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I. OBJECT

The general object of this investigation was to
examine certain phenomena which accompany detonation in
the internal combustion engine. Attention was particu-
larly directed toward mechanical disturbances of cylinder
gases and engine parts which are characteristic of the
detonation process.

The specific phase of the work which is to be
considered in the present revort is the development of
satisfactory methods and apparafus.

It is hoped that these instruments may bve applied
to a thorough investigation of the processes under exam—

ination in a succeeding years work.

II., FOREWORD TCO EXAMINATION OF LITERATURE ON DETONATION.

Development of modern engines of high output has
naturally brought strongly to the fore, the process of
detonatioh whieh limrits so seriously the practical effic-
iency of carbureter engine operation.

There is a quite widely extended list of articles
on detonation in the literature, with new papers appear-
ing at short intervals. The following brief resume' of
detonation articles is not presented as veing complete.
The object being rather to roughly outline the vetter

known methods of investigation, experimental facts and



hypotheses concerning detonation.

The term "theory" loosely apprlied in the follow-
ing discussion to statements of ideas which amount a%
best to rather weak hypotheses. This misuse of the
" word "theory" is carried thru the discussion in accord

with common practice in the literature of detonation.

NOTE

The numbers occurring hereafter in the
text refer to the bibliography at the
end of the report.
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III. TEEORIES OF DETONATICN.

Before taking up the study of theories of de-

tonation it is desirable to examine the phenomenon

itself in order that the facts to be explained may be

summarized.

The term "detonation" is applied to describe a

process whose most obvious manifestation is a sharp

metallic sound. The noise, of

dence of a very complex proceses

course, is but one evi-

which takes place with

great rapidity under conditions which render effective

investigation rather difficult.

A description of de-

tecnation would only be complete if all possible angles

of the process were considered.

In order to clearly understand certain ideas

which occur in the detonation theories, it is helpful to

make a short examination of certain experiments which

have been carried out in connection with the subject.
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The progress of the combustion in the tube may
be analysed from the photographié record.

This type of experiment has been known and
carried out over a considerable number of years.
‘ A large part of this type of work has been carried out

in Europe. .

22
Bone, Fraser and Witt in England recently con-

ducted some work on flame propagaticn in tubes. From
previous work on the subject, the behaviocur of a flame
‘traveling along open or closed tubes is summarized.

In the open tube (open at both ends) method, at
first the flame proceeded along the tube at a uniformly
slow velocity, this uniform velocity was succeeded by
an "oscillatory" period, the flame swinging back and
forth with increasing amplitude and finally either dying
out entirely or giving rise to detonation. When any
mixture was ignited near the ciosed end of a tube, the
flame was continuously aécelerated until "detonation"
was set up.

| The term "detonation” as‘applied to this case in
~general, refers to a disturbance propagated at a high
uniform speed. There seems to be fairly good agreement
that the speed of the detonation wave is very close to

that of sound in the mixture thru which it travels.

*Note- Numbers apply to bibliography references, page 144,
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- as tube diameter, material, wall textur

In general, these gaseous explosions carried out
in tubes are afrected by a large number of factors such
e, ete.

A second type of experiment aside from actual

~ engine tests, that is performed on qaseous exp1031ons

_ f+l
is typified by the work of Woodbury, Lewis and Canby of

the Du Pont Company. These experimenters used a closed

bomb fitted with a2 longitudinal window thru which a gas-

.eous explosion flame could be photographed on a moving

film. The bomb was also fitted with a high speed record
ing pressure element which gave a simultanecus phoio-

graphic record with the flame travel record.
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A sémilar type of apparatus was used by Brown
and Watkinsjin their work oﬁ the rate of rise of pres-
sure of various fuel mixtures.

There is general agreement among those working
in the field of intermal cumbustion engine reactions,
-that actual work on the engine is necessary if the re-

sults are to be counted as reliable.

The following diagram is intended as an aid in
summarizing the experimental facts concerning detona-
tion: ( See next page)

A list of the phenomena commonly accepted as
accompanying detonationvisrgiven below:

(1) A very sharp metallic noise.

(2) A bright yellow flame within the cylinder.

(3) Increase in heat rejected to the cylinder |

jackets over that rejected during normal
operation.

(4) Decrease in power.

(5) High instantaneous pressures.

This fact is apparent from records taken
with the high speed indicatorgg. " The cards for normal
operation and for detonation are disyinctly different.

NOFMAL DETONATION
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DIAGRAM INDICATING METHIDS UJELD IN
ENGINE RESEARCH

(A) Instantaneous sampling valve.
(8) Bouncing pin detonation indicator,
(C) Gas conductivity apparatu:s.
- (2) High speed optical indicator.
(£) B’lame‘ Spectrosecopy apparatus.
(F) Exhsust gas anslysis.

(G) Exhaust gases supplied to intake system,




23,26(a)
The bouncing pin apparatus is Widely used

~for detonation measurements. It depends upon the use

of a piston indicator with a spring so heavy that it may

not move under ordinary combustion but will give a sharp

blow to a pin resting on the piston if detonation occurs.

The strength of the bounce of the pin is measured in
various ways and is taken és ah indication of the degree
of detonation,

30 -

(6) Destructive mechanical effects such as
breakage of spark plug porcelains, rupture of pistons
or other damage to the motor structure.

(7) Black smoke issuing from the eXﬁaust.Bo’Bs

(8) Préignition in most cases if detonation is
allowed to continue.zo’Ba(a)

(9) Electrical conductivity of gases within the
cylinder increases in detonation over that found for
normal combustion.8 This phase of the process was
examined experimentally by Charch, Mack and Boord who
placed two insulated electrodes in an engihe'cylinder
and‘observed galvanometer deflections due to a fixed
voltage in the circuit. Results indicated a direct
relationship between intensity of detonation and electri-
cal conductivity.

'(iO) The emission of radiationlofrom the cylinder

reaction is greatly increased in the first quarter of
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the stroke for detonation as compared with normal com-
bustion. Emission is weaker in‘the last three quart-
ers for defonation than for normal combustion.

This fact was found experimentally by Clark
~and Henne working on a single cylinder engine fitted
with a quartz window. A synchronized shutter was used
to isolate the four quarters of the stroke. The radia—
tion was estimated with the ald of a spectrograph.

(11) The wavelength of the emitted radiation is
shifted toward the short wave end (the ultra-violet) |
end of the spectrum during detonation as compared with
the spectrum of normal combustion. |

This conclusion was alss reached vy Clark and
Henne in théir spectrographic work,

(12) The geseous reaction starts sooner and
'reaches its final state faster for detonation than for
normal combustion.

: 21{a) (o)

The work of Lovell, Boyd and Coleman - in
the General lotors Reséaroﬁ iaboratory brought‘out this
fact experiméntally. ' | |

'The efifect is shown in the accompanying curves;
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The apparatus consisted of a small poppet valve
arranged to sample the gaseous products in the cylinder
in 2 range of about 2 degrees of crank travel.

The sample taken from the cylinder was immediately

. cooled by expansion and contact with a water-cooled

jacket around the valve. This cooling served to stop
the reaction very quickly and allow examination of thé‘
cylinder reaction at various points in its course.

(13) The exhaust gas analysis is different for
detonation and normal combustion.

For normal combustion X =.£§§92~£991 = 3.3 -3.4
(Hy) (00z) ,

~For detonation K= 3.8 - k.o

The next matter to be considered is that of the
factors which control detonation. _The‘following summa-—
rized list is taken from a prdgress report of the
Society of Automotive Engineers subcommittee on detona-
tion.

(1) Detonation is increased by increasing the
temperature and pressure of the charge during the time
of explosion.

(2)‘The presence of localized hot spots or an
increase of length of flame travel tend to increase

detonation.




(3) Detonation varies greatly With'mixture ratio,
generally passing thru a makimum vetween the point of
ﬁaximum péwer ahd that of maximum economy.

(4) Probably the greatest single factor which
influences detonation is the chemical composition éf the
fuel but eveh here there are apparently few géneraliza—
tions.

(5) Paraffins vary among themselves.

(6) A great many elements and compounds have the
quality of affecting detonation profoundly. 'It appears
in general that the anti—knockAproﬁerty is fundamentally
a property of the individual element, although it is
modified to a certain extent by the compounds in which
the element occurs; Many, not alleitrogen compounds
have a moderate anti-knock effect, practically all the
volatile compounds of I,, Se, Fe, Ni, Co, Sn, Pb have
marked anti-knock effevts, some of them being effective
when preseﬁt in small quantities.

» We come now to the consideration of detonation‘
theoriéé themselves. The foregoing very brief outline
of.facts to be considered in formulating a comprehensive
theory of detonation makes the difficulties of the task
obvibus. . The number of factors to be investigated is
too great for a few workers to obtain all the necessary

data within a reasonable time. On this account, we




tind experiments carried out by a widely va:ied group of
investiggtors both as to geographical location and as
to previous training. This fact inevitably brings
with it a wide diversity of conclusions which>must be
- harmonized and coordinated before the final result is in
an acceptable form. The whole matter at present is in
such a state of flux that in attributing a given theory
to an investigator, to be fair, the date of theory must
also be given, since opinions must often be altered to
fif new experimental facts.
(1) The Mechanical Theory.-”?20
The mechanical knock theory holds that the sound
results from an actual impact between parts of the engine -
; due to gas pressure as apart from the inertia forces of
| the engine. It does not attempt to explain the origin
of these pressures.
A (2) The "Pressure-Auto-ignition" Theory.

- This is thé theory usually in the past identi-
fied with the name of Ricardo. Ricardo stated this
thedry in the “Aﬁtomobile Engineer" in 1921 as follows:

"Thé phenomenon of detonation appears to be sub-
| stantially as follows: 32(a) when a mixture of hydro-carbon
vapor and air is cbmpressed to a high pressure and to a

temperature below that of its self-ignition temperature
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and then ignited from any one point, the flame at first
spreads by the normal process of burning. ‘When the
rise in témperature of the unburnt portion due to com-
pression by the burning gases, exceeds the rate of heat

. dissipated by a certain margin; spontaneous ignition of
the former takes place and an explosive wave is set up
which strikes the walls of the cylinder with a hammer-
like blow, thus causing the familiar metallic ring known
as "pinking" or detonation.----If detonation is allowed
to persist it will, unless it be very slight, increase
in severity and.ultimately raise the temperature of the
igniter points to such a degree as to cause pre—ignition
----before the spark has passed; this is a quite dis-
tinct phenomenon and should not be confused with detona-
tion."

In this article, Ricardo defines his "highest
useful compression ratio"; "This point, namely, the
compresSion at which detonation first becomes audible
with certain definite teﬁperature conditions, and with
both ignition and mixture strength adjusted to give maxi-
mum efficiency, is taken hereafter as representing the
highest useful compression ratio for any fuel. It is
not the highest compression ratio that can be employed;

but the highest that it is worth while to employ.
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43 '
Young, Holloway and Huebotter at Purdue Uni-

versity, state a theory very similar to that outlined
above. |

"The folldﬁing theory seems to offer a reasonable
- explanation of thig————- phenomenon. The charge is
ignited by the spark and burns at the normal rate of
flame propagation during the early stages of the reaction.
The unburned gas, Whiéh has been heated during the com-
préssion stroke, is compressed still further by expansion
of the products of combustion behind the flame cap.-—--
Unless the heat due to this latter compression is trans-
ferred to the combustion chamber walls as rapidly as it
'is generated, the temperatﬁre of the entire mass of gas
Tises to the ignition point and explodes instantaneously,
broducing a hammerlike blow effect both in shock and
soﬁnd. In support of this hypothesis, is the experi-
mental ev1dence that the knock ceases when certain sus-
pected hlgh temperature areas are sub)ected to additional
cooling. = The absorption of heat from the combustible
charge is théreby facilitated and auto-ignition is
prevented."

(3) "Maximum Flame Temperature" Theory.

Thls theory as put forward by Tizard was reported

2,1
by Rlcardo in the S.A.E. Journal in 1922. ’
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The followiﬁg points are noted;

(a) Detonation depends primarily upon
the rate of vurning of the part of the charge
first ignited.

(p) The rate of burning increases very
rapidly with increase of flame temperature and
whether it will prove sufﬁiciently rapid to
produce detonation depends upon the ratio
between_the rate of evolution of heat by the
burning portion of fhe charge and the rate of |
loss.of heat.

| (c) The chance that the rate of burning
of any portion of the mixture will become so
high as to cause detonation, depends but little
so far as practical engine conditions are con-
cerned, upon the temperature or pressure of com-
pression but rather upon the maximum flamé temp~-
erature.

(d) For any given mixture strength, the
maximum flamg temperature depends primarily upon
the proportion of diluent or exhaust products
present. It depends also of course upon the
cpmpressioﬁ temperature but the efrect of thié
is small compared to the eftect of the proportion

of residual exhaust products.
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Experimentalrrésults showed:

ka) If the residuel exhaust products are
cleared away by scavenging with air, it was found that
‘detonation became severe at once, even with very low
compression pressures.

(b) Adcition of cooled exhaust products
thru the carvuretor, permitted the compression ratio to
be increased to almost any degree depending upon the
quantity admitted.

"The eftectiveness of such inert gases appears
to be closely proportional to their specific heats, that
is to their direct influence upon flame temperatuie."

"Broadly speaking, two factors determine whether
or not a fuel will detonate; (a) the self-ignition of
the fuel-air mixture, (b) the rate of acceleration of
burning as the ignition temperature is excesded. "

11,20

(k) The "Detonation Wave" Theory.

This theory holds that when the mixture is
ignited, the wave of combustion spresds out from the ’
ignifion point at a relatively slow but increasing rate.
Under certain conditiocns, before the flame has filled
the combustion space, its rate of motion accelerates to
what is known as “detonation“ velocity, a velocity so
high as to constitute praétically the simultaneous dburn-

ing assumed by Hicardo.



This theory in substance assumes that the process
occuring in the cylinder of an internal combustion
'engine is analagous to that taking place in open tube
expériments like those previously mentioned when the re-

~action velocity.reaches the "detonation" stage.

Ficardo's theory as outlined above assumes that
the cylinder pressures are true pressures produced by a
sudden increase of pressure throughout the cylinder,
while the "Detonation Wave" theory includes the assumpt-
ion that the high pressures may be localized impacts pf
the detonation wave. This means that the maximum
pressures may not be the same at different points‘within
the oombustioﬁ space.

Dickinsongoof the Bureau of Standards comments
on the detonation wave fheory as follows; "

A light steel rod was placed on top of a Liberty
engine cylinder during detonation. Observations of the
velocities of this rod show ihat the velocity of distort-
ion of the cylinder head is comparable to that of a high
pitch tuning fork.

"From certain other work Dickinson concludes;

(a) The sound produced by the fuel knock
can bhe adeqﬁately accounted for by the distortion
of-parts of the c?linder, without assuming any
mechanical impacts.

(b) The maximum pressures seem to exceed
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those which could be produced by the normal
explosion of the charge. This indicates that
éome phenomenon such as detonation must be
assumed in order to account for therpressures
observed.
| (c) The rate of increase of pressure

found by experiments are such as to require some
such disturbance as detonation as an adequate
explahation.
(5) Midgley's "Critical Pressure" Theory.
Midgley and‘Janewayggusing the results of Wood-
bury, Lewis and Canbyulfrom their work on bomb
explosions of gaseous fuels, set up an equation
for the difference vetwesn the pressure before
the flame front in an explosion and the pressure
behind the same flame front. The derivation is
based on the experimental resulfs from the bomb
experiments amplified'by relations taken from
physical chemistry. The final equation as
derived 1is: | Q
P, - Py = MPl P2

Where M and Q are symbols for rather compli-
cated expressions depending on absolute temperatures,

densities, reaction constants, etc.
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Midgley and Janeway make the following comment:

"It is quite obvious that in the actual phenome-
non of combustion, P> cannot reduce from the point a,
but must increase as combustion goes on. What actually
takes place at this point is a sudden enormous increase
in reaction velocity and hence in the pressure differ-
ential. The extent of this increase is goveined fo)'s
some limiting factor or factors other than those already
taken into account and are irrelevant for this paper.
----Probably the major factor is the limiting of the
flame travel to the velocity of sound which the rate of
transmission of molecular activit& cannot exceed."

The following points are~preéenfed in support of
the idea that géseous'detonation within the cyliﬁder is
the cause of knocking;

(a) a high—preésure,'high velocity,

detonation wave should distort it and thereby
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produce the metallic noise cailed a "knock".
"(p) The luminosity that is obsérve&
vduring gaseous detonation in an explosion tube
is also present in the flame within the cylinder
when the engine knocks.
(¢) Anti-knock materials such as diethyl
selenide and lead tetraethyl could scarcely
affect the auto-ignition temperature when present
in such small quantities. Apparently thé only
way to account for their action is that they
affect the constant of reaction velocity for
gaseous detonation. Furthermore, these materials
will suppress tﬁe detonation occuring in explo-
sion tubes to the same degree and in the same
manner that they suppnress the knock in an enginé.
(6) Ricardo's modified theory as set forth in
"Engines of High Output".35
"When a combustiﬁle mixture of fuel and air is
ignited, a nucleus of flame builds up with a rapid-accel-
eration outwards from the point of ignition; ﬁhen ité
rate of development exceeds a certain critical speed,
depending upon a large number of factoré, a detonation
wave will be set uﬁ. This wave will pass thru the
mixture at such a velocit& that‘the pressure in the wave

front will be excessively high, perhaps nearly double
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that of the average ﬁaximum pressure. On striking the
cylinder walls, the impact of this wave will compress
anew the already burned products, will still further
raise their temperature and that of any isolated oxr

partially insulated objects in their vicinity-----—=w--

~“until they cause preignition.”

"From experimental results, Tizard has shown
that detonation will be set up when the rate of evolu-
tion 5f heat by the burning gases exceeds the rate at
which it can be disposed of to the cylinder walls, etc.,
by a certain margin, depending upon the nature of the
fuel, the size of the containingivessel, etec."

It will be noticed that both Midgley and Ricardo
in the-last two theories are putting forward statements
that are equivalent to those of the "Detonation Wave"
theory. '
(7) Brown and Watkins' "Rate of Pressur Rise-

Auto-ignition Temperature"Theory.
Brown and W‘étkins5 of the Chemical Engineering
bepaffﬁent at the University of Michigan, carried out a
series of experiments on bomb eiplosions of gaseous
mixtureé over a period of several years. They‘conélude‘
that the detonation wave as it is recognized in progreés— '
ive homogeneous reactions is not the cause of detonation

in internal combustion engines.
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"The data presented in this paper indicate that
the rate of rise of pressure aé'measured in non-detona~-
ting theoretical explosive mixtures varies directly as
the tendency of a fuel to initiate the detonation wave

- in a progressive homogeneous reaction as described.
But it is well known that the aromatic hydrocarbons
have much less tendency to knock in the internal combus-
‘tion engine than normal parafiin hydrocarbons having
similér rates of rise of pressure. The relative ten-
dency of the no:mal paraffin and aromatic hydrocarbons
to initiate the detonation wave is entirely different |
from the relative tendency of the same fuels to knock in
the internal combustion engine. Therefore, the de-~
tonation wave, as it is recognized in progressive homo-
geneous reactions is not the cause of detonation in
internal combuétion engines."

It is shown that if the maximum rate of rise of
pressure for a given set of fuels is divided by the auto-
ignition temperature for these same fuels, a series of
numbérs is obtained ﬁhich are in the same order as the
knocking tsndency of these fuels in the internal combus-—
tion engine.

The knockiﬁg tendency varies inversely as the
"highest useful compressién ratiq“ 80 it,is possible to

arrange these same fuels in the order of their "H.U.C.R2"s.
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Such a comparison for an actual set of runs shows fairly
good agreement with the data given by Ricardo for the
same fuels;

Brown and Watkins summarize their work as follows:

"In brief, Midgley and Tizard have overlooked

the fact that an increase in initial temperature decreases

the rate of rise of pressure of a homogeneous gaseous

explosion and have assumed the oprosite to be true.
This led Midgley to disregard the importance of the auto-
ignition temperature and Tizard to disregard the impor-

tance of the rate of rise of pressure.  The facts summa-

~rized in this paper indicate that both the rate of rise

of pressure and the auto-ignition must be considered in
estimating the tendency of 2 fuel to knock in an internal
cambustion engine, and suggest autoignition of the un-
burned part of the charge caused by adiabatic compression
against heated surfaces as the mechanism of combustion
causing engine knock. The rate of flame travel and the
rate of rise of pressure in the explosions may approach
the fates'aocompanying the detonation wave, but the
mechanism of auﬁoignit%on is so radically different from
the mechanism initiating the detonation waﬁe that a

precise distinction should be made."
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(8) Radiation Theory. .

This theory is stated by Thesjg; "As soon as the
fuel is igﬁited and starts to burn around the electrodes
of the spark plug, a portion of the mass of the mixture
~which is unbturned is activated by radiations sent ahead
by the flame.————- It will be recalled that radiant heat
can press thru part of the mixture without raising its
temperature. The more dense the mixture vapors are,
the less easily the radiant heat will pass thru and the
more of it will be absorbed by them. This absorption
of the radiations tends to decompose the hydro-carbons
constitufing the vapor. This decomposition produces
carbon, lighter hydro-carbons and possibly hydrogen.
The last two immediately ignite and burn with abnormal
rapidity. The knock may be produced by a pressure wave
resulting from this sudden combustion.®

Spectroscopic data show that detonation is ac-
companied by radically different radiation from that
found to occur when the engine is running normally.
The greatest intensity wave lengths are shifted foward
the ultfaviolét. The addition of anti-knock compounds
return the emitted radiation to normal.

| (9) Electron Theory. |

Wendt and Grimmuoput forward a tentative theory

"---that the explosive flame is propagated by emission

of electrons from the reacting molecules in that the
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advance of electrons before the flame front ionizes and
- activates the unburned molecules,‘causing detonation at
high temperatures and pressures.!

'~ By this theory, the function of an anti-knock is
to absorb electrons and promdte recombination of ions
previous to combustion, thus reducing the normal acceler-
ation of combustion rate.

9at M.I.T. performed a

Clark, Brugman and Thee
geries of experiments on the effect of knock inducers and
SUPPressors on gaseous ionization. Their conclusion was;
"The experiments indicate that the theory of electron
wave fronts in explosions and the absorption of electrons
by knock suppressors is not sufficient to explain the
~practical operation of such chemical substances in the
control of detonationf-——."

Lind and Bardwell, working on the slow oxidation
Qf methane under the ionizing influénce of alpha radia-
tion does not indicate an& retardation by the anti-knock
compound but rather some acceleration. Lind and Bard-
well question the role played by ionization in explosive
reactions. It is not a primary action.

(10) Organic Peroxide Theory.

6

Callender°holds that detonation in paraffin fuels
and ether is due to the accumulation of organic peroxides

in the licuid during rapid compression. The amount of
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peroxides formed i1s not sufficient to cause the ohserved
detonation but acts as a primer in causing the simultan-
~eous ignition of the fuel.

Peroxides are exgerimentally shown to be present
»in detonation combustion products. Other evidence seems
to substantiate the theory.

(11) Theory suggested by A. H. Denisonlu

Cites evidence from the indicator card taken

% during detonation.ce
: 1A 7
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From a to ¢ enough mixture burns to develop
high pressures at c¢---rapid drop shows that the evolu-
; ' : tion of heat had stopred and cooling was rapidly reduc--
ing the teﬁpefature of the whole mixture. At 4 flame
propagation again started. A condition capable.of'
supporting a high raté of flame propagation was present
and a heat evolution cycle independent of ignition was
set up.

The theory holds that

(a) Further physical mixing of fuel and air

by pressure waves and flame waves was set up during the
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first burning period, ﬁogether with the effect of the
first changes in volume, resulting in better mixing
giving the oxygen a better chance at the fuel.
This either completes the combustion of the charge or
allows another heat evolution cycle.

or (b) the first efolution of heat and pressure
had changed the proportions of H and C in the mole-
cules of unburned fuel which apparently requiredAthe
time ¥ for its completion.
| - (12) Theory suggested by Charch, Mack and
Boords, together with their"Pyrophoric Particle" theory
of anti-knock action.

These investigators state their theory of deton-
ation as follows: "The view held here is that detona-
tion is a suddén disruption. of the molecules and this
depends to a large degree upon the stability of the mole-
cule toward heat." 4

A similar theory is expressed by Sok0136who
believes that detonation is caused by decomposition of
large fuelvmoleculés.

Charch, Mack and Boordghold that the anti-knock
action of lead tetraethyl etc;, igs due to thé thermal
decompoéition of the anti-knock compound into small
"pyrophoricﬁ varticles which become hot by rapid oxida-

tion and act as a set of small auxiliary épark plugs
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in the intcrnal combustion engine secesms to e due to one
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in that they set up combustion at many points in the

-mixture and thru this action prevent detonation.

2
Olin, Read and Gow 9conducted some experiments

on the efiect of metallic colloids on detonation.

These particles did not have a measurable effect in

suppressing detonation. From this, the conclusion is
drawn that the "pyrophoric particle" theory of anti-
knock action is not correct.

(13) Gasin and German Theory of Detonation.

The detonation produced by a fueliincreases as

its electrical conductivity decreases.

German contends that a non-conducting fuel
becomes charged with électricity generated‘by friction
in the fuel line when the air gas mixture is sharply
sucked into the engine. The vresence of the electric
charge causes combustion to take place too quickly after
the jumping of the spark and the detonation knock
appears. If, on the contrary, the fuel is a conductor,
it does not become oharged, the combustion follows the ]
spark hormally and no knock is heard;

(14) Suggestion of Prof. L. C. Lichtyt>

The abnormally hlgh prescures during detonation

or all of the following;
(2) A momentary literation of energy in

excess of what is anticipated.
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(v) Aﬁ increase of volume larger than
the reaction equation of the fuel would indicate.

(¢) The formation of an unstable com-
pound with a specific heat much lower than the
products of combustion ordinarily formed.

In addition to the theories noted above, four
more‘will e mentioned. These theories are taken from
the article summarizing detonation theories by Clark
and Theell. :

(15) Dissociation Theory.

"One of the first theories proposed was that of
dissociation of the products of combustion. The amount
of dissociation of carbon dioxide and water at tﬁe tem-
perature and pressure reached in the ordinary internal
combustion engine is small, probably not more than five .
percent. Furthermore, while this theory might account
for some of the phenomena that take place, it cannot
very weilbaccount for most of the knock in the cylinder,
nor the vivbration in the cyiindérvhead. The dissocia-

tion of these compounds, while producing a slight

‘increase in volume of the gases, does not proceed with

any great violence. As the temperature and »nrescure
are lowered by the piston moving on the expansion stroke,
these dissociated elements reunite, but scarcely'With the

violence often attributed to them."
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(16) - The Free Hydrogen Theory.

The theory holds that the knock is caused by the
excessively rapid combustion of free hydrogen.

It is an experimental fact that certain constitu-
ents of gasoline will literate free hydrogen when heated
in air. In addition to the liberation of hydrogen
certain other hydrocarbons may be formed such as
aoetylene.¢

It is charactefistic of hydrogen or acetylene to
turn at a very high rate. If they are actually present
in the cylinder, they would tend to accelerate the rate
of combustion bf all the gases present to the detonation
point.

"The“principal reason for believing that free
hydrogen is the basis of the detonating difriculties is
~that addition of any substanée which will combine
readiiy with hydrogen and at the same rate vaporize
under the same conditions, will eliminate the knock.v
Iodine will méet all these requirements and actually
does étop detonation when about 2% is added to gasoline."

| (17) Abéolute Density Theory.

Lind states that absolute density may be the

controlling factor for the cause or elimination of de-

tonation. In seeking to explain this, he points out the
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similarity of the case to that of the velocity of inter-
action of hydrogen and oxygen under the inflﬁence of
alpha partibles, whose departure from the equvalent
5 _ - mixture in the direction of excess hydrogen (lower dens-
ity or 'stopping power'! for radiation) while excess of
oxygen (highei density or“stopéing power") increases
the velocity."
% | ; (18) Molecular Collision Theory.
| '"Adcordingyto this theory, undecomposed hydro-
carbon fuel molecules immediately in the front of an
explosion wave will be bombarded by swiftly moving mole-
cules of carbon, hydrogen, oxygen, carbon monoxide, etc.,
| from the explosion wave itself. The controlling reaction
will therefbre depend upon the relative numberskof these
bombarding molecules. This theory has had a remarkable
test in the experiments of Garner and Saunders on the
spectra of acetylene explosions (really detonations).
They explain the appearance and disappearance of the
Swan and cyanogen bande as due first to the forﬁatibn of
carboh f;om the collision of the molecules with 02H2
fc form 20 and He, then a preponderance of the

. N . - 2 ’ .n
oolllsl¢n‘rea0tlpn _02H2 + O2 CO + 32




29

IV. .  PRELIMINARY DISCUSSION

The foregoing discussion indicates that a rather
wide range of ideas has been considered in the attempt
to explain internal combustion engine detonation. Certain
of the hypotheses appear to be quite reasonablé and offer
worthwhile aid in considering the fundamental probleﬁ,
while others have little practical value.

With the matter in its present state of flux, it
appears to the writer that more progress is likely to
result from energy spent in experimental examinatién‘of
tﬁe phenomena than if the same time were applied to a
more extended examination of the literature.

In the various hypotheées which attempt to ex-
plain detonation, there is a constant recurrence of the
idea that enginé detonation processes are anélogous to
the processes found in examination of gaseous combustion
in open tubes. |

It seems fair to suggest that at present; the 
"detonation wave" type of nypothesis may be included
among the more reasonable ideas concerning the detonatiom
process. The desirable type of engine combustion is
considered as analogous to the initial period of slow
~uniform flame propagatipn,'while the undesirable type

corresponds to the high velocity "detonation wave'.
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If a"detonation wave" is actually involved inrthe
cylinder process of detonation, it follows that there is
probably a certain critical distance from the spark plug

"points inside of which cormbustion is normal, while at

. greater disténdés the detonation wave appears. A know-
ledge of this critical distance for known compression
ratios, fuels etc, might furnish more or less véluable
design data with regard to cylinder size and spark plug
location for a given compression ratio.

The primary object of the piesent experimental
work‘waé to develop, if poséible, a method and instru-
nents which might permit practiecal experimental work on
the problem mentioned above.

, The primary characteristic of such a device must
be its ability to respond with negligible time lag %o
very rapid fluctuations. of pressure.
| It is also necessary that the device be of such a
nature that it might ve satisfactorily held inside the
cylinder at known}pcsitions with respect to the spark plug
éupplying ignition. |

Invgeneral, the available openings found in the
: ordinary'experimental engine cylinder.are designed to take
a spatk plug. For this reaéon, a limit of one half inch

external diameter was imposed on the size of the sensitive




element before the work was started. This dimension
for the unit allowed something over one sixteenth of an
inch between the sensitive element and the inside dia-
meter of s metric spaik plug hole. This allowance
seemed to be sufficient for the necessary spark plug
hole bushing.

The next matter for consideration was the type
of sensitive element to the developed. The usual
high speed optical indicator might possibly be adapted
to the purposes of the present work, but the necessary
accessory mechahism for controlling the mirror would
probablﬁ give considerable difficulty due to the
necessity of keeping the ?hotographic mechanism outside
the cylinders while the sensitive diaphragm itself |
might be some inches disﬁant inside the cylinder.
Such a unit would probably be developed if necessary,
but another type of system seemed to offer morevimmedi—’
ate promise for present purposes.

In considering the range of apparatus which

21

N might be used in connection with the oroblem, the oscil-

lograph, as developed for use in electrical work, seemed
to offer an instrument particularly well suited to take
care of the short time intervals to be encountered in

detonation experiments. On this account, it was
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decided  to make an attempt to utilize the oscillograph

in the present investigation. This, of course carried with
it, the necéssity of so constructing the sensitive

element that it would produce a variation of inductance,
capacity or resistance in an electrical cifcuit.

Of necessity, some portion of the sensitive
element must be exposed to the pressure existing in the
cylinder, so that in addition to ité sensitivity, it
must be able to successfully withstand the temperatures
and pressures encountered.

In addition to the two requirements mentioned
above, the free vibration period of the element should
e much higher than the period of any disturbance likely
to e encountered. A diaphragm type of element seemed
to offer most promise in this connection and was accord-
ingly adopted as the type to be developed.

'In'regard to the mechanical action of a diaphragm,
it is noted here that there must always be séme_lag‘in
the displacement of any mechanical system by gas pressure.
The writer has spent some time in study of the mathemat-
ical treatment of vibrating systems and hopes to be able
to include in a future report a more or less complete
discuésionAof the dynamicslof high speed'pressure indi-'

cating devices. The present report will consider only
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the practical experimental possibilities as they have
worked out, refinements of method being left for
future consideration. _

Having decided on the diaphragm}as a suitable
element for detectiﬁg gas pressures and passing the
indication along to the recordlng gsystem, the next step
was to settle on the method to be used in utilizing
diaphragm deflections to alter conditions in an electric-
al circuit. The writer is indebted for useful suggest- .
ions in regard to this matter to Professors Lyon and Hudson
of the Electrical Engineering Department as well as to
Professor Taylor of the Aeronautical Engineering Depart-
ment under whose supervision the work has been carried out.

Three possible methods of transferring diaphragm
displacements into electrical indications presented them—
selves; (1) the motion of the diaphragm might be made to
alter the reluctance of a magnetic circuit linking an
electrical circuit after the manner of 8 magnetic
"pick-up" used for phonographic sound reproductlon,
(2) the movement of the alaphragm might be made to alter
the capaéity of a small condenser by a method gimilar to‘
that used for the "capacitative" phonograph "pick-up";

(3) some sort of resistance element might be developed

that would alter its electrical resistance in proportion

to'the,diaphragm‘displacement.
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Of these types of electrical systems, the first
two would require some gort of vacuum tube amplifying
device which could undoubtedly be developed but which
would offer a complication to be avoided if possible.

The magnetic fype of unit would be under the
decided disadvantage that it would give an indication
only during the motion of the diaphragm as pressures
were changing in the cylinder i.e. when flux linking
the électrical coil undergoes a change. This character-
istic, coupled with the necessity of using the vacuum tube
system, seemed to make the magnetic type of unit least
desirable of any of the types noted.

The oapacitative type of pressure indicator hés
been successfully used oy Juichi Obatauq. A description
of his apparatus will not be included here except to

note that in all his arrangements, some sort of vacuum

. tube circuit was used. The capacitative type of unit

indicates magnitudes as well as changes of pressure.
However, it was felt that some simpler scheme should be
tried out vefore taking up the development of such a
device. | |

If a sensitive element could be constructed
whose resigtance between contacts‘decreases as pressure

is applied to the diaphragm, an ideal type of instrument
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would be at hand. A simple series circuit could bve

- used between the oscillograph vibrator and the unit,
which would not only offer a minimum of complication
but would be as free as possible from lag effects due

to capacity and inductance in the electrical circuit.
?or these reasons, it was decided to investigate the
possibility of developing a resistance type of sensitive
element. |

It is perhaps in order to consider here the
necessary general characteristics of the elements of a
gatisfactory pressure indicating unit of the‘resistancé‘
tyve. »

In the first place, the diaphragm itself should
be of such a nature that the Tesulting deflections are
proportional to the pressures‘existing within the cylinder,
i.e. |

Z=klP

z =ydef1ecti§n of the center point of the diaphragm
| from the equilibrium position.
kl= constant.
P = pressure existing within the cylinder. |
Secondly, this displacement of the diaphtragm
should be‘made‘to react on some sort of variable résist-

ance élement in such a manner that:




R = electrical resistance of the element

ko= constant _ ‘ @

By use of a constant electro-motive force V in
a series circuit with the unit and an oscillograph:

I=Y_-VkZ2=VkkP=EKP
R 2 12

It follows from this that current flowing in the

series circuit will be proportional to the pressures

existing in the cylinder. |
In general for small deflections, the oscillo-

graph vibrator'may be assumed to have a law deflection; | i

d =% I
3

d = deflection in length units of the light spot

on the recording film.
In summary then:

d =k I=%Xx XP=CP
3 3

,Hence, if the conditions noted above are ful-
filled, the deflection noted on the oscillograph film is
proportional to the pressure existing in the‘cylinderAatA
any instant (neglecting the mechanical lag). |

Having decided on the method of attack to be used
in the problem, the‘next step was to carry out experimental

work with a view of determining the practicability of
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diaphragm units of the necessary rather small sigze.

For this preliminary work on diaphragms, in
order to keep the apparatus as simple as possible, a
plain steel contact was used to give an electrical make
and break in response to cylinder pressures. This
experimental unit and the results obtained by its use
will be descrived later in the report.

During the progress of the mechanical work on
the diaphragm unit, a study was made of cylinder head
distortions under operating conditions. This work was
carried out with the aid of a special type of vibration
recorder or accelerometer developed by F. H. Norton of
the Physics Department at M. I. T. This instrument had
-peen successfully applied to the study of mechanical

vibrations by Professor L. H. Young also of the Physics

i,
[
L.

év

Department. Professor Young very kindly spent consider-

able time with the writer in applying the vibration

| recorder to the particular problem at hand.

H

V. ENGINE CONDITIONS FOR PRELIMINARY WORK

'In géheral it has been the object to apply the
instruments to the examination detonation contrasted with
normal operation.  Since development of apparatus was the
primary object, no nicities of detail as regards engine

conditions were attempted. For conditions of normal
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operation, a relatively light load and reasonable spark
~advance was used. For detonation a heavy load with
excessive spark advance coupled with the use of a lean
mixture, resulted in a very bad condition of detonation. §
' The compression ratio used was about 5.3: 1. The fuel
used was ordinary gasoline.

i Three conditions of operation will be noted in ' %
| the following discussion (a) normal operation, (D) ‘
slight detonation, and (¢) %vpad detonation.

| The engine conditions for thesé three cases are

noted below:

: Oreration Throttle Spark Speed in Load in

V Advance r.p.m. h.pD.

: normal half 20° 1000 15-16

s slight

: detonation half 200 1000 19-20
bad | _ @
detonation full - 350 1000 20-21 ,

% | : Tﬁe'engine used in all tests was the N.A.C.A single
cylinder adjustable test engine in the Aeronautical
Engine Laborafory.v The load was supplied by a U5 horse )
power electric dynamometer. _

This engine has 2 stroke of 5 1inches and a
stroke of 7 inches. Ignition is accomplished by means of

two independantly operated breakers and coils. The carbu-

retor is a Stromberg aireraft type for a 2.5 inch mani-

fold.
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VI. STUDY OF CYLINDER HEAD DISTORTIONS
UNDER DETONATICN CONDITIONS

The essentials of the vibration recorder are
indicated below in Figure 1.

A and C are parts of the frame of the instru-
ment being rigidiy connected together. The frame is
made fast to the object whose vibration it is desired to
study. ’ |
P is a flat phosphor bronze spring supporting
the relatively large mass W. This spring is made up
of two thin strips in such a manner that motion of'the

weight W with respect to the frame is permitted in one

plane only.
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The stops at € 1limit the amount of motion
between W and the frame. In operation the weight is
balanced between the stops and does not touch either side.

D is a flat vane for damping the motion between
W and the frame. | |

The adjustable screw B 1is connected to the rigid
arm carrying W and bears on a projeciion from the back

of a pivoted mirror R. The mass of R 1is made small

and the arm is held against B Dby means of a coiled hair

spring.
L is a lens mounted in front of the mirror T.
A source of light consisting of a flashlight bulb g
with straight filament is placed at D. | i
A section of the straight portion of this fila-
ment is reflected by the fixed mirror F thru the lens L
on to the mirror R. The light is reflected from R thru
L and falls on the narrow slit 8.
Mounted behind 8 (not shown in the diagram) is a
drum cdrrying a. photographic film. This drum is rotated
at a known uniform speed by means of a small ratchet type
motor opérated with impulses from avibrating'spring contact.
‘Actually the drum itself does not carry'the film
put instead serves‘to accurately locate the sengitive sur-
face in the right plane as the film is wound from one
small spool to another. One spool is geared directly to

the drum which in turn is driven by the motor. Motion
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picture size film is used in the instTument.

Observations were made with the accelerometer in
ovoth the vertical and horizontal planes.

In obtaining results for the vertical plane, the
weight of the mass W was compensated for by means of a
long spirai spring attached to the frame of the instru-
ment.

In use, the accelerometer was rigidly clamped to
2. heavy bdbrass plate held to the head of the engine cylinder
thru a stud screwed into a spark plug hole.

Certain experimental difficulties were encountered
in using the instrument mounted on such 2 violently
accelerated base. For this reason, the number of satis-
factory records taken is limited, but includes one each of
normal operation and detonation in both horizontal and
vertical planes.

In previous use, the instrument had been adapted to
vibrations of much lower frequency than those found in the
present case. On account of this fact, the records are
not spread out as much as might e desirable, but the
indicatién of the relative amplitudes of vibration is
fairly satisfactory.. The film speed of the inétrument may
e éasily ingreased‘by a modification of the driving motor
in care it might bve desmed desirable to take further records

of this type.
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The records are shown below:

Vibration in verticsal
plane.

Record for normal op-
eration.
Magnification-—-—=40,

Amplitude of cylinder

head vivbration--————-
Fig. I. _ 0.00063 in,
The record shows that the vibration for normal operation

is quite even and uniform.

fig. II.

Vibration in vertical plane. Record for bad de-
tonation. Magnification---~40, Amplitude of cylinder
head vibration----0.0073 inch. (value calculated from

mean of ten measurements)



PLATE 1IV.

-

Vivration in horigzontal plane. Record for
normal o;eratioz, Mognification----90.  Amplitude of
vibration=---,000%7 in.

As in the case of the vertical plane record, the

vibration is apparently of a uniform nature.
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Vioraticn in horizontal plane. Record for bhad
detonation. Magnification 90. Amplitude of vibration
.0019 in.

No attempt has been made to make an exhaustive
énalysis of the data which might be derived from the
records shoﬁn above by enlargement. Time available for
the present vears work has prevented any continuation of
this line of experiment. i

Whatever might be the final results of a careful
examination of the records, the plates exhibited above,
certainly bring out the marked difference which exist
between normal operation and detonation as far as the
forces which are exerted on the cylinder head are con-
cerned. Considering only the amplitudes of the result-
ing vibrations, detonation brings with it an increased
motion in a vertical direction some ten times that found
for normal operation. Similarly in the horizontal
plane, detonation conditions an increase of amplitude of
some five times the normal operation value.

As concerns the increase in vertical displacement
of the cylinder head, the explanation aprears to lie in
an actual bending out of the head itself. The head con-
struction for the particulsr engine used in the test is
very heavy, so it must follow that the instantaneous

values of the force which produces the distortion are
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relatively high.

Examination of the detonation record for hori-
zontal displacements shows in addition to the smail
oscillations recorded from the engine, a much slower
vibration of a'sinusoidai.nature. The élow frequency
recorded by the instrument is probably due to the weight
system itself which is constantly subjected to heavy
accelerations in a plane perpendicular to the motion
vermitted ordinarily by its construction.

The horizontal plane record shows that the high
arplitude vibrations are followed in each case by a line
of shorter length. It seems reasonable to suppose that
the large amplitude lines are those resulting from the
detonation of the power stroke while the shorter lines
E‘ record the displacement resulting from the ordinary

inertia forces for the other strokes of the cycle.

There can, of course, be no tendency of the gas
pressures directly to move the middle of the top of the
¢ylinder head in a horizéntal plane. On this acécunt_it
must follow, that the increased amplitude in the horizon-
tal direétion of the top of the cylinder head, is due to
the reaction of the cylinder barrel to the sidéways

‘pressure eXerted by the piston, under the influence of a
heavy shock from the detonation process in the cylinder.
i A more extended discussion of this matter will

not be included here, the object of the report being
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primarily to indicate the nature of results which might
be obtained by use of the vibration recorder rather than

to formulate any final conclusions.
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VII,DEVELOPMENT AND TESTS OF DIAPHRAGM UNIT

The actual experimental development of a diaphragm
unit was undertaken after several preliminary designs had
been laid out on paper. All of this phase of the work
was carried out under the supervision of Professor C. F.
Taylor of the Aeronautical Engineering Department.

In the preliminary work many helpful suggestions
were made oy Professor Hudson. The writer is also par-
ticularly indebted to Professor D. C. Stockbarger of the
Electro-chemical Engineering Department for the use of his
bench lathe and tools in addition to aid given in the
form of suggestions. The actual mechanical work was
greatly facilitated thru thé use of a room in the Physics
Department made available by the kiﬁd interest of
Professor H. M. Goodwin. |

Thanks are due to John Rosen of the Physics Depart-
ment Shop'for advice on mechanical details in addition to
some very ﬁice machine work on the unit. The actual
testing of the units was carried out in the Aeronautical
; Engine'haboratdry with the cooperation of Mr. E. S.‘Taylor

who was in charge of the laboratory.

A number of units of different forms were wade up

before a satisfactory typé was finally completed. The unit

[

as finally used for test purposes on diaphragms of different

thicknesses, is shown in the following blue print.
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As used up to the present time, the unit consists
of a diaphragm D, somewhat less than a quarter of an
inch in diameter. The thin sensitive point of the unit

is formed from a piece of s0lid steel stock bored to the

prover depth with a flat bottoming tool. The resulting

hole is tapped with a quarter inch thread, 50 threads to

- the inch. The exposed side of the diaphragm is turned

flat in a lathe and a hexagon formed near the end for
holding a wrénoh for making the unit tight in the spark
plug bushing E. The insulated contact F, is carried
in a hollow piece G, threaded to fit the hole tapped in
the diaphragm section of the instrument. Insulation is
accomplished by use of thin sheet mica shown at H, the
internal contact being made solid by tightening the
small unit I to which is soldered an electrical lead.
The diaphragm unit is made tight in the bushing by means
of a copper gasket J. A jam nut X serves to keep the
insulated contact solid in position for purposes of
adjustment. Adjustment is accomplished by use of a-
small wrench on the hexagon portion of the piece G.

In order to prevent the diaphragm D f{from damage in caée
of a too severe distortion, the contact F, is‘slotted
near its end in order to permit a slight spring action

but at the same time keep the contact stiff enough to



49

cause it always to return to the same position after
bending. The material of all parts of the unit was
cold rolled steel.

Tests made in a pressure vomb constructed f?r
the purpose, showed thgt with pressures ranging from
200‘ to 600 pounds per square inch, a diaphragm 0.020
inches thick would distort sufficiently to close the
contact vetween F and D. The unit was then screwed
into a spark plug hole in an actual engine. A telephone
receiver was used as the sensitive element in a series
circuit with a dry cell and the diaphragm unit.

| With the telephone receiver,it was found that the
unit could be adjusted to give regular clicks under the
influence of cylinder pressures in the operating engine.
Detonation ébnditions in the engine caused the clicks to
disappear.
| For purposes of further investigation, a series
of diaphragms of varying thicknesses were made up. The
thicknesses used were 0.009 inch, 0.01% inch, 0.020
inch and 0.029 inch.

Further tests were conducted}with these units,
using the N.A.C.A. test engine, with a millivoltmeterAas
the sensitive element. A single dry cell connected

across a U400 ohm potentio-meter was used as the source
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of e.m.f,

Runs made with this arrangement showed that undef
conditions of normal operation, the needle of the milli-
voltmeter oscillated about a positioh of equilibrium
somewhat lower than the short circuit reading (found by
short-circuiting out the diaphragm unit). The effect of
increasing load on the engine was relatively slight, the
tendency being to shift the eQuilibrium up scale (this may
have been due to reduced speed since no particular effort
was made to keep this factor constant). The eftect of
,détonation was to markedly shifﬁ the equilibrium position
to a lower scale reading.

In general in these tests, detonation was induced
by leaning out the mixture and advancing the spark under
heavy load. It was found that on retarding the spark to
normal after a period of detonating operation, the pointer
returned to its former equilibrium position. This phenom-
eﬁon was‘bbserved to be indepeﬁdent of diaphragm thickness
sihce it was uhiform in action for the four diaphragms
- available. In general, it was found that the difficulty
of adjustment increased with the thickness of the diaphragm
used. |

It wés hoped that the nature of the action might be
cleared up by substitution of an oscillograph for the well

‘damped volt-meter.
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§ At the suggéstion of Professor Hudson,of the
Electrical Engineering Departument,an oscillograph was
obtained thru the kind'permission of Professor C. E.
Tucker and H. M. Lane of the same department.
| The instrument Wgs a Siemans-Halske three vibra-
tor type fitted with visual and photographic attachments.
; The photographic attachment consisted of a drum which
| could be rotated at any desired speed by a direct
current motor. A shutter operated by an electrical
relay serves to make an exposure during the period of
one revolution of the drum. The film carried by thé drum
is 8.5 1inches in length and 3.25 inches in width.

Messrs McQuillan, McClintic and Oser of the
Electrical Engineering Department assisted in carrying out
the experimental work.

In general, the work was directed toward the

“primary object of examining the action of the'diaphragm
unit rather than forming any conclusions with regard to
the engine phenomena.

One of the oscillograph vibrators was connected
thru the proper resistance to the alternating current
lighting circuit for the purpose of obtaining'a reference
time line.

A low resistance drop wire was connected in series
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with the primary of the engine ignition circuit.

One side of the second oscillograph vibrator was connect-
ed to one end of this drop wire, the other side being
connected to a sliding contact on the drop wire. By this
’arrangement, a volfage sufficient to operate the second
vibrator was obtained from the primary circuit of the
ignition system. An attempt was made to utilize the
voltage across the spark plug itself to operate the
vibrator, thru the surge of current in a low capacity
condenser connected between the plug terminal and ground.
This attempt showed that it would pfobably e necessary
to use some sort of thermionic tube amplifier in order to
obtain the necessary current. Since the oscillograph
was avaiiable for a limited time only, the attempt was
abandoned in favor of the simpler primary circuit connect-
ion, the lag of the spark after the primary circuit break,

being disregarded.

Since but three drums were available for the

oscillograph and the dark room was some distance from the

R i e L SR A hii

motor instsllation, the runs were:made in groups of three.
| The first three exposures were made with the
0,020 inch diaphragm with the object of testing the
effeqt of detonation of the diaphragm unif contact.

The spark vibrator was not used for these runs.
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The records are shown below:

PLATE VI
Diaphragm............0.020 inch
Operation....vs....0.n0rmal

Contact closed 0.023 second

The sine curve line is the record from the
vibrator connected to the alternating current circuit.
The upper line showing the break is the make

and break of the diaphragm unit,

The lower line is the third vibrator which was

later used for the spark record.

PLATE VII

53
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Data on PLATE VII:
D1ADATERM. v s v evreernanensnsenss 0,020 inch
Operation.eiieeocscorsesseasssss.nad Getonation
Record to right....e0nvveee.....0.0032 second

Contact closed-record to left...0.0069 second

X drops off from its maximum value. N¥ote that the maxi-
mum value is less than in the record for normal opers-

tion.  The adjustment of the contact was the same i

this record as in the previous record for normsl

operation.

PLATE VIII

Diaphragm....s..0...0,020 inch
Operation...........3ad detonation
, Contact adjusted to a smaller gap then for the two
previous records. Note the irregular nature of the
contact as @hé current drops off from its maximum value.

Note that the maximum value of current is equal to the



value obtained in normal operation.

These three plates show that it is possible to
obtain a record with the diaphragm unit which indicates
the time interval during which the pressure in the
cylinder exceeds a certain minimum value.

The effect of detenation appears to be that of
reducing the time that the diaphragm is deflected a
fixed distance to touch the insulated contact.

- The nature of the contact is altered by detonation from
the apparently steady deflection found in normal opera-
tion to an unsteady contact which might well be caused by
a rapid vibration of the diaphragm. |

With regard to the growth and decay lines of the
current in the diaphragm circuit, it may be mentioned
here, that after a diaphragm had been used in the engine
under heavy load conditions, inspection showed that a
coating of oxide was formed on the inside qf the dia-
phragm. This coating varied in color from a bright blue
correspondiﬁg to a temperature of 550° F. in the thin-
est uﬁit to no perceptible color in the 0.029 inch unit.
Thié‘coating of oxide made it possible to vary the resist-
ance of the contact between the diaphragm and the insu-
lated member by adjﬁsting the pressure with the fine screw

thread shown in the blue pfint.



In the second =et of thres records, the same
diaphragm was used. The spark circuit was connected

to its vibrator so that the occurrence of the spark was

included in the record.

PLATE IX

Diasphragm,....0,020; Close gaop; Normal apers-
tion.

Note that the contact closed the circuit before
the spark occurred. Contacts remain closed O0.0H2 second
after the spark jumps.

PLATE X
Diaphragm...........0.220 inch
Adjustment s2me as in PLATE IX
Operation.....Slight Zetonation
Contzct closed 0,017 second
Note sharp make of diephragm

circuit with no appreciable lag

after spark. ¥ote gradual

decay of current with 1ittle indication of vibration.
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PLATE XI
Diaphragm ..0.020 inch
Bad detonation; contact

adjusted to give minimum

satisfactory contact.
Contact lag after spark

record to0....0.0059 second;

Contact remains closed..... |
TecoTd...vevse....0.0056 second. Note the gradual
growth of current with the characteristic vibratory nature
of the‘deoay line.

The interesting point brought out by these last
thres records is that there is apparently some maximum
pressure which builds up in the cylinder after the spark
occurs, in a time interval which is too short to show up
on .a record moving at the film sgeed uged up to the
present. The last record showé that for detonation at
least, a certain time interval around 0.006 second must
elapse before the peak of the cylinder pressure ocCcurs
( assuming that the diaphragm follows the pressure varis-
tion without too gfeat a lag).

The record obtained from the spark vibrator pre-
sents no feature of note.  The record shows that the

current in the primary circuit builds up gradually when




the bresker contacfs close. The sharp dropping off of
the orimary current line indicates the ianstant When the
spark occurred. Plaﬁe X seems to indicate that the
lag between the break of the primary circuit and the
ococurrence of'the spark is not ssricus as far as the
purposes of the present work are concerned,

The procedure outlined above for the 0.020 inch
diaphragm was repeated with the O.OlSVinoh diaphragm

and the three following records obtained.

PLATE XII

Diaphragm............0.015 inch
Operation.......o....NOormal
Small gap
Contact closed.......0.049 second
Note that the contact closes vefore the spark occufs

tut that the contact improves at the spark.




PLATE XIII

i
e

aphresgm.....0,015 inch
Operation.....Slight de-
tonation.
Contact adjusted to small
gap. Note that contact

closes vefore spark but

that contact improves a%t
instant spark occurs. Note irregular nature of countact.
PLATE XIV
Di&phragm.....0.0lS inch
Operation...Bad detonation.
Contact adjusted to give
good record. Note that

there is no appreciable

time lag after spark occurs
vefore pressure closes contacts in unit. Yote irregular
decay line for diaphragm unit current.

The last three records serve to indicete that the
unit may be made to operate with different thicknesses of
Giaphragnm. The particular point brought out is the
'closing of the unit contacts with no discernible lag after
the spark occurs. If the effect were confined to the

cases where a close adjustment of the contact caused the




the circuit to close before the spark jumped, it might
be held that ths sudden improvement in Tthe unit contact
is due to an induced voltage from the igniticn system

which served to break down a thin remaining insulating
film of oxide., Consideration of the last record wheré

the di:
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)]

5

ohragm current builds up suddenly from zero 1o

fte
ot
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maximum value appears to suggzest that the effect is
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to some rapid increase of pressure in the cylinder.
The next set of Tuns was made with the 0.029%

inch diephragm in the unit.

PLATE XV

Disphragm........,..0,029 inch

Operation..,....,....Normal

Time of contact..Record on Tight..0.0HLl sec,
Record on left...0.0U2 sec,

Note that in both cases the contactsstarted to close before
the spark cccurred but that the contact suddenly improved

with the occurrence of the scpark.
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In general it was found very difficult to adjust
the unit with this diaphragm in place. An angular
motion of one or two degrees served to wake the differ-
ence between full bresk and full contact. The diffi-
culties in this connection were increased by the fact
that it was necessary for one worker to adjust the contact
cn signals from another experimenter who observed the

effects of the adjustment in the oscillograph hood.

FLATE XVI

DA2DRTBE e s e s v e eannnnes....0.029
Operatiocn.........»......82d detonation
Time of contact..record to right..0.021 sec.
record to left...0.020 sec.
This last record showe plainly the»sudden incresse
offer the spark, the current building up immediately to its

maximum velue. Apparently for the first part of the
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time interval after the contact closed, cylinder pressures

were similar to those encountered in normsl operation.

For the last vart of the record pressure interval, the

irregular vibratory line characteristic of detomnation

showed that
had altered

The
the 0.029
a series of

in »lace.

the nature of the pressure on the diasphragm

considerably.

next step in

the procedure was to exchange

inch diaphragm for the 0.009 inch diaphragm,

thres records being taken with the thin unit

For this case, the object was to ascertain

the nature of the records which might be obtained if the

pest possible contzct adjustument were used.

PLATE XVII
DiaphTagiie cooossee20.009 inch
Operation..........80ormal
Time of contact..0.026 second
Adjustment.........Small gep
Wote that contact occurs before
spark jumped. Note sudden
improvement in contact at

menment of spark.
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PLATE XVIII

DiaphATagli e o vnnennanae os 0,009
Operation. .. ..o eviareans.aassso.Normal

Adjustment............gap made as large as possi-
for seatisfactory contact,

Time of lag helitwesn junmp of
g ¥

Record on Tight...evvwnroo.nsn..,0.0067
RecoTl o 1eft. e s onseenenearsa0,0080
Time of contact..Record on risht.0.0061 second

L
Record on left..0.0043 second
Tnis last plate shows that the time lag in
puilding up the peak cylinder pressure existes in normal

operation a8 well as detonation
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PLATE XIX

st

DioDNTELM: sesseeassscasssoscossssa0,009 inch

Operation.....oeviiionnsasenass.3ad detonation

Aaugustmemtgs,..,.,e.adp made a&s large as posgi-
ble for satisfzctory opera-
tion (actually this gap was
somewhat smaller than for
normal operation).

Lag time bvetween jump of spark and make of dia=-
phragm contact: record on rlvnt,,,.O 00560 second

rTeeord on l@ftyoa,,ﬁnﬁﬂbu gecond.

.. 0.008 second

Time of contact: record on right
left,...0.007% second

record on

Note irregular appearance of rise and decay lines
sf disphragm contact as contrasted with the record
for normsl operation.

The set of records exhibited in plates VI %o

-

to show that the method of aittack might

4
o)

AIX seemed

(o2

&
developed to give satisfactory results on the type of

work at hand, The records show that the 0.009 inch

2

dlaphragm is decidedly the most satisfactory as far as

adjustment and resulting records are concerned.

6l
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One of the principal defects of the apparatus as
used in these experiments is the impossibility'of chécking
on any definite scale, the adjustment of the gap with which
a record is taken.

In an unexpected manner, the oscillograph was made

» available for a day longer than the original loan. This

x extended time was used in taking records with an increased
k drum speed. Speeding up the drum naturally brdught with‘
it the probability thatvthe chance opening of the shutter
would not occur at the right instant to give a record of
spark occurrence and diaphragm action. The problem
vecame one of synchronizing the opening of the shutter to
take place just before the break of the primary ignition

circuit.

me———..y

The experimental engine is fitted with two sets
of Dbreaker points for ignition. During the course of
the work, the engine was operated by a single plug situ-
%; ated in the cylinder wall directly opposite the hole
” used for the pressure unit. The other breaker was
disconnected from the ignition system and placed in
series with the circuit which tripped the shutter on the
oscillograph. The breaker cam was loosened and set to
make slightly before the ignition cam caused the break of
the ignition priméry circuit. By this afrangement it

was possible to locate the record on the photographic
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film a1 the desired position.

The first three records were taken under con-
ditions of vwad detonation. In these cases, the shutter
did not work properly so that the resulting record
extended but a short distance on the film. By good
fortune, the portion of the film which was exposed

3

recorded what was evidently the break of the diaphragm

D

a

Q
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ot
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contact, In takin last high speed records, the
& -4

-

connections to the diapnragm unit vibrator were reversed

8o that a displacement of the upper line toward the

-

ootior

[

10

=

the record indicates a current flowing in the

diaphragm circuit.

LA

PLATE XX
Diaphragm............0.009 inch
Oneration.........Bad detonation

Frequency cf

8\.
vibvration....3,950 per second




PLATE

D.&a.(,. }.‘

Operation

@ v o @

Contacts rema

Tremueﬂcy of vivbration of g
vy the quickly dmmpea ogelll
T

vitrator rsturns

=8 s ¢ 0 ® 3 4 2 9 % eI O s > 6 S O

in 61086CG. ar et rrann....0.016 second

PLATE XXII

BEM. oo v v mansinannssaeeansasasasneda 009 dnch

Hormal

a2 0 2 0 d

T
= i

spark vitrator ag shown
ation as the spark
to its zero position...3,060 vds.sec,

B e

Hote thet

the diaphragm contact apvesars o start to
make immediately at the juwp of the gpark,

Hote thaet the well defined vibration shown in the
three previous plates ig entirely absent.
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Even though the first three records were defective,
the four plates shown above serve to indicate clearly the
nature of the difference in diaphragm contact found for
detonation and normal operation. Detonation appears to
cOndition a well defined vibratory movement of the oséillo—
graph vibrator of a frequency around 3,900 per second.
Normal operation apparently gives a relatively stable
non vibrating type cf contact.

Before any valid opinion can be formed of the
meaning of the vibratory contact found in detonatiSn, the
exact soﬁrce of the phenomenon must bevcarefully examined.
Three possible causes of this action presented themselves

(1) The vibration might be due to the
response of the diaphragm to pressure
fluctuations in the cyvlinder of the
same fre@uency.

(2) The vibration might be due to the
natural period of the oséillograph
vibrator set in motion by impulses of
some higher frequency from the dia-
phragm.

(3) The vibration might be due to the
natural period of the diaphragm itself

or of the contact spring.
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In order to check the pessibility

e

h

w

natural period of the cscillograph vivbrator is
essential factor, the neriod of the vibrator connected
to the spark circult was estimsted from all the records
in which 1t was measursble. It is to be noted that the
reéords show that this period is about 3,000 vibrations
psr second which is of the order of magnitude of the
frequency determined from the detonation records. From
this it seeme possible that.tie recordsd freguency might
have veen determined by the oscillograph vibrator itself.
In order to test the effeét of the sensitive
lisphregm on the freouency of the detonation record, the

0.009 inch disphragm was replaced by the 0.029 inch

disphragm. The recoris obtainsd are shown below,

PLATE XXV

Diaphragm.. ..o vensnnnesss,.0.029
Operation. ..o nvenvasea, s Normal

Contacts closed..............0,016 second
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The record shown below is an example of the

tvyne which mith be consgidered ag satisfactory from a

~ oL

[
ct

make and bresk tyvpe of un

PLATE XXVII

DiaphTagm. s v ivenene.vans 2...0,009 inch
Operation.....c.v.v ..., .. .Bad.Cetonation

Time for pressure to cloge contactis
after spal¥.eeeevresan..0,001% second

Frequency of diaphrsgm record..3,980 per second

1
£

Frequency of spark record......3,200 per secon
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VIII.RISULTS OF TESTS ON DIAPHRAGM UNITS.

The foregoing group of records indicates clearly
that steel diaphragm units of one half inch external
diameter may be made which will satisfactorily withstand
ény cperating conditions likely to be encountered in
test work on detonation. A single unit was often left
~in the engine for over an hour uﬁder severe operating
conditions without a single failure occurring.

Using a diaphragm of one quarter inch internal
diameter, a range of thicknesses from than 0.010 inch
to about 0.030 inch, gave sufficient deflection under
cylinder pressures to close the electrical contacts of
the unit.

In regard to the matter of cooling, all the
diaphragmé used in the preliminary work were satisfactbry.
The 0.030 1inch thickness diaphragm showed no signs of
oxide color even after prolonged use under severe engine
conditions. The 0.009 inch diaphragm showed a bright
blue oxide color corresponéing to'a temperature of 550° C,

Cooling for the unit was by conduction thru the
metal of the spark plug buéhing, no special means being
:employed in any case. It seems reasonable to expect
that satisfactory ooéling may be accomplished on a unif
designed to hold the sensitive element inside thekcylinder

under conditions of operation.
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The final form of the diaphragm element of the
sensitive uhit as indicated on the blue print seemed to
be practical to such a degree that further work on the
diaphragm itself was suspended.
| The tests run with diaphragms of different
thicknesses showed that a diaphragm of about 0.010 inch
thickness gave the most satisfactory results.

The records all show a distinct difference
between detonation and normal operation, normal opera-
tion in general gives a smooth line on the record, while
in all cases, detonation conditicned an unmistakable
vibratory motion of some vpart of the contact system in the
gsensitive unit.

The preliminary work indicated that if the vibra-.
tory motion shown in the detonation records is not due ‘
directly to pressure waves in the cylinder gases, the
responsible part of the recording system is either the
spring contact in the sensitive unit or the oscillograph
vibrator itself.

The empirical results show that it is possible to
get an 6scillographic record showing: |

(1) The time interval between occurrence
of the spark and the building up of a
certain winimum pressure inside the
cylinder which is able to deflect the'

diaphragm and close the contacts.
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(2) The time interval during which the
cylinder pressure excecsded that nec-
essary to close the contacts.

(3) The character of operation whether

normal or detonating.

IX; QUTLINE OF SPECIFIC EXPERIWENTAL PROBLEMS

The preliminary work brought out a number of
problems to be solved before the form of the apparatus
could be considered satisfactory for the proposed method
of investigation.

i. As a primary requirement for carrying on the
work, an oscillograph had to be made available for use at
any time it might be required. It was necessary that the
apparatus include the following features:

| (a) A high speed vibrator element suitable
for use in series with the sensitive
unit.

(b) Some means for recording phbtographi—
cally on the moving<film the occurence
of the ignition spark in the engine
cylinder.

(c¢) A device for marking down time inter—-
'vals on the moving photographic film.
(¢a) A mechanism designed to make sure that

the spark and vibrator records occur
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during the time intervél over which
the shutter of the oscillograph was
open.
II. The sensitive element for detecting preésure
“waves in the cylinder as used in the preliminary}work was
obviouély in a rather crude form so far as operation was
concerned. It was held that further work on the dia-
~ “'phragm should consider the following matters:

(a) The actual magnitude of diaphragm
deflections under operation con-
ditions.

(b) The part of the mechanism which
conditioned the characteristic fre-
quency noted in the detonation
recores.

(c) The possibility of calibrating the
sensitive unit to determine the
cylinder pressure existing atAthe
moment of contact.

(d) The probable time lag of diaphragm
deflection after the dccurrence of a
given oylindef pressure.

(e) The possibility of making up a unit

whose resistance between terminals
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would be inversely proportional
to diaphragm deflections.

(f) The possibility of selecting a
diaphragm whose deflections would be
directly proportional to cylinder press-
ures butkwhose free period would be
much higher than any freaquencies
likely to be encountered under oper-
ating conditions.

(g) The possibility of constructing an
entire unit whose resistance between
terminals would be inversely propor-

tional to cylinder pressures.

III. Assuming that a suitable sensitive unit were

g

developed, it woﬁld next become necessary to attack the
problem of a device for fixing tﬁé unit at different
positions iﬁside the cylinder. The design of such an
arrangement consider:
(a) The necessity of using a spark plug
hole as the opening for placing the
if‘ | . unit inside thecylinder.
1 (b) The necessitiy of cooling the arrsnge-
ment toa.feasonable temperature under

operating conditions.
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(c) The desirability of easily making
known changes in the position of the

sensitive unit.

(d) The necessity of making the device so

P - ' rugged as to resist engine operation
| successfully.

IV. Having settled the destails of the apparatus,
the next matter to be examined should be the type of record
given by‘the apparatus for normal engine operation and for
detonation. For the method to be of any value, soﬁe |
pronounced and easily identified difference in the records
must consistently appear between normal operation and
detonation. In the examination of this point, a series
of runs was proposed with the following conditions of
overation:

(I) Starting with detonation at full
throttle and straight gasoline for
fuel.

(a) Detonation checked by use
of & doped fuel.

(b) - Detonation chécked by in=-
creasing richness of fuel

mixture.

(¢) Detonation checked by re=

ducing throttle opening




-4
Cx

(

n

) Starting with normal operation on
straight gzasoline at reduced
'throttie.

(a) Detonation induced by advanced
spark.
(2) Starting with normal operation on
doped fuel.
(2) Detonation induced by increased
compression ratio.

The list of problems ocutlined above obviously
represents more work than it was possivle for the writer
to carry out in a single term. The progress as outlined
alsc represented considerable time and money to be expended
if thé resulté were problematical to a too great extent.
For these reasons, the writer undertook only those
portions of the work which seemed likely to offer the
guickest answer as to the value of the proposed method.
This idea of proving the practicability or worthlessness
of the method prompted the experimental work which is de-
gcrived velow rather than any attempt to go thru the entire

problem systematically and completely.
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X. OSCILLOGRAPH APPARATUS WITH ACCESSORIZS

The primary requisite<for setting up this part
of the apparatus was an oscillograph unit. A single
vibrator osciliograph with visual and‘photdgraphic.

‘attachments was made available thru the courtesy of
Mr. M. F. Gardner of the'Electrical Engineering Labora-
tory. This unit was one of several. constructed at
M. I. T. for use in electricsl research problems{

The oscillograph consisted of a standard General
Electric vibratory unit with a'field excited from a six
volt storage bvattery.

‘The moving element was imrersed in a bath of transparent
0il (Wujol) whiCh served to damp the motion of the
vibrator. The front of the oil bath vessel was in the
form of a glass lens. |

A small arc operated from direct current was
used as the light source. An optical SYstem composed of -
a 6oﬁdensing lens, an adjustable slit, an adjustable
prism, the oil bath lens and a c&lindricai.lens mounted
with its axis parallel to the sensitive film, served to
focus a spot of light from the vibrator mirror on the
surface of the film drum. Angular motion of the
oscillograph caused a displacement'of the spot of light

on the photographic film.

.
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For visually iﬁspecting the motion of the oscillo-
graph Vibrator, a mirror was arranged so that it might Dbe
set in the path of the light spot behind the cylindrical
lens. This mirror was set on a shaft with pivots and a
spring so that tripring a trigger caused the mirror to be
moved out of the path of the vibrator beam.

A four sided rotatable mirror was arranged at the
proper distance from the first mirror to catch the fo-
éussed spot of light from the vibrator mirror. The four
sided mirror was mounted on a shaft so that it could be ro-
tated by a small hand crank. Thus by setting the first
mirror and turning the hand crank, the motion of the
osciliograph'vibrator could be visually inspected as a
continuous curve spread out on a time axis.

The photographic attachment consisted of a cylin-
drical drum enblosed in a light proof_housing uhit.

The drum was mounted on a shaft with bearings in the ends
of the housing.  One end of the.housing was madé Temov-
able for 1Qading purposes. A small gear was fitted to the
end of'the}shaft outside of the removable end of the hous-
ingQ The front of the housing was made of a flat plate
having a slit parallel to the axis of the drum. This slit
was fitted with‘a rofatable slotted shutter which served to
make the unit light tight when desired.

: In use, the slide on the drum housing fitted into

grooves on the back of the viewing attachment box of the




21

oscillograph in such a manner that with the housing unit
shutter open, the light spot from the vibkrator Would

fall on the sensitive film surface. The gear on the
drum shaft fitted into mesh with a gear on the viewing
attachment box so that the drumAmight e rotated by means
of the hand crank. _

The viewing box contained a shutter mechanism so
arranged that the shutter would remain open during one
revolution of the drum only. The shutter became oper-
ative only when tripped by the trigger on the stationary
viewing mirror. The details of the shutter mechanism
will not be described here except to indicate that the
arrangement consisted of a lug which passed thru slots
in a rotating cylinder to open and close the shutter.

The writer is indebted to Mr. H. £. Edgerton of
the Electricai Engineering Research Division for help and
advice in overation of the oscillograph.

The‘oscillogréph having veen set up and éut‘in
operating condition, the next provlem to be considered
was that of indicating time intervals on‘the photographic
fecord. ‘The oscillograph incorporated a device for
recording a timing wave from a mechanically sounded
tuning'fork, This funing fork arrangement was tried
out and found to bve unsatiéfactory for the problem at
hand. This fact being settled, Mr. Edgerton suggested
a shutter mechanism placed in the light beam from the arc

and rotating at a known speed as probably the most
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satisfactory timing device.

A small synchronous motor running at 1400 R.P.M.
was kindly loaned to the writer by Professor D. C. Stock-
varger. |

A brass disc six inches in diameter was carefully
made up and fitted to the shaft of the motor. This disc
was three eighths of an inch thickness and carried six
holes tapped 10-32 machine screw>thread perpendicular
to the axis of the motor shaft. These holes were spaced
equally around the periphery of the disc.

Two brass rods one quarter inch in diameter were
made tight with lock nuts in two holes diametrically
opﬁosite on the disc. These rods were three inches in
length.

By suitably placing the motor with respect to the
8lit in the optical system, the two brass ers acted as a
shutter cutting off light from the instrument for a short
time interval sixty times a second. In order to prevent
accidents, the motor and oscillograph were both féstened
seeurely with screws to a2 voard carried on the supporting
table. The rotating disc was protected with a sheet
metal guard.

The next problem in order was the construction of
' a mechanism for tripping the oscillograph shutter at the

proper time ih the engine cycle.
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A second ignition breaker mechanism on the engine
was avallable for furnishing an electrical make or break
at any desired point in the cycle. This breaker was
connected in series with two dry cells and an electro-
magnet which operated a trigger arrangement. This trigger
was so designed that the make of the circuit permitted a
spring to immediately pull down the oscillograph trigger
which in turn tripped the shutter mechanism.

A difficulty wag introduced by the cpnstrﬁotion

of the shutter mechanism. The arrangement was so designed

- that a lag variation was possible from zero to over one

full revolution of the film drum. This feature of the

- shutter meant that even 1f the mirror was tripped at the

proper time by the breaker mechanism, the actual opening
of the shutter would be erratic as far as the engine éycle
was concerned. To remedy this difficulty, a small ro-
tating contact of the plunger type was desizned to run
over a series of insulated contact segments arranged in a
circle on a pniece of bakelite panel. This rotating
contact was fixed to the slotted cyliﬁder of the shutter
mechanism.

By connecting the rotating cbntact and the proper
segment of this device in series with the engine breaker
and the electromagnetic trigger, it was necessary that

both the shutter mechanism and the engine contacts



be in the proper'poéition vefore the oscillograph shutter
would 6pen. By allowing the proper amount of lead to
take care of the various lags inherent in the device, a
satisfactorilyvoperating arrangement was attained.

The remaining problem was that of recordihg’on the
moving film, the occurrence of the ignition spark. To
accomplish this end, a spark gap unit was made.up of bake-
lite. This unit was connected in series with the engine
gpark plug thru suitable ﬁire insulated for high tension
work.

The external gap was rigidly held by a clamp in
the proper place with regard to a lens system for thé image
of the spark to be focussed on the sensitive f;lm. It was
found in practice that this arrangement gave a satisfact-
ory spark record.
| The following photographs indicate the various
features of the apraratus as it was used in the latter

. ?art of the work
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A, Film drum.

B, Film drum housing showing slide and shutter.
C. FRheostat for controlling arc.

D. Arc lamp.

E. Synchronous motor with disc shutter.

F. Back of viewing box showing grooves for film
drum housing and shutter mechanism.

G. Viewing hood.

H. Shutter synchronizing unit.

I. Electromagnetic synchronizing trigger.
J. Controlling switches.

K. Cable for series spark gap.

L. High resistance for A. C. test circuit.
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A. High resistance for A.C. test circuit.
B. Dry cell supplying cement to sensitive unit.

C. Potentiometer.

D. Vivrator connections.
E. Vibrator field terminals.

F. Synchronous motor with shut-wer.

. Guard for shutter.
. Series spark gap connection.

. N.A.C.A. Universal test engine.

. Throttle.

G
H
I
J. Spark control.
K
L. Cooling water control.
M

. Exhaust water valve.
N. Fuel meter.
0. Water Brake.
F. Dynometer unit.
Q. TWater brake control valve.
R. Tachometer.
3. Dynamometer field rheostat-
T

. Dynamometer control panel.
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XI.WORK ON THE SENSITIVE UNIT.
I
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Spark plug bushing with diaphragm in place.

Sheet metal plate with scale marked in
degrees.

Wrench for adjusting unit carrying pointer
for scale reading.

Plug carrying insulated contact.

a. Insulated contact tipoed with
copner and slotted to give
spring action.

b. Quarter inch diameter plug
threaded fifty threads per inch
and drilled to take reduced
diameter portion of insulsted
contact with mica insulation.

c. Hexagon lock nut.

d. Square portion of plug for taking
wrench c.

e. Nut for holding insulated contact
firm in plug.

End view of spark plug bushing.

Insulated contact and plug used in preliminary
experinental work.

Insulated contact and plug designed to give
continuous pressure record.

Insulated contact element with flat face used
for continuous recording unit experiments.

End view of diaphragm element showing hexagon.
Side view of disphragm element.

End view of diaphragm element showing thread
tapned fifty to the inch.

The diagram of connections used in the arrangement of appa-
ratus is shown on the next page.
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Carbon arc lamp

Arc lamp switch

Arc series resistance
Condensing lens

S1it

Reflecting prism

0il vath lens

Cylindrical lens

Cylindrical slotted shutter
Film drum

Gear on film drum shaft

Gear on shutter timing shaft
Rotating synchronizing contact
Stationary synchroniging contact segments
Magnetic synchronizing trigger

Trigger swith

Bresker mechanism on engine

Lens to focus spark on film

External spark gap

Spark plug.

Ignition coil

Timing shutter disc

Synchfonous motor

Timing motor‘swith

Resistance of 5000 ohms
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Double pole, double throw switch
Oscillograph vibrator
Oscillograph field

Field switch

Sensitive unit in cylinder

Switch to short circuit unit for test pur-
poses

Potentiometer of U400 ohms resistance
Potentiometer switch

Switch to close sensitive unit circuit
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The plate below indicates the type of record
which was consistently ctotained with the apparatus in

its final form.

. ) (0.0132 ‘ _
The same diaphragm/inch in thickness was used

for 211 the following records.
The engine operation conditions for the records

are tabulated by number in sppendix A,

PLATE XXXII

ReCOoTG. ..t iieinreoe nsnvssenosh
Lag of contact after spark....0.0083 gecond
Contacts remain closed........0.0029 seoond
"The record showe a number of interesting points.
The continuous white line on the dark background
is the path traced by the spot of_light from the oscillo-
graph vibrator mirror.
The distinct black spaces in the vibrator record

are due to the shutter on the synchronous motor.



The distance between the breaks in the white line repre-
sents the motion of the drum during one sixtieth part of
a second.,

Measurement of the distance between two of the

~breaks in the oscillograph line immediately establishes
a time scale which may ve used in estimating time inter-
vals between events on the record.
| In all cases the film was moving in such a
direction that events to the right on the records as they
are mounted, occurred before events to the left.

The white spot below the oscillograph record in
the imprescion left by the light from the spark. It is
interesting in this connection to note that in every case
with one exception ( Record 2c¢) a slight bresk in the
oscillograph line occurred imrwediately over the middle
intense line which passes thru the white spark record
spot. This single exception occurred when the vibrator
line was very unsteady for some reason and may oOr may
not be of importance in considering the general effect.

The conclusion iS'obvioué that the vibrator line
break is due to a surge of current induced in the vibrator
circuit by the spark discharge current in the ignition |
cable} In arrangement of apparatus, éll wires running
from the engine to the oscillograph were supported para-

1lel to each other on a single upright so there was un-
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doubtedly the possibility of interaction between the two
circuits. |

The writer is in some doubt as to the exact
mechanism causing this break in the vibrator line.
The current which flows might be due to an induced voltage
which is sufficient to momentarily brezk down the resist-
ance between contacts in the sensitive unit. On the other
hand, the current surge might be due to a purely capaci-
tative effect between the vibrator leads and the ignition
cable. |

’ Whatever the cause of the phenomenon may ve, it

seemed to exhibit enough consistency in the course of the
work to be depended upon for recording the jump of the
ignition spark without the necessity of using the‘auxiliaryr
gap with its lens system. »

The action of the sensitive unit in closing and
opening its contacts is made clear by the break in the
vibrator line near the middle of the record. The record
shows that the vibrator was undsr-damped in its action
since it "over-shot" both on the sudden make and the
sudden complete break. This matter could probably have
been remedied by changes in the viscosity of the damping
0il and the tension on the oscillograph vibrator suspens-~
ion, but on account of the limited time available for the

work, no attempt was made to adjust the apparatus to the




point of critical damping.
In summary, the record permits the following
data to be determined:
(1) The time interval elapsing between
: the spark occurrence and closing of
the sensitive unit contacts.
1 (2) The time interval over which the re-
‘ sistance between contacts is lower
than for the open position.
(3) The period of any vibratory disturb-
ance which might te introduced in the

, record by the action of the apparatus.

(a) Estimation of Diaphragm Deflections.

The procedure in determining diaphragm deflect-
ions was to note the range in degrees over which the
adjusting wrench had to be moved to change the oscillo-
graph indication from continuous contact to no contact.

This procedure was carried out for full throttle
and reduced throttle normal operation and for detonation
at full throttle.

‘The results of these tests are summarized in the
following téble:

Diaphragm Thickness .01% inch.

Throttle Detonation Range of Motion

Degrees Linear
motion motion of
of Wrench. contact(inphes)
Full Yone 6 0.00033 |
Full Heavy 6 G.0003%
N Half None 5 0.00028

TABLE A
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For detonation at full throttle no indication
appeared on the oscillograph vibrator until after the
contact plug had been turned about one degree past the

position at which deflections appeared for full throttle

normal operation. For the case of detonation, the

vibrator indicatsd disturbances of the sensitive unit
contact until after the plug of the sensitive unit had
teen turned about’oné degree past the position giving
constant contact for both cases of normal operation.

The tests as outlined above are obviously very
rough. The aim was to estimate approximately the
magnitude of the deflection to be dealt with in the
design of‘continuously recording units.

The data tends to show that the maximuﬁ effect-

ive amplitude of diaphragm motion is somewhat less for

. detonation than for normal operation. On the other hand

there is apparently someAaction which tends to displace
the diaphragm éway from its equillibrium position toward
the inside of the cylinder. = This action is probably‘
connected with the effects of heavy pressure waves within
fhe cylinder. The vibrations communicated to the dia-
phragm by the waves might tend to cause an unsteadiness
in the contact 5f the diaphragm with the insulated plug.
Fufther work is necessary to verify the effect
and to study its exact nature before conclusions of any

velue may be reached.
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v(b) Inquiry Into The Cause of Vibration Shown
By Detonation Records.

The preliminary work indicated tentatively that
the vibratory record characteristic of detonating opera-

tion was not greatly affected by an increase of three

‘times in diaphragm thickness. This fact tends to

suggzest that the vibration shown by the records is not a
characteristic frequency of the diaphragm element of the
sensitive unit. |

In order to test oui the effect of the heavy
spring holding the insulated contact, an entirely new
ﬁlug and contact was made up. In this second unit, care
was taken to alter the distance apart of the spring slots.
In both the first and the second units, the slots for the

spring were made by hand with a hack saw, so that the

- possibility that the spring in both units would have the

same period was very remote. .

The oséillograph vibrator was entirely different for
the twd cases. The suspension of the vibrator used in the
latter part of the work was drawn as tightAas pogsible
without danger of bréakage. On the whole it seems highly
improbable that the free periods of the Siemens-Halske
and the M. I. T. oscillographs should be the same.

A dumber of detonation records were taken with the

new arrangement.
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PLATE XXXIII

Record.'...'ﬂ...."C'...ﬂBb
Lag of contact after spark-0.0067 second

Contacts remain closed.....0.0064 second

Vibration frequency- 3,900 vds per second

PLATEV‘XXXIV
Record..seesen s innusess.C
Lag of contacts after spa&k—0.0069 second
Contacts remain closed......0,0064 second

Vibration frequency-3,%00 vds per second
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PLATE XXXV

Record.......eevee.....2d
Lag of contact after spark......0.008 second
Contacts remain closed..........0.0026 second

Vibration frequency......4000 vds per second

‘For the last two piates the engine was operating
under conditions Qf héavy detonation induced by using a
compression ratio of 5.5 with gasoline having 5 cc. of
lead tetraethyl per géllon.

The contact in the sensitive unit was adjusted to
a sorewnhat wider gap for Plate XXXV  than for Plate XXXIV,

~In making these detonation records, an effort
was made to turn the drum by hand at the highest practical
spe=d. It was found that certain difficulties were
experienced with the shutter and its timing devices at%

higher speeds. For a given angle of lead on the synchron-
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izing contact segments, the nroper operation seemed to be
dependent upon keeping the speed of the hand crank within
a rather small range. Since the'apparatﬁs includedrno
means for checking the drum speed, a rather large percent-
~age of films having no record of the action occurred in
taking the detonation records.

As the engine was operating at a constant speed,

.

'the drui speed might have veen checked by using as the
crank speed that necessary to hold the record still in

the visual inspection field (i.e. when the rotating
mirror was turning at a speed which brought a face of the
mirror always in the same position when the contacts were
closed in the sensitive unit). It was found that the
first of these synchronous speeds did not spread the
record out enough while the next higher was too fast for
satisfactory shutter opsration. A speed below this
synchronous speed was hardéd to duplicate without more skill
than was developed in the time aveilable. For this reason,
the number of successful high speed detonation records
was limited.

'The three detonation records exhibited above are
in fair agreement that the characteristic frequency ex-
hibited by_detonatién records is in the range between
7,800 and 4,000 cycles'per second. It is to be noted

that this range of frequeﬁcy is about the same shown by
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detonation records in the oreliminary work.

The following table summarizes the date on de-
tonation vibration freguency as collected from all‘the
‘records tasken in the work.

All Hecords Tabulated Below Were Taken Under
Conditions of Detonation.

Record or |Oscillcgraph. | Diaphragm | Vioration Pre-
Plate. , Thickness guency Shown
In Inches. by Record.
XX ° 0.009 7900
XXI ;ij 0.009 4000
XXV fg 0.009 2900
XXVI < 0.029 3500
XXVII - . 0.009 1 Looo
XXXTIII 0.013 2900
XXXIV R 0.013 | 3800
XXXV - §) g 0.013 4000
XXXVIII =h5 0.01% 3700
TABLE B

Summary of Data on Fregquency Exhibited by
Records Taken During Detonation.
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i The natural free period of the oscillograph unit would
obviously be an important pnoint to consider in connect-
ion with this matter of vibration in detonation records.

Inspection of the oscillograph records both in the
preliminary and final phases of the work showed that on a
suddén bresk or make in the electrical circuit, the

vibrator unit tended to over run the equillibrium

position and returnéd to its normal place.only after two
or three rapidly damped vibrations.

When these damped vibrations are in process of
execution, the vibrator is apparently acting under the
influence of its own inertia alone. For this reason,
it is very vnrobable that the period of these damped
vibrations corresponds closely to the natural period of
‘the oscillograph vibrator.. | |

Tith the fact mentioned above in mind, the period
of these damped ﬁibrations was roughly determined for‘
thoée records in which this was posc<ible. The»table

velow summarizes the results of this procedure.

PLETE OSCILLOGHAPE FREQUENCY OF DAMNMPED |
VIBRATION CYCLES
. PER _SECOND
| XXTIV 3,100
XXV Siemans—Halske < 5,100
CXXVII 3 200
| M. I, T, 2,400
LXLII . |8Single Vibrator 2,400
XLIII 2,000

TABLE
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The results as recorded in this table seem to
indicate thet the frees vivration frequency of the
Siemans-Halske instrument was about 3,100 cycles per
-second, while the freé period of the single vibrator
instrument used in the later work was near 2,300

- ¢ycles per second.

In any case, these results show that the increas-

ed tension used with the M. I. T. vibrator was not
effective in increasiag its freguency beyond that of the
Siemans-Halske instrument.

Considerations of the resul%s from detonation
records as summarized in Table A, shows that with one
exception of a low frequency of 3,600 found with the
diaphragm 0.029 inch thick, the results in the freduency
column might well be within the range_of experimental
error if the active cause of vibration in the records

were a heavy pressure wave within the cylinder of about
2,900 cycles per second.

It is to be regretted that no other records were

taken with the thick diaphragm, however, the change of
0.004 inch in the thickness of a 0.009 inch diaphragnm

represents a thickness variation of over 30%.v If the
] diaphragm itself were the essential element in condition-
ing the recorded frequency, it would seem reasonable that

3 such a relatively great alteration in thickness should
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show up strongly on the records. No such effect is
apparent, so it may be concluded that the diaphragm is
not the element governing the observed vibration in
detonation records.

As coﬁcerns the spring holding the insulated
contact, Plate XXXI shows photographically the different
tyves of elements ﬁhich were used in taking the records.
No eiact measurement will ve given, but comparison of the
contact tips of parts D and F on thé photograph,
shows plainly that a considerable difference existed
between the slotted spring of the contact used in taking
the preliminary and final records. Part F 1is the-
contact plug ueed for the preliminary records, while part
D 1is the plug used in the final runs.
| Since the use of distinctly different contact
springs did not alter the observed frequency, it may be
concluded that the defonation’fre@ugpgzwis not a function
of the spring behind the contact tip.
| Thé remaining element in the circuit of the
sensitive unit which might be responsible for the vibratory

character of detonation records is the oscillograph

, vibrator. Table C indicates that the vibrator used
in the preliminary work, probably had a natural frequency
around 3,100 cycles per second, while the instrument

~used in the later runs sppeared to have a natural period
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correspoading to about 2,300 cycles per second.

Even though the method used in estimation of
these frequencies may give no more than a very rough
estimate of the actual period it is desired to determine,
it seems reasonable to conclude that the natural periods
of the two oscillographs used in the experimental work
were distinctly different. In voth cases also, the .
natural frequency of the vibrator element seems to have
been markedly less than the frecuency shown in the deton-
ation records.

Change of the oscillograph vibrator did not
appreciably change the recorded freguency as recorded, so
thet the responsibility for the detonation fregquency can
not be laid to the vibrator element.

The one remaining explanation of the observed
vibration for detonation records, is that the diaphragm
was actuslly mo#ing in forced vibrations due to a series
of strong pressure waves in the cylinder gases which
appeared only during detonation. The freguency of this
wave appears fo be in the neighborhood of 3,900 cycles
per second.

As an interesting point in this connection,
detonation for the preliminary work was induced by spark
advance at full throttle, using strsight gasoline with a

compression ratio of 5.3 : 1. Plate XXXII of the
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final Tuns was made with a compression ratio of L.5
using straight gasoiine, while the three remaining runs
were made with ethyl gasoline using a compression ratio
of 5.5. The data tabulated in Table B shows that the
‘observed frecuency is independent of the way in which
detonation is induced as far as the present records
extend.

It would make a very interesting addition to
data on this subject if records could be takeﬁ using
different test engines in order to determine whether or

not the observed frequency is a2 function of the particu-

lar engine.

This matter of the connection between detonation

At e .

and the vibratory oscillograph records will be considered

further in a future report on the subject.

© e e . et

(c) Calibration of Sensitive Unit.

? No experimental work was actually carried out in
regard to cylinder pressures existing at the instant of
contact in the sensitive unit.

It would be very desirable to carry out any cali-

bration under actual cylinder conditions. If a stage in
development of the sensitive unit should be reached where
3 ‘ calikbration becomes desirable, it is proposed’to use the

"balanced pressure“ type of engine indicator as developed

by the Buresu of Standards as the standard for calibration.




Data from the "valanced pressure' instrument could
be used to nlot cylinder pressures over the range in which
the sensitive unit starts to operate. This »lot would
show cylinder pressures existing at different points in
. the cycle. The instant of spark would be marked. on the
oscillograph record with a time scale. The instent of
spark occurrence 1s 2lso known for the engine from the
spark advanoe'settinw. These dr~ta would permit correl-
ation of oscillograph deflgctions with cylinder pressures.

In work such as that suggested above, 1t would of
gourse, ve neoeésary to take a aumber of oscillograph
records and establish an "average reccrd" vefore the
pressulevcalibration would be of any very great value.

(e) Work on an Element with Hesistance inversely

proportional to Diaphragm Deflection.

The conditions which must be fulfilled in order
that a sensitive unit might give a line record with dis-
placement proportional to diaphragm deflections, have
already been discusced. The next step in order is to
consider methods by means owahich the theoretical appa—
.ratus might be realized practically.

v If some type of element could be developed whose
resistanceibetween contaéts would be inversely proportion-
2l to the pressure to which it is subjected, the problem
might be solved. In addition to its résistancé charact-
eristic, the element would have to e avle to withstand

operating temperatures and shocks in addition to being of




such a size that it might satisfactorily fit into the
small space available in the sensitive unit.
The preliminary work indicated that aftér a thin

o
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diaphragm had been used in the engine long enough
acquire a fairly heavy oxide film, the records in certain
'oéses showed a gradual growth z2nd decay of the current.
Cerﬁain other records showed a very clean and rapid breask
in the vivbrator line due to the action of the sensitive
unit. This latter observation proved that the gradual
changes of current in the circuit could not have been due
to reactance effects in the circuit itself. The only
other explanation seemed to be that the oxide film itself
possecssed an insulating power depending upon the pressure
. to which it was subjected.

This suggestion of an oxide film as a variable
Apressﬁre element, was the basis for a rough investigation:
of the resistance proéerties of metallic oxide and sul-

fide films. | |
Small pieces of shest stock of various metals
were bbtained from the chemical supply room. The metals
were copper, iron, zinc, aluminum and nickel. |
Small discs were made up from each of the metals.
Two discs of each metal were oxidized by heating for some
time in the oxidizing flame of blast lamp. In a similar

manner two discs of each metal were given a coating of
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sulfide by heating in a mass of burning sulfur.

The resistance characteristic of each coating
for each metal was tested outkseparately; One of the pair
of discs to e tested was laid on a flat stesl block with
the other disc of the pair placed on top.

One side of a serieg circuit containing a single
dry cell and a milliammeter, was connected to the steel
block. The other side of the circuit was connected to a
steel rod surfaced on one end. The surfaced end of the
rod was used to subject the'diécs to pressure by hand.

The action of the milliammeter was noted as pressure was
gradually applied and released.

These preliminary tests indicated that a number of

the discs showed a decided increase in resistance due to

the chemical cocating. Likewise, there seemed to be a

slight resistance change due to préssure variation in
most of the cases. The resistance effect was moét pPro-
nounced for the caées of iron sulfide and copwer oxide.
of these two, the copper oxide coating appeared to give
the best action. For this reason later work was con-
fined to this type of element.

The next step in the work was to make up a unit

containing copper oxide discs and actually test its

action under engine conditions. This unit contained a

- stack of seven copmer oxide discs insulated at the sides
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by a cylinder of mica. One end of the stack of discs
laid directly on the inside of the diaphragm surface,
while the other end of the stack was directly against the

surfaced end of a short rod serving as the insulated

‘contact.

It was found that the resistance of this first
unit W&S‘SO high that engine operation conditioned no
detectible change in resistance.

The obvious thing to do was to reduce the number
of oxide coatings in series. The next unit consisted of
a single oxide coated copper disc vetween the diaphragm
and a solid insulated rod contact with surfaced end.

This second type of element was tried out in the
engine and fbund to be an improvement on ﬁhe larger number
of discs, but the results were quite erratic.  The disc
was made by hand and fitted inside a cylinder of mica
also fashioned by hand. The work was hurriedly done and
quite rpugh so_fhe disc fitted somewhat loosely in the
unit. It was found in order that the disc might be held

firmly in its place in the unit, so great a pressure had

- tc be used that the readings were unsatisfactory.

The principal difficulty with the single disc
type of element seemed %o be in its tendency to give
erratic feéults with 1ight pressures from the insulated:
contact. With this in mind a third type of element was

made up.
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The modification introduced in this unit was in the
insulated contact itself. The contact was made with a
slotted spring in a manner similar to the unit used in
the preliminary work. The steel spring was tipped with
a thin layer of copprer held in place by a small screw
thread and made firm with silver solder. The contact
surface of the copner was ca;efully squared off on a
Trazor hone. This smooth surface was coated with oxide
in the blast lamp flame.

A record taken with the unit is shown below.

Plate XXXVI

Record......... e L4
Lag of contact after spark....0.0074 second
Contacts remain closed........0.0070 second
This record, taken with the engine operating
under conditions of slight detonation, shows that as

far as the make or break of the.contact is concerned, the
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use of copper oxide has no effect on the first or last
parts of the record. However, the upper portion of the
record, although somewhat unsteady, takes on a form which

might well ve fairly close to the form of the peak of

the cylinder pressure. The range of pressure over which

the desired action occurs is small but the record seemed
to offer a certain amount of encouragement.

Inspection of thé contact point and diaphragm
after dismantling the unit, showed that the copner oxidé
film was almost completely worn away over the area which
was concerned in the acfual contact.

Considering the results of the last experiment,
two points seemed to present themselves:

(1) The oxide film should be protected
from abrasion by rubhing.

(2) The pressure on the resistance film
should be adjusted to a value such
that the film is kept under the in-
fluence of diaphragm displacements
throughout the duration of cylinder
pressures which it might be desiTable
to examine, i.e. the sensitive film
should be constantly under a greater'
or less pressure from the diaphragm
without the circuit being entirely

broken at any timre.
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A fourth mcdification of the unit was constructed.
In this cacse the end of the slotted spring contact was
turned out in the shape of a shallow cup with straight

gsides and a carefully made flat bottom. The slotted

- spring was more carefully made than in previous instances,

the slots being cut on a milling machine with a cutter
one gixty fourth of an inch in thickness. The distance
between slots was made less than for previous units and
the cuts were made somewhat decper, the aim being to
obtain a more flexivle spring to carry the force exerted
oy the diaphragm on the oxide film. The material of the
spring was drill rod properly tempered in oil.

In 2ssembling the unit,a thin piece of sheet
copper was oxidized on voth sides and placed flat on the
bottom of the cup in the end of the spring. A cylinder
of mica was placed aroundvthe_sides of the cup and a
small copper plug with slightly tapered ends was fitted
snugly into the mica.  This tapered plug of copner
served as the actual contact element betwesn the insulated
slotted spring and the diaphragm. It was hoped that the
spring would ve sufficiently flexivle to nermit the copper
plug to be kept always in contact with the diaphragm, ”
while pressures on the oxide film would be kept within

the proper range by the stiffness of the spring.
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Due to the short time available for this phase

o

of the work, but one record was taken with this unit.

The record is shown below.

Plate XIXVII
Record.......c.vvesnv..... R
Lag of contact after spark.....0.0060 gecond

Contacts closed fore.e.vn.......0.014 second

At 1000 R.P.M. one strcke of the engine reguires
O.QBQ second for its completion. It follows that the unit
used for the record avove was at some resistance lower
than ite norxal value for a time corresponding to about
half of the power stroxe. The plste a2lso shows that the
record tegins to take on the rough outlines of a portion
of the indicator card. The flat top of the record

eggures inside the

]

probeoly mesns that for the higher
¢ g

im

e

on the oxide T

H

cylinder, the pressur sached a poliant

D

where ite resistance became very low and showed but

little further change with varying pressures. The results
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seem to indicate that progress was vtelng made toward the
desired goal of an apparatus which would give displace-
ments of the oscillograph spot following cylinder prss-
sures more or less closely. At this point the work was
cuf short by the lack of further time.

| Considering the problem of the resistance element
in general, it is probable that any resistance element
of the type desired, would present a2 response curve of a

tyve often encountered in natural processes.

/

s

R

The curve indica{?zﬂ%ggg’for very low pressures,
there is a range in which changes in pressure condition
very small changes in resistance. For an intermediate
range of pressures, the change in résistance is closely
proportional to nressure changes, while for very high
pressures, the film would change its resistance very
little with odressure and would nrobably break down
entirely. , |

With the idéa of testing this hypothesis, an
apparatus was made up by means of which known Wéights
could ke applied to a known arsa of oxicde filam.

This apparatus as constructed was of a very crude nature.
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The following olot is enclosed to illustrate the
'type of data which it was intended to obtain by this

methed.

=
RESSURE ON.
g

The curve is not plotted in specific units as the
writer is too uncertain of the numerical validity of the
results to submit any definite conclusions on that phase -

of the matter.

The experimental data is quite erratic. A4 large

part of this variation is probably due to imperfections
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in the apparatus thru which the angle of appnlication of
the force varied slightly from time to time. This
action wade the actual area of oxide rather uncertain

in addition to introduce a more or less serious abrading

action. In estimating the area to be noted in connect-

lon with the curve, the irregular spot on the face of the
resistance disc, which showed the glaze due to pressure,
was taken as the actual area of contact rather than the
total area of the end of the contact rod itself.

In addition to the uncertainty of contact area, there
was 8 binding effect on the shaft carrying the weights
which undounrtedly introduced uncertainties in the force
applied to the film area.

Despite the imperfections in the apraratus, the
curve shows that the increase of current for pressure
increaée is fairly uniform up to a ovressure of about
2 Kg. ?er square millimeter. At pressures exceeding
this value, the film seemed to lose its insulating
power almost completely. It was noted also that a film
which had oﬁce ve:zn subjected to a high pressure took on
a glazed appearance and either attained a constant high
resistance or broke down entirely.

The tentati#e conclusion to ve drawn from this
very rough‘experimental Wdrk is that a coprer oxide film

ap~ears to change its resistance with pressure in a2 more
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or less linear manner up to a pressure somewhat below
2 Kg. per sguare millimeter. Pressures in excess of
this value‘apparently cause the film to become erratic
as regards resistance.

It was found experimentally that the extent to
which the oxidation process was carried influenced the
nature of the results. The oxide film did not become
very effective as a resistance until it had reached a
fairly dark brown color. A dark crown film formed
by moderate oxidation appeared to give best results.

If the oxidation was carriéd too far, the film tendsd to
scale off badly and become useless.

Another factor which seemed to enter into the
problem was the nature of the copper surface vefore
oxidation was carried out. A smonth surface apparently
did not work as satisfactorily as a roughened surface.
It may well be that some systematic roughening upiof the
surface before oxidétion would improve the action of the
element.

| So many variables are involved in the probiem
that no satisfactory final conclusion can be attempted
at this tinme. Apparently the best summary that may bve
expressed here; is that up to the present the copper
oxide coating seems to offer gsome promise of supplying

the desired type of resistance element and has not as
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yet been definitely proven to be impractical for this
purpose.
(f) Variation of Diaphragm Deflection with
Pressure.

One of the experimental problems worked out

- above was the aprroximate magnitude of diaphragm de-

flections under the worst conditions of operation.
It was found that for full throttle operation, the maxi-
mum amplitude of diaphragm deflections was something
under 0.00035 inch, using a diaphragm 0.C13 inch in
thickness.

The diameter of the diaphragm was approximately
.250 inch. This means that maximum diaphragm deflection

was something less than 21 part of the diaphragm

700
diameter.

The question to be answered in this connection
was whether or not the deflections of a steel diaphragm
are prbpo:tional'to pressures exerted on the diaphragm
if the maximum deflection is ?%6 of the diameter.

Professor Barss of the PhysiCs\Department was
kind enough to consider the'matter.‘ He advanced the

tentative conclusion that for such a range of deflectiCﬁ,

it is probable that deflections would be closély propor-

tional to pressures on the diaphragm._
Professor A.E.KennellyuSin his vook on
"Electrical Vivbration Instruments" cites some curves

plotted from experimental work on telephone diaphragms.
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These curves show that for this case, deflections are

1 PR
—— %)
600
The matter cannot be considersd as definitely

flection equal to about he diapnrwgm'diametei.
settled, but the tentative conclusion seems justified
that deflections in a diaphragm 0.01% thick of 0.25
inch diameter should be closely proportional to pressures
exerted on the diaphragm over the range of pressures
encountered in carburetor engine operation.

For practical purposes, the naturel free period
of the diaphragm used in the present type ¢f work should
be greatly cdifferent from any frequency which it might
be desired to measure. Thig particular »aert of the
protlem has been given no direct attention either experi-
mentally or analytically. It se-ms quite provable that a
steel diaphragm of the dimensions used in the experimental
work should have a very high natural period.

As regards both the law of deflection and the

natural free period, it is obvious that voth are under

control within rather wide limits by variation of diaphragm

thicknesses.
The matter of disphragm acticn will e taken up
more at length anslytically and practically in the continu-

aticn of the gensral problem.
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(g) Procedure in Comstruction of a Sensitive
Unit Whose Resistance Would Vary Direct-
ly With Cylinder Pressure.
The problems to be solved~1n the development of
a satisfactory pressure recording device have already

been considered individually. There remains only the

" necessity of working out the method of fitting these

various parts together into a practical unit.

_If the variable resistance element of the unit
may be made to work satisfactorily with a range of de-
flections up to 0.0004 inch, it seems probable that the
diaphragm element of the unit in its present form will
be satisfactory.

The copper oxide type of variable resistance
element is not suitable in the stage of development to

which it was carried in the present work. However, if

- the copper oxide or some other type of resistance element

could be developed, the general problem would be greatly
simplified. '

Assuming that a resistance element may be brought
to a form where a plot of the reciprocal of its resist-
ance variation with applied pressures gives a straight
line reiatioh, fhe next step of the development ishcleaf.
The range of pressures over which the resistance plot
maintains the straight line relation would be deterﬁined

by experiment.
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A spring of some form would be designed to face
against one surface of the resistance element, the other
side of the element facing against a small plug which in
turn made contacf with the sensitive diaphragm.

The effective area of the resistance element
’might be controlled by adjusting the contact surface of
‘the small plug to the desired size. Knowing this area
and having the empirical curve plotted as indicated
above, the range of force on the resistance film for
satisfactory operation could be selected. |

With the range of forces ?o be exerted by the
contact spring at hand, the contact spring could be de-
signed to cover that range of force during a deflection
of the contact end over a distance of 0.0004 inch.

A unit designed as indicated above should give
a satisfactory law of resistance change with cylinder
pressures. There would remain the problem of making
the arrangement rugged enough to withstand operating
conditions but it is probable that this feature of the
problem would give little trouble on account of the
small size of the parts involved.

.A point to be kept in mind in considerations of
this sort is that a contact plug which is kept'under an
initial compression in contact with the’diaphragm might so
alter the period of the diaphragm that the primary purpose
of recording rapid pressure fluctuations would be

defeated.
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This is obviously a long way to go from the
sensitive units used in the present work to a unit
possessing the ideal characteristics, however, the

writer feels that with the aid of good fortune a satis-

factory unit might be developed.

III. Device for Holding the Sensitive Unit at
Different Positions Inside the Engine
Cylinder.

In the design of the element for inserting the
sensitive unit into the cylinder volume, the writer is
greatly indebted to Professor C. F. Taylor for suggest-
ions and criticisms. Valuable aid was also given by
Mr. E. S. Taylor in the form of practical suggestions.

An assembly drawing of the insertion unit is en-
closed in the form of the following blue print.

A number of minor changes were introduced in the arrange-
ment as finally constructed but the general form of the
device is indicated in the drawing.

The sensitive unit is carried on the end of the
tube (2) which fits thru the bushing (5). The bushing is.
designed to be screwed into a metric size spark plug'hole.
The lead screws (6) serve to hold the unit in any desired
position along its.path of travel. Inside the tube (2)
is the tube (3) which carries a suprtly of cooling water
to the end of the larger tube and serves also as a means
of adjusting the sensitive unit. The rod (4) insulated

with special insulating varnish, furnishes the elecirical

connection to the insulated contact in the sensitive unit.
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The assembly shown at (7), (&), (9), (10) and (11)
showes the arrangement employed for holding the tubes
and.supplying cooling water.

Cooling water is supplied to the annular space
'surrounding the smaller tube near the outer end of the
part (10). Water is retained in the annular space on
one side by a snug fitting bushing fitted with a rubber
band and on the other side by the shoulder holding the
larger outer tube (2).

In operation, water flows from the large annular
space in (10) thru holes into the passage between thé-
tube (3) and the rod (4). The water leaves the inﬁer
tube thru a number of small holes near the sensitive
unit and enters the annular passage between tubes (2)
and (3). By this arrangement a continual supply of
cold water is forced along the inSide of the outer tube
(2) which is in external contact with the hot cylinder
gases. An exit for the cooling water is supplied in
| the piece (10) near the shoulder holding the tﬁbe.(E).
| A set of detail drawings was made up by the
writer and the unit was constructed by John Rosen of
‘the Physics Department Shop.

Plate XXXVIII"sEows the appearance of the completed

unit.
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PLATE XXXVIII
Device to Hold Sensitive Unit at
Engine COylinder.

Different Positions iside the

3
:
4
S

U R LR

~—

The photograph shows an adapter in place on the
spark plug thread of the bushing. This adapter was made
necessary by the fact that the spark plug hole in the

N.A.C.A., test engine is counterbored with a hole diameter
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of one inch to a depth of something over half an inch.

By making up another such adapter, the unit could be
immediately fitted into either a metric of ﬁ' inch

spark plug hole as future work on different engines might
require. » ’

The device discussed above was not brought %o the
stage of actual trial as it was considered a better
policy to complete the work on the sensitive unit before.
any accessories depending upon the unit were de#eloped.
However, most of the machine work is completed and the
apparatus is ready for immediate trial in case the sensi-
tive unit is brought to a fair degree of perfection.

It is appreciated by the writer that the problem
which is attacksd in this phase of the work will be quite
difficult experimentally. Difficulty is to be expected
in keeping the sensitive unit sufficiently cool and‘at 4
the same time prevent moisture from interfering with its
operation. The matter of insulating the long rod (4)
from the water stream in which it is immersed will also
probably give trouble but it is hoped that some coating
such as.bakelite varnish or rubber will solve this part
of the problem. The work will undoubtedly bring out a
‘number of imperfections that are not apparent from pre-
liminary considerationé. - The degree ofvsuccess which
will be attained in work with the insertion unit is at

present a matter for conjecture that may be settled only




127

by empirical trials.

IV. Final Test Runs.

In making the records which have been previously
exhibited in this report, attention was directed toward
the individual record rather than to a set of records
‘intended to correlate engine operation with oscillograph
records. In order to discover any uniformities which
records from the plain contact type of unit might po-
ssess with respect to engine operation, a final set of
records was taken with the same adjustment of the insu-
lated contact in the sensitive unit. This set was
composed of six records including the conditions of
operation which have already been mentioned under
"Outline of Specific Problems". This outline is
repeated below.

(1) Starting with detonation at full
throttle using straight gasoline
for fuel. :

~(a) Detonation checked'by
use of doped fuel.
(b) Detonation checked by
increasing richness of
- fuel mixture. |
(¢) Detonation checked by

reducing throttle opening.
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(2) Starting with normal operation on
straight gasoline at reduced throttle.
(a) Detonation induced by
advancing spark.
(3) Starting with normal operation on
doped fuel.
(a) Detonation induced by in-
creasing compression ratio.

These runs were carried out in the laboratory with
the assistance of E. S. Taylor and R. L. McLane of the
laboratory staff.

Before starting the actual runs, the insulated
contact in the sensitive unit was carefully adjusted to
a position which permitted records to be taken over the
entire range of proposed operating conditions. The dia-
phragm thickness wae 0.0l13 inch and the copper tipped
contact was used.

The engine was brought up tec the required operat-
ing conditions and allowed to steady down before the
oscillograph record was taken for any case. Table D
summarizes the results of the test.

There was but one film drum for the oscillograph

available, so that a period of several minutes was nece-

ssary between single records.
Visual inspection of the action of the sensitive

unit by means of the rotating mirror showed plainly a
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Considerable difference between records from successive
explosions. This fact considerably reduces the value
of single records taken in the manner of the present
tests. However, it was hoped that the single records
would show certain characteristic differences between
normal operation and detonation which might give an
indication of the results which might be expected from
future work along the present lines.

The records are arranged below in the order in
which the runs were noted under the outline.

(1) Full throttle detonation on straight gasoline.

(Compression Ratio 4.5).

PLATE XXXIX

f¥-TeTo ) of ¢ RO P oo lIl
Lag of contact after spark....0.0052 second
Contact closed............... ,0,0070 second
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{a) Detonation checked by use of 5 cc. of
lead tetxaethyi ver galion in straight gascline.

PLATE XL
Record.... o000 00envacas...lIC
Lag of contact after spark...0.0064 second
Contacts ©108e.eceoncoosssss0.0093 second {(2)
(o) Detonation checked by increasing richness

of fuel mixture.

PLATE XLI
RecoTd seveasoosenncconananreaVl
Lag of contact after spark...0.0081 second
Contact closed....ccoveeornnnn 0.0049 second
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(c) Detonation checked by reducing throttle
opening.

PLATE XLII

ReCOor8...sccoeeerennecoon

... 1V
Lag of contact after spark....0.0066 second

Contacts closed.......c0......0.0063 second
(2) See Plate XLI for normal operation at re-
duced throttle.

(a) Detonation induced by advancing spark with
reduced throttle.

PLATE XLII1I
ReCOTC . creoecocooscoosoesns

Lag of contact after spari..,.o.0085 second
Contacts closed.e.cevevns....,0.0046 second
Vibration frequency about.....

3,500 cycles per second

~010V




e T

132

(3) See Plate XXXIX for normal operation with
doped fuel.
(a) Detcnation induced with doped fuel by

increasing the compression ratio. (Compression Ratio 5.5)

PLATE XLIV

REeCOTA. covececnconsnsnncaces Ia

Lag of contact after spark....0.0066 second

Contacis closed.scoevseooseses0.0057 second

Vibration frequency..3,700 cycles per second

Plate XXXVIII shows the record for full throttle

detonation with straight gssoline. The record shows the

'prCnounced vibratory charscteristic uniformly found in all

the detonation records made during the experimental work.
It is unfortunate that the drum speed for this record was
nbt high encugh to permit a satisfactory frequency deter-
mination. Record 3b exhibited under the section of
detonation frequency was taken under almost the same

conditions (see'Table D) and shows the cha:acteristic
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frequency of 3,900 cycles per second.

Plate XXXIX shows the effect on the record if
normal operation is restored by use of a doped gasoline
under the same engine conditionms. As it happens the
record is a rather poor one, apparently occurring at the
instant the shutter mechanism of the oscillograph was
operating. ' The measurement of lag in the contact clos=-
ing after the spark is probably correct but the interval

over which the contacts remained closed is uncertain.

~ However, the record shows plainly a marked difference for

normal operation over detonation, the top of the displaced

portion of the normal record is flat, indicating a steady -

contact, while the contact of the detonation record is of
a decidedly vibratory nature.

It is to be noted that the time lag of contact
closing after the spark, is increased from 0.0052 second
for the detonation record to 0.006k4 second for the normal
operat;on record.

Plate XL shows a record obtained with the detona-
tioh of Plate XXXIII checked by adjustment of the carbur}
retor to give a rich mixture. Again the flat top of the
record is apparent indicating a steady contact in the
senSitivg unit.

' The difference in time lag of contact in the unit
for the two cases, is interesting. For normal operation
withaa rich mixture, 0.0081 second is required for cylinder

pressure to close the contact,while for detonation the
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contacts closed 0.0052 second after the spark. This is
the action to be expected from our knowledge of the
comparatively slow burning found with rich gasoline
mixtures.

For normal operation with the rich mixture, the
cylinder pressure kept the contacté closed only 0.0049
second as compared with 0.0070 second for the detona--
tion record. Table D shows a B. M. E. P, of 130
pounds per square inch for detonation a B. M. E, P, of
124 pounds per square inch for normal operation with the
rich mixture. This lasﬁ fact indicates a comparatively
slight change in B;M.E.?. While according to the
oscillograph records, the rich mixture gave high cylinder
pressures for a much shorter time than the lean detonat-
ing mixture. It may be concluded from these facts that
the detonating mixture produced a pronounced period of
high pressures in the first part of the power stroke,‘
while the rich mixture gave a more even distribution of
pressure throgghout the stroke with a shorter period of
“high pressures.

| Plate XLI shows the effect on the oscillograph
record of checking detonation by reduction in throttle:
opening. The record which is shown, unfortunately ’
occurred just at the break in the film. The two ends of

the film were carefully pieced together before printing.
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The measurements by which time iﬁtervals were estimated
were checked over on the film itself and the results as
recorded in this case should be as accurate as those for
any of the other cases.

The reduced throttle record does not exhibit the
‘characteristic flat top noted in the full throttle normal
operation records. The record is of the type to bé
expected if the cylinder pressures were not high enough
to push the diaphragm against the copper contact hard
enough to break thru the thin copper oxide film on the
tip. The record shows a somewhat unsteady contact, but
the characteristic forced vibrations of detonation
‘records is lackihg. _

Time lag of contact closing after spark occurrence,
is 0.0066 second as compared to 0.0052 for the cacze of
detonation. The contacts remained closed under the in-
fluence of cylinder pressures about the same time inter-
val as for the full throttle detonation case.

Summarizing the results for full throttle detona-
tion checked by the different methods brings out the
following tentative conclusions. |

(1) Detonation records show a characteristic
vibration of a frequency apparently definite
at about 3,900 cycles per second.

(2) Normal operation records seem to be entirely

lacking in this definite characteristic vib-

ration.
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(3) The time lag necessary for cylinder
pressures to close the contacts of the
sensitive unit appears to be somewhat
less for detonation than for normal
operation.

(4) A rich mixture seems to definitely re-
guire a longer time for cylinder pressures.
to deflect the diaphragm, than is the case
for leaner mixtures.

(5) ©No obvious conclusion is apparent with
Tespect to the length of time the sensitive
unit contacts are closed.

Plate XLII shows a record obtained with the engine

fdetonating on reduced throttle at an excessive spark ad-

vance. (see Table D)

In this case, the building up of pressure seems to
have been somewhat uncertain at first but this phase was
succeeded by a sudden pressure rise which forced the con-
tacts fogether suddenly. Afterrthe sudden pressure rise,
the high frequency vibration characteristic of detonation
appeared immediateiy.

As regards time lag, the detonation record shows
a longer lag by‘about 0.0020 second than occurred in the
case of the noimal operation record. The contacts remained

closed a period about 0.0020 second less for the case of
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detonation than for normal operation.

Plate XLIII shows a record made with heavy de-
tonation induced by using a compression ratio of 5.5
when operating on ethyl gasoline,

The record apparently starts out in a manner
gimilar to the normal operation records but sbon takes on
the pronounced vibratory nature characteristic of deton-
ation. As taken from this record, the detonation
frequency is about 3,700 éycles per second.

The time lag after the spark for the closure of the
contacts, is almost identical with the lag found for
normal operation on ethyl gasoline at 4.5 compression
ratio.

The time over which the contacts permit current to
flow is over 0.0030 second less for detonation than for

normal operation.
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XII.SUMMARY OF TEST RUN RESULTS

(1) Records taken under conditions of detonation
uniformly show an apparently definite characteristic fre-
guency which doggwnot”occur in records made for normal
operation.

(2) There probably exist characteristic differ-
ences in the time lag for éylinder pressure to reach a
value high enough to close the sensitive unit contacts.
However, further work will be required before the nature
of any such differences may be made apparent.

(3) The case of the time interval over which

cylinder pressures hold the sensitive unit contacts

U

closed is analogous to the time of lag in closing the
contacts. Further work may or may not disclose

valuable characteristics of this time interval.

[T "SRR
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XIII. GENERAL SUMMARY OF RESULTS

The experimental work described in thié report
covers what might well be thought of as the preliminary
work of the original problem of the investigation. : ﬁ

An apparently satisfactory form has besn evolved
for a steel diaphragm of such a size that it may easily
pass through a metric spark plug hole.

A more or less satisfactory method of converting
diaphragm deflections into electrical indications has
been worked out. A program of development for this
element of»the appraratus has been s tated and will be
followed in the continuation of the work.

Preliminary work has been done on a method of i
photographically recording the electrical indications of %

the sensitive unit. The requirements of this part of

the apparatus are known and a specially constructed
oscillograph unit will be made up for use in future work
on the subject.
| A device has been designed and constructed which
it is hoped will permit the sensitive element to be fixed i
at definife positions inside the cylinder of an operating‘ v
test engine. ‘ |
A characteristic difference has been found i
between the oscillograph records for normal operation

and similar.records for detonation.

»
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This difference is in the nature of a characteristic
frequency of about 3,900 cycles per second, found only
in detonation records. This frequency ﬁay,or may not
be a function of the engine in which the sensitive unit
is placed when the record is taken and may or may not
vary over a certain range with operating conditions.

It has been found.possible to measure the time
lag after spark occurrence before the sensitive unit
contacts are closed by cylinder pressures. The data
available at present are too few to permit conclusions
to be drawn regarding the variation of this time lag
with engine conditions.

In a manner similar to that used for time lag
in the contact of the sensitive unit, it has been possible
to measure the time interval over which cylinder pressures
are able to keep the diaphragm deflected to the point of
contact.

Work with a Special type of continuously recording
accelerometef, has shown that under conditions of heavy
detonation, the cylinder head of the N.A.C.A. test engine
is actually displaced'vertically over an amplitude which
is about ten times larger than the amplitude for normal
operation. ’ |

The éccelerometer showed that cjlinder head dis-
placements in a horzontal plane are not markedly larger

for detonation than for normal operation.
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XIV. GENERAL DISCUSSION

The foregoing report indicates that up to the
present time, experimental wbrk has been rather sketchy

in nature. No attempt has been made to méka final

definite conclusions concernihg,any of the probiems

which have been considered.

The number of photographic prints which have
been included Qs perhaps larger than the strict necessi-
ties of the case justify. It was intended to lay the
actual results of tﬂe experimental work before the reader
rather thanfto.fdrmulate'ooncise conclusions.

Of the interesting points which have presented

themselves, one in particular may be mentioned here.

- The vibration recording accelerometer indicates with

certainty that the amplitude of the cylinder head motion
increases to a very pronounced extent for detonation
over normal operation. On the other hand'fhe mean
effective position of the maximum diaphragm defleétion
seems toAbe distinctly closer to the zero pressure
position for detonation than for normal operation at the
same thfottle setting. This fact appears to indicate
that over the part of the card which is considered,
instaﬁtanequs average pressures (diétinct from the vibra-
tory changes in pressure) which exist in detonation, are

actually lower than the average pressure found in normal

‘operation. This effect is probably due to some peculiar-

ity in the action of the contacts in the sensitive unit.
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A final decision on the problem will have to await further
experimental investigation.
The original object of the experimental work was

to develop a sensitive unit which might be fixed at

positiqns inside the cylinder volume and which would be

able to give records discriminating between volumes in
whieh detonation exists and volumes in which normal
conbustion is in progress.

The sensitive unit in its present form is obvi-
ously a rather crude device, but the writer feels that
if violent detonation is used in the experimental work, -
the oscillograph records from the present type of unit
should make it possible to determin; whether the type of
pressure variation applied to the sensitive surface of
the unit is.that of normal combustion or of detonation.

A considerable number of experimental diffi—
culties will undoubtedly arise in the course of the work,
but the writer feels that a sufficient effort put in on
the.problem will eventually be-repaid with,more or leeé
valuable results,

‘The primary problem to be solved in future work
is undoubtedly the construction of a satisfactory sensi-
tive unit. Development of this part of fhe apparatus

will follow the line previbusly laid down in this report.
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The lack of uniformity in the oscillograph
indications for succeeding power strokes of the engine
is another problem which must be met in the future.

A part of this variation is very likely due to non-

uniformity in the mixture delivered by the carburetor

to the engine over a number of strokes. It is suggested
that this source of irregularity may be minimized by

use of illuminating gas as a fuel in connection with a
mixing valve.

With the variation between records due to the
engine made as small as possible, there remain probable
irregularities in the operation of the unit which will
in turn be corrected as far as possible before data
are taken to form the basis of final conclusions.

In any case, it seems very desirable if not
absolutely necessary to develop a means of taking a
number of records from successive power strokes of the
engine. With the present form of the oscillograph
apparatus, it is necessary to keep the engine in opera-
tion over a period of from five to ten minutes in order '
to obtain a single record which obviously can not give
a true picture of average cylinder processes. The film
used for this single record is rectangular 3&- inches
in width by 9%- inches long, while as the prints show
the record itself never occupies any very great propor-

tion of this space.
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It is entirely possible to use motion picture
film in an oscillographic apparatus. Professor Hardy46_
of the Physics Department at M. I. T. has summed up the

matter as follows: ¥It would seem that a more efficient

apparatus might be constructed on a much smaller scale

which would then permit the trace to be recorded on
motion picture film, using either negative or positive
film depending upon the amount of light available........
There is a saving in film not only because of the decrease
in its width but because the speed of the film will be
decreased proportionately also. Thus the area of film
rTequired is about proportional to the sguare of the
deflection. These advantages usually more than compen-
sate for the necessity of enlarging the records.”

The use of motion picture film in a modified
form of the oscillograph would have a aumber of adventages.
4 considerable number of successive records could be taken
in 2 minimum of time. All of the records would be made
with the same film speed. The wastage of film would be
reduced to a minimum and the apparatus could be arranged
S0 thaﬁ‘it might be stopped after any desired amount of
film had been exposed. The film would be easily.
handled in developmént by standard methods at a minimum .

of expense.
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After development, the moticn picture film
might easily be placed in a projection unit with which
it could be enlarged to any ressonable size. The enlarged
record might either be traced on paper with a pencil or
some light sensitive paper might be used for a chemical
print. By throwing successive records on the screen
with the projector and tracing with a pencil, it would
be very easy to rapidly superimpose the records and
estimate an average record from the assembled tracings.

The records obtained in the latter part of the
work‘are considerably reduced in value by the different
drum speeds with which they were taken. It would also
e very desirable to use film speeds much highér than
any which have been attained in the work up to the
present. These last two problems should be easily
solved by use of a variable speed direct circuit current
motor to operate the mechanism for moving the film.

This higher film speed should produce interesting )
results whén applied to the accurate measurement of the
vibration frequency found in detonation records.

_ ‘The synchronous shutter arrangement seems to
the writer to be a very satisfactory method of indicating
time intervals on the oscillograph record. For this
reason, an& new oscilldgraph apraratus will incorporate

the synchronous motor and shutter.
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Thevdirect ﬁhotographic record from a serieé
gap is a simple and certain method for recording the
ignition spark occurrence and will be included in the

new arrangement. It is probable that the use of a

‘quartz lens system instead of the glass lenses used in

the present form of the instrument will improve the

photographic record by allowing a larger portion of

ultra-violet wavelengths to reach the film than would

- be possible if glass were used.

It is probable that the use of an optical system
entirely of quartz in connection with a high intensity
incandescent lamp, ma? permit satisfactory oscillograph
records with very high film speeds.

In general the preliminary work seems to
promise that valid experimental results may be expected
from future work on thé "point of incipient detonation”
in the cylinder combustion process. Just what these reéults
are likely to be is a matter that can only be settled by
data taken with apparatus meeting the requirements of the
problém.

'As another suggestion for future work, the oscillo-
graph might be applied to the study of instantaneous
gaseous conductiﬁities at different points in the cylinder.
It is weli knoﬁn that gaseéus cohductivity undergoes a

marked increase at the instant of passage of a flame
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front thru a gaseous mixture. This type of investi-

gation may offer some information on the problem of

flame motion involved in the cylinder combustion process.
It is hoped that a future report may be able to

state more definite conclusions to the problems which

‘have presented themselves during the course of the pre-

liminary work.
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