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END-ZONE WATE: INJECTION AS A MEANS OF SUPPRESSING KiOCK IN A
SPARX-IGNITICN ENGIME

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

SUAARY

An investigation has buaen made of the eff~ctiveness of water
injection into bLhe comhustion end mons of a spark-ignitlion engine
cylirdor for the sunnression of ¥mock., TPressure-lime records
obtained show that injection af waier at 60° B.T.3. on the com-
precsiosn stroke at a water—lusl ritis of Q. rendsred M-, fuel as
good as 5-3 Tuel from an antikaoeck eomeideratioun, The oshvinuam
crank angic Jor iunjectiorn of witer intw the end zone was found bo
be cricical. As tne iigjaccion ant'e was in-iensed beyond the
optimum, the quantity of <wi+2 iequired Lo sur.ress rock increased
to 3.6 water—fvel ralio av 1;2° P...C, The vxt=r quentity could
not be inzreased peyvrd 3.6 walbovr~ruzl rabio w.cause of injection—
purp limitations; however, a luriuer incrcase in the injection
angle up o the earlizst =aple obtainabla, whizu was 20° A.T.C. on
ithe intake stroke, coatinuously increused the knock intensity.

The engine opzratins conditinas of the tests did not simulate
those cnecrunterad in flizht, especially with regard to the oper—
ating speed of 570 rpm., For this reason the resulis should only
be regardud as of theoretical importance until further investiga-
tion has bean made.

INTRODUCT ION

The investigatlon herein describzad was suggested by observation
of high-spced photographs of combustion in 2 spark-ignition engine
cylinder taken with the MACA high-speed camera at the rate of
Lo,000 fremes per second (reference 1,. These photographs con~
firmed the prevailing opinion that the combustion end zons involved
in the knock reaction includes only a small fraction of thes mass
of the total cylinder charge. The photogramhs also indicated that
this small fractiom of the mass of the total charge is coupressed
into an extremely small and well-defined volume beif'ore knock occurs,
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A study of the photographs suggested that a great saving in anti-
knock additive might bo effected by injecting the additive exclu-
gively into the end zonu, presumably the only region in which it
is needed.

Introduction of water into the corbustion chamber of the
internal-coxbustion engine for thz purposc ol suppressing knock
or cooling of the engine narts is very cld., 1In 191% Hopkinson
(reference 2) renorted successful results of extensive tests with
large gas engines with which the cooling was entirely by water spray
on the inner surfaces of the combusiion chamber. In 1921 Clerk
(refersnce 3) indicated that he h.l used wat:r to supnress extremely
violent knock in the ye=ar 1830,

More recunt investigations of the effect of water and other
liqulds introduc=d ints the fuel-air mixture beiore admission into
the cylinder on imock-limited and temperature-limited power output
are described in refervnces ly and 5. The water or other liquids
used in this manner are termed "iuternal coolant.®

The object of the tests repozt.d herein was to determine the
value of injection of watsr into iha end zone as an antiknock agent,
The engine used In these tests could not be supercharged and the
inlot~air tempmerature could not b: raised abovo room bomperature;
thereforc, the etfactivensss of the wabter was d.torminied by lowering
the antiknock value of th» fusl., The engine operating speed was
far below the spoeds used in flight. The resulbs should he consid-
erad only on a tneorctical basis until further investii;ations have
been made mor. closely apnroaching the opzratinz conditions of
flight, Tris warning ic particularly impertant because difficulty
may be experi-:nced iu applying tho umethod to hizh-spesd @ngine
oneratinn,

Thu tests were performed at th= Aircraft Englne Research Labo-
ratory of the National Advisory Committee for 2Aironautics during
late 194435 and early 19j.

APPARATUS AND PROCEDCRE

The engine uscd in thez preseut tests was the NACA combustion
apparatus described in ref:rence 6., An injection valve was installed
in one of tha cylin-der vpenings to spray water into the last part of
the charge to burn., Photographs wurc taken with the NACA high-speed
camera to Jbsurvs the exact snd-zone position and the shape and ths
extent of thc region pormeated by the water spray.
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The engine was fired for one cycle only for esach test run.
An slectric motor kept the engine speed constant until the firing
cycle occurred. - A single-cycle -clutch was engaged at the begimning
of the firing cycle between the engine crankshaft and an accessory
shaft to inject a single charge of fuel into the cylinder on the
intake strolke, ignite the charge at the proper time, and inject
water at the predetermined injection angle. The cylinder tempera—
ture was maintained by circulating heated glycerin through the
engine Jackets, Three spark plugs were used to bring the end sone
into the desired position in front of the water-injection nozzle.
The ignition timing was so set that the completion of burning with
5-3 fuel occurred near top center. The water used for injection
into the cylinder was deaerated in order to avoid the formation of
gas bubbles in tix injection valve, The fuel-air ratio was set
slightly richer than that required for maximum knock with S5-3 fuel.
Two valves were used, each serving for both intake and exhaust.
Pressura-time records were obtained by photographing an oscillo-
scope screen., The input to the vertical nlates of the oscllloscope
was rroduzed by a plezoelectric pressure pickup installed in the
engine,

Engine conditions held constant were:

Intake pressure . . «
Exhaust presswrec ., . .
Intake temperatare, °OF
Spark timing, degrees B.

atmospheric

Engine Speed, TPl o« o « « » s o o o s o o s o s o o s s « o« « 570
Fuel injection (intake stroke), degrees A.T.C. . « « « . . . 20

- e e " e 8 & e . 0.072
Cylinder temnerature, °F. . . . . . . e e e e o 2y2r2
Compression ratio . « « . . s v o s o o o 1ol

. e atmospheric
65-70 (room temperature)

8
Fuel-air ratio (approximate). . . . . .

Earliest plug . . .
Later plugs . . . «

s e e e & o ® o o - e ® = . 3%1
a s a = o 9 a " o e @ « * e = 26:1

® o Fje e« ®
e s Qv o =
" 9 00 9 e

RESULIU AND DISCUSSION

A photograph of about one-half the combustion chamber at the
time all the water spray had entered into the chamber 1s shown in
figure 1, The dashed circle shows the combustion—chanmber outline
as viewed from the top., The letter G in the figure indicates the
position of the earliusst~firsd spark plug, E and F the positions
of the later-fired spark plugs; J indicates the position of the
water-injection nozzle, H th=s position of the fuel-injection
nozzle, and I the position of the piezoelectric pressure pickup.
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A photograph of the end zone a few engine crank—-angle degrees
before the end of combustion 1s shown in figure 2, The end zone as
seen in figure 2 1s somewhat larger than the knocking end zone under
the most ssvere condition:s imposed in the tests. The photographs
in figures 1 and 2 ure single frames from two serises of pictures
taken at 40,000 frames per socond with the NACA high-speed camera
and srow the development of the water spray fron the nozzle and the
burning of the charge in the chamber, respeciively. In figure 2,
the water—-spray outline obtained from fijurs 1 has bsen drawn in
to show its loecation with respect Lo the end zone,

Pressure-time records of firing cyclaes msre shown in figures 3
to 5. The lowest trace in each figure is a wotoring trace taken
Just bafore the Firing cycles.

The traces of two consecutive firing cycles suparimnosed on
thie same film are siown in fipure 3. The trace with the violent
knock, designated "unquenched M-3" in the fifure, was taken with
M~3 fusl without water ianjection, The trace with incipisnt knock
and larger arca under the trace, designated "guenched ¥-%" in the
i‘igure, wae taken with M-5 fuel with injection of water et
59° B,T.C, on the compression stroke. Tie weight of water injected
was three—tlenths of the fuel weigl.t., All of the operating condi-
tions of the engin: and oscilloscune were th.. same for the two runs
of ligure 3 except the water injection. The amplitude of the vibra-
tlons registarel on tau guenched trace was considered to be indica-
tive ol incinient krock nzcaunse a lower amplitude of vibrations was
not readily detected visually on tue vwscilloscope. The water—fusl
ratio of 0.3 with iujection at the miimuri cr-nk angls consistently
gave incipicat kiock or ano knoeck, The 0,% water-fuel ratio was the
lowest obtainable vith the water-injection systumy theralore, the
smallest water quantity necessary to quench thes knock was not deter-
mined in this investigntion.

High—-speed motion plctures oi tne quenched cormbucstion of

¥-3% fuel indicatecd that the krock did not occur in that part of the
end zone permoated by the water, but that the incinisit knock such
as registered on the quanched tracs in figyure 3 came from a vary
small fraction of thie charge locatud or sither side of the water
spray near the cylindor wall., 1L Lhs snuldl pockets of gas near the
water-injection nozzle alongside the cylirder wall could have been
sprayed with waler, possibly all iraces ol knock 'mald have bean
removed.

The power losa resulting from severz kuock is siiown in fig-
ure 3. The two traces ars nearly identical approximately to the
point where knozk oceurrad in the unquenchad trace., The loss of
energy with heavy “nock cannot be accounted for as being involved
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in the energy of vibration of the gases, because even after the
vibrations have been nearly dumped out the unquenched pressure-
time trace remains about the same distance below the quenched
trace. Some of the energy may be lost in the higher heat transfer
through the cylinder walls with heavy knock because of the greater
scrubbing action of the gases on the chamber walls, as suggested
by Withrow and Rassweiler (reference 7). The greatest portion of
the energy loss might be accountable in the form of unreleased
energy 1n unburned carbon, During every violent knocking run made
in these tests, the engine released a large quantity of black smoke
on the exhaust stroke., When the knock was reduced to the incipient
level, elther by quenching or by increasing the antlknock value of
the fuel, no Lraces of smoke were noted. MacCoull (reference 8)
has presented measurements of power loss with heavy kaock.

The traces of two firing cycles were superimposed in figure L
to show that quenched -3 fusl produces as much power as unjuenched
S-3 fuwel. The octane ratings of -3 and S~3 fuels, as obtained
from the A,S.T.M. (Motor) Method, are ahout 20 and 100, respectively.
The quenched trace in {igure l, has a sharp risc anovroximately at the
point whers kiock would ozcwr in an unguenched cycle, The sudden
rise in prossurs at that point is characteristic of' all jguenched
M-3 runs, Molion pictures of these runs, however, do not show the
characteristic vibrations in ihe bwrned gases which accompamy knock,
The trace for unquenched S-3 fusl in fipgure L siows about the same
amplitude nf knocking vibrations as does th® trace in the same
figure for quenched k-3 fuael.

The traces shown in figures 3 and L are representative of more
than 50 traces tal.en under the same test conditions, The reproduc-
ibility of the test data was ver, goody furthermore, the order of
taking the two traces on the cards was reversed many times and
identical results were obtained.

The optimum angle for start of water injection with respect to
knock waz found to be criticalj under the conditions of the tests,
the optimum angle was from S50° to 60° B,T.C, on the compression
stroke. The total time required tor injection of water, as indicated
by the high—speed photographs, was 8° to 10° of crank angle. Start
of injection even as late as I;8° B.T.C, did not give good resulis
regardless of the quantity of water injected up to the capacity.of
the water-injection system, which was 3.6 times the fuel quantity,
or 12 times the water used at the ontimum angle. The large time
lapse between knock and injection (50° minimum angle) is not encour-
aging from the consideration of applying the nethod to the conditions
of flight. If the miniman time betwesn water injection and com—
pletion of burning remains constant for different engine speeds, the
minimun angle of injection for good results will increase from 50° at
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570 rpm to 245° at 2800 rpm. The problem of injecting water when
the niston 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 water between 60° and 132° B.T.C., the quan-
tity of water reqiired to nrevent the M-3 tusl from exceeding the
incipient knock limit inecrcased rapidly frow 0.3 to 5.6 water-luel
ratio. As the injeclion angle was advanced beyond 13%2° B.T,.C. on
the compression stroke tc 2(° A.T.C. on the intake stroke, the
knock inteasity continunusly increased at a constanl water-fuel
ratio of 3.6j also, the ilar. sprsc Jecreased and kaocic occurred
later in the cycle. Th~ slower rate of burning lowered the cycle
efficiency considerably. Furthermore, - -some cycles were drowned
out with the 3,6 water-ruel ratio injected at 20° A.T.C, on the
intake stroke.

Injection earlier “than 20° A,T.C. on the inteske stroke was
not possible because of mechanical limitations. Injection ai tiis
angle was as nearly comparable with introducing tlhe coolant into
the manitold near the intake valvs as possible with Lhe apparatus
used, In other engines, denending on tie operating conuitions,
introducing the enolant into the manifold near tie intiake valve
will require differeut watar quanvities for the samz elfective
knock reduction., Ths 3.5 water—{uel ratio used on tris apparatus,
therefore, should not be used in making comparisons with other
engines.

In order to asswi'e as thorou:h a mixing of the water and the
fuel—air charge as possible, the plain valves used in the rans of
figures % and !} were rexlaced hy :hLrouded valves for the run of
figure 5. The shrouded valves increased the turbulence, “urtic-
ularly during tre air intake, Fi-ure 5 is a »ressure-time trace
taken vith M-3 fuel, 3.6 water-fuel ratio, water injection at
20 A.T.C. orn the intake stroke, and all oth2r conditions the same
as for the other runs, The knock intensity was not reduced appre-
ciably from that proluced by unquenched k-3 fuel, as shown in fig-
ure 3. The rate of pressure rise durin;y combustion was anpreciably
reduced as compared with the pressure rise at the ostimum injection
angle (figs. 3 and }), narticularl,; luring th: earlier stages of
combustion., With shrouled valver, the raile of wressme rise was
considerably grester than with rlain valves at thr earliiest injec-
tion angle and the largest quanlity oi -ater,
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SUMMARY OF RESULTS

The following results were obtained from limited water-injection
tests coriducted on the NACA combustion apparatus at an engine oper-
ating speed of 570 rpm:

1. Injecting water into the end zone with a water—fuel ratio
of 0,3 reduced the knock intensity of M-3 fusl to that of S-3 fuel
without water.

2. The considerable power loss associated with violent krock
was prevemted in the cycles in which the lmock vras quenched by
.end-zone water injeclion.

3. The optimumn angle of water injection was critical.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeronauties,
Cleveland, Ohio,
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Figure 1. - Photograph of water sbray in combustion chamber
after water injection was complete. Combustion

has not token ploce. Exposure time,.
25 microseconds.
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Figure 3. ~ Pressure-time troces showing effect of end-zone water :
Injection on knock. (Quenched run: fuel, N-3; woter-fuel
ratio, 0.3; water-injection angle (compression stroke),
59° B.T.C. Unquenched run: fuel, H-3; no water.
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Figure 4. - Pressure-time traces comparing quenched M-3 fuel with
unquenched S$S-3 fuel. Quenched run: fuel, M-3; water-
fuel ratio, 0.3; water-injection ongle (compression strokel,
55° B.T.C. Unquenched run: fuel, S-3; no water.
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Figure 5. - Pressure~time trace showing a firing cycle ot a very early
woter-injection ongle. Ffuel, H-3; water-fuel rotio, 3.6;
water-injection angle (intoke stroke), 20° A.T.C.
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