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ADVAKCE RESTRICTED REFORT

BFFECT OF SEVERAL METHODS OF INCREASING KNOCK-LIMITED
POWXER ON CYLINDER TEMPERATURES
By Harvey A. Cook, Jack E. Vandeman, and
Kenneth D. Brown
SUMMARY

Object. — To determine the effect of several methods of
increasing the knock-limited power on critical cylinder tempera-
tures.

Scope. - The knock-limited indicated horsepower and the cyl-

inder temperatures were determined for a Wright R-2500-8 cylinder
under the following engine operating conditions:

Operating condition . Basic value Range studied
Fuel~air ratio 0.075 0.05l to 0,117
Inlet~air temperature, °F 200 82 to 312
Water-fuel ratio 0.0 0.0 to 0.6
Cooling-air pressure drop Ap 15 S to 30

across cylinder, in, water
Engine speed, rpm - 2100 1500 to 2500
Spark advance, both plugs, 20 . 15 to 140
deg B.T.C.

Each operating condition was varied in turn over the range listed
while the other quantities were maintained at the basic values.

At these basic operating values, the knock-limited indicated
horsepower was approximately 128. The following temperature
measurements are given: rear spark-plug bushing, middle rear
barrel, exhaust-valve crown, front spark-plug electrode, rear spark-
plug electrode, and exhaust gas. The data presented relate the
knock-limited indicated power and the engine temperatures.

Summary of results. — The resulbts are summarized in the
follovring table:
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Value at which maximum|Maximam Engine temperature, OF
knock-limited power knock- Rear 1iddle | Exhaust-|Rear
was recorded for each |limited spark- jrear |valve SparK-
operating condition indicated |plug barrelicromm plug
horsepower|bushing electrode
Basic value (approx.) 128 h22 327 1255 1151
Fuel-air ratio, 0.09 140 L03 315 1172 106
Inéeg—air temperature, 155 h30 338 1250 1160
2 F
Hater-fuel ratio, 0.6 165 368 322 1180 10L9
Cooling-air pressure 135 397 308 1260 1155
drop 4p, 30 in. water
Engine speed, 2500 rpm N3k} h37 336 1285 1170
Spark advance, 130 Lot %33 1270 1152
15° B.T.C.

Conclusions. — Within the scope of the tests, the following
conclusions are of particular interest:

1. From the consideration of external and internal cylinder
tenperatures, the most satisfactory method of increasing the knock-
limited power was by internal cooling with water and the least
satisfactory was by incrzasing the engine speed.

2. As the knock-limited power was increased by lowering the
inlat-air temperature, neither the external nor the internal cyl-
inder temperatures were appreclilably increased,

INTRODUCTION

Two of the factors that determine the power limit of an air-
cooled aircraft engine are the coolingz requirements of the engine
and the knock limit of the fuel in relation to the engine. Assuming
o particular fuel, an increase in knock-limited power may be effected
through the change of several engine conditions, of which the most
important are:

Fuel-air ratio
Inlet-air temperature
Internal coolant
Cooling—air flow
Eogins speed

Spark timing
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In evalvation of each of these six conditions on the basis of
engine knock, consideration must be given to their effect on cyl-
inder temperatures at knock-limited power. Two sets of cylinder
temperatures are of interest - sxternal and internal. The external
temperatures are used in flight to determine whether the engine is
adequately cooled. The limiting values of these btemperatures are
based on the manvfacturer's gpecifications for safe operation of
the engine. Certain internal cylinder temperatures, namely, the
exhaugt valve (reference 1) and the spark-plug electrodes bear na
direct relationship to the external cylinder temperatures. These
temperatures are important because of their relationship to engine
dvrability and because they are potential sourcesg of preignition
if the teumperatures are not adequately controlled. Data on the
relation of cylinder-head temperatures to kmock-limited power have
been presented to the Coordinating Research Council by Pratt &
Whitney Aircraft Corporation. The effects of internal coolants on
Imock~linited and temperature-limited power are given in reference 2.

In the presgent report, tests are described in which the knock-
limited power wazs determined as a function of each of the previously
listed six engine conditions. For each test the following tempera-
tures are presented: rear spark-plug bushing, middle rear barrle,
exhaust~valve crown, front spark-plvg electrode, rear spark-plug
electrode, and exhaust gas.,

This invegtigation wag conducted in Ncvember 1943 at the
Alircraft Engihe Rescarch Laboratory of the NACA at Cleveland, Ohio.

APPARATUS ATD PROCEDURE

The data for this vreport were obtained on a Wright R-2600-8
front~rov cylinder fitted with standard baffles and mounted on a
CUE crankcase (figs. 1 and 2), A Stancal pickup uwmit and an oscil-
lograph were used for indication of kmnock.

The cylinder temperatures were measured by thermocouples
located as shown in figure 3. Only the temperatures listed in the
preceding section are presented because they are considered to
represgent the critical locations,

The rear spark-plug-bushing temperature was measured by an
iron-constantan thermocouple peened into a hole drilled 1/4 inch
deep along the bushing threads., Iron-constantan thermocouples on
the barrel were spot-welded to the outside swurface between the fins,
The chromsl-alummel thermocouples in the spark plugs were pcened in
holes drilled in the center electrode to within 1/16 inch of the
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combustion-chamber end of C34S spark plugs. The method of installing
a2 thermocouple in the exhaust-valve crown was similar to that
reported in reference 1. An iron-constantan thermocouple was formed
by welding a constantan wire in the end of a stainless-steel tube
that was inserited through a hole drilled in the tip of the valve
stem. The thermocouple was inserted in & hole drilled to within
1/16 inch of the outside surface of the crowm and the valve was
sealed with the original amount of sodium. The ezxzhaust-gas thermo-
couple was located in the center of the exhaust—-gas stream in an
Inconel tube extending across the exhaust stack at the flangz.

In the tests with an internal coolant, a continuous spray of
water was injected at a pressure of 100 pounds per square inch
through the intake-manifold primer hole (fig. l).

During the tests all of the engine operating conditions were
held constant except the inlet—air pressure and the condition being
tested., For each test the condition was changed and the inlet-air
pressure was increased unbil inecipient knock was encountered., The
range over vhich each condition was varied (table 1) was determined
by rough operation, limitations of the equipment, or maximum cyl-
inder temperatures recommended for take-off power (hBOO ¥ for the
rear spark-plug bushing).

TABLE 1. - ENGINE OPERATING CONDITIONS, BASIC
VALUES, AYD RANGE STUDIED FOR EACH

[Fuel, AN-F-28; oil-in temperature, 185o F; cooling—air
temperature, 85° F; compression ratio, 6.9]

Operating condition Basic | Range studied
value?
Engine speed, rpm 2100 1500 to 2500
Combustion-szir temperature, OF 200 82 to 312
Co0ling~air pressure drop Ap 15 5 to 30
across cyliader, in. water

Spark advance, both plugs, deg B.T.C. 20 15 to L0
Fuel-air ratio 6.075 0,084 to 0,117
‘Water-fuel ratio 0.0 0.0 to 0.6

aThe value at which the engine condition was held constant
during tests of each of the other conditions.
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RESULTS
Engine Performance at Knock-Limited Power

The change in knock-limited power with a variation in the
different operating conditions is shown in figure 5. The knock-
limited indicated horsspower at the basic conditions was 126 exeept
for the runs during the water-injection tests, for which it was 131,
Because of some possible action of the injected water in removing
cylinder deposits or some other effect, the basic condition for the
water-injection tests (W/F = 0) resulted in 5 horsepower more than
did the basic conditions with the other tests. O0f the several
mzthods of increasing the knock-limited power and for the range of
each condition investigated, water injection permitted the highest
powor and lowering the inlet-air temperature the next highest.,

The variations of indicated specific fuel and liguid consump-~
tions, inlst-air pressure, and combustion-zir flow with indicated
horscpovier are shown in figure 6 for 21l test conditions. From this
figure it may be seen that, upon varying any of the conditions
excedpt fuel-air ratio or spark advance, the indicated specific fuel
consumption remained practically constant. For water injection the
indicated specific liquid consumption increased. Higher inlet-air
pressures vere required for increased power with water injection
than with lowered combustion-air temperature, The curves of
combustion-air flow show a2 straight-line relation with indicated
horsepower cxcent for the fuel-air-ratio and the spark-advance tests.

Engine Temperatures at Knock-Limited Power

The quantities designated AT in this report are the differ-
gnces betwesn the temperature in question and the cooling-—zir tem—
»erature, vhich was held constant at 85° F. The relation of
cylinder temperatures to knock-limited indicated horsenower is
shiown in figures 7 to 12 for the ranges of operating: conditions
shown in figure 5.

Fuel-air ratio. - Through a range of fucl—-air ratios from
0.066 to 0,09, the variation in engine temperatures was small even
though the knock-limited indicated horsepower increased 25 oercent.
For this range of operation thc increascd cooling of the gasss
through mixture enrichment nearly compensatzd for the incrsased
heat load caused by the rise in power, The sxhaust-gas temperature
reached 2 maximum at a fuel-air ratio of 0.056.

At mixtures leaner than 0,066 or richer than about 0.08, con-
siderable change in the engine temperatures ocowred with little change
in the knock-limited indicated horsepower,as shown in table 2.
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TABLE 2

EFFECT OF FUEL-AIR RATIO AT CCNSTAWT VALUES OF KNOCK-LIMITED
INDICATED HORSEPCWER O CYLINDER TEMPERATURES, SPECIFIC
FUEL AND ATR CONSUMPTIONS, AUD MAWIFOLD PRESSURE

Tuel- Temperatvre, OF Ingi- Tndi~- Mani-
air |Rear [Middle [Exhaust|Rear |Front | cated cated fold
ratio|spark- |rear |valve |spark-|spark-| specific |specificipres-~
plug |barrel plug |plug | fuel alr con~|sure
bush- elec- | elec- | consump- |sumption| (in. Hg
ing trode | trode | tion (1v/hp~ |absolute)
(1b/np- |hr)
hr)

Kncck-limited indicated horsepower, 135

0.08 | 423 324 1267 | 1132 | 1131 | 0.48 5.74 SL

.107: 361 304 970 9i5 879 .66 6.15 54
Knock-limited indicated horsepower, 108

C.066{ 408 317 1285 1115 | 1113 0.37 5.76 42

L0551 370 301 1130 8958 950 .38 8.75 48

Two values of knock-limited indicated horsepower are tabulated, one
in the rich and one in the lean region. The davta indicate the
degree to which engine cooling, together with knock control, can be
accomplished through mixture enriching at high fuel-air ratios and
through mixture leaning at low fuel-air ratios, In the rich region,
this engine cooling is accomplished &t the expense of indicated
specific fuel and air consumptions and, in the lean region, at the
expense of indicated specific air consumption.

For a more complete evaluation of these data the information
ghould be translated into terms of brake specific fuel consumption
and effect of decreased engine temperatures on cooling horsepower
under Tlight conditions, The uniformity of mixture distribution
in relation to the ability of the engine to be operated at a mix-
ture ratio of 0.055 is also of importance. For the data in the rich
region the relationship, as tabulated, is dependent upon the effect
of the engine operating conditions on the peak of the knock-limited
curve and on the slope of the curve on each side of the peak. 1In
the lean region the fuel-air ratio at which the minimum knock-limited
indicated horsepower occurs is independent of the engine operating
conditions bubt the slopes of the curve are not.

Inlet-air temperature. -~ The 50-percent increase in knock-limited
indicated horsepcwer permitted by decreasing the inlet-air temper-
ature from 312° F to 82° F was not accompanied by excessive engine-
temperature increagses; the external cylinder temperatures increased
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about 25° F and the internal cylinder temoeratures about 750 F or
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at an inlet-air temperature of about 200° F. The data indicate that
increasing thes knock-limited power by the use oif an aftercooler will
not greatly increase the external-cooling requirements of the engine.
The cooling requirements of the aftercooler are not considered here.
Tiater injection. -~ The use of water as an internal coolant over
the range tested vermitted a 27-percent increase in knock-limited
power for a Shrpercent increase in indicated svecific liquid con-
sumption (the indicated specific fuel consumntion remained constant).
This juncrease in knock=limited power was accompaiiied by a decrease
of 150 F in the barrel temperatu;e 70° F in the rear spark-plug
bushing temperature,and about 140° F in the internal cylinder tem—
veratures, The decreased engine temperatures would permit a decrease
in the external cooling of the engine. The decrease in the internal
cylinder temperatures is of interest because of the difficulty of
cooling these locations through external-cooling methods,

Cooling—-air flow. - Increasing the cooling-air pressure drop
from § to 30 inches of water permitited an increase of 2% percent in
the knock-limited power with a marked drop of the externmal temper-
atures but with little change of the internal temperatures.

In evaluation of the data in relation to the airplane in
flight, two factors must be considered: the pressure drop available
and the cooling horsenower required as a function of the pressure
drop. :

Engine speed. -~ Of all the methods presented to increase the
knock-limited nowsr, increasing the engine speed was the least sat-
isfactory from the consideration of engine temperatures. All cyl-
inder temperatures, both external and internal, increased aoproxi-
mately linearly with the increase in knock-limited power. These
increases in external temperatures would be reflected in practice
by an increase in the coollng horsepower required to keep the
external temoeratures within operating limits; the internal temper-
atures measured would be little affected by increasing the external
cooling of the cylinder.

Spark timing. — Retarding the spark timing from 20° to 150 B.T.C.
for both plugs resalted in a slight increase in knock-limited power
with only a very small change in the cylinder temperatures. Advancing
the spark timing from 20° to Ii0° B.T.C. for both plugs resulted in a
reduction in knock-limited power with a large increase in most cyl-
inder temoeratures, The temverature of the middle rear barrel
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decrzased to a minimum 2t a spark advance of about 25° B.T.C. and
taen increased greatly. The engin.: oporated irregularly for spark
timings later than 15° 2.T.C., which nccessitated an advance in
spark timing to observe the frend.

CONCLUSIONS
From tests made on an air-cooled aircraft-engine cylinder to
determine the effect of various methods of increasing knock-limited
power on crlinder temperatures, the following conclusions can be

dravn:

1l. From the consideration of external and internal cylinder

*temperatures, the most satisfactory method of increasing the knock-

limited power was by internal cooling with water and the least
satisfactory was by increasing the engine speed.

2. As the knock-limited power was incrzased by lowering the
inlet-air temperature, neither the external nor the internal cyl-
indsr temperatures were appreciably increased,

Aircraft Engine Hessarch Lsboratory,
National Advisory Committes for Aeronautics,
Cleveland, Ohio.
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Pigure 11. - Variation of rear spark-plug-<lectrode AT with knock-limited
for varying operating conditions. Wright R-2600-855ront-row oylinder; fuel, AN-F-28;

compression ratio, 6.9; ecooling-air temperature, 8

the difference betwsen the temperature in question and the cooling-alr

indicated horsepowe

F; oil-in temperature, 185° F. AT is

temperature.
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Figure 12, - Variation of oxhaust-gas AT with knock-1limited indicated horsepower for varying
operating conditions. Wright R-2600-% front-row oylinder; fuel, AN-F-28; compression
ratio, 6.9; cooling=air temperature, §5° P; oil-in temperature, 185° F, AT is the difference
between the temperature in question and the cooling-air temperature. .
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