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SUMMARY

Apparatus for making quantitative measurements of the
vibrations excited by detonation in the cylinder head of an
aircraft engine was designed and constructed. The apparatus
consisted of: pick-up units designed to operate under en-
gine conditions and to produce an electrical output propor-
tional to the velocity of a small diaphragm, an amplifying
system with uniform sensitivity from 5 to 40,000 cycles per
second, and a cathode-ray oscillograph with a high-speed-
camera recording system,

A large number of records were taken under various op—
erating conditions in a single-cylinder aircraft engine,
The final detonation detector was tested in two full-scale
multicylinder engines. The instrument checked well with
visual observations of the exhaust and could detect the oC-—
currence of moderate knock as distinguished from the vibra-
tion caused by valve seating.

INTRODUCTION

Detonation measurements are required for the knock rat-
ing of fuels and for the determination of the detonation
intensity present in a given engine under specific condi-
tions. The magnitude of some rhysical quantity depending on
detonation must be found and related to other values. The
accepted reference scale is based on the detonating tenden-
cies of mixtures of isooctane and heptane, which detonate
under increasingly severe conditions as the composition is
changed from pure heptane to pure isooctane.
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Vibrations are always present in the combustion-chamber
walls and the cylinder structure during engine operation.
In the absence of detonation, these vibrations are set up by
the closing of valves, the piston slap, the motions of other
engine parts, and the pressure rise accompanying normal run-
ning. The effect of these single shocks will damp out after
a few degrees of crankshaft travel and a vibration record
appears as a series of discrete wave trains.

Detonation causes vibrations in the cylinder wall and
head structure owing partly to the shock of the initial pres-
sure rise and partly to forces exerted by pressure waves
within the cylinder gases. The vibration due to detonation
can be distinguished from purely mechanical effects because
detonation occurs at a period in the cycle when the valves
are closed and no other source of strong excitation is active.

Vibtration of the combustion-chamber walls introduces a
difficulty in the measurement of the pressure fluctuations
accompanying detonation because any indicator sensitive to
pressure will also be sensitive to vibration.. The output
from a pressure-pick-up unit will therefore be due partly to
vibration and partly to actual pressure changes. It may be
feasible to design a unit with automatic vibration compensa-

tion but such a device is not availablé at the present time.

The vibrations in the combustion-chamber wall that are
troublesomc in pressure measurements during detonation can
be used to operate the pick-up unit of a detonation indica-=
tor. If a properly designed vibration pick-up unit is rig-
idly attached to the combustion-chamber wall and connected
to an averaging indicator, it will give a residual reading
in the absence of detonation owing to mechanical-vibration
effects. When detonation occurs, the indicator reading will
increase by an amount depending on the increase in vibration
caused by the detonation. The usefulness of such an instru-
ment will depend on the relative effects of the residual vi-
bration and the smallest intensity of detonation it is de-
sired to measure. Actual vibration measurements will proba-
bly be required to decide the possibilities in a given case.

Beale and Stansfield (reference 1) have recently de-
scribed a detonation indicator actuated by vibrations in the
cylinder wall. It consists of an electromagnetic generator
mounted externally on the cylinder wall in such a manner that
longitudinal strains cause a change in lensgth of an alr gap
that controls the magnetic flux linking a coil of wire. A
vacuum-tube arrangement amplifies and rectifies the output
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voltage and a meter gives a reading proportional to the mean
strain velocity. No attempt to use absolute motion of the
cylinder head or wall to operate a pick-up unit is described
in the reference.

When detonation occurs, the number of carbon particles
carried by the gases increases with the result that a char-
acteristic black smoke appears in the exhaust. The change
in the appearance of the exhaust flames is definite but a
skilled observer is reguired to base estimates of detonation
intensity on this source. This method of estimating detona-
tion is in common use by aircraft-engine manufacturers.

Prom considerations of general usefulness, the develop-
ment of an instrument to measure detonation in terms of cyl-
inder-head vibrations is very desirabdle. A small and rugged
pick-up unit externally attached to the combustion-chamber
wall and operating a proper indicator would form a system
suitable for use under laboratory or flight conditions. The
fundamental problem of such a device is the separation of
the vibration due to detonation from the motion produced by
normal cycle events,

DETONATION AS AN ENGINE PROBLEM

Derinition of Detonation

Detonation or knocking in the internal combustion en-
gine is associated with an abnormally rapid reaction in some
part of the cylinder charge. This phenomenon is called
"knocking" because of the characteristic ringing sounds that
are audible in the free air near the engine if the general

noise level is not too high., The term "detonation" has its
origin in a series of experiments reported by Berthelot and
Vieille (references 2, 3, and 4). The findings of these in-

vestigators, which have been checked by the results of many
subsequent researches, showed that two general types of
flame travel can occur in a combustible gas:

1. Normal combustion, in which the reaction proceeds by
means of heat transfer and mechanical transport of burning
particles into the active medium ahead of the flame front,
resulting in flame speeds of a few meters per second; and

2. Detonation, in which combustion proceeds so rapidly
that the reaction is completed before any substantial amount
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of energy can leave the reaction zone either by mechanical
expansion or by heat-transfer processes. Under.this condi-
tibn, a localized region of high pressure is produced which
travels through the medium with the flame front at a speed
often several times the speed of sound in the unburned gas.
Experiments on flame vpropagation in closed vessels showed
that detonating combustion was often accompanied by a ring-
ing sound. This observation, coupled with the reasonable
feeling that the ringing noises in engines could be due to a
process similar to that occurring in closed vessels led to
the general use of the term "detonation" to describe an en-
2ine phenomenon. Becker (reference 5) has given a discussion
of the detonation wave in one dimension in which he summa-
rized the work of previous investigators and extended their
results to give a clear picture of the conditions that must
be fulfilled in the wave front.

Combustion experiments in tubes and closed vessels re-
ceived much attention from 1880 until the present time but
did not yield results that could be directly applied to de-
tonation in engines. The physical nature of detonation in
engines was not definitely known until simultaneous records
of flame travel and pressure development were made in actual
engines. Using this general method, Marvin and his collab-
orators (references 6, 7, and 8) at the National Bureau of
Standards and Withrow and Rassweiler (references 9, 10, and
11) 4n the General Motors research laboratories showed that
detonation is characterized by extremely rapid flame move-
ment in the last part of the charge to burn and a simulta-
neous sudden increase in pressure. The work at the National
Bureau of Standards was done with stroboscopic methods suit-
able for giving values averaged over a number of cycles
rather than continuously following the events of a single
explosion. On the other hand, continuous recording methods
with a transparent window in the combustion chamber were
used in the General Motors laboratory. These experiments
showed not only the general flame motion but also proved the
existence of intense vressure waves within the engine cylin-
der after the initial "knock" had occurred. TFigure 1 is a
combination record of flame travel and cylinder pressure
which shows that vibratory motions of luminous partijelieis -
side the chamber were accompanied by corresponding fluctua-
tions in pressure. The indications of these records are con-
firmed by such a great amount of data from other sources that
there is at present no doubt that detonation is characteriged
by a local rise of pressure in some part of the charge fol-
lowed by standing waves within the combustion chamber.
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Wawrziniok (reference 12) studied the longitudinal pres-
sure waves following detonation in a closed chamber and in
engine cvlinders by means of a piezoelectric pressure indi-

cator. He showed that the observed frequencies were in agree-
ment with those predicted by the theory of sound on the assump-
tion of resonant pressure waves within the chamber. Draper

(references 13 and 14) analyzed the possible resonant wave sys-
tems for a circular cylinder with flat ends on the basis of
the theory of sound. Zxperiments carried out on a CFR engine
and an NACA universal test engine with a special head gave
results in good agreement with theoretical predictions both
with regard to general behavior of the wave systems and to
specific frequency values. From the data supplied by instan-
taneous records taken at two or more points on the combustion-
chamber walls, the theory makes it possible tc¢ give an approx-
imate estimate of the energy density, the particle velocity,
and the particle displacements associated with a given initial
disturbance.

Fundamentally, detonation in the engine is identical
with the process occurring in the reaction gone of a one-
dimensional detonation wave in the sense that both are char-
acterized by such a high rate of reaction that an intense
local pressure disturbance is produced. All the data reported
in the literature agree that considerable variation occurs
between successive cvecles under identical engine conditions
but that the events always have the same general nature.

In the picture of detonation just given, pressure waves
must always be present in the combustion chamber following
the initial pressure rise., These waves are by-products of the
energy—-equaligzation process that follows any local disturbance
and, in many cases, probably do not directly have a serious
effect on engine operation., They do, however, offer a means
for detecting or measuring detonation since their nature will
always be a function of the magnitude of the initial disturb-
ance.

The Effect of Detonation on Engine Operation

Detonation has several characteristic effects on engine
operation and is often accompanied by other deviations from
normal running which can be partly due to other causes. The
immediate effects of detonation are:

1. A characteristic ringing sound outside the engine if
masking noises are absent
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2. An alteration in the power output due to a decrease
in the total time required for complete combus-

* tion of the charge. This effect is equivalent to

an increase in spark advance and varies in magni-

tude with engine conditions and the severity of

detonation.

3. A change in the appearance of the exhaust flame

4, The appearance of carbon particle clouds in the ex-
haust

The characteristic sound is used in making estimates of
detonation intensity either by trained observers or with the
aid of a vproperly constructed noise meter. The change in
power due to the increased average rate of burning under det-
onating conditions is usually small but can easily be meas-
ured if tests are made with abnormal spark advance settings.
Items 3 and 4 are mentioned by Young (reference 15) in dis-
cussing means for detecting detonation in full-scale aircraft
engines. It is common in present-day practice for a skilled

- observer to make estimates of detonation intensity by visual
examination of the flame and particles issuing from short
exhaust stacks.

The most seriouns effects associated with detonation are
A not characteristic of the phenomenon since it is well known
that they do not necessarily occur in well-designed engines

when detonation is present and that, under certain conditions,

they may appear when detonation is absent. These effects are:

1, General overheating of surfaces bounding the combus-
tion chamber

2. Local overheating of surfaces in contact with the
knocking zone

3. Local overheating of parts not in contact with the
knocking gzone

4. Mechanical damage to parts exposed to the cylinder
gases. In a properly designed engine, this damage

y appears to be due to a combination of thermal and
pressure effects rather than to high pressure
alone.

It is to be noted that increased heat transfer plays an
essential role in each of the items mentioned. This fact is
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in accord with common experience, which shows that an engine
will withstand detonation of a given intensity for a period
depending upon the spark plug used and the combustion-chamber
design. In some caseg the limiting factor is preignition due
to some excessively hot surface in coantact with the unburned
nixture. When preignition takes place, the result is either
a serious reduction in power output or a complete failure of
engine operation. The period that intervenes between the
start of detonation and the occurrence of preignition depends
upon the time required for increased heat flow from the cyl-
inder charge to raise the temperature of some solid part to
the preignition level. Young cites evidence supporting this
theory when he states that the resistance of an aircraft-
engine cylinder to detonation can be improved by better cool-
ing of hot spots and changes in construction of the spark
plugs. An additional pertinent fact is that an engine such
as the CFR will withstand severe detonation for long periods
without apparent damage, while aircraft engines are quickly
damaged by heavy detonation. It is not clear whether the
difference is due to the fact that the CFR engine combustion
chamber is made of cast iron, which is relatively strong at
high temperatures as compared with the aluminum used in air-
craft engines, or to the fact that aircraft engines normally
operate at a relatively high temperature and, consequently,
are more apt to fail with a small temperature increase.

It has been shown that the most serious effects accon-~
panying detonation can be traced directly to high tempera-

tures. If the abnormally heated part is seriously weakened
by high temperatures, mechanical damage or failure will oc-
cur. On the other hand, if the part affected can mechani-

cally withstand high temperatures, preignition will start
whencver some lower temperature limit is exceeded. Abnormal
pressures may play some part in the mechanical damage due to
detonation., A like amount of chemical energy is released per
cycle by combustion, however, whether or not detonation oc-
curs; the average combustion-chamber pressure must therefore
be the same in the two cases. This conclusion means that any
effects due to pressure alone must be localiged in the knock~
ing zone where the initial disturbance oiccuris.,

With the ill effects of detonation traced directly to
an abnormally high temperature of some surface exposed to the
cylinder charge, it remains to consider the mechanism respon-
sible for this condition. Constant conditions in the exter-
nal-dissipation system being assumed, the temperature of any
vart of the combustion-chamber boundary depends upon the av-
erage temperature difference between the hot gases and the
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boundary and upon the resistance to heat flow across the gas
film in immediate contact with the solid part. In the knock-
ing zone, relatively high temperatures will coexist with high
deﬁsity during detonating combustion, the high density re-
sulting in a higher heat-transfer coefficient, while the high
particle velocities that accompany the rush of gas away from
the region of high pressure will certainly tend to scrudb away
the protective coating of stagnant gas of almost molecular
thickness from the wall and so reduce the film resistance to
heat flow. It is thus to be expected that surfaces actually
in contact with the detonating part of the charge will tend
to reach excessive temperatures. If the external cooling
system is insufficient to care for the increased heat flow,

a hot spot will develop in the cylinder wall which may cause
either preignition or mechanical failure. In addition to
this effect, even if the external cooling system is able to
prevent the development of a hot spot, the instantaneous
temperature gradients near the surface of the metal combined
with local pressure effects may lead to chipping off of small
particles. Action of this type would account for the "moth-
eaten" appearance of aluminum-alloy pistons taken from en-
gines that have been subjected to detonation.

It is well known that preignition will often follow de-
tonation induced by the addition of a small amount of some
knock-inducing agent to the fuel-air mixture. The tendency
to preignite is usually dependent uvon the type of spark plug
used. It follows that, in cases of this type, the overheated
surface is definitely not exposed to the severe conditions of
the knocking zone. As the amount of knock inducer required
is definitely too small to make an appreciable change in the
energy content of the charge, the average gas temperature
must be substantially the same with detonation as with normal
operation. For this reason, temperature difference cannot
enter as an important variable in the overheating of a part
remote from the knocking zone. The remaining effect, which
could be responsible for increased heat flow, is a suffi-
ciently violent disturbance of the gas particles near the
walls to reduce the resistance to heat flow. Such a disturb-
ance could be produced by the particle motions accompanying
intense pressure waves within the combustion chamber, This
scrubbing action would be intensified for surfaces near the
opening of a cavity such as the space between the central
electrode and outer shell of a spark plug. “ Wit th e rieilliats
tively high resistance to heat flow from spark-plug points
to the cylinder wall, it is not surprising that overheating
should occur after a period of detonating operation.
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Withrow and Rassweiler (reference 16) have discussed the
possibility that the scrubbing action due to particle dis-
turbances accompanying detonation may cause a decrease in
film resistance to heat flow and thus be responsible for a
general increase in heat dissipation to the cooling medium.
This explanation of increased heat transfer to the combustion-
chamber walls is essentially similar to that given in the
last paragraph for the overheating of spark-plug points and
can reasonably be taken as correct. When practical cases are
considered instead of the artificial example of detonation
induced without modification in engine or mixture conditions,
however, it is at once apparent that, in some instances, de-
tonation appears as a result of changes which would in them-
selves cause increased tewperature of parts exposed inside
the combustion chamber. One specific case is that in which
overheating occurs as a result of increasing intake pressure
by supercharging. This overheating nisht oceur in therab=
sence of detonation owing to limitations of the cooling sys-
tem, It would be unfair to attribute all the diffiecuwlty  to
detonation merely because it happened to coexist with the se-
vere cylinder conditions produced by supercharging. A second
instance is that of overheating induced by changing the mix-
ture from rich to lean with other engine conditions held con-
stant. Suck an alteration in mixture strength is known to
cause increased cylinder-head temperatures when no detonation
occurs. On this account, any investigation of dctonation
based on the effect of mixture ratio on cylinder-head temper-
ature should include some method of separating the change due
to detonation from the change dueé directly to mixture-ratio
effects. That the observed rise in cylinder-wall temperature
does not always result directly from detonation is shown in
reiference 15.

Detonation as a Factor in Limiting Engine Performance

Power outvnut from an internal-combustion engine is a
function of the mass of air flowing through the engine in
unit time, the svecific energy content of the fuel-air mix-
ture, the efficiency with which heat is converted into mechan-
ical losses in the engine. The chemical energy content of
the mixture varies somewhat with the fuel-air rabic but s
substantially constant for all commercial fuels in use at the
present time. For all modern engines of good design the me-
chanical efficiency is about the same so that this factor can
be disregarded in a generaliged discussion of engine perform-
ance. Air consumption in an engine of given size depends
upon the number of cycles per unit time and the charge density
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when the intake valve closes so that the output can be in-
creased either by raising the speed or by supercharging. A
more or less definite upper limit is placed on speed by me-
chanical considerations and the restriction to air flow in
rapidly operating valves so that the most economical expedi-
ent for obtaining increased power at a given atmospheric
pressure is to use a supercharger. The remaining possibility
for improving the performance with a given piston displace-
ment is to increase thermal efficiency by raising the compres-
sion ratio. This method is particularly desirable since the
increased output is accompanied by better fuel economy.

Unfortunately for the spark-ignition engine, performance
improvements achieved either by increasinz the compression
ratio or by supercharging lead, if carried too far, to detona-
tion when present-day commercial fuels are used. Pye has
given a discussion of the fundamental factors controlling en-~
gine performance in his textbook (reference 17). Pye outlines
the reasoning behind the commonly accepted conclusion that
detonation is the fundamental factor which limits both power
output and fuel economy in modern engines. Quantitative data
on the maximum engine performance obtainable with various
fuels have been given by Barnard (reference 18), Veal (refer-
ence 19), and Rothrock and Biermann (reference 20).

Factors Controlling Detonation

Detonation has been studied by many investigators since
this phenomenon was recognized as a ma jor engineering prob-
lem during the early stages of airecraft-engine development .
From the large amount of information collected, it has become
certain that conditions existing in the last part of the
charge to burn determine whether or not detonation will ocecur.
C. F. Taylor and E. S. Taylor (reference 21), discussing the
nature of detonation in 1934, noted the importance of the
temperature of the last part of the charge to burn. These
writers said: " ., ., ., the significant temperature in deter-
mining whether or not a given mixture detonates, is the high-
est temperature reached by the last part of the charge before
its combustion. If this igs above its minimum 'self-ignition'
temperature, and if the normal flame does not pass through it
too soon, it will detonate." Rothrock and Biermann (see ref-
erence 20) have presented evidence to show that density must
be added to temmerature as a controlling factor in whether
or not detonation occurs in some part of the cylinder charge.
The reasoning used by these writers to develop a system for
knock-rating fuels is outlined in the following quotation:
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"Since knock is a phenomenon of combustion, it must be
controlled by the physical state of the gases in the combus-
tion chamber as well as by the chemical composition of the
gases. It seems most reasonable to believe that the gas
density and the temperature immediately preceding knock are
the coﬁtrolling physical properties. The engine conditions
which control these two properties are:

1. Compression ratio R

2. Spark advance

3. Inlet-air temperature T,
4, Inlet-air pressure P,

5. Cylinder-wall and combustion-chamber-wall temperature

(o)}
=

ngine speed
7. Air—fuel ratile
8. EBxhaust-gas dilution

The first five factors are the major independent variables.
The last three factors also affect the density and the tem-
perature of the gas, but the other effects they have on the
combustion may be of more importance. The effect of air-fuel
ratio can be eliminated by considering that, for any given
set of conditions for factors 1 to 4, any air-fuel ratio that
causes knocking is being considered. Exhaust gas dilution
does not vary much over the normal full-throttle range of
engine-operating conditions and will not be considered in
this analysis. The effect of engine speed will be discussed
later in more detail.

"If the assumption is accepted that the two physical
properties controlling knock are the gas density and the gas
temperature, it can be said that, for each gas density, there
is a minimum gas temrerature at which knock will oicicuriy IS
this contention is true, it follows that a fuel can be accu-
rately rated by determining the relationship between the gas
temperature and the gas density that results in knoeck. A
second, and equally important, contention is that it will be
impossible to rate a fuel accurately by determining one and
only temperature at which knoeck occurs. A fuel should be
rated, then, not by octane number, highest useful compression
ratio, compression pressure, or any other single value, but
by a curve of density against temperature.
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"The gas density p and the gas temperature that are
the immediate causes of knock are the density and the tem-
perature of that portion of the charge in the knocking re-
gion of the combustion chamber the instant before knock oc-
curs. This density can be measured fairly easily and accu-
rately but the temperature cannot. The feasibility of wsdng
the temperature and density at some other time in the cycle
must be determined. Since all fuels burn with approximately
the same flame spneed, the density and temverature at the
start of combustion or at top center (ascuming no combustion
before top center) should provide a satisfactory measure of
the conditions in the knocking region. The density at top
center, if it is assumed that all the fuel is vaporized, de-
pends on the compression ratio, the inlet-air pressure (in-
cluding volumetric efficiency), the inlet-air temperature,
and the heat of vaporization of the fuel. Inasmuch as the
heat of vaporization of all hydrocarbon fuels is about the
same, the speed of combustion and the heat of vaporization
need not be considered. If a constant spark advance is as-
sumed, it can be stated that

© R P, 1
P i T,

From this relationship, R P;/T, can be substituted for the
air density."

A further discussion of the factors controlling detona-
tion can be found in the original reference. Rothrock and
Biermann checked the usefulness of the plot of R P,/T,

against T in knock rating by a series of experiments car-
ried out with a single-cylinder engine. Engine speed and
coolant temperature were held constant and the spark advance
was adjusted for maximum power under certain standard condi-
tions at each compression ratio.. Compression ratio, inlet-
alr pressure, and inlet-air temperature were chosen as inde-
pendent variables for investigating detonation with the mix-
ture ratios for maximum power and maximum economy. In each
case, the independent variables were adjusted until a certain
level of detonation intensity was reached. The detonation
intensities used were audible detonation as determined by
ear, and incipient detonation as determined by means of the
pickup unit from an M,I.T, knockmeter (reference 22) with a
cathode-ray oscillograph as the indicating element. Six
fuels were investigated over the practical range of each op-
erating variable. The results showed that the proposed meth-
od gave consistent results and was suitable for the practical
knock rating of aviation-engine fuels.
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Rothrock and Biermann made no attempt to apply their re—
sults to full—-scale aviation engines but they gave the opinion
that the observed tendency for the allowable value of the air—
density factor to decrease with increasing inlet—air tempera—
ture would hold in service engines. Quantitative estimates
of the limiting values of output and efficiency were given
for several fuels.

Conclusions on the Detonation Problem

The material discussed shows that the factors control—
ling detonation and the general nature of the phenomenon
itself are known.

It is certain that the maximum performance possible with
present—day engines is limited by the effects which accompany
detonation.

The principal factors controlling detonation in normal
operation are combustion—chamber design, compression ratio,
conditions in the air—fuel mixture supplied to the engine,
and the chemical nature of the fuel,

DESIGN OF EQUIPMENT TO STUDY PRESSURE WAVES AND

VIBRATION ACCOMPANYING DETONATION

The measurement of detonation has two practical aspects.
It may be sufficient to know that the existing detonation in—
tensity is below some predetermined level, or quantitative
information on the intensity level may be required for vari-
ous conditiuns of engine operation. The first case arises
when it is desired to protect an engine by insuring that the
detonation intensity never exceeds an established "maximum
allowable limit" during an endurance test or in actual flight.
The second case will usually occur as a problem in laboratory
tests of fuels or engines. This natural division of the prob—
lem leads to two corresponding instrument types:

1. Detonation detectors designed to show whether or not
the existing detonation intensity exceeds some
established limit ’

(4]

Detonation indicators designed to give quantitative
information on detonation intensity over a con-—
tinuous range of levels
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The immediate cbject of the work described in the pres—
ent report was to study the possibilitv of designing a deto—
nation detector suitable for use in flight under service con—

ditions.

The advantages of an instrument that could be installed
without engine modifications were recognized. On this account
it was decided to develop, if possible, a compact vibration
pick—up unit for external mounting that would be capable of
operating a small electrical indicating unit.

Before intelligent design work could be started on an
instrument, it was essential to have quantitative informa—
ticn on the vibration produced by detonation and by mechani—
cal excitations in a service type of aircraft—engine cylinder.
In order to obtain this data, a high—speed indicating systen
was developed for making continuous records over the entire
freguency range likely to be encountered in the engine. As
a means of separating detonation effects from disturbances
caused by mechanical vibration, the apparatus was designed
to take simultaneous records from a pressure—sensitive pick—
up unit and 2 vibration—sensitive pick—up unit.

General Features of High—Speed Indicators

In the following treatment, the terms "pick—up" or "pick—
up unit" will be used to designate that element of an indica—
tor which is directly exposed to the pressure or vibration
to be measured. Vibration—measuring instruments for studying
detonaticn will differ essentially from pressure—measuring
instruments only in certain features of the pick—up unit;
that is, the elastic system of a pressure indicator will be
sensitive to vibration, and the elastic system of a vibra—
tion indicator could be used in a pressure indicator. In the
following discussion, the two instrument types will be con—
sidered together in terms of pressure indicators until a dis—
tinction is finally necessary in the form of the pick—up unit.

Equipment for quantitative studies of the pressure dis—
turbances accompanying detonation must meet two main require—
ments. It must give an accurate representation of pressure
changes with components extending from about 5 cycles per
second to a high limit at least eocual to 15,000 cycles per
second, and it must be able to withstand extended periods of
continuous operation under severe engine conditions. For con—
venience in the interpretation of complicated records, the
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over—all sensitivity of the apparatus should be substantially
constant over the range of operation. Installation will be
facilitated if the pick—-up unit actually exposed to the cyl—
inder pressurcs is small and adapted to fit into openings of
spark—plug size in the cylinder head.

Electromagnetic generators are simple, rugged, and give
2 relatively high output with low internal impedance. Such
generators produce an induced voltage proportional to the ve—
locity of the diaphragm, which is a2 definite advantage for
studies of high—frequency pressure waves. Another important
factor is that thermal deflection effects in the diaphragnm
are minimized since a rate—of-change indicator does not re—
gquire an accurate adjustment of the zero position.

Cathode—ray oscillographs have all the characteristics
required for recording the pressure variations that accompany
detonation. The electron beam does not introduce any diffi-—
culties at either high or low frequencies. A high—frequency
limit for recording is established, however, by the combina—
tion of spot intensity, photographic—emulsion speed, and lens
aperture. With modern motion—picture film and a standard
cathode—ray tube, the recording problem can be satisfactorily
solved by adjustments of anode potential in the tube. The
oscillograph system used in the present investigation was
essentially a conventional installation.

Amplifiers are required to raise the pick—up unit out—
put voltage to the level necessary for operation of the os—
cillograph. In practice, the performance of this coupling
system established both the high and the low freguency 1imits
for satisfactory operation of the complete indicator. The
problem can be considered as solved only if the photographic
record is a faithful representation of the rate of change of
pressure inside the cylinder. It has been found from experi-—
ence that the pressure waves accompanying detonation are
damped so slightly between cycles that the analysis methods
of steady—state theory give satisfactory results.

Selection of the Generator Type for a Rate of
Change of Pressure Indicator
A rate of change of pressure indicator having been de—

cided upon, it was necessary to choose between several pois 8il—
ble schemes in designing the electromagnetic generator system.
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Under the restrictions of size and form imposed by the en—
gine, three generator types are feasible:

1. A cylindrical coil moving perpendicularly to a radi-—
al magnetic field, as indicated in figure 2

2. A cylindrical shell of magnetic material located in
a radial magnetic field and arranged to shift
flux from one side to the other of a stationary
coil when moved in the axial direction. The
essential parts of such a shell inductor—type
generator are shown in the diagram of figure 3.

3. A flat diaphragm of magnetic material so arranged
that its motion varies the reluctance of a mag—
netic circuit in which the flux links a sta-
tionary coil. Generators of this type are funda—
mentally similar in construction to the conven—
tional telephone receiver. The parts of such a
generator are indicated in figure 4 and figure 5
shows a large—scale representation of the dia—
phragm shape produced by a deflection.

The selection of one of the three generator types as the
best choice for the indicator problem can reasonably be based
on three criteria:

1. Simplicity and ruggedness of construction
2. Voltage output for a given diaphragm velocity
3. Susceptibility to mechanical vibration

Flat—diaphragm generators do not require mechanical at—
tachments to the diaphragm and for this reason are definitely
super ior to the other two types on the basis of simplicity.

Figure 6 shows curves that compare the output voltages
from the shell—inductor generator and the flat—diaphragm gen—
erator. In this case, the voltage ratio depends upon the gap
length used for the flat—diaphragm generator. The ratio of
this gap length to diaphragm radius is taken as the independ—
ent variable in figure 6, with the ratio of flat—diaphragm—
generator output to shell—inductor—generator voltage as ordi—
nates. For all gap lengths less than about 1/20 the diaphragm
radius, the flat—diaphragm unit is seen to be definitely su—
perior. In practice, the gap length will be limited by the
necessity of keeping diaphragm deflections small compared with
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the gap length in order to prevent distortion between the
diaphragm velocity and the voltage output. In pressure—sen—
sitive pick—up units, however, strength and cooling consid—
erations force the use c¢f such heavy diaphragms that the
radius—gap ratio can easily reach 100, This consideration
means that the flat—diaphragm type of generator is superior
to the other two types by a wide margin.

Effect of Vibration on Indicator Performance

Many experiments in the internal—combustion engine labo—
ratory have shown that the moving systems of diaphragm—type
high—speed indicators have substantially no damping in opera—
tion, which means that mechanical shocks, such as valve clos—
ings, can cause transients in the diaphragm which complete
many cycles at the natural frequency of the indicator after
each excitation. Also, if the natural frequency of the indi—
cator is near the forcing frequency owing to detonation, the
indicator records will be distorted by resonance—curve effects
and by large transients following the initial shock. This
situation can be improved by the use of electrical filters but
such a procedure obviously makes it impossible to obtain a
true picture of all the effects produced by detonation. A
number of attempts were made to introduce damping in the di-—
aphragm system but, with the small motions available, the re—
sults were unsatisfactory. The remaining possibility of elim—
inating natural—frequency effects from the records of a high—
speed indicator 1is to use a sufficiently high natural fre—
quency.

Natural—frequency vibrations in indicators will be ex—
cited for the most part by sudden mechanical displacements of
the diaphragm boundaries. Thereafter, vibration in the sup—
porting structure will act more in the manner of a steady—
state forcing motion than a source of transients. The factors
controlling the magnitude of transients in an indicator can
therefore be conveniently studied by the use of a motion that
starts from rest, produces a displacement gam in a time Ty¢

and thereafter maintains this displacement. Such a motion
can be approximated by a half cycle of the cosine function,
as shown in the diagram of figure 7. The speed with which
the displacement eccurs can be varied by changing the half
period n/wf. An equivalent system is indicated in figure 8
where the motion of the mass is taken as the motion of the

center of the diaphragm and the motion of the upper end of the
spring is taken as the motion of the edge of the diaphragm.
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The motion of the center of the diaphragm under the
forcing motion of figure 7 is given in figure 9 for two val—
ues of the ratio E = T,/2Tf where Tn is the natural Pe=
ricd of the diaphragm and Tf 1is the length of time required
for the applied displacement to be completed. The analysis
was carried out for an undamped system since the effect of
damping in the actual diaphragm would not be appreciable

during the firgt few eycles. For B = 0.5, ¢the transient
amplitude is a considerable fraction of the forcing motion
and, for B = 0,1, the transient amplitude is reduced to

about 1 percent of the forcing displacement. In  priactHices
only the motion of the center of the diaphragm with respect

to the edges can affect the electrical output from a pick—up
unit; so the relative motion rather than the absolute displace—
ment is important. Figure 10 shows this relative displace—
ment for the cases illustrated in figure 9. It is apparent
that the mechanical transient effects will be much smaller

for B = 0.1 than for B = 0.5. Figure 11 is a plot showing
the amplitude of the¢ mechanically excited transient as a func—
tion of PB. For values of B smaller than 0.4, the transient
amplitude is relatively small but increases rapidly for larger
vialales of o GB This curve makes it evident that mechanical
transient effects can be substantially eliminated by using a
sufficiently small value of f. With no analytical method for
determining the time interval corresponding to Tg, it is
necessary to find by experiment the natural frequency required
in the elastic system of a pressure pick—up to enter the range
nf B values, which substantially eliminates natural-fre—
quency disturbances. The general requirement is merely that
the natural period of the indicater system must be short com—
pared with the time in which the exiting displacement takes
place. An additional benefit from this use of a high natural
frequency 1s that, since the transient which actually occurs
is damped about the same amount per cycle, a smaller time is
required for the transient to disappear as the natural fre—
quency is increased.

The shock due to the sudden pressure rise of detonation
is known to occur in less than 0,001 second; so the argument
outlined demonstrates the need for a high natural frequency
in the elastic system of an indicator to record detonation
effects. The sensitivity of the instrument (expressed as
diaphrasm deflection per unit applied pressure), however,
will decrease as the elastic coefficient of the diaphragm
increases. It is therefore desirable to use the smallest
elastic coefficient possible in a diaphragm strong enough to
withstand the pressures of engine operation. Combining the
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natural frequency and strength requirements, it is obvious
that the best arrangement is the one which produces the high-
est possible natural frequency for a given elasticity. In
general, the natural frequency of any simple system will be
proportional to the square root of the ratio of the elastic
cogfficient to the effective mass. For a diaphragm, the
elasticity will depend upon linear dimensions and the effec—
tive mass will depend on both the size and the mass attached
to the center of the diaphragm. Obviously, the natural fre—
guency of a plain diaphragm will be higher than that for the
same diaphragm with a coil form or inductor attached. The
results of a guantitative study of this phase of the problem
are given in figure 12. The ratios of flat—diaphragm fre—
guency to frequency for the other types are taken as ordinates
and diaphragm radius to thickness as abscissas. In any ac—
tual unit, the diaphragm radius will probably be at least
seven times the thickness; so a reduction of natural frequency
to less than one—half that for a flat diaphragm can be ex—
pected with either the shell—inductor or the moving—coil gen—
erator types as compared with the flat—diaphragm type.

Diaphragm Theory

Figure 13 is a plot of the elastic coefficient for steel
diaphragms of one—half—inch diameter expressed as a function
of thickness. The half—inch diameter is chosen because it is
the largest practical size for indicators to fit into openings
designed for conventional 18-millimeter spark plugs.

Figure 14 shows plots of natural frequency as a function
of thickness for steel diaphragms of different diameters with
either the first or the second modes excited. A diaphragm
one—half inch in diameter and 0.060 inch thick will have a
natural frequency in the lowest mode of about 95,000 cycles
per second.

Figure 15 shows the results of derivations plotted with
the ratio of relative—motion amplitude to forcing—motion am—
plitude as ordinates and ratios B [(forcing frequency)/
(natural frequency of diaphragm)] as abscissas. 156 swetilie =bie
noted that each point on the exact—theory curve is higher than
the cerresponding point of the equivalent—system curve. The
constant ratio of 1.62 that appears from elastic theory con—
siderations has been independently checked by two methods.

Motion of a diaphragm subjected to a sinusoidally vary—
ing pressure was studied and the results are summarized in
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figure 16, in which the ratio of actual relative motion be-—
tween the edge and the center of the diaphragm to this same
relative motion at zero frequency is plotted as ordinates

and walues of the variable B asg abscissas. In this ecase,
there is no difference between the results of the exact theory
and the equivalent—system theory. The plotted curve shows
that, for low values of B, the diaphragm deflections will
be equal to those for static conditions but that amplitude
distortion will occur as the forcing frequency approaches the

diaphragm natural frcguency.

Diaphragms are sensitive to both pressure and vibration
according to known equations. It is therefore possible to
establish a relationship between the pressure amplitude and
the vibration amplitude necessary to produce the same rela—
tive moction between the edge and the center of the diaphragm
at a given freauency. This problem has been treated with the
following result:

4

m g (1= o) &
(1.62) (16)En° B?

L)

where

¢

amplitude of vibration at frequency vg applied to
edge diaphragm

am

Fym amplitude of sinusoidal pressure variation of fre-—
quency v¢ that will produce the same diaphragm
deflection as the vibration amplitude gam

o Poisson's ratio (o = 0.28 for steel)

3 6

B modulus of elasticity (E = 30 X 10 1b/sq in. for
steel)

a radius of diaphragm

h ; thickness of diaphragm

g = Vv,

vn natural frequency of the diaphragm vibrating in the

first symmetrical mode
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For steel diaphragms the relation becomes

0 4.8 2
SomlBon = 10.386) (A0T ) (a*/n%) (18"} (2)
THE EFFECT OF TEMPERATURE ON A FLAT-DIAPHRAGM GENERATOR

Mechanical and electrical aspects of the flat—diaphragm
generator have been considered without regard to the effects
of temperature. These effects may take several forms:

Damage to the insulation

=

2. Damage to connections

3. Increase in resistance of the winding

[1a8

Decrease in the elastic coefficient of the diaphragm
due to a change in the modulus of elasticity

(93]

Change in magnetic permeability of the diaphragm

6. Deflection of the diaphragm due to uneven expansion
between inner and outer surfaces under thermal
gradients

Temperature estimates based on temper colors of the dia—
phragm, thermocouple measurements, and occasional damage to
soldered connections have shown that, under severe conditions
the diaphragm and coil system is subjected to temperatures
between 350° and 500° F, These values are certainly near the
practical upper limit of resistance for enamel insulation.
With carefully wound coils, however, pick—up units have been
used for 25 to 50 hours in engine tests without indications
of failure. Difficulties have usually been due to shutting
cff the air blast on air—cooled cylinders too soon after
stopping the engine. Soldered connections have been damaged
in this way, a source of trouble that can be eliminated by
the use of solder with a higher melting point.

Pick—up units are always connected in series with & re—
sistance many times greater than the winding impedance in
order to obtain proper electrical characteristics. In such
a circuit, any resistance changes due to thermal effects in
the winding will have a negligible effect on performance of
the system.
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Elastic proverties of a diaphragm depend upon Poisson's
ratio and the modulus of elasticity. Both of these funda—
mental properties vary with temperature. Figure 17, taken
from reference 23, shows the magnitudes of these variations
for a steel similar to that used in constructing the pick—up
units., With the estimate of operating temperature about
500° F, it is seen that the maximum variation in the modulus
of elasticity will be about 10 percent and the change in
Poisson's ratio will be somewhat greater. These changes will
correspond to about a 1l0—percent change in the elastic coef—
ficient of the diaphragm system with about half of this change
in natural frequency.

In a flat—diaphragm generator, the diaphragm necessarily
carries the working flux so that any change in permeability
of the diaphragm material will be reflected as a change in
reluctance of the magnetic circuit. The curve of figure 18
taken from reference 24 shows that, over the temperature
range involved, the permeability of a steel diaphragm will
decrease but not by a large percentage. In a practical de—
sign, the diaphragm reluctance will be small compared with
the air—gap reluctance, so that the net effect of temperature
on total flux in the circuit will probably not be serious.

Temperature gradients in the diaphragm will necessari-—
ly exist under working conditions., These gradients produce
a measurable but indefinite effect on the air—gap length.
With the over—all sensitivity dependent upon the equilibrium—
gap length, it follows that thermal effects in the diaphragm
will affect the performance of the pick—up unit. This diffi-
culty can be reduced by using a longer equilibrium gap bdut
this mcthod is undesirable because¢ the pick—up sensitivity
is also reduced. No gquantitative estimate of the effect of
thermal deflections on indicator operation can be made from
the data now available.

The foregoing discussion has shown that thermal effects
on indicator sensitivity are too large to be neglected and
are difficult to estimate analytically. This state of affairs
leaves calibration under actual operating conditions in the
engine as the only reliable method for accurately determining
the over—all sensitivity of an electromagnetic indicator.

Complete Pick—Up Unit

Several models of electromagnetic pick—up units were
constructed and tested in order tc establish reasonable solu—
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tions for the design problems that could not be treated by
analysis. Two types of these preliminary models have been
described in reference 14, TFigure 19 is a cross—sectional
diagram of the pressure—sensitive pick—up unit designed for
use in air—cooled aircraft engine cylinders. The permanent
magnet of Alnico supplies flux to the air gap through the
cold—rolled—steel core. The magnetic circuit is completed
through the diaphragm, the external shell, and the retaining
head. All these parts are of cold—rolled steel. The clamp—
ing nut holds the magnet and the pole piece tightly against
a shoulder in the shell through a bronze disk. The assembly
is prevented from turning during assembly by the pin and is
finally locked by means of the screw. An aluminum collar
with a tapered internal hole serves to prevent longitudinal
vibrations of the pole piece and to protect the generating
coil from excessive temperatures. This collar is slightly
crushed during the process of assembly to insure intimate
contact with the inner and the outer surfaces. The turns of
the generating coil are rigidly held in place between a
shoulder on the disk and the retaining collar by means of a
special baking enamel, The generating coil is connected to
the external terminals by means of the wires. The electrical
system is completely insulated from the metal parts.

It was found by experiment that a diaphragm 0.5 inch in
diameter and 0.060 inch thick (which gives a natural frequency
of about 95,000 cycles per second) eliminated transient exci—
tation effects in the indicator and had sufficient strength
to operate indefinitely under engine conditions.

Figure 20 is a cross—sectional diagram of the experi-
mental vibration pick—up unit designed for external attach—
ment to the cylinder head. In this case, the external shell
is a permanent magnet of cobalt steel and supplies flux to
the air gap through the cold-rolled—steel core and the dia—
phragm. The generating coil is mounted on the core in a
manner similar to that used in the pressure—sensitive pick—
up undt, Insulated connections are carried out to a bakelite
terminal block which mechanically supports the external wires
leading to the amplifier system. A cold-rolled—steel nut
serves to clamp the generating system rigidly together. The
Pick—up unit is mechanically connected to a boss on the en—
gine cylinder head by means of the bronze fitting and the
bronze nut. The diaphragm used in this unit was 0.03 inch
thick and 0.5 inch in diameter, which gives a natural fre—
quency of slightly over 45,000 cycles per second.
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It was found that the output voltages available in
practice from both types of pick—up unit ranged from 0.001
to 0.1 velt with full—scale deflection desired on the os—
cillograph.

Cathode—Ray Oscillograph and Recording System

Three component units are required for a complete cathode—
ray recording system: a cathode—ray tube, a power supply for
the tube, and a camera designed for continuous film motion.
Visual inspection of the oscillograph trace requires the ad—
dition of a sweep oscillator to supply the time axis. The
first of these required components was available as a com—
mercial article, and the others were specially adapted to
the work at hand.

Commercial cathode—ray tubes specifically designed for
photographic recording at high spot speeds were obtained.
After an extended trial of tubes having 3—inch and 5—inch
screens, it was decided to use the RCA type 907 tube with a
o—inch screen. This decision was based on the smaller ratio
of spot diameter to spot deflection and the greater spot in-—
tensity available with the larger tube. The spot intensity
was found too low for satisfactory recording at the highest
spot speeds encountered when the recommended anode potential
of 2,000 volts was used. In practice, this anode potential
was increased to 3,000 volts to give satisfactory results.
Other controlling potentials of the tube were adjusted to
limit the power dissipated by the screen to a noninjurious
level. With this accelerating potential, a voltage swing
of 660 volts on the deflecting plates was necessary to pro—
duce the full—spot motion of 4 inches.

Potentials for the cathode—ray—tube elements were fur—
nished by a power supvoly especially designed for this appli-
cation. A feature of this unit was the use of a General
Radio Variac on the primary of the high—voltage transformer
to control the focusing and accelerating anode potentials.
The circuit diagram of the two cathode—ray tubes and the
power supply is given in figure 21. Transformers with- spe—
cial high—voltage insulation and low interwinding capacity
were used, which were especially built by the Raytheon Manu—
facturing Company. The total range of anode potentials avail-
able from the unit was O to 6500 volts. Anode potential was
read by a voltmeter incorporated as a permanent part of the
undt,
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A sweep oscillator was used to supply a time axis for
visual inspection of the cathode~ray trace before making
photographic records. This unit was built as part of the
power—supply assembly. The electrical circuit of the sweep
oscillator is that recommended by the cathode—ray tube manu—
facturer. (See reference 25.) The circuit is shown dia—
grammatically in figure 22.

Photographic records were taken on 35-millimeter motion—
picture film with a camera already available. This camera
had been used for making the flame photographs described by
Bouchard and his collaborators in reference 26. A4 film speed
of 400 inches per second permitted accurate measurements of
frequencies below about 15,000 cycles per second and the
identification of frequencies up to 50,000 cycles per second.

The two cathod—ray tubes were mounted side by side with
their axes vertical. The fluorescent screens were placed
with the rounded edges of the glass in contact. The distance
between the camera and the tube faces was adjusted so that s
4—inch deflection of the spot produced a 1/2—inch image
on the film.

Satisfactory photographic density for observations from
the negatives with about three—quarters of the maximum swing
was obtained; a lens aperture of 1.9 and 3000 volts anode
potential were used.

Amplifiers

From the output of the pick—up unit, it was assumed that
for average conditions an instantaneous potential of 0.01
volt would be available as input to the amplifying system.
The cathode—ray tubes required a swing of 660 volts for full-
spot deflection. From these data, it was estimated that the
amplifiers should produce an over—all gain of about 10°, A
safety factor of 10 was introduced and the goal in the ampli-
fier design was placed at a gain of 10°.

In order to meet the recuirements of accurate records
over the entire range of frequency components encountered in
engine work, the amplifiers were designed for a sénsitivity
variation of less than 5 percent from 5 to 40,000 cycles per
second. The allowable time delay for the complete system was
placed at less than 10~° second in any part of the frequency -
range.
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Vacuum tubes cspable of producing a high amplification
are not well suited to a large swing in output voltage.
For this reason it was found necessary to divide the ampl i—
fiers into two sections, one to give a high—voltage ampli—
fication with a normal—output voltage swing and the other
to preoduce the output—voltage range required to cause full—
scale deflection of the cathode—ray spots. Figure 23 shows
the single triode stage used as the high—voltage amplifier.
The output terminals were connected to the cathode—ray—tube
deflecting plates and the input terminals were connected to
the high—gain amplifier. A special power supply was used for
the high-voltage section, as shown in the diagram of figure.
24. The direct—current output potential of this unit was
about 1200 volts.

Figure 25 is a circuit diagram of the high—gain ampli—
fier. This unit was designed with resistance—capacitance
interstage coupling in accord with the conventional princi—
ples of amplifier design (reference 27). Pentode conneec—
tions were used for the first two stages because the char—
acteristic low interelectrode capacity was favorable to a
wide frequency response. The third tube was connected as a
triode because it was impossible to obtain a sufficiently
great undistorted voltage swing with the pentode arrange—

ment. "Decoupling" circuits between stages were required to
permit operation of the complete amplifier from a common
plate battery. The condensers and resistors used in the de—

coupling circuits were adjusted to compensate for the normal
decrease in sensitivity and phase distortion at low frequen—
cies. A precision wire—wound attenuator was placed between

the first and the second stages.

INDICATOR CALIBRATIONS AND ENGINE TESTS

The process of calibration of the indicator consisted
of two parts:

1. A demonstration that the electrical sensitivity of
the complete system is independent of frequency
over the required range

2. An over—all calibration of the indicator by compari—
son of the integrated curve from a rate of change
of pressure card with a pressure card recorded

simultaneously by means of an accurate pressure
indicator
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Integration from an enlarged dP/dt record was used in
the second step because this process produced more consistent
results than a direct comparison of the oscillograph trace
with the necessarily somewhat uncertain slope from a pressure
card. The integrated curves were similar in shape to the
pressure cards except for inaccuracies in the low—pressure
regions. Calidbration constants were determined by combining
the enlargement factors required to make an integrated curve
coincide with its corresponding pressure card.

Firing cycles in the CFR engine were used for the first
calibration runs with pressure cards from the M.I.T. point-—
by—point indicator for comparison purposes. Troublesome un—
certainty was introduced, however, by the fact that the en—
gine cycles were not identical even with the most careful con-
trocl of conditions. This variation produced a spread of points
on the combustion line of the pressure cards and differences
between cycles in the dP/dt record. It was impossible to
associate a particular dP/dt record with a definite line on
the pressure card, and considerable uncertainty was therefore
introduced in the calibration. Trials using pressure cards
taken without firing the engine gave measured sensitivities
substantially equal to those found from firing cycles. These
results could be closely checked since there were no measura—
ble differences between successive cycles. From this evidence,
it was concluded that the inaccuracies which would be intro—
duced by calibrations carried out under improper temperature
conditions would be no greater than the uncertainties due to
variations between firing cycles in the engine. With no ad-
vantage to be gained by calibrating under engine conditions,
it was decided to construct a calibrating machine without
provision for firing cycles. This machine consisted of a
special high—compression cylinder mounted on a two—cylinder
motorcycle engine driven by an electric motor. The rate of
change of pressure available from a given motor speed was in—
creased by using a compression ratio of 12:1.

Vibration calibrations could have been carried out with
the aid of a mechanical system capable of subjecting the
pick—up unit to a knownamplitude and frequency of motion.
With the particular sensitivity characteristic designed into
the vibration unit, a special calibrating machine would have
been required. A simpler procedure in the present case was
to expose the diaphragm of the vibration—sensitive pick—up
unit to pressures in the pressure—type calibrator and to con—
vert the pressure sensitivity thus determined into vibration
sensitivity. It would be very desirable to check the results
of this procedure by a direct vibration calibration at some
future time.
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Electrical Calibration

Electrical calibrations of the amplifier-oscillograph
system were carried out by means of a General Radio beat fre-
quency oscillator capable of covering a range from 5 to
40,000 cycles per second. Voltages from the oscillator were
anplied to the amplifiers by means of a precision drop-wire
arrangement. Koot mean square values of the input were meas=
ured with the voltmeter incorporated in the oscillator. Fig-
ure 26 shows the results from electrical calibrations of the
anmplifier-oscillograph systems alone, taken before and after
the equipment Lad been used for tests during 10 hours of en-
gine operation. Numerical data and a block diagram of con-
nections are given on the figure.

Pick-up units introduce modifications in the electrical
properties of the input circuits. Inductance is present in
the generating coils and there is always some capacity in the
connecting leads, especially if long lengths of wire are re-
quired. The resulting changes in impedance will usually have
negligible effects at low frequencies, but it 48 always de-
sirable to make final electrical calibrations with the pick-
up unit connected to the input terminals through the wire to

be actually used in engine tests. Figure 27 shows the results

of such a calibration for the pressure unit and the vibration
unit connected to amplifier channel 1 and amplifier channel
2, respectively. It 1s apparent that the sensitivity of both
units is substantially constant up to about 15,000 cycles per
second. For higher frequencies, the pressure-sensitive sys-
tem falls off rapidly in sensitivity; whereas the vibration-
sensitive system is only about 20 percent less sensitive at
40,000 cycles per second than it is at low frequencies.

Over-All Calibration of Indicators

Tests with preliminary models using cobalt steel for the
permanent-magnet material showed & continuous slow reduction
in sensitivity of pressure-type units due to operation in the
engine, During about 60 hours of test operation, the general
design of the units was found to be satisfactory. These ear-
lier units had the length of threads equal to one-half inch
as required for the CFR engine and consequently did not locate
the diaphragm flush with the combustion-chamber wall in an
air-cooled cylinder. The pressure-sensitive unit of figure
19 was designed with an Alnico magnet to reduce variations in
magnetizing force and incorporated certain other features dic-
tated by conditions in the Wright Cyclone cylinder. After
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some 10 hours of operation in the Wright cylinder, it was de—
cided to make a controlled series of tests to determine gquan—
titatively the effect of use on the indicator sensitivity.
These tests included both the pressure— and vibration—sensi—
tive units and were divided into three parts:

1. Pressure calibrations in the special compression
cylinder

faV]

. About 10 hours of test operation in the Wright
Cyclone cylinder, during which the records
shown later in the present report were taken

3. Pressure calibrations reproducing part 1

Contact prints from the oscillograph records taken be—
fore and after the engine tests with the pressure—sensitive
unit are shown in the upper pair of films of figure 28.
Corresponding records for the vibration—sensitive unit are
Silvien) “in ‘thie lower pair 'of f£iimgh

Figure 29 shows the result of integrating dP/dt reec—
ords from the pressure unit. The direct—pressure line as
drawn fits the experimental curve from the M.I.T. point—dby—
point indicator. It is apparent that the points resulting
from graphical integration of the oscillograph records give
substantially the same card shape as the pressure indicator.
No essential difference in sensitivity before and after the
engine tests was observed.

Calibration results from the vibration—sensitive unit
are given in figure 30. As in the case of the other pick—up
unit, the sensitivity was not affected by 10 hours of engine
operation.

ENGINE INSTALLATION

Evidence accumulated during several years of work on
detonation has shown that the conditions encountered in air-—
craft—engine cylinders are quite different from those found
in laboratory engines such as the CFR engine. It was there—
fore decided before starting the present research that any
valid conclusions would have to be based on tests made with
a full-scale air—cooled engine cylinder. As a contribution
to the detonation-research project, the Wright Aeronautical
Corporation furnished a single—cylinder Wright Cyclone engine
(model 1820-G) for the test work.
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The single—cylinder Wright Cyclone was installed in the
M.I.T. internal—combustion engine laboratory. The power out—
put was absorbed by a Froude hydraulic dynamometer. Cooling
air was supplied by a centrifugal blower. Fuel was injected
into the intake manifold near the inlet valve by a standard
Bosch pump. The injection nozzle was of a special design
developed at M, I.T, Air for the engine was supplied by the
laboratory compressor.

A pressure drop of 8 inches of water was maintained
across the standard Cyclone baffles used around the cylinder.
Cylinder—head temperatures were measured under both the front
and the rear spark plugs by standard washer—type thermo—
couples connected to =2 direct—reading meter,

Engine Conditions

Detonation is 2 serious problem in aircraft engines un—
der two conditions ¢f operation, take—off and cruising. Dur—
ing take—off, the maximum power output is required without
particular regard to fuel economy. For cruising, the lowest
Possible specific fuel consumption is important. These two

typres of operation were selected for particular study during
the instrument tests.

Under normal engine conditions, a gear—driven super—
charger will heat the intake air approximately 100° F. Cool—
ing due to evaporation of the fuel will reduce this value by
about 50° ¥ so that, with an outside—air temperature of 70° F
the actual intake to the cylinder will be at about 120° p,
This condition was approximated in the single—cylinder engine
by heating the intake air to = temperature between 170° ana
180° F before the fuel was added.

b

During the calibration runs, the engine was operated with
the mixture as lean as possible for safe head temperatures or
freedom from detonation. TFor spceds in excess of 1800 rpm,
the head temperature was usually the controlling factor. As
take—off conditions were approached while using 87 octane fuel
it was impossible to stop detonation even by the use of very
rileh milxtures., In these cases, the mixture was made as lean
as possible for a limiting head temperature of 400° F, Fig—
ure 31 shows the general performance characteristics of the

|

Single—cylinder engine over the range of speeds and manifold

pressures used in the laboratory.
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Certain points spotted on the general field of opera—
tion correspond to conditions used for various intensities

of detonation. With no other method available, these inten—
sities were based on qualitative judgments of the amount of
caaracteristic -detonation present in each case. The general

noise level near the engine was relatively low so that this
procedure gave results which could be repeated with reason—
aibliie” cerbaanty .

Detonation Tests

A complete series of runs was carried out to demonstrate
the operation of the indicators over a range of engine condi—
tions and to determine the vibration effects available for
operation of detonation—sensitive instruments. Interest was
centered in the possibility of constructing a "detonation
detector"” for use in flight and the experiments were arranged
to demonstrate the performance of the externally mounted vi—
bration—sensitive indicator. Records from the pressure—sen—
sitive pick—up were included in every case to prove the abil—
ity of the unit to withstand considerable periods of engine
Operation and to furnish an approximate check oen the effect
of pressure waves inside the combustiecn chamber in causing
cylinder—head vibration. No method of separating components
of the record displacements due teo pressure from the compo—
nents due to mechanical vibration was available. For this
reason, no attempt was made to use the results for a quant i—
tative analysis of the pressure—~wave phenemena.

Figure 32 is a top view of the cylinder showing the
pressure—sensitive unit mounted in one of the regular spar k—
plug holes. The spark plug was placed in a special hole be—
tween the indicator and the intake valve. Figure 33 shows
the vibration—sensitive unit of figure 20 as it was installed
Just below the rear spark pPlug of the engine, TFortunately,
a2 boss with a tapped hole designed for use in clamping ther—
mocouple wires is located at this place in the standard
Cyclone cylinder. The only modification necessary was to en—
large this hole and to insert a bronze bushing, which in turn
was tapped for the 1/4—28 thread of the attachment fitting
of the pick—up unit.

Specifically, the engine tests with the indicator equip—
ment were designed for three general purposes:

1. To prove the ability of the equipment to perform
satisfactorily over a reasonable reriod of oper—
ation in an air—cooled aircraft—engine cylinder
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determine the characteristics of cylinder—head
vibration produced by valve events and the man—
ner in which this vibration is affected by engine
speed and supercharging

R
=]
o

determine the general features of cylinder—head
vibration produced by detonation at various in—
tensity levels

The oscillograph records taken during the engine tests
are shown as four groups of contact prints in figures 34 to
37. A brief summary of the essential information for these

runs follows:
i "--Engine Octane | Manifold
! speed rating | pressure ]
Figure of (in. H Mixture | Detonation
i (rpm) fuel abs.
[
i 34 Varied B 26 R None

35 1900 87 Varied do Do.
t 36 1900 (557 36 Varied Varying
2 37 2100—-2400 Varied 48-50 Rile 1D)(5)

Details of the engine conditions for each case are given in
It was very difficult to obtain a precise adjust—

table

ment of speed or
small variations
the purpose at
tain exactly

The records
the effects

165

load with the dynamometer used and, since
in these quantities were not
hand,

important for

no great effort was expended to main—

constant conditions.

of figures 34 and 35 were taken to determine
of speed and supercharging without detonation.

The runs of figure 36 correspond roughly to cruising condi—
in a full—-scale engine and show the increase of detona—
tion intensity as the mixture is changed from rich to lean.
Conditions approximating those for take—off power existed
while the records of figure 37 were taken.

b i eoms

DISCUSSION OF INDICATOR RECORDS

General

One striking feature of the indicator records displayed
in figures 34 to 37 is that strong vibration does not appear
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throughout the cycle but occurs in sharply defined "bursts,"
which socon start to decrease in amplitude. This behavior
proves that the correspcnding motion of the cylinder head
consists of a series of transients due to various sources of
excitation. For example, consider the upper pair of records
in figure 37 taken with a fuel of 87—octane rating under
take—off conditions. The upper record of the pair is the
trace from the pressure—sensitive pick—up unit exposed to the
combustion—chamber gases which was, of course, also affected
by vibrations of the cylinder wall. The lower record of the
pair was produced by the oscillograph connected to the ex—
ternally mounted vibration—sensitive pick—up unit. Starting
frem the left—hand side of the record, the instant of the 1g—
nitisn spark is marked by the first of a series of small "jogs"
in the line. Top dead center on the firing stroke has been
identified from a knowledge of engine speed and the spark ad-—
vance. Shortly after top center, a series of strong escilla—
ticns is produced by detonation which persist during most of
the expansion stroke. The portion of the cycle in which these
oscillations occur, when detonation is present, will be re—
ferred to in the following discussion as the "detonation
period" of the cycle. There is no definite evidence of ex—
haust—valve opening at 69 cragk degrees before bottom center
but the exhaust closing at 36 after top center is plainly
visible. Inlet—valve opening at 5°2 before top center i1s nof
visible but inlet closing at 48 after bottom center has a
definite effect on the records.

After this last valve event, the combustion—chamber wall
is substantially free from vibration until detonation occurs
in the next cycle. It is apparent that the records from the
vibration—sensitive unit are, in general, identical with those
from the pressurc—sensitive unit as far as general features
are concerned,

Several hundred engine cycles with various conditions
were recorded and examined during the course of the work de—
scribed in the present report. It was a universally true
observation that considerable variation appeared in the vi-—
bration trains produced by detonation in successive engine
eyeles. For obvious reasons, a large number of records could
not be included for inspection but the lower three pairs lof
traces in figure 36 illustrate typical differences between
detonation effects in successive cycles. These cyclical vari-—
ations make it necessary to express in terms of averages or
trends any conclusions that may be drawn from indicator rec—
ords. This fact will be kept in mind during the following
discussion of results.
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In general, the effects of detonation on traces from
the pressure—sensitive unit are more marked than the corre—
sponding effects on records from the vibration—sensitive
unit, This result is to be expected because the pressure—
sensitive unit is directly acted upon by the pressure waves,
which are strong enough to force the whole cylinder head to
vibrate. The valve events are also more pronounced on the
pressure—unit traces than on the vibration—unit records. 13
is interesting to note that the presence of vibration ef—
fects in the output from the pressure—sensitive unit would
probably not impair the performance of this unit as a pres—
sure—indicating device if some system of electrical integra—
tion could be used. Since the present pressure unit has
shown its 2bility to work consistently over long periods of
engine operation, there seems to be a gcod possibility of
developing a useful pressure indicator with the present pick—
up unit as the sensitive element.

Throughout the entire gseries of records, the valve events
were characterized by somewhat complicated damped vibrations
that could be resolved into two pfincipal frequency conponents.
One of thecse components was too high for accurate measurement
but appeared to be included in the range between 40,000 and
50,000 cycles per second. This frequency might well be the
natural frequency of the vibration—sensitive unit with its
diaphragm of 0,030-inch thickness but the thickness of the
diaphragm in the pressure—sensitive unit was 0.060 aligi(chal
corresponding to a natural frequency of 95,000 cycles per
second. Actually the 40,000-cycle~per—second vibration was
less pronounced on the pressure—unit records but this result
might have been due to the reduced sensitivity of the pres—
sure unit at this frequency, as shown by the curve of figure
27. Whether or not the 40,000—cycle—per—second component has
a real existence in the combustion—chamber wall is of no im—
portance, since it can easily be excluded from an indicating
system by proper design. The second prominent vibration com-—
ponent excited when the valves close has a freguency near
10,000 cycles per second. It will appear later that the pres—
ence of this component introduces a serious difficulty in the
design of a detonation detector.

The records of figures 36 and 37, which show detonation,
have rather complicated oscillations in the detonation zone.
It is certain, from a more or less erratic tendency to form
beats, that frequency components in the same range are pres—
ent. A minor component of the high frequency mentioned in
the last paragraph alse runs through most of the records. On
account of the nature of the records, no precise estimates of
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frequency were possible but the general frequency range of
the more prominent components could be found by means of a
magnifying glass and a scale. PFrequencies determined in this
way are marked on each of the records showing detonation. A
general survey of the data given in this way shows that deto—
nation., A general survey of the data given in this way shows
that detonation was characterized by frequencies in a range
roughly limited by 6500 and 15,000 cycles per second. There
seems to be a tendency for the vibration—sensitive unit to
show lower frequencies than the pressure—sensitive unit.

This effect could be apparent owing to inaccuracies in meas—
urements, or it could be due to a tendency of the combustion—
chamber wall to resonate at the lower frequencies. A fur—
ther examination of this matter would be interesting but not
particularly important in the design of a detonation detector
that must operate on whatever frequency may actually be pres—
ent.

Although unknown vibration effects and the complexity

of the traces prevent an accurate calculation of the pressure
wave amplitudes from the records, it is interesting to make
an estimate of maximum pressure change in the waves associ—
ated with detonation., As an illustration of the general pro—
cedure, the record taken under take—off conditions with 87—
octane fuel will be considered (Record Nuvu, D34 from fig. 7).
As measured from the trace, the amplitude was about 0,2 inch
and the most prominent frequency was about 11,000 cycles per
second.

If it is assumed that a pressure variation has the form
of a simple sinusoidal wave, the instantaneous pressure can
be expressed as

P = Pg gin wet (3)
where
Za amplitude of the pressure change
Wy = 2m vy
Ve frequency of the pressure variation

From equation (3), the rate of change of pressure will be

aF /dp\
S 2 — cos wet = P cos wet 4
Tl 1) £ a wf £ (4)
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The expression for dP/dt in terms of indicator settings is
given in figure 29 as

== = S KV A 4 (5)
dt

where

S sensitivity constant (given in figs. 29 and 30)

Kv anode potential of cathode~ray tube, kilovolts

A multiplying factor determined by attenuator setting

of the amplifier (the attenuator setting)
d deflection measured on the oscillegraph trace, inches

A combination of equations (4) and (5) gives the expression
for pressure amplitudes in terms of displacements on the
records as

Bk (6)

In this equation, d, 1is the amplitude of the vibration as

measured directly on the film.
The essential data for detonation record D34 are

(1b/sq in.)/sec
Cin, } (EV)

S = (3.2) (107)

K= B i lovio it s
AN

2n (11,000) radians/second

We

8. = 0.2 inch

Substituting these data in equation (6) gives an ap—
proximate value for the pressure amplitude as 15 pounds per
square inch., This amplitude has the same order of magnitude
as the pressure amplitudes found by Draper (reference 14) for
severe detonation in the CFR engine and therefore appears to
be reasonable,
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Effect of Speed on Mechanically Excited Vibration

Combining equation (6) with equation (2) gives an ex—
pression for mechanical vibration amplitudes in terms of os—
cillegraph deflections

= 4 d
T =0.866 x 207° &, 5 KV & -=%= (7
am h° B2wa
31
For the pressure—sensitive unit with a = 0.25 inch and
h = 0.060 inch, the vibration—sensitivity equation is
= P da
lom = 0.64 X 107°S KV A — (8)
B w,

The diaphragm diameter for the vibration—sensitive unit is
identical with that for the pressure—sensitive unit but the
thickness was reduced to 0.030 inch so that the equation
corresponding to (8) is

= 0.515 X 10°€S KV 4 -Sa (9)

gam sew

i

These expressions can be used to estimate the maximum
amplitude of the vibrations excited by valve events. If rec—
ord D23 of figure 34 is taken and exhaust—valve closing is
selected as an example, the record amplitudes are about 0.11
inch and 0.07 inch for the pressure—sensitive unit and the
vibration—sensitive units, respectively. In both cases, these
amplitudes are for the lower—frequency component of 10,000
cycles per second. With the given indicator conditions, the
vibration amplitude at the pressure—sensitive—unit location
was found to be about 0.0005 inch and, at the vibration—sen—
sitive unit, the amplitude was about 0.0002 inch.

Examination of the three records of figure 34 shows that
the detonation period is substantially free from vibration in
all cases. The disturbances due to valve events become great—
er as the engine speed is increased. Changing the engine
speed from 1600 teo 2200 rpm caused an increase in the ampli-—
tude due to valve events of about five times. The frequency
of vibration was not affected by the change in speed. These
results are to be expected because the frequency will be de-—
termined by the cylinder—head structure and the amplitude of
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vibration will depend upon the speed with which the values
strike their seats.

Effect of Supercharging on Mechanically Excited Vibration

Figure 35 is a display of three records taken at approxi—
mately cruising speed (1900 rpm) with the intake manifcld
Pressure varied from 26 to 44 inches of mercury absolute. It
is apparent that this change in supercharging did not affect
the vibration due to valve events in any essential way. Thitls
result is fortunate since the effect of changing output at
constant engine speed will not need to be considered in de—
signing equipment for measuring detonation.

Effect of Varying Detonation Intensity

The records of figure 36 were taken with engine condi—
tions similar to those of normal cruising operation. The
mixture ratio was varied from rich to lean to obtain four
detonation intensities as judged by ear. With no detonation,
the records were similar to those already discussed in con—
nection with mechanical—vibration effects and showed prac-—
tically no vibration during the detanation period.

Incipient detmnation was judged as the point at which
the characteristic sound occurred irregularly with the mini—
mum audible intensity. In this case vibrations appear on
both records during the detonation period but the amplitudes
are definitely less than the amplitudes due to valve events.

Medium detonation was characterized by sounds clearly
audible in a substantial number of the cycles, The records
show more vibration than for incipient detonation with the
maximum amplitude approximately equal to the amplitude pro—
duced by valve events.

Heavy detonation was accompanied by sounds of considera—
ble intensity easily audible over the general noise level at
some distance from the engine, In this case, the detonation
period has vibration with a greater maximum amplitude than
that for valve events, which continues for a definitely longer
time than the mechanically excited disturbances.

A semiquantitative survey of the situation is outlined
in the following tabulation of data taken from the test rec—
ords. The voltages given refer to output measured at the
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terminals of the externally mounted vibration pick—up unit
under cruising conditions.

TABLE II

Detonation Maximum voltage Maximum voltage

intensity swing during the swing due to

judged by ear detonation period valve events
None 0 0.06
Incipient . 03 .06
Medium @7 .06
Heavy S AL - (013
Severe (take—off

conditions with

87—octane fuel) .40 .08

Record D34 of figure 37 shows the effect of take—of con-—
ditions on vibration in the detonation period. In this case,
the characteristic noise was of almost painful intensity near
the engine. The vibration due to detonation is much greater
than that caused by mechanical effects both in amplitude and
in the number of cycles before damping out,

The lower pair of records in figure 37 show that the use
of 100-octane instead of 80—octane fuel for take—off condi—
tions had the effect of reducing severe detonation to a level
approximating that of incipient detonation under cruising
conditions/

Conclusions Concerning Detonation Indicator
The experiments lead to the following conclusions:

1. The indicators described will withstand engine opera—
tion for a considerable period of time and produce consistent
results under any conditions likely to be encountered in use.

2. Vibrations due to mechanical excitations and to Presg—
sure waves within the combustion chamber are recorded by the
pressure—sensitive indicator when the pick—up unit is screwed
into an opening in the cylinder head.

6. Vibrations in the cylinder head are produced both when
the valves seat and when detonation occurs and these vibra—
tions can be recorded by means of a sensitive vibration pick—
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up unit rigidly attached to the outside of the cylinder head.

4, Detonation and valve events affect records from the
pressure—sensitive pick—up unit and the externally mounted
vibration pick—up unit in substantially the same manner.

5. The mechanical disturbances excited in the cylinder
head by valve events become greater as the engine speed in—
creases.

6. Variations in inlet manifold pressure at constant
speed have substantially no effect on mechanical vibrations
excited by valve events.

7. The time interval near the end of combustion (the
detonation period) is substantially free from vibration if
no audible detonation is present.

8. Vibration appears during the detonation period when
incipient detonation is reached. This vibration is of less
amplitude than the vibration due to valve events.

9. With detonation of medium intensity as judged by ear,
the amplitude of vibration during the detonation period is
approximately equal to that produced by valve events.

10, For detonation intensities higher than medium deto—
nation, the vibrations occurring during the detonation period
are of greater amplitude than the vibrations produced by valve
events.

DESIGN AND TESTS OF AN EXPERIMENTAL DETONATION DETECTOR

General Considerations

The function of a detonation detector is not to give
continuous readings of detonation intensity but to show in
some positive fashion the presence of detonation when the in—
tensity exceeds some arbitrarily established level. If the
instrument is to be used in flight, it must be reliable in
operation, low in weight, and small in size. The matter of
cost is important but not necessarily a controlling factor
since a satisfactory device could easily be the means of sav—
ing lives and valuable equipment, Actual indications should
be in the form of a visual signal designed to fit into the
"warning light" system of indication now coming into general
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use for aireraft. A practieal instrument .will ‘proebably be
electrically operated and composed of three parts.

1. A pick—up unit designed to be mounted on some part
part of the cylinder

2. A visual indicating element preferably in the form
of a small lamp.

5. A coupling system designed to transform the output
of the pick—up unit into a form suitable for
operating the indicating element,

One serious limitation to the performance of a detona-
tion detector using either of the pick-up units in their
present state of development is introduced by the fact that
they respond to the cylinder-head vibration produced by
valve events. The frequencies excited by detonation range
from 6500 to 15,000 cycles per second, Valve closings ex-
cite vibrations with one strong component at about 10,000
cycles per second and another in the vicinity of 40,000
cycles per second, It is easily possible to eliminate the
higher frequency by properly designing the coupling system
but the lower fregquency is in the range of detonation fre-
quencies and consequently cannot be eliminated by filtering.

It is evident from table II that a detonation detector
using the vibration-sensitive unit without any means to dif-
ferentiate between detonation effects and valve-closing ef-
fects will be entirely inoperative for incipient detonation
in the sense that any system sensitive enough to respond to
detonation would give indications due to valve events. For
a medium detonation intensity with the voltage due to detona-
tion approximately equal to that produced by valve events,
the response of the detector would be erratic. With heavy
detonation as judged by ear, the differential between detona-
tion effects and valve effects is great enough to give re-
liable results with a properly designed instrument,. It fol-
lows from these observations that it should be a simple mat-
ter to construct an instrument to detect a sufficiently high
level of detonation intensity., Some special provision must
be incorporated, however, to eliminate effects due to valve
events if it is necessary for the instrument to operate on
lower intensities.

If the function of a flight instrument to detect deto-
nation is to determine whether or not the "maximum allowable
detonation" level has been exceeded, the possibility of de-
signing an amplifier system to operate with the vibration-
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sensitive pick—up unit depends upon the relationship between
the maximum allowable level and medium detonation as used in
tke engine experiments., This problem could be settled only
by trials of an actual working instrument on full—-scale en—
gines operating with known detonation intensities, This con—
clusion formed the basis for a decision to construct an ex—
perimental detonation detector using the vibration—sensitive
pick—up unit and to conduct a series of experiments on both
the single—cylinder and the full—scale engines.

Indicating Elements

Gaseous—discharge tubes give reasonadbly great amounts
of light with low currents and high applied voltages. These
operating characteristics make the discharge tube well suited
for operation by vacuum—tube amplifiers, Neon tubes are com—
‘ mercially available and have the advantage of producing a red
light, which is naturally associated with dangerous conditions.
Tubes of this sort usually reach the breakdown point and flash
when the applied potential reaches about 70 volts. Voltage
changes of this magnitude can easily be obtained from a simple
amplifier and power supply. For these reasons it was decided
. to use a neon tube for the indicating element of the experi—
mental detonation detectoer.

Although the neon tubte has the property of responding
only when the breakdown potential is exceeded, its action is
somewhat erratic because this potential is subject to changes
of about 10 percent between different tubes of identical de—
sign. The breakdown potential is aslso modified to some ex—
tent by temperature effects. The effects of this uncertainty
can be greatly reduced by incorporating a "trigger action" in
the amplifier, which causes the gain to increase sharply when
a certain input level is exceeded.

Amplifier

It is evident from the preceding discussion that an am—
plifier sensitivity greater than that necessary for opera—
. tion on voltage inputs less than that produced by the pick—up
’ for medium detonation will be of no practical use. It fol-
lows that the minimum useful input voltage is about 0.03 volt
to produce breakdown of the indicating tube. If ‘& isafety
- factor of 3 is introduced for design purposes, the coupling
system between the vibration—sensitive pick—up unit and the
neon—tube indicator must produce a change of 70 volts in the
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output voltage for a change of 0,01 volt on the input, This
condition requires an over—all voltage gain ratio of about
70006 times.

Complete Detonation Detector

Circuits of an amplifier designed, built, and tested
to determine the feasibility of the detonation—detection
scheme outlined are shown in the diagram of figure 38. The
vacuum tubes used achieve the desired compactness and the re—
ouired gain. The first stage is a pentode amplifier, which
contributes a voltage gain of about 75, The triode second
stage amplifies about 10 times and furnishes the small amount
of power required by the grid circuit ¢f the third stage.
This reguired grid power is the result of the use of the third
stage as a "trigger" device, which will be discussed later.
In addition to this action, the third stage approximately
doubles the signal voltage level, The input transformer sSup—
plies the rest of the required gain and the gain control or
attenuater connected directly to its secondary terminals.

Frequency discrimination in the amplifier has been at—
tained by adjustment of the values of the coupling parameters.
Attenuation of the frequencies above 15,000 cycles per sec—
ond is the result of the input—transformer high—frequency
characteristic, Low frequencies (below 6500 cps) are removed
by the coupling—condenser and grid—leak combinations shown in
the diagram. This pass—band effect is emphasized by the grid
network of the third stage, which is broadly resonant in the
desired band.

Triggering action of the third stage results from the
following type of operation. The grid bias of the tube has
been adjusted to a value twice that required to reduce the
plate current to zero. When a signal voltage appears that
has a positive voltage excursion in excess of the applied grid
bias, a sharp rise in plate current will occur. A correspond—
ing sharp rise in voltage across the output of the tube will
follow and, if the breakdown potential of the neon—glow tube
is approximately equal to one—half the maximum cutput voltage
obtainable, it is obvious that a very small percentage in—
crease in signal voltage above a predetermined level will
cause the tube to glow, The effect of the possible 10—percent
change in breakdown potential of the glow tube previously men—
tioned is reduced by the trigger circuit so that variations
in the critical signal level are substantially eliminated.
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Commercial neon—glow lamps operated satisfactorily as
visual indicators but, in an effort to obtain more illumina—
tion for a given amplifier power output, the Strobotron cir—
cuit, labeled "Option 2" in the diagram, was included. This
device gave greater illumination but its intensity was inde—
rendent of the applied signal after the breakdown potential
was exceeded,

: Figure 39 shows the complete instrument with the ampli—
fier housed in a 4— by 4— by 8—inch case. At the lower right,
the Strobotron (Option 2) visual indicator may be seen and
the simple neon—glow tube of Option 1 is seen on the ampli—
fier panel. The attenuator control is at the lower left of
the panel., Two vibration—type pick—up units will be seen
lower left in the photograph., In the foreground is a modi-
fied type and the smaller unit to the rear is the one previ—
ously described. The weight of the equipment is approximate-—
ly 4 pounds 8 ounces, The amplifier without its cast—alumi—
num case weighs 25 ounces, and the pick—up unit alone weighs
5 ounces,

Single—Cylinder—Engine Tests

The instrument was installed on the single cylinder of
the previous tests, Familiarity with the engine conditions
and the output of the pick—up unit gave a firm basis for
Judging the performance of the instrument. It was found that
below 2000 rpm with no detonation, the neon tube would just
stop flashing at an attenuator setting of 65, When the con—
ditions designated "medium detonation" were reached, the lamp
was seen to flash occasionally. As the detonation intensity
was increased, the light flashed more regularly and more bril-
liantly. The attenuator was then set at about 75 with non-—
detonating engine conditions. Valve events caused the lamp
to flash regularly and dimly, As the engine condition corre—
sponding to incipient or light detonation was reached, the
lamp appeared to flash more rapidly and the flashes were of
greater duration, With some practice an operator could de—
tect incipient detonation in the presence of the flashes due
to valve motion.

Full-Scale Aircraft—Engine Tests

Unknown factors regarding the practicability of the in—
strument under test were as follows:
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1. How does the scale of detonation intensity tenta—
tively adopted in the single—cylinder tests com—
pare with the empirical scale set up by aircraft
engine manufacturers in their laboratories

2. Will the level of valve—event disturbances be high—
er or lower in full—scale engines than in the
single—cylinder engine used for previous tests

In order to answer these questions, the equipment was
taken to the test laboratories of the Wright Aeronautical
Corporation and of the Pratt & Whitney Aircraft Company. At
both places the apparatus was installed and tested on full-
scale engines.,

At the Wright Company, installation was made on a nine—
cvlinder Cyclone engine, Nondetonating conditions were es—
tablished by the use of 95—octane fuel in a rich mixture.

The critical attenuator setting was found to be 69. Mixture
was leaned and the action of the detector was compared with
independent exhaust—flame observations, The lamp was out un—
til the condition of medium detonation was reached and here
the lamp flashed occasionally. Repeat runs were made with 87—
octane fuel with similar results except that higher detona—
tion intensities were possible. The response to heavy and
severe detonation was brilliant and regular.

Installation was made in the laboratory of the Pratt &
Whitney Company on a high—performance twin—row fourteen—cyl—
inder engine. It was found here that the critical attenu—
ator setting was about 62. As the mixture was leaned, the
lamp consistently flashed brightly before the condition known
as "maximum allowable detonation" was reached,

From these tests, it was determined that the valve—event
level and the detonation—intensity levels experienced in the
single—cylinder test engine are not appreciably different
from those found in full—scale aircraft engines,

CONCLUS ION

An instrument has been designed, constructed, and tested
for the purpose of detecting a phenomenon which has first been
carefully analyzed. This equipment was built to demonstrate
a principle of operation to which engineering could be applied
to produce a finished flight instrument. PFrom the engine tests
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outlined, it is concluded that this type of equipment may be
applied to routine operation of a high—performance aircraft
engine and will detect with certainty the presence of danger-—
ous conditions of detonation. Observations of the extent of
valve—event disturbances in representative engines lead to
the belief that the detection of lower intensities of detona—
tion will require further discrimination against these dis—
turbances. This result will be most effectively accomplished
by a synchronizing device that renders the amplifier opera—
tive only during the detonation period, Two schemes are pro—
posed: The first is to couple a voltage from the radiation
of the ignition system into the amplifier-to produce a cyclic
variation of gain; the second device is a simple mechanical
commutator that will act on the amplifier in the same manner.
The first of these proposed methods is preferable since it
requires no mechanical attachment to the engine. ZEngineers
representing the engine manufacturers who have witnessed op—
eration of the detectaor have agreed that the proposed device
is simple, rugged, and definitely detects the presence of
serious detonation,

Massachusetts Institute of Technology,
Cambridge, Mass., Qctober 21, 1988,
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(1.

TABLE I - Log Sheet of Detonation Runs

I.T. Aero Engine Laboratory, May 25, 1938. Wright Cyclone G engine; 87-octane fuel (except
run 15); specific gravity, 0.73; wet bulb, 58; dry bulb, 73; bore, 6-—1/8 in.; stroke,
6~7/8 in.; compression ratio, 6.5; spark advance, 15°; barometer (corrected), 768 mm;
pressure attenuator, 50; vibration attenuator, 100; oil pressure, 60 lb per sgq in,)

’

Brake l: |
specific | Cil {ianom-| Air Hcad!
Engine bmep | ! fuel con-| tem-| eter | tem=- | tem- |
Run | speed | (1b per | bhp | sumption |pera-] (in. |pera-|pera-|+°°~ Remarks
(rpm) { sq in.) (1b per |ture| Hg | ture | ture ;ord
bhp | (°F) | abs.) | (°F) | (°F) |
per hr) | |
i 1,600 88 36,0 0.502 l 50 l 26 190 325 Pzl
2 | 1,900 88 a2.8] .463 | 140{ 26 | 180 | 350 | D22
3 25200 8l.5 45,9 <4865 150 26 185 350 | D23 f
4 1,600 137 56,0 «510 190 | 34 175 350 |%p24 |
5 {1,900 | 137 66.5| .572 | 140 | 34 | 180 | 350 |2p25 |
6 2,200 437 TTe® 758 140 37 190 350 {%D26 !
7 1,600 163 66, « 736 120 40 180 325 | 9DRT
8 155960 18265 91.4 680 140 44 180 350 D28
S 25200 18245 102.8 «850 140 47 180 350 |{aDp29 Light detonation.
10 1,920 143.5 7065 « 040 140 36 185 350 D30 No detonation.
10 2,040 143,5 7448 « 490 140 36 180 350 D31 Incipient detonation,
32 1,980 140 710 o467 140 36 185 350 D)5 Medium detonation.
13 2L toalG) 137 66.8 o448 140 36 180 | 350 D33 Heavy detonation.
14 25570 182.5 1L ILAE) « 825 140 48 175 350 D34 Do.
15 2,140 204 13442 0760 140 50 170 375 D35 (b)

8Records not included in report.
100-octane fuel; no detonation.

N
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Flame travel

Figure 1.- The relationship between the frequencies of the shock waves on
the flame photographs and the vibrations recorded on the pressure cards
at an engine speed of 1,500 r.p.m. Knock induced with isopropyl nitrite.

Fuel. petrol,  Full throttle,  Spark advance, 30 deg.y
Aignition, B, 91 deg. arter igniton,



NACA TN No. 977

Figs.

WINDING SPACE

e

MAGNET

DIAPHRAGM

S~
COIL FORM

ELEMENTS OF INDICATOR WITH MOVING-COIL GENERATOR

EtG . 2

MAGNET

C S DRAPER
- 6-38
WAL

MAGNETIC SHELL
INDUCTOR

DIAPHRAGM

\

ELEMENTS OF INDICATOR WITH SHELL INDUCTOR GENERATOR

EiGs 5D

2,93



NACA TN No. 977 Figs. 4,5

WINDING

el
MAGNET Nd

A
B e P e SO GRS ¥ RUERT J__

PIECE |LL AR GAP

S

DIAPHRAGM
|
A

C S DRAPCR
1-10-38
WAL

ELEMENTS OF INDICATOR WITH FLAT-DIAPHRAGM GENERATOR.

FIG. 4
POLE I

I K

Y WLl

I /(C P T

POLE | PIECE

e

: GAP T
T : J 5 _d

4z - DIAPHRAGM b

DEFLECTION

C SDRAPER
1-8-38
WAL

AIR GAP BETWEEN DIAPHRAGM AND FLAT POLE PIECE.
FlG. 8§



NACA TN No. 977

T Y —)
€4 =VOLTAGE OUTPUT FROM
DIAPHRAGM GENERATOR
©5=VOLTAGE OUTPUT FROM

SHEL Le==INDUCTOR GENERATOR

10
4
Cs
5
VP
£ q = DIAPHRAGM RADIUS
EQUILIBRIUM GAP LENGTH
0 =] | 1 1 1
io e N30 40 50 60
FIGURE 6.~ RATIO BETWEEN GENERATED VOLTAGE FROM
DIAPHRAGM AND SHELL INDUCTOR GEN -
ERATORS FOR EQUAL VELOCITIES.
o) E
ol
z
tin LOP= l <
a1 [+] \
a3 [SaN
2@ N
o|2 | TL = TaTIME TO COMPLETE
e wr \ = ;. OISR L
?_.lg‘;:l 5L_ I LACEMENT
al@ N\
%2 ) X
213
Y% l \
3 \ |
b Y I
2wf Wy
TIME IN SECONDS
FIGURE 7.— TYPICAL FORCING DISPLACEMENT VS. TIME,

FIGURE 8.-

Ke,

Mme

&

I §a=EDGE DISPLACEMENT

% 5

§o=CENTER DISPLACEMENT

EQUIVALENT SYSTEM FOR DIAPHRAGM,

FPigs. 6,7,8




NACA TN No. 977 Figs. 9,10

5
I
e

3=0.l

-k
fnm

o
i
A
{=1p3
e
W
o
%
dla S
v
als
Q
[+ 4]
=]
u§ %:q:rms TO COMPLETE DISPLACEMENT
M. T INST LAB
*C.S DRAPER
WW— WAL
6-13-38
! ]
0}
I i
2 w.‘f. Wf

TIME IN SECONDS -
ABSOLUTE DISPLACEMENT OF DIAPHRAGM CENTER VS. TIME,
. FIG. 9

M.L.T INST LAB

C.5 DRAPER

% , : i
7 i il
20 Wy

TIME IN SECONDS

DISPLACEMENT OF DIAPHRAGM CENTER RELATIVE TO ITS EDGES
VS. TIME.

FIG. 10




Ny
Sam

LACEMI

MAXIMUM RELATIVE DISPLACEMENT
MAXTMUM

Il 1

. 1.0
/3 = - NATURAL PERIOD OF DIAPHRAGM
2(TIME TO COMPLETE DISPLACEMENT)
MAXIMUM AMPLITUDE OF TRANSIENT VS, NATURAL FREQUENCY.

FIG. 11

RATIO OF FREQUENCIES

10
9
7
4
3 ™ INGACOIL=T YPE
=2 ] ENERATOR
\.\\L\N
5 SHELL =INQUCTOR= ——
TYPE |GENERATO! T ]
| bl
34
P

S 0 5 2 25 30 35 40 45 50
DIAPHRAGM RADIUS

DIAPHRAGM THRICKNESS

EFFECT OF ATTACHED PARTS ON NATURAL
FREQUENCY OF GENERATING SYSTEM,
COMPARISON WITH FLAT DIAPHRAGM,

FIG, 12

RATIO =

"ON NI VDVN

LL6

TII 'S814



NACA TN No. 977

Figs. 13,14

IN. PER LBANZ x 10 6
n w
w o
‘/

N
=]

o)

o
e

i

u

\\\

DEFLECTION AT CENTER OF DIAPHRAGM

Pr——
%0 10 20 30 40 =0 60, 70 80
DIAPHRAGM THICKNESS, INCHES X 107
ELASTIC COEFFICIENT
OF
CIRCULAR STEEL DIAPHRAGMS.
FIGURE I3
300 1500
. e EiRST MOl
MO e
94230 s 1250
a
w
a
w
w
=442 200 1000
(9]
>
: y i
3 /, / ez
Xaviso vl o = 750
» /]
: / = e
E A / / | 1
c 100 7~ - =1 500
u |~ -
2 / / s sl
ot /50 A AL 250
-
: ////
- 2 g
» s
@ =
w 0 0
8 : 0 .020 040 060 .080 .100 .120 140

G DIAPHRAGM THICKNESS, IN INCHES

NATURAL FREQUENCY vs. THICKNESS
FOR CIRCULAR STEEL DIAPHRAGMS,

FIGURE |4

90

AILOCYCLES PER SEC

SECOND MODE FREQUENCY,

ABS.-0CT’'37




NACA TN No. 977 Figs.
10
9 e
+ EXACT THEORY
3 © EQUIVALENT SYSTEM

T om= AMPLITUDE OF RELATIVE MOTION
om™ "aFTWEEN CENTER AND BOUNDARY
l i L

7 } | T T
g = AMPLITUDE OF FORCING MOTION
am AT BOUNDARY

; 77
o

g

N

5 DRAPER
1-5-38
AL

w
6 T/

C

0 I 7 3 4 5
_ FORCING FREQUENCY
ﬁ‘mm FREQUENCY

MOTION OF CLAMPED DIAPHRAGM DUE TO
SIMPLE HARMONIC MOTION OF BOUNDARYw»

FIG. 16

5 /
| /

'nom=AMPLITUDE OF MOTION
AT CENTER OF DIAPHRAGM

I
|
|
|
I
|
]
|
|
T
|
1
T
|
1

4
el S / \
e ; \
o / N
4 | \
| ICS DRAPER i
| e
9 2 a 6 8 10 1.2 14

3= APPLIED FREQUENCY
NATURAL FREQUENCY OF DIAPHRAGM

EFFECT OF FREQUENCY ON DIAPHRAGM DEFLECTION

UNDER UNIFORM PRESSURE VARYING SINUSOIDALLY.

FIG.16

15,16



NACA TN No.

977 Plpgs: T 18

Temperature, deg. F.

200 400 600 800
o 00 1 i L 1
e —
Q.90 =
W iao O Valves defermined statically B O-ul
-g 0 ® Valves determined dynamically
o
bl
€t 9%
O 8
S
> 80 L_\
el N
ARl
% I
040 -’
©03s y:
s e
gaw =St
§ 0.25 fop i A5, - o =
‘38 \\ﬁziﬂfﬁ,af/'
0.20
0 5 100 150 200 250 300 350 400 450 500

Temperature, deg.C.
Variation of modulus of elasticity E, modulus of rigidity G, and
Poisson’s ratio o with temperature, for a medium-carbon steel.

REF. 23
FIG. 17

~—=magneric Intensity

& 700 . 4 k" 4 L% 0 o0 700
Temperature, deg. C.
Magnetisi Temperaturkurve fiir Stahl mit

1,2% C (Esser).
REF. 24

FIG. |8



NACA TN No. 977 Fig. 19

Terminals

‘e

N\
\ g
\\\ £
Q S {0
| S
N i}é _/f.§ A
Steel clampi N b ; s
g e e 7 £ 2N
nut & wn 7N i
o I e va\ %
\7;2;; 74 ZRY
N e N
\NZ N
N Z\
Q§ NIIge— S crew
Pin—PJ I/ L/////% AN—Retaining head
\ :
Permanent \ > N
net
Lidse. i § Sq—-—-Exfernol shelf
Wires o 8
N AN
\ %’,/, s 7 // ‘qu Br‘OﬂZE d!'Sk
\ /] o N
 HH .
Steel core \:: - P Generating coil
i
Petaining collar 3 o &2
Eo Aluminum collar
Air gap
Diaphragm

PICK UP UNIT FOR RATE OF CHANGE
OF PRESSURE
FIG. I3



NACA TN No. 977 Fig. <0

-
: : £ -
Bakelite terminal O
block £
T
ol
- S zv\\A' o
s i
= - = )
%; 5 = g
Steel nut ——RSE Insulated
=] connections
External shell—— Steel core
; P4\\NON Genergting coil
Bronze nut——N o N 9
= ~——Air gap
Diaphragm D 77T AN
S //// ///// z ///// \\
5 ///// //,///////
Bronze fitting—— 00000,
% //
// //
LA
2 AL
24
7 £

PICK UP UNIT FOR MECHANICAL VIBRATION.

FIG. 20



b QO TO OUTPUT OF © O TO OUTPUTLOE " O Q
— HIGH VOLTAGE HIGH VOLTAGE >
) ) PILOT LIGHT AMPLIFIER | AMPLIFIER 2
O b_a
: allf
i = 4 ? z
o 3 5 0
> S o o
(] . N S (s} .
3 S < 40 40
© 3 2 S
3 3 ) 2 (o]
a ;r_ -~J
> 80 NG >S50z ~J
s ; § TSEGR TUBE 2
= & >508 e 7
] “SEGE 4
? 3 r
a
T, :
> 907
v
|.n. | n
878 it i L] e N
Pt s p
T, -
, I 3 3 e ol
o o
e % FOCUS g -8 FocUsI 5
© s g S« — YWY MAANA 3. ‘i
3 o o o " ")
9 3 S LAAAA — W :
D] o 878 2
? , : g :
o ° o) ° TO SWEEP OSCILLATOA TO SWEEP OSCILL ATOR
< § (\:KI OUTPUT OUTPUT
> (9}
< L
= @ g 3+ |o 7
O—I;c‘r < b4 =
> <
O\ O— o @
© FUSE
N L \ M.LT. INST. LAB.
( [ C.S.DRAPER
> > JHL—WA L
E 6-3-38
NOTE: MAXIMUM CAPACITY BETWZEN WINDINGS OF Ty AND T, IS 100 £¢ £z 7.

CIRCUIT DIAGRAM OF TWO-ELEMENT CATHODE-RAY OSCILLOGRAPH AND POWER SUPPLY.
FIG. 21

i A2



NACA TN No. 977

? S$31vd

ONI1231430
AVLNOZIHOH Ol 1Nnd.ino

suf

™ 000*00€

SYNCHRONIZ ING
SWITCH

&

225"
i
1

Y3IWHOISNVYY.L
ONIZINOYHONAS

2202222029 )
(BBBBB08008050 )

JOYLNOD
ONIZINOYHINAS

™ 000%i A

ADN3IND3IYS
d3IMS

S'2

50,0004 w

7,500 W

™ 000'or

™ o009

SWEEP
AMPLITUDE

Jns

0

A02€

02€

462

M| T INST LAB.
C S DRAPER
JHL-WAL
6=1=38

CIRCUIT DIAGRAM OF SWEEP OSCILLATOR.

FIG.22



NACA TN No. 977

Hov
60~

05N

250000 W

INPUT

ALl
TsmElone r B T T _Jv;_—
—|| = Q O GROUND
6 VOLTS HIGH VOLTAGE SUPPLY

CIRCUIT DIAGRAM OF HIGH VOLTAGE AMPLIFIER.

FIG.23

Figs. 23,24

15 HENRY 15 HENRY

=

573

5l

fgfi

.
1
\
\
g \
< 3 \

X iy 8 HIGH VOLTAGE

Sl i2uf 2 SUPPLY
< /I
1
573 T /
£

CIRCUIT DIAGRAM OF HIGH-VOLTAGE POWER SUPPLY.

FIG. 24 .

W.A S  JULY 1937




O INPUT

125 mh 50000 w

w

—lleP

b

100000 X Y Z

680000
20000
200
10000 200
6000 800
2000 1000

ATTENUATOR DETAIL

TRUT .

SHELDING i T T
L BATTERES |
GROUND 225 VOLTS

CIRCUIT DIAGRAM OF HIGH-GAIN AMPLIFIER,

FIG 25

WAS

JUNE 1937

"ON NI VOVN

LL6

gy ‘g



NACA TN No. 977 Figs. 26,27

Il l
ANl I |
10 X —a Q-—-»L & lw--u—@-é
. !
B PEAls CATHODE —RAY
o2 FREQUENCY OSCILLOGRAPH
£, OSCILLATOR = HIGH= HIGH=
= GEN. RADIO L GAIN VOLTAGE | AENSy
] A NO.7138 ) | AMPLIFIER AMPLIFIER 5 = -@, _;1_
w o
7] o ve) o- -0 o 0
wi'es
2 VOLTAGES BASED ON R.M.S. VALUE
£ OSCILLATOR VOLTAGE = 5" ATTENUATOR SETTING=50
&J‘ : ANODE POTENTIAL = 2000V R,= 5000 W R=20 W
SENSIVITY BASED ON SPOT DEFLECTION AT FILM = d
3 CH.1CH 2
O O CALIBRATION POINTS BEFORE ENGINE TESTS
+ X CALIBRATION POINTS AFTER 10 HOURS OF ENGINE TESTS
2 .
CHANNEL ‘NG.1 = 7.7 X 107 VOLTS/IN./ KV
SENSITIVITY AT 1000 CYCLES A 5
N T CHANNEL NO2=76X107* » » v
sgenetl b pria oL TTERIE - R L TR e T T
o L8078 ;
) 10 100 1000 10,000 50000
APPLIED FREQUENCY IN'CYCLES PER SECOND
ELECTRICAL CALIBRATION OF AMPLIFIER—OSCILLOGRAPH SYSTEM.
FIG.26
o PRESSURE UNIT ON CHANNEL NO, | VIBRATION UNIT ON CHANNEL NO. 2
- T
e {1 [ LI L LR
1.0 O —— m-—i—n ,_EE\[
l LT | 5 N
9 1
PICKUP UNIT le)
O
A DEAL CATHODE = RAY X7
'S FREQUENCY =
=
= OSCILLATOR = HIGH = HIGH = CGSCILEOGRARE
== GEN. RADIO GAIN VOL TAGE | ALENS Y
5 NO. 7138 AMPLIFIER AMPLIF IER = -‘e’~ = %
2 g o N OO o © [o}
iR o:i l
9 o Ho o o \
LS
2
=
S SYMBOLS AND CALIBRATION DATA AS IN.FIG.26
w
& VOLTAGES BASED ON R.M.S. VALUE +
3
NQOsl =7 1074 ./ RV.
SENSITIVITY AT 1000 CYCLES 4 CTUNNEL NGl =71 X 105VOLTS/IN 7
2 CHANNEL NO.2=74 X 1074 » L
| M.I.T. INST. LAB
C.S.DRAPE
JHL WAL
0 6 -10-38
I 10 100 1000 10000 50000

APPLIED FREQUENCY IN CYCLES PER SECOND

ELECTRICAL CALIBRATION OF AMPLIFIER—OSCILLOGRAPH SYSTEM WITH PICKUP UNITS.

FIG.27



£ aNOD3S  ¥3d SIHONI 0§ ‘@3S Wi
‘Wa's 0021 LY 80LVHEINYD J8NSSAd TVID3dS NO N3IMV.L 82 "9i4

NG VN8IV TIvE3A0 ¥O04 mow_ouum%w

TArLEY asEED

)

, SI1S31 3NION3 SHNOH Ol ¥313v
0S=ONILL3IS HOLVNNILLY - € TINNVHO NO LINN NOILVHEIA €€ ND 'ON Q¥OD3

e Lo T A T AR

)

£ )
8

e D — SN e . =0 S—— et it e .

RhHED Vi o

S1S3L ANIONT SH¥NOH 01 ¥3Lldy

S=ONILL3IS ®OLVANILLY * | TINNVHD NO LINN 3dNSSIYJ

€MD ON QYOOI

.
»

NACA TN. No. 977




600
550
dP
COMPARISON OF INTEGRATED —= RECORD WITH DIRECT-PRESSURE RECORD FROM M.I.T. POINT BY POINT INDICATOR
500 SENSITIVITY BEFORE RUNS ON WRIGHT CYCLONE CYLINDER =3.19XI0*4 LBS/SQ.IN./SEC./IN./KV. ON BASIS OF ATTENUATOR SETTING =I
SENSITIVITY AFTER 10 HOURS OPERATION ON WRIGHT CYCLONE CYLINDER =3.30XI0 4LBS./SQIN./SEC./IN./KV. ON BASIS OF ATTENUATOR SETTING=I
450 { | l | | i | | 4t
O POINTS FROM INTEGRATION OF CALIBRATION SPECIAL PRESSURE CALIBRATOR
RECORD NO.CU 31 TAKEN BEFORE RUNS COMPRESSION RATIO 1211
% POINTS FROM INTEGRATION OF CALIBRATION RECORD {\ SPEED 1200 R.P.M
400 NO CU 34 TAKEN AFTER 10 HOURS OPERATION |
— DIRECT-PRESSURE RECORD v
w El=sXK/ XA X d
+ dt
] 350 S = SENSITIVITY AS ABOVE
3 KV = ANODE POTENTIAL OF CATHODE~RAY TUBE IN
2 KILOVOL TS .
s A = ATTENUATOR SETTING
o 300 s d = DEFLECTION ON FILM (N INCHES
3
X -g: RATE OF CHANGE OF PRESURE IN
& q POUNDS PER SQUARE INCH
o 250 SECOND -
Q
z
= )
3 J
200
ul
o O
=)
0
o 150
2
o L-"
100
(@) O
50 & i
M.LT.INST. LAB.
C.S. DRAPER
JHL YJll wAL
0 6-71-38
90 80 70 60 50 40 30 20 10 (o} 10 20 30 40 50 60 70 80 90

DEGREES OF CRANK ANGLE FROM TOP CENTER
OVERALL CALIBRATION OF PRESSURE UNIT CONNECTED TO AMPLIFIER CHANNEL NO. 1.
FIG.29

"ON NIL <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>