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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Abbrevia- Unit Abbrevia-
tion tion 

Length ______ _ l meter ______ __________ __ m foot (or mile) _________ ft. (01' mi.) 
Time _______ __ t second _________________ s second (01' hour) _____ __ sec. (or hr.) 
Force ______ __ _ F weight of 1 kilogram __ ___ kg weight of 1 pound _____ lb. 

Power ______ __ P horsepower (metric) ___ ___ ---------- horsepower ___________ hp. 
Speed __ ____ ___ V 

{kilometers per hoUl' ____ __ k.p.h. miles per hour _______ _ m.p.h. 
meters per second _______ m.p.s. feet pel' second ________ f.p.s. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity = 9.80665 

m/s2 or 32.1740 ft./sec. 2 

W Mass = -
g 

Moment of inertia = mk2
• (Indicate axis of 

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

P, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-'-s2 at 

15° C. and 760 mm; or 0.002378 Ib.-ft.-4-sec .2 

Specific weight of "standard" air, 1.2255 kg/m3 or 
0.07651 lb./cu.ft. 

3. AERODYNAMIC SYMBOLS 

.Area 

.Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure =~p V2 

Lift, absolute coefficient CL = :s 
Drag, absolute coefficien.t CD ~ {!s 
Profile drag, absolute coefficient CD. = ~S 

Induced drag, absolute coefficient CD'=~S 

Parasite drag, absolute coefficient CD ~DSV • q 

Cross-wind force, absolute coefficient Cc = q~ 
Resultant force 

Q, 
11, 
Vl 
p-' 

J.I. 

Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where l is a lineal' dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C., the cor
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of down wash 
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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REPORT No. 588 

FUEL SPRAY AND FLAME FORMATION IN A COMPRESSION-IGNITION ENGINE 
EMPLOYING AIR FLOW 

By A. M. ROTHRO CK AN D C. D. W ALDRON 

SUMMARY 

Tlt e eJlect~ uJ a'i,.jiow onJu L Iip,.lL IJ ClndflallLe Jm'mation 
'in a high-. peed cUIrlpi'e iOIl -ignitl:on engine have been 
investigated by means of the N. A. C. A. combustion 
apparatus. The pToce was tudied by examining high
speed motion pictuTes taken at the rate of 2,200 frames a 
second. The combu tion chamber wa oj the fiat-disk 
type used in previous experiments with this apparatus. 
The air flow was pToduced by a rectangular displacer 
mounted on top of the engine piston. Thl'ee fuel-i71jection 
nozzles wel'e tested: a 0.020-inch single-orifice nozzle , 
a 6-orifice nozzle, and a slit nozzle. The ail' velocity 
within the combustion chamber was estimated to reach a 
value oj 425 f eet a second. 

The Tesults show that in no case was the fOT1n of the fuel 
spray completely destToyed by the ail' j et although in some 
cases the direction of the spray was changed and the spray 
envelope was carried away by the moving air. When the 
fuel distTibution within the combustion chamber was par
ticularly poor, the volume in the chamber l'eached by the 
flame was considerably increased by the air flow. VVhen 
the distribution was reasonably good, there was li ttle 
change in the distribution of the flame. I t was found that 
the air movement set up during the induction of air 
through ports in the cylinder liner, under a pressure 
difference of 26 inches of FIg, could be controlled so as 
materially to aid the air flow set up during the last po·rtion 
of the compression stroke. 

I TRODUCTION 

The distribution of the fuel in the combustion 
chamber of a compression-ignition engine can be reg u
lated to some extent by the de ign of the combustion 
chamber, by the de ign of the fuel-injection nozzle, and 
by the use of air flow. The . A. C. A. has been con
ducting investigations of all three method, singly and 
in combination. Tests baye been conducted with 
single-cylinder engines and with special apparatus, 
by which data unobtainable on tlle engine may he 
procmed. 

With a special high-speed moLion-pi Lure camera 
opeJ'ating Itt speeds from 2,000 Lo 2,400 frame a second 
in conjuncLion w.ith the . A. . A. eombustion appara
tus, investigations have been made of orne of the effects 
of injection advance angle, air-fuel ratio, and nozzle 
design on the combustion proce s. (See references 1, 

2, tllH.L 3.) D aLa obLtliJlE'd h Lh e . A. C. A. on the 
effects of combustion-chamber shap Iwd of air flow 
on combustion in a single-cylinder compre sion-ignition 
engine have been published in references 4 to In 
order to explain further the results obtained in these 
te t and to coordinate the researche on the com
bustion apparatu with the engine te t , a program of 
tests was originated to tudy the effect of air movement 
preceding and during the combustion process. In the 
pre ent test it was de irable not only to photograph 
the fu el spray and flame formation in the combustion 
chamber of the N. A. . A. combustion apparatus but 
also to photograph the air movement. 

Any method employed for photographing the air 
movement must not disturb the normal operation of 
the apparatu , for by so doing the variables under 
inve tigation are changed. Thi condition immediately 
eliminates methods using such materials as light metal 
projections or strings to show the direction of the ail' 
flow. The u e of aluminum dust or some such material 
was discarded because of its possible effects on com
bustion. A partial olution of the problem was found 
in the use of "schlieren" or "s triae" photography 
(reference 9). 

METHODS AND APPARAT S 

The N. A. C. A. combustion apparatus has been 
described in references 1 to 3. A diagrammatic sketch 
showing the engine cylinder, the combustion chamber, 

Gloss windows 
\ 
\ 
\ 
\ 

I Lens \ 

~~s:::==t; 
Light sourc e 

In t ake p or t s 

FIGURE I.-Diagrammatic sketch of the N. A. C. A. combustion appa latus with 
schlieren equipment. 

1 
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and the schlieren optical arrangement is shown as 
figure 1. The air movement, the fuel injection, and 
the flame spread were photographed through the 2~
inch-diameter glass windows forming the sides of the 
flat-eli k combustion chamber. A 750-watt projec
tion lamp was placed behind the slit as indicated in the 
diagram. The slit was placed at the focus of the first 
lens so that parallel light was transmitted through the 
combustion chamber to the second lens. The knife 

comparisons to be made of the indicated mean effective 
pre ures developed by the enO"ine. 

Three fuel-injection nozzles (fig. 2) were tested: a 
O.020-inch single-orifice nozzle, a 6-orifice nozzle, and 
a slit nozzle. These nozzles were chosen from those 
Llsed in the investigation of the efi'ect of nozzle design 
on combu tion (reference 3). The fuel oil was the 
same a that used in the tests reported in references 1, 
2, and 3. 

ingle orifice. Multloriftce. Slit. 

FIOURE 2.-Nozzles tested. 

pdge was locaLed at Lhe image of the slit and in such a 
position that two-thirds of the slit image was inter
cepted by the knife edge. The image of the combustion 
chamber was focused on the motion-picture film. Any 
local change in the index of refraction of the medium 
between the two lenses caused a deflection in the par
allel light rays. This deflection caused the light rays 
to strike either below or above the original point in 
the image of the slit. Therefore, a change in the index 
of refraction of a part of the medium between the 
len es resulted in light or dark areas being formed on 
the motion-picture film in the image of the combustion 

Injection 
valve ____ , .,'Tap 

: i,j v 

Slde/ :'\ 
"~.~ 

Air 

The following test conditions wel'e maintained 
constant: 

Enginc borc__ ___ __ _ ___ inches __ 
Engine stroke ____________________ _____ do ___ _ 
Engine speed ___________ re volutiolls per minute __ 
Engine-jackct coolant temperature (outgoing) _ of __ 
Engine compression ratio (based on total stroke)_ 
Air-fuel ratio (except as otherwise stated) _____ __ _ 
Start of injection ____ crankshaft degrees B. T. C __ 

5 
7 

1,500 
150 

14.1 
17 

15 to 20 

A flat-di k combustion chamber was used with a rec
tangular displacer as adapted by Moore and Foster 
(references 7 and ). The displacer was mounted on the 

Air 

A 
Chamber A 

B 
Chamber B 

C 
Chamber C 

D 
Chamber D 

E 
Chamber E 

FIGURE 3.-Combustion-chamber shapes tested. 

chamber. Because any air movement in the com
bustion chamber is accompanied by local changes in 
the index of refraction of the air, the air movement 
showed up as light and dark streaks in the image 
recorded on the photographic film. The image of the 
fuel-spray silhouette and of the combustion was photo
graphed on the film in the usual manner, 

The test procedure wa similar to that given in refer
ence 3. No time-pressure records are presented in the 
pre ent report, although they were taken for each test 
condition. L1ch records have been presented in refer
ence 1, 2, and 3. As has been previously stated, these 
records, although giving the general course of the com
bustion, are not sufficiently accurate to permit close 

engine piston to produce an air flow of high velocity 
within the combustion chamber. The di placer was 
arranged so that it could be mounted at either side or 
directly in the center of the piston, as shown in figure 3. 
In this manner an air jet could be directed along either 
or both ends of the combustion chamber. In one test 
the displacer was removed and a central oval orifice 
in taIled in the center of the chamber throat (fig. 3E). 
The areas between the displacers and the edges of the 
combustion chamber and of the orifice in combustion 
chamber E were such that the velocity approximated 
the value which gave the best performance in the tests 
presented in reference 7. The velocity of the air as it 
entered the combustion chambers was estimated accord-
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ing to the method given in reference 7 and is shown in 
figure 4 as a function of the crank angle. Combustion 
chamber A has a width between the glass windows of 
0.78 inch and the others a width of 1.01 inches. This 
variation in width was necessary to maintain a con tant 
c mpression ratio. 

In the tests with the single-orifice nozzle the mani
fold around the inlet ports of the engine had a single 
opening in the plane of the combustion-chamber disk 
on the side in which the injection valve was mounted, 
and the air entered the cylinder with a definite whirling 
motion. In the tests with the multiorifice nozzle thi 
manifold was removed so that the air coull enter 
symmetrically with r espect to th ylinder. In the tests 
with the slit-orifice nozzle the same arrangement was 
u ed and additional runs were made with the intake 
ports blocked on fu'st ODe and then the other side of the 
cylinder. 

RESULT A D DI CUSSIO 

The e tima ted air flow (fig. 4) Lows that., as the 
displacer entered the combustion cLamber, the air 
\'docity quickly rr:tchrcl n, value of 400 rret 11 ('cond. 

500 

-~-r I 
--4----1-_ ,phomber E 

400 

~ -(ITt-I--
~ !?OO 

~ /00 r-i---t---r-- r---t--~--l----j t I 
Chomber A' " 

20 
Crank angle. degrees 

F IGU RE 4.-Air velocity through throat connecting displacement volu me and co m· 
bustion cham ber. 

The rate of velocity increase became succes ively Ie 
and a maximum of 420 feet a second wa reached at 
about 25 crankshaft degrees B. T. C. The velocity 
then decreased to zero at top center. With combustion 
chamber E a maximum velocity of 435 feet a econ 1 
was reached at33°B. T. C. With combustion chamber A 
the velocity reached a maximum of 120 feet a second 
at about the arne piston position that the maAimum 
was reached with the displaceI'. The e velocities with 
the restriction are those estimated for the air as it 
entered the combustion chamber at the narrowe t 
section. As the air passed from this orifice into the 
chamber proper there was, of courSfl, a eertain amolmt 

of expansion of the jet and a eertain amount of turbu
lence was also created. In addition, there was the 
effect of any air flow produced during the induction of 
the air through the ports into the displacement volume. 
The conditions under which the air i inducted are 
comparable with tho e existing in a highly super
charged engine becau e, as was shown in reference 1, 
the pressure differential between the displacement 
volume and the intake manifold at the time the pi ton 
uncovered the intake port was approximately 26 
inches of Hg. 

The photographs showe 1 that two types of air flow 
might oCCUl' in the combu tion chamber. The firsL Wil S 

FI GU RE 5.- Air vortox in combustion chamb~r n. 

;;L muss rotation of the ail' as a whole and the second was 
the occurrence of a vortex traveling around the com
bu tion chamber. The fir t type is not visible unles 
the motion pictures are projected, the individual 
photographs showing only light and dark area in the 
combustion gases. The vortex occurred mo t often 
with combustion chamber A. Occasionally a Yortex 
was produced in combu tion chamber D (fig. 5). 
In the photographic prints reproduced in this report, 
mass movement of the air a a whole is indicated by 
the deflection of the fuel spray. A description of the 
flow as visualized when the motion pictures were pro
jected and al 0 as interpreted from the spray shapes is 
also included. For a istance in the analysis of the 
1'e ults, line drawings of the combustion chambers with 
arrows indicating the air movement are included with 
the enlargements from the motion-picture film. The 
enlargements show the fuel spray from the start of 
injection and the first three or four photographs of 
the combustion. 

The efl'ect of orne air movement on the fuel sprays 
in combustion chamber A was observed in the results 
presented in both references 2 and 3. The photographs 
howed that the spray tip were twisted :/ll'st to the 

riO'ht and then to the left a the sprays proceeded acro 
the combu tion chamber. In the pre ent test thi. 
motion was fOlmd to be caused by the vortex (fig. 5) 
moving around the combustion chamber, generally 
clockwi e in the results reported herein and counter
clockwise in the re ults shown in references 2 and 3. 
(This difl'erence in directional rota-tion does not actually 
occur in the engine. Because of pace limitations it was 



4 REPORT NO. 588 NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

necessary to reDect the light through 90° in this chlieren 
set-up. Therefore, results showing clockwise rotation 
in thc e photographs correspond to a coun terclockwi e 
rotation in the pre\-ious results. ) The vortex \\"a~ 

apparently caused by the air movement et up /lS the 
air entered the di placement volume through the inlet 
ports. It has been hown in reference 3 that thi flow 
caused the flame to predominate on the leeward side 
of the spray. 

Single-orifice nozzle.- With the injection valve 
mounted in the top (fig. 6 (a)) of combustion chamber 
A, the single fuel spray penetrated acros the visible 
portion of the chamber. Because of the relation hip of 
the injection-nozzle area to the oth er injection-system 
dimen ions there wa . /l secondary di charge of the fuel 
following the first stop of injection. The photographs 
indicate that this secondary discharge penetrated 
through the already burning ga es . When the inj ection 
\-alve wa mounted in the side (fig. 6 (b)) the pray 
penetrated acro the chamb r and impinged on the 
opposite wall. In this case there is visible a slight 
upward hending of the spray cau ed by the entering air . 
Combustion started at the chamher wall. In neither 
C/lse did the name sp rend througbout the chamber. 
,iVith the injecLion Y/llve mounted in the ide, the motion 
pictm es show that the combustion was followed by a 
cloud of smoke, which seemed to roll backward from the 
section of the chamber \\'all that was truck by the 
spray core. 

The arrows indicate that in one case the general air 
movement was clockwise and in the other case coun ter
clockwise, but the reason for t bi apparen t occasional 
reversal of the flo\\' is not known. In no ca e \\-as i t 
sufficient to haye much effect on the fuel sprny or fl ame 
f rmation. 

Combu tion chamber B showed n, marked difference 
from chamber A both in the fu el spray and tbe fl ame 
fo rmation (fig. 7) . The motion pictmes howed that 
the rotation of the air caused by the displacer, being in 
the same direction as that produced during the induc
tion of the air, was in the form of a mass rota tio n of the 
nil' in n. clockwise direction a compared with the 
rotating Yortex obtained ,,-ithout the disphlcer. In the 
upper half of tbe vi ible portion of the chamber the 
spray i 10\\-n blown to the righ t, an d in the lower half 
to the left. In tllC seventh photograpb of figure 7 (a) 
(3° B . T. C.) t he center of the rotating air is well 
marked by the spray formation. The fl ame filled th 
hamber reasonably \\-ell and a decided improvement 

in mixing over that obtained without the pi ton di -
plncer is noted. When the inj ecti.on valve \Va mounted 
in the side (fig. 7 (h)) , the fuel-spray cor was directed 
upward so thaL there was little impingement on tIl e 
oppo ite wall of the combu tion chamber nnd yery 
little smoke was visible. The downward motion of the 
air on the right-Iland side of the chamber did not have 
much apparent effect on the pray. Again the cham-
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(c) Inection from side of cylinder C. 
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FIGl:R~ ' .-Fucl spray and comblL<tion wi th chomhprs D aud C. 
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ber was fairly well filled with flame. In neither case 
was the spray core destroyed by the moving air, al
though the envelope was swept away from the core. 
The results show that, even in the highly heated air of 
the combustion chamber, high air velocities do not 
destroy the core of the spray but nevertheless materially 
aid in the miA-ing of the fuel and air. 

With combu tion chamber C the air rotation pro
duced in the combustion chamber by the displacer was 
in the opposite direction to that produced by the in
duction of the air (fig. 7 (c)). The motion pictures show 
that the air first rotated clockwise and then, as the 
di placer entered the combu tion chamber, the air 
suddenly changed direction and made a rotation in the 
counterclockwise direction. As a result of this change 
of motion, much of the energy of the moving air wa 
lost so that the effect on the fuel spray was considerably 
less than was the case with combu tion chamber B. 
The spray impinged on the wall of the chamber as it 
did when no displacer wa employed and there was 
con iderable smoke. There is little evidence that with 
this arrangement the air flow produced beneficial re
sults. The te t illu trates the fact that, when de igning 
a combustion chamber to produce a certain type of air 
flow, extreme care must be taken to in ure that the 
desired results are not nullified by air movements set 
lip by the induction of the air into the displacement 
volume. 

When combustion chamber D was employed (fig. ), 
the movement of the air as a whole was hard to di -
tinguish. The rotation of the air before the displacer 
entered the combustion chamber was still clockwise but 
it seemed to predominate in the right-hand section of 
the chamber. With the fuel being sprayed in from the 
top of the chamber, there was little apparent effect from 
the air flow. The spray tended to have a somewhat 
sinuous motion as it penetrated through the combustion 
air. The flame showed bu t slightly better di tribution 
than was obtained without the displaceI'. When the 
spray was injected from the ide, the effect of the air 
movement was quite noticeable. As the spray first 
i ued from the injection nozzle it was blown upward 
by the air jet. It direction was then changed slightly 
so that it again traveled in a horizontal direction but, 
as the issuing fuel jet became more dense and the air 
velocity decreased, the spray core maintained a traight 
course inclined upward to the horizontal. The down
ward movement of the air in the center of the chamber 
is noticeable in the photograph taken at 4° B. T. C. 
In this frame the spray shows the effects of the air 
blowing up along the side walls of the chamber and dov.rn 
in the right center. The flame spread throughou t most 
of the visible portion of the chamber but there wa still 
con iderable smoke during the expansion stroke. 

With combustion chamber E it appeared that the air 
divided in the center of the chamber, rotating in a clock
wise direction in the right half and a counterclockwise 
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FIGU RE 1 3.l' olllp· ,r i ~on of perrOrr11:'-l IlCe with and w ithout ;1 : f flo \v (reference 7), 

direction in the left lwll' (fig. 0) . ,Yilll the injection 
\'fllve mounted in the top of the spray chamher the 
spray penetration was decreased hy the ail' jet directed 
against it. Also the air moyement 'was such that the 
spray enyelope wa blown to the left-hand ide of the 
chamber. This deflection is quite noticeable in the 
photograph obtained l O A. T. C. The mixing of the 
fuel and air \\'a not particularly good. The result 
appeared to be little better than with combustion 
chamber A. Vdlen the injection valve was mounted 
in the ide of the combustion chamber, the pray \\"as 
deflected upward when it met the incoming air jet 
about midway across the combustion chamber . The 
spray impinO'ed on tIle opposite wall of the cham bel' 
and was there blown dowll\\"ard by the ail' wid in that 
half of the chamber. The flame spread to a 0l1lewhat 
greater area than was the case with the spray entering 
at the top of the chamber, but considerable air was still 
not reached by the fuel. Aaain the chamber was partly 
filled with a den e moke during the expansion stroke. 

Multiorifice nozzle.- The multiorifice nozzle was 
de igned according to the proportionality principle di -
cus ed in reference 6. Engine te ts (reference 7) have 
shown that in the type of combllstion chamber te ted 

the multiorifice nozzle which gave the best performance 
with the quiescent combu tion chamber al 0 gave the 
be t performance with the arne combustion chamber 
llsed in conj unction with the displacer pi ton. 

In the tests with the multiorifice nozzle the inl t 
manifold around the ports was removed. The vortex 
that appeared when the manifold wa in place did not 
occur 0 often when the manifold was removed. With 
the inj ection valve mounted in th top of chamber A 
(fig. 10 (a)) the individual sprays penetrnted through 
the highly heated dense air, the side sprays impinoina 
on the combustion-chamber wall. The flame filled the 
visible portion of the combustion chamber. When the 
injection vah"e wa mounted in the ide of the chamber 
(fig. 10 (h)), some of the fuel spray impinged on the 
oppo ite wnll of the chamber but not with the inten ity 
that accompanied the impingement of the pray from 
tll e single 0.020-inch orifice. The two prays directed 
toward the entrance throat were definitely deflecLed 
upward. The flame again filled the combu tion chamber 
and, although there was some smoke ,-i, ible on the 
expansion stroke, it wa not 0 den e as in the ca e witb 
the single 0.020-inch orifice. 

\Yith the nozzle mounted in the top of combustion 
chamber n (fig. 11 (a)) the sprays from the 0.014- and 
0.01 -inch orifice on the side of the chamber toward 
the air jet were deflected to the right by the air move
ment across the top of the chamber, a they left the 
nozzle, and to the left nearer the bottom of tIle chamber 
because of the upward movement of the air in this por
tion. The sprays on the other ide of the combustion 
chamber howed less movement although they were 
somewlla t hent,. On this side of the chamber the ail' 
flow had heen decreased heca u e of it greater distance 
I'rom the ~lisplacer passage and also becau e the air flow 
had already los t ome of i t energy in deflecting the 
fir t prays tllTough which it pa sed. 

With the injection nozzle mounted in the ide, the 
efl'ect of the air movement arc yisible during the entire 
injection period. The sprays are all deflected upward 
as they enter the chamber. The envelope and, in 
some cases, the pray core are deflected downward 
when they reach the oppo ite side of the chamber. 

Projection of the film cont~lining the photograph 
shown in figure 11 howed tha t in three ca es there wa 
11 reversal of rotation of the air flow even though the 
intake manifold had been removed. The rever al wa 
not so violent, however, a it was with the manifold. 

In figure 11 (c) and (d) are shown the re ult of te t 
made with air-fuel ratios of 33 and 65, respectively. 
A compari on of these photographs with tho e obtained 
at an air-fuel ratio of 17 show that, a the Iu 1 quantity 
wa decl'ea ed and con equently the energy in the 
injected spray was decreased, the rotating air tmned 
the fuel jets throlwh a larO'er angle 0 that the sprays 
were forced to the upper left-hand quadrant of the 
chamber. With the air-fuel ratio of 65 the flame is 
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FIG li RE l4.- Fuel sllrays and combustion witb slit nozzle 
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visible in two separate sections. One section extends 
along the right-hand side of the chamber and the other 
is in the region surrounding the fuel-injection nozzle. 
In thi case the fuel from the main discbarge has appar
ently been carried to tbe opposite ide of the combustion 
chamber by the moving air and so forms a stratified 
charge in this area. The small secondary discharge 
visible in the photograph taken ju t before top center 
was not blown away because of the decrease in the air 
velocity. The original of this strip of film shows that 
these two flame areas did not combine. The results 
therefore prove that, even with high air velocities in the 
combustion chamber, it is possible to maintain a 
tratificd charge or the fuel and air. Fo)' this reason 

it is believcd tha t in engines employinO' ai l' now there 
hould be no difficulty in idling the engine. It i 

probable that in certain ca e where special adapters 
have been used in the air-induction y tem to change 
the air flow for idling condition, the trouble has not 
been with the air movement but with the idling charac
teri tics of tbe fuel-injection y tern. 

Thc results obta in e 1. with combustion rhambp )' D 
and the J1lultiorifier nozzlr a )'c shown infigul'e 12. 
,Vith the fuel hring iJljected f)'om the top (fig. 12 (a)) of 
the chamber, the sprays appeared quite sim.ilal' to those 
in chamber A. With the fuel being injected from the 
side (ftg . ] 2 (b)) of the chamber, the spray show that 
there was a clockwise rotation of the air in Lhe left
hand side of the chamber and a countercloek\\'ise 
rotation in the righ t-hand side of the chamber. The 
air flow did not have much directionfll eHect on the fuel 
prays as a 'whole except to concentrate them more 

in the top of the chamber . Engine te ts (fig. 13) 
reported in refe)'cnce 7 of a similar combustion chambe), 
hav e shown tha t this al'l'angemcnt give an apprpcinble 
in crease in power over the quie cent combu tion 
chamber without t.he clisplacer piston. 

Slit nozzle. - In the test conducted by Lee of tbe 
distribution within different type of fuel prays 
(reference 10) it was sllOwn that the di triblltion witbin 
the pra:v from a slit nozzle wa s comparatively go d 
but that the di ppl'~ion of the ]))'a~T , that i , t he total 
, 'olume included in the spra:v, wa insufficient and 
consequently the air-fuel ratio within the spray ,,'as too 
low. The sugge tion was made that thi type of spray 
could most beneficially be u ed with some form of air 
flow in the combustion chamber. The results in figme 
14 how tha t, even with the air velocitics used in the 
present tests, tbe energy \Va insufficient to break up 
the fuel spray. A comparison of figure 14 with ftgures 11 
and 12 indicates that the pray from the lit-orifice 
nozzle was less afJ:ectpd than tho e from the lllulti
orifice nozzle. The eonclusion is drawn tha t because 
of the large cross-sectional area presented to the ail' 
flow the spray from the lit-orif"ice nozzle tend to 
damp the air movement to a greater extent than do 
tho e from the multiorifice noz7.le. With the fuel 

being injected from the ide (fig. 14 (b)) in combustion 
chamber B, the air-flow effects are more noticeable 
than is the case when the fu el is injected from the top 
(fig. 14 (a)). 

A direct compari on cannot be made between the 
results shown in figme 14 and those in figures 7 and 
because of the difference in the air-intake sy tem. 
Tests were therefore nm with the slit-orifice nozzle in 
chamber B in which the inlet ports were blocked fir t 
on one side and then on the other (fig. 15). At the 
right of each of the three photographic strips a line 
drawing shows wbich inlet ports remained opened and 
which were dosed. The three ports on cach side of 
tbe cngine cylinder are repre ented by tbe single 
opening. Figure 15 (a) hows the result obtaincd 
with the port opened on both sides, the same pllOtO
graphs being hown in figure 14. When the inlet 
ports on the cylinder side adjacent to the displacer were 
opened and those on the other side blocked, a counter
clockwise rota tion of air wa produced in the combus
tion ebamber, that is, a rotation opposed to the ail' 
mOVCll1<'nt produccd hy the eli placcr. Although t. his 
cOli n tercIockwi e rotation was stopped hefore L]IC 

sta rt or til C injection of tJl e fuel, a rotation of the ail' 
in the opposite direction ,,'ns not vi ible and the fucl 
spray shows no indication of uch a reversal. A wa 
the case in the results pre ented in figure 7 (c) , the 
air flow induced during the induction period opposed 
that pmposely induced durinO' the la t part of the com
preSSlOn troke and nullified its effect. With the 
air-inlet ports arranged as shown in ftgure 15 (c), the 
air swirl produced during the induction period assisted 
that prodllced by the piston displacer and the maximum 
rn'cct or thc nil' flow was obtained. 

GENERAL IG IFICANCE OF TE T RESULTS 

In previou test (references 3 and 10) it heLd been 
concluded tlla t with hiO'h-di per ion Eu I-inj ection 
nozzles the lack of spray penetration must be as is ted 
by air flow. The pre ent test have shown tlmt with 
the nozzles now generally employed and with the 
injection pl'ess1ll'C commonly u. ed, it is difficult to 
obtain a good mixture of the air and fuel even with 
air flow. The question that naturally 1'o11o\\'s is : 
How i the compression-ignition engine t.o be designed 
o a to give the power outputs together with the fuel 

economy inherent in the high compre sion ratio? It 
was concluded in reference 3 tha t the chief ob tacle to 
obtaining thi high performance is the low rate of 
diffu ion of the fuel vapors. The results presented in 
this report upport tbis conclu ion. In t he use of ail' 
fiow to assi t diffusion, the ail' must blow through the 
fuel jet and continually pick up the vapors from lhc 
jct. II the ail' an 1 the fuc! rotate about the dHlmbcl' 
as a unit, til e mixing of tlle t·wo i not necessarily im
proved. It i necessary to have a continual inter
mi:-..-ing of the fuel and air taking place within the 
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combustion chamber. In addition to the controlled 
air floW', the purpose of which is to destroy the fuel 
jet, it is desirable and probably necessary to have 
numerous small eddies throughout the combustion 
cllamber. The production of such an air flow present 
a difficul t problem, and the development of a method 
to measure it is probably even more difficult. IVbetheI' 
or not the use of such flow will actually increase the 
initial rate of heat exchange from the air i question
able. Such an effect has been indicated, however, by 
the decreased ignition lags in engine tests at this 
laboratory with the di placer piston. Test ['esults 
presented by Selden and penceI' (reference 11) IIllYC 
sllo\\' 11 that the rate of heat exchange between tl le 
injrcted fuel and the ail' is not much afl'ected by lo\\' 
nil' velocitie. An extensive discus ion of the effects 
on engine performance of air flow produced by combu -
tion chambers of different design has been pre ented by 
Alcock in reference 12. 

In both the pre ent tests and those discussed in refer
ence 2 it has been hown that stratification of the charge 
occurs in the compression-ignition engine; it has not been 
shown wh ether or not such strat ifi cation is neces ar'y. 
Whcn spark ignition is employed a::; in tile conycmtionnl 
carburetor engine, it is known that the flame will not 
propagate across the combustion chamber unIe s the 
nir-fuel ratio is less than approximately 20. In this 
case the combustion of each successive portion of the 
fuel is brought about by the heat from the combustion 
of the preceding portion of fuel. In the compression
ignition engine, in which the number of ignition ources 
is infinite, no test lIave been conducted to rlctermine 
to what extent the air-fuel ratio afl'ects theilame preacl. 
Although it is probable that each source of combustion 
(loes propagate flame in the normal manner, it is also 
certain that new omces of ignition are continually 
being formed. It is therefore believed that, although 
stratification does occur in the compression-ignition 
engine, it is not of so much importance at high air-fuel 
ratio. as would be the ca c in a spark-ignition engine 
attempting to run on mixtures with an air-fu el ratio 
greater than necesssary to support name propagation. 

Since the pre ent te t do not show much difIerence 
in the appearance of the flame using the multiorifice 
nozzle with and withou t the ail' flow and since those 
presented in references 7 and 8 how that a con iclerable 
improvement in engine performance i gained by the 
1I e of air flow under similar condition , it can be con
cluded that the chief efl'ect of the ail' flow in those case 
in which the distribution is reasonably good is not on 
t.he direction and penetration of the fuel pray bu t on 
the in termixing of the air and fuel by the numerou 
small eddies. This conclusion is strengthened by Lll e 
fact that in reference 7 and it was shown that the 
nozzle which gave the best performance with the ail' 

flow was the one which gave the best performance in 
the quiescent combustion chamber. 

An examination of the re lilts presented in thi report 
and those presented in references 1 to 3 gi \' S an 
indication of the rate of difl'usion of the fuel vapors but 
does not indicate the rate of heat exchange between the 
air and the injected fuel. The te t results pre en ted in 
reference 11 show that the rate of heat exchanO'e is high 
from the instant inj ection starts. T ests have been 
conducted at this laboratory on method of increa ing 
the effectivenes of this heat exchange, fir t, by heating 
the engine jacket (reference 1) and, econd, by 11Cating 
the furl to a high temperatllre before injection (reference 
13 ). Tn neither ca e was there any appreciable imp ['o\'e
ment in the engine performance except for a shortening 
of the ignition lag with its con. equent smoo ther engine 
operation, indicating that the rate of heat exchange i 
sufficiently fast under normal operating conditions. 

Efforts to improve the atomization of the fuel jet 
have not shown any marked improvement in engine 
performance over that obtained with the atomization 
already realized with the conventional inj ection systems. 
In a erics of tests conducted at this laborato ry (rcfer
rnce 14) n, jet of high-velocity air was directed through 
the fuel spray a it left the injection valve. Tests 
conducted by the methods described in referen ce 14 
showed that the combination air-fuel injection decrea cd 
the mean diameter of the fuel drops and, when the fuel 
was injected into the atmosphere, it wa found that tbe 
combination of the air and fuel jet burned with a much 
fiercer flame than did that of the fuel jet alone. ever
theles , when the combination air-fuel injection wa 
used in the engine, there was no appreciable gain in 
engine performance. As a result of these tests it was 
concluded that the atomization in the conventional 
hydTaulic injection sy tern i sufficient to re ult in good 
combustion provided that the fuel IS correctly 
distributed. 

Analy i of the results presented in this report, 
toO'ether with tho e in the reference, lcn.d to the con
clu ion that the factor about which more information 
hould be obtained is the actual air-fuel r atio at each 

in tant throllO'hout the combustion chamber during the 
injection and combustion period. The e r atios are the 
determining factors that control the performance of the 
engine. At present it is known that the air-fuel ratio 
is extremely lffieven and that as a re uIt of tIli uneven
ness too much of t he fuel is burned late on tbe e'"'lJan ion 
stroke and, consequently, at a low cycle efficiency. 

ot only must the combustion efficiency of the engine 
be improved (by combu tion efficiency i meant tbe 
percentage of the total fuel injected that is burned 
between the tart of the fuel injection and the com
pletion of the power stroke) but the time at which this 
burning occurs must al 0 be controll ed to a greater 
ext.ent than is done in present-day de igns. 
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CONCLUSIO S 

The analysis of the data on the effect of ail' flow on 
fuel spray and flame formation has led to the following 
conclusions: 

1. In the combustion chamber of the compression
ignition engine, air velocities as high as 400 feet a 
second were not sufficient to destroy the core of a fuel 
spray from a single round-hole orifice. 

2. Air velocities of 400 feet a second were sufficient 
LO change materially the direction and dis tan e of the 
spray-corc penetration and to blow aside the cn elopes 
of sprays from a single round-hole orifice. 

3. As the air-fuel ratio was increased the eft· cL of th 
air flow on the fuel sprays was increased. 

4. With fuel-injection nozzles giving poor fuel dis
tribution within the combustion chamber, air flow in
creased the volume in the combustion chamber reached 
by flame. 

5. With a fuel-injection nozzle giving good distribu
tion, air flow did not result in much change in the 
spread of the flame although engine tests howed a large 
increase in performance. 

6. High-distribution nozzles such as the slit nozzle 
did not show much more effect from air flow than did the 
sprays from round-hole orifices. 

7. High-distribution nozzles damped the air flow 
considerably. 

8. When air flow is employed in a combustion cham
ber, care should be taken that the motion of the ail' set 
up during the induction period is not such as to oppose 
the desired air flow produced at the end of the com
pression stroke. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY, 

ATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 

LA GLEY FIELD, VA., November 25, 1936. 
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Positive directions of a.xes and angles (forces and moments) a.re shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel 

Designation Sym- to axis) 
bol symbol 

LongitudinaL __ X X 
LateraL _______ Y Y NormaL _______ Z Z 

Absolute coefficients of moment 
L 1\11 0-- 0--

I- qbS m- qcS 
(rolling) (pitching) 

Designation 

Rolling _____ 
Pitching ____ 
y awing _____ 

N 
Gn=qbS 
(yawing) 

Sym-
bol 

L 
M 
N 

Linear 
Positive Designa- Sym- (compo- Angular direction tion bol nent along 

axis) 

Y--+Z RoIL ____ 

'" 
1.1 P 

Z--+X Pitrh ____ fJ II q 
X--+Y yaw _____ y., w r 

Angle of set of control surface (relative to neutral 
position), o. (Indicate surface by proper subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V" 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient GT = ~D' 
pn 

Torque, absolute coefficient GQ = ~nli 
pnLF 

P, 

G., 

7], 

n, 

Power, absolute coefficient Gp = ~D6 
pn 

Speed-power coefficient = -J p~: 
Efficiency 
Revolutions per second, r.p.s. 

Effective heli~ angle = tan-1 (2~) 

5. NUMERICAL RELATIONS 

1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. =0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h 

1 lb. = 0.4536 kg. 
1 kg=2.2046 lb. 
1 mi. = 1,609.35 m = 5,280 ft. 
1 m=3.2808 ft. 


