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ENl>-ZONE WATmt INJECTION AS A MEANS OF SUPPRESSING KNOCK n~ A

SPARK-IGNITION ~'Gn.JE

By Rinaldo J. Brun, H. Lowell Olsen, and Cearcy D. Miller

SU:SiARY

An imrestigatiC'n has b9"'ln !'!lade .:)f tl'!.f:! eff~ctive:les8 of water
injectio~ j nt.o t.he e'J,nbus+,im'~ e'vl '10[1·3 of a sp:u'k-ig:11~~10n angine
c,',·l:i.I.~l"r for Lhe Sllll!'t'l":ss.!..on or ]q1J~k. TJrem;ul'e-"Lime t'ecol'ds
obt<'l.inell show that :lnjection ~(' wai.,C"r at 60" B.T.G. ~n i.he C01U­
preQ~l)u ;::'tr:1ke at u -,\'"at'?l-l\lsl r·H.i') of 0.) rendered M-;J fuel as
cood as S--3 ['uel frmr. an a'"l~.ik:!Ock c)'rl/:·irlcrat,i')i!. The Q:lt~.llnn

cranlr .:lnf~l.C Lor injf"ctiOl: ':Ii" ViTtt'r into t.rla en'l zrme "'Nan f'::'uIld lio
be cric.ical. As tllO i.,j ... r:;::.io:1 .:l:'1'!'.e ,/IlB jn-=l'~~u:cJ b<.;-,r,')nU the
optimum) i;t,e 'l'"J.C'.llt. u.y 01' -;1:'+ ,)1' i·s1'.llren Lo sur',J r>e3fl ~~I"OCk 111creased
tv 3.6 wCi.licr-ft:'31 'I'.:.l.I.i~ a" ·l..;~Cl P.'.L.C. 'Llle v;r.t-=:r C:-":'~'~.t.i.t:'ir cou.ld
not be ic.:re::l.flei lJe.vo:::!·j 3. (, W,1l:.Ol'-,L·U2l l'.ll.io 'L(,.CitCe cf itl]€cti.on­
pwr.p 11.nitatio:l3; howaver, a l'urtllf'l' in..:rcasc 1.11 th'3 injection
angle up w the ear I.i·;st ~'1r:le c'bt3.il1ablJ, whi ~h 1'laS 2Uo f•• r. C. on
t..~p. intaks stroke, continuQu::.ly in~re.~se:l t.'e lmock lnt,(·mslty.

The engine op3ratin;"'; conditi':lils uf tbe t,estG :tid not simulate
those cnc)unter'::Hl in flight, espaciall~' with r€lf;ard. to the oper­
ati!16 speed of 570 rpm. For tilis real'3011 the r~blllts should only
be regard.ud as of thellretical importance until furth'3r investiga­
tion hao bean made.

INTROOOCTIOU

The investlgation herein describad was l:luggested b'J observation
01' high-Si)Oed pt1otogra~)hs of corr.bU3ti.rJn tn .:l s~ark-ignition engi,le
cylinder taken with the tlACA hiGh-speed c8Ill:lra at the rate of
40,000 .cranes pel' second (reference .1). These phot,ographs con­
fiI'J:19d the prevailinr:; opinion that tho:! corribustion end 'ZOne involved
in the knock reaction inolu.:ies only a SIn'lll fraction of th~ ma-ss
of the total cylinJ.er charge. The photogra~B also indi.ca,ted that
this small fraction of the mass of the total charge is cDr.lprossed
into an extrer.li3ly small and well-defbed volume before knock occurs.
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A study of ~1a photographs suggested that a great saving in anti­
knock additive might bo efr~cted by injecting t~ additive exclu­
sively into the end. zonu, presumably the only region in which it
is needed.

Introduction of wat.er into the combustion chamber of the
internal-combustion cnp,ine for th3 purpoS(l 01' suppressing mock
~r cooling of the engin~ ~arts is very old. In 191j Hopkinson
(reference 2) reported successful rosults of extensiv~ tests with
large gas engines with which the cooling was ent.irely by water spray
00 tl~ inner surfaces of the comhu~tion chamber. In 1921 Clerk
(reference 3) indicated that he h'. i usod wat·~r to ~3Up~ress extremely
violent bock in th(~ y.::;;r 18904

More rec~;ut investigat.ions of th13 effect of wa.ter and other
liquids intro::luc·~:l intJ tl~ fuel-air mixture before a::lrr..ission :into
tl~ cylinder ~n Imo~k-lirrJ.teJ and t~]j'iPerature-limitedpower output
are described j.n ref'E:·r~nces 4 and 5. The watl::r or other liq,uids
used in th.is 1'I1<.!.n!1E.r ure terIlBu lIi:lt~rnal coolant. 1t

Tho object of the tests Te?o::' t..·1 r.&C:roi'1 was to deterrr.ine the
value of irljecti:m :If -«a.tar int..> 1Jl(~ end ~om~ as an antiknock a{:,"8rrt.
The engine us~d In thcsp tests could n·)t be suo?crchureod and th~

inl.ot-air tE.moeratur& could n:Jt b.: raistld abovo room t,...;D".pe:ratureJ
therefore, the ~ 1'f.)ctivcn~ss of t;'f;1 water 'Was d....!t·:::rr.;i;led by lowering
the antiknock value of th.':, fool. T}le (:n~ine op..::ratiI'.g speej was
far below the spaE1d3 llsed in t"li~ht. The res'J.l ts sh'Juld 00 consid­
erad onlJr on a. tneorct.i.cal basis '.JJ.1.til ~Urther ir.vI)stiiEationo have
been made rnor'J clclse] y ap~1"'Qa'.::!line· tho op"3I'atl!":.:?, conditio'1s I,)f
flight. Tnis warning i~ particularly im,TJortant 'because dii'flc'J1ty
may be ,~xpeJ:'bllce<l :La a:Jplying th·:! ;.mt:,od to hi,~h-sp!::ad ·.mgine
opE:rati'm.

Tho tests were performed at th~ Aircraft EngIne Research Labo­
ratory of the Nation",.l Advisory Cormnitted for ~.. ~rona·o.Itics during
late 19h3 and early 19'.,h.

APPARATUS AND PROCEDURE

Tha engioE' uscJ in th'3 :;:>rescht test.B was t.lote ~ACA cOlUoustion
apparatus describt~d .i.n re L'.~rence 6. An inj~cti.on valve wa.s installed
in one of tIl,) cyUn'ler operUl'lf.>3 to l:ipr.:.a.y water into the last part of
the charge l.o burn. Photographs w~rc: t&.k,~n .,·lith tho MACA lliuh-speed
camera to Jbs....rv·.:: the exact end-zcI1(~ pos:! tion and the shape and the
extent of tho region p~rmeat~d ~y the water spray.
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The engine was fired for one cycle only for each test run.
An electric motor kept the engine speed constant until the tiring
cycle occurred•. A single-cycle -clutch" was 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 ~s maintained by circulating neated glycerin through the
engine jackets. Three spark plugs were used to bring the end zone
into t.."le desired position in front of the water-injection nozzle.
The ignition t:i.rning was so set that the completion of burning with
5-3 fuel occurreJ near top center. The water used for injection
into the cylinder was deaerated in order to avoid the formation of
gas bubbles in tb:: injection valve. The fuel-air ratio was set
slightly richer than that required for maximum lmock with S-3 fuel.
Two valves were used, each serving for both intake and exhaust.
Presstn"'l)-tlme records were obtained by photographing an oscillo­
scope Bcreen. The input to the vertical plates of the oscilloscope
was prod'l~ecl b;,- a ~ie~oelectric press'n'e ;.,ickup installed in the
engine.

Engine conditions held constant ",erel

30±1
26tl. . . .. . . .

Engine speed, rpm • • • • • • • • • • • • • • 510
F'uel inj&ction. (intake stroke), degrees A.T.e. •••• 20
Fuel-air ratio (a.p~oxins.te). • . 0.U72
Cylinder temperature, 0li'. • • • • • • 242±2
CO:'1.pI'ession ratio • • • • • • • • • 1.1
Intake pre~sure • • • • • • • • • • • • . • • • • atmospheric
Exhaust pressure •••• • • • ••••• atmosoheric
Intake tem;>erat'lre, Of • • • • • 65-70 (room ternper~ture)
Spark timing, degrees B.T.C.I

Earliest plug • • • • • •
Later plugs • • • • • • • • • • • • • • • • •

RESULT'J AND DISCUSSION

A photograph of about one-half the combustion c.lo),amber at the
time all the water spray had entered into the chamber is shown in
figure 1. The daRhed ci.rcle shows the combustion-chamber outline
as viewed froLl the top. The letter G in the figure indicates the
position of the earli:3l3t-fired spark plug, E and F the positions
of the later-fired spark rlup,~J J indicates the ?osition of the
water-injection no~~le, H the ~o8ition of the nlel-injection
nozzle, and I thP. position of the pie~oelectric pressure pickup.



4 NACA RB No. E4I27

A phoiiogra'i'h of the end ~one a few engine crank-angle degrees
before the end of combustion is smwn in figure 2. The end zone as
seen in fifure 2 is somewhat larger than the knocking end zone umar
the most severe condition:3 imposed in the tests. The photographs
in figures 1 and 2 are sUl~le frames from two series of picturos
taken at 40,000 frames per sdcond 'Kith the NACA high-speed camera
and StOW the develo-pmnt of the water spray frot. the nO~'7,le and the
burn:lng of the charGe in the cha.mber, l'espeC'i.ively. In figure 2,
the water-r.pray outline obta-tnej from i"i;;ure 1 has been dral'm in
to show its location wIth reJpect ~o the end zonG.

Pressure- time recordf: o:!.' firiIl{; cyclos are shown in fig:ures 3
to~. Tht: llJWest trace in each fj ~ure is a 1:10toring trace taken
jus t bafol'c thu f'ir:l.ng c.ycles.

The: traces of two COJlst::cutive firirl6 cycles suparim,osecl on
Ule Scilli\E; film. arc 3110'10'11 i.n fl[':".1I'e j. The trace with t.he violent
kno ck, cJ.e sibIlated II unq110nched u-311 ill the ft ~~ure, \'Tas t.aken wi.th
Id-; fuel wi thout Vi3.ter in.iection. TI1~ trCLce with incipient kn.:>ck
and larger area under the trace, dfJsignated IIq'.lenched M-3" in the
.1'i~e, vias taken tdm M-j fuel wit.h injection of water Cit
59 B.T.C. on tile CO;rlpreSSioll stroke. l'~le wei,!:;ht of watf'r injected
was three-tenths of the fllal weip.::.t. All of the operati!tg condi­
tions of the engin: and oacilloac-.:')e were th,. same 1'01' the two runs
of figure 3 except tht:l ~ater injection. The amplitude of the -,ribra­
tiona regist'3rel on t~1~: qaenehe·j trace W:lS considorej to be indica­
tive of incinient. kr:ock o·~callS,:) a lOVier arnplit1ldE:: :)1' vibrations was
not reaJily d€:tectwl v.i.s'Ja1.l:r 011 tl1~~ ,)scllloscope. The vmtor-1'ual
ratio of 0.3 with i.ujGctioll d.t the J~~uireUI:i. CL~}: auglr:! consistently
gav,J incipic:1t knoel: :Jr no knock. The (.I.;:; water-fuel ratio waa the
lowest obtainable dth the water-injection Cij.vst~:rnJ tht3r-a.Lore, the
smallest l'rater quantity necessary to quench the k11oci< r.as not deter­
mL,ed in this investigrl.tion.

HiE'h-speed l::!.otion pictures o~ "t1.e quencr.ed co::!b~tion IJf
Y-3 1'uel .indicated. that tilE' knock did not occur in thEt part 0.1' the
end zOlle ~eI'llioa ted by tha wa tcr, but tha. t the iHci~)i~;:rt knock such
as registered on the qll.ancl1eJ trace .b n~-ure 3 came from a V3ry

Bl!la1l fraction of tbe c.'IoJ.arge locat..:r1 ,')f~.•11t~Jer si:io of the wate:r
spray near the cyl i.:.dor wall. II· LiE S1IL::Lll ;loclrets of gas flea]' the
water-injection ll(1~dc alo!'..'.:;side t..J!C :::.yl·iT.der .....laJ 1 conld have been
sprayod with wa....er, p.:Jssihly all trac'=lS ·"ll Jo:noel,: '10.11:1 have be·3n
re~)vl:ld.

Th:: power 105::] resultil'l(; frnm severt;; Kuock is s:lown in fig­
ure;;. Thl:: tW'O tirllces arc nearly identical R~proxilIlUtely to the
POi.flt wher~ lmo.'Jk occ1lI'red in th0 unquench3d trace. The loss of
energy with heavy ~.mock cannot be accounted for as being involved
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in the energy of vibration of the gases, beoause even after the
vibrations have been nearly damped out the unquenched pressure­
t1Jhe trace remain s about the sa:ne distance below the quenched
trace. Sons of the energy may be lost i-n the higher heat transfer
throUfh. the cylinder walla with heavy lmock because of the greater
scrubbing action of the gases on the chamber 'WB.1ls, as suggested
by Withrow and RassWeiler (reference 7). The greatest portion of
the energy lOBS might be accountable in the form of unreleased
energy in unburned carbon. During every violent knocking run made
in these tests, the engine released a large quantity of black amoke
on the exhaust stroke. When the knock was reduced to the incipient
level, ai ther by quenching or by increasing the antiknock value of
the fuel, no traces of smoke were noted. MacCoull (reference 8)
has presented rrcasurements of power loss with heavy knock.

The traces of t'WO firing cycles were sU!lC3rirnposed in figure 4
to show that queuched Jd-3 fuel produces as much power as unquenched
8-3 fuel. The octane ratings of !b.-3 and 8-3 fuels, as obtained
from the A.S.T.M. (Motor) Method, are about 20 and J.OO, respectively.
The quenched trace in figure 4 has a ::harj.> riso a~')rox:ima.telyat the
point w~1Bre \clOck woulj o~c'll:' in an unquenched ~·cle. The sudden
rise in prossure at that point 15 charactel'ist.ic at' a.U ':luenched
14-3 runs. Motion ~lctures of tnE'se runG, however, do not shaw the
characteristic vibrations in the b1u'ne:l p,ase3 w:lich accompany knock.
The trace for unquenched 5-3 i'ul31 in fi~'o 4 SllOWS about the same
aJIlplitude nf knocking vibrati.ons a::l d-:>es tb~ trace in thp. same
figure for quonc'led k- j f'leI.

The traces shown in flgures 3 and 4 are representative of I1lOre
than 50 traces tal.en under the sanle test conJiti.on3. The reproduc­
ibility of the test :lata was ver.i good. furthermore, the order of
taking the two traces on the car!ls was reversed many times and
identical res.J1t~ were obtained.

The optimum angle for start of water injection with respect to
lmock was found. to be critical, lmder the conditions of the tests,
the optimum angle was .from 500 to 600 B.T.C. on the canpression
stroke. The total time required 10r injection of water, as indicated
b;}" the high-spee1 photographs, was aO to 100 of crank angle. start
of injection even as late as 480 B.T.C. did not give good results
regardless of t.lte quantity of water injected up to the capacity:. of
the water-injection system J which was ,.6 times the fuel quantity,
or 12 tinEs the water used at the mltimum angle. The large time
lapse between lmock and injection (500 minimum angle) is not encour­
aging from the consideration of applying the n.ethod to the conditions
of flight. If the Iilinimtnn time between water injection and com­
pletion of burning remains constant for different engine speeds, the
minimum angle of injection for good results will increase from SOO at
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$70 rpm to 24SO at 2800 rpm. The problem. of injecting water when
the 1;)iston is near bottom center in such manner that it will be
concentra.ted ill the end zone when the piston is at top center will
be difficult.

With injection of "ftB.ter between 600 and 1320 'B.T.C., the quan­
tity of water req'llred to ,revent the M-3 fuel from exceoding th(;
incipient Imock llmi t u!crcased l'a;>idly froll. ll.o3 to ;'.6 water-fuel
r~tio. As th~ injection anfle was advance~ bnyon~ 1320 B.T.C. on
the compression stroke to 200 A. T. C. on thc: i:l.taX:e str )ke, the
knn.ck iateLlsity ~ontinl.1oual.y i.ncrease:d at ~ constant. water-fuel
ratio of 3.6. clso, the i 1aT ~ sp:'r:l": Jecl'e:.lse1 and kn.tJck occurred
later in the cJ""C1e. 'l'h::> slovror rate of b:lrninc lowere'] the cycle
efficien~y coTlsidl3rably. Furthe.L'Jllo..·p" SO;:Ie c~rc1eB l'18re drmvned
out with the 3.6 water-~uel ratio injected at 200 A.T.C. on tl~
intake stro ke •

Injectton earlier 'tha::l 200 I\.T .C. on the intake StMke was
not possib10 beca:.lse of mechanical 1imitatio11s. Injection at. tilis
aJl€,le was as nearl.}r ~()"nl)(-Ira}:\le w.i.t.h Int.roducinE. t.11e coolant into
the J:lani1'old. near the intake valvo? as Lx'ssible with the ai>parutus
used. In other eng:i.ne:s, df'T'ending on tile opera.ting cO:l'Jitiorls,
intr.:>ducing the eoolant into th~ manifold near the in t.ake val.ve
will require different water quanr.ities for the sarna effective
knock reduction. 'l'he 3.f) water-tue1 ratio \lsed on tl:is apparatus,
therefore, sho uld no t. be used :l.n making cornparis:ms 'Wittl other
engines.

In order to aSf:ll11'p. as thoro!:.;h a m.LX~nE' of the water and the
fuel-air charge as pos r.ible, th~ ~Jla~n vCllvE~s 118e':1 in the runs of
figures 3 and ~ were re.?laced 1):>-' : !lrouded valves for the ['un of
figure 5. 'flle shrouded valves increass1 the tur~ulence, ->...U'tlc­
u1ar1y durirll; tt.e ail' intako. Fi' .lrt:: 5 is a. ')ressure-tin:e trace
taken with M-3 fuel, 3.6 water-f~el ratio, wat~r injection at
200 A.T.C. or. the :L1ta~ stroke, cJ.nd all ':)th~r conditions the same
as for the other runs. The knock int-":msity was not roducFJ'.i appre­
ciably from that prolucert by unql~enche:i 11-;5 fuel, as sh.mn :in fig­
ure 3. The rate of l:'!'8s:mro rise <.iurIn;~ CoIllb'lstion was a"preciably
reduced as compared with th~ pres::mre rise at the o:"ltimmr. injection
angle (figs. 3 anrl I~), :"Iartj cula:>:'-:} lurln~ tk. carlior stares of
combuotion. With shl'ou.led vahTe~', the:> L'<:.tr-) 01 ~)l'r Sdlll'e rlt'le was
considerably graa t.er tJi.an wi. tIl pluin valvus a. t till'" earl~ est injec­
tion <lngle and t.he larGest quan-I.lty of "'VatOl·.
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SUMMARY OF RESULTS

7

The following results ware obtained from limited water-injection
tests' conducted on the -N.AcfA' 'ooInbustion apparatus at illl engine oper­
ating speed of 570 rpmc

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

2. The considerable power loss associated with violent knock
was prevented in the cycles in which the lmock was quenched by
.end-zone water injection.

3. The optimmn ~le of water injection was critical.
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FI,ure 3. - Pressure-tl.e traces show;nt effect of end-~one wafer .
Injection on knock. Quenched run: fuel, H-3: water-fuel
ra t 10, 0.3; IIIater-; nject ion ant'e (co.pression st rofteJ,
59- B. T.e. Unquenched run: fuel, H-3: no wafer.
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FI,ure 4. - Pressure-ti_e traces co-par;nt quenched H-3 fuel with
unquenched $-3 fuel. Quenched run: fuel, H~3: water-
fuel ratio, 0.3: water-Injection antle (co_pression stroke},
55- B.T.C. Unquenched run: fuel, $-3: no water.
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Filure 5. - Pressure-time trace showing a firing cycle at a uery early
water-injection angle. Fuel, H-3; water-fuel ratio, 3.6;
~ater-;njectlon angle (intake stroke), 20· A. T.C.
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