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SUMMARY

The temperature distribution of a two-row radial engine In &
twin-ongine airplane hes been investigatod in a serios of flight
tasta. The test ongine wes oporated over a wide range of conditions
at density altitudes of 5000 and 20,000 fect; gquantitative results
are prosonted showing the effocts of flight and onginc variables
upon average engine teamperaturc end over-all temperature spread,
Digcussions of the effect of the variables on the shape of the tem-
perature patterns and on the temperature distribution of individual
cylinders are also included. T

The results indicate that, for the tests conducted, the temper-
ature distribution patiterns were chiefly deternined by the fuel-alr
ratio and cooling-air distributions., It was possible to calculate
individual cylinder temperature, on the assumption of equal power

distribution among cylinders, to within an averagse of £14° F of the

actual temperature. A considerable change occurred in either the
spread or the shape of the tempersture patterns with a variation

in the angle of abttack of the thrust axis, the average engine fuel-
air ratio, the engine speed, the power, or the blower ratio. Smaller
offects on the temperature pattern were noticed with a change in )
cowl-flap opening and altitude, In most of the tests, a change in
conditions affected the temperature of the barrels less than that of
thoe heads, The variation of flight and engine varisblee had a negli-
gible effect on the tomperature distributlions of the individunal
cylinders.
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INTRODUCTION

Flight teste have been conducted by the NACA Cleveland labora-
tory to inwvestigats the cooling characteristics of a two-row radlal
engine in a twin-engine ailrplans. A sgeries of three reports present
the results of the investigation. The first report (reference 1)
pregents a correlastion of the enginse~coollng variables and the
avplication of this correlatlion Tor the determiration of gexeral
cooling performance of the engine ingtallstion; the sscond report
presents an analysis of the cocling-alr pressure recovery and dis-
tribution within the engine cowling (reference 2). In the present
report a temperature-distribution study is presented for the over-
2ll engline snd the individual cylinders and the factors that affect
the distributicn ares discuss=ed.

The temperaturs distribution among the cylinders of an alrcrafs
engine 18 an imyportant factor that governs its performance and cooling
requiremente. The engine power ocubtput is frequently limited by the
maximim temperature et vhich the hottest ¢yiinder may oparate and
the excessive cooling air or the high fuel-ailr ratios regquired in
msny installations beceuss of poor temmerature distribution resuls
in high fuel consumptionm or in excess cooling drag of the alrplane.
In order to obbtain more informatlion on the flight and the engine
variables that affect the temrsrature digtribution the present study
was understaken. The flight varighles studied are as followw: the
cowl-flap opening, vwhich partly regulatea the cooling-air pressurs
hehind the engine and the cooling-elr Tlow; the angie of attack ol
the thrust axis, which Influences the stresmline pattern of alr flcw
into the cowling; and the aititude at which the alrplene 1s flown,
which affects the density and the temperature of itihe cooling air,
The engine variables studied are average engine fuel-eir ratio,
engine spesd, power, =nd blower ratlo, any of which may influence
the distribution of charge and of fusl-alr ratlo t¢ the cylinders.
Many of the varlables affect the distribution of the cooling-alir
nressure drop acrogs the englne, whicir in turn afTectes the tempera-
ture pattern. In this report, however, only the final effect of the
variables on the temperature digtribution will Tre preaented, the
cooling-air pressure distribution having been discussed in reference 2,

DESCRIPTION OF EQUIPMENT
Airpliene and Engine
The tests were conducted with an airplene (Fig. i) powered with

two 18-cylinder double-row radilal air-cooled engines, each having a
normel rating of 1560 bralke horsepower at 2400 rpm end a take-off



NACA TN No. 1147 3

rating of 1850 brake horsepower at 2600 rpm. The engines wers
equipped with gear-driven single-stage two-speed superchargers having
s low blower retio of 7.6:1 and s high blower ratio of 9.45:1. In
order to measure the power output of the test engine the conventional
reduction gear of 2:1 ratio was replaced by a torguemeter having the
seme gear ratio. An injection carburetor that was standard for the
engine wag used throughout the tests., The engine uses an impeller
slinger ring, which injects fuel centrifugelly into the combustion
alr stream at the inlet %o the supercharger impeller. (See fig. 2.)
Each engine was eguipped with a four-blade consiant-speed.propeller

13% feet in dimmeter and having cuffe and spinner. The engins. cowl-

ings wero of the low-inlet-velociiy type with ths cowl flap opening
on both sidcs of the lower half of tho cowl. (See reference 2.)

The fuel used throughout thé"tests conformed to specificetion
AN-F-28,

Tnstrumentation

The completo Instrimentation. installed in the sirplane is com-
pletely described in references 1 and 2 and a detalled descriplion
will be given of only the particular instrivmentation involved in
obtaining engine-temperature data.

The right engine of the asirplene wag irstrumented and.tested.
All cylinder temperatureswers measured by iron-constanten toermo-
couples and recorded by two autommtic-recording potentiomoters.
Three automatic selector swilich-boxes were so connechted that all
temperatures could be recorded within.3 minutes.

Five thermocouples were attached %o eech of the 18 cylinders,
three on the head and two on-the barrel. (See fig. 3.) The thermo-
couples on the head were located on the rear spark-nlug gasket (T12),
on the rear spark-plug boas (T35), and on the rear of the head between
the two top circumferential fins (T1l3). The thermocouples on the
barrel were located on the rear middle of the barrel halfway up the
finning (T6) and at the reer of the cylinder flange (Tl4). Thirty
additional thermocouples were located (fig. 4) on front-row cylin-
der 18 end on rear-row cylinder 7; all thermoéouples wele peered
into the cylinder to a depth of ovne-sixteenth inch except those on
the Tflaagse, which wers spot-welded to the surface. These thermo~
couples were added to obtain a survey of the temperature distribution
of individual cylinders. The cylinder nubering system used was con-
ventlonal; that is, the cylinders were numbered clockwise wiiten viewed
from the rear with cylinder 1 at the top.
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In eddition to gtandard engine Ingtruments the test englie was
provided with means of obtaining values of fuel flow, engine charge-
air flow, cooling-air temperature and pressure, and msnifold pressure,
The angle of attack of the thrust axie was measured by a pendulum-
type inclirometer and the cowl-flan positions were measured by an
electrical transmitter and indicator. Fuel-air ratios were determined
for the individuel cylinders by means of Orsat analyses of ithe exhaust
gases. When no exhaust sarples were obtained, the average engine fuel-
air ratio was celculabtedl from the fuel flow and the charge-air flow
(reference 1}, Continuous records of alrspeed, altitude, engine speod,
and. torque were obtalned by the use of stendard NACA recording
ingtrurents.

All cooling-alr pregsures were recarded either by means of an
NACA 30~cell recording menometer or by & multiple-tube ligquid-manometer
board that was photographed during flight,

TESTS AND PROCEDURE

The data were obtained from flights in which the effect of any
ons variable on the temperature pattern could be isolated., Testa
were conducted at density altitudes of 5000 and 20,000 fest, 800 to

high and low blower ratlo, During the tests, all of which were made

at level flight, the cowl-flap opening, thoe alrspeed, the angle of
attack of the thrust axis, and the fuel-air ratio wers varied inde-
pendently, which sometimes necessitated loworing the ianding flaps

ard the landing gear, Although it was impossible to mainteln precisely
the degired conditions at all times, the varlations that occurred

were slight. Conditions were set; held constant for.approximately

4 minutes to allow for stabilization, and then all messurements were
recorded. i

The temparature distrivution among cylinders was dstermined by
using thermocouple T13 at the rear of the head between the two top
circumferential fins for the hesds sud thevmocoupls TE at the year
middle of the barrel for the barrels. Theimocouple T13 gave texmper-
ature readinga that were prowortional to the average head tempera-
ture T, that was determined from the average tewperature of 21 head
thermocouples (fig. 4), The relation of T13 and Ty, is presented in
figure 5 for cylinders 7 and 18 for altitudes of 500D and 20,000 feet,

In oirder to show the variation ir temperature distribution with
operating conditlions, the temperatures T13 and T6 were plotted for
the various coylinders. Because of the difference In the averagre
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cylinder temperature of the front snd the rear rows, they were plotted
genarately to mske the trend resulting from a change of one of the
variables more evident., The omligsion of any point on the distribution
curves indicates a thermocouple fallure. The temperature readings of
the head on cylinder 10 and of the barrel on cylirder 18 were unreli-
able throughout most- of the tests, :

All temperatures were corrected by the method glven in refer-
ence 3 for the difference between the free-alr temperaturse and the
Army summer air for the nominal altitude at which the f1ights were
made, ’

RESULTS AND DICCUSSION )
Genersal Characteristics of Temperature Patterns and Correlation
with Fuel-Air Ratlo and Pressure-Drop Distribution

Before the effects of various fiight and engine variables upon
temperature distribution are deteimined, same general characteristics
of the patterns will be noted and the chlef factors contrituting to the
patteims discussed. For the average of all tests the temperature - _
gpread between the hottest and the coldest cylinder heads of the
entire engine was 101° ¥, wkeresas the corresponding spread for the
barrels was approximately half as greabt. The average temperature
spread of the rear row was conslderably less than that of the front
row for both the heads and the barrele and the front-row cylinders
were appreclebly hotter than those of the resar row, Although some
variables had a definite effect on the temuerature nattern, the
general ghape of the pattern of each row romained substentially
the same throughout the tests. Cylinder hoad 18 was predominately
the hottost for all tests, whereas no particular barrel was con-
glstently hot.

In order to investigate the extent to which individuwal cylinder
fuel-air ratio and pressure drop contrrol cylinder temperature, the
distribution of these variables, togevher wlth actual and computed
head temperatures, ls plotied In figure 6. The pressure drops shown
wore neasured by total-head tubes at the haffle entrance and static-
pressure tubes located on a rale behind each cylinder (reference 2).
The computed heead temperaturss were obtalned by use of the cooling-
correlation equation presented in refersnce 1; tie values of pressure
drop were modified accorting to the relation between the pregsure-
drop method used herein and the metiiod on which the correlation
equation is based (reference 2).: The charge weight to cach cylinder
was agsumed to be egqual beceuse no method was availlable for
determining the charge distribution. Fairly good agreement exiete
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between the actual and calculated temperatures; the average difference
for the individual cylinders was 14° F and the difference between the
average of tne patterns only 3° F. This agreement indicates that, at
the condltions tested, the characteristics of the temperature pattcrns
are determined chiefly by fuoel-alr ratio and cooling-air distribution
rather than from charge distribution or some other unaccounted-for
variable and that the maldistribution of temperature could he larzely
overcome by obtaining even distributions of fuel-alr ratioc and cooling
air.

The computed velues of uead temperavure are usuelly somevhat
higher than the actual value for the rear row and lower for the front
row (fig. €). This difference can probably be explained by the
distribution of vower betwesn the two rows. Unpublished data on a e
gimilar—engine showed that the front row developed approximately
53 percent of the total engine power, wheéreas the rear row developed
47 vercent. If a gimilar distribution is assumed for the present
tests, the agreement betwsen the actusl ard computed temmeratures .
for individual cylinders is in the order of 10° F in contraest to the
value of 14% F obtained when the unever dist:ibution of power was
not consldered.

-
i

Effect of Flight Variables on Temperature Pattern

Cowl-flap opening. -~ The efTect of cowl-flap opening on temper-
ature distribution is sbhown in figures 7 and 8 for denslty altitudes
of 5000 and 20,000 feet, reapectively. Little change was observed
in the general shapoe of tlie temperature patterns for sifther sltitude . L
when the cowl-flap positions were changed from closed to full open -
althougzh In all cases the temperature of the bottom cylinders B
decreased slightly more than the top cj linders, esvecially at
2C,000 Teels. This decrease 1n temperature indicates that the cowl
flaps, whlch extend only around the lower half of Lhe cowling, ere
wore effective in cooling the bottom cylirders than the top cylinders.
Although this effect on tempersture is small, it is of approximately -
the magnitude that would he expected from tha ctange in pressure
dletribution showm in reference 2.

The average temperature reductlion far the entire englne that
resulted from opening tvhe cowl flaps wes approximatelv 30° F at
5060 foet and 20° F at 20,000 feet. : e

Angle of attack of the thrust axls. - A varlation of the angle
of attack of the thrust axis over a wide Yange has a declded effect o
on the temperature distribubtion, as shown 1n figure 9. Although an _
increase in angle of attack from 1.6° to 3.2° showed only little -
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change s further increase to 6.6° greatly increased the temperatures
of the %op cylinders and the temnerature spread of both the hends
and the barrels, particularly on the front row. The greater spread
at the high angle of attack is due So increased spillage of cooling
air over thne Hop section of the cowliing, resulting in low pressures
in front of the top cylinders (reference 2) and reduced cooling-air
flows to these cFlinders. The general effect 1lg an increese in the
temperature of the top cylinders, The spillege of coecling air was
veritied by the action of tufts that were placed eround the cowling
and photographed in flight. - '

The large diffsrence beiwesn the temperature level of the pat-
ternag in figure 9 is caused by the fact that two of the fliighis
were made at an immact pressure of £2.0 inches of water and the third
flight at 12.0 inches of water.

Altitude. - Comperisons of temperature patterns obtained at
density altitudes of 5000 and 20,000 feet are presented in figure 10.
All engine conditions were held caﬁstant except manifold presswre,
which was Gecreaded slightly at 20,000 fest in order to maintsin
constant brake horsepower. Tre uenneratures of each pattern bave
beenn corrected to gtanderd Army summer air for the altitude at wiich
the tegte were madse. - =

The change of altitude from 5300 to 20,000 feet resulted in no
appreciable change in either the temperature patterns or the averege
temperature of the heads or barrels, Tt is to be emphasized, however,
that this very small chenge in average temmerature is for only ono
gnecific set of operating conditions and may not be irdicetive of
the varistion in engine temperature with altitude at all operating
conditions.

Effect of Engine Variables on Temperature Pattoerns

The effacts of engine variables on temperature pattern that are
discussed hereln mey not bDe applicebls to all typres of alr-cooled
engires; they should be representative, however, of engines similar
to the test engine and using the same metlod of introducing fusl to
the -engine, that is, by means of an impeller slinBor Ting (fig. 2).

ing the tosts made at varying fuel-asir ratio, ongline speed, and
blower ratio, it was nocesseary to vary tie throttlie angle slighbly;
bocause this variation never oXxceceded 5° or one-sixteenth of the
entire throttle angle, the temnerature patierns should not bhe
appreciably affected as can be determired from flgure 13 of refer-
encs 4.



8 NACA TN No. L1147

Fusl-air ratio, - The temperature patterng for the heads and
the barrels at various average engine fusl-air ratios from 0.059 to
0.1C4 are campared in figure 1i. The temperature distribution
remaing practically the same for the three highest values of fuel-
ailr ratio, but at 0.059 the pattern changes noticeably. When the
average fuel-air ratic 1s decrecsed from 0.104 to 0.083, all the
cylinder-heed temperatures riee but, as it is further decressed to
0.055, seven of the cylladers show a drop in temperature. Because
cylinder temperstures decreage when fuel-air ratlos sre decreased
below a value of approximately 0.067, the cylinders tiat became
colder wore the leanest ones; the other cylinders did not bhecome
sufficiently lean to drop in temperature. The patterns of the
barrels show characteristice siwmilar to those of +the heads but not
s0 pronounced. When the average englne fueli-air ratic was reduced
Trom 0.104 to G.059, the espread betwesn the temperatures of the
hottest and the coldest cylinder haads increased 23° F.

Engine speed. - A chenge in engine speed from 1800 to 2600 rmm
while other conditions wers held constant is shown by figure 12 to
hove caused a conslderable inoreege in the spreed of the tenperature
pattexrnes although the charscteristic shape of the patterus remained
similar, The increase in engine gpeed redulted in a rise of 30° F
in the average head and barrel teuperatures and a much greater rise
in the hottest head temperature. Incressed temperatures are %o be
expecied, however, Yecause a change in englne speed, when other con-
ditions are held constant, will cause an ixcrease of spnroximately
200 indicated horsepower as shown by engine-performance curves, The
observed increase of 30° F in average cylinder temperature sgrees
very closely with the calculated increase tased on the cooling corre-~
lation equation given in reference 1, '

Brake horsepower. - Figure 13 shows the effect of changes in
bralie horsepower on head and barrel temperature distribution. Similar
patterns are observed for the heads at 800 and 1000 horsepower,
whereas tue patterns show a noticesble variation between 1250 and
1530 horsepower. The greater vpart of thisg difference probably resultse
from variations In the mixture distribduticm that were caused by the
changes of power and of throttle setting.

The temperature spread between the hottest and the cpldeat
cylinder heads remalned essentially unchanged for 800, 1000, =and
125C braire horsepower but decreased scmewhat at 1500 hLorsepower,
The general shape and spread of the barrel patterns did not change
significantly at eny of the four power condltionz. The tompersturoe
levels incressed progressively as the power was increzsed although
they may have boen slightly aficcted due to the small variations of
impact pressure.
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Blower ratio. - The cylinder temperature patterms with the engine
in high and low blower ratios are compared in figure 1l4. The pattern
of the head temperature veried considerably, probably owing to a
change in frel-air-ratio distribution effected by change in blower
ratio (reference 4), whereas the barrel temperature patitern ghowed
only a slight variation. When the engine was operated in high blower
ratio, the average temperature was slightly higher for the heads
and the barrels than when in low blower ratlio owing to the increase
in temperabture rise across the. supercharger and the increase in
indicated horsepower. The change from low to high blower ratio had
only a slight effect on the over-all spreed of the head and the
barrel temperatures. , '

Temperature Distribution of Individual Cylinders

A study was made of the temperature distribution of front-row
cylinder 18 and rear-row cylinder 7 and of the effect of flight and
engine variables upon the distribution. It was noted that none of
the variables had an appreciable effect on thes temperature distri-
bution of the two cylinders and therefore only a comparison of the
distribution at two widely differemt operating conditions is presented.
All temperatures measured on cylinders 7 and 18 at these two con-
ditlons are listed in table I.

The longltudinal temperature distribution of cylinders 18 and 7
giving temperatures on two planes 90° apart through the center of the
cylinder are shown in figure 15. Both oporating conditions result in
temperature-distribution patterns that are consistent in shape and
similar for both cylinders. The high-power run resulted in lowex
cylinder temperature than the low-power run because of the rich fuel-
air ratio, the open cowl flaps, and tihe high impact pressure. Fox
both conditions and for both cylinders the temperatures increass
progressively from the middle barrel upward toward the top of thse
cylinder and downward to the cylinder flange. The temperatures
Increase progressively directly across the top of the head from the
intako to the exhaust side of the cylinder. ILikewise, the tempere-
tures increase from the top centor of the head rearwardly to the
spark-plug boss.

A comparison of the cirsumferontial cylinder temperaturoc distri-
bution as indicated by temperaturos from thermocouplos evenly spaced
around the head and tho barrel for the two operating conditions is o _
shovn in figure 16. In all cases the bemperature disitribution is
quite consistent for both operating conditions although the shape of
the patterns is socmowhat different for thse two cylinders. The highesat
tomperatures are at the rear of the cylinder being approximately
50° F hotter than the front for the heads and 35° F and 75° F hottor
for the barrecls of cylinders 18 and 7, vespoctively. The greater
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temperature dlfferentliel that existe between the front and rear of
cylinder 7 is probably caused by the fact that the pressure drop
across the rear row is appreclably higher than that across the front
row, as dlscussed in reference 2.

SUMMARY OF RESULTS

From flight tests of & two-row radlal engine enclosed in a
low-inlet-velocity cowling, tho following results were obtained:

1. When individual cylinder temperatures were calculatud on' the
basis of known fuel-air ratio and pressure drop end on the assumption
that power distribution was equal among the cylinders, the calculated
values were, on the average, within *14° F of the actual tempersturcs;
this close agrecment indicates that for tho conditiona at which the
tests werse conducted the engine temperature distribution was determinod
chiefly Wy fuel-alr ratio and cooling-air distribution.

2. Changing the cowl flaps from full open to the closod position
caused only small changes in the shape of the temporature patterns for
density altitudes of 5000 and 20,000 foet.

3. Varying the angle of attack of the thrust axis from 1.6° to
6.6° increased the temperature spread for both the hoads and tho
barrele, especially on the front-row cylindors.

4. An increasse in density altitude from 5000 to 20,000 feet had
no appreciable offect on the shape of the temperature patterns.

5. Tho spread or the shape of tho temperature pattern changed
considerably with a varlation of the averege engine fuel-air ratio,
tho onglns speed, the power, or the blower ratioc.



NACA TN No. 1147 11

6. The variation of Fflight and engine variables had a negliglble
effect on the temperature distribuvtion of individual cylinders.

Atrcreft Engine Research laboratory,
National Advisory Committes for Aeronsutics,
Cleveland, Ohio, January 17, 1948.
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TABLE I -~ TEMPERATURE SURVEY OF A FRONT- AND A REAR-ROW CYLINDER

Temperature, °F
Thermocouple Run 12 Run 2P
deslgnation |[Front-row Rear-row Front-row ear-row
cylinder 18|cylinder 7|cylinder 1l8|cylinder 7
Tl 202 263 300 273
T2 224 18l 211 174
T3 230 202 223 lg2
T4 244 220 233 203
T8 250 245 230 226
Té 263 266 245 245
T7 225 2386 200 223
T8 246 218 227 205
T9 231 194 223 191
T10 264 230 2585 223
Tl1 258 226 238 214
T12 386 340 343 305
T13 412 350 374 311
T14 291 272 290 275
T1S 322 270 296 262
T16 311 274 287 254
T17 323 254 293 220
Tl8 330 295 296. 264
T19 373 329 343 303
T20 343 307 308 277
T21 317 262 283 237
T22 300 2586 274 231
T3 330 296 301 263
T24 322 270 287 255
725 364 318 326 287
T26 218 215 184 182
T27 349 281 318 261
T28 350 280 313 251
T29 455 384 414 343
T30 387 335 355 299
731 () {c) (c) (c)
T332 431 319 405 288
733 400 337 363 301
T34 366 305 325 278
T35 425 358 286 318

3Brake horsepower, 820; engine speed, 2030 rpm; density

altitude, 5000 feet; cowl flaps closed; low blower ratio;

fuel-air ratio, 0.077; impact pressure, 18.2 inches of
water; angle of attack of thrust axis, 5°,.

bprake horsepower, 1545; engine speed, 2415 rpm; density
altitude, 5000 feet; cowl flaps open; low blower ratio;
fuel~air ratlio, 0.1l11; impact pressure, 29.0 inches of
water; angle of attack of thrust axis, 2°.

NATIONAL ADRVISORY
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