 59 60 990
6 60 61 990
7 59 ‘ 61 990
8 59 60 990

Pure fuel was in one tank and doped in the other. The read-
ings were taken alternately starting with the doped. The
use of the fuel tanks was interchanged and the following

readings were taken.



36

No. Manometer Readings Speed R.P.M,
Pure Fuel Doped Fuel
1 64 63 990
2 62 62 990
3 62 62 990
4 61 61 990
5 61 60 990
6 60 60 990
7 59 60 990
8 59 60 990
9 59 60 990

These readings were taken alternately starting with the pure
fuel. The unit for the manometer readings is 1/20 inch of
water.

During the runs, the engine temperature increésed caus-
ing a decreased flow thru the venturi. The readings were
plotted assuming that the rate of decrease was independent
of the fuel used but a function of time and that the read-
ings were taken at equal intervals. The result is that when
pure fuel is used the volume'entering is 0.9% less than
when doped fuel is used under the conditions of these
measurements. This may indicate oxidation of the pure fuel,
but it is more probable that it is due to errors in measur-
ing for the manometer was never quite steady. At any rate,
as it shall be shown later, this difference is not great
enough to account for the difference in the samples of

doped and non-doped explosive mixtures.
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Variation in the Temperature of the Exhaust

It seemed possible in view of the great difference in
the behavior of an engine when knocking and not knocking
that there may be an appreciable difference in the temper-
ature of the exhaust. If this were the case, it would change
the ratio of the mols of exhaust to the mols of fresh charge,
“and hence, for comparing exlosive samples, the difference in
the exhaust temperatures must be known.

A thermo-couple, covered with insolute cement, was
placed in the exhaust pipe about 5 cm. from the engine head.
The exhaust temperature'varied with the speed of the engine,
but there was no difference caused by a change from pure
gasoline which knocked badly to the same gasoline doped with
lead tetraethyl so that it did not knock. At 750 R.P.M., the
temperature was 560 deg. C. which islcertainly hotter than
the exhaust pipe. Since there was no difference in temperat-
ure under these conditions, the conclusion is that the mols
of residual exhaust does not depend on the fuel.

Results of Analysis of Exhaust Samples

The results of analysis of six pairs of exhaust samples
are given in the following table. For convenience of expres-
sion, the samples from the mixture containing dope will be
refered to as the red sample, while the one from the mixture
not containing dope will be called the blue sample as these

colors were used for marking sampling bottles etc.
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No. COy Co Co N R.P.M. Temp. % dope

a

1 red 16.62 0,95 0.40 100 630 --- 1/5
blue 16.52 0.46 1.158 100

2 red 16.22 2.35 0.16 100 690 162 1/5
blue 16.80 1.15 0.67 100

3 red 16.91 1.18 0.49 100 690 177 1/5
blue 16.90 0,48 0.94 100

4 red 16,51 1.60  0.08 100 690 170 1/4
blue 16.78 0.73  0.55 100

5 red = 16.42 1.42 0,00 100 690 167 1/4
blue 16.56 0.88 0.69 100

6 red 15.95 3.07 0.00 100 690 162 1/4
blue 15.66 3,38 0.00 100

The dope was lead tetraethyl and the percentage is given on
the basis of volumes.The temperatures given are those of the
engine head reached when the engine was warming up on partial
throttle just before going to full throttle and the collec-
tion of samples. The gasbdolines used all had a density of

approximatély 0.75

Conclusions From Analyses of Exhaust

By comparing the results for the red with the corres-
ponding results for the blue, it is seen that there is no
great difference in the samples, although it is also seen
that the total carbon varies somewhat. This is not entirely
due to errors in gas analysis for the engine behaved some-
what unevenly. There was some difference in the two fuel
tanks. Considerable time was spent in trying to get more
uniform results from the air-cooled engine, but the vari-
ations in performance could never be made as small as

desired. These samples were taken before it was found that
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the fuel consumption is sensitive to small differences in
the fuel levels. But the temperature variation is the main
source of trouble with the air-cooled Delco-light engine.
The conditions under Which the samples of exhaust were col=-
lected were less favorable for uniform results than the
conditions for the explosive samples. However, an error of
2% in the mixture strength will change the amount of COg in
the explosive samples only 2%, an unimportant amount there.
It isvconsidered that the measurements are sufficiently
accurate to justify the conclusion that there is no differ-
ence in-the composition of the exhaust if the mixture is lean,
as it was for sample number 6. This carburetor adjustment
was used 1in the collection of the explosive samples
although the engine will not run as uniformly as iﬁ will with
s richer mixture. From the average for the red and blue;and
the known composition of air, the air-fuel ratio was 16.8:1.

Conclusions from Preliminary Experiments

From the results of the preliminary experiments, the

conclusion is that the conditions for comparable explosive
samples are satisfied fairly well, although the behavior
of the air-cooled engine was never very uniform. Before
giving the results of analyses of explosive samples, some
incidental questions will be considered.

Time Required to Change from Knocking to not-Knocking

As mentioned above, knocking does not start immediately

when changing from a doped fuel to a pure fuel, and does not
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stop immediately when the inverse change is made. With the
single-jet carburetor, there was only enough gasoline trap-
ped for about seven explosions. But sbout ten times this
number were required for the change to be made, as audibly
determined. It was decided to investigate this more fully,
for this may be considered to be a result of lead oxide on
the walls of the combustion chamber, which would be of
importance if clearly established.

Before the single-jet carburetor was constructed, the
Zenith carburetor was used. It was observed that the time
required for the appearance of the knock and its disappear=-
ance was greater than it should be for removing one fuel
from the passages of the earburetor and start using the
other. However, the construction of the passages would
prevent any really sudden change in fuels. One object in
constructing the single-jet carburetor was to give a
smell passage for the gasoline with no pockets so that the
actual change would be very quick.

When the single-jet carburetor was tried, it was found
that the commencement and cessation of the knock was very
gradual, requiring about 20 seconds for the knock to become
completely established or removed when using gasoline and
gasoline containing lead tetraethyl as fuels. A comparison
of a knocking gasoline and benzole as the two fuels when the

engine was hot enough to cause the gasoline to knock intensly
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showed that the knock starts immediateély, although it needs
a little time to reach its full intensity, and that the
knock ceased immediately in changing to benzole.

It was found also that knocking starts and stops more
quickly when iron pentecarbonyl ( Unless otherwise mentioned,
the word, dope, means lead tetraethyl ) was used as the
anti-knocking dope thanwhen lead tetraethyl was used in the
same gasoline. The gasoline contains some hydrocarbons which
are not very volatile. These can collect to some extent on
the walls of the passage from the carburetor to the head of
the engine. Since lead tetraethyl is less volatile than iron
pentacarbonyl, there is a greater tendency for it to remain
with the gasoline, thus explaining the difference in the
behavior. This view is supported further by the observation
of the way in which knocking starts and stops when lead tetra-
ethyl is introduced as a vapor with the air rather than with
the fuel,in which case the addition of dope caused the knock
to disappear at once and ceasing the addition caused it to
appear at once. The change was so quick that it is not
possible to ascribe it to differences in the surface condi-
tions in the engine. It was found later that lead oxide on
the surface of a combustion tube greatly reduces oxidation.
Since lead oxide on the walls of the combustion chamber is
not effective is stopping knocking, this result is in

complete agreement with the hypothesis that rapid combustion
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starts in hot regions which may be near but not at.the wa