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SUMMARY

A comparison has been mede in flight of the antlknock charac-
teristices of triptane and a temperature-senslitive fuel component
(xylidines) with a reference fuel (28-R) and of flight fuel knock
limits with engine cooling limits. The knock limits of the three
fuels — 28-R, 80 percent 28-R plus 20 percent triptane (leaded to
4.5 ml TEL/gal), end 97 percent 28-R plus 3 percent xylidines
(leaded to 6.0 ml TEL/gal) — were investigated in a modified 14-
cylinder double-row radlal alr-cooled englne ilnstalled in a four-
englne alrplane. Tests were conducted at engine speeds of 1800
and 2250 rpm, at high and low blower ratios, spark settings of 25°
and 32° B.T.C., and the carburetor-air temperature was maintained

- at approximately 85° F, All tests for a given engine speed were

made with approximately constent cooling-air pressure drop; con-
sequently, englne-temperature levels were higher with the higher
performance blends. )

A brlef survey of the knock-limited performance characteristics
of the two fuel blends relative to 28-R follows:
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RATIOS OF KNOCK-LIMITED BRAKE HORSEPOWER OF TEST

FUELS REIATIVE TO 28-R

Engine speed, rpm 1800 2850

Carburetor-gir tem- | 85 85
perature, “F

Blower ratio | Low High Low High

Fuel blend F/A SPEE} advance, deg B.T.C.
(volume) 25 |32 (25 | 32 | 25| 32| 25| 32

80% 28-R plus |0.065{1.15 1.111.20{1.21|1.15}1.25{1.13
20% triptane | .080|1.20 1.20{1.18}1.19]1.17}1.19{1.27
leaded to 4.5{ .090|1.24 1.20/1.19]1.24 1.21{1.27
ml TEL/gal |

974 28-R plus |0.065 1.211.17}1.2341.10{1.21|1.13
3¢ xylidines | .080 11.27(1.21}1.24{1.20|1.20|1.17
leaded to 6.0; .080 1.27§1.21{1.26 1.25

ml TEL/gal

Estimates were made of temperature-limited englne performance
at several typical flight and englne condlitiona. Baged on these
relations it appears that, 1f the cooling requirements of the engine
are to be governed by the manufacturer's specified maxlmum rear-
spark-plug-gasket temperatures, englne operation at or near fuel
knock limits in the economical range of fuel-alr ratio may cause
these temperatures to be exceeded, particularly at the higher englne
speed of 2250 rpm. If 1t were considered posslble to operaté with
average rear-spark-plug-boss temperatures approaching those experi-
enced with the original model engine (corresponding to maximum
rear-spark-plug-gasket temperatures specified for those engines),
the cooling limits of the modified engine would be ralsed and would
apparently permit engine operation at or near fuel knock limits  under
many conditions. .

INTRODUCTION

The tests reported herein are an extension of a general investi-
gatlon to evaluate triptene and other high-performance fuels as ;
antilnock components of aviation fuela. Thls work 1s being conducted
at the NACA Cleveland laboratory at the request of the Alr Technical
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Service Command, Army Air Forces. The scope of these tests, which
have included single-cylinder and multicylinder work, has been
briefly describec in reference 1. This referénce presents the
results of flight knock testes made with the original test engilne;
‘the flight cooling characteristics and a comparison between test-
stand and flight cooling characteristics of the original test
engline are presented in references 2 and 3, respectively.

In order to parallel the procedure used in the presentation
of flight data taken with the original engine, knock data for the
current series of flight tests with modified engine are being
reported in the same order. The cooling characteristics of the
modified englne in flight are given in reference 4, which 1s part I
of the present serles of reports. The engine-cooling data of ref-
erence 4 are used in this report to compare fuel knock limits with
the estimated cooling-limit relations for the same englne lnstalled
in a four-englne alrplane.

TEST FUELS

The knock data obtelned with the modifled engines in fllight for
28-R fuel, a blend of 80 percent 28-R and 20 percent triptene (plus
4.5 ml TEL/gal), and a blend of 97 percent 28-R and 3.percent xyli-
dines (leaded to 6.0 ml TEL/gal) are compiled and discussed herein.
Fuels were blended, as for previous tests, on a volume basis. These
fuels willl hereinafter be designated 28-R, triptane blepnd, and xyli-
dine blend. The xylidine blend was chosen because 1t represents a
temperature-sensitive fuel that bridges the gap in performance num-
bers between the lean.rating of 28-R and the rich rating of the
triptane blend. The knock ratings of the test fuels, obtalned at
the Cleveland laboratory, are as.follows:

Army-Navy per-
formance number

Fuel
F-3 F-4
rating|rating
(leen) { (rich)
28-R 100 130
Triptane blend 109 147
Xylidine blend{ 100 150
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EQUIPMERT AND INSTRUMENTATION

Obtalning fuel lkmock ratings of the mixture-respcnse type
involves the following measurements: engine manifold pressure,
brake horsepower, fuel flow, charge-air flow, and inlet-charge
temperatures. Measurements of varlous cylinder temperatures were
made to supplement these data because fuel knock characteristics
may be affected to a certain extent by engine temperature levels.
In tests of this type, the determination of the intensity and dle-
tribution of knock among the cylinders 1s necessary.

For most of the tests reported herein, a modifled l4-cylinder
double-row radial eir-cooled engine (R-18%0-94) was used, and the
installation of this engine was (as for the original test engine,
R-1830-90C) at the left inboard position in & B-24D airplane. Data
for flights subsequent to number 47 were obtalned with another engine
of the same model. The equlipment and instrumentaetion for these tests
vere very nearly the seme a&s were used in tests with the R-1830-~30C
engine. The chief difference i1n the instrumentation of the two types
of englne was a set of 14 thermocouples installed at the rear of the
c¢ylinder hold-down flanges for the first modifled engine, which was
not Installed on the original engine. Thils posltion was selected
because the menufactursr's temperature limits for cylinder "barrels”
ere based on flange temperatures. (See reference 5.)

The' original test engline was equipped with a set of shallow-
type, rear-spark-plug-boss thermocouples, embedded 1/8 inch, in
addition to the stendard installation, embedded 3/8 inch. The
shallow embedded thermocouples were previously discussed only in
reference 3 where 1t was necessary to use a measurement that would
duplicate the test-stand installation. The modified engines do
not have shallow-type thermocouplss.

A fairly comprehensive description of the equipment and instru-
mentation used with the modified test englnes is given in the
appendlx of reference 4, which presents a written and pictorial
description of all the importent instrumentation including thermo-
couples, cooling-air pressure tubes, knock pickups and harness,
fuel-flow meters, speclal controls, control-position indicetors, the
exhaust-gas oxidlizing furnace, and other research equipment used in
these tests. Much of this equipment was used for tests with both
the originel and the modified test engines.

As was the case in former tests with the original engine, a
PD-12F2-16 carburetor was used for the modified test engines. This
carburetor permitted a wider range of fuel-air ratio at cruising
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engine speeds than would be possible with the PD-12F7 carburetor,
which is stendard for the modified engine. The special mixture-
control plate described ln reference 1 was used for the sensitive
control of fuel flow in the lean-mixture renge with thls ocarburetor.

TEST PROCEDURE AND CONDITIONS

Procedure. ~ A technique similar to that employed for the
original engine (reference 1) was used for obtaining knock data
with the modified englines. The ocarburetor-alr temperature was
maintained constant by ad justing the intercooler shutter opening
and, In some cases, by bucking the turbosupercharger output with
the engine throttle (part-throttling).

As 1n tests wlth the origlnal engine, knock data were recorded
when four, five, or eilx cylinders showed light or occasional knock.
The procedure for cooling the engine during kmnock tegts was to
maintain approximately constant indicated airspeed and constant
cowl-flap setting. Thils prooedure, which was used for the earlier
knock tests, 1s explained in more deteil under PROCEDURE in refer-
ence 1. One departure from the practice of holding a constant
cooling-alr pressure drop was made: Instead of meintainlng en
indicated alrspeed of approximately 200 mph for all the knock runs,
as In reference 1, the tests at 1800 rpm were made with en ailrspeed
of approximately 180 mph whereas those at 2250 rpm were made at
approximately 200 mph. A cowl-flap setting of full open was held
throughout the tests for the original and the modified test englnes.

The maintenance of an approximately constant cooling-ailr oAp
resulted, of course, In a varlation of engine temperatures, both for
the different fuels and for chenges in fuel-air ratio, the primary
test varlable. A specilal investigation was made to determine the
extent by which the two methods of test-engine cooling — constant
cooling-air pressure drop (custaomarily used) and constant heed
temperature — affect the shape or position of a knock curve at a
glven get of englne conditions. At the englne conditions used for
this investigation no appreciable difference in knock limits was
observed for the two methods; a tentative Jjustification was thus
obtained for the method used. (See appendix A.)

Test conditions. - The following table lists the englne-
operating conditions at which the various fuels were tested. Values
of carburetor-alr temperature given are those indicated dy the
resistance~bulb thermometer unit in the carburetor elbow. This unit
closely simulates the standard airplane instellation. The actual
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carburetor calibration was based upon a screen thermocouple temper-
ature T,, which was employed in analyz¢ng all data and was found
to 1nd1cate temperatures approximately 5° F higher than the resist-
ance bulb.

Engine' _]Spark setting |Approximate
speed ! (deg B.T.C.) |carburetor-
Fuel (rpm) Blower ratio ' air temper-
ature
— (°F)
Xylidine blend | 1800 | High | 25 and 32 85
2250 |High and low! 25 85
Triptane blend| 1800 Low | 25 85.
1800 High i 25 and 32 85
2250 :Low and high | 25 - 85
28-R 1800 | Low- | 25 85
: 1800 High | 25 and 32 5
2250 |Low and high i 25 85
2230 | High | 25 100

The engine condltiona pertainlng to the various groups of knock
curves and the numbers of the flights from which the varlous knock
curves or check polnts were obtalned are glven on the figures.

Table I lists flight conditlons and recorded free-air temperatures
according to flight number. Variation in free-alr temperaturv was,
of course, due to atmospheric conditlons and could not be avoided.

RESULTS AND DISCUSSION
.Knock-Limited Performance

Progentation of ¥nock data. - Results of.the flight knock tests
are plotted in basioc form in figures 1 through 8 and are arranged,
as nearly as possible, 1n the order of Increasing soverity aof engine
conditions (for example, fig. 1l: 1800 rpm, low blower ratio, low
spark setting; fig. 2: 1800 rpm, higt blower ratio, low spark
setting; fig. 3: 1800 rrm, high blower ratio, high spark setting) .
The (a) sheet of oach figure shows knock-limited manifold. pressire,
knock-limlited brake horsepower, fuel flow, brake specific fuel con-
sumption, and nverage mixture Lemperature; the (D) shoet shows knock-
limited breke moan effective pressuro, knock-limlted charge-air flow,
exhaust pressure, and average cooling-air mrossurc dron for heads and
barrels; and the (o) shoet presents carburetor-air temwerature (screen
thermocouple) and average and maximum values of three cylinder temper-
atures.
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Check pointe on the knouk curves asre represented by tailed
symbols. Check data were obtained for nearly all the curves. In
some instanced, scatter of the date for certain of the varlables _
such as average mixture temperature, brake specific fuel consumptilon,
carburetor-air temperature,.and average cooling-air pressure drop
made differentiation between fuels difficult, therefore a single
average curve was failred through the test points. In most cases,
bowever, separate curves for all three fuels will be found.

Discusslon of knock-tegt data. - The knock curves in figures.l
and 2 show little variation of lknock-limited menifold pressure over
the range of fuel-alr ratio between 0,06 and 0.10. Flat knock
curves are frequently noted when englne oconditions are very mild
with regard to fuel knock. In figure 1, consequently, the knock-
limited brake-horsepower curves approximate the relation that
usually exlists for the variation of brake horsepower with fuel-alr
ratio at constant manifold pressure. The knock limit of the triptane
blend falls considerably higher than that of 28-R over the entire
range of fuel-air ratio in figures 1 and 2. The knock limits of
the xylidine blend exceed those of the triptane blend by a definite
margin, (See fig. 2.)

The knock data in figure 3, wkich were obtained at more severe
engline conditions (high spark advance and high blower ratio) than
those of figures 1 and 2, show the xylidine blerd to be depreciated,
relative to the triptane blend, by the change in engine conditions.
Both fuels, however, exhibit a definite improvement in knock limit
over 28-R. The knock limits of all three of the fusls wers lowered
to some extent by the higher spark advance. (Cf. figs. 2 end 3.)

No apparent improvement in brake specific fuel consumption was noted
at the higher spark advance within the range of the data, but it is
emphasized that tests were not run primarily to investigate the
effect of spark advance on specific fuel consumption. Knock data
for the three fuels at an engine speed of 2250 rpm are shown in
figures 4 and 5. At low blower ratio and low spark setting (fig. 4)
the xylidine blend mearly equaled the triptane blend in knock-limited
Performance at the rich and lean extremes and exhibited slightly
higher knock limits at intermediate mixtures. A relatively flat
mixture-response ocurve was again obtained with 28-R at these condi-
tions. At high blower ratio and low spark setting (fig. 6) the
increase in severity of engine conditions again effected -a slight
depreclation of tho knock limits of the xylidine blend relative to
the triptane blend in the.loan region. The high spark setting at
2250 rpm effected a decrease in kmock limits for all three fuels

and decreased the performerce both of the triptane and xylidine
blonds relative to 28<R. This effect 1s to be observed both for low
and for high blower ratios. (Cf. figs. 4 and 5 and figs. 6 and 7.)
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The data obtained in these tests show that the xylidine blend
consistently decreased more in hnock limit than the triptane blend
or the 28-R fuel as the engine conditions became. more severe. This
effect is accounted for by the greater temperature sensitivity of
the fuel, as noted in reference 1.

Figure 8 presents knock data obtailned with 28-R fuel at a
carburetor-air temperature approximately 15° F higher than was
maintained for the other tests of this report. In order to check
the knock limits of the modified engine agalnst those of the
original, similar ccuaditlons were used to test the fuel. These
data, however, do not permit a falr comparison because of the
necesslty of maintaining an unusually high exhaust pressure to
obtaln the desired carburetor-air temperature by bucking the turbo-
supercharger output with the throttle. (The tests with the modified
engine were conducted in much colder weather than those wilth the
original.) Because of the possible effects of exhaust pressure on
the knock limits, these data may not be completely comparable with
the rest of the tests.

For all plots (fige. 1 througnh 7) data for brake specific {usl
consumption with the tLree test fuels at a given set of englinc condi-
tions defline nearly the samo curva, despite a difference in knnck-
limited power level (und over-all mechanical efficioncy). The lack
of separation butwoen these daia may be attributed to the increased
use of the turbosupercharger (incroased oxhaust pressures) at the
higher powers and tue added loss o»f power in the englno-astage super-
chargor resulting from the increased retuve of charge-alr flow.
Appreclable differvncos in wxhaunst-pressure datn betwoen the throo
fuels at various cundltions are agaln tiae result of operation of the
turbosuperchargur. Wuether these diffeorences in exhaust pressurc
have affocted tne knock data to any approclable extent has not buen
determined. (Sou reference 6.) Tho samo effects, however, purtuln
to the data of reforence 1, although the values of oxhaust pressure
woro not glvon in that ruport. The .ncroased oxhaust Hressures wore
apparently not (ffective, of themselves, in apnruciably raising
englne temperatures bocause all the temporaturo data ruvcorded during
the knock tests, at botk high und low oxhaust pressures, wore satis-
factorily correlated (rufurunce 4) by means of the NACA cooling
corrolation, wailch dwes not tako he sffocts »f exbaust mrussure umor
englne temperaturos into account.

Cross plots of knock data. ~ An effcrt was medv to dotormine
to what extont all the knock data in flgurec 1 through 6 could be
correlated without ditferentiating between various englne speeds and
blower ratios. This concent is in agrooment with the currelatlion
princinles sot forth 1n refuronce 7 although the coordinate scales
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herein bear different labels. Essentiselly, figure 9 presents plots .
of knock-limited charge-air I'low per cyole against average mixture
temperature for the thrée test fuels. These data were obtalned by
cross-plotting at certain fuel-alr ratios the.average mixture-
temperature data on the (a) sheet and the knock-limited charge-air
flow datd on the (b) sheet of figures 1 thro 8. In order to
reduce all the data (at various engine speeds) to a single mlot,

the knock-limited total charge-air flow was converted to knock-
limited charge-air flow per cycle (roughly equivalent to a compari-
son on the basls of knock-limited manifold pressure).

The data in figure 9 show fairly consistent trends of varlation
"in knock-limited performauce with mixture temperatire for the various
englne speeds, blower ratlos, and fuel blends. The data at a spark
advance of 32° B,T.C. usually fall lower than the datu at a spark
advance of 25° B.T.C. The slopes of the curves in figure 9 indicate
the degree of severity of englne conditions imposed upon the fuels.
The progressive reduction in the Blops of the curves with Increasing
fuel-air ratio in the low mixture-temuerature range (going from
fig. 9(a) to (c) and from (4) to (f))shows that, for low mixture
temperatures end rich mixtures, the engine conditions imposed upon
the fuels were very mild.

Engine cooling during kmnock tests. - Apnroximately constant
indicated airspeed, cowl-flap setting, pressure altitude, (and conse-
quent cooling-air oAp) were maintained for all the knock tests;
this method resulted in uniformly higher engine temperatures for the
high-performance fuels than for 28-R. A descrintion-of a side investi-
gatlon to determine the erfect of engine cooling on the knock duta and
a tentatlve Justification for the procedure used are glven 1n appen-
dix A. Thie Justification i1s based on the fact thut at the conditions
investigated, a change of 85° F in head temperature did not alter the
knock limits appreciably.

Data from inlet-charge thermocouple, - Good correlation is
Bhown between the measured, inlet-charge (so-called mixture) tempera-
tures and the computed charge temperatures. A comparison of these
temperatures 1s given in appendix B. A brief dorivation of the equa-
tions used in these thormodynamic calculations 1ls also presented.

Temperature-Limited Performance

Mothod of determining temperature-limited performance. - In
order to campare the knock-limited performance of the differont fuel
blends with the englne-cooling limits, calculations were made to
estimate the cooling-limited performance of this engine installed
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in the airplane. The cooling equation for the modlfied engine
developed in referance 4 end the plot of effective gas temperature
Eho agalnst fuel-alr ratio presented therein were used 1n these

éalculetions, supplemeated by the manutecturer's crulsing-control
chart from the flight msnual (reference 8). These temperature-
limited performance curves are shown in figures 10 and 1l. The
knock-limited periormance curves also shown in these flgures were
replotted from figures 1(a) and 4(a).

Cooling-limited englane performance was determined for two
criterions of temperature limits: (1) the englne manufacturer's
specified maximum rear-spark-plug-gesket temperatures for continuous
operation of 450° F (meximum recommended value) and 400° F (desired
operating value) and (2) temperatures higher than the rear-spark-
plug-gasket temperature specified by the menufacturer in order to
permit a direct comperimson between the modified and the older type
englnes. The following assumptions were made in both ceses:

(a) Airplene gross weight, 50,000 pounds

(b) Flight at 7000-foot pressure altitude

‘(¢) Cooling-air stagnation temperature, 60° F
(d) Carburetor-air temperature, 85° F

(e) Alrplane equipped with four double-row radial air-cooled
englnes, &ll operating at the same conditions and
having the same cooling characteristice as the modified
test engine

(f) Approximately constant propeller efficlency in the high-
power range with changes in pitch and alrspeed

(g) Variation of true alrspeed as a linear function of the cube
root of engine power

(h) Variation of brake norsepower as & linear function of mani-
fold pressure within the rich range of fuel-alr ratio

Criterion 1, based on specified roar-spark-plug-gasiket temperature
limits. - Temperature-limited performance curves were calculated for
crulsing with a maxlmum temperature at the rear-spark-plug gasket of
450° F; these curves were determined at cowl-flap positions of 1/3 open
and closed for englne speeds of both 1800 and 2250 rpm. Cowl-flap
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settings of 1/3 open and closed are approximately 7° and 2— open,

respectively. Similar curves were determined using 400° F for the
maximum gasket temperature;- these relations are plotted as dashed
curves in figures 10(a) and 11l(a).

Becauee the cooling equation for cylinder heads was developed
using an average value of the temperatures measured at the embedded
rear-spvark-plug-boss thermocouple, a conversion was made from the
initially assumed maximum (of 14 cylinders) reer-spark-plug-gasket
temperature to average rear-spark-plug-boss temperaturbs. (See
figs. 6 and 9, reference 4.)

In order to determins englné cooling limits as the fuel-air
ratio varied, corrections had to be made to the englme cooling-alr
preassure drop as the alrspeed varled wlth changes in engine power.
The crulse-control chart glven In reference 8 was used throughout
these calculations in determining the alrspeed from the engine
power; thus, 1t can be seen that the cooling limlts of the englne
are partly a function of tke alrplane-performance characteristics.

Figure 10(a) shows that at an englne speed of 1800 rpm the
knock curves for both 28-R fuel and the triptane blend fall below
the highest temporature-limit curve when the specifiled rear-gasket
tomperature 1is the criterlon. These knock curves, however, exceed
the manufacturer's desired operating conditions (400° F maximum
rear-gasket temperature with cowl flaps closed). At an englne speed
of 2250 rpm (fig. 11(a)) the triptane blend and xylidine blend kmock
curves exceed all the temperature-limlt curvee, whereas the 28-R
knock curve 1s lower than the highest temperature-limlt curve at
fuel-alr ratios higher than 0.084. For these assumed temperature
limite at an engine speed of 1800 rpm the englne ls eilther knock
limited or cooling limited (fig. 10(a)) depending.upon the temperature-
limlt criterion, but at 2250 rpm 1t is predominently cooling 1imited
particularly in the lean-mixture range (fig. 11(a))-.

Criterlon 2, based on 1noreased rear-sparkx-plug-boss tempera-
tures. - Because the orlginal test engine was found to operate with
higher average boss temperatures'then the modified engine although
the same maximum gereket temperature was.mainteined in both cases, it
was declded to recompute the cooling-limited performance relations
for the modifled englne by using the average rear-spark-plug-boss _ .
temperature limits obtalned -with the original engine for comparison
with the stendard values cbtained with the modified engine. The new
relatlons based on elevated temperatures are plotted as dashed curves
in figures 10(b) and 11(b).
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Filgure 12 shows a comparlson of the converslons from average
rear-spark-plug~boss temperature to maximum rear-spark-plug-gesket
temperature for both engines. (The curve for the modified engine
1s a replot of figs. 6 and 9 of reference 4 and the original test
engine curve is taken frouw fig. 10 of reference 2.) At the manu-
facturer's specifisd limit of 450° F maximum gasket tem.perature6
the modified engine rad an average rear-boss temperature of 429 F
whereas the origlnal engine sliowed an average raar-boss temperature
of 461° F. (See fig. 12.) Simiisrly, for the manufacturer's
recommended maximum gasket temperature of 400° F, the modified
engine showed an averege rear-boss temmerature of 386° F and the
original engine had an average rear-boss temperature of 411° F.

The coolling-limited performance relations were therefore recalcu-
lated for the modified engine based on average rear-boss temporatures
of 411° and 461° F.

A comparieon of figures 10(b) and 11(b) with figures 10(a) and
11(a) shows that by using the average rear-boss temperatures corre-
spcnding to original englne ogerating values as cooling limits, the
temperature--limlted performance of the modifled engine 1s increased
by at least 20 percent. In figure 10(b) for an engine speed of
180C rpm, the 28-R imock curve Just touches the cooling-limit curve
for an average rear-boss temperature of 411° F, cowl flaps 1/3 open,
at the minimum point; and, in figure 11(b) for 2250 rpm the 28-R
knock curve touches the cooling-limit curve for an average rear-boss
temperature of 461° F, cowl flaps cliosed, near its minimum point.
Based on the cooling criterion of figures 10(b) and 11{b), the knock
limits of 28-R ere well within the operating cooling-limit range.
The knock limits of both tke triptane and the xylidine blend exceed
the highest cooling-limit curve over part of the fuel-alr-ratio range
in figure 11(Db).

An interpolation between the minlmum points of the hlghest end
the lowest cooling-limit curves in figure 10(b) reveals that the
28-R knock limit 1s approximately one-third of the distance above ’
the lowest. Thls knock limit may tnen be consldered to be the equiva-
lent of a cooling limit of approximately 430° F (average rear boss)
with cowl flaps closed. A simllar interpoiation may be applied to
many of the other knmock curves in figures 10 and 1l.

Maximum barrel temperatures. - The maximum rear middie-barrel
and rear-hold-down-flange temperatures, corresponding to the assumed
constant maximum rear-spark-plug-gasket temperatures of 400° and
45C° F in figures 10(a) and 11(a), are plotted in figure 13. The
data for these curves were obtalned by means of the cooling equation
for rear middle barrels presented in reference 4 and apply for both
the 1/3 open and the closed cowl-flap settings. Conversions from
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average barrel tempersture to maximm barrel and meximum flange
temperatures were made ‘with-the ald of plots shown in reference 4.
These conversions were obtelned from engilne data taken during
flight tests. The highest rear-flenge temperatures vredicted for

- any of the eight sets of conditions are seen to be in the nelghbor-
hood of . the menufacturer's maximmm specified value of 335° F., (See
ieference. 5.) It wlll be observed that the maximum barrel tempera-
tures generally fall 30° to 4C° F lower than the corresponding
maximum flange temperatures at the same conditions.

Meximum barrel end flange temperatures, corresponding to the

assimed constant eversge resr-sperk-plng-boss temperatures of 4110
~and 461° F in figures 10(b) and 11(b), are plotted in figure 14,

The date shown egain anply for both the 1/3 ope.a and the closed cowl-
flap poeitions. These temperatwres, in comparison with those for
figure 13, are uniformly higher, es would be expected. Meximum
barrel temperatures egain fall roughly 30° to 40° F lower than the
corresponding maximum flange temperatures.

Spocific opsrating imstructions and carburetor-metering charac-
terietics. - The knocit ani cooling 1imits Just presented will next
be compared with the carburetor-metering characteristics end with
the conditions specified in the operating instructicns of the engine
menufacturer. The averege metering characterietics cf the carburetor,
which is standard for the modified engine, have been plotted in
figures 10 and 11 for comparison with the fuel-knock and estimated
engine cooling limits. These carburcvtor-metering data were obteined
and converted from flow-bench test data.

The operating ihstructions- for this englne (reference 5) do not
list a specific manifold pressure for an 18C0 rpm crulse; however,
manifold preesures of 32.6 and 32,5 inches of mercury was speclfied
for 1400 and 2000 rom, respectively, at low blower ratio and in
automatic~lean mixture-control setting. In reference to figure 10(a)

* a slmilar manifold pressure at 1800 rpm falls & little below the
intersecticn of the automatic-lean carburetor-metering curve with
the lowest cooling-limit curve. A Bureau of Aeronautics calibdration
of the modified engine (reference 9) lists an operating condition
at 1800 rpm at low blower retioc with a manifold presgsure of
34 inches of mercury. This.setting (fig. 10(a)) lies almost exactly
at the intersecticn of. the. autcmatic-lean carburstor-metering curve
with the lowest cooling-limit curve (which satisfies both the engine
manufacturer's desired opereting temperature of 400° F and the
airplane manufacturer's desired closed cowl-flap setting).
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The operating instructions (reference 5) specify a manifold
pressure of 31.2 inches of mercury for an engina speed of 2250 rpm
at low blower ratio with the automatic-lean carburetor setting.
With relation to the curves in figure 1l(a), this setting falls at
the Intersectlon of the automatlic-lean carburetor-metering curve
and the lowest cooling-limit curve (again satisfying both
menufacturers' desired operating conditions).

SUMMARY OF RESULTS

Tests of a modified 14-cylinder doubie-row radial alr-cooled
engine Installed in a four-engine airplane with 28-R, triptane blend,
and xylidine blend fvels, et engine speeds of 1800 and 2250 rpm,
high and low blower, and spark advance of 25° and 32° B.T.C. gave
the followlng results:

1. Based on brahke-lhorsepower measurements, the blend of 20 per-
cent triptane and 80 percent 28-R, leaded to 4.5 ml TEL per gallon,
had e knocx limit from 11 to 27 percent higher than that of 28-R.
The lmprovement was about the same for both blower ratios and at
both values of spark advance.

2. Based on brake-horsepower measurements, the blend of 3 per-
cent xylidines and 87 percent 28-R, leaded to 6.0 ml TEL per gallon,
had a knock limit from 10 to 27 percent higher than that of 28-R.
The improvement was, on the average, somewhat greater than that
found for the triptene blend. Within the range of these 1nvestl-
gations, the temperature sensitivity of the xylidine blend 414 not
cause 1t to rate appreclably lower than the triptens blend from a
standpoint of actual knockx-limited performance, although increasing
the severity of englne conditions depreclated the lean-mixture
antiknock characteristics of the xylidine blend to a greater extent
than was found to apply for the triptane blend.

3. A falr degree of correlation was obtained by plotting, for
the three test fuels at various fuel-alr ratlos, knock-limited charge-
alr flow per cycle against (observed) mixture temperaturo.

4. For 28-R fuel at the higher engine speed and blower ratio
and with a spark advance of 25° B.T.C., a change of head temperature
from 485° to 400° F did not alter the knock limit of the fuel to . an
appreclable extent.

5. Good correlation was obteined between average (of 14 cyl-
inders) observed mixture temperature and values of mixture temper-
ature calculated from a theoretical equation.
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6. Estimated tempersbtnre-limited verformance relations for
this engine based on the manufacvinrer's specified maximum rear-
sperk-plug-gacsket temperatures may be exceeded when operating at
the knock limits of all three fuels at 2250 rpm. Operation at or
near knock limits of 28-R.or of the higher-performence fuel blends,
however, may be posalble at 1800 rpm under certaln conditions with-
out exceeding these ‘temperature limits.

7. If the operating tempereature limits specified for the modified
engine could be raised to the equivalent of a rear-spark-plug-boss
temperature that corresponds to ncrmal operating conditions for the
earlier model engines, the cooling-limited performance of this engine
could be considerably increased and fuel knock rather than cooling
would become the limit witl 28-R fuel at the conditlons investl-
gated, particularly at 1800 rpm.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo, August 4, 1945,
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APPENDIX A

DISCUSSION OF PROCEIURE FOR ENGINE COOLING DURING ENOCK TESTS

The maintenance of approximetely constant cooling-air OAp 1n
running the knock tests resuited (as for the tests reported in ref-
erence 1) in uniformly higher engine temperatures for the high-
performance fuels than for 268-R. The effect of engine temperatures
(cooling procedure) on tne knock data has been repeatedly questioned
because. knock tests are often run maintaining constant head tempera-
tures. Therefore, two sevarate investigations were made in additicn
to the ocustomary knock tosts.

For a particular set of engine conditions, a knock curve was
first obtained following the customary cooling procedure; namely,
maintaining approximately constent indicated airspeed (cooling-air
pressure drop) for all the kr.ock points {over the range of fuel-air
ratio). This practice, of course, resulted in & conslderable vari-
ation in englne temperatures. (See figs. 1l(c) through 8(c).) Such
variation 1s primarily the result of fuel-air ratio and secondarily
of knock-limited power.

A second set of data was then obtalued with the same fuel and
the same engine conditions, excert that the englne cooling-alr pres-
suro drop was 80 varied that the maximum rear-spark-plug-boss temper-
ature was maintalned essentially constant (over the range of fuel-eir
ratio). This constant temperature, as shown in figure 15, was chosen
as the highest temmerature obtained in running the conventlonal knock
curve, The curves of figure 15 and of figure 6 (fig. 6 includes all
the data from fig. 15 with additional curves) show that, for these
condltions, little if any diffsrence Jis produced in the knock curves
when using elther comstant head temperature or constant T Ap. (This
statement does not imply that under other operating conditions
cylinder-head temperature does not affoct knock limits.)

A slmllar investigation was made wlth a carburetor-air temperature
of 100° F (fig. 8). Becauso of the method used to obtain this elevated
carburetor-air temperature for the data of figure 8 (bucking the
turbosuporcharger outvut with the throttle) the range in fuel-alr ratio
obtelnable was somewhat rostricted. These data, however, agaln demon-
gtrate that the kmock 1limlts under both conditlons of erngine cooling
are, in general, wlthin the customary band of experimental scatter of
such deta. Engine conditions, as affecting fuel-knock limits, were
quite severe ( f. figs. 1 through 8) for the tests in which the effect
of tho addltlonal variasble — englne cooling — was studled.




NACA MR No. ESHO4 17

In the light of the small offoet of head temperatures upon
knock 1limiis found in those tests, 1t was folt thut the added
difficulty involved 1n maintalning coastant temperatures was not
varranted; furthermore, the meaintenance of constant head temperature
Implies that the highest head temperature experlenced for any of
the test conditions is the ons to be held constant. This procedure

doocidedly shortens the life of the cylinder berrels and the plston
rings.
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APPENDIX B

DATA FROM INLET-CHARGE THERMOCOUPLE

Inuemich as inlet-churge (so-called mixture) tomporaturc is
one of thz most importunt engine variablos in its effect on fuel-
knock limits, corroct uvvaluation of this varameter 1s necessary.
Those data woro exporimentally obtalned with 14 bare thermosoupnlos
located at tho centors of tho varinus intike stacks. This lnstal-
lation 1s described in moro detall in tho appeondix of reforonco 4.
The data plottod as avurage mixture tompuratures in figures 1l(a)
through 8(a) arc tho avorago tomperntures for the 14 theormocouvlos.
The maximm doviatlor of an indlividval measuroment from the averago
(of 14) was, in gonural, loss than 5° F.

A comparlison of the averags observed mixture temperaturc with
the theoretically dutoimined charge tomporaturo is of interost. A
briei rusumd of tho moihod of calculation follows. Thoe symbols
usod aro:

T, final charge temporature, °F
T, carburetor-uir teupeirature (seroon thermocouplo), Op

ATy tomporature rise¢ across euporchargor, Op

ATv tomperaturo drop due to fuel vaporization, Op

N englne spced, rpm

R impeller goar ratio

d impeller diamotor, in.

k constant

Tho final mixture temperaturo is equal to the sum of tho carburetor-
alr temmoraturc plus the tomporaturo rlse duo to comprossion in tho
suporchargor loss tho tempurature drop duo to fuol vaporization.
Thus

Tm = T + ATg - ATy (1)
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From a famlliar equation given in & number of engineering texts

AT, = K (blower tiv sneedl (2)
778 Cp 8

1

where blower 11p speed is In feet per second, 778 is the mechanical
equivalont of heat in foot-pounds ner Etu, c..p i1s the specific

heat of air at oorstent presasure (urudlly taken as 0,243 Btu/1b/9F)
ané g 18 the auceleration due to gravity (*aken as 32.2 Pt/sec?).
Equation (2) regnires modifiocation’ to ascount for the physical char-
actoridstics of the sctnal impeller and aiffuser. Correcting for
the pressure coefficieat qe4 and the adiabatic 'bemperature-rlse
effic:lenoy n, eoquation (2) becomes

(blower +in speed)? , Tnd
8]

ATy = 6090 K

Assuming an aversge retlo of coeificients of 0.90 for conven~-
tional suvperchorgers

AT, ('blnwer tip ﬁpeed)z
6030

X 0.90 (3)

However, blcwer tip speed = N XK Xd X 3,14
! P Apeed = 0 X 12

For the modlfied engine with an 1l.3-inch-diameter impeller at low
impeller gear ratio (7.15:1) equation (3) may be expressed as

ATg = 1.83 X 1072 x N2

and at high impeller gear ratio (8.47:1) this equation beccmes

= 2.58 X 1070 x N2

The temperature drop due to fuel vaporization for charge thermo-
couples, as Installed for these tests, 1s represented with fair
accuracy by

AT, = 390 X (fuel-air ratio)
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Equation (1) may finally be expressed as

Low blower

Tp = Te + 1.83 x 1075 x K2 - 390 x F/A (4)
High blower

Tp = To + 2.58 X 1075 x N2 - 390 x F/A (5)

Equations (4) and (5) have been repeated in figure 16 and were
used to obtain the curves plotted therein. With the ald of these
figures it 1s possible to determine, usually with +5° F, the aver-
age manifold mixture tempe.ature of the modlfled englne. Separate
curves for each of threo fuel-alr ratlos were constructed at each
individual value of carburetor-alr temperature. Thus, raplid iden-
tification of the average mixture temperature at a given set of engine
conditlons may be mede bacause all pertinent varliablies are given 1n
the plot.

1t 1s of interest to cbserve the degree of correlation that
oxlsts between values of the aversge observed mlxture temperature
(of the 14 thermocouples) and the calculated values. In figure 17
are shown data from all the knock tests btaken from flgures 1 through
8. Cross plots were made of the average mixture tempersture values
(observed from test results) at three fuel-air ratlos whereas the
calculated reletlions were based on values of carburetor-air tempera-
ture indicated by the screen thermocouple. The 45° dashed line
shown on this figure represents the ideal relatlon that would exlst
between observed and calculated values 1f the calculations exactly
predicted the observed results.
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TABLE I - FLIGHT CONDITIONS AND FREE-ATR TEMPERATURE

T e - -1

! Pressure (Free-air Indicated

altitude |tempereture| airspeed

Flight) Fuel 1 _(e8) 1 (°F) (moh)

' [ Mint - Max1 - Min3 -[Max? - | Mini-[Maxi-

mon  {mum  {mum  joum  [mum  (mum

25 ;28-R 4920 (4980 | 46 53 137 | 180
26 |Triptane blend| 7050 | 7050 | 50 53 192 | 202
27 |28-R 7010 {70680 | 44 46 190 | 193
Xylidine blend | 6970 ! 7030 | 46 47 196 | 200

28 |28-R 7410 | 7410 ! 43 45 187 | 192
Triptane blend | 7390 ;7410 | 48 49 192 | 196

48 | 193 | 197
51 , 190 | 183

|

|
Xylidine blend | 7390 | 7420 | 45

| 51 195 | 197

29 |28—R 7466 17466 | 50
1Triptane blend | 7466 | 7466 | 50
| Trivtane blend | 9970 19970 | 48 48 195 | 195
30 |28B-R 6960 {7000 | 50 52 187 | 194
Triptane blend | 6960 | 7000 | 50 52 192 | 199
Xylidine blend | 6960 |7C0C | 50 53 193 | 200
3L 256-R 714C [7220 | 45 47 197 | 206
Trintane blend | 714C | 7220 | 45 48 188 | 210
Xylidine blend | 7120 !7220 | 45 48 198 | 211

32 |28-R 7000 {7040 57 | s9 | 199 | 201
34 |28-R 6970 ;7110 | 50 | 53 | 138 | 203
35 |2a-R 693C |7020 i 49 | 50 | 177 | 183

Triptane blend | 7020 17020 | 50 51 181 | 185
Xylidine blend | 7020 | 702C | SO 5l 179 | 185

36 |28-R ; 7060 7110 | 42 44 198 | 207
Triptane blend ; 7110 | 7110 | 43 43 210 | 210
37 |28-R 3970 4010 | 55 56 146 | 167

Triptane blend { 7010 |7060 | 43 a4 i99 | 210
Xylidine blend | 6980 |7040 | 42 43 202 | 209
38 |28-R 703C {70680 | 44 45 201 § 207
Triptane blend | 7030 |7060 | 42 46 201 | 213
Xylidine dlend ; 7050 {7100 | 42 43 204 212

50 |28-R 7075 | 7140 | 43 48 191 | 200
Triptane blend | 7090 | 7120 | 43 47 192 | 208
5l |{28-R 8190 |8260 | 46 49 194 | 204
Triptane blend | 8130 |8220 | 48 49 200 | 210
52 "|28-R 7050 | 7100 | 47 49 194 | 202

Triptane bdlend § 7000 [7080 | 48 -} SO 197 | 205
Xylidine blend | 6860 {7110 | 47 49 196 | 207

55 |28-R 7080 | 7100 | 31 31 197 | 204
| 56 _ {28-R 6940 | 7030 | 49 S50 198 | 203

Natiounal Advisory Commltteo
for Aeronsutics
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Figure 1. -~ Performance of modified engine as limited by the Imock characteristics
of two fuels; engine speed, 1800 rpm; low blower ratio (7.15:1); spark advance,
25° and 32° B.T.C.; carburetor -air temperature (bulb), approximately 85° F; four-
engine airplans,

L




NACA MR No. ESHOY
NATIONAL ADVISORY
£ COMMITTEE FOR AERONAUTICS
o 16
¥ fa
28 A i X Q
:E 14 -
g . g S O [Head
85 oo A=Cr | =Ake =12 d
@ 12~ @ Zadol R > G Barrql
& =
g8 il
5° 10
<
0‘0
55 40
2% O > o
53 g = *
- q —O -
0 X
=
s 3
éd
Spark
advance
(deg
Fuel B.T.C.) Flight
O 28-R 25 29
X e8-R 25 35
O Triptane blend 25 29
i Triptane blend 25 37
: XTriptane blend 32 29
o
—~
Lo
N
o 800 y
)
@ K
: o] b ot
9 d
<
°3 Q e -
700 N
o
z o
B s
bt o X 9
7 123
8
: 800
30
E S
g >~
3 pd X~
~ 26 DY
g oI
a —— j =3
o ,Cﬁf’ fi
] o
- 22
&
Cal
—
t
Eg
R4]
o
=
18
Engine speed, 1800 rpm
Low blower ratio
Spark advance, 25° agpnd 320 B,T.C.
.05 .06 .07 .08 .09 .10

Fuel-air ratio
{b) Additional performance variables.

Figure 1. - Continued.



NACA MR No. ESHOY

52
NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS
At~

P - 4
o ‘8 by
; Ag— 1
: ,’ A'F 0‘\\
3 A
b= hd
5 ,‘ < ©
§" 44 —#J -
»
2 Vel N
} F g F
) O ~
g 4 ’ s M N A0
N b 9 Now
£ g LA
a ;bu tof
‘. x&, /
[ T L4
] /"
0~

32

46 -

4z

[ 3
o
g
-
-
] 4 Spark
S‘ 4 advance
b (deg
P o Fuel B.T.C.) Flight
£ g0 &/ ) O 28-R 25 29
F 4 B HQ T(28-R 25 35
v ,/d O Triptane blend 25 29
2 C’ ¥ Triptane blend 25 37
o
,& 240 Xé \\g X Priptane blend 32 29
a b = = — — Maximum temperature
¢ Average temperature
=
S d
-
300
320
T C LIS
O
- j
ﬁ E 28 Yol N Lo (3~4
% [oX I i Fo 3
T \” &~
- { -~
&g e
2] : 3
H ~
« 240 P~ <
I~
- yo-d 0
LY
by B B 47 _
30 2 ohaco .
N -0 00 -
- o 2
34
- 1]
£ 8.5 100 L Tngl ed, 1800
5 e fe 8 had s ngine speed, rpa
F- Y] *fl Low blower ratio ° o
8% a bt Spark advance, 25° end 32° B.T.C.
ogs . .06 .07 .08 <09 .10
o Fuel-air ratio
2 {e) Temperatures.

ﬁ Figure 1. Concluded.




bsfe,
1b/hp=hr

Knock=-limited manifold
pressure, in. Kg absolute

Average mixture
temperature, OF

Fuel flow, 1b/hr

Knock=1limited brake horsepower

NACA MR No. EBHO4
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
16
XP[0 Eﬁ%‘g@-\ﬂ
14 ol
1207 =,
o 5120
.5 ';::r
' 2o
. 4
800
700 —as
‘,/"JJ<>’ -0
500 )i an% f;!/
> L] Fuel Flight
400 — O 28-R 27
i 28-R 28
300 {0 Xylidine blend 28
Y{xylidine blend 27
1400 O Triptane blend 26
{iTriptane blend 28
ol SN
1206 # 0T 3]
ul y‘{

A\
§
\

100
O
p=3
];0—0‘
80Q70
) —m
/1]’_
» i =
60 —
| pp/
RO
A
L'SU ol ¥e)
s
4 Englne speed, 1800 rpm
High blower ratio
Spark advance, 259 B.T.G.
. +06 [] 0 .11

o7 :
Muel-air ratio
(a) BEngine-performance variables.

Figure 2. - Performance of modified engine as limited by the knock characteristics
of three fuels; engine speed, 1800 rpm; high blower ratio (8.47:1); spark advance,
25° B.T.C.; carburetor-air temperature (bulb), approximately 85° F; four-engine

alrplane.



NACA MR No. ESHOW

NATIONAL ADVISORY
h COMMITTEE FOR AERONAUTICS
L]
1k <>
o
5"; 1 An) O 1 Head
3F : T L |
§4 i) - - 4084 o 802 -0 “perrql
o 1 oxE= = ©
S - bi =1
iy
2° 1
<
.
£2
HE )i
na a
an ' (] %: N
% PorRR>0 —
58 Oy
=" s ~~0~ LI Ie)
83
Fuel Flight
O 28-R 27
X1 28-R 28
0O Xylidine blenda 28
T{xylidine blend 27
. 900 < Triptane blend 26
§ ) {3 Triptane blend 28
-
&
S AT
s 800 & O ‘D,
% —]
B i o ST~
[-
gﬂ z\ a
:é 700 R Yv\\._.(}'
O
:-': - /’ :‘A TN
A
g R
M 800
. 30 " I ~
q
: ] o]
g b
=1
26
s Yot
)|
j:
S e z [
B
o o
™}
(4]
o
q
%
Engine speed, 1800 rpm
High bloger retio P
Spark advance, 25° B.T.C.
+05 .06 «07 .09 +10 «11

.08
Fuel-air ratio
{(b) Additional performance variables.

Figure 2. - Continued.




NACA MR No. E5HOY

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

480 >
" -~
D o T
Y = |
P g .y
440 7 % =
4
I/ /2 < oL - \\
{’U 4o pt

400 mﬁ
L

Rear-spark-plug-boss temperature, OF

(c) Temperatures.

Figure 2. - Coneluded.

I (4 \ \\
o o
360
N
320
Fuel Flight
460 O 28-5 27
& X{ 28-R 28
< Py """'D;\ [0 xylidine blena 28
2 P‘ a \El T £ylidine blend 27
- o s
o DR~k h < Triptane bl
& 420 Hf < ptane blenda 26
[ V4 —d R
& // ,gA/D G\ ‘é hu i Triptane blend 28
1]
o UK A Y ——— —
: P ANMRNEN Krerage temperevine
P 280 &) 7# ~~f{ \ b oY P
: ¥ 1 i N
;) / Oy ~4
% : T
= /, v (
& N <
&
g ¥ / Y
8 /4
]
]
2]
Q
g 0
"
300
- -320
@ P
O
‘13 y 7, -%ﬁ
L0 -
Ny P F
E E 280 T O‘?b
—~ O ,’ 1
[-=% y 7 -~y D
w8 z
@+
& lﬂ&’[ﬁ’ C Pos -
240 ¥4 = i%. =0
& g
- >3 —
—
LI -}
O g
v‘:, Py 120}-200
o E
03 M
0 -
2:5100 a peu I 0o O Engine speed, 1800 rpa
50 High biower ratio
feg oo (93 hdll Spérk advence, 25° B.T.C.
38¢ .05 .06 .07 .08 .09 .10
e Fuel~-air ratio



NACA MR No.

ESHON

160

140

120

Average mixture
temperature, OF

bsfe,
1b/hp-hr

COMMITTEE FOR AERONAUTICS

NAT IONAL ADVISORY

'Esbﬁl [o) Biia O

"6

Mo 4

il

70

600

500

A &

400

Fuel flow, lb/hr

Fuel Flight

30

O 28-R 30
I 28-R 35
O Xxylidine blend 30

J{xvylidine blena 35
O Triptane blend 30

¢ Triptane blena 35

1200

1000

Knock-1limited
brake horsepower

9

800,

60

SOWVA*

Knock=1imited manifold

pressure, in. Hg absolute

Engineé speed, 1800 rpm
High blower ratlo

gpark .advance, 322 B.T.C.

.05 08 .07 .08
Fuel-air ratio

(a) Engine-performance variables.

.08

<10

Figure 3. - Performance of modified engine as limited by the knock characteristics
of three fuels; engine speed, 1800 rpm; high blower ratio (8.47:1); spark advance,
32° B.T.C.; carburetor-air temperature (bulb), appruximately 85° ¥F; four-engine
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Figure 3. - Continued.
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Figure 15. = Comparison of knock data obteined at constant cooling-air pressure drop with data
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