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SUMMARY

The temperature distribution of a two-row radial eongine in a
twin-ongine airplane has been investigated in a serics of flight
teats. The test ongine was oporated over a wide range of conditions
at density altitudes of 5000 and 20,000 fect; quantitative results
arc prescnted showing the effects of flight and engino variables
upon average engine tempcraturc and over-all temperature spread,
Discussions of the efrect of the variables on the shape of the tem-
perature patterns and on the temperature distribution of individual
cylinders are also included,

The results indicate that, for the tests conducted, the ‘temper-
ature distribution patterns were chle@ly determined by the fuel-air
ratio and cooling-air distributions It was possible to calculate
individual cylinder ‘temperature, on the assumption of egual power
distribution among cyLlnders, to within an average of £14° F of the
actual temperature. A considerable change occurred in either the
spread or the shave of the temperature patterns with a variation
in the angle of attack of the thrust axis, the average engine fuel-
air ratio, the ennjne speed, the power, or the blower ratio. Smaller
effects on the temperature pattefn were noticed with a change in
cowl-f'lap opening and altitude. In most of the tests, a change in
conditiong affected the temperature of the barrels less than that of
the heads, + The variation of flight and engine variables had a negli-
gible effeet on thg,temperature distributions of the individual
cylinders,
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TINTRODUCTION

Flight tests have been conducted by the NACA Cleveland labora-
tory to investigate the cooling characteristics of a two-row radial
engine in a twin-engine airplane. A series of three reports present
the results of the investigation. Ths first report (reference 1)
presents a correlation of the engine-cooling variables and the
avpplication of this correlation for the determirnation of general
cooling performance of the engine inghallation; the second report
prssents an analysis of t% cooling-air pressure recovery and dis-
tribution within the engine cowling (veference 2). In the present
report a temperatr“=—d¢st:ioutwoﬁ gtudy is presented for the over-
21l engine and the individuzl cylinders and the factors that affect

A

the distribution are discussed.

The temperature distribution among the cylinders of an eircraft

engine is an important factor tiat governs its performance and cooling
requirementse. The engine power output is frequently limiteld by the
maximum temperature et which the hottest cylinder may operate and
the « XCGDJ1VG coo‘;ng air or the high fuel-alr ratios reguired in
many installations becsuse of poor temperature distribution result
in high fuel consumption or in excess cooling drag of the airplane.
In order to obbain wore information on the Ilight and the engine
variables that affect the temrerature éistribution the present study
was undertaken, The flight variables studied are as follows: the
cowl-flap opening, which pertly regulates the cooling-air pressure
DCulDd the engine and the cooling-zir flow; the angle of attack or

he thrust axis, which influences the streamline pattern of air flow
into the cowling; and the altitude at which the airplane is flown,
which affects the density and the temperature of the cooling air.
The engine variables studied are average engine fuel-air ratio,
engine speed, power, and blower ratio, any of which may influence
the distribution of charge and of fuel-alr ratio to the cylinders.,
Many of the variables affect the distribution of the cooling-air
nressure drop across the engine, which in turn affects the tempera-
ture pattern, In this report, however, only the final effect of the
variables on the uemperature o‘p+ ribubion will e prescnved, the
cooling-air pressure distribution having been discussed in reference 2.

DESCRIPTION OF EQUIPMENT
Airplene and Engine
The tests were conducted with an esirplane (fig. 1) powered with

two 18-cylinder double-row radial air-cooled engines, each having a
normal rating of 1500 brake horsepower abt 2400 rpm and a take-off
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rating of 1850 brake horsepower at 2600 rpm. The engines were
equipped with gear-driven single-gtage two-speed superchargers having
a low blower retio of T.6:1 and g bhigh blower ratio of 2.45:1. 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
same gear ratio. An injection carburetor that was standard for the
engine was used throughout the tests. The engine uses an impeller
slinger ring, which injects fuel centrifugelly into the combustion
air stream at the inlet to the supercharger impeller. (See fig. 2.)
Each engine was equipped with a four-blade constant-speed.propeller
15} feet in diameter and having cuffs and spinner. The engine.cowl-

3

ings were of the low-inlejt-velccity Uype with the cowl flap opening
oi: both sides of the lovwer half of the cowl., (See refercnce 2.)

The fuel usad throughout the tests conformed to specification
AN-F-28,

Instrumentation

The complete instrumentation installed in the airplane is com-
pletely described in references 1 and 2 and a detailed description
will be given of only the particular ingbtrumentation involved in
obtaining engine-temperature data,

The right engine of the airplane waa instrumented and tested.
All cylinder temperatures were measured by iron-constantan thermo-
couples and recorded by two automstic-recording potentiometers.
Three automatic selector switch-boxes were so connected that all
temperatures could be recorded within-3 minutes.

Five thermocouples were attached to each of the 18 cylinders,
three on the head and two omr-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 voss (T35), and on the rear of the head between
the two top circumferential fins (T713). The thermocouples on the
barrel were located on the rear middle of the barrel halfway up the
fimning (T6) and at the rear of the cylinder flange (T14). Thirty
additional thermocouples were located (fig. 4) on front-row cylin-
der 18 end on rear-row cylinder 77; all thermocouples were peened
into the cylinder to a depth of one-sixteenth inch except those on
the flaoge, which were spot-welded to the surface. These thermo-
couples were added tc obtaln a survey of the temperature éistribution
of individual cylinders. The cylinder numbering system used was con-
ventional; that is, the cylinders were numbered clockwise when viewed
from the rear with cylinder 1 at the top.
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Tn sddition to standard engine instruments the test engine was
provided with means of obtaining values of fuel flow, engine charge-
air flow, cooling-air temperature and rressure, and menifold pressure.
The angle of atitack of the thrust axie was measured by a pendulum-
tyve inclinometer and the cowl-flap positions were measured by an
electrical transmitter and indicator. Fuel-air ratios were determined
for the individual cylinders by means of Orsat analyses of the exhaust
gases. When no exhaust samples were ottained, the average engine fuel-
air ratio was calculated from the fuel flow and the charge-air flow
(reference 1), Continuous records of airspeed, altitude, engine speed,
and torque were cbtained by the use of standard NACA recording
ingtruments.,

All cocling-air pressures Were recorded either by means of an
NACA 30-cell recording manometer or by a multiple-tube liguid-manometer
hoard that was photograpned during flignt,

TESTS AND PROCEDURE

he data were obtained from flights in which the effect of any
one varisble on the temperature pattern could be isolated. Tests
were conducted at density altitudes of 5000 and 20,000 feet, 800 to
1500 brake horsepower, engine speeds from 1800 to 260C rpm, and at
high and low blower ratio, During the tests, all of vhich were made
at level flight, the cowl-flap opening, the airspeed, the angle of
attack of the thrust axis, and the fuel-air ratio were varied inde-
pendently, which sometimeg necessitated lowering the landing flaps
and the landing gear. Although it was impossible tc maintain precisely
the desired conditions at all times, the variations that occurred
were slight, Conditions were set, held constant for approximately
4 minutes to allow for stabilization, and then all measurements were
recorded,

The temperature distribution among cylinders was determined by
using thermocoupnle T13 at the rear of the head between the two top
circumferential fins for the heads and thermocouple 16 at the rear
middle of the barrel for the barrels, Thermocouple T13 gave temper-
ature readings that were proportional to the average head tempera-
ture T, that was determined from the average teuperature of 21 head
thermocouples (fig. 4)., The relation of T1l3 and Ty is presented in
figure 5 for cylinders 7 and 18 for altitudes of 5000 and 20,000 feet,

In order to show the variation in temperature distribution with
operating conditions, the temperatures T1l5 and T6 were plotted for
the various cylinders. Because of the d erence in the average
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cylinder temperature of the front and the rear rows, they were plotted
separately to make the trend resulting from a change of one of the
veriables more evident. The omission of any point on the distribution
curves indicates a thiermocouple failure. The tempersture readings of
the head on cylinder 10 and of the barrel on cylinder 18 were unreli-
able throughout most of the tests.

All temperatures were corrected by the method given in refer-
ence 3 for the difference between the free-air temperature and the
Army summer air for the nominal altitude at which the flights were
made,

RESULTS AND DISCUSSION
General Characteristics of Temperature Patterns and Correlation
with Fuel-Air Ratio and Pressure-Drop Distribution

Before the effects of various flight and engine variables upon
temperature distribution are deteimined, some general characteristics
of the patterns will be noted and the chief factors contributing to the
patterns discussed, For the average of all tests the temperaturs
spread between the hottest and the coldest cylinder heads of the
entire engine was 101° F, whereas the corresponding spread for the
barrels was approximately half as great, The average temperature
spread of the rear row was consideraply leas than that of the front
row for both the heads and the barrele and the front-row cylinders
were apprecliebly hotter than those of the rear row, Although some
variables had a definite effect on the temperature pattern, the
general shape of the pattern of each row remained substantially
the same throughout the tests. Cylinder hecad 18 was predominately
the hottecst for all tests, whereas no particular barrel was con-
sistently hot.

In order to investigate the extent to which individual cylinder
fuel-alr ratio and pressure drop control cylinder temperature, the
distribution of these variables, tozevher with actual and computed
head temperatures, is plotted in figure 6. The pressure drops shown
were measured by total-head tubes at the baffle ertrance and static-
pressure tubes located on a rale behind each cylinder (reference 2).
The computed head temperaturss were obtained by use of the cooling-
correlation equation presented in reference 1; the values of pressure
drop were modified according to the relation between the pressure-
drop method used hercin and the method on which the correlation
equation is based (reference 2), The charge veight to cach cylinder
was assumed to be equel because no method was available for
determining the charge distribution. Fairly good agreement exists
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between the actual and calculeted temperatures; the average difference
for the individual cylinders was 14° F and the difference between the
average of the patterns only 30 F. This agreement indicates that, at
the conditions tested, the characteristics of the temperature patterns
| are determined chiefly by fuel-air ratioc and cooling-air distribution
rather than from charse distribution or some other unaccounted-for

variable and that the meldistribution of temperature could be largely
‘ overcome by obtaining even distributions of fuel-air ratio and cooling
| airs

The computed values of liead temperature are ususlly 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
distrivution of power beitween the two rows. Unpublighed data on a
gimilar engine showed that the front row developed approximately
53 percent of the total engine power, whereas the rear row developed

j 47 vercent., If o similar distribution is assumed for the present
tests, the agreement between the actusl and computed temperatures

‘ for individual cylindere is in the order of 10° F in contrast to the
velue of 14° F obtained when the uneven distribution of power was
not congidered.

Effect of Flight Variables on Temperature Pattern

Cowl-flap opening. - The effect of cowl-flap opening on temper-
ature distribubion is showm in figures 7 and 8 for density altitudes
of 5000 and 20,000 feet, respectively. Little change was obgerved
in the general shape oi tiie temperature patterns for either altitude
| when the cowl-flan positions were changed from closed to full open
] although in all cases the temperature of the bottom cylinders
decreased slightly more than the top cylinders, especially at
20,000 feet. This decrease iln temperature indicates that the cowl
Tlaps, which extend only around the lower half of the cowling, are
more effective in cooling the bottom cylinders than the top cylinders.
Although this effect on temperature is small, it is of approximately
the magnitude that would be expected from the change in pressure
‘ Gistribution shown in reference 2.

The average temperature reduction for the entire engine that
resulted from opening the cowl flaps was approximately 300 F at
5000 feet and 20° F at 20,000 feet.

Angle of attack of the thrust axis. - A variation of the angle
of attack of the thrust axis over o wide range has a decided effect
on the temperature distribution, as shown in figure 9. Although an
increase in angle of attack Trom 1.6° to 3.2° showed only little

| / kel
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change a further increase to 6.6° greatly increased the temperatures
of the top cylinders and the temnerature spread of both the heads
and the barrels, varticularly on the front row., The greater spread
at the high angle of attack is due %o increased spillage of cooling
air over the %top section of the cowliing, resulting in low pressures
in front of the top cylinders (reference 2) and reduced cooling-air
flows to these cylinders. Tae geueral effect is an increase in the
temperature of the top cylinders., The spillage of cooling air was
verifled by the action of tufte that were placed around the cowling
and photographed in flight.

The large diffsrence betweon the temverature level of the pat-
terns in figure 9 is caused by the fact that two of the flights
were made at an impact pressure of 22.0 inches of water and the third
flight at 12.0 inches of water.

Altitude, - Comparisons of temperature patterns obtained at

denSﬁt aLJLtudes of 5700 and 20,000 Feet are presented in figure 10,
All engine conditions were held constant except manifold presswre,
which was decreased slightly at 20,000 feet in order to maintain
congtant brake horserower. Tre temperatures of each »attern have
been corrscted to standerd Army summer air for the altitude at which
the tegts were made.

Tbe change of altitude from 500C to 20,000 feet resulted in no
Ppreciable change in either the tere“zunre patterns or the average

tcmgc;athe of the heads or berrels. It is ‘o be emphasized, howsver,

that this very small change in averasge temmerature is for only onc
specific set of operating conditions and mey not be indicetive of
the variation in engine temperature with altitude at all operating
conditions

Effect of Engine Variables on Temperature Patterns

The effects of engine vaeriables on temperature pattern that are
discugsed herein may not be eyplicaola to all types of air-cooled
engines; they should be representative, however, of engines similar
to the test engine and using the gare metlhiod of introducing fusl to

the engine, that is, by means of an impeller slinger g {fig. 2).
During tPe tosts made at varying fuel-sir rztio, engine speed, and
blower ratio, it was necessary %o vary the throttie angle slightly;
because this variation never excceded 5° or one-sixteenth of %he
entire throtile angle, the temperature patierns should not be
appreciably aifected as can be determined from figure 13 of refer-
ence 4,
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Fuel-air ratio. - The temperature vatterns for the heads and

the barrels at various average engine fuel-air ratios from 0.059
0.104 are compared in figurs 1ll1. The temperature distribution
remains practically the same for the three highest values of fuel-
air ratio, but at 0.059 the pattern changes noticeably. When the
average fuel-air ratio ig decreased from 0.104 to 0,083, all the
P"lﬂnd@”—neai temperatures rise but, as it is further decreased to

1.055, seven of the cyliaders show a drop in temperature. Because
cylinder temperatures decrease when fuel-zir ratios are decrease
below a value of approximately 0.087, the cylinders that became
colder were the leanest ones; the otiner cylinders aid not become
gufficiently lean to drop in temperature. The patterns of the
barrels show characteristics similar to those of the heads but not
go pronounced. When the average engine fusl-zir ratio was reduced
from 0.104 to ©.059, the spread between the temperatures of the
hottest and the coldest cylinder heads increased 23° F.

Fngine speed. - A chsnge in engine specd from 1800 to 2600 rmm
while other conditions were held constant is shown by figure 12 o
have caused a2 considerable incressge in the gpresd of the temperature
patierns although the characteristic shape of the patterns remained
gimilar. The increase in engine speed resulted in a rise of 300 F
in the averagze bead and barrel btewperatures and a muchk greater rise
in the hottest head temperature. Increassed temperatures are to be
expected, however, tecause a change in engine speed, when other con-
ditions are held constent, will cause ean iacrease of approximately
200 indicated horsepower as shown by engine-performance curves, The

observed increase of 30° F in average cylinder temperature agrees
closely with the calculated increase based on the cooling corre-
on equetion given in reference 1.

Brahe horsepower. ~ Figure 13 shows the effect of changes in
trale horsepower on head and barrel temperature disgtribution. Similar
patteius are observed for the heads at 3800 and 1000 horsepower,
whereas the patlerns show a noticeasble variation between 1250 and
1500 horsepower. The greater wart of this difference probebly results
from variations in the mixture digtribution that were caused by the
changes of power and of throttle setting.

The temperature spread betw
cylinder heads remained essentially unchanged for 800, 1000, and
125C brake horsepower but decreased scmewnat at 1500 horsepower.,
The general shape and gpread of the barrel patterns did not change
significantly at any of the four power conditions. The tomperature
levels increased progregsively as the power was increszsed although
they'mav have becen sglightly afrected due to the small variations of
impact pressure

een the hottest and the coldest
1
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Blower ratio, - The cylinder temperature vatterns with the engine
in high and low blower ratios are compared in figure 14. The pattern
of the head temperature varied considerably, probably owing to a
chenge in fvel-air-ratio distribution effected by change in blower
ratio (reference 4), whereas the barrel temperature pattern showed
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 ratio owing to the increase
in temperatvre rise across the supercharger and the increase in
indicated horsepower. The chenge from low o high blower ratio had
only a slight effect on the over-all spread 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

he variables had an appreciable effect on the temperature digtri-
bution of the two cylinders and therefore only a comparison of the
distribution at two widely different operating conditions is presented.
All temperatures measured on cylinders 7 and 18 at these two con-
ditions are listed in table I.

The longitudinal temperature distribution of cylinders 18 and 7
giving temperatures on two plsnes 90° apart through the center of the
cylinder are shown in figure 15. Both operating conditions result in
temperature~distribution patterns that are consistent in shape and
gimilar for both cylinders. The high-power run resulted in lower
cylinder temperature than the low-power run because of the rich fuel-
air ratio, the open cowl flaps, and the high impact pressure. For
both conditions and for both cylinders the temperatures increase
progressively from the middle barrel upward toward the top of the
cylinder and downward to the cylinder flange. The teuperatures
increase progressively directly across the top of the head from the
intake to the exhaust side of the cylinder. Likewise, the tempers-
tures increase from the top center of the head rearwardly to the
spark~plug boss.

A comparison of the circumfercntial cylinder temperature digtri-
bution as indicated by temperatures from thermocouples evenly spaced
around the head and the barrel for the two opereting conditions is
shovn in figure 16. In all cases the temperature distribution is
quite consistent for both operating conditions although the shape of
the ratterns is somewhat different for the two cylinders. The highest
tomperatures are at the rear of tho cylinder being approximately
50° F hotter than the front for the heads and 35° F and 75° F hotter
for the barrcls of cylinders 18 and 7, vespoctively., The greater
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temperature differential that exists between the front and rear of
cylinder 7 is probably caused by the fact that the pressure drop
ncross the rear row is appreciably higher then that across the front
row, as discussed in reference 2.

SUMMARY OF RESULTS

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

1. When individual cylinder temperatures were calculated on'the
basis of known fuel-air ratio and pressure drop and on the assumption
that power distribution was equal among the cylinders, the calculated
vaelues were, on the average, within 414" F of the actual temperaturcs;
this close agreement indlcates that for the conditions at which the
tests wers conducted the engine temperature distribution was doterminecd
chiefly by fuel-air ratio and cooling-air distribution.

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

3. Varying the angle of attack of the thrust axis from 1.6° to
6.6° increased the temperature spread for both the heads and the
barrels, especclally on the front-row cylindors.

4. An incroasc in density altitude from 5000 to 20,000 fect had
no apprecieble effect on the shape of the temperature patterns.

5. The spread or the shape of tho tomperature pattern changed
considerably with a variation of the average cugine fuel-air ratio,
the ongine speed, tho power, or the blower ratio.
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6. The variation of flight and engine variables had a negligible
effect on the temperature distribution of individual cylindérs.

Alrcreft Engine Research Laboratory,
National Advisory Committee for Aesronautics,
Cleveland, Ohio, Jsnuary 17, 1946.
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TABLE I - TEMPERATURE SURVEY OF A FRONT- AND A REAR-ROW CYLINDER

Temperature, °F
Thermocouple Run 13 Run 2P
designation |Front-row Rear=-row Front-row Rear-row
cylinder 18|cylinder 7|cylinder 1l8|cylinder 7
T 292 263 300 273
T2 224 181 211 174
T3 230 202 223 192
T4 244 220 233 203
TS 250 245 230 226
T6 263 266 245 245
7 225 236 200 223
T8 246 215 22y 205
T9 231 194 223 191
T1l0 264 230 255 223
1l 258 226 238 214
T12 386 340 343 3085
T13 412 350 374 311
T14 291 272 290 275
T18 322 270 296 262
T16 311 274 287 254
717 323 254 293 220
T18 330 295 296. 264
T19 373 329 343 303
T20 343 307 308 297
T21 317 262 283 237
122 300 258 274 251
T23 330 296 301 263
T24 322 270 287 255
T25 364 318 326 287
T26 218 215 184 182
TE% 349 281 318 261
T28 350 280 313 251
T29 455 384 414 543
T30 387 335 355 299
T31 (c) (c) (c) (c)
T32 431 319 405 288
T33 400 337 363 301
T34 356 305 325 278
T35 425 358 386 318

aBrake horsepower, 820; engine speed, 2030 rpm; density

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

fuel-air ratlo, 0.077; impact pressure, 18.9 inches of

water; angle of attack of thrust axis, 5°.

PRrake horsepower, 1545; engine speed, 2415 rpm; density
altitude, 5000 feet; cowl flaps open; low blower ratio;
fuel-air ratio, 0.11l1; impact pressure, 29.0 inches of

water; angle of attack of thrust axis, 2°,

CFaulty thermocouple.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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- Schematic diagram showing method of introducing

Figure 2.

fuel to test engine.
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(a) Front-row cylinder

Figure 4. - Location of cylinder thermocouples.
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Figqure 6. - Continued. Comparison of actual and calculated values of head temperature
at 5000-foot density altitude; engine speed, 2400 rpm; low blower ratio.
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Figure 6. - Concluded. Comparison of actual and calculated values of head temperature

at 5000-foot density altitude; engine speed,

2400 rpm; low blower ratio.
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Figure 7. - Effect of cowl~flap position on temperature distribution
at density altitude of 5000 feet. Brake horsepower, 1000; engine
speed, 2400 rpm; low blower ratio; average engine fuel-air ratio,
0.101; impact pressure, 22 inches of water; angle of attack of
thrust axis, 39,
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Figure 7. - Concluded. Effect of cowl-flap position on tem-

perature distribution at density altitude of 5000 feet.
Brake horsepower, |000; engine speed, 2400 rpm; low blower
ratio; average engine fuel-air ratio, 0.101; impact
pressure, 22 inches of water; angle of attack of thrust
axis, 3°,
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Figure B. - Concluded. Effect ot cowl~flap position on tem-
perature distribution at density altitude of 20,000 feet.
Brake horsepower, |1000; engine speed, 2400 rpm; high blower
ratio; average engine fuel-air ratio, 0.108; impact
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axis, 39,




NACA TN No. 1147

Angle of attack of Impact pressure
thrust axis (in, water)
(deg)
Eg 1.6 22.0
480 302 22.0
<o 6.6 12.0

| R A
N AL

‘ =
[/

a0

2 4 6 8 10 12 14 16 18
Cylinders, front row

360

320

440

o | — R

AL Ve
Y N

Temperature of cylinder head, Ti3, °F

.
320
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
280

l 3 5 7 9 h 13 15 17
Cylinders, rear row

(a) Cylinder-head temperatures.

Figure 9, - Effect of angle of attack of thrust axis on temperature
distribution. Brake horsepower, 1000; engine speed, 2400 rpm;
density altitude, 5000 feet; cowl flaps ciosed; fow blower ratio;
average engine fuel-air ratio, 0.101,
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Figure 9. - Concluded. Effect of angle of attack of thrust
axis on temperature distribution. Brake horsepower, |000;
engine speed, 2400 rpm; density altitude, 5000 feet; cowl
flaps closed; low blower ratio; average engine fuel-air

ratio, 0. 101 .
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Figure 10. - Concluded. Effect of altitude on temperature
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Figure 14, - Effect of blower ratio on temperature distribution.
Brake horsepower, 800; engine speed, 2400 rpm; density altitude,
2,000 feet; cowl flaps closed; average engine fuel-air ratio,
0.091; Impact pressure, 14 inches of water; angle of attack of
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