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SUMMARY

An investigation of the cooling of an 18-cylinder, twin-row,
radial, air-cooled engine in a high-performance pursuit airplane
has been conducted for variable engine and flight conditions at
altitudes renging from 5000 to 35,000 feet in order to provide a
basis for predicting high-altitude cooling performance from sea-
level or low-altitude test results.

The engine cooling data obtained are analyzed by the usual
NACA cooling-correlation method wherein cylinder head and barrel
temperatures are related to the pertinent engine and cooling-air
variables. A thecretical analysis is made of the effect on engine
cooling of the change of density of the cooling air across the
engine (the compressibility effect), which becomes of increasing
importance as altitude is increased. Good agreement was obtained
between the results of the theoretical analysis and the test data.
It was found that the use of the cooling-air exit density in the
NACA cooling-ccrrelation equation is a sufficiently accurate approx-
imation of the compressibility effect to give satisfactory corre-
lation of the cooling data over the altitude renge tested. It was
also found that a sea-level or low-altitude correlation based on
entrance density gives fairly accurate cooling predictions up to an
altitude of 20,000 feet.

INTRODUCTION

A method was developed by Pinkel (reference 1) for relating the
cylinder-wall temperatures of an air-cooled engine with operating
conditions, cooling-air temperature, and cooling-air weight flow.
Because pressure drop is a more easily measurable quantity than
weight flow and because the product of cooling-air entrance density
(taken relative to stendard sea-level air density) and pressure
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drop O, AP 1s a function of the weight flow, this product was
substituted for weight flow in the correlation method. This sub-
stitution, which was made on the basis of incompressible-flow
congiderations, hasg proved satisfactory for the correletion of
sea-level and low-altitude cooling data, as is evident from the
results of nuuerous engine-cooling investigations (for example,
references 2 and 3)., For application to high-altitude flight,
however, where the change of density of the cooling-air across the
engine (compressibility effects) becomes significant, the weight
flow and Og,Ap are not uniquely related end consequently the sub-
gtitution ie iInvalidated. Errors are therefore introduced in the
prediction of high-altitude cooling from sea-~-level or low-altitude
test results when the substitution is madec.

Some theoretical and experimental investigations of the cooling
problems at altitude have already been conducted. Reference 4 vre-
sents a theoretical study of the compressibility effect in relation
to alrereft heat-exchanger operation and provides charts whereby,
in a series of successgive aprroximations, the compressible pressure
drop corresponding to a given cooling-air weight flow, drag coef-
ficient, and density change can be determined. A somewhat similar
theoretical analysis of thae compressibility effect in relation to
engine cooling is glven in reference S, which provides charts for
accurately determining compressible-flow cooling-air pressure drop.
In addition, reference 5 indicates that the compressibility effect
can be accounted for, to a goud degrec of accuracy, by the use of
the product of pressure drop and exit density. This correlation
of cooling-air weight flow with pressure drop on the bagis of exit-
density conditions wag experimentally verified by Pratt & Whitney
Aircraft (reference 6) in single-cylinder-enginc tosts over a range
of simulated altitudes from sea level to 45,000 fect, A gimilar
gingle-cylinder investigation (reference 7) conducted and reported
concurrently with the subject tests further verifies the use of
exit density cxperimentally and theoretically.

In order to obtain information on the cooling characteristics
of air-cooled engines at altitude conditions and, in particular, to
check present methods of extrapolating to high-altitude conditions
the data obtained from sea-level or low-altitude cooling tests, a
flight cooling investigation was conducted on an 18-cylinder, twin-
row, radial, air-cooled engine installed in a high-performance
pursuit airplane. The Investigation consisted of flights at vari-
able engine and flight operating conditions at altitudes ranging
from 5C00 to 35,000 feet. The cooling data obtained were correlated
by the NACA method develoned in reference 1 as medified to account
for cooling-air compressibility effects. A theoretical analysis was
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algso made to check the validity of the use of cooling-air exit
density in the correlation equation for approximating the compres-
gibility effects.

TEST INSTALLATION

Alirplane and power plant, - The engine cooling tests were con-
ducted in a pursult airplane on an 18-cylinder, twin-row, radial,
air-cooled engine having a volumetric displacement of 2804 cubic
inches. The compression ratio for the engine is 6,65, the spark
setting 20° B.T.C., and the valve overlap 40°., The engine is
equipped with a single-stage, single-speed blower, which has an
impeller diameter of 11 inches and a gear ratio of 7.6:1. A
turbosupercharger consisting of a single-stage impulse turbine
wheel with a 13.2-inch pitch-line diameter shafted directly to a
15-inch-diameter impeller provides the supercharging required for
high-altitude operation. An injection-tyve carburetor meters the
fuel to the engine at the inlet face of the engine-stage blower,
The power plant is rated as follows:

Horse~ Engine Altitude

power speed (ft)
(rpm)
Normal 1625 2550 29,000
Emergency maximum 2000 2700 27,000
Take-off 2000 2700 —eee- -

The engine power is delivered through a 2:1 reduction gear tc an
electrically controllable four-bladed propeller having a diameter
of 12 feet 2 inches., The propeller is fitted with shank cuffs and
is not provided with a spinner hub,

A photograph of the airplane used in the flight tests is pre-
sented in figure 1., Figure 2 is a schematic diagram of the power-
plant installation showing the general arrangement of the internal
air-ducting system and the relative positions on the airplane of
the engine, the cowling, the turbosupercharger, the intercooler,
and the oll coolers. The engine cowling is of the NACA type C
fitted with eight adjustable cowl flaps extending around the upper
half of the cowling. A small fixed air gap between the engine
cowling and the fuselage body extends around the lower half of the
cowling to the auxiliary air-supply scoop. The opening of the
auxiliary air-supply scoop, which supplies air to the carburetor,
intercooler, oil coolers, and exhaust cooling shrouds, is located
within the engine cowling at the bottom of the engine. The inter-
cooler is mounted at the rear of the airplane slightly forward of
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the turbosupercharger and is provided with two separate cooling-
air ocutlets and flaps, one on each side of the fuselage. The oil
coolers are mounted in series with respect to the oil flow, one on
each corner of the fuselage at the rear of the engine.

Engine cocling-air pressure msasurements. - Although the tests
included an extensive cooiing-alr pressure survey in which a large
number of pressure tubes and locations were used, only those tube
combinations specified by recent NACA procedures as giving the best
indication of the average cooling-air pressures ahead of and behind
the engine are of present interest. The tubes used for the average
pressure indicationsg and their locations are shown in figure 3.

he total pressure of the cooling air was measured ahead of

the engine with open-end tubes H1, H2, H3, and E4 located on each
front-row cylinder at the positions indicated in figure 3. These
tubee were installed halfway between the fin tips and the cylinder
baffle at a voint about one-eighth inch behind the tangent point of
the baffle-entrance curl. The cooling-air static pressure behind
the engine was measured on each rear-row cylinder with open-end
tube P3 installed in the stagnation region behind the cylinder top
baffle and tubes Pl and P4 installed in the curl of the intake-side
beffle. Care was taken in the installation of these tubes to insure
that they received little if any velocity head.

The pressure tubes were lsd to motor-driver pressure-selector
valves which, in turn, were ccnnected to IACA recording multiple
manometers. All pressures could be recorded in 2 minutes.

Tewperature measurements. - Cylinder-wall temperatures were
measured with iron-constantan thermocouples located on the heads
and the barrels of each of the 18 engine cylinders. The locations
and designations of these cylinder-wall thermocouples are indicated
in figure 4 and are as follows:

(1) At the rear spark plug with standard gasket-type thermo-
couple T12. (See fig. 5 for sketch of gasket details.)

(2) In the rear spark-plug boss with thermocouple T35 embedded
to a depth of one-sixteenth inch. (See fig. 5 for details of
installation, } '

(3) In the rear middle of the head circunmferential finning
with thermocouple T19 peened &bout cne-sixteenth inch into the
cylinder-wall surface
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(4) In the rear of the barrel two-thirds of the way up with
thermocouple T6 peened about one-sixteenth inch into the aluminum-
barrel muff

(5) At the rear of the cylinder base flange with thermocouple
T14 spot-welded at the flange

The free-alr temperature was obtained from the temperature
reading of a resigtance-bulb thermometer installed under and near
the tip of the right wing. The correction for stagnation-heating
effect was determined in a separate flight calibration for various
airspeeds.,

A gurvey of the temperatures in the cooling-air stream
directly behind the engine was made during most or the Tlight
tests. Eighteen iron-constantan thermocouples were used in this
gurvey, two in front of each of the nine intake pipes at the same
radial distances as the middle of the engine heads and barrels.
The intake pipes provided partial shielding of the thermocouples
from the exhaust-collector ring.

The temperature of the charge air was measured at the carburetor
top deck with four varallel-connected iron-constantan thermocouples.

All temveratures were recorded by high-speed data recorders
congigting of galvanometers, thermccouple selector switches, and
film-drum recorders. It was possible to record 200 temperatures
during each run in about 3 minutes. A calibration point was
obtained for each galvanometer during each test run by taking
galvanometer readings of a known standard voltage; the cffect of
changing galvenomcter calibration wasg thus eliminated. A check on
the accuracy of the teuperature records was also provided during
cach run by recording on each galvanometer the temperature of hot
mercury containcd within a thermos bottle.

Charge-air-weight-flow meagurements. - The charge-air weight
Tlow was measured during flight by venturi meters installed in the
two parallel lines between the intercooler and carburetor, as shown
in figure 2, and calibrated within the charge-air ducting system
prior Yo the flight tests. In addition, checks were obtained from
the carburetor compensated metering pressure as measured during
flight and its relation with charge-air flow as established in
extensive carburetor air-box tests for the test range of carburetor
pressures and temperatures. The checks obtained were within +3 per-
cent, the deviations being of a random nature.
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Fuel-flow measurements. - A flow-bench calibration of the car-
buretor in which the fuel flow was related to the carburetor com-
nensated metering pressure furnished the most direct and simplest
method of measuring fuel flow in the flight tests. This fuel-Iflow
calibration was later verified in the air-box tests, which showed
the reletion between compensated metering pressure and fuel flow
to be independent of the pregsure and temperature conditicng of the
charge air at the carburetor top deck and also of the fuel tempera-
ture, within the range encountered. In addition, fuel-flow checks
were obtained with both a vane-type and a rotameter-type fuel flow-
meter in several special fliglits covering the engine fuel-flow
operating range. HExcept for a few widely erratic points, the
checks were within +3 percent.

Other meagurements. - Free-stream impact nressure was measured
by a shrouded total-head tube installed on a streamline boocm on
the right wing tip. A swiveling static tube, which was calibrated
in a gpecial flight, wag also carried by the boom about 1 chord
length ahead of the leading cdge of the wing. Continucus records
of both the impact and static pressurcs were taken during each run
by NACA pressure recorders.

A torquenmeter was incorporated for measuring engine torque.
The torque was indicated on a gage in the cockpit and was read by
the pilot.

Engine and turbine speeds were senarately recorded by revolu-
tion counters operated in conjunction with a chronometric timer,

The engine exhaust pressure was measured by means of static
wall taps located on both sides of the exhaust collector ring
upstrean of the waste gate.

Continuous records were taken on NACA pressure and control-
position recorders of manifold pressure; charge-air pressure at
the turbosupercharger outlet and at the carburetor top deck; throttle
setting; mixture-control setting; angle of attacks; and engine, oil
cooler, and intercooler flap openings.

TEST PROCEDURE

The flight tests were conducted, for the most part, at alti-
tudes (based on pressure) of 5000, 25,000, 30,000, and 35,000 feet;
a few flights were also made at intermediate altitudes. The three
main controllable variables during each test run at a given altitude
were engine power, engine speed, and engine cooling-air pressure
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drop; in general, during each constant-altitude flight one of these
three variables was indenendently varied while the other two were
maintained constant.

The engine power was controlled with the carburetor throttle
at constant engine speed and, at the high altitudes, also with the
exhaust waste gate tarough regulation of the turbosupercharger
speed. The mixture control was set in the automatic-rich position
and the fvel-air ratio was allowed to vary according to the carbu-
vetor characteristics. The engine speed was controlled with the
nroveller governor and the cooling-asir pressure drop was controlled
by means of the cowl-flap deflection and through change in the alr-
plane drag characteristics (and thus the airplane velocity and
available ram pressure) obtained by raising and lowering the landing
gear.

A summary of the flight test conditions is presented in table I.
During each test run, in which the specified test conditions were
held constant and the cylinder-wall temperaturcs had been stabilized,
a record was obtained of the cooling-air pressures and temperaturcs
ahcad of and behind the engine, the cylinder-wall temperaturcs, and
the airplane and engine operating conditions.

KEDUCTTION OF COCLING DATA

Correlation equationg. - The basic equation developed in refer-
ence 1 for ccrrelating the wall temperatures of air-covled engines
ith the engine overating conditions and the cooling-air temperature
and weight flow is

Ty - Ta fyn_ B (1)
B = Tfe ® r ;
g 1/ Wy

All symbols are defined in appendix A.

It has been the practice in low-altitude cocling-correlation
work to assume that the weight flow of cooling air W, 1s a func-
tion of the more readily measured quantity OendP and to make this
substitution in equation (1). he assumption that W, 1s a uniqgue
function of OgnAp has, however, been shown by various theoretical
analyses (references 4, 5, and 7) and some test data (reference 6)
to be inaccurate for large altitude changes.

It is shown in appendix B, which nresents a theoretical treat-
ment of the relation between cooling-air weight flow and pressure

7
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drop, that W, is, more correctly, a function of Gex/Jon in addi-

ticn to OgpAp. On the basgis of the results of appendix B, equa-
tion (1) is written
= ™
e 4 (%ex) (2)
(6
K Th JLnA“gn \Ten/

wrhetre ! \ o =y ™ al %
where #(Oéx/cen/ denotes a function of Géx/oen‘

At low altitudes, the variation of Ogyx/Jgn oOver the normel
engine operating range is sufficiently small that its function may
be considered as a constant, with negligible sacrifice in accuracy.
or substantially constent ch/den cquation (2) becomes the

l—g r,_j

amiliar correlaticn eguaticn

D -
.4.1,1 A.L'S
e W (2a)
lé, T‘1 3 A® )
When a ldr7b 1titude range is congidercd, in which case large
variations in /3 arc encountered, it Is necessary to include

thie variations of the *vnct¢)n ¢ be/ on‘ in equation (2). In
anpendix B, ﬁ(acx/cen/ is theoretically derived. If it is
agsuned that

¢ (_(.FC.E\,KLL/?E__\\—b
\‘onf} \Sen/
cquation (2) reduces to
T, - T
U D€
(Gendp)™ ( 5=
er

the constants n, m, b, and K will be evaluated from the tecst
data.

In order for eoxit density (as suggested in refercnces 5 and 6,
and a8 theorctically shown in roforence 7) to be a satisfactory
besis of correlation it is nocessary that b = m in equation (3),
in which case equation (3) rcduces to
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T, - T
Ta —'TE ch ¥ : m (4)
g =/ (OpxhD)

The accuracy of the foregoing simplification will be empirically
checked with the flight-test data. ZEquations similar to equa-
tions (1) to (4) may also be written for the engine barrels.

Some investigators (see, for example, reference 8) believe
that, in order to obtain accurate correlation, the local cooling-
air temperature in the vicin’ty of the spot on the cylinder wall
under investigation (at the location where Ty, is measured) should
be used instead of the entrance cooling-air temperature. In
appendix C it is shown that the cooling-correlation equation con-
taining the local cooling-air temperature can be trans poged. to the
equation containing entrance cooling-air temperature; hence either

can be used. The inlet cooling-air temperature was used in the
correlation presented in this rerort because the added complication
of determining the local cooling-air temperature did not appear
warranted.

Mean effective gas temperature fﬂ. - The mean effective gas
temperature Ty 1a, for a given engine, considered a function of
fuel-air ratio, inlet-manifold temmerature, exhaust pressure, and
spark timing,

On the basis of previous correlation work, a T value of

880
1150° F for the heads and 600° F for the barrels is chosen for the

reference conditions of F/A = 0.08 T = 80° F, and = 30 inches
J m J pe

of mercury absolute, and for the normal srark setting.

The variation of T with fuel-air ratio for the sea-level

exhaust-pressure condi tlon is taken as that determined in previous
cooling tests on an R-2800-21 single-cylinder engine (r°Ierence 9).

This Tgso variation, which was also found to check well with the

ledltS obteined cn other tynes and models of alr-cooled engines,
plotted for the heads and barrels in figure 6. The variation of

gb with exhaust pressure for the range covered in the pressnt

tosgs ig included in figure 6 and represents the results of extensive

exhaust-pressurc tests conducted at Cleveland on an R-2800-5 engine.
Inasmich as the cngine normal spark timing was used throughout the
tests, the effect of this variable is not required for analysis of
the cooling test data.

(o]
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The correction applied to TgBO to obtain Tg for valuves cf
T,, other than 80° F is given as ATy = 0.8 (T, - 80) for engine

heads and ATy = 0.5 (T - 80) for engine barrels. The dry inlet-
manifold temperature T, is calculated from the carburetor inlet-

ailr temperature and the theoretical blower temperature rise,
assuming no fuel vaporization. This relation is given as

2
m U L \
Ty = To + adon (5)
For the engine used. in the present investigation, equation (S5)
reducesg to
¥ 2
N
Tp = Ty + 22"1(1*66@ (6)

Cylinder temveratures. - The value of cylinder-head tempera-
ture T, wused in the primary correlation ig taken as the average
for the 18 cylinders of the temperature indications of the thermo-
couples peened into the rear middle of the heads (T19 in fig. 4);
the barrel temperature T, Iis taken as the average of the temper-
ature indications of the thermocouples peened into the rear of the
barrels (T6 in fig. 4). Final correlation curves based on the rear-
spark-plug-gasket and boss embedded-thermocouple readings (T12 and
T35 in fig. 4) are also presented to permit cooling comparisons
with the results of other investigations.

Cooling-air temperatures. - The entrance cooling-air teipera-
ture T, is taken as the stagnation air temperature ahead of the
engine as calculated from the free-air temperature and the airplane
velocity measurements.

The exit cocling-air temperature, which is required for cal-
culation of the exit denslty, was obtained for about 90 percent
of the tests from the average of the temperature indications of
the thermocouplcs located in the cooling-air strecam behind the
engine, the values for the engine-head and engine-barrel cooling
air being separately averaged. These data were correlated by means
of a relation developed in appendix D, which results in a single
curve involving the coolinug-air pressure drop and the ratio of the
temperature rise of the cooling air AT to the temperaturs differ-
ence between the cylinder head and the entrance cocling alr Ty - Tg.
In the correlation of the cocling-test data, the exit cocling-air
temperatures for all the tests arec calculated from this curve.

10
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Cooling-air pressure drop and density. - The average cooling-
air pressure drops across the engine heads and barrels are separately
determined as the difference between the average total pressure ahead
of and the average static pressure behind the engine heads or bar-
rels.

The average for the front-row cylinders of the readings of the
tubes designated H1l, H2, and H3 (fig. 3) is taken as the average
pressure in front of the engine heads; the average of the readings
of the tubes H4 is taken as the average pressure in front of the
engine barrels.

The average static pressure behind the engine heads 1s obtained
from the average for the rear-row cylinders of the readings of
tubes Pl and P2; tubes P4 are used for obtaining the average static
pressure behind the engine barrels.

The entrance density of the cooling air is calculated from the
stagnation-air temperature and the tctal-pressure values ahead of
the engine; conversion into entrance density ratio 0y, 18 uade
simply by dividing by the standard sea-level density value
(0.0765 lb/cu ft). The exit density of the cooling air is calcu-
lated from the exit-air-temperature and static-pressure values
behind the engine and is converted into exit density ratio Ogx
by dividing by standard sea-level density.

Although the exit density is reedlly calculated from the
measurenments of temperature and pressure made in the flight tests,
its evaluation for use in predicting cooling performance from an
established correlation is not direct inasmuch as it involves a
knowledge of the temperature rise and »ressure drop of the cooling
air across the engine. A method of calculating the exit density
for use in cooling predictlong is given in appendix E.

Constents m, n, and Kz. - The exponents m and =& of OgnlP

and W,, respectively, and the constant Kz are determined from
the cooling data obtained at a comstant Cgy/0, (for all practical

purposes, at a constant altitude) by means of the familiar corre-
lation procedure exvressed in equation (2a).

The function @ (Jex/0en). - In order to check the validity of
the theoretically derived equations (3) and (4), the function
¢ (Jex/0en), which represents the effect of cooling-air compressi-
bility in the generalized correlation equation (equation (2)), is

m
Th i Ta (oﬁnAp) .
T R against
21 el T

experimentally determined by plotting

S




NACA TN No. 1089

Oex/0en from the data obtained at the different altitudes. In

order to minimize the extraneous effects resulting from differences
in engine operating conditions that may not correlate accurately
and may therefore mask the less sensitive effects of the cooling-
air density change, data are selected, in the construction of this
plot, for a narrow range of engine operating conditions (1200 and
1500 bhp; engine speed, 2550 rpw; fuel-air ratio, 0.12). In addi-
tion, in order to increase the over-all accuracy of the plotted
parameters through reduction of the random percentage errors
associated with the tests, the values of the parameters for the
individual runs of each variable cooling-air pressure flight (five
to 8ix runs per flight) are averaged to give one plotted point per
flight.

RESULTS AND DISCUSSION

termination of constants m, n, and Kz. - The determination
of the exporent m on 0. Ap (equation (2)) is shown in figure 7
Ty -~ Ty Ty = T
where plots of — and —-— against O,,Ap are made from

Tg = & Ig - Tp

the data obtained at en approximately congtant Oéx/Oén value of
0.83 (constant altitude of 5000 ft) in flights that were cach con~-
ducted at substantially constant charge-air weight flow, fuel-air
ratio, and engine speed with variable cooling-air pressure drov.
Lines with the best-fitting constant slope are drawn through the
plotted values for each of the flights. The common slope, which is
the negative value of m in equation (2), is -0.35 for the cngine
heads and -0.43 for the engine barrels.

Toe=al
A cross plot from figure 7 of the values of 52—“_5? and
T - g - 1h
Ep - ma against charge-air weight flow W, for a constant Oepnd?
g b

value of 12 inches of water for the heads and 9 inches of water for
the barrels is presented in figure 8. Included in this figure are
the cooling results obtained in a single flight conducted for vari-

able charge-air weight Tlow at an approximately constant Gey/gen

value of 0.83 and UenAn-wﬂues of 12 and 9 inches of weter for the

heads and barrels, respectively. The plotted values for the vari-
able charge-air-flow flight fall in with the points taken from the
cross plot of figure 7. These points determine a slope of 0.60 for
the heads and 0.43 for the barrels, which are the respective values
of n (equation (2)) for the engine heads and barrels.

12
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T, - T X s =l 0. !
The values of —B.— & WOO B i B 1o Vo 43, as cal-
Tg - Th Tg = Tb

crlated from the data obtained in all the flights conducted at
Oex/Oen of approximately 0.83 (altitude, 5000 ft), are plotted in
figure 9 against the corresponding O, Ap values. A line with
the previously determined slope -m (-0.35 for the heads and -0.43
for the barrels) is drawn to best represent the plotted values.

The correlation equation, which represents the correlation line
drawn in figure 9 for Oex/Oén of 0.83, is expressed as

Dy 8s f 00 e, ()
B =0y = (oénAp)O.SS
For the engine barrels
Ty, - Ty /wco.4.5 L eees ()
Tn - T .
i (Gonte)"*®

It is noted that the constant of 0.42 in equation (7) and 0,85
in equation (8) are equal to K, (Oey/Oén) in the general corre-

lation expression (equation (2)) and to Xz in equation (2a).

Determination of function ¢ (0ex/0en). - In accordance with
Ph = T (OenAP)O'DS
Tg - Ty WC0.60
flight at constant engine conditions but variable cooling-air
pressure drop are plotted in figure 10 sgainst the corresponding
ogxﬁjen values. The plotted points define a variation of increasging
4 (Ocz/den) with decreasing Oex/Jon thus indicating the detri-
mental effect of cooling-air compressibility on engine cooling.
Thig effect is the well kmown altitude effect, which, for constant

averaged for each

equation (2) the values of

e n
A2 [y " is reflected as an increase O, Ap roquirement with
Tg - Ty en

increased altitude. Curves describing the theoretical variations
of @$(0px/Oen) with Oux/Jens @8 detormined in appendix B, are
included in figure 10 for comparison. Agrecemcnt with the experl-
mental results is indicated.

It is ovident that the exponent b in cquation (3) is equal
numerically to the slope of a gbtraight linc through the points in
figure 10. A line having a slope of -0.35 (the negative value of

15
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the exponent m of OgpAp in equation (7)) is drawn through the
point representing the data at an altitude of 5000 feet. This line
gives a good revresentation of the test data and also of the theo-
vetical curves and is arbitrarily chosen as it permits simplification
of equation (3) to equation (4).

The correlation equation for the cylinder heads obtained Ifron
figure 10 is

.35

5 :
o T:/Wco.so ) 0.39 ___0.39 (9)
g 7 . 0,35 0
0.35 /Tex\ 9,0
(0ortp)®*® (222 (PexP)
\GI
It is noted that the constant of 0.39 in equation (8) is the test
value of K in equation (4). When Oex/Jen is set equal to 0.83,
(value for tests at an altitude of S000 ft), equation (9) reduces

to equation (7).

Attempts to determine the function @ (0gx/9en) for the cyl-
inder barrels by the foregcing method were unsuccesgsiul because of
the large scatter of data, which masked the effect of the function
4 (Gex/0en) on the barrel cooling. In the correlation of the
barrel data presented in the subsequent section it will be assumed,
however, that the function # (Oex/Oen) for the barrels is similar
to that for the heads and that the exponent b 1is equal to the
value of m for the barrels (0.43).

Correlation of all data on basis of g xAp. - The velues of

T, - T o =i '

;;L—-E wéO.GO and -EL-——EZ/W'O'43 calculated from the deta
'L-:‘—Th AL -T'b c

o%tained in all the flight tests covering a range of altitudes

from 5000 to 35,000 feet (equivalent to a range of Opx/0Oen from
0.83 to 0,62) are plotted in figure 1l against the corresponding
JxAP values. The correlation line given by equation (9) for the
engine heads is indicated in figure 1l. It is readily evident that
thig single correlation line well represents both the low-altitude
and the high-altitude cooling data. The best line with the previ-
ougly determined slope of -0.43 ig drawn through the plotted values
for the barrel. It is evident that for the data on the barrel the
agrecment between the plotted values and the line is only fair at
the high-altitude conditions but that no definite conclusions can be
drawn because of the large data scatter. The equation that describes
this line is

14
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Tp - Tg [,, 0.453 0,717 (10)

el T T = -

T8 - Ty c (GGXAP)C.Ié

Correlation of all data on basis of OgnAP. - The variable-

altitude cooling data is plotted against OgnlP in figure 12
wherein comparison is made with the correlation line given for
Oex/Jen equel to 0.83 (5000-ft altitude) by equations (7) and (8)
for the engine heads and barrels, respectively. It is seen that
because of the test variation of Ogx/Oepn, which is not accounted
for by the-correlation line, the test points obtained at the high
altitudes, although quite scattered, tend to fall slightly above

the correlation line and show a definite trend of increasing devi-
ation with increase in altitude. This general grouping of the high-
altitude data points above the 500C-foot correlation line again
indicates a greater Oy, Ap requirement at the higher altitudes.
Even for as high an altitude as 35,000 feet, however, the deviations
are only of the same order as the svread in the test points.

An examination of the plotted points in figure 12 indicates
that a single line with a slightly higher slope than the correlation
line for congtant Ogx/0en can be drawn to fit satisfactorily all
the data. This apparent data correlation can be explained with
reference to figure 13, which presents, for the same data as in
figure 12, a plot of Oex/con against O, Ap on logarithmic
coordinate paper. It is noted that, although the relation between
Oex/0en 8nd O Av is actuslly different for the different alti-

tudes, the bulk of the data for the entire altitude test range can
be roughly rerresented by a single relation expressed as
oexﬁjen = Ko (OerAp)s. The use of a single relation is made possible

in this case only because of the operational limitations of the
engine-airplane combination that causes a shift in operating range
of OynltP with altitude; for example, at an altitude of 5000 feet
(Oex/Jon = approximately 0.83), a range of GenAp of anproximately

4 to 20 inches of water was covered in the tests, whereas at an
altitude of 30,000 feet (044/0,, = avproximately 0.75), the
Ocnlp range is approximately 1.5 to 5.5 inches of water. Substi-
tution of Kg (Janp)s for oex/Ucn and the value of m for b
in equation (3) reduces the right-hand term of this equation to

Ks/(oenAp)m(l+S), which gives m(l+s) as the slope of the line

best correlating the plotted points in figure 1l2. Inasmuch as the
establishment of this correlation is dependent on the variation
obtained in the tests of O, /0., with O onlPs it is applicable,
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for use in predictions, only when the operating conditions satisfy
the test relation between Oex/ben and OgnAp. This correlation

is therefore of no reliable aid in altitude and pressure-drop
extrapolations.

Correlation of average rear-spark-plug-boss and gasket temper-
atures. - Inasmuch as the cooling of aircrait engines is frequently
evaluated on the basis of the rear-spark-plug-boss and gasket tem-
peratures, the correlation results based on these temperature
readings (T35 and Tl2 in fig. 4) ave presented in figures 14

P35 - T [ ™2 =T
2 a /i 0.60 . “a, wo0.60 )
T, - 135/ © T - 112
regpectively, against OuydP and J,,Ap. It is of interest to

know, as an indicatlion of the accuracy of the general test results,
that the correlation line for the rear-spark-plug-boss temperature

checks within en average accuracy of 10° F with that obtained in an
NACA test-stand investigation of a similar multicylinder engine.

and 15 as plots of

Altitude cooling predictions from sea-level correlation. - A
comparison of the cooling obtalned at altitude, as predicted by the
cooling-correlation line based on Og,Ap (equation (9)) with that
indicated by the sea-level cooling-correlation (actually 5000-ft
altitude) line based on OypAp (equation (7)) is shown in figure 16
as a plot of average head temnerature T19 against altitude for con-
stant engine conditions and two constant values of cooling-air
pressure drop (10 and 20 in. of water). The difference between the
curve baged on T ;AP and that based on O, AD amounts to 9° F at
20,000 feet, 13° F at 30,000 feet, and 36° F at 50,000 feet, when
the cooling-air pressure drop is 10 inches of water. For a cooling-
air pressure drop of 20 inches of water, differences of 9°, 209,
and 6C° F are obtained for 20,000, 30,000, and 50,000 feet, respec-
tively.

The magnitude of the errors introduced when predicting high-
altitude pressure-drop requirements from the low-altitude correla-
tion line based on O_,Ap rather than Gg,AD ig illustrated in
figure 17, which presents, for a given set of constant engine
operating conditions, the cooling-air pressure-drop variation with
altitude as calculated by both correlations for maintaining an
average head temperature of 400° F. Errors in cooling-air pressure
drop of 1, 2, and 14 inches of water are indicated for 20,000, 30,000,
and 50,000 feet, respectively.

Figures 16 and 17 indicate that altitude predictions from a
sea-level correlation based on Oy Ap are fairly accurate up to
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20,000 feet but that the error increases so rapidly with further
increase in altitude that the correlation based on ¢ Ap should
’ : " ex

be used at the higher altitudes.

CONCLUSIONS

The results of engine-cooling flight tests conducted on an
18-cylinder, twin-row, radiel, air-cooled engine in a pursuit air-
plane for a range of altitudes from 5000 to 35,000 feet show that:

1., The effect of cooling-air compressibllity on the cooling
characterigtics of air-cooled engines can be accounted for, to a
good degree of accuracy, by the use in the NACA cooling correlation
method of the cooling-air pressure drop based on the exit rather
than the commonly used entrance density., The use of exit density
is further rationalized theoretically.

2, A sea-level correlation on the basis of entrance density
gives fairly accurate results up to an altitude of 20,000 feet.
For higher altitudes, however, the use of exit density wherever pos-
gible is recommended inasmuch as the error resulting from the use
of entrance density increases at a rapidly increasing rate with
altitude.

3. For an illustrative set of constant engine operating condi-
tions, the errors involved in predictions made from the low-altitude
correlation based on entrance rather than exit density amount to:

(a) Average head temperatures of 9°, 13°, and 36° F for a con-
stant cocling-air pressure drop of 1C inches of water at 20,000,
30,000,and 50,000 feet, respectively.

(b) Cooling-air pressure drops of 1, 2, and 14 inches of water
for an average head temperature of 400° F at 20,000, 30,000, and
50,000 feet, respectively.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, May 9, 1946.
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APPENDIX A

SYMBOLS

All symbols used in the text and the appendixes are defined
here in alphabetical order for convenience of reference.

outside-wall area of cylinder head, sq in.

specific heat of air, 0.24 Btu/(1b)(°F)

cylinder free-flow area ratio

cylinder friction factor

cylinder friction factor at O0,.,Ap = 1 in. of water
fuel-air retio of engine charge

acceleration of gravity, 32.2 ft/sec2

heat~transfer coefficient from outside wall of cylinder head
to cooling air, Btu/(sq in.)(°F)(sec)

mechanical equivelent of heat, 778 ft-1b/Btu
engine speed, rpm

absolute pressure of cooling air, in. Hg

engine absolute exhaust pressure, in. Hg
cooling-air pressure drop across engine, in. water

cooling-air pregsure drop due to skin friction within cyl-
inder interfin passages, in. water

cooling-air pressure drop due tc momentum change of cooling
air acrcss cylinder, in. water

cooling-air temperature ahead of engine, °p
cooling-air temperature at rear of engine, Op
cylinder-barrel temperature, °F

carburetor inlet-air temperature, OF

18




Tq mean effective gas temperature, °F

i mean effective gas tewperature corrected to a dry inlet-
=e0 menifold temverature of 80° F

il cylinder-head temperature, °F

Ty dry inlet-manifold temperature, Op

AL cooling-air temperature rise acroass engine, °p

U tip speed of engine-stage blower, ft/sec

v cooling-air velocity within interfin passages, ft/sec

Wy cooling-air weight flow across engine, lb/sec

W, engine charge-air consumption, 1b/sec

p cooling-air density, 1b/cu ft

o density of cooling air relative to standard air density of

0,0765 1b/cu ft, p/C.0765

Subscripts:

en at cylinder entrance

exX at cylinder exit

av average condition between entrance and exit

NACA TN No. 1089

Correlation constants:

e kl, 11‘2'2, ks, k4:, 1(5, K, Kl’ Kz, Ks, K4, KS’ Ks

Correlation exponents:
L

t ¥ <
By, sy et b, 8 Xy 7

12,
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APPENDIX B

THEQORETICAL DERIVATICN OF EFFECT OF COOLING-AIR-DENSITY
CHANGE ON ENGINE COOLING

An expreseion will be derived for the cooling-correlation equa-
tion in which account is taken of the effect on the cooling-air
pressure drop of the change in cceling-air density from the front
to the rear of the cylinder. From this expression and the test data
at low altitude (5000 £t) an equation is obtained by means of which
the cooling of the engine at any altitude may be predicted.

In the derivetion of the expression for the cocling-air pressure
drop, simplifications are made that have been found to introduce a
small inaccuracy.

Simplified pressure-drop eguation. - With reference to figure 18,
the pressure losses across an engine cylinder can be divided and
expressed as follcws: ZEntrance loss (station 0 to station 1)

z
1 PenVen

1 ~ £8 11
5.2¢ 2 ( £ i)

bPgn =

Skin-friction losses within the cylinder interfin passages, (sta-
tion 1 to station 2)
2

by pavvév
= B.2m 2

Apf

or, besed on the entrance conditions and exit-entrance density ratio
(0gy 1s taken as the aritimetic average of O, and oex)

2
% 3 penvén / el (12)
Pep = =53
o Seeg 2 Tex
A=
. Jens

Momentum loss (station 1 to station 2)

PenVen
Apy = T (Vex - Ven)
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or . il
Ap,, = Ak penven2 2//1 1 !
o e 2 \Gex
L Qen //
Exit-pressure recovery (station 2 to station 3)
PexVexf
Ay = e (fVox = Vox)
or
i
Ap
eX 5.2g 2 Cox

The total pressure loss across an engine cylinder is given by the

summation of the component logsses asg

2|
v 2og
B I 0 TOT O N ety B e -1\+~_._..._2(f 5 (15)
e e 3y oz (E_e_x_ Jex
Jen %n ./ Cen |

Comparison between the values of pressure drop computed from equa-
tion (15) and from the more rigorous methods of reference 5 indi-
cated a maximum difference of 10 percent for extreme conditions
with respect to present cylinder and operating conditions.

Cooling-correlation equation including compressibility effect. -

(13)

(14) 1
|
)
\
|

The simplified pressure-drop equation when solved rfor Wa, which

] » 0 ’
1s proportiocnal to penvén’ can be written as

. 1/2
kl(oenAp) /

(16)

"Ia ==

- ]
| (1 = 2BY 4 itlrin
I 14-993 Zex %95
| Oen Oon / e

Substitution in the basic cooling-correlation equation (equa-

tion (1)) results in

z2l

1
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" r/2
2F i 2(ff-f
K (l-—f2)+ +2 1} 4 S8 D24
Th Fi Ta ex Oex Gex
— T == it
Tg - Ty Oen “Oen / en |
= (17)
ch r/2
k(cenAp)
Multiplying both sides of equation (17) by (OepAp) gives
f 2. —‘I‘/z
K; ‘(1_f2)+ 2/ 1\\ Z(f )
i l*_Gex l Oex Jex
m 3 ————
Th-Ta (oenAD) il L Oen \gen / Oen (18)
Ty= Th W n - ;
o
& c k(OenAn)r/ m

The friction factor F is proportional to the 0.2 power of the
cocling-2ir Reynolds number for turbulent flow through the cylinder
interfin passages. Because of this small variation of F with
Reynolds number, the following simplifications in the determination
of an expression for F are permissible:

(a) The viscosity in the Reynolds number parameter is assumed
congtant.

(b) The mass flow in the Reynolds number parameter is taken

- 172
as proportional to (0g,AP) / .

With these simplifications F can be written:

(.l
= 7y (04,AD) (19)

b

where Fy 1s the value off F at 0O,,Ap equal to 1l inch of water.

Combinaticn of equations (18) and (19) gives

I 0.1 /2
2F, (0__Ap)
l i 2N NG
(1-72) 4 —— 42 b =1, #1RAGE
Jex Jex Jex
Ty = Tg (oenAp)m €] Oen Jen Oen
Tg—=Tn gy k 1 .20
(GontD) r |

27
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The left-hand side of equation (20) when equated to a constant is
recognized as the usual form of the NACA correlation relation
(equation 2{(a)); the right-hand side introduces the effect of
change in oex/ben° The constante Ki/k, Fy, f, my, and r in
equation (20) will be evaluated from the lnown air-flow character-
istics of the engine cylinder and from the low-altitude test data
(5000 £t) at which condition the valne of Oex/Jen was found to be
effectively constant at 0.83 for a wide range of overating condi-
ticng. When the values of these constants are inserted in equa-
tion (20) this equation may be used to predict the ccoling at other

valueg of Oex/oerl corresponding to any altitude and operation.

Evaluation of constants of eguation (2C). -

(a) The friction factor Fy is determined as 0.9 from air-
flow and pressure-loss data obtained at sea level in single-cylinder
teats on an R-2800-21 engine.

(b) The value of free-flow area ratio f is taken as 0.l as
estimated from measurements on an R-26800-21 engine. An accurate
vaiue of f 1is not roquired ag the terms involving f are small
compared with the cther terms in the numerator of the right-hand
side of equation (20).

(¢c) The values of Kl/k and r are determined from the
cooling-test data obtained for oexﬂjen equal to 0.83 (5000-ft

altitnde tests) in the following manner:

For oexﬁjen equal to C.83, equation (20) must reduce to
equation (7). Thus,

T el -r/2
2F. (0__ap) ¢ o(s2_ ¢
SR W S PPN, 08 et
Ky 1+ Q.83 \0.83 ./ 0.8%
= = 0.42 (21)
< . .1 - 28
i (0ndp) T

Cn substitution of the numerical values of F; and f, and
rearrangement, equation (21) becocmes

< 2/r 1 - &8
1.184 + 0.984 (OenAp)O'l = @.42 i,—\, (OenAp) % (22)
])/,

When the left-hand side of equation (22) is plotted against g enlP

on logarithmic coordinate paper, the slope equals the exponent 1-%2
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-0.04. The value of r,

Figure 19 presents this plot and indicates a value for 1 - &
as calculated from this equality and the

of

experimental value of m (indicated by equation (7) as equal to

0.35), is found to be 0.67.

equal to 1 inch of water gives the value of

K4
from which —?

is calculated to be 0.32.

s
(?.42 ,%)‘/r
Ky

When the foregoing

The ordinate in figure 19 at OgpAD

as 2.2

values are substitubed for the constents and exponents, equation (20)

becomes

= . 8( " )O.l 203555

+O\0gntP T -0.18
0,99 + +2, -} e
0.35 14+ %ex Oex //) Oex

T, -Tq g:enAp) = 0,52 %en Yen Cen (23)
Tg=Tn y,0.60 0.04

i (OenAp) J

The value of n = 0.60 18 obtained from the test data at 5000-foot

ltitude. T bty o —e (Gp0) -5
altitude. he quantity

Tg - Ty WC0.60
equation (23), which was established from the theoretical analysis
and. the cooling test data at oexﬂjen equal to 0.83, and is plotted

is computed from

as dashed lines in figure 10 against Oex/0en foOr two extreme
values of OgnAp(0.5 and 20 in. of water), It is noted that T ,Ap

introduces negligible spread in the curves, which indicates that
oenAp is of small significance in the right-hand side of equa-
tion (23) or its generalized form (equation (20)), and hence, that

equation (23) can be aprroximated by equation (2).
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APPENDIX C

JUSTIFICATION FOR USE OF INIET COOLING-AIR
TEMPEPATURE IN CORREIATION EQUATIONS

The following derivation ig presented to show the validity of
the use in the correlation equations (for example, equation (1))
of the inlet cooling-air temperature instead of the local cooling-
air temperature in the vicinity of the location at which the cyl-
inder temperature is measured.

If the cylinder temperature at the rear of the head is under
investigation then, on the basis of local cooling-air temperature,
the correlation equation (1) would be written

Tp - Ty / n K5
S AT 24
T - Th/ e % »r (24)

where the exnonent r' differs numerically from the exponent v

in equation (1).

From equations (28) end (29) developed in appendix D

k, A w, D (qy - m,)

- (25)

Ty =~ Ty = AT =

b

When Ty 1s eliminated from equation (24) by means of equation (25),
there results

ey A W, F D (ny - 1)

Ty - Tg -

9 K
D = = 5' (26)
(Ty = Tp) W W
Rearrangement of terms gives
g & by K5
W ISl " § = (27)
K, & w, (X1
NF 1 o
il | %
25
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t is noted that, for a given engine installation, the right-hand
side of equation (27) is a function only of W, and can be approxi-
mated within the limits of the variation of Wy of interest in
engine cooling by Kj/Wa¥. Equation (27) then becomes

hotafun_ (28)
ST C T g 2
g h Wy

which is the same as equation (1) and similar in form to equa-
tion (24). It is thus evident that use of the inlet cooling-air
temperature instead of the local cooling-air temperature merely
results in a change of the constant and cooling-air exponent in
the correlation equation.

If the agsumption is made that the temperature rige of the
cooling air to any given location around the cylinder as a per-
centage of the total temperature rise is constant for all oper-
ating conditions, then the same transformation from local-air
temperature to inlet-air temperature as shown by equations (24) to
(28) cen be made for any local cylinder temperature.
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APPENDIX D

ENGINE COOLING-ATR TEMPERATURE-RISE EQUATION

For convenience in cooling predictions, the engine cooling-air
temperature rise is related to the other known cooling variables by
equating the heat absorbed by the cooling air to the heat trans-
ferred from the cylinder walls to the cooling air. Thus,

W Ccp AT = b A (Ty - Ta) (28)
Because
h o=k, (W,)F (29)
and
Wy = kg (0g400)7 (30)
a 3 Wex"«
solution for FTAT can be made in terms of O exlP)
ShiRe
AT ¥(x-1)
s e N

The value of the exponent y(x-l) is found from the test data
to be 0.16 for the cylinder heads and 0.095 for the barrels. Because
of the low values of this exponent, satisfactory correlation of

Tﬁ%%LT; with 0.,Ap should also be obtainable; the use of J,Ap
rather than o_,4p 1is preferred in the 5;4%25— relation because
1 a

the results can then, in some applicationsg, be more directly used
with the correlation equation at little sacrifice in accuracy. Thus,
for all practical purposes

Z

— = k5(0enaP) (32)

Ty - Ty

Plots of —8T _ and 8T _ against o..Ap made from the

Ty - T, Ty - Ta © en”?
cooling-test measurements are presented in figure 20 for the engine
heads and barrels. The use of figure 20 for making altitude engine-
cooling predictions ig illustrated in appendix E.
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APPENDIX E

HIGE-ALTITUDE ENGINE-COOLING PREDICTION

The use of OgxfP 1in the cooling-correlation equation, as
required for accurately predicting cooling at altitude, introduces
the troublesome problem of evaluating Ocx* This vproblem is com-
plicated by the fact that O, , is not directly obtainable from
the atmospheric pressure and temperature values (including the
corrections due Lo ram) as is the case with Ogpn but further
involves the engine heat rejection and cooling-air pressure drop.
For this reason, simultaneous solution for g, and of the corre-
lation equation is required; as direct solution is difficult,
recourse is had to golution by the method of successive approxi-
mations.

The correlation relations that must be established in the low-
altitude or sea-level engine-cooling tests for subsequent use in
the determination of the cooling obtained at the high altitudes
are, for the purnose of review, tabulated as follows:

1. The correlation equation (equation (4)) graphically revre-
gented for the subject tests by the correlation line of figure 1l

Zien Elie Tg relation described by the curves of figure 6
80
3. The cooling-air temperature-risc equation (equation (32))
graphically represented in figure 20

The quantity Oexﬁgcn is given by the general gas law

1 - A2
= T, + 460 2
Oex/%en = 5§£ X e = (33)
Pern 7T, + 460 N AT
T, + 460

The quantity Bor is calculated from the entrance cooling-air

pressure and temperature. The quantity O,y can be computed from
Ogy bY means of equation (33).

For the purpose of illustrating the method of obtaining simulta-
neous solution of the foregoing vertinent relations to determine the
cooling obtained at altitude, two typical problems are herein assumed
and solved in stepn-by-step fashion.
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Calculation of cooling-air pressure-drop requirements at alti-
tude, cagse 1., -
The following operating conditions are assumed:
1. Engine charge-air consumption, lb/sec ool el et e SRR R T
2, Fuel-air ratioof charge . . « . ¢« ¢« ¢« ¢ ¢ ¢.0 s s o « « 0,100
3. Dry inlet-manifold temperature, “F . + « o« ¢ ¢« o ¢« ¢« o « o 90
4. Engine exhaust pressure, in, Hg absolute . . . . . . Lt S
SvAlLtdtndet ot Toperation, Fhi. o o e s W o s s e w e e S ESEROBO
for which, including rem corrections,
(o)
owbt T
Pop = 8.46 inches of mercury absolute
It is required to find the cooling-air pressure drop Ap for satis-

fying the cooling requirement for an average rear-middle head tem-

perature (T19 in fig. 4) of 400° F.
6. From figure 6 for items 2 end 4

Tgon = 1000° F
80

7. Correction of T to a dry inlet-manifold temperature of

250° F gives &80

T, = 1000 + 0.8 (250 - 80) = 1136° ¥

8. From items 5 and 7 for T, = 400° 7

8
e - T L1136 - 400

Ty - Ta 400 -
= = =5 = 0.525
D

To = Te /; 0.60  0.535

h " e o D00 5.0 558
Tg ~Tp/ ° 0.60

10, From item 9 and equation (9) (or fig. 11)

oeXAp = 3.5 inches of water
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Solution for o,, 1s now required and involves the method of suc-
cessive approximation.

Ag the first approximation, assume

11, Selution for gen from item 5 and the standard sea-level air

conditions of a pressure of 29.92 inches of mercury absolute and
a temperature of 519° R gives

G = _8:46 4 519 _ g 215
en ~ 29.52 = 466

12. From items 10 and 11, the first approximation value of Ap is

5.5
0,315

-

L5 Hor OenAn ooxAp 3.5 inches of water (assumption in first

ApS= = 11.1 inches of water

approximation solution), figure 20 gives

: AT__ = 0.386

3
!3‘

=]
©

14, Thus from item 5 (T, = 6° F) for Ty, = 400° F
AT = 0.386 X 394 = 152° F

15, From equation (33) and items 5, 12, and 14

i 11,1
OOX s 13.6 X 8.46 & 0,904 — B
Oon o 152 1.526
466
which is the second approximation value of oexﬁjen .

16, As the second approximation for Ap, from items 10, 11, and 15

Aph= 3.5 = 16.3 inches of water
0,315 X U682

17. From items 11l and 16

= 0,315 X 16,3 = 5,14 inches of water

Q

>
3

l
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18, From figure 20 for item 17

—==—— = 0.36
T = oy
19. Thug from item 5 for Ty = 400° F

AT = 0.36 X 394 = 142° F

20, From equation (33) and items 5, 16, and 19

s dBenl o
Y 13.6 x 8.46 0.858
°F - = —'—— = 0.658
Oen % 0 142 13505
466
which ig the third approximetion value of oex/Jen'

Thus, as the third approximetion for Ap

3.5
0.315 X 0.658

ApS= = 16.9 inches of water

Recalculation for oex/ben gives a value of 0.654 as compared with

0.658 obtained in the third avproximation. It is evident that the
valve of Oex/sen converges very rapidly and that a third approxi-

mation for Oéxﬁjen, and thus for Ap, is sufficient.

The pressure~-drop value of 16.9 inches of water obtained in the
foregoing calculations compares -with 13.6 inches of water, which
would be glven by the correlation based on 0y Ap (equation (7)),

Calculation of average head temperature obtained at altitude,
cage 2, - It is apsumed that, for the conditions given in items 1
tnrough S, a cooling~air pr essure drop of 10 inches of water is
available for which it is ieslred to calculate the resulting head
temperature.

2l. From item 1l and for Ap = 10 inches of water

OenA = 3,15 inches of water
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22, From figure 20 and item 21
E%T%ITE = 0.39
23, As a Tirst approximation, assume Ty, = 400° F
Then, from items 5 (T = 6° F) and 22
AT = 0.39 X 394 = 154° F

24, From items 5, 23, and equation (33)

10
O -
o . 13.6 X 8.46 & 0,233 - 0.686
Jen : l?..é. P95
+ 166

25. From items 11 and 24 and for Ap 10 inches of water

oexAP = 0,315 X 0.685 X 10 = 2.16 inches of water
26. From equation (9) (or fig. 11) and item 25

Ty, - T 0.60
Bt e, = 0.298
Tg - Ty

27. From items 1, 5, 7, and 26
Ty, = 442° F
28, As the second avproximation, let
Ty, = 442° F
Then from items § and 22
AT = 0.39 X 436 = 170° F

29. From items 5 and 28 and equation (33)

BN | .
Jex _ __ 15.6 X 8.46 _ 0,913 _ ¢ gee
1.365 )
9en 1+ %%%
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30. From items 11 and 29 and for Ap = 10 inches of water
OexAP = 0,315 X 0.668 X 10 = 2,10 inches of water

31. From equation (9) (or fig. 11) and item 30

52, From items 1, 5, 7, and 31
Ty, = 446° F

which checks very closely with the second approximation value and
is therefore the required value.

The derived T, value of 446° F compares with 426° F, which

would be obtained from the correlation based on OendP (equa-
bden (7)) ).
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TABLE I - SUMMARY OF FLIGHT TEST CONDITIONS

Altitude| Engine |Pressure| Engine
(£t) nower |drop speed.
(bhp) | (in. (rpm)
water)
5,000 800 |Variable| 2550
5,000 1000 ({==-do=--=| 2550
5,000 1300 |=-=--do=---| 2550
5,000 1500 | -=--do---; 2550
5,000 800 |Constant |Variable
9,000 iVapiable| --~do=== = 2550
5,000 1100 Variable 2550
5,000 |Variable|Constant; 2550
5,000 1000 | ---do---|Variable
5,000 |Variable| Variable| 2550
7,000 2000 |---do=---; 2700
10,000 1500 |---do--=-| 2550
10,000 1000 | =---do---|Variable
15,000 1100 |---do---|--~-do=~~--
25,000 1000 | ~=--do---| 2550
25,000 1100 | =~--do=---| 2550
25,000 1000 -==-d0o=-=-= 2950
25,000 1500 | ---do=---| 2550
25,000 1800 | ---do=---] 2700
25,000 [Variable|Constant| 2550
25,000 1000 |Variable| 2550
25,000 |Variable|---do~---| 2550
25,000 |=---do---|Constant |Variable
30,000 1300 |Variable| 2550
30,000 1500 | =---do=---| 2550
30,000 1100 | =-=--do=---| 2550
30,000 [Variable|Constant 2600
35,000 1200 |Variable| 2550
35,000 1200 | ---do=---| 2550
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: 49-569°

Adjustable

Venturi meter
cowling flaps- I8-cylinder, twin-row, (installed for flight tests)
radial, air-cooled
engine

Carburetor Intercooler

Turbosupercharger
assembly

«1 EIQ\\ Charge-air path—» Intercooler cooling-

airoutlet

—Fixed air gap
' 1nghaust :ine .
rom engine exhaust-
' air-supply il cooler g

Oil-cooler cooling-air collector ring
scoop outlet
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Figure 2. - Power-plant installation in the test airplane.
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Figure 3.

Intake-side view of
rear-row cylinder showing
static-pressure tube
locations

- Cylinder total-head and static-pressure tube

& 0L + 6+

Front view of front-row
cylinder showing total-
head tube locations.
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T35
Embedded

T6

NACA
C-1740

Figure 4. - Cylinder thermocouple locations.




NACA TN No. 1089

Eilighe 5

Iron-constantan thermo-
ouple embedded in tab

Exhaust side

ron-constantan

thermocouple

embedded to

depth of A inch
16

JU

N

Standard spark-plug-
gasket thermocouple

SRS s

Rear-spark-plug embedded thermocouple
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Figure 5. --Details of the rear-spark-plug-boss and gasket

thermocouples.
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Fig. 18 NACA TN No. 1089 \
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Figure 18, - Diagram of cooling-air flow path across an
engine cylinder.
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