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the phenomencn (reference 1). The ~xistence of so many hypotheses

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS {

ADVANCE RESTRICTED REPORT

THE SIGNIFICANCE OF THE TIME CCNCEPT IN ENGINE DETONATION

By W. A, Leary and B. 8, Taylor

SUMMARY

|
An experimental technique has been developed by means of which /
the variabvles affeccting the time element in the detonation process
in'a spark-ignition engine can be controlled and approximately {
measured, It is shown that increasing the rate of compression
of the unburned charge allows higher peak pressures to be uscd.
The importance of the ignition delay is demonstrated by observing }
that pressure and temperature considerations are insufficlent to |
describe completely the events leading to detonation, The effect (
of variaticn in the time element on the maximum permissible pres-
sure, the temperature, and the relative density of the last part
of the charge to burn has besn determined. Certain aspects of
ignition delay and the mechanism of normal and detonating com-
bustion are discussed on the basis ol chain-reaction theory,
Suggestions are offered for a more satisfactory basis of com-
parison for detonation data. A discussion of the precision of
various methods of determining the pressure and temperature of
the unburned charge is included. On the basis of information
and experience gained in this investigation, a new and sluplified
experimental approach to the detonation problem is oubtlined.

INTRODUCTION

The fact that detonation, or knocking, in the gasoline engine
ig a function of more than a dozen operating variables and occurs
with explosive rapidity explains why the development of a consistent
thecry has been such a long and tedious process. Fifteen years ago
there were at least elight meore or less plausible explanations of

wag a direct conseguence of the difficulty of observing what was
actually happening inside the engine cylinder and measuring the
eflects, 4




The first of these difficulties was overccome in 1931 when
Withrow and Boyd (reference 2) succeeded in photographing the
process of combustion in an actual engine. This technique was
extended by Withrow and Rassweiler (reference 3) to include photo-
graphic studies of detonating combustion., These photographs showed
that detonation was the result of a reaction which took place in
the unburned charge ahead of the normal flame front and was not,
as had been supposed by some, an extremely rapid acceleration of
the normal flame in the later stagss of combustion,

Attention was then focused on the autoignition hypothesis
of detonation. This hypothesis was first advanced by Ricardo
(reference 4), who suggested that detonation might be spontaneous
ignition of the umburned part of the charge ‘ahead of the normal
Tlame front. This explanation failed to show why kerosene, with
a higher ignition temperature than carbon disulfide, detonated
more readily In a given engine, A satisfactory explanation of
this apparent contradiction was presented in 1935 by one of the
authors (reference 5) who, basing his reasoning largely on the
experimental work of Tizard and Pye (reference 6), showed that
no contradiction need exist if it is asgumed that detonation
will occur only when the unburned part of the charge is heated
to, or above, its ignition temperature and held there for a
definite length of time, This time interval is known as the
ignition delay.

The antoignition hypothesis is a purely physical inter-
pretation of detonation and has the saving grace of sgimplicity,
Through its use detonation may be thought of, not as a function
of a dozen or more engine conditions, but rather in terms of
the three fundemental variables: pressure, temperature, and
time. This hypcthesis is perhaps the one most generally accepted
at the present time. The difficulty of checking it quantitatively
8t1ll invelves the problem of accurate measurements; although the
task is not so formidable as when the hypothesis was first advanced.
The development of the high-specd engine indicator, the cathode-ray

ogcillograph, and high-speed photographic and stroboscopic technigue,

ag well as the availability of more homcgeneovs fuels, has brought
verification of the hypothesis within the scope of refined experi-
mental technique.

The rapidly varying pressvres in a high-speed engine cylinder
now can be measured with fair accuracy. There is no means now
available, however, for measuring directly the rapidly varying
temperature of the unburned part of the charge and hence this




fundamental variable can, at present, be investigated only by

means of thermodynamic laws, An investigation of the precision
of this method, given in appendix A, indicates that the tempera-
ture so determined should be reasonably close tc the truve value.

At the present writing, the effect of end gas (the part of
the charge ahead of the flame front), temperature, and precsure
on detonation has been investigated experimentally by Serruys
(reference 7), Rothrock and Bilermann (reference 8), and the
authors and Diver (reference 9). The third basic variable, timse,
which is the most elusive aspect of the problem, is the subjsct
of the present report., The problem to be discussed is complicated
by four distinct effects:

1. The time during which heat is transferred to or from
the unburned charge

2. The speed at which the normal flame traverses the
combustion chamber

3. The motion of tre piston
4, The ignition delay

It is generally recognized that the first three of the effects
listed influence engine detonation either directly or indirectly
to a largc extent, but the significance cf the fourth effect is
often questioned. The effect of many engine variables on detona-
tion - fuel-air ratio, for instance - can be determined experi-
mentally without recognlzlng that delay exists (refercnce 9)

Here the analysis can be treated solely by means of temperature-
pressure considerations, This treatment has been in general use
in the past, and, as a result, the delay has been assumed by some
to have nogligible Jnflubpcb. It is shown in this report, however,
that large changes in end-gas pressure, temperature, and den31ty
for a given level of detomation cannot be accounted for without
the supposition of an ignition delay.

The chief challenge to the autoignition hypothesis comes
from recent work (references 10, 11, and 12), This work is based
on schlieren photographs and motion picturus of the combustion
process in a special cylindcr, The photographs of refersnces 1l
and 12 wore taken at the ratc of 40,000 frames por sccond, These
photographs have been interpreted to indicate that detonation may
oceur only after the ontire charge has been inflamed, either by



passage of the flame front or by autoignition. The authors of
the present paper believe that this interpretation may prove
eventually to be erroneous, for reasons explained in appendix B.
In case, however, it is finally established that the flame does
indeed pass completely through the charge before detonation, the
autoignition hypothesis may have to be modified. For the present,
the authors of this report prefer to retain the autoignition
hypothesis for the following reasons:

(a) The avtoignition hypothesis fits all known
observations with regard to detonation in
an actual engine.

(b) The autoignition hypothesis furnishes a simple
and convincing explanation of the experimen-
tal facts revealed in the present report.

\
!
(¢) If, at a later date, the autolgnition theory

\ should be definitely disproved, the basic

g conclusion arrived at in this report - namely,
\ that there 18 an important time effect con-

nected with the process of detonation - would

\ not be affected.
|

The authors wish to acknowledge their appreciation for the
agsistance rendercd by Professcr C. F. Taylor in suggesting helpful
experimental approaches to the problem and for his invaluable
eriticiam of the manuscript. The authors are also indebted to
Profeasor A, R. Rogowski, J. R, Diver, and J. E, Forbes of the
Slean Laboratory staff for their kind assistance during the experi-
mental tests. The suggestions of the NACA technical staff were
also of congiderable assistance in preparing the manuscript.

DESCRIPTION OF APPARATUS

‘ A photograph and a schematic diagram of the apparatus are
shown in figures 1 and 2, The apparatug was the same as that
used at the Massachusetts Institute of Technology in an earlier
investigation of detonation (reference 9), except as follows:

The engine was a new CIR engine with high-speed camshaft
and aluminum piston but without the reciprocating balancing
weights usually supplied. These weights Were unnecessary because
the engine was bolted to a 9,5-ton bed plate mounted on rubber




vibration isolators. The engine was originally equipped with a
standard high-speed inlet valve, but with this valve detonation
wag very nonuniform at all speeds, A shrouded inlet valve was
then installed and excellent uniformity was obtained., This uni-
formity seemed to be at its best when the engine speed was about
1200 rpm and the spark advance about 30° B.T.C. Inlet tempera-
ture had no apparent effect on uniformity in the range from 120° F
to 200° T,

The evaporative cooling system was augmented by an electrically
driven circulator puwip In order to obtain a more uniform tempera-
ture distributicn throughout the cylinder Jacket, Fuel was
delivered to a vaporizing tenk of about 15 gallons capacity by a
new high-speed Bosch fuel pump, having a 7-millimeter plunger,

An exhaust surge tank of ebout 8.5 gallons capacity was used.

The exact engine speed was conveniently identified by painting
36 equally spaced radial lines on the rim of the flywheel and
illuminating it with a strobotac cperating on 60-cycle frequency.

t multiples of 100 rpm the pattern appeared stationary, showing
the marks clearly; while at multiples of 50 rpm the stationary
effect was cobtained with 72 marks showing. Best performance was
obtained at 800 rpm with a Champion spark plug No. 8 CFR and at
1500 and 2400 rpm with a BG 3B2 spark plug.

The runs being made during hot weather, the entire fuel
system was kept under a gage pressure of about 24 pounds per
square inch. This precaution insured fresdom from vapor-lock
troubles and made opsration of the fuel pump reliable.

Fuel measurements were made by welghing a definite amount
of fuel with a sensitive balance. The balance was 30 arranged
that it operated an electric relay which actuated an electric
clock and an electric counter on ths air meter. The sensitivity
of the balance was about 1 part in 2000. With this device fucl-
air ratios could be accuratecly determined without personal errors,
A rotameter was used as a check on the constancy of fuel flow.
A diagram of the fuel system is shown in figure 3 and & complete
description of the system is given in appendix C,

An electrically driven Roots blower was used to supply the
additional boost needed at high speeds. A Ford Model A radiator
immersed in a tank of running water proved very satisfactory as
an intercooler. The temperature variation of the air leaving
the intercooler did not vary by mors than 2° F in any glven series
of runs regardless of the bocst pressure.




The fuel-air mixing valve (see reference 9, fig. 6) was
modified by changing the size of the mixing orifice from 1/2
to 7/8 inch so as not to cause unnecessary restriction at high
speed and it was then found to work satisfactorily at all espeeds.

As far as practicable, rubber hose and flexible Joints were
avcided in the inlet system between the air meter and the engine,
Connections were made rigid and airtight either with threaded
pipe fittings or flanges and gaskets., The connection between
the vaporizing tank and the engine was a piece of flanged brass
pipe. This arrangement made it necessary that the tank be free
to move up and down with the cylinder head as the compression
ratio was varied. The tank wasg therefore mounted on springs
and was so adjusted that no load was on the inlet pipe at the
mean position of the cylinder head. It was also necessary to
support the heater and the drying tower on springs because they
were rigidly connected to each other and to the vaporizing tank,

EXPERIMENTAT, PROCEDURE

The experimental program was designed to provide a means cof
demonstrating, for the case of incipientv detonation, the effect
cf changes in the rate of compression of the unburned charge on
itg maximm permissible pressure. In this work maximum permis-

ible pressure was defined as the pressure of the unburned part
of the charge at the instant when incipient detonation occurs.
In most of the runs maximum permissible pressure was coincident
with peak pressure, but in some cases, especially where combustion
was completed before top center, maximum permissible pressure wasg
lower than peak pressure, also, it was assumed that the pressure
of the unburned charge from inlet-valve closing to the instant
of detonation was the pressure given by the indicator diagram,

The pressure-time curve was of particular importance in
this investigation., By a comparison cf pressure-time paths
associated with constant incipient detonation under various
engine operating conditicns, the relation between ignition
delay and rate of compression can be established, The experi-
mental work therefore was arranged to give indicator diagrams
of various shapes under rigzidly controlled operating conditions.

The shape of the compression path can be altered by changing
operating variables, such as inlet pressure, engine spoed, fuel-
air ratio, and so forth; but, in order to study timeo effects, it




wag found desirable to change the shape by varying only spark
advance and compression ratio at a given engine speed. A change
in spark advance causes peak pressure to occur earlier or later
in the cycle (see figs. 4, 5, and 6) and results in a change in
detonation intensity. If the compression ratic is adjusted to
give the original intensity of detonation, it can be stated that
the permissible chenge in compression ratio (or maximum pressure)
is associated with the change in the path of compression,

Runs were made with varying spark advance at three different
(constant) engine speeds. In each run, compression ratio was
ad justed to give incipient detonation. The variables held constant
for all runs were: aijr consumption per cycle, fuel consumption
per cycle, inlet-air humaidity, and coolant temperatures. The
engine was warmed up for about two hours before making runs,
during which time the inlet pressure was varied by trial to give
the correct air consumption, the fuel-air ratio was adjusted,
and temperature equilibrivm was established, Incipient detona-
tion was identified by observing the dp/dt (rate of change of
pressure) trace on a cathode-ray oscillograph with the same
apparatus and by the sams method used in reference 9.

Air consumption was maintained at 0,000932 pound of dry air
per cycle either by throttling or by supercharging. The variation
from this value in 98 percent of the runs was less than 1 percent
and the maximum variation was 2.5 percent, The residual gas
content varied from 4 to 7.5 percent. The total weight of charge
(air + fuel + residual gas) per cycle was maintained at
0,001065 + 0.000025 pound or a maximum variation of less than
2.5 percent for all runs; although the maximum variation in this
quantity for runs selected for analysis was less than 2 percent.
The fuel-air ratio was maintained at (,0789 with a variation of
less than 1 percent in 95 percent of the runs and a maximum
variation cf 2,2 percent. Ingine speed was maintained within
2 rpm of the desired value, and inlet temperatures were held to
within 1° F, The effect of atmospheric humidity was eliminated

. by the use of a drying tower using activated alumina. (See appen-

dix A of referencs 9.) Checks on the dew point of the inlet ailr
were made for each run and, although this value was probably in
the neighborhcod of -60° F, no attempt was made to determine 1t
precigely. As long as the dew point was below -40° F, it was
considered satisfactory, since a dew point of -40° F corresponds
to a water-vapor content of about 1 percent of the water vapor
in the residual gases. The coolant temperature was maintained
at 212° F,




When operating conditions were brought to equilbrium at the
desired values, the spark advance was set at the minimum at which
uniform detonation covld be maintained, and the compression ratio
vas varied until incipient detonation was observed on the cathode-
ray oscillograph. The spark advance was then increagsed by suit-
able increments and the compression ratio was successively read-
justed to give the same intensity of detonation. When an extreme
spark advance was reached, detonation was nc longer uniform. The
engine speed was then changed and the procedure repeated.

Three series of runs were made at engine speeds of 800, 1€00,
and 2400 rpm and at a constant inlet-mixture temperature of 1209\ F,
The different engine speeds were usged to study the effect of speed
on detonation at constant volumetric efficiency. Data taken for
these runs are given in table I¥* and are plotted in figure A 4 )
data are plotted merely to show that the points fall neatly on
smooth curves, indicating good experimental control. Points at
the right-hand ends of the curves, corresponding to abnormal spark
advances, do not represent true maximum permigsible pressures
(although they may represent true maximum permissible compression
ratios), because in these particular runs detonatlon occurred before
peak pressure, In the discussion that follows, the maximum permig-
sible pressure for these runs is taken as the pressure at which
detonation actually occurred.

Pressure crank-angle indicator diagrems taken for the runs
are reproduced (half size) in figures 4, 5, and 6.

About half an hour was allowed after each change of compres-
sicn ratio to establish equilibrium and to make small ad justments
to fuel and air guantities.,

It was intsended originally to make the runs with commercial
iso-octane because of its homogeneity and also by way of compari-
scn with results in reference 9. It was very difficult, however,
tc meke the engine detonate satisfactorily at 24C0 rpm with this
fuel, and the only alternative was to use a fuel of lower octane

¥Runs were also made at inlet-mixture temperatures of 160
and 200° ¥, but these runs are not discussed because there was
not sufficient time available to make a complete analysis. The
experimental data for these runs, however, are included in
table I. The authors intend to analyze these data at a later
time.




rating. The runs were therefore made with standard reference fuel
C-12, rated at 78.9 octane by the CFR motor methed, Cyclic repro-
ducibility with this fuel was not so good as that obtained with
iso-octane.

The pressure of the unburned charge was determined by taking
a pressure-crank-angle indicatcr diagram for each run with the
M.I.,T. balanced pressure indicator, The instant at which detona-
tion occurred was determined by taking a dp/dt record for each
run, but these dp/dt records are nct shown in this report.
When the films were develcped at the completion of the test, it
was found that the line of zero rate of change was badly distorted
by spark pickup originating in the amplifier used with the photo-
graphic oscillograph. The time scale was not distorted, however,
and the instant (or crank pcsition) at which detonation occurred
was clearly and accurately defined in most cases, When the reccrds
showed detonation to have occurred at scme instant before peak
pressure, the pressure at this instant as determined from the
indicator diagrams was taken as the true meximum permissible pres-
sure,

DISCUSSION OF EXPERIMENTAL RESULTS

In order to discuss the experimental results clearly, it is
necessary to define delay precisely, The usual concept of delay
is associated with the experiments of Tizard and Pye (reference 6).
It was in these experiments that ignition lag or delay was first
recognized, Tizard and Pye compressed a combustible mixture in
a c¢ylinder and recorded the pressure changes with time, They found
that, 1f the mixture was compressed rapidly to, or above, a certain
temperature called its "igniticn temperature," there would be no
explosion until after a definite time had elapsed.

This process can be represented by the curve of figure 8.
Here a rapid adiabatic compression is carried cut from O to A,
At A, compression is discontinued end the pressure is maintained
congtant, If the tomperature at A is abcve the ignition tempora-
ture of the gas, then an explosion will occur later at B, The
interval AB has been reforred to as the delay period, In this
report it will be referred to as the "apparent delay." Apparent
delay will be defined as the time interval betwecen the end of
isentropic compression and the instant of explosion. If the
temperature at A 1s slightly below the ignition temperature
of the gas, no explosion will result regardlesgs of how long the




.0A;, & pressure P, will be ultimately reached, at which the

10

pressure and the temperature are maintained at this level; that
ig, for practical purposes, the gas will have infinite delay.

In the case of isentropvic compression, the process can be
completely specified by giving the initial conditions and the
pressure-time history or the temperature-time history of the
gas. In the following peragraphs, it will be assumed that the
initial conditions are the same and that the compression is
igentropic; thus, only the pressure-time history will be used.
It will alsc be assumed that the combustible mixture consists
of petrcleum vapors and aixr.

Although the experimental demonstration and measurement
of delay as effected by Tizard and Pye (reference 6) is straight-
forward enough, difficulty is enccuntered when the concept is
used to clarify the mechanism of engine detonation. :

A significant featurs about the compression of the end gas
in a detonating engine is that the compression is continuous up )
to the instant of detonation., Undsr these circumstances the
concept of apparent delay is inconvenient. In figure 9, if the
gas is compressed along OA. to P,;, the minimum ignition
pressure, the resulting appérent delay will be t,. If the
gas is compressed continwously from O to P, along OAp,
the apparent delay period will be shortened to 1, (reference
13) and, if the gas is compressed continuously from O along

apparent delay will be zero.

In a detonating engine, the unburned part of the charge is
compressed continucusly until spontaneous ignition results, and
therefore the apparent delay period must always be zero, In
order to avoid this difficulty, delay might be defincd as the
time interval bLetween the instant at which the minimum self-
ignition pressure is reached and the instant of explosion.

With compression only to P, (fig. 9) this definition gives
the same value of delay as the preceding one, but, when con-
tinued to pressure P,, along the same path of compression,
the socond definition gives the delay as ©,. It wildd dbe con-
venient to refsr to delay defined in this memner as "total
delay."

As a result of the use of this definition, it follows that,
if a combustible mixtire is compressed continuously along dif-
ferent paths which do not cross above the lowest ignition
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pressure, then the path that has the smallest total delay will
have the greatest self-ignition pressure. This fact is evident
from a consideration of figure 10 where the total delay assoclated
with the path OAC nust be less than that associated with tiie
path OAB sgince pressure and temperature are higher at any
ingtant along AC.

The principle Just illustrated is borne out by the engine
experiments, The compressicn lines of the pressure-crank-angle
diagrams of figures 4, 5, and 6 are shown plotted on a pressure-
time basis in figure 11, These curves represent the pressure-
time history of the unburned charge, which 1n most cases detonated
at the point of peak pressure. The apparent delay is zero in
every case, but the total delay can be determined if the minimum
gelf-ignition pressure is known.

If 150 pounds per square inch is assumed to be the minimum
gelf-ignition pressure and if all paths are shifted in time so
that they start from a common point A on the line P, = 150,
then it will be seen that the principle stated is borne cut. If
150 pounds per square inch gage is, indeed, the minimum self-
ignition pressure, it is allowable to shift these curves in time
because the part of the paths below the minimum ignition pressure
is of no significance as far as the ultimate self-ignition is
concerned, A Justification of this artifice based on the theory
of chain reactions will be found in appendix D,

It will be noticed in figure 11 that, whenever two paths
do not cross, the path that lies above the other at every
instant has the highest permissible pressure and the smallest
total delay. Paths 6, 7, and 34 have been corrected to allow
for the fact that detonation did not occur at peak pressure.
The pressure at which detonation occurred for these runs is
indicated by crosses on the diagrams. When the paths cross,
no conclusions can be drawn except that the results of such
crossings do not contradict the principle. Small discrepancies
may be accounted for by the fact that the temperature of the
unburned charge at A varied slightly for the various runs.

In most of the runs spark ignition occurs before point A
is reached, which complicates the computation of the temperature
of the unburned charge at this point. A much more accurate
temporature estimate can be made at scme point prior to spark
ignition because then the formula PV = BT
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where

I pressure

v volume

B gas constant
ik temperature

can be used and good pressure and volume measurements can be
obtained. (See appendix A,) A point at P = 50 pounds per
square inch absolute was selected, and the temperatures here

for all the runs of figure 11 were computed. These temperatures
were found to be constant within 3 percent. It is believed that
the precision of these computations is better than +2 percent,
(See appendix A,) The 3-percent variation at this point thus
appears to represent a real, though small, temperature variation,
The compression process being considered isentropic, it follows
that the temperature variation of the unburned charge at A,
vhere P = 150 pounds per square inch gage will have the same
variation. Thus, granted z small temperature variation at A,
two identical compression paths would give slightly different
meximum permissible pressures.

If the minimum ignition pressure is selected at P, = 125
pounds per square inch gage, contradictions are encountered that
are too glaring to be included in the range of experimental
errors or slight temperature variations at P,. The most signifi-
cant of these contradictions is evident in the case of runs 1 and
27. The compression lines for these two diagrams are shown in
figure 11 at A,. It will be noticed that, although presswres
are always higher at any instant alcng the curve for run 27, the
peak pressure is the same as the peak pressure for run 1. This
result contradicts the foregoing theory. This contradiction and
other contradictions exist when A 1is taken at any pressure
below 150,

When A 1is sclected at a pressure greater than 150, say
P, = 175 pounds per square inch gage, a result like that shown
at Ap 1is obtained. Again, only the compressicn lines for
runs 1 and 27 are shown, and it will bte observed that pressurcs
are now higher at any instant along run 1, although the peak
pressures are equal, This result also contradicts the theory.
Vhen -the minimum ignition pressure is taken at P, = 150, as
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at A, however, it will be noticed that the paths of runs 27 and

1 cross and therefore the equality of maximum permissible pressure
can be Justified. A careful study of these contradictions and in-
congistencies showed that the observed facts fitted the theoretical
reasoning best when the minimum ignition pressure was taken at

P, = 150 pounds per square inch gage. It may thus be concluded
that, with a given composition and initial presswre and tempera-
ture, if the rate of compression of the unburned charge is
increaged, the maximum permissible pressure is higher.

SUGGESTIONS FOR FURTHER STUDY

It is suggested that a new experimental method of attacking
the detonation problem be investigated, This method is suggested
by the dp/dt record of figure 12, Here the pressure disturbances
set up in the cylinder under conditions cf moderate detonation are
clearly shown., The instant at which detonation occurs is precisely
defined, and the corresponding piston position and cylinder volume
can be readily determined., A pressure-time record, taken simul-
taneously with the dp/dt record, would give the cylinder pres-
sure at any instant. From these data the temperature and pressure
of the end gas could be computed by the method used in the present
investigation, and the pressure-time history would be recorded.

The quantity of end gas igniting spontaneously or, in other words,
the intensity of detonation would be immaterial.

This method has particular advantages over the maximum-
permissible-pressure or critical-compression-ratio methods. By
use of this method it would be possible to study the effect of
changing a single engine variable such as spark advance, Such
a change would not necessitate a change in comprcssion ratio,

The effect on detonmation of products of combustion from detonating
and nondstonating cycles could also be conveniently studied. This
study might be made by running the engine under conditions of no
detonation, then causing the spark to be suddenly advanced (that
is, during the time required for the exhaust, suction, and power
strokes), and a record teken of the first detonating cycle, which
would be a record of detonation as influenced by the products of
normal combustion, The engine could then be run for a few cycles
with the spark advance set at the preceding instantaneous value
and a record could be taken of the last cycle, which would be a
record of detonation as influenced by the products of detonating
combustion, The effect of contributions from the residual gases
on pressure-temperature-time effects could then be readily deter-
mined.
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The method presents other advantages., Detonation could be
made to cccur before peak pressure, which would shorten the
crank angle interval between the occurrence of spark and detona-
tion. A reduction would thus be made in the nmumber of errors
introduced in end-gas temperature computations due to the assump-
tion that compression of the end gas is isentropic., (See appendix
A.) It would also allow much easier control ovsr the weight of
charge per cycle because of constant clearance volume and would
render uvnnecessery the use of an engine having a variable compres-
sion ratio.

This method might have a disadvantage in that different
degrees of detonation would alter average combustion-chamber
temperatures, but these temperature changes would not be objection-
able where only a gingle detonation cycle i1s studied and should
be of small account where only five or six detonating cycles are
gtudied.

It is suggested that the fuels mentioned by Barnard (refer-
ence 14 and appendix E) be tested by this new method.
CONCLUSIONS
The results of this investigation show that:

1, EHighor maximwm peimissible pressures can be used if the
rate of compression of the end gas is increased.

2. Experimental data in engine detonation should be accom-
panied by the pressure-temperature-time history of the unburncd
charge in order that fundamental conclusions may be drawn.

Masgsachusetts Institute of Technology,
Cambridge, Mass.
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APPENDIX A
TEMPERATURE COMPUTATIONS

FORMULAS AND CONSTANTS UCED IN P-V-T RELATIONS
F'OR THE UNBURNED CHARGE
Notation Used

The value of pressure P, sgpecific volume V, and tempera-
ture T for the unburned charge at the point O is given the
gubscript o. The velue of P, V, or T for the unburned
charge at any point betwean O and peak pressure is given the
subscript x, The additiocnal subscripts 1, 2, 3 on the x
designate different computed values of the same quantity, thus:

Txl indicated temperature of the unburned charge, that

is, temperature compvted from relation PV = BT,
where P is mesasured on incicator diagrem and V
is determined from crank angle and weight of charge.
Thege temperatures are considered nearest to true
values.

i adiabatic temperature of unburned charge computed
from retio of initial and final cylinder pressures,
which are meagured from indicator diagrem.

il adisbatic temperature of unburned charge computed
from ratio of initial and final cylinder volumes,

which are determined from crank position,

This system avoids confusicn with the usual notation of
Ty, Ty, Ty, ebc. used to represent temperature at various points

in the cycle,

In the following formulas other symbols used may be defined
ag follcws,

B gas constant

c specific heat at constant volume, Btu/1b/CF

v
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C

p Bpecific heat at constant pressure, Btu/1b/°F

Formulas
PV = BT (1)

Casoline-air mixture containing about 5 percent burned residual
gas, fuel-air ratio = 0.078,-

B = 50.8
cp = De2l4 +6.16% oT2 2
¢, = 0,149 + 6,16 x 107° T

(There is a slight errcr in the printed values of Cp and cy
of table VII, reference 9, The values given here are the correct
ones, )

P

log Ty_ = log To + 0.304 log §§ - 0.000125 (Ty - To) (2)
vO

log Tx3 = log Ty + 0.438 log V; - 0,000179 (sz - Ty) (3)

Gasoline-air mixtufe, no burned residval gas, fuel-air ratio = 0.079,-

B = 50.5
op = 0.211 + 3.19 X urh
G, = 0,147 + 3,19 X 107° T
Px
log T, = log Ty + 0.307 log — - 0.0000656 L (4)
2 Po a
vO
log sz = log Ty + 0.443 log o+ 0.0000947 (sz - To) (5)
X
Alr only.~
B = 53.34
Gorie Bs 220,41 3,06 %-107% T
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Gy = 0:15156-4 3.06:% 1075 7

7
Py :
log Txn = log Ty + 0.311 log E_ - 0.0000603 (Txn - To) (8)
[~ O [+
vo
log sz = log To + 0.452 log-€~ - 0,0000878 (sz - To) (7)
X
Remarks

1, Temperatures are in °F absolute

2, Specific-heat equations hold only for the range from 720° to
1900 F absolute

3. Logarithms are to the base 10

4, The values of Tx and Ty are determined from the trans-
2 s
cendental equations by trial

5. Weight of burned residual gas is computed from thermodynamic
charts

6. Weight of unburned residual gas (for nonfiring rung) is
computed on the assumption that the residual gas is
at exhaust-tank pressure and inlet temperature at the
beginning of the suction stroke

7. The derivation of the true adiabatic equation for variable
gpecific heats will be found in reference 15 and informa-
tion on the specific heats will be found in appendix C
of reference 9

COMPUTATION OF END~-GAS TEMPERATURE

Although this investigation was concerned mostly with the
relation between the rate of compression of the end gas and its
maximum permigsible pressure, it was of interest to calculate the
resulting changes in end-gas temperature and relatlive density.

The method of calculating end-gas temperature was, in general,
the same as that given in appendix B of reference 9; that is, the
pregsure and the specific volume of the unburned charge were
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measured at some point on the compression line of the indicator
diagream and from these values the temperature of the charge was

" computed. The temperature rise of the end gas, caused by compres-

sion by the piston and the expanding gases behind the flame Tront,
was computed by assuming isentropic compression. The contribution
of residual gas and the variation of specific heat with tempera-
ture were allowed for exactly as in reference 9.

The slight differcnces in the two methods are outlined as
follows:

In reference 9, interpolation was necessary to determine
appropriate values of alr consumption and maximum permissible
pressure; whereas in the present work these values were measured
directly and no interpolaticn was required.

In reference 9 the point on the compression line chosen for
the base of end-gas temperature computations was 1462 B.1.C, It
wag found in the present work that inaccuracy was introduced by
assuming isentropic compression from a point so early in the
cycle (see section on Precision in this appendix) and the base
of computations was thercfore moved as near top center as pos-
gible. The 1limit on this procedure is spark advance, for after
ignition the specific volume of the unburned charge can no longer
be determined {rom indicetor diagrams.

Instead of using a definite crank angle for the base of end-
gas computations, however, a definite pressure, 50 pounds per
square inch absolute, was first selected and the corresponding
crank angle determined from the indicator card, The specific
volume of the cylinder contents at this point was then computed,
and the temperature at this point was determined from the gas
equation PV = BT. This procedure provides a more convenient
tasis of comparison. Cylinder pressures reach SO pounds per
square inch absolute before spark ignition in every run.

The principal data vsed in end-gas computatlons are given
in table II. The computations for the weight of residual gas
have been omitted, as this procedure is idontical with that
used in reference 9. Equations 1 and 2 were used in making
maximum end-gas temperature computations. Maximum relative
end-gos density was determined by dividing maximum end-gas
pressure by maximum end~gas temperature.
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* PRECISION OF TEMPERATURE COMPUTATIONS

The problem of determining the temperature of the unburned
part of the charge may be stated briefly as follows:

Given the pressure, volume, and weight of charge at some

point O on the compression line of the indicator diagram, to
determine the tempcrature T, of the unburned part at any point

X between O and peak pressure, (The point O should not be
confused with the point A mentioned in the discussion. The
point O is arbitrarily selected as a base of computations;
vhereas the point A has a definite location determined by the
state of the charge.)

Principal Factors Causing Errors in Temperature Computations

The principal factors that introduce errors into the
computed value of Ty, are;

1. Accuracy of the method used to compute T, from the
conditions at point O

2. Relilability of the adiabatic assumption

3., Accuracy of determining the conditions at point O
4, Location of point O

5. Accuracy of air measurements

6. Accuracy of clearance volume measurements

These factors, as well as some miscellaneous factors, are
invegtigated herein:

Methods used to compute Ty.- Three methods can be used Lo

calculate the temperature of the unburned charge. The first
method involves the relaticn PV = BT where P 1is measured
on the indicator diagram; V 1s determined from the weight of
charge and cylinder volume (specific volume); and B, the gas
constant, is determined by the method given in appendix C of
reference 9. Temperatures so determined ars here called indi-
cated temperatures and are considered to be cloesest to the




actual values; they are designated Ty . This method is of no

use after the passage of spark unless the specific volume of the
unburned charge can be determined., In this work the specific
volume of the unburned charge after the pasgage of spark was
unknown.

The second method involves one of the true adiabatic equa-
tions (2), (4), or (8) already given in this appendix (the
particular equation depends on the charge composition), where
temperature is expressed as a function of cylinder pressure as
meagured on the indicator diagram, Temperatures so determined
are designated Txa' Since this method is independent of

volume, it can be used after the passage of spark.

The thi“d method involves one of the true adiabatic equa-
tions (3), (5), or (7) (tho particular equation depends on
charge compo 51tion) where temperature is expressed as a func-
tion of the vclume of the unburned charge. This msthod is
independent of the indicator diagram except for the determina-
tion of the temperature at the point 0., It cannot be used
after the passage of spark, Temperatures so Getermined are
designated T, .

2

These three methods should give the same result for any
point on the compression path where they can be applied, if the
compression process is iseniropic; bub, under certalin circim-
stances, there is considerable disagreement, This discussion
is mostly an attempt to explain why these differences exist
and to show how the methods can be brought into closer agrce-
ment,

RelldbLlT - of the adiabatic ass"motion.- A comparison of

the three mgnhods is made for run 27. FPoint O P X E )

was taken at 100° B.T.C., and a light~spring indicator diagram
was available; therefore, good measurements of pressure could

be made at this point, The data ere given in table IIT. The
terms Txl and Ty, =~ camnob bo computed after 5° B.T.C., because

here the charge begins to burn., The agrecment among the three
temperatures is very good up to this point. Pressurcs and
temperatures are plotted in figure 13. A reproducticn of the
actual indicator diagram is shown in figure 5.

These results show that the assumption of roversible adia-
batic compression is sufficiently good up to the beginning of
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combugtion, whore it may bo checked. Unfortunately, further
investigation gives conflicting evidence on this point,

Run 73, a nonfiring run, was made in order that tompera-
tures computed by the thres methods could be compared throughout
the entire compression period. First, a check was made to see
how closcly firing and nonfiring records coincided on the
comprossion stroke, The engine was thoroughly warmed up, after
which an indicator card was taken with a 50-pound spring., The
ignition switch was then cut and a motoring diagram was taken
immediately on the same card. This corposite card is shown in
figure 14, It will be seen that tonditions on the compression
stroke are very nearly the samo in both cases up to the point
of ignition, 22° B.T.C, The motoring charge consisted of dry

‘air and fuel.

Tndicated and adiabatic temperatures computed from 100° B.T,C.
for the nonfiring dizgram are given in table IV. The plotted
values appear in figure 15. There is a difference of 730 F botween
indicated and adisbatic temperature Tx3 at the peak, which would

indicatc that heat was being lost by the charge. The P-V dia-
gram {or this run, however, showed practically no differcnce
between rising and falling pressiurcs. This fact indicates that
the process is reversiblo, and thorefcre the observed differcncos
cannot he due to heat transfer or leakage.

This contradiction could be explained if the indicator
recording mechaniam werce introducing a systematic error that
was making the rising pressures appcar lower and the falling
pressures appear higher than the true valuss, thus obscuring
the effccts of heat trensfer. A run, to be described prosently,
wag made to check this theory.

The P-V diagram for run 73 plotted on log paper gave the

value of the adiabatic exponent as 1.32.

Accuracy of determining the conditions at point 0.~ The
accuracy of the msasurement of pressure at point O depends upon
the accuracy of the indicater and the precision of the measure-~
ments of the indicator diagrams., The diagrams can be measured
to #.01 inch when the line is thin and regular and the slope
not too steep. But even under these favorable conditions, the
percentage error in reading the heavy-spring diagrams in the
firgt half of the compression stroke may be considerable., In
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the case of run 27 (tabtle III), if the pressure is measured at -
100° B.T.C. on the heavy-spring diagram (150-1b spring), an

error of 0.0l inch results in an error of 1.5 pounds per square

inch. This error is sufficient to change the indicated tempera-

ture at this point from 873° F absolute to 941° F absolute and

the peak temperature T, from 1705° F absolute to 1790° F

absolute., 8

Tt has been found in this laboratory (reference 18) that
the accuracy of diaphragm units is poor when gmell pressures
aroc being measured, owing to the force required to overcome the
elagticity in the diaphragm which varies somewhat with different
conditions of operation., This error has a maximum value of 2
pounds per square inch., An error of this magnitude at 100° B.T.C.,
in the case of run 73, is more than sufficient to account for the
differences in maximum temperatures. Thus, if the true pressure 3
at 100° B.T.C. were 2 pounds psr square inch lower than that :
given in table IV, the true maximum indicated temperature would
be diminished to 1175° F absclute and the maximum adiabatic tem-
perature Ty  would be diminished to 1145° F absolute. Under .
these circumstances the adiabatic temperature is 300 F lower
than the indicated temperature, This difference would indicate
that heat was gained in the ccmpression process.

The diaphragm crror can be eliminated by the use of a
flapper-valve type of cylinder unit; but, if light-spring diagrams
were taken with the flapper-valve unit in addition to the heavy-
spring diagrams for runs 1 to 59, the required amount of testing
time would have been approximately doubled and +he undesirable
gituation of using the data from two geparate runs for computing
a single result would have rosulted because of the necessity of
shutting down the engine to change units, A few light-spring
diagrams were taken, however, either before the beginning of a
given series of runs or at the conclusion.

Although a diaphragm crror of 2 pounds per square inch in
the carly part of the compression stroke would be sufficlent to
explain the temperature differcnces, it is not certain that the
maximum value of this error was always in evidence., Accordingly,
the theory that the indicator recording mechanism was introducing
a gystematic error which made the rising pressures appear lower
and the falling pressures appear higher than the true values was
considered. An crror of this nature would be introduced if the
viscosity of the oil in the indicator plunger were great and if
the compression side of the card were taken while the indicator
pointer was moving outward and the expansion side taken while
the pointer was moving inward.




This effect was Investigated by means of a nonfiring rum,
run 76. The engine was warmed up, the ignition cut, and a motoring
card taken. The following precautions were observed in using the
indicator: The cylinder and the plunger were thoroughly cleaned
and a very light oil was placed in the reservoir to diminish vis-
cogity effects. The pointer was pumped up to near the end of its
stroke and then allowed to descend very slowly with the pump
turned off and the contactor switch on "make.," This procedure
gave the compression side of the diagram. The contactor switch
was then turned off and the pointer again pumped up to near the
end of its stroke and allowed to descend slowly, at approximately
the same speed as before, with the contactor switch on "break,"
This procedure gave the expansion side of the diagram., Asymmetry
of the diagram, which might be introduced by friction and vis-
cosity in the indicator mechanism, was thus greatly reduced., The
diagram is shown in figure 1€, There was considerable improvement
in detail that does not show to advantage in the reproduction.

Peak temperatures for run 76 were computed from 1009 B, 7.0,
The results are given in table V and the curves in figure 17.

Maximum T is 171° F higher than maximum T, .
1
If values of sz are substituted in equation (1), the
values of corresponding cylinder pressures P, &are obtained:
3

that is, the pressures which shculd exist if the process wore
adisbatic, These values are given in the last column of table V.
The maximum difference i1s 21 pounds per square inch at the peak.

In view of the precautions taken with this run, it is clear
that the discrepancics are certainly not due to the supposed
gystematic errors of the indicator. The disagreement can be
explained if the maximum error of the diaphragm unit is assumed
to cperate in conjunction with an error of 0,0L6 inch on the
low side in reading the indicator diagram to give a pressure
2.8 pounds per square inch lower than the true value of 100°
BV G

If this run is compared with the preceding one, run 73, it
will be observed that there is 108° F difference in the maximum
values of T, . Fuel and air consumption, compression ratio,

5
speed, and so forth, werc the sume in both runs, but the inlet
tomperature was 6° higher in run 76 than in run 73, This condi-
tion does not account for the difference, because runs made at
different inlet temperaturos(to be dGSCﬂibed later) show no
variation of this magnitude,
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The pressure at 100° B,T.C, should be the same for the two
runs, but it will be observed (tables IV and V) that P, 1is
18,6 pounds per square inch for run 73 and 20.3 pounds per sgquare
inch for run 76. An error in measuring the indicator diagram of
40,01 inch would account for #0.5 pound per square inch difference,
and the remainder may be accounted for by the diaphragm error.
Since the runs were made under practically identical conditions,
the temperatures at 100° B,T.C. are proportional to the pressures
at that point (from PV = BI), The temperature at 100° B.T.C.
for run 73 is 717° F absolute and for run 76 is 785° F absolute.
This initial temperature difference is responsible for the large
difference in meximum values of sz for the two runs.

Location of point 0.- Adiabatic temperature computations

go far considered in this appendix were based on cylinder condi-
tions at 100° B.T.C. It is desirable to see what effect the 4
location of this point has on maximum adiabatic temperatures.

Three indicator cards, numbers 5, 37, and S1 from the work
of reference 9, were examined for this effect. The cards were
for runs at approximately the same fuel-air ratio but with inlet-
mixture temperatures of 2000 ¥, 120° F, and 80° F, respectively.
The maximum end-gas temperature for each run was computed from
146°, 100°, and 30° B,T.C. by the use of equation (2). The
results are given in tables VI, VII, and VIIT.

The maximum end-gas temperatures should be the same in any
one of these runs, regardless of the location of the point O,
inasmuch as only one method of computation was used. This agree-
ment is very good in the case of run 37 and is within 1 percent
in the case of run 51. There is a l,3-percent variation in the
case of run 5, which is of the same order as the experimental
precision and therefore satisfactory. It is worth noticing,
however, that light-spring indicator diagrams were avallable
for these runs,

The effect of the location of the point O on the three
methods of temperature computation was studied for the case
of run 76. A 50-pound spring was used in taking the indicator
diagram for this run, The point O was gelected at 40° B,T.C.
and temperatures were computed by means of equations 1, 4, and
5. The results are given in table V and the curves are plotted
in figure 18,
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Notice that the maximum difference in temperature is now
only 48° F and the difference between adiabatic and indicated
pressures 1s now less than 6 pounds per square inch. Although
these dirfferences are much less than when the maximum values
were computed from 100° B.T,.C. (see table V), yet the absolute
correction necessary to apnly to the pressure at 40° B,T.C, in
order to eliminate the 40° F difference is about the same (2.65
lb/sq in.,) as was necessary to eliminate the 171° F difference
when the maximum values were computed from 100° B.T.C. This
fact points strongly to the presence of a zero error in the
diaphragnm. :

It was shown that an errcr of 0,0l inch in measuring pres-
sure cn the heavy-spring diagram at 100° B.T.C. for the case of
run 27 resulted in a variation in maximm T, of 85° F, If

this same error were made at 40° B.T.C., the variation in maxi-
mm Ty would be only 10° F,

From the foregoing congiderations it is apparent that, when
heavy-spring diagrams only are avallable, it is desirable to
locate the point O early on the line of rising pressures, where
the slope is gentle, in order to facilitate measursment; but a
compromise must be made betlween this location of the point and
a location later in the cycle, which would be desirable for
reducing the percentage of diaphragm errors. Moreover, tlie nearer
the point O 1s to the point x, the less error will be involved
in calculating the temporature at point x from that at point O.
A good ccmpromise location for runs 1 to 59 was between 40° and
509 Bl

Accuracy of air measurements,.- In the case of nonfiring
runs it might be expected that the air congumption per cyelo
would increase with time after cutting the ignition due to the
cooling of the cylinder walls. Since the compressicn side of
the indicator diagram was taken first, it might be sxpected
that less air would be drawn into the cylinder during this
period than during the period required to take the expansion
side of the diagrems. This variation would be averagsd over
the complete cycle by the method used in making air measure-
ments,

In order to detect this change, 1f any, thrce indicator
diagrams - runs 77a, 77b, and 77¢ - were taken in succession.
The engine was warmed up for about 30 minutes, the ignition
and ths fuel were shut off, and dry air only was admitted to




the engine, An air measurement was taken for each card. The
last card was finished 8 minutes after cutting the ignition.

Jo significant change in air consumption was observed, The alr-
meter readings for the three runs were 58.8, 59.0, and 58.9 rpm,
respectively; and the peak pressures were 147.5, 148.5, and
147,0 pounds per square inch, respectively. This variation is
less than 1/5 percent. The inlet temperature varied from 126° ¥
to 128° F during the runs, which is also a negligible variation.
Speed was kept constant with a strobotac; hence there should be
no asymmetry introduced in the motoring card due to cylinder
cooling. It is possible, of course, that all the cooling took
place in the brief interval between the time ignition was cut
and the beginning of the first card, but, again, asymmetry
should not be introduced.

Temperature-pressure date for run 77a appear in tadle IX
and are plotted in figure 19. Maximum r, - 1s 75°© F higher

than the maximum indicated temperature. Ig the pressure at

100° B.T.C. were reduced by 1.2 pounds per square inch, these
two maximum temperatures would be equal. This result is well
within the maximum error of the diaphrvagm. The P-V diagram
for this run showed a very small difference between the compres-
gion and expansion lines, the expansion line being slightly
lower.

A further question to be settled was the effect of absolute
errors of air measurements on temperature computations, Various
values of air consumption per cycle were assumed, and correspond-
ing maximum adiabatic temperatures and indicated temperatures
were computed from 100° B.,T.C. for run 77a. The results are
shown in figure 20. The actual poasured weight of total air
charge per cycle for run 77a was 0.00125 pound, which includes
the residual air in the clearance space, and assumed values
ranged from 0.0008 to 0.0013 pound per cycle. It will be seen
from the curves that a large error in alr measurement has a
relatively small effect on the difference between max imum sz

and T, , since tho curves run nearly parallel. The variation

1
in indicated temperature at 100° B.T.C. is also shown.

Accuracy of cleoarance-volumc moasurements,- The observed

fact that the adiabatic temperature computed from the pressure
ratio is lower than that computed from the volume ratio could
be readily explained if the clearance volumes were in error.

At the beginning of this work, the compreseion ratio micromecter
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was so set that, at zero reading, it corresponded to a compression
ratio of 10.00 with a clearance volume of 68 cubic centimeters,

The clearance volume was measuvred by pouring oil into the cylinder
from a graduate with the piston at top center. This meagurement
was mede with the various spark-plug holes fitted with blind plugs.

When the temperatures were computed and the large discrepancies
were observed, another check was made and showed the clearance to
be somewhat larger. An effort then was made to determine the clear-
ance mcre accurately,

Dependence on graduates was avoided by determining the weight
of water necessary to fi1ll the clearance volume. Great care was
taken to eliminate any entrapped air bubbles, These measurements
could be repeated to a precisicn of 0,3 percent, which was never
the case when graduvates and. oil were used. There was very little
leakage of water past the piston. The fall in the level of the
water in the vertical spark-plug hole was observed to change about
0.1 cubic centimeter after a minute or so, It took cnly about 15
seconds to Fill the clearance sepace; hence there could be no
appreciable error from this source. The water in the clearance
space was blown out with compressed air, and the engine was fired
for a few minutes after making the measurement,

The same spark-plug, dp/dt unit, and balanced pressure unit
used in the runs werc in the cylinder head when these measurements
were made. A change in spark plugs of different types may cause a
change in clearance volume of 0.5 cubic centimeters. This figure
is significant in careful work at high compression ratiocs.

A glance at figure 21 shows how errors made in measuring
clearance volumes affect maximum values of Ty and Ty . These

1
curves were computed for the conditions of run 77a. An increase
in measured clearance cauges an increase in maximum indicated
temperature and a decrease in maximum adiabatic temperature Ty -«

The intersection of the two lines shows the value the clearance
volume should have in order to make the two temperatures equal.,
This occurs at 77,6 cubic centimcters; whereas careful measure-
ment of the actual clearance volume for this run gave 72,5 cubic
centimeters. Although an crror of this magnitude would readily

explain the fact that Iy is consistently highor than T, in
3 a1
all the runs considered, it is quite certain that no such error

from this source existed,
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The variation of indicated temperature at 100° B,T.C. was

77209 20 F absolute for the range of clearance-volume errors
considered., It is not known how much change occurs in clearance
volume with temperature. The change probably is negligibly small
because the linear expansion of the piston and the connecting rod
would be offset somewhat by the linear expansion of the cylinder,
Assumption that only the cylindeir expanded gave insufficient
change in volume to account for the observed effect.

The clearance volume should change somewhat when the engine
is running because of the deflection of the connecting rod, crank,
cylinder walls, and so forth, under gas pressure. This effect
would be offset somewhat by inertia forces in the piston and con-
necting rod near top center on the compression stroke, An esti-
mate of this effect was made by pumping oil under pressure into
the combustion chamber with the piston at top center, A dial gage
was adapted to a pin fitted through a blind plug screwed into the
vertical spark-plug hole in the top of the cylinder. The pin was
made to press firmly against the piston by means of a spring. Any
motion of the dial gage gave the relative displacement between the
piston and the cylinder head. It was found that the relative dis~
placement was 0,001 inch per 100 pounds per square inch pressure
up to the maximum pressure used, which was 1000 pounds per square
inch. Tor the case of run 77a this displacemcnt would result in
a difference between measured and actual clearance volumes at top
center of about 0,2 percent, which is small enough to neglect.

Miscellaneous Factors Causing Frrors in
Temperature Computations

In order to eliminate the effects of any unforeseen cngine
idiosyncrasies, the high-speed CFR e¢ngine was replaced by a low-
speed CFR engine. The cloarance volume of the low-speed engine
was carefully measurcd as described. Runs were made with this
engine at two different eongine speeds and inlet temperatures.
The same indicator and diaphragm units were used.

The first run, run 78, was a nonfiring air run msdc undor
approximately the same conditions as run 77a, The air was not
dried and was measured with an orifice instead of an air metcr,
The data for run 78 are prosented in table X and figurc 22.
Notice that pressures and temperaturecs arc considerably lower
in run 78 than in run 77a but that temperaturc diffcrences are
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about the same. The higher values of run 77a may be accounted
for by the fact that inlet temperature ard compression ratio are
slightly higher, But comparisons are complicated by the fact
that the inlet valve closes at 140° B,T.C. in the case of run
77a and at 154° B.T.C. in the case of run 78. Light-spring
diagrams were not taken for these two runs 8o that the exact
presswre at Inlet-valve closing is unknown.

Another nonfiring run, run 79, was made on the low-speed
engine under the same conditions as run 78 except that the speed
wag reduced to 800 rpm (see table XI and fig. 23). The air
consumption was somewhat higher on thig run. It is apparent
that the differences in computed cylinder temperatures are
almost the same, showing that engine speed does not affect
the difference materially,

Finally another air run, run 80, was taken on the low-speed
engine at 800 rpm with the inlet temperature increased to 191° F
(see table XII and fig., 24). Although the temperatures are all
higher, the differsnces are still apparent and considerably
larger. Tco rigid compariscns cannot be made because no attempt
was made to keep the air consumption exactly the same in the
three runs.

Effect of Charge Composition on Cylinder Pressure

The measured peak pressure le is 16 pounds per square

inch higher in run 77a than in rmn 76, although operating condi-
tions were the same., This difference can be accounted for by
considering the number of mols for the two charges, The molecular
weight for the fuel-air mixture iz 30.6 and the molocular weight
of air is 28,9. The total weight of fuel-air charge is 0.001285
pound or 0.001285/30.6 = 0,0000420 mel, and the tctal weight of
air charge 1s 0.00124 pound or 0,00124/28.9 = 0.0000429 mol. A%
peak pressure the volums of charge is the same in either case.

1f the formula PV = NRT is applied, wherse

v Ccharge volume
N number of mols
R universal gas constant

't temperature
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there results for the alr charge of run 77a
P,Vy = 0.0000429 RT,
and for the fuel-air charge of run 76

PgVe = 0.0000420 RT¢

Then
EE o 429Ta
Pf 420Tf
.31 = 3l

For any given cylinder temperature, P, will therefore by higher

than Pf.

A Fourth Method of Computing Adiabatic Temperature

An estimate of adiabatic cylinder temperature can be made

by considering that all the temperature rise of the charge during

compression is due to the work done by the piston and that no
temperature rise is transferred to or from the cylinder walls,
If the work done by the piston on the compression stroke is
measured from the area of a P~V diagram, then the final tem-
perature can be computed by solving for T3 in the equation

where
W work done on charge by piston, ft-1b
W weight of charge, 1b

c epecific heat of charge at constant volume, Btu/1b/°F

v

T, indicated temperature at 100° B.T.C., °F abs.
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T, adiabatic temperature at top center, °F abs.

For the case of run 77a this equation becomes

AT

3
0,016 = 0.00125‘/ (0.1515 + 0.0000306T)AT
776
T, = 1340° F abas.

This value lies about midway between the peak values of Tx1
Tx': -

This methcd is considered not so accurate as the other
methods used becauge it is always difficult to trace a P-V
diagram and measure the area with any great precision.. The
method 1s included here merely as a rough check on values com-
puted by the other methods.

Conclusions

Large variations in speed, inlet temperature, and alr con-
sumption do not account for the difference bstwsen indicated

(true) and computed adiabatic temperatures. Errors in measuring

the indicator diagram may be a contributing cause in

some cases,

but the difference has a consistency that eliminates this source

as a general explenation. Small errors in clearance volume

measurement will alter the difference appreclably at high compres-

sicn ratios. The elasticity of the diaphragm in the indicator
unit is probably responsible for the maJjor part of the discrep-
ancy, Whenever the state of the end gas is investigated by the
methods outlined in this report, light-epring flapper-valve
indicator diagrams should be taken simultaneously with the
heavy-spring diagrams,

© may be concluded that the end-gas temperatures for the
detonation runs are, in general, about 25° F lower than the
given adiabatic values. This fact should not affect the main
conclusions arrived at in this report lnasmuch as all tempera-
tures should be affected alike, This estimated error would be
subject to revision if the effect of heat transfer from the
burned to the unburned part of the charge were considered, It
might well be that this heat transfer, if any, is sufficient
to make the actual temperatures approach more nearly the
computed values,
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APPENDIX B

DISCUSSION OF FLAME PHOTOGRAPHS IN
REFERENCES 10, 11, AND 12

The photographic combustion studies of references 11 and 12
were taken at 40,000 exposures per second or at about 18 times
the speed at which those of reference 3 were taken. The photo-
graphs of detonating combustion taken by Rothrock and his co-
workerg in references 10, 11, and 12 are in agreement with those
of Withrow and Ragsweiler in reference 3 to the extent that
detonation appears to be a rapid reaction in the end zone but
are at variance with those of Withrow and Rassweiler in that the
reaction does not appear always to take place ahead of the flame
front,

The general conclusion reached by the authors of references
10, 11, and 12 is that, although autoignition of the last part
of the charge may occur coincident with knocking, the knock
itself is something which the data indicate may occur only in
a pertion of the charge which has already become inflamed before
the knock occurs., The authors of the present report, however,
believe that the photographs of references 10, 11, and 12 may
actually be a confirmation of the autoignition theory of engine
detonation,

In figure 5 of reference 11 frame M-9 shows the flame front
approaching the end wall with darkening of the end zone presumably
due to preflame reactions, In the next frame, M-10, the darkening
of the end zone is such that the flame front can be no longer
distinguished. It is stated in the text of this reference that
knock occurs in frame M-1l., Again, in figure 8, frame N-1l1 shows
unburned charge near the edge of an unobservable region of the
combustion chamber. Knock occurs, according to the text, in the
next frame N-12, Thus, in both series of photographe that show
knock in reference 11, detonation may be taken to occur in the
unburned charge and can therefore be interpreted in support of
the avtoignition theory. Cases in which four flame fronts come
together in the center of the combustion chamber have shown the
four fronts apparently merging before detonation takes place.

The flame front appears to be similar to a silhcuette or skyline
of a range of irregular mountains where only the highest mountains
show, Any valleys that may lie between the mountains cannot be
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cbserved. A cross gsection of the flame front at any level will
therefore be more indented and more irregular than the silhouette.
A simple explanation for the observation that the flame fronts
appear to cross each other, as noted in reference 10, is that
burning on the peaks of one flame front is occurring in the val-
leys of the other. If this explanation is correct, the presence
of intersecting flames indicates unohserved regicns of unburned
charge.

It is well known that when the flame approaches a wall or
another flame coming from the opposite direction, the observed
progress of the flame is greatly slowed, This phenomenon can
be explained as follcows., The photographs show the boundary oi
the unburned charge. The volume enclosed is being diminished
by two processes:

1, Physical compression
2. Burning at the boundary

Evidently when the volume of the unburned charge is large, the
contribution of physical compression is large, and vice versa.
In addition, when the unburned charge becomes small, the rate
of liberation of energy and hence the rate of pressure rise may
also be small owing to the reduced area of the flame front.
Preflame reactions in the unburned charge, furthermore, may be
of importance in suppressing compressgion of this part, The
last part of the charge to be traversed by the flame, therefore,
appears to burn slcwly, and it is not surprising to note that
detonation occurs a considerable interval after the apparent
merging of flame fronts.,

The particular apparatus used in references 10, 11, and 12
employed fuel injection into fresh air containing no residual
gag, It is a comuon observation that fuel injJection does not
result in a homogeneous charge even when injection is into hot
residual gas, This fact is indicated by the different mixture
strengths for the limits of a combustible mixture that are
noted when cylinder inJjection is used in place of premixed
fuel and air. It seems probable that, with injection into
relatively ccld air, the mixture will be even less homogeneous
than in the case of an engine with cylinder injection. Withrow:
and Ragsweller (reference 3) attribute irregularity of the
flame in their experiments to nonhomcgeneity of charge, although
their engine was fed premixed fuel ard air in the normal manner.
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In the light of the evidence, the authors are of the opinion
that:

1. The apparent depth of the flame frcnt in the pictures
of references 10, 11, and 12 is due to the mixture
being less homogeneous in the apparatus used than
in the normal engine.

2. Detonation, which occurs in the pictures of reference
12 apparently in the region already traversed by the
flame, is probably in unobserved valleys of the flame
front that the flame has not yet reached.

3. Until more damaging evidence is available, the auto-
ignition theory is still tenable and is the simplest
interpretation of the observed facts,

APPENDIX C

DESCRIPTION OF FUEL SYSTEM

The fuel system used in these tests was designed to accomplish
the following ends:

1. ZEliminate vapor lock

2. Supply sufficient pressure to the inlet of the fuel
injection pump to insure reliable operation at high
speed

3. Reduce to a minimum ervors due to change in pressure
head at the pump inlet when fuel measurements were
being made

4, Eliminate personal errors in determining fuel-air ratio
and improve the precision of measurement

5. Avoid thes necessity of correcting fuel measurements for
changes in specific gravity due to changes in tempera-
ture

6. Make the procedure of determining fuel-air ratios as
simple as possible
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Vapor lock was eliminated by maintaining the pressure in
the fuel system at 48 incheg of mercury gage. The pressure vas
maintained constant by feading water from the city water mains
into the bottom of the fuel drum A (fig. 3) through the pres-
sure regulator B. The reguvlator was permanently set to give
approximately the desired value, and fine adjustments were made
by controlling the rate of efflux of the water by means of the
small valve C, After the pressure was once set, it maintained
its value within 0.1 inch of mercury with little or no attention,
The fuel drum was of sufficient strength to eliminate fire hazard
due to leakage or rupture,

Inasmuch as every effort was made to keep the engine inlet
air dry, it was desirable to know if this dryness would be nulli-
fied by water dissolved in the fuel, It is practically impossible
to have a dry charge. Some water vapor is always added to the
fresh charge from the residual gases, and it is convenient to use
this value as a bagis of comparison for the effects cf outside
additions of water,

For a fuel-air ratic of 0.07 and a 1l0-percent residual gas
content, the weight of fuel is about 0.06 pound per pound of
charge and the weight of residuval water is 0.009 pound per pound
C.009

C.086
pound of dry fuel supplied., Water dissolves in gasoline to the
extent of about 0.00005 pcund per pound of solution at room
temperature (reference 17)., The ratio of dissolved water to

0.00005

of charge, giving a ratio of = 0,15 pound of water per

regidual water is or 0.03 percent, which is negligibly

small,

The surge tank D was placed in the system to smooth out
pressure pulsations from the regulator valve and also to bring
the free surface of the fuel up tc the same level as that in
the balance can E. The surge tank wag made from a lucite
cylinder about 6 inches in diameter and 1/4 inch thick with
brass heads held together by through bolts passing outside the
cylinder. The use of transparent material allowed observation
of the fuel level, The same construction was used in the balance
can E with the exception that the heads were made of aluminum,

A mercury manometer was tapped into the surge tank as shown,
When it was desired to fill the balance can, the valves F and
G were closed and the valve H was opened slightly. This




procedure reduced the pressure in the can and fuel flowed into
it when the three-way valve J was turned to the correct posi-
tion. An objection may be raised to this method of filling the

‘balance can., Some of the lighter ends undoubtedly escape, but

the loss should be much smaller than that of fuel systems which
use a measuring burette continuously open to the atmosphere.

It requires only a very slight reduction in pressure to cause
the fuel to flow rapidly.

This obJjection can be overcome simply by allowing the fuel
from the surge tank to seek its level in the balance can. This
method is slower; it takes about 1 minute for 0,10 pound to flow
in this fashion,

It is not known whether air pressure on the fuel increases
the rate of polymerization of the fuel to any appreciable extent,
As far as could be ascertained, this effect is not serious.

The line leading to valve J was connected to an air pump
(an ordinary automobile tire pump) that was used to force air
into the system for the purpose of maintaining a constant fuel
level in the surge tank.

The pressure head of the fuel is practically the same regard-
less of whether fuel is being drawn from the balance can or
directly from the fuel tank, There is a very slight change
in pressure while fuel is being weighed, but this change amounts
to only about one-half inch of gascline in 48 inches of mercury.

Considerable difficulty was encountered in finding a three-
way valve that would handle gasoline at the cperating pressure
without leaking., The difficulty was finally overcome by using
a plug valve having a monel metal cone and neoprene port seats,
The port drillings of this valve are shown in figure 3.

It was thought that the necprene tube connections to the
fuel can might make the balance too insensitive, but checks made
against an analytical balance showed the sensitivity of the fuel
balance to be better than 1 part in 2000. The balance was made
of aluminum (except for the knife edges) to reduce the load and
inertia effects and was suspended from overhead to insulate 1t
from engine vibration. A set of weights calibrated to read from
0.0l to 0.2 pound was found suitable for CFR engine operation at
all speeds and fuel-air ratios, The electrical contacts on the
balance were made of silver and gave good service.
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When fuel measurements were made, the can was filled suffi-
ciently to keep the contacte open when the weight was on the pan,
and the two-way switch K was placed in position 1. When the
pan descended, the electric clock and air-meter counter were
started by the relay. The weight was then removed from the pan
and the switch was placed in position 2. The relay was not
affected by this change. When the balance again descended, the
clock and counter were automatically stopped and the fuel weight,
time, and air-meter revolutions were precisely known.

The air-meter counter was constructed from an ordinary gas-
meter counter and a magnetic clutch taken from an electric stop
clock. Ths counter was mounted on the air meter in plain view
of the operator and was driven directly from the air-meter shaft.
The rotameter gave a good check on variations in flow rate
during any given run,

APPENDIX D

DISCUSSION OF THE IGNITION DELAY
Method of Isolating the Ignition Delay

It has been tacitly assumed that the concept of delay
provides the only satisfactory explanation of the experimental
fact that an increase in compression rate raises the maximum
permissible pressure, It 1s not necessarily obvious that such
is the case, however, and hence the assumption must be definitely
established,

Consider runs 1 to 7. (See fig. 4.) The operating factors
that varied in these runs were essentially spark advance and
compression ratio. Slight variations in inlet-mixture pressure
and exhaust pressure can be ignored because they were made solely
to keep the weight of charge per cycle constant. The remaining
operating factors, such as mixture composition, pistcn speed,
inlet-mixture temperature, and humidity were maintained constant
and can alsc be ignored. The only factors that can account for
the observed changes in end-gas conditions are therefore: heat
transfer, flame speed, and ignition delay.
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The observed resultis might be supposed to be due to the
effect of heat transfer. Thus 1f, under the conditions of these
runs, it were found that, when more heat was transmitted to the
unburned charge, the charge detonated at a lower pressure and
that this heat transfer varied consistently with rate of compres-
sion, then an explanation based on ignition delay would be diffi-
cult to establish, Similarly, if a consistent correlation could
be established between flame speed and permissible peak pressure,
this correlation might be given as an explanation of the observed
facts without any necessity for assuning a delay. It might be
concluded that the effect of delay was negligible, If it can
be shown, however, that heat transfer tends to produce trends
opposite to those observed, then it must be concluded that the
obgerved trendsg would be more pronounced 1f the heat transfer
were zero.

The temperature of the cylinder walls should not be greatly
above the coolant temperature of 672° F absolute. The tempera-
ture of the exhaust valve can be estimated from measurements
made by C. G. Williams (reference 18), These measurements show
that, in very small engines, exhauvst-valve temperatures of
1200° F absolute are probably not exceeded, but, in the majority
of automobile englnes, temperatures of about 1300° to 1375° F
absolute are readily attained and 1475° F absolute can be
reached at high speeds. If the low speed of operation is
considered, the temperature of the exhaust valve in the CFR
engine at 800 rpm may be estimated at not more than 1280° F
absolute. The temperature of the piston is undoubtedly
considerably lower.

Consider runs 1 and 6 and let it be assumed that all combustion-
chamber surfaces are at an average uniform temperature of 1280° F
absolute in both cases. This value is an unreasonably high average
to assume, but 1t is taken because it is unfavorable to, and
simplifies, the following argument. Indicator diagrams for these
two runs are shown in figure 25. The paths of compression from
120° B.T.C. to point P, where the compression lines lintersect,
are approximately the same. Calculations show that the tempera-
ture of the unburned charge of run 1 at P 1is 1270° F absolute
and 1290° F absolute for run 6; hence, they are both equal to
1280° F absolute within the limits of experimental precision.

Prom this point to peak pressure, the unburned charge will be
cooled by the combustion-chamber surfaces. At pressure Py,

the unburned charge of run 6 will have experienced less cooling
due to its shorter time of contact with the surfaces, and




therefore the charge shovld detonate at a lower pressure than

that of run 1., The true maximum permissible pressure in run 6,
however, is 108 pounds per square inch (28 percent) higher, and
therefore heat transfer between the unburned charge and combustion-
chamber surfaces does not account for the observed results, This
pressure difference is even greater between runs 1 and 7, but run
7 is not used, because under conditions of this run it was diffi-
cult to obtain good cyclic reproducibility,

If the effect of transfer of heat, or radiant energy, frocm
the burned to the unburned charge were predominant, an effect
opposite to that observed would be produced. In the case of run 1,
spark occurs at top center and measurement of the dp/dt records
ghows that detonation occurs at peak pressure. Hence it may be
assumed that a flame exists from spark to pesak pressure; this
interval occupies 32° of crank angle, or 0.0067 second of time,
In run 6, spark occurs at 400 B.T.C., peak pressure ocours at
1° B.T.C., and detonation occurs at 4° B,T,.C.; hence, the
duration of the flame is about 37° of crank angle, or 0,0077
second of time., In addition, average pressures for run 6 arc
higher during the interval between spark and peak pressure,
and thus the average combustion temperatures and the quantity
of energy radiated should be greater. Then, in the case of
run 6 the flame is in contact with the unburned charge longer,
and energy is radiated from the burned charge at a higher rate.
These effects shovld cause dstonation to occur at a lower pres-
sure, Again the reverse 1lg observed to be true. Eence in this
work the combined effect of heat transfer and radiation - as
regards the unburned part of the charge, the burned part, the
piston, the exhaust valve, and the cylinder walls - does not
account for the observed differencess in maximum permissible
pressurc of the cnd gas. Actually if these effects were zero,
the maximum permissible pressure for run 6 would be even
greater as compared with that of run 1.

Perhaps these differences in maximum permissible pressure
can be accounted for by changes in flame speed. Flame speed is
affected by every operating variable (references 2, 19, 20, and
21). As no records of tho actual flame speeds for the present
tests are available, it will be necessary to estimate these
speeds from the indicatcr diagrams. By use cf the assumption
that the time required for combustion is given by the interval
between the passage of spark and the instant of detonation, the
average flame spoeds will be inversely proportional to this
time.




Again, if the series of runs at 800 rpm are congsidered, the
time of burning for run 1 is 0,0067 second and increases uniformly
for runs 2, 3, 4, and so forth, until a value of 0.0077 second 1s obtained
for run 6, Let v represent the average flame speed for run 6,
then 1,2 v will represent the average flame speed for run 1. The
maximum permissible pressuire for run 1 is 389 pounds per square
inch absolute and increases wniformly to 497 pounds per square
inch absolute for run 6. Here there is a consistent correlation
between the average flame speeds and the maximum permissible
pregsures, Thus, the hypothesis might be formulated that increase
in average flams speed causes a decrease in maximum permissible
pressure, g

These changes in flame speed for runs 1 tc 6 were effected
by changes in spark advance and compression ratio only. If the
relacion between flame speed and maximum permissible pressure 1is
gereral, it should heold regardless of the procedure used to vary
the flame speed. In run 33, for instance, the time of combustlon
is 0.0041 second and the average flame speed is 1.9v. This
increase in average flame speed, over that of run 6, was brought
about by changing engine speed and ccmpression ratic only. Eere,
however, the increase in [lame speed has resulted in an increase
in maximum permissible pressure. This fact contradicts the
previous generalization on flame speed and maximum permissible
pressure and, therefore, changes in flame speed alone cannot
account for the observed results. These data are sumarized
in table XIII.

An objection might be raised to this demonstration on the
ground that, in changing the engine speed (piston speed) and
compression ratio, the heat transfer effects were also changed,
and these effects may have operated in a manner which would
prohlbit any inferences being drawn regarding flame speed
alcne. This is not the case, however.

The contributions to temperature effects due to increase
in piston speed should give a result opposite to that observed
because the unburned charge in run 33 has only half as much
time to give up heat to tihe cylinder surfaces as that of run 6
and should therefore detonate at a lower pressure. Actually,
in run 33, the maximum permissible pressure is 109 pounds per
square inch higher. Also, the time during which energy may be
radiated from the burned charge is only half as long in the
cage of run 33, but the average combustion temperatures are
considerably higher. Consequently, the difference in the
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amount of radiated energy in either case is probably small and
therefore should nct contribute materially to the observed
results.

Another objection might be raised on the ground that runs
l, 6, and 33 apparently have nc ccmzon basis of comparison -
becange different compression ratios are used in each run, It
should be remembered, however, that the common basis of compari-
son in this work is incipient detonation. Thus it can be shown
that, in the case of run 6, if the compression ratio were fixed,
an increase in engine speed, at constant spark advance, would
bring run 6 into a nondetonating region (see fig. 7) and would
therefore allow a higher pressure for incipient detonation. It
can also be shown that a decrease in spark advance at constant
compregsion ratio and engine speed would bring run 6 into a
region of heavier detonation and would require a decrease in
Pressure for the same level of detonatlon, Increase in engine
speed under these conditions results in an increase in flame
speed, and decrease in spark advance causes a decrease in flame
speed (reference 21),

Hence, under these conditions there would be a consistent
correlation between flame speed and meximum permissible pres-
sure: namely, an increase in flame speed would allow an increase
in maximum permissible pressure. Such a proposition, if estab-
lished as a generality, would be meaningless for, as soon as
advantage were taken of the allowable change in pressure by
varying the compression ratio, or inlet pressure, the original
contradictory effects of flamc speed would be evidenced.

The variation in residval gas content will have a small
effect on maximum permissible pressure (reference 9), but these
effects are of the order of experimental errors since the total
weight of charge per cycle was maintained essentially constant.
Therefore, since the observed effects of the present investiga-
tion cannot be entirely accounted for by such variable factors
as have so far been recognized in this work, the existence of
another variable must be assumed to account for them; this
variable is the ignition delay., In this sense ignition delay
may be said to have been isolated,

It should be emphasized that, although the fcregoing discus-
sion shows that the effects of heat transfer and flame motion are
insufficient to explain the observed changes in maximum permis-
sible pressure, the discussion in no way implies that these
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effects do not influence the meximum permiesible pressurs in
their cwn right, Obviously they do, and the question might be
raised as to how much of the total change is due to change in
delay alone. This guestion has no meaning, for a moment's
reflection will meke it clear that the delay is a function of
the path of compression and this path is a function of heat
transfer and flames speed as well as every other cperating
variable; therefore, a change in delay implies a change in

one or more of these variables and there is no such thing as

a change in delay alone,

Theory of Chain Reactions as Explanation of Ignition Delay

The phenomenon of delay is probably best explained by the
theory of chain reactions which, in brief, specifies that
spontanecus ignition depends on two general types of reactlon:
chain-branching reaction conducive to explosion and its nega-
tive, chaln-breaking reaction, The rates c¢f these reacticns
are assumed equal pricr to explosion, but, if the pvhysical
conditions favorable to explosion are augmented, the chain-
branching reactions gain the ascendency, become self-accelerating,
and proceed vioclently forward (reference 22).

Ie P1 represents the minimum self-ignition pressure, then
the rates of the chain-branching and chain-breaking reactions
are equal up to point A, (See fig. 8.) At polnt A the chain-
branching reactions gain the ascendancy and continue to accelerate
at an ever-increasing rate until at point B the ratec bocomes
enormouss this highly accelerated reaction is recognized as the
explosicn,

Little or no evidence of the events occurring between
points A and B has been obtained. In the experiments of
Tizard and Pye (reference 6) the only external manifestation
was a slight drop in pressure, which was attributed to cooling
due to heat lost to the surroundings. But the theory of chain
reactions 1s promising, and it 1s werth while to use it freely
even though it may require later modification.

Since an explosion is merely a matter of rate, it might
be asked, in the light of the preceding discussiocn, what was
meant by the expression "instant of explosion" used in the
definitions of apparent and total delay. Thus it night be
agsumed that, since the chain-branching reactions had gained
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the ascendancy at A, +this instant represented the beginning
of the explosion, This wmay of looking at the process is rather
unnatural; the expression "ingtant of explosion" will therefore
be taken to mean the instant when the rate of pressure rise
beccmes substantially infinite.

It might be pointed out that, with respect to the chain-
reacticn hypothesis, there is very little fundamental differ-
ence between the processes of normal burning and detonation in
an engine cylinder. In normal burning the molecules are first
energized by the electric spark, They then become energy-rich
molecules or chain carriers and pcssess the property of energizing
other molecules with which they come in contact, to the extent
that any tendency for chain-breaking reactions to slow down the
process is overwhelmed. The chemical combination, or "burning,"
takes place rapidly but only in the flame front Who“e energy- vlch
molecules exist in abundance, Ahead of the flame front the tem-
perature and pressure of the unburned part is rapidly rising and,
as a result, energy-rich molecules are being formed at many
points. But chain-breaking or "poisoning" molecules are also
being formed ahead of the flame front, and these tend to retard
the accumulation of energy-rich molecules. At a sufficiently
high pressure and temperature the rate of formation of energy-
rich molecules in the unbwrned part becomes so great that the
chain-branching reactions rush to completion and the charge is
said to detonate. This process is essentially ths same as th
process that takes place in the flame front, but there it is
limited to a thin surface of reaction; whereas, when the unburned
part of the charge detonates, the reaction takes place throughout
the entire volume, The violence of detonation is dus not only to
the rapidity of the reaction but also to the high density of the
unburned charge. This density may be six times that of the charge
when spark ignition occurs, and hence the chemical energy liberated
would be six times that of an equal volume burned normally in the
early stages of combustion, That a sudden release of encrgy in
the end zone is responsible for high-frequency pressure waves in
the combustion chamber and the characteristic pinking sound of
detonation has been clearly demonstrated by Draper and Morse
(reference 23),

The experimental fact that apparent delay varies with pres-
svre has been mentioned. It was stated as an experimental fact
that the apparent delay could be shortened from %, to t,

(fig. 9), depending on whether the compression was dlscontlnupd
at P, or P,. According to the chain-reaction theory the reason
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for the variation of apparent delay with pressure, 1s presumably,

that the chain-branching reactions are given a greater accelera-

tion in the time interval t, when the average pressure is

P+ P,

22 than they are given in the same interval when the average
2

pressure is P1'

The term "apparent delay" can be extremely ambiguous, even
at & definite pressure. Thus, in figure 26, if the mixture is
compressed frcm zero to P, along path 1 and explodes at point
C, the apparent delay will be t,. If the mixture is compressed
along path 2, the apparent delay will be increased to ts, seince
Pressures and temperatures are lower at any instant along path 2
between A and B. But there may also be some path 3 between
zero and P, along which the apparent delay will be zero.

These considerations lead to the following:

1. When compressed tc a given pressure, a combustible mix-
ture can have an infinite number of values of appareunt delay,
depending on the pressure-time pati.

2. Different values of apparent delay may be obtained when
compression proceeds to a given pressure even though the time of
compression is the same in every case.

3. Althougli pressurecs along one pressure-time path are
always equal tc or higher than pressures along another path, the
apparent delay of the first path may be greater than or less than
that of the second path.

It is also apparent from figure 26 that the first two of
these results apply to total delay, but the third result does
not, For the case of total delay it can be stated that:

4. If pressures along one path are always equal to or higher
than pressures along another path, the total delay of the first
path will be lsss than that of the second,

This statement is the converse of the principle demonstrated
experimentally in this report.

I the compression paths cross, it is possible to have various
ignition pressures for a given value of total delay.
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In figure 27 it will be observed that, for a given value
t, of total delay, ignition pressures - P,, P,, or P, - might
bs obtained depending on whether the compression path is OAB,
OAC, or OAD. A similar demonstration can be given to show that
when the compression paths cross, various ignition pressures can
be obtained for a given value of apparent delay.

It would be convenient to have a definition of delay which
would minimize the influence of the compression path in order
that, when the pressure was given, the delay would be known. If
the compression 1s instantaneous, delay will be a property of the
explosive mixture defined by the pressure and will not depend
upon past history. Let this property be called absolute delay
and defined as the time interval between the instant of compres-
sion and the instant of explosion, provided the gas is instan-
taneously compressed.,

In figure 28, if the gas is compressed instantaneously to
; @along path OA,, the absolute delay will be the interval
3 and, as the compression is continued along the same path
0 Pp, Pjz, and so forth, definite values of absolute delay
LB AB,, and so forth, will be associated with each pressure.

In dealing with the relation hetween flame speed and delay
in an engine cylinder, it is convenient to introduce the term
"residual delay," defined as the value the apparent delay would
have at a given pressure if the compression were discontinued
at that pressure. The relation tetween flame speed and residual
delay must be somewhat as represented in figures 29 and 30, In
figure 29 the residual delay has diminished to zero before the
entire charge has been consumed in the normal process of combus~
tlon, and detonation ensues; whereas, in figure 30 the residual
delay has nct reached zero when the normal flame completoes its
passage and no detonation takes place. Further amplification
of this process awaits the determination and correlation of
Tflame speeds and delay periods under actual engine conditions,
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APPENDIX E

SUGGESTION FOR EXCHANGE OF DETONATION DATA

One of the great difficulties in detonation research is the
lack ¢i an absolute basis for the comparison of data, If the
state of the charge at a definite crank angle and the indicator
diagram were given, raticnal comparisons could be made. 3But
such factors as compression ratio, spark advance, inlet tempera-
ture, bocst pressire, and sc forth are superficial yardsticks,
and it is seldom, if ever, that the work of two experimenters
can be compared, except in vague terms, on the basis of these
quantities,

A particular instance illustrating the practice of investi-
gators to express detonation data in terms of external operating
variables is to be found in the work of Barnard (reference 14)
on the detonating tendencies of various hydrocarbons., The results
of these tests are shown in figures 31 and 32, which are reproduced
from reference 14. Notice that an increase in engine speed at
constant Jjacket and alr temperature calls for a lower critical
compression ratio in the case of triptane and di-iscbutylene
(fig. 31) and ethyl benzene (fig. 32). All the other fucls show
an increase in critical compression ratio with engine speed, But
it will be observed that, for all these fuels, increase in inlet
and Jacket temperature requires a decrease in critical compression
ratio. This fact might be taken as evidence that temperature was
the most important single factor causing detonation in these tests,
As has been demonstrated, however, no conclusions of this nature
can possibly be drawn from curves such as those of figures 31 and
32 because the pressure-temperature-time history of the unburned
charge is unknown and cannot possibly be determined from these
data,

The standard test conditions used to rate these fuels, more-
over, were so inadvertently chosen that they gave anomalous
results. Best power spark advance was used, the determination
of which requires the location of the maximum point on a cvxrve
with a broad peak, and the procedure is therelore subject to
congiderable error. Since detonation is very sensitive to small
changes in spark advance, it is quite possible that errors from
this source are in part responsible for the ancmalous behavior
of certain of these fuels,
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The curves o: figure 33, also reprocduced from reference 14
show that changes in engine speed will give results which can be
only vaguely interpreted. Notice that the indicated mean effective
pressure is, in general, higher at 2000 rpm than at 600 rpm For a
given compression ratio. This higher value indicates that the air
congumption per cycle was higher at the higher engine speed. As
a result of this fact alone, peak pressures would be higher at
2000 rpm than at 600 rpm for a given compression ratio, In par-
ticular, the indicated-mean-eifective-pressure curves show that,
av a compression ratic of about 4, the change in indicated mean
effective pressure (or pounds of air per cycle) with engine speed
is small, but, as the compression ratio is increased, the change
rapidly becomes significant,

Apparently then, critical compression ratios determined
under these conditions may give a fair estimate of the effect
of engine speed on detonation for fuels with low critical compres-
gion ratios (4 or 5), but, for fuels with high critical compression
ratios (10 to 14), the method is misleading. Because the critical
compression ratios for triptane, ethyl benzene, and diisobutylene
are all high (above 11 at 600 rpm), considerable doubt is cast on
the results for these particular fuels.

Such data may serve a useful purpose in indicating the per-
formance of various fuels under practical cperating conditions,
but, as far as basic research on detonation is concerned, they
are of little value. It would be of interest tc study these fuels
by the method suggested 1in the text, that is, by a study of their
dP/dt records.

Another instance ol a research which does not allow any
fundamental interpretation is that ccnducted by Lee (reference 24)
on the effect of engine speed and mixture temperature on detona-
tion. Lee attributed the observed change in detonation intensity
with engine speed to the change in volumetric efficiency; however,
many other factors that were not accounted for contributed to the
change,
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¥ NACA Zable I
T iy B Rl S gl o P I
| coolant temperature 212°F, dew point of .inlet air less t -40°F, i
Welght air
B Epeiae| e e Comprasion aura missure |BuDALLE | Puckas Beronster persution,
r.p.m.| degrees| 1b. oF "Hg g "H‘“ "Hg 1b.
1| 800 0 18.3)  7.59 120 | -5.3 -5.2 Q771 | 29.92 .000922
2| 800 8 19.0] 6.77 120 | -5.2 ~5.2 L0777 | 29.92 .000932
. 3| so| 16 18.6] 6.28 120 | -5.2 -5.2 .0782 | 29.90 .000933
i 4| 8o 24 17.8]  5.92 120 | -5.2 5e2 .0782 | 29.90 .000925
5| 80| 32 16.7| 5.83 120 | -5.0 -5.0 .0781 | 29.90 .000936
6| 80| 40 15.1]  6.17 120 |R=s.2 =502 .0783 | 29.90 .000925
T 800 48 13.2 7.71 120 -4.0 -4.0 .0765 29.90 .000955
8| 800 0 18.7] 7.35 160 | -4.3 4.5 L0778 | 29.95 .000932
9| 800 18.3| 6.53 160 | -4.4 k.5 .0782 | 29.97 .000935
10] 80| 16 18.4| 5.98 160 | -4.4 =446 L0765 | 29.97 .000940
11| 80| 24 17.5] 5.80 160 | -4.3 %<3 .0786 | 29.94 .000940
12| 800 | 32 16.1| 5.81 160 | =4.5 -4.6 L0780 | 29.94 000931
y 13| 80| 40 1%.9| 6.13 160 | -4.3 A3 .0785 | 29.94 .000931
1| 80 | 44 13.9]  6.63 160 | -3.9 -4.0 .0782 | 29.94 .000931
15| 8o | 48 T2o5 )0 7% 160/ [ #2308 =3.8 L0780 | 29.94 .000931
) 18| 800 o 17.5| 6.80 200 | -3.7 = .0788 | 29.99 .000933
19| 80| 10 17.8| 6.01 200 | -3.5 -3.5 .0786 | 29.99 .000933
20| 80| =20 17.4| 5.73 200l =25 -3.5 .0782 | 29.98 .000935
21| 80| 30 16.5| 5.56 200 | -3.5 -3.5 .0785 | 29.98 .000933
22| 800| 40 4.6  6.00 200 | -3.4 -3.5 .0785 | 29.98 .000926
23] 800 48 12.9] 6.80 200 | -2.9 =28 L0777 | 29.98 .000933
27| 1600 5 18.0[ 8.94 2200 | =23s I NINS1L .0780 | 29.90 .000928
29| 1600 | 15 18.5| 7.38 120 | -1.35 | -1.4 .0780 | 30.08 .000930
30 1600 25 18.0 6.80 120 -1.35 -1l.4 .0765 30.10 .000925
31 1600 30 17.8 6.60 120 -0.6 -0.6 .0776 29.78 .000935
32| 1600 | 35 16.8|  6.67 120 | -0.6 -0.6 .0785 | 29.79 .000930
33| 1600 40 16.118 7 01 120 | -0.6 -0.5 L0778 | 29.79 .000925
34| 1600 | 45 1.6 7.78 1200 ([ "=0-4 20.3 .0775 | 29.78 .000934
; 35 | 1600 5 18.1|  8.69 160 | -0.1 oSl .0774 | 30.00 .000935
X 36| 1600 | 15 18.4] 7.09 1600 [E=051 0.1 .0784 | 30.00 .000941
37 1600 25 18.0 6.47 160 -0.1 -0.1 .0788 30.00 .000941
38| 1600 | 30 17.0]  6.39 1600 [ 0s1 2041 .0783 | 30.00 .000935
39| 1600 | 35 16.3|  6.57 1600 =0t =00l .0787 | 30.00 000931
40 1600 40 15.0 6.85 160 -0.1 -0.1 .0789 30.00 .000931
4] 1600 45 19-8( 7.32 Teo|=0%1 0l .0786 | 30.00 .000927
44 | 1600 s | 16.8] 8.59 200 | +0.25 | +0.25 | .0789 | 30.05 .000933
45| 1600 | 15 17.0|  7.04 200 0.25 0.25 | .0786 | 30.05 .000935
46| 1600 25 15.9 6.27 200 0.25 0.25 .0786 30.04 .000928
47| 1600 30 15.1 6.27 200 0.65 0.65 .0786 30.04 .000929
48| 1600| 35 14.2|  6.30 200 0.75 0.75 | .0786 | 30.04 .000933
i 49| 1600 40 13.0|  6.43 200 0.75 0.8 .0778 | 30.04 .000936
50 | 1600 45 12.0 6.72 200 0.75 0.8 .0786 30.04 .000927
56 | 2400 | 20 6.5  9.16 120 T4 Tk L0778 | 29.64 .000933
] 57 2400 | 30 15.8)  7.64 120 7.6 7.6 L0778 | 29.64 .000933
58| 2400 | 40 1.5 7.18 120 7.6 7.6 L0785 | 29.65 .000925
59| 2400 | 50 325518 7.70 120 7.6 7.6 L0772 | 29.65 .000925
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SIGNIFICANT DATA PERTAINING TO THE UNBURNED CHARGE FOR RUNS AT INLET-MIXTURE TEMPERATURE OF 120° F

VOVN

Run |Compres-| Spark|Weight of |[Weight of Welght of| Percen- | Location| Charge | Tempera- Maximum Meximum |Maximum | Total
sion ad- | mixture residual| charge tage of of volume at| ture of permissible tempera-|relative delay
ratio vance [per cycle |[per cycle|per cycle| residual point O | point O charge at pressure of ture of |density |measured
(deg)| (1v) (1b) (1b) by weight|(°B.T.C.)| (cu ft) | point 0 end gas, P end ges,| of from A
(°F abs,.) (1b/sq 1 i ) T; end/gas, (fig. 11)
sq in. abs, (°F avs.)| P3/T5 {sec)
Engine speed, 800 rpm
1 «59 0 |0.000 0.0000448| 0.0010 i 0.0 0.,0078 1070 8 16 0.232 0,002
2 2.75 8 .001ggu .oooo%gé .0010 u.g 8.8 .oogl; 1070 ﬁzg 17;2 .2&% .00562
z 6.2 16 | .00101 .0000582| .0010 5. 46.8 .0081 1080 L0 1735 W20 .00305
5.32 2, | .000998 | .0000607| .0010 2.7 L5.6 .0082 1110 uzg 1785 .29 .00330
2 2. 3 ﬁz .00101 .0000662( ,00108 Sl ug.e .00821 1080 N 1735 .26 00500
7 0 | 000998 | .0000618| .00106 2.8 L46.0 .00811 1085 ugz 1785 278 .00255
T 771 48 | .00103 .000054) { .00108 .8 53 .2 .00833 1095 57 1820 316 00215
Engine speed, 1600 rpm
27 8.9% 5 10.00100 [0.0000408] 0.0010 3.9 55.2 0.00788 | 1075 89 1680 0.232 | 0.00515
29 7.g 15 | .00100 .0000528| ,0010 5.0 0. .00802 1075 72 1750 270 .00250
30f 6.80 25 | .000996 | .0000600( ,00106 2.7 9.5 .00822 1100 530 1830 .290 .00181
31| 6.60 30 | .00101 .0000671| .00107 o2 L9.5 .00858 1100 555 1845 2301 .00178
a22| 6.67 5 | .00100 .0000673| .0010 6.3 50.0 .0083 1110 571 1870 =305 .00178
5 7.01 0 | .000998 | .0000641| .0010 6.0 51.0 .0083l 1115 606 1900 <319 .00183
3 778 L4s | .00101 .0000587| .00107 5.5 53.2 .00830 1100 635 1895 <335 00115
Engine epeed, 2,00 rpm
56( 9.16 20 10.00101 |0.0000583%| 0.00106 .6 552 0.00811 1085 16 1795 0.288 0.00
sg 7.6% 0 | .00101 .0000315 .00108 2.6 22.8 .00829 1090 guo 1 gs .298 .ooi%g
5 781 0 | .000998 .0000782 .00108 Te3 9.6 .00801 1050 271 1805 2316 .00139
859| 7.70 50 | .000997 | .000075 .00107 751 51.2 .00800 1060 21 1820 3l 00147

a
It 1s believed that detonation occurred s
instant of detonation could not be determi

lightly before
ned accurately.

peak pressure in these runs, but the dp/dt records were fogged and the

5
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TABLE III
TEMPERATURE OF THE UNBURNED CHARGE AT VARIOUS CRANK ANGLES FOR RUN 27
[Firing run; high-speed C F R engine; engine speed, 1600 rpm; compression ratio, 8.94;
spark advance, -5°; fuel-air ratio, 0.0780; inlet-m!xture temperature, 120° F; residual
content, ;.6 percent; clearance volume, 0.00272 cu ft; barometer, 1l.7 1b/sq in.(true);
indicator springs: heavy, 150 1lb; light, 5 1b; coolant temperature, 212° F]
Crank |Pressure, P Cylinder |Weight of| Specific Indicated |Adiabati
ngle, © *1 |volume, V_|cha et d |Adiabatic |adiabatic
556, 5| (/s n. ammn | TouTh) | PUTES) | roams °F | ptempert- | tempora- | campera-
(cu £t/1b) =Y * Txp e
(°F abs.) |(°F abs.) | (°F abs.)
100 19.5 0.01658 |0.001048 15.8 873 873 873
80 271 .01283 .001048 12.23 939 915 947
60 L3.2 .00903 .001048 8.61 105 1055 105
Lo T .00575 .001048 5.48 120 1207 120
20 ué%.s .00351 .001048 5.335 1380 Rah 1390
10 182.5 .00292 .001048 2.&5 7 gﬁ
5 192.0 .00277 .001048 2.645 1478 181
0 206.5 I [RERRAe ————————— 1496
-20 256 |eceeeeaa- I R R P - 1545
Peak 389 = |emmecccccen| ceceacaa e Rttt Mtetteted ———— 1705
TABLE IV
TEMPERATURE OF THE UNBURNED CHARGE AT VARIOUS CRANK ANGLES FOR RUN 73
[Nonriring run, fuel-air mixture; high-speed C F R engine; engine speed, 1600 rgm;
compression ratio, 6.79; fuel-air ratio, 0.0795; inlet-mixture temperature, 117° F;
clearance volume, 0.00373 cuft; barometer, 1. lbﬁqu.(true); indicator spring, 50 b;
coolant temperature, 212 F|
Crank Pressure, le Cylinder |Weight of|Specific Indicated | Adiabatic | adiavatic
angle, © volume, V! charge, w|volume of tempera=~ tempera- tempera-
(°B.T.C.) [(1b/sq 1n. abs.) | (cu ft) (1) ?2:’%‘;71‘;) RiESs Tz, | B T | URe, ey
(°%F abs.) | (°F abs.) | (°F abs.)
100 18.6 0.017 0.00130 13.53 717 105 7%7
80 28.6 .013 .00130 10.65 g'ﬂ; 582 g 2
60 38.6 .0100 .00130 773 0 76 8
Lo 66.1 .0067 .00130 5.20 980 1011 1022
20 110.6 .00452 .00130 3,48 1098 115 1182
10 iﬁZ.l .00393 .00130 3.02 12157 12 1
0 5.6 .00373 +00130 2.87 1191 1245 12
TABLE V
TEMPERATURE AND PRESSURE OF THE UNBURNED CHARGE AT VARIOUS CRANK ANGLES FOR RUN 76
[Nonfiring run, fuel-air mixture; high-speed C F R engine; engine speed, 1600 rpm;
compression ratio, 6.79; fuel-air ratio, 0.0796; inlet-mixture temperature, 123° F;
clearance volume, 0.00373 cu ft; barometer, 1.8 1bfsqin. (trus); indicatar spring, 50 1b;
coolant temperature, 212° F]

Crank Pressure, P Cylinder |Weight of | Speciflc |Indicated|adiabatic|adiabatic Adiabatic
angle, 6 1 volume, vx charge, w|volume of tempera=-| tempera-| tempera-| pressure, P
o charge, V |ture, T ture, T ture, T x
(“B.T.C.)| (1b/sq in.abs.)| (cu ft) (1p) (cu f£t/1b) %5 x5 x}

(°F abs.)| (9% abs.)| (°F abs.)|(1b/sq in. abs.)
Values computed from 100° B,T.C.
100 20. 0.017 0.001295 13.58 8 8 85 20.3
80 27 .01532 .001295 10.22 gug Ezi’ 529 28.15
60 o.g .0100 .001295 TeT 891 9L5 967 b,z.7
Lo T .0067 .001295 5.22 1010 1086 1115 4.9
20 113, .00452 .001295 3.49 1128 12,1 1283 129.0
10 :]Lﬁé. .00393 .001295 B.Ogs 1182 1303 13l 155.6
0 6.3 .00373 .001295 2.8 1201 1327 1572 167.0
values computed from 40° B.T.C.
Lo 67.8 .00676 .001295 5.22 1010 1010 1010 67.8
20 115.3 .00452 .001295 3.49 1128 11?7 1166 11721
10 36. .00393 .001295 3.og5 1182 1215 1225 141.5
0 6.3 .00373 .001235 2.8 1201 1237 1245 152.0
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TABLE VI.- TEMPERATURE OF END GAS COMPUTED FROM VARIOUS POINTS ON THE COMPRESSION STROKE

FOR RUN 5 OF REFERENCE 9

[Firing run; low-speed C ¥ R engine; engine speed, 1200 rpm; compression ratio, 6.88;

spark advance, 30°; fuel-air ratio, 0.0812; inlet-mixture temperature, 200° F; resi-

dual content, 5.6 percent; clearance volume, 0.00369 cu ft; barometer, 1L.8 lb/ag %T.
F

(true); indicator springs:

heavy, 150 1b; light, 5 1b; coolant temperature, 211

Crank |Pressure, P, Cylinder | Weight of|Specific Indicated |Maximum
angle, 0 - volume, V.| charge, w|volume of tempera- |end-gas
(°B.7.C. 5 : (Ib) |charge, V | ture, T, [tempera-

B.T.C.)|(1bv/sq in absH (cu ft) # rchb) ; » Txy o

("F abs,) 2

(°F abs.)
146 1.8 0.02382 | 0.001158 20.58 863 1957
100 21.25 .017 .001158 12.15 912 1507
30 98.8 .005 .001158 1.70 1316 192l

FOR RUN 37 OF REFERENCE 9

THE COMPRESSION STROKE

[Firing run; low-speed C F R engine; engine speed, 1200 rpm; compression rgtio, Te533
spark advance, 30°; fuel-air ratio, 0.0785; inlet-mixture temperature, 120" F; resi-

dual content, 5 percent; clearance volume, 0.003325 cu ft; barometer, 14.85 lb/sg in.
(true); indicator springs: heavy, 150 1b; light, 5 1lb; coolant temperature, 211 F|
Crank Pressure, P Cylinder | Weight of|Specific Indicated |Maximum
angle, 6 i olume, V_| charge, W|volume of tempera- |end-gas
(°B.T.C.) |(1b/sq 1in. abs.) (cu ft) (Ib) |charge, V |ture, T, |tempera-
(cu ft/1p) 1l|ture, T
o X
(°F abs.)| o
(°F abs.)
146 14.85 0.023L45 | 0.00123 19.06 803 1888
100 22435 .01719 .00123 1&.97 885 188
30 109. .005075| .00123 .125 1280 188

TABLE VIII-TEMPERATURE OF END GAS COMPUTED FROM VARIOUS POINTS ON THE COMPRESSION STROKE

[Fir ing run; low-s

spark advance, 30
dual content,

FOR RUN 51 OF REFERENCE 9

geed CFR

engine; engine speed, 1200 rpm; compression ratio, 7.70;

; fuel-air ratio, 0.0782; inlet-mixture temperature, 80° F; resi-

4.8 percent; clearance volume, 0.003232 cu ft; barometer, 14 .8 1b/sq in.

(true); indicator springs: heavy, 150 1b; light, 5 1b; coolant temperature, 211° F]
C";"k Pressure, P, Cylinder |Weight of|Specific |Indicated|Maximum
SHezo 8 1 |volume, V' charge, w|volume of | tempera-|end-gas
("B.T.C.) (1b/sq in. abs.) | (cu ft) (1b) charge, V |ture, T, | tempera-
(cu ft/1b) " 1f ture, T,
(F abs.) 2
(°F abs.)
146 14.8 0.02336 | 0.001268 18.42 73 1867
100 22.3 .0170 .001268 13.48 51 1859
30 114.6 .0049 .001268 3.93 1276 1893

TABLE IX-TEMPERATURE AND PRESSURE OF THE UNBURNED CHARGE AT VARIOUS CRANK ANGLES FOR RUN TTa

@onfiring run,
compression ra

dry air only; high-speed C.F.R. engige; engine speed , 1600 rpm;

tio, 6.79; inlet-air temperature, 126

F; clearance volume,

0.00373 cu ft; barometer, 1.8 1b/sq in. (true)é indicator spring, 50 1b;
coolant temperature, 212° F]

Crank |Pressure, P Cylinder |Weight of Specific Indicated|Adiabatic |[Adiabatic Adiabatic
angle, © *1 |volume, Vy|charge, w|volume of | tempera-| tempera-| tempera-|pressure, P,
(°B.7.C.)| (1b/sq 1n. abs.)| (cu ft) (1b) ?:rgzhg) ture, Txl ture, sz ture, 'I‘,(3 3

(°F abs.)|(°F abs.)|(°F abs.)|(1b/sq in. abs.)

100 20. 0.01 0.00125 alllyst 76 76 76 20.3

80 28.2 .01§SZ .00125 11.03 gm g 0 522 28.3

60 lheid .omolz .00125 8.0k 950 960 963 43.9

Lo 7@.5 0067 .00125 5.%1 1085 110 1109 7571

20 126.3 .00452 .00125 3.62 1233 127 1293 131.7

10 152.3 .00393 .00125 3,145 1293 ;522 1357 158.7

0 162.3 .00373 .00125 2.985 1310 13 1385 T7147
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Figure 1.- Apparatus used in tests.

~

®

b

o] =l

® (o)

o o

g p

o ol

R ~ O

+ © +

O 2 O

m 0 A
~ |
? y
=

e o

PLott

Litrne ——>=
Figure 12. - Specimen %% record for moderate detonation.
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speed, 24,00 rpm; other operating conditions as in table I.
Numbere at the peak indicate the crank angle interval
between top center and peak pressure. Spark ignition
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Figure 8. - Pressure-time curve for sudden compression of
fuel-air mixture showing apparent delay.
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Figure 9. - Pressure-time curves for sudden compression
of fuel-air mixture showing how delay varies
with pressure.
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