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slrsARY

The engine operatirt~~nd~ti~i]s of the +,eststid not simulate
th0S9 Crlcnulterxlin flight, especially with r~gard to the oper-
ating speed oj”570 rpm, For this reason
be regar&d as of Lheoretioal importance
tion ha~ bean made.

INTRODUCTION

th~ rqblllijsshould o~
until i’urthcminvestiga-

te investigation herein described was suggested by observation
of high-s,med photographs of combustion in a spark-ignition engine
cylinder taken with the NACA high-speed canura at t.h rate of
f+f.),000hams per secand (reference .L). These ~hotographs con-
firmed tia pmvailinE opinion that the couibustionend zcns involved
in the knock reaction includes ouly a small fraction of the mass
of the total cylinder charge. The photqraphs also indicated that
this small fraction of’the mass of tha total oharge is conprcissed
into an extremew mall and well-clefined mhme before knock occurs.
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A study of the photographs ~gested that a great saving in snti-
lmock additive might bo ef~wtedby injecting the additive exclu-
sively inti tho end zone, presumably the only region in which it
is needed.

Introduction of water into the combustion chamber of the
internal-combustionengtie for tha pwqmsc 0.1’suppressing knock
or cooling of the engin6 parts is very cld. In 1913 Hopkinson
(reference 2) reported successful rcslultsof extensive tests with
large gas engines with which the cooling was entirelyby water sprsy
on the inner surfaces of Lhe combustion chaiber. In 1921 Clerk
(reference 3) indicated that he h“,1 used wat+r to sup~ress extremely
violent lcaockin the year 185G~

More rec::tltinvestigations of the effect of water and other
liquids titroducea into t% fuel-air mixture %jbre ackxlssioninto
the cylinder on knodc-limiteJ and bmperaturs-lirdted power output
are described in references h and ~. The water or other liquids
used in this mamcr are termed Ili:lturnalcoolant.!?

The object 01 the tests re~o:’h.”dhcrtiiqwas to determine the
value of iujecti:>nof -watarint~ the end %one as ariantiknock a~ant.
The engine used in these tests could mrt km superchar~cd and the
inlet-air tmoerature could not b: raised abovo room Ltimperature;
therefarc, the et’f~ctivcm?ssof the wa~er was d~t.xrl~ledby lowering
the ~itiknock value d Ui.?fud, The en~ine qwratin~ speed was
far below the spcwd3 used iritlicht. The results shcmlcilx ccmsid-
ered only on a tne~rctical basis mtil flu%her ir~vestization~have
been made mor..closely approachin~ t.lmoparatin~ canclitims of
flight. Triiswarning is p:’rticularlyinqncrtant%caue dif’~iclilty
may be i+xperi~~lcedtila;>pl.yingth.~:.wt;t~dto hi~h-speed engine
operati’>n.

Tho tests were ncrformed at th% Aircraft
ratory of the
late 19~~3and

Natio& Advisory
early 191iL.

APPARATUS

Committee for

km PROCEDURE

Engine R~search Labo-
4mcnaut.icsduring

the NACA combustion
a-pparatusdescrib~:din ref.xence 6. An inj~cti.onvalve was installed
in one of t]i~~cylh”ier openiq,3 tu spray water inb the last part of
the charge Lo burn. Photographs were taken .i/iththe NACA high-speed
camera to abs~rvs the exact md-zGne pos~tian and the shape and ths
extent of the r~@oLl #urmeated by the water spra~.
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The engine was fired for one cycle only for each test run.
An alectric motor kept the engine speed mnstsnt until the &Lring
cycle occurred. A stigle-qcle -clutchwas engaged at the beginning
of the firing cycle between the engine crankshaft and an accessory
shaft to inject a single charge of fuel into the oylinder on the
intake stroke, ignite the charge at the proper time, and inject
water at the predetermined injection angle. The cylinder tempera-
ture was maintained by cticulatingheated glycerin through the
engine jackets. Three spark plugs were used to bring the end zone
into the desired position in front of the water-injection nozzle.
The ignition timing was so set that the completion of burning with
S-3 fuel occurred near top center. The water used for injection
into the cylinder was deaerated in order to avoid the fomnation of .
gas bubbles in tk injection valve. The fuel-air ratio was set
slightly richer than that required for maximum knock with S-3 fuel.
Two valves were used, each serving for bath intake and exhaust.
Pressura-the records were obtained by photographing an oscillo-
scope screen. The input to the vertical plates of the oscilloscope
waa prcduceclby a piezoel.ectricpresslme ;>ickupinstalled in the
engine.

Engine conditions held cons%ant meres

Engi.nespeed, rpm.. . . . . . . . . .
Fuel injection.(intake stroke), degrees
Fuel-air ratio (approximate). . . . . .
Cylinder %emperatlme, ‘1?.. . . . . . .
Conpres5ion ratio . . . . . . . . . . .
Intah pressure . . . . . . . . . . . .
Exhaust pressure . . . . . . . . . . .
Intake te~m?atme, % . . . . . . . .
Spark td.ming,degrees B.T.C.S
Earliest plug . . . . . . . . . . . .
Later plugs . . . . . . . . . . . . .

● 570
i.i. L”:: ::: :.20
. . . . . . . . . . 0.u72
. . . . . . . . . . 4.222
. . . . . . .0 ..0 7.1
9.. =..9 atmospheric

. attnospheric
“65-~om(~~m temperature)

. . . . . . . . . . 3LlZl

. . . . . . . ● ** 26Z1

RESULTJ ANI)DISCUSSION

A photograph of about one-half the conibustionchmiber at the
tiresall the water spray had entered into the chamber is sbwn in
figure 1. The daihed circle shows the ccnibustion-chaniberoutline
as viewed from the top. The letter G in the figure indicates the
position of the earliest-fired spark plug, E and F the positions
of the later-fired spark pl~s; J indicates tha posltioh of the
water-injection nozzle, H ths position of the fuel-injection
nozzle, and I the position of the piezoelectric pressure pickup.
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A photograph of tie end zone a few engine crank-angle degrees
before the end of cmnbustion is slwwn in iigurs 2. The end zone as
seen in figure 2 is somewhat larger than tie knocking end zone urder
the most severe conditions imposed in the tests. The photographs
in figures 1 and 2 =9 single frames from tmn series of pictures
taken at 40,0U0 frsmee pm sacondwith the NACA high-speed camera
and srow the develcpent of the water spray .~romthe nozzle and the
burning of tha char~e in the chamber, respeciivel.y. 1% figure 2,
the water-fiprayoutline obta:med from f~urs 1 ;MS been drawn in
to show its location with re~pect ho the end zone.

Pressure-Lime records 9! firing cycles me skwn in figures 3
to j. The luwest trace in each f~~ure is a l~otori.ngtrace taken
jusb before tha ~iriug cycles.

The traces of two consecutive firing cycles superimposed on
the same film are ~ilo%min fi~m?e j. The trace with the violent
hock, wsi~nated IIunquenchedM-31! in th~ fi~ure, was taken with
M-j fuel wi thut water in.jection. ~1,e trade ~~th incipitintk.~ack

and larger area under the trace, desi~te d ‘IquenchefiM-311in the
fi e, was taken IwLth?&j he 1 wiU1 injection of water ut
~$?~B.T.C. on the compression stroke. The weight of wat~r injected
was three-tenths of the fwl wei~~.t. All of the operati!qgcoali-
tions of’the engin~ and ascild.cmctioewere th~.sene for the two runs
of Iigure 3 except the water injection. The amlitude of t.he‘#vibr-
ationsregisterei on th.:qmenche,ltrace WQS cons~dere5 to be indica-
tive 01 incinient kr:ockn.=causoa levieramplitude :>fvibrations was
nGt readily detectwi Visuall~ on tli{:0scilloscope. The water-fual
ratio 01 0.j with i.lljection-t the ~niimr, cr.~}:angl~jconsistently
gave incipient kjlock or no knock. T~leb.~ water-fuel ratia wa~ the
lowest obtainable d.th the wats~inje ction ~stum 3 therafcme, the
smaJLest water quantity necessary to quench the knock was not deter-
miiledin this investig~itionm

The power IOSLIresultin& from sevorc knock is s;mwn in fi~
ure ~. Thw two traces are nwrly identical approximately to the
point where kno.zkoccurred in the unque~h3d trace. The 10Ss of
energy with heavy ?mock cannot be acccuntcd far as being inwlved
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in the energy of vibration of the gases, beoauee even after the
vibrations have &en nearly &mped out tk unquenched pressure-
the trace remains about the S= di~~ce lMIOW the quenched
trace. Mm of the energy may be lost im the higher he~t transfer
thro@ the cylinder wa~s with heavy knock because of the greater..- ,
scrubbing action of the gases on the c~ber walls, as suggested
by Withrow and Rassheiler (reference 7). The greatest portion of
the energy loss might be accountable h the firm of unreleased
energy ti unburned carbon. During every violent knocking run made
in these tests, the engine released a large quantity of black emok
on the eXhaust stroke. When the knock was reduced to the incipient
level, either by quenching or by increasing the antiknock value of
the fuel, no traces of smoke were noted. MacCmiLl (reference 8)
has presented measurements of power loss tith heevy knock.

The traces of tw firing cyclee were su-perimposedin figure h
to show that quenched M-3 fuel produces as much power as unquenched
s-3 fuel. The octane ratings of h+j and S-3 fuels, as obtained
from the A. S. T.ld. (Motor) Methodj are about 20 and 1.00, respectively.
The quenched trace in figure ~ has a ~larjj risu apvroxfi mstely at the
point w%ere hock wnuld OCCUFin an unquenched q-cle. The sudden
rise in pressure at that ~Joht k characteristic o(’ all quenched
M-j runs. Motion pictures or tnese runfi,however, do not show the
characteristicvibrations in the burne:lgase3 w’.lickaccompany lam&.
The trace i’orunquenched S-3 fuel iu fi~e 4 SJ1OWSabout the same
amplitude d knocking vibrations as does tkm trace in the same
fig ure for qumc’led k-j f2el.

The traces shown in figures j and 4 are representative of mre
than SO traces takn under the same test conditions. The reproduc-
ibility of the test data was ver~-good~ furthermore, the order 01
taking the two traces on the cards was reversed many times and
identical results were obtained.

The Opthml angle for start of water injection with respect to
knock was found to be critical; nmier the conditions of the tests,
the optimum angle was from ~CP to 600 B.T.C. on the compression
stroke. The total the required ~or injection of water, as indicated
by the high-speed photographs,was 80 to 10° of crank angle. start
of injection even as late as 48° B.l’ocadid not give good results
regardless of the quantity or water injected up to the capacity..of
the water-tijection system,which was 3.6 times the fuel quantity,
or 12 times the water used at the rmtimum angle. The large time
lapse between lamck and injection [~@ minimum angb) is not encour-
aging from the considerationof apply@g the uthod to the conditions
of flight. If the minimum time between water injection and com-
pletion of burninc remains wnstant for different engine speeds, the
minimum angle of injection for good reslfitswill increase from ~~ at

.—
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570 rpm to 24P at 28C0 rpm. The problem of injecting water when “
the piston is near bottom center in such manner that it will be
concentrated in the end zone when the piston is at top center will
be difficult.

With injection of mater between 600 and lj2° B.T.C., tie quan-
tity of water required to ~event the ?J-3 fuel from exceeding the
incipient lmock limit irlcrcased rapidhy f .rom cl. j to j. 6 water-fuel
ratio. As the in,jeciion angle was advanced br?yond 132° El.T .C. on
the compression stroke tG 20° A.T. ~. on t.hi: i.ltake str ~ke, the
knock ijlte~l~it~~ continwmsly increased at a ccnstani water-fuel
ratio of 3.6~ ~.sa, the ilart sy~d decreased and h~cli ~ccurred
later in th~ cycle. l’hrslower rate of ?mrniw lowered the cycle
efficiency considerably. l’llr’the.~Oi*P,.soimcycles were dmxvned
out with the 3.6 water-1’uel ratio injected at 20° A,l’. C. on the
intake stroke.

Injection sarlier ‘than2@ A.T.C. on t}m intalw stm’ke was
not possiblo becaase of nwchanical lhl~hthl~~. Injection at tilis
angle was as nearly com~jarahle~i!,hin~roducink the coolant into
the mantiold near the intake valvs as ~~ssibh with the apparatus
used. In other engines, dr~nding on tileoperating con’xitions,
introducing tinecoolant into t~l= manifold near tileintake valve
will req~tie differetrtwat~r quantities far the sams el’fective
knock reduction, The 3.6 water-hel ratio used on t~is a~aratus,
therefore, should no~ be used in making comparisons with other
engines.

In order to assui’eas thorough a mixin~ of the water and the
fuel-air charge as possible, tll~fJhl~ vaLvcs used in the runs of
figures ~ and 4 were replaced by :!rmuded valves for the run of
figure 5. The shrouded valves increased the turbulence, ‘urtic-
ularly duriq; t~s air intake. Fi “me 5 is a ‘messure-time trace
taken with M-3 fuel, j.6 water-f7Jel ratia, wat~r injection at
20° A T C or. the i~tak strob, ~nd all othsr conditions tha same. . .
as for the other runs. The knock intmsity was not reduco:~ appre-
ciably from that prohcefl b.v unquerrche:i M-j fuel, as sll.~m in fig-
ure 3. ‘lhe rate af pressur~ rise durin;: combustion was appreciably
reduced as conqxmecl with the prescure rise at the oj~timuminjection
arfjle (figs. 3 arrl ~~), partjculaz”lj luriqq ill:. earlier stapes of
combustion. Y/ith shrull.led vnlvs:”, Lhp rz.t+: O; prrssure rise was
considerably greeter than wit!; pldfi valw~s at thfi earl~est injec-
tion an@ and the lar~est quantity 01 water.
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The following
testis“‘Wnductea on
sting speed of 570

SUMUARYOF RESULTS

results were obtainsd from limited water-hlection. ---- .. .. . ..
~fieNACA combustion a~aratus at an engine ~per-
rpmt

1, Injecttig water into the end zone with a water-fuel ratio
of 0.3 reduced the knock intensity of M-3 fuel to that of S-3 fuel
without water.

2. The considerable power 10ss associated with violent knock
was prevefied in the cycles in which the knock was quenched by
.end-zone water injection.

3. The optimum angle of water injection was critical.
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figure 3. - Pressure-time troces showing effect of end-zone woter
Inject Ion on knock. Quenched run: fuel, H-3; uuter-fue I
rotlo, 0.3; uoter-injection ongle (compression stroke), .
59” 8. T.C. Unquenched run: fuel, H-3; no uoter.
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Quenched H-3
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F!gure 4. - Pressure-tire troces conporing quenched U-3 fuel uith
unquenched S-3 fuel. Quenched run: fuel, N-3; uoter-
fuel rotio, O. 3; uoter-inject Ion ongle (compression stroke),
55* B.1.c. Unquenched run: fuel, S-3; no uoter.
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Figure 5. -
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pressure-time truce showing o firing cycle ot o uery eorly
uoter-inject!on ongle. Fuel, II-3; woter-fuel rot{o, 3.6;
woter-!njectlon ongle (jntoke stroke), 20’ A.1.C. -n-.
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