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A PRELIMINARY MOTION-PICTURE STUDY OF COMBUSTION
IN A COMPRESSION-IGNITION EINGINT !

By E. C. Buckley srd C. D. ¥Waldron

SUMMARY

motion plciturés were tesken at 1,850 frames per second
of the spray penetration and combustion occurring in the
N.A,C.A, combustion apparatus arrangzed to operate as a com-
pression-ignition engine. Indicator cards Wére taken si-
multaneously with thes motion picturéd by meams of the
3.A.0.A, opticel indieator. T 77T TTmTmTT o

The motion plctures showed that when ignition occurred
during injection it started in the spray envelope. If ig-
nition ocecurred after injection cut-off, nowever, and after
considersble mixing had taken place, it was impossidble to
predict where the ignition would start. The pictures also
showed that ignition ususlly started at ssveral points In
the combustion chsmber. With this apparatus, as the injec-
tion advance angle increased from 0° to 40° before top cen-
ter, the rate of flame spresd increased and the duration of
bturning decreased.

INTRODUCTION

dMany Methods have been used to study the combustion

process in an internal-combustion engine, including: anal~
veisg of indicafor cards; observation of the flame by a
stroboscope; continuous, or "streak®, photography of a nar~
row band of the flame as shown through a slit; analysis of
gas samples tsken progressively throughout the cycle by &~
stroboscopic valve; recording of flame %ravel by electric de-
vices; and stroboscopic photographing of the spectrum of the
gases in the cylinder. Although each of these méthods has
advantages over the others for studying some particular phase
of the combustion process, all of themhave definite limita-
tions., When making a photographic investigation of combus—
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tion it is desirable to obtalin a pgpgressiva victure of the
combustion as complete as possible, ih respect to both time
and included field.

In previous-work on the effect of fuel veporization on
combustion with the N.A,0.A. combustlon apparatus soms con-
tinuous photogranhic records of the flame were obtained
tarough 2-inch round windows fltted in the sides of the com-
vastion chamber (reference 1)+ Theso pictures gave the ap~
oroximate location of the 1znition relative to the spray
and sr ideas of the rate of flame spread through the combus~
tion chamber, Howvever, they showed the flame spread only
when the progress of the flame was slow and tovard the sides
of tne chqmber, ziving the speed of flame in only one direc-
tion, " . ’ '

This reéport presents some of the preliminary work done
usine the ¥.A.C.A. combustion anparatus in conjunction with
2 nish-.gpeed motion- p*cture camera capable of taklng vles’
tures at rates up to 2,250 framas per second, Motion plcs-
tures trelken at this rate tirongh 2- 1/2 inch-diameter glass
windows in the  combustion chamber give' a fairlv complets and
progressive picture of mormal combustion. Under knocking
conditions, however, the combustion process is so speadedup
that, even with the presehti camera speed, the flame fills
almost the entire chamwber in tho intarval between s1CCce 8-
sive fremes. .

DESCRIPTION OF APFARATUS -~

A sketch of the N.A.C.A, combustion appsesratus, as used
in these tests, is shown in figure ]l. This aoparatus as
first duilt is describved in references 2 and 3. Several al-
terations have been made since tuese desc"iptions were writ-
ten., The hydranlically operdgted compr&$sibn-release valvo
dag been” chanaed so that fmll comvression pressure exista
only for 'the- ginsle cycle in walch the’ 1nJection of fuel oc-
ars,’ thée c¢yiinder being scavenzed for all precedin7 and
succee&xng cycles. N . -

Thé - common rail injection system on-'the ‘éngine, as
"first #58d; "hdas been replacéd by a pump iijectidn system.
Ihé- opéfhtion ‘60f the pump is as follows (see fikz, 1): Velvo
3 allowg” ﬁﬁé“fuel displaced by the’ nump plunzer ‘t6 by-pass
oac:'to tha fuel tank except when: the clutch is engaved for

LR O N
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an explosion cycle. . ¥hen valve B 1s closed durilng the
single revolution of the camshaft the pump plunger o
presses the. fuel, in the pump reserVQir'until the’ plunver_
approaches the upper Timit of 1%E travel, when it ‘opéns -
the. poppet valve £ The openinp of valve A Treleases a
pressure wWavse into the injectlon ﬁube, caueing injection
of. the fnel. This new inJection system allows ‘continuous
circulation of fuel through tHe’ injection valve so that,
by controlling the temperature ‘of the fuel in the fuel
tan", any desired fuel temperature can be maintained at

the injection valve, ° T oo S

L.

whw

. In’ all tests the fuel was injec+ d £rom the top of
the combustion chamber, Which i1s at the rlght side of all
flame pictures shown. A 6~ orifice nozzle was used excéept
where otherwise .noted,. The fuel uged in the present tesfs
was diesel o0il and the quantity injected per cycle was
.0.00025 pound, giving .an air factor of about 1.3. The com~
pression ratio was 14.6. ' s

An indicator has been designed to use in conjunction
with the engine. Thlsg indicator is of the optical tyvpe,
the deflection of a diaphragm causing a corresponding de-
fle¢tion of a light beam. The u&nal disadvantages of this
type of instrument have been minimized by a refinement of
design made possible . by the particular conditions under
which the instrument is used. The large opéRing in the"
_combustion chamber permits the use of a diasphragm with a’
.1-3/8-inch diameter. The natural freguency of the dia-'
phramm and mirror is approximately 9,000 per second. The
Pivot mechanism is of a type aesigned to minimize the frlc—
tion and preclude looseness. The effect of temperature on
the diaphragm is not an important consideration with this
indicator because of the large mass of the diaphragm and
the fact that it 1s exposed to high temperature for onIy
one cycle. L _ i

A spark coill and timer record on the indicator card
the phasing with respeCt to the engine by photographing two
sparks that occur 90 crankshaft degrees avart, Since the
film drum of the indicator is driven by a synchronous mobtor,
the use of these two sparks enadbles an allowance to be made
for any momentary acceleration of the engine causéd by the
exnlosion., A switch on the camshaft causes the sparks to
Jump the spark gap in. the 1ndicetor only in the single cv-
cle in which injection occurs. - .

- v e
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. The motion-oicture camera nsed in these teste 1s a
commercisl . product, a destription cof whivh may be found
inreference: 4., It differs from the wmsual motion-picture
camera in that instead of the intermittent f1lm movement
nsually emvloyed in such cameras, 2 continunous movemsent
ofrdhe. film is wsed. This continucus movement 1ls made
possible by using, in the optical system, a rotating flat
prism that causes the image to follow the moving film, -
¥ith this camera, motion picturces have been taken in some’
instances at 2,250 frames. per second. ‘The particular 1l-~
1ustrations in this paper were taken af spproximately
1,350 fremes per second; that is, a bictura approximately
evbry;tWo-crankshaft:degrees. Tire exposure time 1s ons
third-of the time interval from pilcture to picture. The
widdh-of" the film is°16 mm and the type of fillm used in
these tests was supersensitive panchromatic.

Included on the edae of each picture, as seen in fig~
ure 2, is a simulteneouns photograph of thé dials of the
clock which is included in the Dase of the ¢amera, Filgure
2 shows ‘Blsoc ‘an enlargement of cne of these clock photo-
gragpus,., This time:record can be read to 0.001 seconi on
tne original filmﬂ w1th the aid: of a magnifying glass.

During the majority of the tests the apparatus was
arransed as in figure 1 with the optical indicator fitted
to one side of tune combustion.chambsr. With this arrange-
ment, flame plictures and ovntical indlcator cards were tak-
en simultsneously. ‘In order to photograph the fuel svrays
in the combustion chamber the indicator was replaced by a
..second palr of glase windows with a plece of ground glass
between them. Tils ground flass was given even, intense
illunination by an arc light, Agalnst this ground glass
as a neutral background, the fuel spray photographed as a
dark silhouvette and the combustion, because of 1ts extreme
brightness, stood out in aexcellent contrast,

TSST RISTLTS AND DISCUSSION

The first series of pictures with ths high-speed mo-
tion-picture camera was taken to find the effect of injec-
tion advence angle on flame spread, " Figure 2 shows indi-
cator cards snd motion pictures of the combustion with In-
Jjection sdvance angles of 0, 20, and 40 crank dezrees be~
fore top center, The exact position of the timine liaes
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as given on these records was 3° before top center and 870
after top center. The phasing of the moving-picture film
wgs determined by assuming that the start of flame corre-~
sponded with the start of pressure rise on the indicator
cards. Measurements on several sets of indicator cards and
flame records that wers later obtained with the supplemen-
tary spark records showed that this method of phasing could
be used with an error of not more than +20. (See also ref-
erence 5.) . : S

" The motion pictures of the combustion for the condition
in which injection started at top center show that ignition
occurred about 50 or 60 after top center and started at sev-
eral different places near the center of the combustion
chamber. The next frame, two crank degrees later, shows
‘that the isolated areas of burning had become connected and
the flame had spread through about two thirds of the combus-
tion chamber. The flame appeared to be intense and had ir-
regular edges which were no’ doubt caused by the uneévenness
of the mixture. By the time the third frame was ftaken the
flame had filled the combustion chamber and appeared to e
very .intense. The indicator card shows that the maxinnm'
pressure was not reached 1n the combustion chamber until
_about 13° after top center. Beyond 15° after top center the
‘indicator card shows that the pressure dropped rapidly, in-
dicating that the rate at which heat was liberated by the
burning fusl decreased decideflly after this polint; however,
the flame pictures show that the flame fiiled the chamber
until more than 20° after top center. Beyond 250 after top
contar the flame steadily became smaller but lasted about
70% longer. At 909 after top center a few tiny isolated
Tlames still exlsted.

he photographs of the fiame for the con&itlon in
‘which injeetion started 200 before top center show that the
first flame appeared in the chamber about 12° before tgp
center., The ignition lag was slightly greater than when
1nJection started at top center dbut the flame spread was
mqré rapid. Again the flame started in more than one place.
Only two of these tiny isolated flames 2posar in the pic-
ture taken 12° before top center. Examination of similar
records indicates that, as a rule, more of these nucleil of
burning appeared before the flames spread through the cham-
ber. At 10° before top center the flame had spread almost
to the edge of the combustion chamber -~ & slightly greater
rate of flame travel than was ovotained when injection start-
ed at top center. When the third frame was taken the flame
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nad spread to the edge of the chamder in all directions
ex¢cept -one isolated region. In succeeding pictures this
dar¥k region moved around the chamber slightly end, al- .
theough . flame reacrned. all parts of the clhamber, it never
exi:sted’ Ani all parts of the. chember simultsneously. The
tdmdicator eard: shows that- the:siart of presgsure rise wag
aradubl .eand.égmooth and. thdt maximum pressure occurred-in'’
tfhes chambed at . top center.. Althousgh the rate of pressure
~Tdge was rapld itowasrnot rapld: enough to cause knock. The
flame Tictures show that at top center the flame was begin-
niny to die out in the combustion chamber. Flama continued
rodntil 30° wafter top-center..  The flame in this afterdurning
“merlod hhd s differentappearance from the afterburning
-+ bhats occurred When:ilhjection started at top csnter in that,
with. 2n injection “start: of 200 before ton center, the late
buraing appeared to be masses of burning €88 instead of
" more or Yess ‘isolated .nuclei,. -

Wnen the injection advance angle was increased tor 40°
the ‘ignition lag was greater than the lag obtained with .the
00 and 200 advance angles. The first sien of combustlon
was two sméll flawmes tnat appeared 152 before top center.
3y 20 later.the flames had wspread to the ¢dges of the cham-
ber in almost all directions. The indicator card shows
thhat the rate of pressure rise was so rapid that 1t set the
indicator to vibrating; however, tiis particular sxunlosion
Wwas not sccommanled by a knock. The card. showa that the
rate - ¢f hesat input nal decreased decidedly and the flama
victures strow that the flame was dying oub 'rapldly at top

-vﬁeﬂter. At ¥O7 "dften top center the flame ‘had died out
cednlenelv" Sinice the flame continued ‘in .the top of the
cHaumber for somé time .after it had dlsanneared in ths bot-
tom, the injected fuel evidently did not férm a ‘homogensous
mixture with the air even when injectﬁd 100 before top cen-
tsr ‘and 250 beforo ignitlon stafted NN

i ¥l . . ‘?‘5.."~“". K SR

0t Pigure 3 shows some enlarﬂements, to &IzghtlJ less
tnau full slize, of ths flame pictures obtained ‘when fuel
was injected from a single 0.060-inch nozzle; injection
"Sterting at top center., It may te noted that*t ignltion
gtarted in the envelope of the spray et more than one posl-
tion. The second frezmie shows now the ‘flames hﬂd gpread
and how burning had started in several new isdla%ed areas.,
In the lower right-hand sectlion of. the flame “thé ‘spray can
still be seen, The third frame also shows the fuel soray
and shows that ‘thé "flames had spread to the bottom of the
. windows and- abﬁut half-way to the side of the combubtion
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chamber. The tenth frame 3hows the fleme continuing to
spread but never completely filline the chdmber. Ths other
two fremes sho= the flame dying out at the top 6f the cham-
ber, but continuing to burn at the bottom. “The last frame
shows the’ small isolated nuclei of incandescence. B

Figure 4 shows some enlargements of photopranhs of
the spray and the flame, to glightly less than full elze,
when injection started at top center. Taree frames of the
film, of which the third is reproduced in figure 4, show:
silhougttes of the spray. in the chamber. The fourth frame
still shows the spray sllhnuetﬁe ‘ani also shows the start
of the flame in the enVelope of one of the sprays. This
wmall flate has 8 very irregular outline and its brightness
varigs. . The fifth frame shows the flames spread to the
edge’ of the chamber in- One direction and to the- ‘center of
the chamber in the other ‘direction, but still presentinv'
a very uneven appearance., This frame also shows a " nucleus
of buriing in the svray envelope on the opuos1te side of
the chamber. The succeeding pictures show the appearance
of the flame as it spread through the rest of the dhamber.

A study of the original film with a magnlfylng glase
gives 2 better 1dea of the detalils of the combustion than
can be obtained from the contact prlnts shown in Tlgure 2,
However, a full apprec1atlon of the motion and continuity
of the combustiior cenm be obtained only from the progection
of the film a2s & motion pilcture.

" cowerLusioNs - - - T -

From a stidy of the high-speed motion pictures pre-
sented the following conclusions can be drawn: o

1. When ignition occurs during fuel injection in a
compression~ignition engine it starts in the sprsy enﬁélope
but when ignition occurs after injection and after consider
able mixing has taken place it is impossible to predict . )
where the start will occur. -

o2, Combustion in a compression-lignition engine ususl- 7
ly has many ignition nuclel.

%, With the N.A.C.A. coabustion apvaratus, as the in-
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jeption advance angle ilncreases from O to 40 crank degrees
- before top center, the rate of flame spread 1ncreases and
the duration o* burn1ng decreases.
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Figure 1.~ Diagrawvmatic sketch of N.A.C.A. combustion apparatua.
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