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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metrie English
P Abbrevi Abb
5 revia- g revia-
Unit on Unit o
Length______ l HBter = i e TR O m foot-{ormile)e. = .= ft (or mi)
Timerie. = 7 ¢ seoonde =2 = - Sk s s second (or hour)_______ sec (or hr)
Horeet =~ F weight of 1 kilogram______ kg weight of 1 pound____ __ b
Power______._ P horsepower. (metrie) ____.__|________ horsepower___________| hp
Stecd Vv {kilometers per hour______ kph miles per hour_________ mph
Dot e meters per second________ mps feet per second._ . ______ fps
2. GENERAL_ SYMBOLS
Weight=mg Kinematic viscosity

14
Standard acceleration of gravity=9.80665 m/s® ,
or 32.1740 ft/sec?

Mass=—

Moment of inertia=m#k?. (Indicate axis of

radius of gyration £ by proper subscript.)
Coefficient of viscosity

Area

Area of wing
Gap

Span

Chord

Aspect ratio

b2
s
True air speed

Dynamic pressure, %p Ve

Eift, absolte cosfisient o=
Drag, absolute coefficient Cp=-—5
Profile drag, absolute coefficient ('p=—2

Induced drag, absolute coefficient CD,=§—)S,

Density (mass per unit volume)

Standard density of dry air, 0.12497 kg-m~%s? at 15° C
and 760 mm; or 0.002378 Ib-ft—* sec?

Specific weight of “standard” air, 1.2255 kg/m? or
0.07651 1b/cu ft

3. AERODYNAMIC SYMBOLS

qS
D
qS
D,
S

i

Parasite drag, absolute coefficient CD,———QQS?,

Cross-wind force, absolute coefficient Cpy=

2626°

(2
(2

Q
Q 3

'R

Qg
ay

¢S

Angle of setting of wings (relative to thrust line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds number, i where [ is a linear dimen-

sion (e.g., for an airfoil of 1.0 ft chord, 100 mph,
standard pressure at 15° C, the corresponding
Reynolds number is 935,400; or for an airfoil
of 1.0 m chord, 100 mps, the corresponding
Reynolds number is 6,865,000)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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A HIGH-SPEED MOTION-PICTURE STUDY OF NORMAL COMBUSTION, KNOCK
AND PREIGNITION IN A SPARK-IGNITION ENGINE

By A. M. Rorurock, R. C. SpeNcER, and Cearcy D. MILLER

SUMMARY

Combustion in a spark-ignition engine was investigated
by means of the NACA high-speed motion-picture
camera. This camera is operated at a speed of 40,000
photographs a second and therefore makes possible the
study of changes that take place in time intervals as
short as 0.000025 second. When the motion pictures
are projected at the normal speed of 16 frames a second,
any rate of movement shown is slowed down 2500 times.

Photographs are presented of normal combustion, of

combustion from preignition, and of knock both with and
without preignition. The photographs of —combustion
show that knock may be preceded by a period of exothermic
reaction in the end zone that persists for a time interval
of as much as 0.0006 second. The knock takes place in
0.00005 second or less.

INTRODUCTION

In 1924, the National Advisory Committee for Aero-
nautics completed the development of a high-speed
spark-photography camera, which was used to study
the formation and the development of fuel sprays for
Diesel engines. Because the time for injection of the
fuel amounted to about 0.003 second, it was necessary
that the camera operate at much faster speeds than
those generally used. The photographs were exposed
by the ares from a bank of 25 electric condensers,
which were discharged at the rate of 4000 discharges a
second. The discharges took place across a common
spark gap, the 25 flashes of light occurring in 1/160 of
a second. The duration of each flash was between
1/100000 and 1/1000000 of a second. This speed of
discharge (the exposure time) was so fast that the photo-
graphic images formed by the light from the condenser
discharges could be recorded on a film moving at a
high rate of speed. No shutter was required on the
samera, and the film was mounted on a drum that
revolved continuously while the photographs were
being taken. High-speed motion pictures could be
recorded of objects that were not themselves a source
of light. Results of these tests were published in 1927
(reference 1).

In order to photograph the combustion within an
engine cylinder, it was necessary to have a high-speed
motion-picture camera with a shutter arrangement so

that the light from the continuous source would not
make a continuous streak on the film. Such a camera
became available in 1933 (reference 2). The NACA
had, in the meantime, developed a single-cylinder en-
gine in which the sides of the combustion chamber were
formed by glass windows (reference 3). This camera
(reference 2) together with the single-cylinder engine
made it possible to take motion pictures at a rate of
2400 frames a second of the fuel injection and of the
combustion within the combustion chamber of a Diesel
engine or of a spark-ignition engine. When these pho-
tographs were projected at a rate of 16 frames a sec-
ond, the motions of the spray and of the combustion
were slowed down 150 times. The photographs taken
with this camera had an exposure time of about 1/7000
of a second at 2400 frames a second. This camera had
the disadvantages of taking photographs at a slower
rate and with a longer exposure time than did the
NACA spark-photography camera, but it had the ad-
vantage of taking a much greater number of photo-
graphs and of taking high-speed motion pictures of a
light source.

Photographs of combustion taken at rates up to 5000
frames per second have been reported by Rassweiler
and Withrow (reference 4) and by Boyd (reference 5).

The motion-picture camera deseribed in reference 2
was used extensively in the study of combustion in
both the Diesel and the spark-ignition engine. It pro-
vided a picture of the movement of the sprays and of
the combustion within the engine eylinder. The speed
of operation, 2400 frames a second, was not sufficiently
fast to permit a close study of the movements within
the combustion chamber, and the individual frames of
the motion pictures had to be viewed as “stills” if the
combustion propagation was to be studied in detail.
For this reason, the NACA decided to design a camera
that would work at higher speeds.  The camera, which
was invented by one of the authors, Cearcy D. Miller,
was completed late in 1938 and was successfully tested
in the early part of 1939. The speed of operation is
40,000 photographs a second. When the motion pic-
tures taken with this camera are projected at the nor-
mal rate of 16 frames a second, the motion is slowed
down 2500 times.

In this report high-speed motion pictures are pre-

il
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sented that were taken with the new camera in a study
of normal burning, knock, and preignition in a spark-
ignition engine.
APPARATUS
COMBUSTION APPARATUS

The NACA combustion apparatus as used for in-
vestigating combustion in a spark-ignition engine is
deseribed in reference 6. The apparatus consists of
a 5- by 7-inch engine coupled to an electric motor,
which drives the engine at the test speed. A single
charge of fuel is injected into the combustion chamber

bility to the data (references 8 and 9). The glass
windows were inserted in the other side of the head,
as shown in the sketch. There are six spark-plug
openings in the head, indicated by the letters E through
J (fig. 1). In the present tests a single spark plug was
mounted in opening E.  The engine was operated at a
speed of 500 rpm. Previous tests have shown that
the type of air flow is the same at this speed as at
higher speeds.

The fuels used for the tests were C. F. R. reference
fuel S-1 and blends of S-1 with C. F. R. reference fuel

“ Section A-A, showing openings
! for spark plugs and accessories
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F1GURE 1.—Diagrammatic sketch of NACA combustion apparatus.

of the engine during the inlet stroke, and the photo-
graphic data are recorded during the firing and the
burning of this single charge. The cylinder head and
barrel are held at the test temperature by circulating
heated glycerin through the cooling passages of the
cylinder and the head. The operation of the engine
under its own power for a single cycle eliminates the
effects on the combustion process of residual exhaust
gases and of any undisclosed hot spot. Time-pressure
records of the single explosion can be made through
the use of the engine indicator deseribed in reference 7.

A diagrammatic sketch of the combustion apparatus
is shown in figure 1. Two poppet valves are mounted
in one side of the pent-roof head, one for inlet and one
for exhaust. This arrangement differs from that of
reference 6 i which each valve was used for both
intake and exhaust. In the present tests, the inlet
valve was shrouded to give a tangential swirl to the
incoming air and to give a high degree of reproduci-

M-2. Fuel S-1is a commerecial grade of 2,2 4-trimethyl
pentane (iso-octane) having an octane number of about
99.3. The M-2 fuel has an octane number of 11 to 20,
depending on the method of rating.

The following engine operating conditions were
kept constant throughout all the tests of the
present report: Spark advance, 20°; engine-coolant
temperature, 250° F.; compression ratio, 7.0; engine
speed, 500 rpm; fuel-air ratio, approximately 0.08.

A description of the NACA high-speed motion-
picture camera cannot be given at this time.

OPTICAL SET-UP FOR SCHLIEREN PHOTOGRAPHS

In photographs of combustion, schlieren photog-
raphy has been found to give greater detail than
direct flame photography. A diagrammatic sketch of
the schlieren set-up is shown in figure 2. The light
from the spherical source (1) is brought to a focus by
the condensing lens (2) on the elliptical mirror (3).
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Mirror (3) is a plane mirror, but its outline is an ellipse
having major and minor axes of such ratio that the
mirror appears circular when viewed from the direction
of the light source (1) or from the direction of the
schlieren lens (4). This elliptical mirror is located at
the principal focus of the schlieren lens (4) so that the
light rays reflected from any single point on the surface
of the elliptical mirror will be parallel after passing
through the schlieren lens (4). These rays strike
mirror (5) and are reflected through the windows (6) of
the engine onto the mirror (7) mounted on the piston.
The rays are reflected back by the mirror (7) on the
piston top, again passing through the windows (6),
reflecting from the mirror (5), and passing through the
schlieren lens (4). Upon their return through the

Mirror (5)

the film and form a uniformly illuminated image of the
shape of the combustion chamber.

Light rays will be deflected upon passing through
any local stratifications of gases having indices of
refraction different {from the index prevailing through-
out the combustion chamber and presenting non-
parallel surfaces. Rays will also be deflected upon
passing through any stratification where the index
of refraction varies continuously along a line perpen-
dicular to the light rays. Such deflected rays, on
leaving the combustion chamber, are no longer parallel
to rays coming from the same point on the surface of
the elliptical mirror but passing through other parts of
the combustion chamber. The deflected rays will con-
sequently be focused by the schlieren lens (4) to a

Schlieren lens (4) Elliptical mirror(3)

Comera (9)

Diaphragm with - .
elliptical aperture (8)

Condensing /ens(2)

Spherical light source (1)

FIGURE 2.—Diagrammatic sketeh of optical system used in taking schlieren photographs of combustion.

schlieren lens (4), the rays are again brought to a focus,
forming an image of the elliptical mirror (3) on the
surface of the elliptical mirror (3) itself.

The elliptical mirror (3) is in the same plane with a
black diaphragm (8), which has an elliptical aperture
surrounding the mirror. This arrangement results in
an annular aperture between the mirror and the
diaphragm as seen from the direction of the schlieren
lens (4). Schlieren lens (4), in conjunction with the
lens of the camera (9), forms an image of the contents
of the combustion chamber on the film in the camera
by means of any light that may pass through the
annular aperture between the elliptical mirror (3) and
the diaphragm (8).

By a very slight angular adjustment of the mirror (5),
the image of elliptical mirror (3) formed by the rays
returning from the engine through schlieren lens (4) is
slightly deflected so that a very small crescent-shaped
portion of this image falls on the annular aperture in-
stead of on the elliptical mirror. Then, as long as
there is no deflection of rays by the contents of the
combustion chamber, the light rays forming this
crescent-shaped portion of the image pass through to

point different from that for rays coming from the same
point on the surface of the elliptical mirror but passing
through other parts of the combustion chamber.
The general result is that either more or less of the light
which has passed through the stratifications in the
combustion chamber passes through the aperture
between elliptical mirror (3) and diaphragm (8) than
would have passed through this aperture if the rays
had not been deflected. Consequently, either bright
spots or dark spots are formed on the film at the loca-
tions corresponding to the nonparallel surfaces of the
cas stratifications within the combustion chamber.
For this reason, any marked variations in the index of
refraction of the gas along any line perpendicular to
the light rays passing through the chamber will be
recorded on the photographic film.

Combustion is accompanied by a steep temperature
gradient and, consequently, by appreciable changes in
the index of refraction of the gases. In any zone in
which combustion has been completed, the temperature
again becomes uniform although it remains much
higher than before combustion had traversed the zone.
The rear of the combustion zone as well as the front is
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therefore recorded by schlieren photography. The
annular aperture between the elliptical mirror (3) and
the diaphragm (8) is sufficiently small that the illumina-
tion from normal combustion does not record on the
film. The photographs are thus a record of the com-
bustion as indicated by the temperature changes
within the combustion chamber.

DISCUSSION AND RESULTS

In reference 10 some of the effects of the different
engine factors on knock and on preignition within the
engine cylinder are desertbed. The conclusion was
presented that whether the fuel knocked depended
primarily on the interrelation between the end-gas
density and the end-gas temperature within the combus-
tion chamber. It was also suggested that whether a
fuel preignited depended on whether some hot spot in
the engine reached a specific temperature that would
cause the ignition of the particular fuel in question.
The present report presents information on the manner
in which these forms of combustion take place, as well
as a description of normal combustion. It should be
borne in mind throughout a reading of the present
report that engine operating conditions were maintained
constant for all of the tests, except that preignition was
obtained by insertion of a hot spot within the cylinder
head. Nonknocking combustion, combustion with
light knock, and combustion with severe knock were
obtained by use of different fuels, no other change being
made. It may therefore be assumed that these differ-
ent types of combustion, as shown in this report, were
with the same end-gas state.

NORMAL COMBUSTION

Figure 3 is a composite photograph of normal com-
bustion from one spark plug located at £ (fig. 1). The
photographs were printed from amotion-picture filin of a
single explosion taken at the rate of 40,000 photographs
a second. The photographs are read consecutively
from left to right; that is, A-1, A~2, A-3, . . .
A-19, A-20, B-1, B-2, P-19, P-20. In row
A the combustion front is barely visible at the top of
frame A-1. In general, the combustion zone is indi-
cated by the dark mottled region in the gray field.
The uniformly dark region in the upper left of the
frames is caused by uneven schlieren illumination and
has no other significance. As the pictures proceed, the
combustion front travels downward.

The travel between successive photographs is ex-
tremely small because the time interval between photo-
graphs 1s 1/40000 of a second. By frame A-20, the
combustion front is clearly visible. As the combustion
front progresses in row B the area behind the front
remains mottled, which indicates temperature gradients
throughout this region. A comparison of two successive
frames in any column determines the travel of the com-

bustion front in 1/2000 of a second. A comparison of
frame A-20 with frame B—-20 shows that, in this 1/2000
of a second, the general shape of the combustion front
has remained about the same. The apparent combus-
tion zone extends from the combustion front to the top
of the field and, throughout this region, there are appar-
ent temperature gradients. In row C the front remains
fairly straight. In row D a greater irregularity is
visible in the front, two tongues of combustion pro-
ceeding somewhat ahead of the rest of the front. In
row E a horizontal line can be drawn across the com-
bustion front, but the front itself is rather wavy. 1In
row £ the upper right-hand portion of the field again
becomes clear, which indicates that in this zone the
temperature has become uniform and the combustion
has been completed. It must be emphasized that the
depth of combustion in a direction normal to the photo-
graphs cannot be determined from the photographs.

By the end of row G the combustion has taken on an
appreciably different appearance. There is now a
narrow combustion zone with a tail of mottled area
near the right side of the field. By the end of row H,
the tail has disappeared and only the narrow combus-
tion zone remains. This zone has reached a point
about two-thirds of the distance across the combustion
chamber. A comparison of row H with row E shows
that the depth of the combustion zone in the direction
of flame travel has greatly decreased in the time interval
(3/2000 sec) occurring between the taking of the photo-
graphs in the two rows.

It has been suggested that the apparent depth of the
combustion zone in the direction of flame travel, as indi-
cated in the schlieren photographs, results from the facts
that the combustion front is convex in the plane normal
to the photographic plane and that the combustion
zone is actually of infinitesimal depth. 1If this sug-
gestion is a fact, photographs taken in the side plane for
frames E-20 and H-20 would appear as in figure 4b
and 4e, respectively. In this case, although the com-
bustion front might be of infinitesimal thickness, the
photographs would show a zone of appreciable apparent
depth. Based on this argument, it is difficult to con-
struct the view normal to the photographic plane of
some frame such as G-11 (fig. 3). A great deal of the
theoretical analysis of combustion propagation has
been built on the theory that the combustion front is of
extremely small if not infinitesimal thickness but, in the
case of combustion within an engine cylinder, there is
little experimental evidence available to support this
contention. Although the present photographs do not
prove that the combustion zone is of finite and ap-
preciable depth, they suggest that such is the case.
The true condition probably lies between 4b and 4c¢ or
between 4e and 4f. Recent tests completed at the
National Bureau of Standards (reference 11) have also
indicated that the combustion zone is of appreciable
depth. Results presented by Withrow and Cornelius
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(reference 12) indicated an apparent combustion depth
of the same order of magnitude as those presented
herein.

Another possible explanation of the depth of the
mottled area in the photographs, which would be con-
sistent with the assumption of infinitesimal flame thick-
ness, is that the flame, after passage through any given
volume of gas, leaves temperature gradients behind it
which require a finite time for their elimination by
conduction and radiation of heat. An effort will be
made at a later date to determine whether temperature
gradients, unsupported by combustion, can persist long
enough to cause the depth of mottled area evident in
the photographs,.

For the combustion period from row H through row
P of figure 3, the combustion zone appears narrow in

a b c
Frame E-20

chamber, indicating temperature gradients in this
region. As is the case in the previous record, the com-
bustion front is approximately horizontal. No sudden
changes appear in the combustion process previous to
knock. The impression given is that the transforma-
tion of the chemical energy into pressure is regular and
reasonably well controlled. The front itself becomes
more irregular in row J. In row K these irregularities
are well defined.

In row L the portion of the end gas in the field of view
becomes confined to the lower left section. Toward
the middle of row L, definite striations begin to appear
within the end gas. These striations become continu-
ously visible after frame L-6. After frame L-6, the
field in the end zone becomes darker, and it becomes
more difficult to differentiate between the combustion

d ” e f
Frame H-20

F16URE 4.—Sketches to show extremes of possible depth of combustion zone. Diagrams b and ¢ show combustion zone as thin shell. Diagrams ¢ and f show combustion
zone with depth equal to apparent depth as indicated by views a and d. D is the apparent depth of the combustion zone.

depth and approximately horizontal. Slight changes
oceurring in the shape of the combustion front can be
seen by comparing two successive frames in any one
column. By frame N-3, the combustion front has
reached all visible portions of the combustion chamber.
The small dark area at the bottom of the field of view
indicates that temperature gradients existed through
the recording of frame P-20. The time interval from
frame N—3 to frame P-20 is 1/700 of a second.

Figure 5 shows high-speed motion pictures recorded
when knock occurred in the charge because of the use of
a fuel of lower antiknock value than in the case of
figure 3. The combustion front is first clearly visible in
row C. In general, its appearance is similar to that for
the nonknocking combustion. In this particular in-
stance the combustion front is more rounded. This
variation from figure 3 represents the variation that
occurs for two records taken under the same test
conditions. As is the case with the previous record, the
combustion zone has an appreciable apparent depth in
the direction of flame travel. In row H the rear of the
combustion zone starts to become clear and, by the end
of row |, the zone has considerably narrowed. A
mottled area is visible in row J along the left side qf “he

282673 —41——2

front and this darkening. This characteristic of the
combustion did not appear in the nonknocking record.
The darkening of the field indicates that temperature
gradients are being created in the end zone. The fuel,
however, has not knocked in the sense that the char-
acteristic vibrations of the gas which occur with knock
are not as yet visible.

In frame M-10, the demarcation between the com-
bustion front and the end zone has disappeared. In
frame M-11, the knock first appears. It is indicated
by the bright spots along the lower right-hand edge of
the field and by the slight blurring of the combustion
zone. The appearance of the field changes decidedly
between M—11 and M-12. In M-12 the dark section
in the lower left portion of the field has disappeared,
and the field is more or less uniformly lighted. The
knock is completed in these two frames, that is, in
0.00005 second. The actinic value of the light that
radiates from the combustion chamber after knock
occurs is sufficiently high to record on the photographic
film. Previous to knock the light radiating from the
combustion did not record on the film. Apparently,
following knock, the actinic value of the illumination
originating from the combustion is increased many fold.
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FIGURE 5.—High-speed motion pictures of a knocking explosion in a spark-ignition engine. Fuel, 50 percent S-1 and 50 percent M~-2; one spark plug; spark advance, 20°.
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It is possible that these apparent exothermic reac-
tions in the end zone are sufficiently intense to emit
visible light. In reference 4 a luminosity in the end
zone was recorded before the flame front traversing the
combustion chamber reached the end zone. Similar
luminescence has been recorded in this Laboratory (ref-
erence 6) and seems to accompany severe knock.

These photographs give a new insight into the phe-
nomenon of knock. They show that a time interval
of about 0.0006 second occurred between the start of
the apparent exothermic reactions in the end zone and
the appearance of the pressure waves and the brilliant
illumination.

The gas vibrations cannot be easily observed in these
reproductions of the records; but, when the photographs
are shown as motion pictures, the vibrations are visible.

Plan view

\ Windows _
Soace between >

glass window
and cylinder wall --_ _

Combustion
chamber

FIGURE 6.— Details of window arrangement in eylinder head.

The frequency of the vibrations is indicated by the
light area that appears and disappears in the lower
right of the combustion chamber. A space ! inch
deep is formed by the gasket between the rectangular
window and the eylinder wall, as shown in figure 6.
The gas in this space apparently becomes luminous and
nonluminous alternately as it is compressed and ex-
panded by the vibration of the gas in the cylinder.
The luminosity in this space reaches a maximum in
frames M-12, M~16, M-20, N-9, and O-1 of figure 5.
These data indicate that the compression and the ex-
pansion of the gas in this space started at a frequency
of 10,000 cycles a second and decreased to a frequency
of 3300 a second.

In frame O-11 (fig. 5), smoke appears in the knocking
zone at the bottom of the chamber. This smoke grows
in volume through row P, becomes clearly visible in
row Q, and continues to travel toward the opposite
side of the combustion chamber through the rest of

the photographs. No smoke was visible in the non-
knocking records. These data indicate that knock is
a sudden completion of burning in a region in which
partial combustion has taken place. This explanation
has been discussed in reference 6. 1In this reference it
was pointed out that, with severe knock, there is a
short period preceding the formation of the pressure
waves in which there is a marked inerease in the rate
of pressure rise within the combustion chamber and a
reverse movement in the combustion front.  When the
motion pictures presented herein are projected, this
momentary reverse movement in the combustion front
is visible.  As the front proceeds into the end zone,
it appears to stop momentarily at the time the field in
the end zone starts to show the darkening already dis-
cussed. The combustion front then proceeds again in
the forward direction. Additional high-speed motion
pictures taken with this apparatus but not published
have shown that, as the intensity of the knock is de-
creased, the time interval during which reactions arce
indicated in the end zone prior to knock decreases.
With light knock these reactions do not appear and the
combustion front travels through the end zone before
knock occurs.

Again it is emphasized that the photographs show
the combustion in only one plane so that, even though
the photographs record the combustion front reaching
the wall of the combustion chamber, there may be
pockets of unburned gas in which the exothermice re-
actions take place. Nevertheless, there is no indication
of these reactions in the records for light knock taken
with the high-speed camera.

For the present, knock will be considered to be the
reaction that took place as frames M-11 and M-12 of
figure 5 were recorded. After the occurrence of the
knock, the combustion gases throughout the chamber
show (when the motion pictures are projected) the
vibration that has long been associated with knock.
The light radiated by the gases becomes highly actinic
with respect to the photographic film.

The results presented in this paper and in reference 6
indicate that the phenomenon of knock takes place as
follows: The combustion front, as it progresses across
the combustion chamber, compresses the end gas adia-
batically. If the compression is sufficient, exothermic
reactions are started within the end gas that are of
suflicient intensity to cause an increase in the instan-
tancous rate of pressure rise throughout the com-
bustion chamber. The reactions may also take place
with sufficient rapidity to result in an expansion within
the end zone that causes a momentary hesitation of the
oncoming combustion front, but they are not sufficiently
violent to cause the pressure wave within the combus-
tion chamber that results in the audible knock. These
reactions in the end zone continue for a finite time
interval of as much as several ten-thousandths of a
second. After they have spread throughout the end
zone, a very sudden release of energy occurs (in less
than 0.00005 sec) in or near the end zone. This
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reaction is assumed to be the sudden completion of burn-
ing in a partly burned region, and it causes the pressure
wave within the gas that results in the audible knock.
This explanation of knock is based on the idea that the
combustion zone is at all times of finite depth in the
direction of flame travel. The primary stage of reac-
tions in the end zone decreases as the intensity of the
knock is decreased and may entirely disappear. If
the primary stage disappears, the combustion front
proceeds across the combustion chamber and the knock
is the sudden completion of burning in or near the end
zone. As to an explanation of the nature of the reac-
tion accompanying this sudden completion of burning
and release of energy, which is termed “knock,” the
high-speed motion pictures give no clue except the one
fact that the illumination accompanying this reaction
is many times more actinic with respect to the photo-
graphic film than is the illumination accompanying the
previous reactions.
PREIGNITION

Figure 7 shows the results that were obtained when
the charge was preignited by a hot spot mounted in
opening F (fig. 1). The hot spot consisted of an elec-
trically heated coil of wire. The temperature of the
coil was adjusted to about 1500° F, at which tempera-
ture the heated wire ignited the fuel-air charge before
the spark jumped the gap in the spark plug mounted
in opening E.  The combustion front from the hot spot
originates at the bottom of the photographs as they
are mounted in the figure. The combustion area shown
in rows A through D in figure 7 is similar in appearance
to the combustion shown in the first few rows of figures
3 and 5. The combustion starting from the spark plug
first comes into the field of view in frame E-10. In
row G, the region to the rear of the combustion from
the hot spot begins to clear up, indicating that the
temperature in this region has again reached a uniform
value and that combustion is probably completed.
By the end of row H, the combustion zone from the hot
spot has become narrow; that from the spark plug still
extends from the combustion front to the top of the
field of view.

The general appearances of the two combustion zones
are, thus far, similar to those shown in figures 3 and 5.
For the first part of burning, either combustion zone
in figure 7 appears to extend from its source of ignition
to the combustion front. Combustion then appears to
become completed to the rear of the front and the com-
bustion zone becomes much narrower. Figure 7 shows
that the hot spot acted as an additional source of igni-
tion and produced the same result that would have been
obtained by mounting a second spark plug in opening
F with its spark timing set several crankshaft degrees
earlier than the timing for the spark plug in opening E.
The photographs show that the course of combustion
resulting from preignition is normal but that the timing
of this secondary ignition may be damaging in the same
manner as too early a spark advance.

In the second section of figure 7, the combustion
fronts meet (frame [-14). An examination of row J
indicates that the two fronts traveled either through
each other or one above the other. This same ap-
pearance has been observed in previous photographs
taken at slower speeds (reference 6). In the numerous
records that have been taken with the present high-
speed motion-picture camera, this apparent crossing
appears with sufficient frequency that it cannot be
classed as an exception.

After the combustion fronts have merged, the com-
bustion zone decreases in size and slowly disappears.
The end zone (last part of the charge to burn) is near
the right center portion of the chamber. All parts of
the visible portion of the combustion chamber appear
to have been traversed by combustion in frame K-18.
Some temperature gradients are still visible in frames
P-10 to P-15, 0.0025 second later. The photographs
show the characteristic period of afterburning that was
shown in figure 3. This comparatively long period
for the combustion to become completed after all parts
of the chamber appear to have been reached by flame
is characteristic of all nonknocking combustions.
When knock occurs, the combustion chamber is cleared
of these indications of burning within 0.000025 to
0.0001 second, that is, within 1/100 to 1/25 of the time
required in the nonknocking explosion.

The effects of the clockwise air swirl on the course
of the combustion are visible in figure 7. The com-
bustion front from the hot spot is retarded along the
rigcht edge of the chamber; whereas, the front from the
spark plug remains nearly horizontal.

PREIGNITION FOLLOWED BY KNOCK

Figure 8 shows combustion in which preignition was
followed by knock because of the use of a fuel of lower
antiknock value than in the case of figure 7. The
general contours of the combustions from the hot spot
and from the spark plug are very similar to those shown
in figure 7. The clockwise air swirl produced by the
shrouded inlet valve decreased the rate of combustion
travel from the hot spot along the right side of the
combustion chamber as before. The combustion
starting from the hot spot is first visible in the photo-
graphs in row A and that from the spark plug in row E.
The two combustion fronts meet in frame K-6. Rows
L and M give less impression that one combustion
front traveled over or through the other than was
given in figure 7. In row L, the combustion fronts
close the horizontal zone between them and the end
zone is placed along the right lower section of the
chamber. By frame M-17, the visible portion of
this end zone is nearly filled with evidences of com-
bustion. In row N, this unburned part of the end zone
is slowly traversed by the combustion front but the
zone is never completely filled. The knock is first
visible in frame N-12 as indicated by the blurring of
the combustion zone. The brilliant illumination ac-

companying knock is first visible in frame NV=T8¥ N-13
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FIGURE 7.—High-speed motion pictures of preignition in a spark-ignition engine

Fuel, 8-1: spark plug at top, hot spot at bottom; spark advance, 20°; knock does not oceur.
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FioUure 8.—High-speed motion pictures of preignition and knock in a spark-ignition engine. Fuel. 50 percent S-1 and 50 percent M
advance, 20°.
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Figure 8 does not show the apparent auto-ignition in
the end zone ahead of the combustion front. The
knocking zone is apparently in the portion of the com-
bustion chamber to the right of the visible field. Fig-
ure 2 shows that a small section of the chamber along
the right-hand edge of the glass windows is not photo-
graphed. The knock explodes outward from this zone
and the remaining burning portions of the gas dis-
appear by frame N-17.  As was the case in figure 5,
the combustion chamber is illuminated by the extremely
brilliant light of the knocking explosion.

CONCLUSIONS

Through the use of the NACA high-speed motion-
picture camera operating at a speed of 40,000 frames a
second, additional insight has been obtained into the
mechanism of normal combustion, preignition, and
knock. The photographs show that knock may be
preceded by exothermic reactions in the end gas which
last for as long as 0.0006 second but that the explosion
in or near the end zone, which causes the high-fre-
quency pressure waves within the chamber that give
the audible sound of knock, occurs in less than 0.00005
second. The photographs give additional support to
the idea that knocking combustion is based on a
mechanism different from that of normal burning.

The photographs show that preignition is not in
itself different from normal burning and that the effects
of preignition are the same as those resulting from
advancing the ignition spark except that, in the case of
preignition, the source and the timing of the ignition
cannot be controlled.

The high-speed motion pictures give a physical con-
cept of the combustion process that cannot be gotten
otherwise. This concept of what is happening inside
the engine cylinder is probably the most important re-
sult that has thus far been obtained with this new picce
of equipment.

The work covered in the present report was carried
out at a single engine speed, with a single fuel-air
ratio, and with the absence of any residual combustion
products. The effects of altering these conditions, as
well as other engine operating conditions, might be an
interesting subject for future research.

In view of the extremely short time in which knock
takes place, it is clear that a motion-picture camera
capable of taking pictures at a much greater rate than

the 40,000 frames per second already attained will be
very desirable for a more intimate study of the actual
oceurrence of the knock itself.

LaNGLEY MEMORIAL AERONAUTICAL LABORATORY,
NarioNanL Apvisory COMMITTEE FOR AERONAUTICS
Lancrey Frevp, Va., July 2/, 19/0.
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Positive directions of axes and angles (forces and moments) are shown by arrows

Axis Moment about axis Angle Velocities
Force T —
%pam!l';l o Linear
: s Bya=«|i 20318 : ‘ Sym- Positive Designa- | Sym- | (compo-
Designation g ol symbol | Designation g o di?:éti el tsi oggxa ggll ne?)t z_;iong Angular
axis
Longitudinal_ - ___ X X Rolling_____ L Y——Z7 Rolar ® u D
Lateral .- ________ Y Y Pitching____| M Z——>X Pitch____| @ v q
Normsale-t o oo = V4 Z Yawing._.__| N X—>Y Yaws = v w r
Absolute coefficients of moment Angle of set of control surface (relative to neutral
L N position), 6. (Indicate surface by proper subscript.)
Ci=== Cr=—= O— <
gbS Sl qbsS
(rolling) (pitching) (yawing)
4. PROPELLER SYMBOLS
D Diameter . P
- Elaotug piteh P Power, absolute coefficient Cp= Sn D
p/D  Pitch ratio 5 g ST
v Ity ey C, Speed-power coefficient= Pt
V, Slipstream velocity n Efficiency
T Thrust, absolute coefficient CT=—;;‘ILD—4 - Revolutions per second, rps v
4 0 P Effective helix angle::tan“(%)
Q Torque, absolute coefficient ngm
5. NUMERICAL RELATIONS
1 hp=76.04 kg-m/s=550 ft-Ib/sec 1 1b=0.4536 kg
1 metric horsepower=0.9863 hp 1 kg=2.2046 1b
1 mph=0.4470 mps 1 mi=1,609.35 m=>5,280 ft

1 mps=2.2369 mph 1 m=3.2808 ft
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