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I - COOLING CORRELATION

By E. Barton Bell, James E. Morgan
John H. Disher, and Jack R. Mercer

SUMMARY

Flight tests have been conducted to debermine the cooling
cheracterigticas of a two-row radial engine at altitude in a twin-
engine airplane and to Investigate the accuracy with which low-
altitude cooling-correlatlion eguabtions can be used for making
cooling predictions at higher altitudes. The test engine was oper-
ated over a wide range of comditions in level flight at density
altitudes of 5000 and 20,000 foet,

Batisfactory correlation of the cooling variables wae obtalned
at both altitudes by the NACA cooling-correlation method. By use
of correlation equations developsd for spesifiic altltudes, average
engine temperatures could generally be predicted to within +5° F,
When temperatures at an altitude of 20,000 feet were predicted by
correlation equations emtablisghed at S000 feelt, they were usually
within -10° F of the actual measured value, Slightly mors accurate
results were obitalned when the equations were based on the demnsity
of cooling air at the resr of the engine than when they were vased
on average or front densities; however, the difference was small for
the rangs of altitudes encountered.

A relatively simple procedure 1s followed in this report, wnich
may be used to evaluate the cooling performance of any cohventional
alr-cooled power-plant installetlon and to determine the optimum
conditions of operation for satisfactory cooling and maximm renge.

JNTRODUCTION

The problems involved in the correlation of imporbant engine
and cooling variasbles and of predicting cooling performence in flight
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have been the subJject of many Investigations. These investigations
have been based to a great extent, howsver, on results of cooling
tests made on single-cylinder test units, torque stands, and in
wind tunnsls.

Several important factors have prevented meking consistently
accurate flight cooling predictions from sea-level cooling tests.
The effects of the greatly different stmospheric conditions existing
at altitude and the accompanying compressibility phencmena are
difficult to account for accurately because of the lack of experi-
mental data, The distribution of cooling air may be greatly different
in flight than in torque-stand tests and the effects of varying i
exhaust pressure further complicate the problem. The distribution
of charge alr is also likely to be differsnt because of different
throttle settings and changes in carburetor-entrance conditions owing
to intake-scoop configuration.

Because considerable difficulty has been experienced in making
flight cooling predictions from the results of ground-level test
installations, a further logical step was to determine the accuracy
with which a cooling correlation established in flight at a low
altitude could be used for cocling predictions at higher altitudes.
Flight tests to determine the cooling characteoristics of a two-row
radial engine weore therefore conducted at the NACA Cleveland labo-
ratory. In the present report, cooling-corrslation oquations arc
established for two altitudes by the method devcloped in reference 1
and the accuracy -of using the low-altitude correlation for higher
altitude predictions is investigated. The offect of using front,
rear, and averago cooling-air densities on the accuracy of the equa-
tlons 1s also included. The equations that are developed are employed
to evalunte the cooling performance and limitations of the enginec
installation.

In the second report to be written on this investigation, an
anelysls will bo made of the factors affecting the cooling-air pres-
sure distribution within the ongine cowling. A study of the engine
temperaturs digbribution will be prosented in the third report and
sore of the results of the second report will be used in an investi-
gation of the factors controlling tempsrature distribution.

The tests were ccnducted with a twin-engine airplane in level
flight at density altitudes of 5000 and 20,000 feet cover as wide &
renge of power and cooling-air pressure drop as flight conditions
would permit.
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SYMBOLS

The following symbols are used throughout the report:

ihp

lsac

K,m,n

Cooling-Correlation Symbols
constant proportional to engine friction
constant proportional to blower power
brake horsepower
constant proportional to engine displacement

specific heat of alr at constant pressure, 0.24 Btu per
pound per °F

impeller dlesmster (0.917 for test engine), feebt
acceleration due to gravity, 32.2 feet per second per second

indicated horsepower

indicated specific air consumption, pounds per indicated

horsepower per second
mechanical eguivalent of heat, 778 foot-pounds per Btu
constants derived from cooling data
engine speed, rpm

absolute pressure in exhaust manifold at altitvde, inches
mercury ' -

absolute pressure In exhaust menifold at sea level, inches
mercury

cooling-air temperature (stagnation), OF
cylinder-barrel temperature, OF
charge-air temperature shesd of carburetor, °F

mean effective gas temperature, OF
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reference mean effective ges tewperaturs when charge-air
temperature in manifold is 0° F, CF

cylinder-head temperature, Op

charge~alr temperature in manifold calculated on dry-air
basis, °F

impeller tip speed, feet per second
welght of charge-air flow, pounds per second
cooling-air pressure drop, inches water

blower temperature rise across supercharger on dry-air
basis, OF

change in mean effectlve gas temperaturs due to Ty, oF
cooling-air densiby, slugs per cubic foot
front cooling-air density, slugs per cubic foob

HACA standard sea-level dsneity, 0.002378 slugs per cubic
foot

ratio of cooling-air density to standard density, p/pO

O based on front cooling-alr density, Pe/Pg

Alrplane-Performance Symbols

velocity of sound in air (a = 33.42./T + 459.4), mwiles per
hour :

coefficient of drag
coefficlent of 1ift
compressibility factor

Mach number

dynemic pressurs, inches water

impact pressure in compressible flow (qc = Fed), inches water
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wing area (602 for test alrplane), square feet
ambient air temperature, °F

true alrspeed, miles per hour {or ft/sec es specified)
alrplane groes weight, pounds

propulsive efficiency

Pressure-Tubs Symbols
total pressure

static pressure

Subscripts
average engine
barrsl
front row
head
intake side of cylinder
rear row
top of cylinder
axial location of pressure tubes in direction of ccoling-

alr flow

ATRPLANE AND ENGINE

A twin-engine airplans (fig. 1) powered by two-row radial
engines was used for these tests. This type of ailrplane afforded

sufficient space for a large amount of instrumentation and allowed

a wide range of operating conditlons for the test engine; the ser-
vice celling of the airplane was approximately 25,000 feet. The
engines were enclosed with short-noge low-inlet-velocity cowlings
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having cowl flaps around the lower half of the periphery with the
exception of the space at the bobttom cccupled by the oll-cooler
duct, Charge air was admlitted through twin intake ducts at the
top of the cowling., The weight of the airplane during the flight
tests was approximately 30,000 pounds.

The engine was of the 18-cylinder two-row radiesl air-cooled
type with a normal rabting of 1500 brake horsepower at an engine
gpeed of 2400 rpwm and a teke-off rating of 1850 brake horsepower
at an engine speed of 2600 rpm. The engine was equipped with a
gear-driven, single-stage, two-spesd supercharger having a low-
blower gear ratio of 7,6:1 and a high~blower gear ratio of 9,45:1.
A torquemeter having a gear ratio of 2:1 end an inJjection carbu-~
retor that was standard for the engine were used.

The four-bladed propeller was 13.5 feet in dlameter, of the
constant-speed type, and equipped with cuffs,

The fuel used throughout the tests conformed to specification
AN-¥-28,

INSTRUMENTATION

The engine-instrument installation was made on the right engine
of the airplane. In addition to the stendard flight and engine
measurements, provisions were made to determine engine torque, fuel
flow, welght of engine charge air, fuel-air ratio of individual cyl-
inders, cylinder temperatures, cooling-air temperature and pressure
drop, and cowl-flap angle. The engine fuel-alr ratio was obtained,
in most cases, by averaging the fuel-alir ratlio of the Individual
cylinders, as determined by Orsat analysis of the exhaust.gas samples,
YThen exhaust-gas samples were not obtained, the engine fuel-alr ratio
was calculated from the fuel flow, which was measured by a fuel flow-
meter, and the charge-alr flow, which was determined by the method
discussed in appendlx A, Calculated values of fuel-air ratio agreed
on the average with the available measured values to within +3.5 per-
cent, Continuous records were btaken indicating airspeed, altltude,
engine speed, torque, and manifold pressure, The power developed by
the left englne was assumed to be equal to that of the right engine
because all operating conditions were set the same on both engines,

Temperatures, - The locations for measuring cylinder temperatures
are ghown in figure 2, The temperabures vsed for correlation were
obtained by thermocouples located on the rear of the head between
the two top circumferential fins (T1z) and at the rear middle of the
barrel halfway up the finning (Tg). In addition to these two thermo-
couples, cylinder temperatures were measured on the rear spark-plug

8
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gasket (le) and at the conventional location et the rear of the
cylinder flange (Tlé)' Thermocouples T, and Ty were embedded and

pesned one-sixteenti Inch below the surface of the cylinder and T;,
was spot-welded to the surface of the cylinder flange. -

The temperature of cocling air In front of the engine was taken
as the stagnation alr temperature computed from values obtained from
a calibrated shielded thermocouple mounted below the fuselage. The
temperature of the cooling air ag 1t left the cylinders was obtained
by thermocouples loceted on rakes behind each cylinder; one thermo-
couple was behind each head and one behind each barrel, as shown in
figure 3(b). The temperature of the engine charge air was measured
by two thermocouples In each of the two intake ducts leading to the
carburetor., All temperatures were measured by iron-constantan
thermocouples and recording potentiometers,

Pressures, - The pressure drop that wvas used for correlation
was obtained by total-pressure tubes in front of the engine and
staetic tubes behind the engine, The pressure in front of the engine
was determined from the average of the total-pressure tubes located
at the baffle entrance on the top and intake slde of the front-row
cylinders, The pressure at the rear of the engine was determined
from the average of statlc-pressure tubes mounted on rakes behind
the rear-row cylinders, The locations of thesé tubes are shown in
figure 3 and described in table I, Imstrumentation of the test
engine included other pressure tubes (8lso shown in fig, 3) in order
to compare pressure drops measured by the method used herein with
pressure drops measured by several other methods. (See table II.)
All pressures were obtained by a liguid manometer board that was
photographed in flight or by recording manometers, which are accurate
to within +0.1 inch of water. '

FLIGHT PROGRAM

Four series of tests were run for the purpose of obtaining data
for cooling correlation at NACA density altitudes of 5000 and
20,000 feet and they were followed by other miscellaneous flights,
Generally, four to six test points were obtalned during each flight,
The conditiong for the four serles of tests are listed in the following
table: . .
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Series|Brake |Density |Engine|Pressure Carburstor setting
horse-{altitude! speed |drop
power (£%) (rpm) | {in.
(a) water)
1 800 | 5,000 | 2400 | Varied | Autcmatic rich
1000 | 5,000 | 2400 |-~~do--- Do.
1250 | 5,000 | 2400 |=--~do-~- Do.
1500 | 5,000 | 2400 |---do--= Do.
800 | 20,000 | 2400 {---do=--- Do.
900 | 20,000 | 2400 |---do--- Do.
1000 | 20,000 | 2400 |---do--- Do.
1050 | 20,000 | 2400 |---do--- Do.
1085 | 20,000 | 2400 |{---do--- Do.
2 |Varied{ 5,000 | 2400 | P5.0 Automatic rich
3 800 | 5,000 | 2000 | DPa.0 Varied
800 | 5,000 | 2400 | P4,0 Do.
1000 | 5,000 | 2400 | P7.5 Do.
4 1000 { 5,000 |Vveried| P4.5 Automatic rich

BAl1l flights at 5000-foot density altitude were made in
low blower; all flighta at 20,000-foot density altitude
were made in high blower.

bAverage value.

The pressure drop was varied by use of cowl flaps and by varying
the airspeed. The airspeed was varied at constant power by use of
the landing flaps and by lowering the landing gear.

DISCUSSICN OF RESULTS

The method used for correlating the varisbles affecting ceooling
was developed in reference 1. A general form of the equation is

n
T~ Ta_p Yo
Tg ~ Ty (cap)™

The term OAP as it appears in the correlation equation is used
as an indication of the weight flow of cooling air passing over the
cylinders. If the actual weight flow were used instead of pressure
drwp, one equation should suffice for all altitudes, assuming a
Legligible changs in the over-all heat-transfer coefficient. If an
equation based on OAP is to be accurate for all altitudes, however,
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corrections for variations of cocling-alr denslty across the cylin-
ders must be applied to the pressure drop, as discussed in refer-
ences 2 and 3. As & possgible means of minimizing the necessity of
making complex cirrections for compressibility, cooling-air density
measurements obtained at meveral generml locations.were used 1n the
correlation equation to determine which donsity would result in the
most accurate equation over a range of altitudes.

Correlation equations were obtained based on front, rear, and
averags cooling-air densities. The rear density was calculated from
values of tewperature and pressure measured behind the englne; the
average density was obtained by averaging the front (stagnation) and
roar densities. Curves of mean effoctive gas temporature Tg

plotted againast Fuel-alr ratio are shown in figure 4 and construction
curves roquired to determline the correlation esquations for front den-
8ity are shown in figurvs S5 tu 7; similar constructicn curves were
rogquired for the rear and average donsity equations but are not

includod. Details of the calculations ar¢ presented in appendix A.

The ccefficlents and exponents of the oquations are prosented in the
fellowing tablo: S

Altitude

(£t) 5000 20,000 ‘

Density Front Average‘Rear FrontiAverago! Rear

Heads n| 0.57} 0,57 {0.57{80.57| 80.57 {80.57
m 34 .34 .34 .32 L 31 .30
K .48 .44 AT .46 A4 .42

Barrels | n{ 0.41 C.41 {0.41}80.41) 20.41 j80.41
m .37 .37 ! .37 .35 .33 .32
K .79 .76 1 73 .81 .78 .72

#Assumod values. (See appendix A.)

From the tablc it may be seen that the exponcnt m decrcases
somewhat with an increase in altitude for all three densities. This
decrease 1s largely attributed to changes in the cooling-air-flow
pattern and to the effect of compressibility on the relation between
cooling-air weight flow and pressure drop. The table further shows
that at an altitude of ‘5000 feet, the exponent m 1s not noticeably
affected by the various densities but that a change is reflected in
the coefficient of the equation because of the use of the different
densities. At an altitude of 20,000 feet, however, the values of the
exponent m obtained when using front, rear, and average densities
are slightly different. The variation, although not large, may be
6xplained by the fact that the magnitude of rear density changes with

9
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a change 1in pressure drop because of the resulting difference in
cooling~-air temperature and pressure at the rear of the engine.
This change in rear density 1is In contrast to a comparatively
constant front density,

In order to evaluate the equatlons based on the three densitles
and to determine which of these densities will give the most accu-
rate equation over the range of altitudes, average engine tempera-
tures have been calculated using the 20,000-foot data in the
5000-foot equations, A sumery of the results is given in the fol-
lowing table:

Difference between actual and calculated
Density {temperature when 20,000-foot data are
used in the 5000-foot equations, °F
Average Maxinum
Front 10 18
Head | Rear 7 14
Average 9 17
Front 8 15
Barrel| Rear 5 10
Average 7 13

The computations show that all temperatures calculated for an
altitude of 20,000 feet by means of the 5000-foot equation are less
then the actual values, Furthermore, the computations based on rear
density are slightly more accurate than those based on front density.
Reer density, however, 1ls difficult to calculate without knowledge
of the heat rejected from the engine to the cooling air., On the
other hand, the front density may be readily calculated for any antici-
pated flight conditions. The nmeaximum error between the actual and
calculated temperature when using the front density is only 5° F
greater than when using the rear density, which indicates that unleas
more precise results are desired, front density can be satisfactorily
ugsed for altitudes up to 20,000 feet.

For altitudes above 20,000 feet, a Pratt & Whitney Alrcraft
report indicates that the use of rear density will result in the most
accurate indications of welight flow; for such applications, a low-
altitude correlation based on rear density would likely result in a
marked improvement in accuracy over a gimilar correlation based on the
front density,

When the equatione are used for making predictions abt altitudes
at which they were determined, any of the three densities may be used

10
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with approximately the same degree of accuracy. For the present
tests, tempsratures calculated by thls means were, on the average, T
within £5° F of the actual measured temperatures,

In order to permit comparison of the correlation equations
presented herelin with thosze determined in other cooling investlga-
tiong that are based on other methods of measuring tempersture and
pressure drop, figures 8 and 9 and table II are presented. TFig-
ure 8 shows the relation between average head temperatures T,z and
average and maximum rear-gpark-plug-gasket temperatures T;5 and
figure 9 shows the relation between aversge mlddle-barrel tempera-
tures Ty and average and meximum cylinder-ilange temperatures Ti4.
Table IT gives & basis for comparing the pressure drop measured by

the method used herein and the pressure drop measured by three other
conventional methods.,

APPLICATION OF THE COCLING CORRELATION

In order to demonstrate the use of the correlation equations
for evaluating eirplane cooling performence, suitable curves have
been calculated for a range of altitudes from sea level to 20,000 feeb
using the equations based on front density; pressure-drop calculations
between sea level and 8000 feet were made by use of the cooling equa-
tion establighed at an altltude of 5000 feet and those calculations
between 14,000 and 20,000 feet were made by use of the 20,000-foob
equation; these ranges of altltude were arblitrarily chosen, Mean
values of the constents of the two equations were used to obtain an
equation for the intermedlate altitudes. The 5000-foot equation
could have been usSed throughout the range of altitudes wilth small
error but inasmuch es the 20,000-foot equation was available, 1t was
also used, Two curves of airplance performance (figs. 10 and 11) that
facilitate determination of the value of cooling-air presaure drop T T
for a glven operating conditlon were almo used in making these
cooling-performence computations, The first of these airplane per-
formance curves (fig. 10) shows the relation between dynamic pres-
sure ¢ and engine power during level flight for three cowl-flap
settings and three gross weights., This relation was computed using
the Tollowing serodynemic equatlions in conjunction with a curve of

CL2 plotted against CD that was determined in flights

a =3 V8 (1)
W =0 (p/2) SV | (2) |
n bhp = Cp (p/2) %%g (3) _

11
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and

epS3

a
Py
AT v = 2 = (4)

when V 1is in feet per second., The procedure for determining
such a curve in flight is described in reference 4. A value for
g was assumed and equation (2) was solved for the value cf Gy,

corresponding to the specified welght condition, The curve was
then used to determine the value of Cp corresponding to the kmown

value of Cj and the specified cowl-flap setting, Equation (4)

was then solved forafG bhp using a valus of 0,85 for the propul=-

give efficiency n inasmuch as estimates indicated that it remained
practically constant for the wide range of conditions encountered
with the test airplane. Computations made in this manner were used
to establish the curves shown in figure 10. From this figure, knowing
the density ratio, brake horsepower, gross welght of the airplans,

and cowl~flap setting, the dynémic pressure q may be found and then
converted to impact pressure q, (qc = ch). The seccond curve usSed
to compute pressure drop is that of AP/qc plotted against cowl~flap

opening {fig, 11); this curve represents the average of a number of
test points. As can be seen from figure 11, for this installation
opening the cowl flaps fully produces about 50 percent more pressure
drop than that obtained with closed cowl flaps at the gsame Indicated
airspeed, Because of the decreased airspeed when the cowl flaps are
opened at constant power, however, the effective increase in pres-
sure drop is only about 40 percent,

Temperature predictions based on pressure drops estimated by use
of figures 10 and 11 showed an average error of £7° F for 105 runs
and thug are nearly as asccurate as those based on measured presssure
drops., An example of the procedure used for making temperature pre-
dictions 1s shown in appendix B,

A comparison of the cooling-air pressure drop avallable with
the cooling-alr pressure drop required to limit maximum cylinder-
head temperatures to specified values is presented in figures 12 and
13, This comparison 1s shown for four operating conditions at maxi-
mum gross weilght (36,000 1b) and a light gross weight (26,000 1b) in
NACA standard astmospheric condltions and Army svmmer air. The fuel=-
air ratio specified for each operating condlition is the approximate
value that would be metered by & carburetor with standerd setting.

The sbrupt upward displacement of the curves of required pres-

sure drop, when the supercharger is shifted from low- to high-blower
ratio, is due to the additional cooling load lmposed by the increased

12
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charge consumption and the rise in mixture temperature with the .
increased supercharger compression. The decreage in pressures drop

avallable that results from increased gross welght is small at high

power but more pronounced at low power a8 may be seen by comparing

figur? 12(a) (military power) with figure 13(b) (50 percent rated

power).,

Although the specific cooling performance of this particular
installation may not be of general interest, a discussion of the
curves serves to illustrats thelr application. The curves show,
in goneral, that the engine in this installation will cool satis-
factorily with standard carburetor setting under all powor condl-
tions in NACA standard atmospheric conditions. In Army summor air, o )
which 1s representative of more ssvere cooling conditions, however, = -
it may be seen from figure 13(a) that enrichment would be required
to limit the meximum cylindsr tumperaturuvs to specifiod values for
high-blower oporation at 70 porcent rated power. Figure 13(b) indi-
cates satisfactory cooling for 50 percent rated power with open cowl
flaps for 26,000 pounds gross weight but shows that the temporature
limits would be slightly exceeded for 36,000 pounds gross weight in
Arnmy summer air. A leaner carburetor setting at this power, if it
allowe satisfactory operation, would help to cool the engine because
the specified fuel-air ratio is approximately that at which the cyl-
inder temperatures peak and either richer or lsaner operation would
decrease the temperatures.

As a means of demonstrating the combined effects of cowl flaps
and fuel-air ratio on specific range when they are varied to limit
cylinder temperature to the maximum allowable value, figure 14 is
presented; curves for two altitudes are included. Figure 14 shows
that & sizable increase in the specific range of the airplane may
be realized by operating as lean as feasible and prcviding adequate
cooling by means of cowl flaps rather than cooling with excess fuel.

For the specific conditions of figure 14 at an altitude of
8000 feet and an air temperature of 70° F (corresponding to Army
surmer air), a ld-percent increase in specific range 1s possible by
operating at a fuel-ailr ratio of 0.063 and three-fourths open (30°)
cowl flaps rather than at a fuel-air ratio of 0,08 and onse-fourth -
open (10°) cowl flaps, when the same cylinder-head temperatures pre- S
vail in both cases. The fuel-air ratio of 0.08 is approximately
that which would be metered by the standard carburetor. The decrease -
in true alrspeed due to the increased cowl-flap opening would be : _ T
about 10 miles per hour for these conditions. The gaps in the curves
for air temperatures of 46° and 56° F represent a range of fuel-air
ratio at which the specified heaed temperature would be exceeded;

13
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whereas the end points of all the curves indicate the limits of
fuel-air ratio beyond which the head temverature would be less
than the specified value.

These cooling-performance celculations have been made only
for the cylinder head but they could be made equally as well for
the barrel. For this particular installation, cooling of the barrel
was less critical than of the head for the operating conditions
encountered and thus the svaluation of cooling performence has been
baged on head-temperature limits. The performance curves indicate
no serjous cooling problem present for this installation in level
flight when operating in the range of conditions that were assumed.

The procedurs followed herein for predicting ccoling perform-
ance is applicable to any airplane equipped with alr-cooled engines.
The uss of this procedure allows an evaluation of the cooling charac-
teristice of the power-plant installation over a wide range of oper-
ating conditions from dats obtained in the c:-wparatively few flights
requlrsd to establish the cooling-correlation equatlon and airplane
verformance characteristics.

SUMMARY OF RESULTS

From rlight cuoling tests of a two-row radial engine in a twin-
engine airplane, the following results were obtained that are appli-
cable to level f£light: -

1. Satisfactory correlation of the cooling variables has been
obtained in flight tests at density altitudes of 5000 and
20,000 fest.

2. Average engins temperatures calculated for a specific alti-
tude by use of the correlati.n equations developed for that altitude
were, on the average, within +5° F of the actual measured tomperature
and were always within +16° F,

3. When average englne temperatures at an altituds of 20,000 feet
were predicted by cocling-correlativn equatlions established at an
altitude of 5000 feet, they were usually within -10° F of the actual
measured value. Slightly more accurate results were chbtained when
the equations were based on the density of cooling air at the rear
of the engine than when they were based on average or front densities;
however, the difference was swall for the range of altitudes encoun-
tored.

14
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4, For specified airplane operating conditions, estimates of
cooling-air pressure drop were made with which it was posaible to
compute cylinder temperatures comparable to the accuracy of calcu-
lations based on measured pressure drop.

5. The relatively simple procedure followed herein was used
to evaluate the cooling performence of this typical alr-cooled
power-plant installation and to determine optimum conditions of
operation for satisfactory cooling and maximum range.

Aircraft Engine Research Laboratory,
National Advisory Ccmmlttee for Aeronautics,
Cleveland, Ohio, Ncvember 30, 1945.

15
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APPENDIX A

DETATIS OF CORRELATION CALCULATIONS

In reference 1 a method was established for correlating the
important variables affecting engine cooling. This method equates
the quantity of heat transferred from the products of combustion
to the cylinder walls with the quantity of heat rejected from the
cylinders to the cooling air. One form of the eguation may be
written

n
Ty, - Ty s We
Tg = In (cap)®

The methods of obtalining the values of the variables in the equa-
tions are discussed in the following sectiaons.

Head temperature, cooling-alr temperature, and pressure drop. -
The value of head temperature Ty, used wus the average temperature
obtained by the 18 thermocouples Tjz; T, was teken as stagnation
air temperature and AP was the average of the pressure drops
measured by tubes In the baffle entrances of the front-row cylinders
and at the rear of the rear-row cylinders es described in the section
on ingtrumentation.

Mean effective gas tomporature. - The mean effective gas tem-
perature T, 1is a function of Ffuel-air ratio, inlet manifold tem-
perature, and exhaust pressure for a given engine with a fixed spark
timing (rerfersnces 1 and5), An equation expressing this relation
ig :

Tg = Tg, + ATg (1)

The change in mean effective gas temperature AT is dependent
on the temperature of the charge in the manifold Tp. Inasmuch ss
the temperature in thes manifold is difficult to measure by a thermo-
couple owing to the partial vaporization of fuel, it was approximated
by sunmming up the charge-air inlet temmerature T, and the ccmputed
temperature rise across the supercherger AT. The value of Ty, on
n dry-air basls is expressed as

Ty = Te + AT (2)

From reference 6, an approximate expression for blower temper-
ature rise AT on a dry-air basis (without fusl) is derived as

16
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_UR
AT = e (3)

Substituting for AT in equation (2) gives

T, = To +J_U'czE (4)

From single-cylinder tests'(reference 5), it has been found
that a change of 1° F In the temperature of the charge resulted in
a change of about 0.8° F in the mean effective gas temperature for
the heads, This effect was assumed to hold true for multicylinder
£light tests because of satisfactory results in wind-tunnel tests
on multicylinder engines (reference 7). Accordingly o

Tg = Tgo

When equation (4) is combined with equation (5), the following

expression may be written Uz
T,.=T7, +0,8(7T
&0 < T Toge (6)

+ 0.8 Ty (5)

g

For the engine tested the following equatlions were computed for the
heade;

Low blower

Tg = Tgo + 0,8 T + 22.1 Q a (7)
High blower - o7
N
Tg = Tgo + 0,8 LT + 34.3 CLooa (8)

For the barrels, the changs ln mean effective gas temperature
wes teken as 0,5° F when the charge temperature was changed 1° F,
Accordingly, the equatlons for the barrels are:

Low blower

T8=T80+0.5 T +221( ) (9)

High blower

2
N
T8 = Tgo + 0.5 |T, + 34.3 (%65%) (10)
L poos

17
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Equations (7) to (10) were used to obtain curves of T

against fuel-air ratio (fig. 4) ror a density altitude of 5000 feet
as discussed in a later section on calculation procedure. Because
the mean effective gas temperature is affected by a change in
exhaust pressurs, a separate Tg curve was calculated for

20,000 feet (fig. 4). This curve was obtained by reducing the
values of the 5000-foot curve by a fixed percentage determined from
re'erence 6, which shows the drop in T8 with exhaust pressure.

Charge-air weight flow. - For any given fuel-air ratio, the
charge-air flow to an engine is approximately proportional to the
indicated horsepower. Thus, a eingle curve should be obtained when
charge-air flow per unit time per Iindicated horsepowsr, or indicated
specific alr cuensumption, is plotted against fuel-air ratio. Onoce
such a curve has been established, it is necessary to know only the
fuel-air ratio and indicated horsep.wer in order to determine charge-
air flow. Reference 7 presents an equation that expresses indicated
horsepower in terms of readily measured variables. The gsneral form
of the equation is

2

- I ] NN L - N 11
ihp = bhp +A + B(Wo) ({ooo ¢ (Pg1 - Palt) 7085 (11)
The specific forms of equation (1ll) for the test engine are:
Low blower

I (x Y ¥ (2)

_ FN_ N - N (12
ihp = bhp +)27 + 8.64 wc] \T050/ 1.74(Pg1 - Palt) 1006
High blower

- 2 7NV N 1
ihp = bhp +|27 + 13.36 wc:]w - 1.74(P51 - Pa1t) Togg OX3)
In order to determine the curve of indicated specific air con-

sumption plotted against fuel-air ratio from the filght data, it
was firet necessary to make a carburetor calibration of compensated

metering pressure agalnst welght of charge-air flow. This calibration

was made in a test cell with the carburetor intaeke ducts assembled in
place to simulate the flight installation. Values of W, obtained
from the metering pressure read in flight werse then used in conjunc-
tion with equations (12) and (13) to establish the indicated specific
glr consumption curve shown in figure 15. This curve was assumed %o

be valid for all conditions of power and altitude. For the correlatlon
equations, the welght of charge-air flow was then calculated from this
curve and from equations (12) and (13).

18
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Calculation procedure. - In flight tests it is difficult to
obtain and hold constant the exact desired conditions; more steps
are therefore required to reduce flight cooling data than to reduce
test-gtand or wind-tunnel data where desired conditions can be
maintained within close limits. Because it is impossible to main-
saln constant cooling-air pressure drcp, weight of charge-alr flow,
and fuel-air ratio in these tests, 1t was necessary to apply cor-
rections for the variation of these factors.

The procedure used in obtaining the final cooling-correlation
equations at an altitude of 5000 feet was as follows: The data
taken in flight series 1 and 2 were usged in conjunction with a pre-
viously established curve of Tg plotted against fuel-air ratio
from reference 8 to obtain the first approximate exponents n and
m., It was necessary to use this Tg curve established in other

tests because the runs in flight series 1 and 2 could not be made
at a constant fusl-air ratlo of 0.08, which would have beon desir-
able., By substitution of the approximate expononts n and mw in
the general form of the cooling equation, the values of K were
computed for the individual datae points. When these values of K
were used, the values of (Tn ~ Tg)/(Tg - Ty) were corrected for
small variations in charge-air flow W, and a new and more nearly
corroct exponent m was obtained. In the same fashion, the equa-~
tions were corrected for small variations in ogAP and a new eXpo-
nent n was obtained. By the use of thess corrected values of n
and m, new values of K were calculated for several runs made at
a fuel-alr ratio of approximately 0.08. When these calculations of
K were made, the value of Tg, based on a value of Tgo of 1086° F,

was obtained from equation (7) or (8). The average of these new values
of K was used with the date from flight series 3 to plot a curve

of Tgo against fuel-air ratio (fig. 4). Final values of the expo-
nents n and m were obtained by using this corrected Tg curve.

The final correlation curves for all runs were then plotted in the

form (Ty - Ta)/(Tg - Tp) against Qrcn/ Ib/cAP using the final
corrected exponents n and m and the Tg curve that had been
sgtablished,

Inasmuch as the range of charge-air flow at an altitude of
20,000 feet was very limited, it was impossible to determine the expo-
nent n from data obtained at that altitude. The assumption was there-
fore made that altitude does not affect the heat-transfer process from
the combustion gases to the cylinder walls and the values of the expo-
nent n for an altitude of 20,000 feet were assumed to be the same
as the value determined for 5000 Pfest. Final values of pressure-drop

19
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exponent and the correlation equations for an sltituds of
20,000 feet were determined in the same manner as at 5000 feset.

A similar procedure was used for determining the correlation
curves for the cylinder barrels.

20 oo I
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APPENDIX B

SAMPLE PREDICTION OF CYLINDER TEMPFRATURE

In order to calculate the meximum spark-plug-gasket temperature
the fillowing conditions in lsvel flight were assumed:

Brake horsepower. . . . + + « « v 4 ¢ &+ o o«
Engine speed, rpm . . .
Fuel-ailr ratlo. . . . .
Supercharger. . . . . .
Cowl £lap . « &« 4 + o &
Pressure altitude, feet . . . . . . « . . . .

«a o o @
-
-
.
.
-
.
-
.

Free-air temperature, °F. . . . . . . . . . .
Free-air dengity vatlo., . . . . « . « . . . .
Alirplane gross weight, pounds . . . . . . . .

Cooling-alr pressure drop. - In order to

in the correlation equation, the dynamic prossure q must be found

c + s« s s s . . 1700
s« 1+ + .« .+ . 2800
e v s+ o« « » 0,10
¢« » o « » lOow blower
e v+ 4 « « » closed
+ « « s s s « « 5000
B - 1

e e e s . .. 0.798
e . e« . . . 36,000

obtain OAP for use

and converted to the impact pressure 4, by means of the compressi-
billty factor F,, which is determined from Mach number M.,

The dynamic pressure gq may be obtainsd
the given conditioms

from figure 10. For

V'3 bhp =/ 0.798 X 1700 = 1519

therefors, from figure 10
g = 32.3 inches water
M2 vé  ME

Fc=l+—z+25+_—1600+.

M= V/A

. .

V = 45.084/q/0 = 287 miles per hour

a = 33,42,/T + 459.4

287

2 4
N (0.37) (0.37)
Fo =1+ Z + 0t

21

777 miles per hour
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Fo = 1.034
4, = F.a = 1.034¢ X 32.3 = 33.5 inches water
From figure 1ll, for closed cowl flaps AP/qo = 0.28. Therefors
AP = 0.28 X 33,5 = 9.38 inches water

Front cooling-ailr density ratio Cp, ocomputed from stagnation
cenditions, may be obtainsd by use of the equation

2, 2+5
Op = Ofpog aipr (1 + 0.2M2) = 0,854

Therefore

GfAP = 0.854 X 9.38 = 8,0 inches water

Ceoling-alr temperaturs. - The cooling-air temperature will be
taken as the embient air temperature plus thse full adiasbatic rise
(stagnation conditions)

v\ 2
Ta=T+l.79\i36>

T, w &1 179(2872 96° F
a™ + 1. 5-—— =

Mean effective gas tempersture. - In the abmence of ocarburetor
heat or charge cooling, T, 1is assumed equal to Tge« When the wvalue

of Ty 1is substituted for T, and the value of T is used that

corresponds to a fusl-alr ratio of 0.10 (fig. 4) in equation (7) of
appendix B

Ty = 900 + 0.8[96 + 22,1 (2.5)2] = 1096° F

Chargs-air flow. - In order to determine Wo» & value of 0.00172
is ebtained for isac from figure 15 for the given fuel-air ratic of

0.10. When ihp is expressed as 'Hc/isac and subgtituted in equa-
tion (12) (appendix &)

W, = 0.00172 [1700 + (27 + 8.64 W) ig&) - 1.74 (29.92 - 24.89) fggg:'

or
We = 3.56 pounds per second

z2e
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When the values that have been obtained for gAP, T, and
We are substituted in the general form of the cooling equat%on and
the valyes of exponents and coefficlients that were aobtained =t an
altitude of 5000 feet and basged on front density are used the equa-
tion may be solved for Ty. .

) 0.57
_21_1___2_5. 0.458 (3._5_9_)___

or
o]

By use of figure 8 the maximum rear«spark-plug-gasket tempera-~
ture corresponding to an average temperature Tz of 413° F is approx-
imately 466° F,
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TABLE I - PRESSURE-TUBE LOCATIONS

Pres-iType of|Prsssure- Circumfer- |Axial Radial
gsure | tubs measgurement:ential location in | location
tube location position direction of| frcm
(a) jon cylinder|cooling-air e¢ylinder-
flow flange
(in.) base
(in.)
Hy4 {Total |Between fin{Intake side|3/16 down- 13
head and baffle stream of 713
at head entrance
! paffle baffle curl
i sntrance
Hyoy !Total Between fin:Center of 3/16 down- 7
i head and baffle ;cylinder gtream of 12~
at head i entrance 8
| baffle baffle curl
! entrance
Hpps Total |Between fin|Intake side[3/16 down-
{head  land baffle stream of 31%
at barrel enttrance
baffle baffle curl
sntrance
P4 |Closed-|Rear of Center of |{7/8 down-
end head on cylinder stream of 7
gtatic |rake barrel fins
Ppe |Clesed-|Rear of Center of |[7/8 dowm- 7
end barrel on |cylinder stream of 3§-
static |rake barrel fins

8A gketch of the pressurs-tube installation and an explanaticn
of the symbols are presented in figure 3. ’

National Advisory Commitise.
for Aeronautics
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TABLE II - COMPARISON OF PRESSURE TROP MEASURED BY FOUR METHODS

AP/q, AR/AE
Preasure-drop Method Cowl {Cowl |Cowl |[Cowl
designation flaps|flaps | flaps|flaps
(1) full jclosud|full jclosed
open open
Heads
B + H
2xp /Fna1 * Fnapy — (Ppe) | 0.45| 0.28 | 1.00| 1.00
1 ~ g fr rr
" + ~
AP, (H‘h.%_i._wﬂ.l}.?} - (Pp7) 450 .29 | 1.00| 1.04
'\ 2
~ ’fl" rr
)z ! +Hy o ¢
AP, Shel THERL - (Pyg) .50, .33 1 1.11] 1.18
N a AFr rr
3
AP, (By1) -(Ph,;)ael 371 .24} .82] .86
Barrels
2 ! !
AP it - (P 0.40; 0.24 | 1.00] 1.00
1 (Hp21) (b4)rr
AP, (HbZi)f’r"(Pw)rr 430 .27 1 1,07} 1.12
APz (Hbzﬁ_)fr—(Pbs)rr 42 .26 | 1.05| 1.08
3
AP, (Hbl)-—(PbL_«t)a_e .30l .18 L5179

1A sketch of the presgure-tube Installation and an explunation of
the symbols are presented in figure 3.

Method used for correlation.

3In front of cylinders 2, 6, 11, snd 18 only.

National Advisory Committee
Por Asronautics
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Figure 4. - vVariation of mean effective gas temperature with fuel-air ratio for
cylinder heads and barrels at density altitudes of 5000 and 20,000 feet.
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NAT1ONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Slope, 0.57

(a) Cylinder heads,.

o Stope, 0.41].
1.0 =27 '

.9
.8
o7

(Ty=T 1747y

.6

! 1.5 2 2.5 3 4 5
Charge-air welght, W, Ib /sec
fbd Cylinder barreis.
Figure 5. = variation of (Ty=T,)/tTo-Ty) and (T,=T,)/
(Ty=Tp) with charge-air weight w. for cylinder heads

9
and barrels at density altitude of 5000 feet.
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NACA TN No. 092 Fig. 8
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Figure 8. — Variation of maximum and average rear-spark-plug-gasket temperatures
with average head temperature Tyze
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Figure 9. — Variation of maximum and average cylinder—
flange temperatures T,, with average middie-barrel
temperature T6.
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NACA TN No. 1092 Fig. 10
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Figure 13, — Comparison of pressure drop available for cooling with pres-
sure drop required to timit maximum spark-plug-gasket temperature to

450° F, Leve! flight.
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Fig. I3b NACA TN No. 092
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NACA TN No. 1092 . Fig. 14
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Fig. 15 NACA TN No. 1092
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Figure 15. ~ Variation of indicated specific alr consumption with fuel-air ratio.
Density altitude, 5000 feet.
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