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

SUMMARY

An investigation has been made of the effectiveness of water
injection inte the combustion end zone of a opwrn—Lgd ition engine
cylirder for the suppression of knock. Pressure-time records
obtained show that injection of water at 60° B.T.C. on the com-
pression stroke at a water-fuel ratio of C,% rendered M-» fuel as
good as S-3 fuel from an antiknock consideration. The opuimum
crank an gle for injection of water into the end zone was found to
be critical., As the injeciion angle was increased bey eci the
optimum, the quantity of wz*ar required to suppress krock increased
ty could

to 3.6 water-fvel ratio at 132° BP.T,C, The waber Q;Pnti
not be increased beyond 3.6 mntmr~;uﬂL ratio because o
pump limitations; however, a further increase in the injection
angle up to the earliest angle obtainable, which was 20° A,T.C., on
the intake stroke, continuously increased the knock LntsnSLty.

The engine operating conditions of the tests did not simulate
those encountersd in illghu, especially with regard to the oper-
ating speed of 570 rpm. For this reason the results should only
be regarded as of theoretical importance until furthsr investiga-
tion has been made.

INTRODUCT ION

The investigation hervln described was suggested by observation
of high-speed photogrdpao of combustion in a spark-ignition engine
cylinder taken with the NACA high-speed camera at the rate of
;0,000 frames per second (reference 1), These photographs con-
firmed the prevailing opinion that the combustion end zone involved
in the knock reaction includes only a small fraction of the mass
of the total cylinder charge. The photogranhs also indicated that
this small fraction of the mass of the total charge is coumpressed
8 into an extremely small and well=defined volume before knock occurs.
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A study of the photographs suggested that a great saving in anti-
knock additive might bs effected by injecting the additive exclu-
sively into the end zone, presumably the only region in which it
is needed.

Introduction of water into tlie combustion chamber of the
internal-combustion engine for the purposz of suppressing knock
or cooling of the engine parts is very old. In 1913 Hopkinson
(reference 2) reported suvccessful results of extensive tests with
large gas engines with which the cooling was entirely by water spray
on the inner surfaces of the combistion chamber. In 1921 Clerk
(reference 3) indicated that he had used water to suppress extremely
viclent knock in the year 1380,

More recent investigations of the effect of water and other
liquids introduced into the fuel-air mixbture before admission into
the cylinder on knock-limited and temperaturs-limited power output
are described in references l; and 5. The water or other ligquids
used in this manner are termed "internal coolant."

The object of the tests reporicd herein was to determine the
value of injection of water into ihe end zone as an antiknock agent.
The engine used in these tests could not be supercharged and the
inlet-air temperaturs could not be raised above room temperature;
therefore, the effiectivenass of the water was determined by lowering
the antiknock value of the fusl, The engine operating speed was -
far below the speeds used in flight. The results should be consid-
ered only on a theorstical basis until further investigations have
been made more closely approachinz the opsrabing conditions of
flight, This warning is particularly important because difficulty
may be experisnced in applying the method to high-speed engine
operation.

The tests were performed at ths Aircraft Engine Research Labo-
ratory of the National Advisory Committee for Asronautics during
late 1943 and early 19/,

APPARATUS AND PROCEDURE

The engine used in the present tests was the NACA combustion
apparatus described in reforence ¢. Aa injection valve was installed
in one of the cylindsr openings to spray water into the last part of
the charge to burn. Photographs were taken with the NACA high-speed
camera to obhserve the exact end-zone position and the shape and the
extent of the region permeated by the water spray.
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The engine was fired for one cycle only for each test run.

kn eclectric motor kept the engine speed constant until the firing
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 cylinder on the
intake stroks, 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 zone
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 the injection valve, The fuel-air ratio was set
slightly richer than that required for maximum knock with S=35 fuel.,
Two valves were used, each serving for both intake and exhaust.

ressuré-time records were obtained by paotographing an oscillo-
Scope screen, The input to the vertical plates of the oscilloscope
was produced by a piezoelectric pressure Mckup installed in the
engine.

Engine conditions held constant weras

s U LRl USSR
Fuel injection (intake stroke), degrees A.T.C. . . . . . . . 20
T eiean ratio (gppromimate). . o 2w W WLy ol w el d b 0,072
Elinder temperature, OF. . o w v W v v h e m e v s aie ol
Lo g s SR I S NEIe A GRS S 1 Al
Lo L S R RN 8 O S . . .« atmospheric
BEhaust pressure . . % ¢ o o Wl . SR W R « s « atmospherie
Intake temperature, OF ., ., .. . . . 65-70 (room temperature)
Spark timing, degrees B.T.C.:
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RESULTS AND DISCUSSION

U

A photograph of about one-half the combustion chamber at the
time all the water spray had entered into the chamber is shown in
figare 1, The dashed circle shows the corbustion-chamber outline
as viewed from the top. The letter G in the figure indicates the
position of the earlicst-fired spark plug, E and F the positions
of the later-fired spark rlugs; J indicates the position of the
water-injection nozzle, H the position of the fuel-injection

nozzle, and I the nosition of the piezoelectric pressure pickup,
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A photograph of the end zone a few engine crank-uangle degrees
before the end of combustion is shown in iigure 2. The end zone as
seen in figure 2 is somewhat larger than the knocking end zone under
the most severe conditions imposed in the tests. The photographs
in figures 1 and 2 are single frames from two series of pictures
taken at 40,000 frames per second with the NACA high-speed camera
and srow the development of tlie water spray from the nozzle and the
burning of the charge in the chamber, respectively. In figure 2,
the water-spray outline obtained from figure 1 has been drawn in
to show its locatioa with respect to the end zone.

Precsure~time records of firing cycles are shown in figures 3
to 5. ¢ lowest trace in each figure is a motoring trace taken

Just bbioro the firing cycles,

The traces of two consecubtive firing cycles superimposed on
thie same film are shown in figure 5., The trace with the violent
knock, designated "unquenched M-%" in the figure, was taken with
-3 fuel without water injection. The trace with incipient knock
and larger area under the trace, designated "quenched M-3" in the
figure, was taken with M-3 fuel with injection of water at
59° B.T.C, on the compression stroke. The weight of water injected
was three-tenths of the fuel weight. All of the operating condi-
tions of the engine and oseilloscone were the same for the two runs
of figure % except the water injection. The amplitude of the vibra-
tions registered on the quenched trace was considered to be indica-
tive of incipient knock because a lower amplitude of vibrations was
not readily detected visually on tiz oscilloscope. The water—fuel
ratio of 0,3 with injection at the optimum crank angle consistently
gave incipient knock or no knock. The (.5 water-fuel ratio was the
lowest obtainable with the water~injection system; thersfore, the
smallest water quantity necessary to quench the knock was not deter-
mined in this investigation.

High-speed motion pictures of the qusnched combustion of

M=% fuel indicated that the .mock did not occur in that part of the
end zone permeated by the water, but that the incipiznt knock such
as registered on thc quenched trace in figure 3 came from a very
small fraction of the charge located on sither sids of the water
spray near the cylinder wall, If the small pockets of gas near the
water-injection nozzle alongside tﬂc cylinder wall could have been
sprayed with water, possibly all traces of knock would have been
removed,

The power loss resulting from severc knock is shown in fig-
ure 3. The two traces are nearly identical approximately to the
point where knock occurred in the -unguenched trace. The loss of
energy with heavy knock 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 damped out the unquenched pressure-
time trace remains about the same distance below the quenched
trace. OSome of the energy may be lost in the higher heat transfer
through the cylinder walls with heavy knock because of the greater
secrubbing action of the gases on the chamber walls, as suggested
by Withrow and Rassweiler (reference 7)., The greatest portion cf
the energy loss might be accountable in the form of unreleased
energy in unburnsd 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, either by quenching or by increasing the antiknock value of
the fuel, no traces of smoke were noted. MacCoull (reference 8)
has presented measuremernts of power loss with heavy knock.

The traces of two firing cycles were superimposed in figure L
to show that quenched -3 fuel produces as much power as unguenched
S5-3 fuel. The octane ratings of M-3 and S-3 fuels, as obtained
from the A,S.T.M. (Motor) Method, are about 20 and 100, respectively.
The quenched trace in figure I, has a sharp rise approximately at the
point where knock would occur in an unguenched cycle. The sudden
rise in pressure at that point is characteristic of all guenched
M-% runs. Motion pictures of these runs, however, do not show the
characteristic vibrations in the burned gases which accompany knock,
The trace for unquenched S-3 fuel in figure !l shows about the same
amplitude of knocking vibrations as does the trace in the same
figure for quenched M-3 fuel,

The traces shown in figures 3 and l; are representative of more
than 50 traces taken under the same test conditions. The reproduc-
ibility of the test data was very good; 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 was found to be critical; under the conditions of the tests,
the optimum angle was from 50° to 60° B,T.C, on the compression
stroke, The total time required for injection of water, as indicated
by the high-speed photographs, was 8° to 10° of crank angle. Start
of injection even as late as L,8° B.T.C, did not give good results
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 optimum angle. The large time
lapse between knock and injection (50° minimum angle) is not encour-
aging from the consideration of anplying the method to the conditions
of flight. If the minimun time between 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 2L,5° at 2800 rpm. The nrobler 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 water between 60° and 132° B.T.C., the quan-
tity of water required to »revent the M-3 fusl from exceeding the
incipient knock limit increased rapidly from 0.3 to 3.6 water-fuel
ratio, As the injection angle was advanced bayond 1585 BeT.C, 108
the cormpression stroke Lo 20° A.T.GC. on the intake stroke, the
knock intensity continuously increased at a constant water-fuel
ratio of 3.6; also, the ilame speed decreased and knock occurred
later in the cycle. The slower rate of burning lowered the cycle
efficiency considerably., Furthermore, some cycles were drowned
out with the 3,6 water-fuel ratio injected at 20° A.T,C, on the
intake stroke.

Injection earlier than 20° 4,T.C, on the intake stroke was
not possible because of mechanical limitations. Injection at this
angle was as nearly compsrable wibth introducing the coolant into
the manifold near the intake valve as possible with the apparatus
used, In other engines, depending on the operating conditions,
introducing the coolant into the manifold near the intake valve
will require different water quantities for the same effective
knock reduction. The 3.6 water-fuel ratio used on this apparatusy
therefore, should not be used in making comparisons with other
engines.

In order to assure as thorovyh a mixing of the water and the
fuel-air charge as possible, the plain valves used in the runs of
figures 3 and ! were replaced hy shrouded valves for the run of
figure 5. The shrouded valves increased the turbulence, nartic-
ularly during the air intake, Figure 5 is a pressure-time trace
taken with M-3 fuel, 3.6 water-fuel ratio, water injection at
20° A.T.C. on the intake stroke, and all other conditions the same
as for the other runs. The knock intensity was not reduced appre-
ciably from that produced by unguenched ¥-3 fuel, as shown in fig-
ure 3, The rate of pressure rise during combustion was appreciably
reduced as compared with the pressure rise at the optimum injection
angle (figs. 3 and l}), particularly during the earlier stages of
combustion., With shrouded valves, the rate ol pressure rise was
considerably greater than with plain valves at the earliest injec-
tion angle and the largest quantity of water,
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SUMMARY OF RESULTS

The following results wore obtiined from limited water-injection
tests conducted on the NACA combustion apparatus at an engine oper-
ting 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 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 knock was quenched by
.end-zone water injeclion.

3. The optimum angle of water injection was critieal.

Aircraft Engine Research Laboratory,
National Advisory Committes for Aeronautics,
Cleveland, Ohio,
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Figure 1. - Photogroph of water spray in combustion chamber
after water injection was complete. Combustion
has not taoken place. Exposure time,

25 microseconds-
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Figure 2. - Location and shape of end zone o few engine
crank-angle degrees before completion of burning.
Exposure time, 25 microseconds; relative position
of water spray, shown by dotted lines, was
obtained from flgure 1.
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Figure 3. - Pressure-time troces showing effect of end-zone water
Injection on knock. Quenched run: fuel, M-3; woter-fuel
ratio, 0.3; water-injection angle (compression stroke),
59° B.T.C. Unquenched run: fuel, M-3; no water.
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Figure 4. - Pressure-time traces comparing quenched M-3 fuel with
unquenched S§-3 fuel. (Quenched run: fuel, M-3; water-
fuel ratio, 0.3; water-injection ongle (compression stroke),
55° B.T.C. Unquenched run: fuel, $-3; no water.
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Figure 5. - Pressure-time trace showing o firing cycle at a very eorly
woter-injection angle. Fuel, M-3; woter-fuel rotio, 3.6;
woter-injection angle (intoke stroke), 20° A.T.C.
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