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SUMMARY

The results of a cooling investigation conducted on an
18-cylinder, radial, air-cooled engine installed on a dynamometer
test stand were analyzed to determine the effect of exhaust pressure
on the enging-cooling characteristics. The tests covered a wide
range of engine operating conditions including exhaust pressures
from 7 to 65 inches of mercury absolute.

The effect of exhaust nressure on engine cooling was incorporatcd
in the NACA engine-cooling correlation method as a variation in engine
mean erfective gas temperature with exhaust pressure. The effect of
exhaust nressure on average cylinder-head temperature can be predicted
from the correlation within about 6° F for exhaust pressures ranging
from approximately 10 to 50 inches of mercury absolute.

Calculations based on the test results indicate that for opera-
tion at constant power, equal to the enginc normal rated power, at
a fuel-air ratio of 0.085 the head temperature increases 39° F when
the exhaust pressure is increased from 10 to 50 inches of mercury
absolute. For operation at constant inlet-manifold pressure, however,
the eiffect of mean effective gas temperature is for the most part
counteracted by the effect of reduced power obtained with increase
in exhsust pressurc; for example, for a constant inlet-menifold pres-
sure of 30 inches of mercury absolute at a fuel-air ratio of 0.085
the head-temperature increase 1s only 7° F for an increase in exhaust
pregsure from 1O to 50 inches of mercury absolute.

The effect of exhaust pressure on engine cooling 1s greater at
the lean than the rich mixtures.
INTRODUCTION

The effect of exhaust pressure on the performence and cooling
characteristics of aircraft engincs ie of importance because of the
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wide altitude range of general airplane operation and the current
widespread interest in engine-turbine combinations. Little informa-
tion ig available concerning the exhaust-pressure variable, partic-
ularly regarding its relation to engine cooling.

The effect of exhaust pressure on engine cooling was recognized
by Pinkel in 1938 and Included as a possible factor in the cooling-
correlation method developed in reference 1 but no test data were
pregented. Tae results of the limited investigation of reference 2
indicated that the effect of exhaust pressure on engine cooling is
amall; however, because so little data were obtained in these tests,
the.results are inconclusive. Although numerous engine-cooling
investigations have been conducted subseguent to the reported results
of references 1 and 2, the tests have been at or near sea-level
exhaust pressures and permitted no systematic study of the exhaust-
pregsure variable as affecting engine cooling.

An investigation was conducted at the NACA Cleveland laboratory
to determine the effect of exhaust pressure on the performance of an
18-cylinder, radial, air-cooled engine installed on a dynamometer
tegt stand. Data for relating the engine-cooling characteristics
with the exhaust-pressure variable were also obtalned. The results
of the snalyses of the engine-performance data obtained in these
tests are presented in reference 3. The cooling data obtained are
analyzed hersin by the NACA engine-cooling correlation method to
show the effect of exhaust pressure on engine cooling.

The test conditions ranged as follows: inlet-manifold pressure,
30 to 45 inches of mercury sbsolute; engine speed, 1200 to 2400 rpm;
fuel-air ratio, 0.0689 to 0.120; exhaust pressure, 7 to €5 inches of
mercury sbsolute. Low-blower operation was used in most of the
rung, but a few runs were made In high-blower operation.

INSTALLATION AND INSTRUMENTATION
Equipment

The investigation was conducted on an R-2800-5, gseries A, multi-
cylinder engine equipped with a two-speed single-gtage engine super-
charger, which hag an impeller diameter of 11 inches and a gear ratlo
of 7.6:1 in low-blower operation and 9,45:1 in high-blower opération.
An injection-type carburetor, slightly modified to permit direct
control of the engine fuel flow, was used in the runs. The valve

overlap for the engine is 40°, the bore and stroke 5% inches by

6 inches, the compression ratio 6.65, and the spark setting 28° B.T,.C.
The engine is rated as follows:
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Take-Off . . . . ° . e . . e e 9 . . LI . 1850 bhp &t 2600 I‘pm

Maximum continuous operation:
LOW DLOWET v v s o o o v « & o s IR bhp at 2400 rpm

High Dlower v ¢ o o+ « » o = « ST bhp at 2400 rpm

The complete irstallation is adequately described in reference 3;
for convenience, however, a detailed desgcription of the pa»ts of the
ingtallation that are closely asscciated with the control and measure-

Yment of the basic ongine-cooling varicblies is pregented. A photograph
and skstch of the Insialletion is presented in figures 1 and 2 showing
the engine rigidly mounted for comrection through an extension shaft
to a 2000-norsepcwsr eddy-current dynomometer, the cooling-eir box
and engine cowling, and the elbow ssction of the exhaust-gas ducting.

Cooling eir from the laboratory supply erstem was delivered to
the top of the cooling-zir box from whers it flowed through a stream-
lined nozzle section o tho front face of the engine, The air box
functioned ag a lavrgs alr reesrvoir For rrovidiing a uniform cooling-
alr distribution cover the face of the engine. The engine waa cowled
with a cylindric:zl éuct as chown in figwme 1. The cooling zir after
flowing across tue enuzine discharged Cirectly into the room.

The exhaust-gas collector ring, which was the type used in the
turbosupoerchargsr installations on the P-47 airplzane, consistg of
two half sections, cne fcr each sice of the engine. The two sections
were jolned at the bottom by a Y-shaped duct that wes directly con-
nected to the laboratory altitude-exhaaust gystem. The exhaust pres-
sure was measured by a stetic wall tap located at the cross section
where the Y-ghaped duct was bolted to the exhaust-duct elbow.

The carburetor-air duct (figs. 1 and 2), which supplied charge
air to the engine, incorporated a long straight constent-srea section
of piping so installed directly upstream of the carburstor that sub-
stantially uniform flow conditions prevalled at the carburetor top
deck, The engine throttle was kept wide open and the charge-air flow
was regulated by a butterfly valve located near the duct entrance.
Charge-alr-flow measurements were made with a thin-plate orifice
deasigned end installed in the duct system in accordance with A.S.M.E.
specifiications. The fuel flow was measured with a calibrated
rctameter.

Temperature Measurements

Cylinder temperatures were measured with iron-constantan thermo-
couples at the following locaticns on each cylinder: rear gpark-plug

gasket, rear center of barrel, and embedded deeply in rear spark-plug
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boss. The gasket thermocouples were made by silver-soldering the
thermocouple wires into a emall hole drilled into the tab to the
outer edge of the copper spark-plug gasket. The barrel thermocouples
wers peened into the aluminum barrel muffs at the rear between the
two middle barrel fing. As sketched in figure 3, the boss thermo-
couples were inserted in brass plugs and embedded 30 percent of the
cylinder-wall thickness at a point 45/64 inch from the spark-plug
axis and 45° from the bottom of the spark-plug boss toward the
exhaust port.

Three thermocouples were located in the cooling-air stream
directly in front of the engine 120° apart; six thermocouples con-
nected in parallel were located in the charge-air gstream at the car-
buretor top deck. All temperatureg were read on a seif-balancing
potentiometer.

Cooling-Air Pressure Measurecments

Because of the unusually uniform cooling-air pressure vatterns
existing ahead of and behind the engine, a relatively small number of
tubes were used to measure the cooling-air pressure drop. The
cooling-air total pressure was measured ahead of the cngine with six
shrouded total-heed tubes, two tubes mounted on each of three rokes
installed directly in front of the engine 120° apart. The outer
tubes of each rake were at the same radial distance as the middle clir-
cumferential head fin; the inner tubes were at the same radial dis-
tance as the middle barrel fin.

The cooling-air static pressure behind the cylinder heads was
measured with open-end tubes placed in the baffle curl of the nine
rear-row cylinders at the same radius as the total-head tubes. Thess
gtatic tubes were installed in such a position that they received
little if any velocity pressure. The static pressure behind the
barrels was measured by three closed-end static tubes, one on each
of three rakes behind three rear-row cylinder barrels 120° apart at
the same radial distance as the barrel total-head tubes.

PROCEDURE

Two general groups of runs were made: (1) runs in which the
cooling characterigtics of the engine were establiched for the sea-
level exhaust-pressure condition, and (2) runs in vhich the cooling
characteristics of the engine were obtained with variable exhaust
pressure.




NACA TN No. 1221 5

The gea-level exhaust pressure data were used to determine the
geparate effects of charge-air flow, fuel-air ratio, and cooling-air
pressure drop on engine cooling. The effect of exhaust pressure was
determined from the data obtainsd in a comprehensive series of tests
conducted at variable exhaust pressures for a wide range of inlet-
manifold presgsures, engine sgpeeds, and fuel-air ratios. A complete
- 1list of the operating conditions is given in table I.

The procedure in the second group of runs was to maintain inlet-
manifold pressure, engine spesd, and fuel-air ratio at definite
gpecified values while the exhaust pressure was varied in increments
from appreximately 7 inches of mercury absolute to 20 inches of mer-
cury above the inlet-manifold pressure. Sufficient time was allowed
at each value of exhaust pregsure for the cylinder temperature to
gtabilize. For each series of runs at variable exhaust pressure, the
cooling~-alr pressure drop was adjusted to a value that kept the max-
imum reer-spark-plug-gasket temperature at a value between 375° and
425° F when the exhaust pressure was approximately 28 inches of mer-
cury absolute; the cooling-air pressure drop was then held consgtant
during the series whils the exhaust pregsure was varied.

CORRELATION METHOD

One form of the equation developed in reference 1 for relating
the wall temperatures of air-cooled engines with the engine operating
and cooling-air conditions is

Tyi= B W,
;E_i—fﬁ = ._9._5 (1)
T8 e R (oan)

where

Ty, cylinder-head temperature, °F

Pa cooling-air temperature ahead of engine, °p

Tg mean effective gas temperature, °F

WC engine charge-air flow, pounds per second

o density of cooling air ahead of engine relative to standard

sea-level density of 0.0765 pound per cubic foot
AD cooling-air pressure drop across engine, inches of water

K,m,n constants derived from proper cooling data

Additional symbols are defined in appendix A.
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The equation for correlating the cylinder-barrel temperature Ty
is similar to equation (1) for the cylinder heads. The procedure
involved in using equation (1) to.correlaste the engine-cooling data
is explained in references 4-and.5 and briefly reviewed in appendix B.

The primary engine ‘operating conditions (engine speed, inlet-
manifold pressure and temperature, fuel-air ratio, exhaust pressure,
and spark advance) are not specifically indicated in eguation (1).
The effects of engine gpeed.and inlet-manifold presgsure on engine
cooling are accounted for in egquation (1) through their influence on
Wo; the effects of fuel-alr ratio, inlet-menifold temperature, and
spark advance are included prirarily through their influence on T,.

The effect of exhaust pressurc on engine cooling may be included in
equation (1) through its-effect on both W end Tg, as is described
in the following paragraph.

Two distinct factors affecting engine cooling are involved when
the exhaust pressure is varied. The first factor is associated with
the change of englne charge-air flow and its effect on cooling is
directly includsd in the correlation through the use of W, in equa-

tion (1). The second factor is agsoclated with the change in exhaust-
gas residuals, which affects”both the tempsrature and compogition of
the cylinder charge; its effect is included in the correlation as a
variation of T,. Theoretically, the effect of residuals on T, is

a function of the ratio of the-exhaust pressure to the inlet-manifold
pressure. rather than of exhaust or menifold pressure separately. In
past correlations for cooling data obtained at sea-level exhaust-
pressure conditions, the effect. of manifold pressure was geparated
however, and included with the effect of charge-air flow in equa-
tion (1). This procedure was sdoptod prinmsrily in the imterest of
simplicity. In order to be consistent with previous cooling corre-
lations, this same gimplification will be adhered to in this analysis.
The effect of exhaust pressure on T is therefore troated as an
isolated effect independent of inlet-manifold pressure, The scatter
of the-data indicates theaccuracy of the simplification.

Details of the -procedure.for analysis of the data are as follows:

Cylinder temperatures and cooling-air temperature and pressures. -
The value of cylinder-head temperature T, in cooling-correlation
equation (1) is taken as the average of the temperature indications of
the thermocouples deeply embedded in the rear svark-plug bosses; the
cylinder-barrel temperature T is taken as the average of the temper-
ature indications of the thermocouples peened in the rear middle of
the barrels. The average of the readings of the three thormocouples
in the cooling-air stream is taken as the cooling-air temperaturc ehead
of the engine.
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The cooling-air pregsure drop ¢Ap across the cylinder heads
is taken as the difference between the average total pressure ahead
of and the average static pressure behind the cylinder heads corrected
to sea-level density conditions. The cooling-air pressure drop across
the cylinder barrels is obtained in the same manner using the pres-
sures ahead of and behind the barrels.

Correlation of sea-level exhaust-pressure cooling data. = The
cooling data obtained in the sea-level exhaust-pressure runs are
reduced to determine the variation of T ,80 (mean effective gas
temperature corrected to 80° F dry inlet-manlfold temperature) with
fuel-air ratio and the constant K and exponents n and m in the
head and barrel correlation equations. The method uged in this
cooling-data correlation is explained in references 4 and 5 and
briefly outlined in appendix B.

Determination of exhaust-pressure effect on Tg' - Inasmuch as

in each varlable exhaust-pressure series of runs the inlet-manifold
pressure, fuel-air ratio, engine speed, and cooling-air pressure drop
were Kept constant, the measured variation in engine cooling repre-
sents the net result of two principal factors: (1) the change in
charge-air flow with exhaust pressure; and (2) the change in mean
effective gas temperature with exhaust pressure. The effect of the
change in charge-air flow on engine cooling is calculated from the
basic correlation equation established in appendix B for the cylinder
heads and barrels from the sea-level exhaust-pressure data, The
change in engine cooling caused by the change in mean effective gas
temperature during each series of runs is thus isolated, which permits
ready calculation of the mean effective gas temperature variation with
exhaust pressure. In detail, the foregoing procedure is reduced to
the following simple steps:

Th i T n > a. / n
(1) The head and barrel values of W," and
are calculated for the sea-level exhaugt-pressure run in each series.
The T, values applicable in these calculations were obtained through

the use of the 8 80 relation with fuel-air ratio ag egstablished for

sea-level exhaust pressure. The conversion between T, and T, go
g 29
1s described in appendix B.

o -p / T = T
h a n b a n
(2) Inasmuch as the values of L / W," and T / W,

are constant in each series at variab%e exhaust pressure (because of
constant ©Ap), solution for Ty and thus T ,80 is made from these
congtant calculated values and the measured teat values in each run
of the test series of T, Ty, Ty, &nd W,.
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(3) Two refinements are included in the calculations previously
outlined. The first refinement is a slight correction for the small
unavoidable variations in cooling-air pregsure drop obtained in each
run gseries. A second small correction was made because the sea-level
exhaust-pressure run in each series was actually made at an exhaugt-
pressure value ranging from 29 to 32 inches of mercury absolute.

Charge-air flow. - The method for estimating the charge-air flow
corresponding to the other engine operating conditions (brake horse-
power, speed, fuel-air ratio, and exhaust- and inlet-manifold
pregsures), as required prior to application of the cooling-correlation
results, is presented in appendix C.. The applicability of this method
js checked in detall in reference 3 from a consideration of all the
performance data obtained in the runs. Reference 3 shows that, cxcept
for engine operation at a low exhaust pressure of 10 inches of mercury
absolute for engine speeds of 1200 and 1400 rpm, estimations of charge-
air flow within 2.5 percent can be made by this method.

The variation of brake horsepower with exhaust pressure for con-
gtant inlet-manifold pressure and other constant engine operating
conditions, vhich is of importance for use with the aforementioned
method in determining the variation in charge-air flow with exhaust
pressure,  ig discussed in appendix C.

RESULTS AITD DISCUSSION

The results of the investigation indicate that the effect of
exhaust presgure on engine cooling is important enough to require
consideration in engine-cooling correlations and predictions. The
details of the results are presented.

Correlation equation. - The cooling characteristics of the cyl-
inder heads and barrels, as determined from the cooling data
(appendix B), are conveniently described in figure 4 by a plot on

1 MR T > W a0l o¥
log-log coordinates of b . gy ¥ g and e ol el against
ol A T =T /¢
g h g b/

the appropriate oAp values. The resulting correlation equatlions may
be expressed from figure 4 as

T -1, 1, 0-62
e 0.44 —--—O-—s-b’, cylinder heads ('.3)
g Tk Gap)
and
Tb = Ta WC0.57
= = (0,68 ™7z " cylinder barrel (3)
T -T 10.392 ©F 8
-2 ©op) o
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Variation of Tg,BO with exhaust pressure. - The results of the

effect of exhaust pressure on engine cooling are presented in fig-
ure 5 where the mean effective gas temperature Tg,BO for the heads

and barrels ls plotted for each datum point againast the corresponding
exhaust-pressurs value, A curve ig dreawn through the plctted points
for each of the four fuel-air ratios used. The curves are dashed for
exhaust pressurss above approximately 50 inches of mercury absolute
to indicate extrapolation as based on the trends of the curves and

on the limited data for the inlet-manifold pressvres of 40 and

45 inches of mercury absolute. (Trend exists with inlet-manifold
pressure, as subsequently discussed.)

Except for the exhaust pressures of 7 to 10 inches of mercury
absolute and above approximately 50 inches of mercury absolute, the
average deviation of the data from the appropriate curve is about
£20° F for the heads and iLSO F for the barrels. These scatters are
roughly equivalent to +6° F and £5° F deviations in average rear-
spark-plug-boss and rear-middle-barrel temperatures, respectively.

Close examination of the data points in figure 5 reveals that
the scatter of data does not occur at random but that a trend exists
with inlet-manifold pressure, particularly in the range of exhaust
oregsures above S50 inches of mercury absolute. The presence of this
trend indicates that the effect of inlet-manifold pressure is not
completely accounted for by equation (1).

In addition, at the low exhaust pressures of about 7 to 10 inches
of mercury absolute a trend with engine speed appears. In order to
bring out this trend in the data, a crogs plot of the Tg,SO values

for the cylinder heads obtained at an exhaust pressure of approximately
8 inches of mercury absolute and at a fuel-alr ratio of (.085 is pre-
gsented in figure 6. The crose plot shows an appreciable increase in
Tg,SO with engine gpeed and in addition, a slight increase with meni-

fold pressure at this exhaust pressure.

A possible explanation for this speed effect obtained at very
low exhaust pressures may be that sufficient flow of fresh charge
air through the cylinder and out of the exhaust port takes place at
the low exhaust pressures to affect engine cooling and that the
percentage of blow-through depends on the engine speed., An indica-
tion of the blow-through and its dependence on engine speed is shown
in figure 7 where the ratio of the specific indicated air consumption
obtained at a given inlet-manifold pressure P, for various exhaust
pressures p, to that obtained at Py /p = 1 (for which no blow-

through would be expected) is plotted against exhaust pregsure for
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the various engine speeds and for constant values of fuel-air ratio
and manifold pressure. The curves show that when the exhaust pres-
sure is reduced from 16 to 8 inches of mercury absolute a sharp
increage in gpecific indicated air consumption occurs, the magnitude
of which increases with reduction in engine speed. This blow-through
may be the result of the intake-valve motion characteristics at the
high differentials between inlet-manifold and exhaust pressures,
inasmuch as an investigation on a later mndel engine with the same
valve overlap but stronger intake-valve springs did not result in
blow-through. These results show that the speed effect on cooling
obtained at very low exhaust pressures is associated and consistent
with the change in percentage blow-through obtained with change in
engine gpeed. + may be expected that this speed effect would be
considerably reduced for engines with heavier intake-valve springs
and attendant lesser blow-through.

As a result of the aforementioned inlet-manifold pressure and
speed trends, the accuracy of prediction of head temperature from
the correlation is only about 15° to 20° F for the exhaust pressures
of 7 to 10 incheg of mercury abgolute and above 50 inches of mercury
absolute. For exhaust nressures above approximately 10 and below
approximaetely 50 inches of mercury absolute, however, predictions
of the variation of head temperature with exhaust pressure can be
made within about 8° F., Thus the simplification of handling Tg ag
a function of exhaust pressure rather than of the ratio of exhaust
to inlet-manifold pressure seemg to be satisfactory within exhaust-
pregsure limits that adequately cover the practical limits of current
engine operation.

Final Tg go relations. - A cross plot of the curves of rig-
o

ure 5 shcws the variation of mean effective pgas temperature Tg’gg

with fuel-air ratio at various exhaust pressures (fig. 8). Because
of the relatively pocor Tg 80 correlation obtained at exhaust pres-
J

sure above 50 inches of mercury absolute, T, gn curves are not pre-
[=b)

gented ebove this exhaust-pressure value, Although, as a result of
the previously discussed speed effect, the Tg 80 variation cannot
>

be accurately renresented for exhaust preasures of approximately

10 inches of mercury absolute, the Tg,BO curves are also given for
the exhaust pressure of 10 inches of mercury atsolute for uge in
making approximate solutlons. Figure 8 shows that the effect of
exhaust pressure on mean effective gas temperature is greater at the
lean than at the rich mixtures.

Importance of exhaust-pregsure effect. - In order to illustrate
the necossity of accounting for the effect of exhaust pressure in
engine-cooling correlations, all the cocling data obtalned in the
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variable exhaust-pregsure test series at an absolute manifold pressure
of 34 inches of mercury are correlated first by neglecting the exhaust-
pressure effect and then by correcting for the exhaust-pressure varia-
tions through the use of the Tg,BO curveg of figure 8. The correla-
tion results plotted in figure 9 ghow a relatively large spread of
data when the exhaust-presgsure effect is not included and indicate an
exhaugt-pressure trend large enough to require congideration.

Figures 10 to 12 are presented for typical sets of engine
operating and cooling-air conditicns in order to illustrate the effect
of exhaust pressure on engine cooling. Figwe 10 shows that, for the
assumed set of conditions, when the exhaust pressure is changed from
30 inches of mercury sabsolute and the inlet-manifold pressure is
adjusted to maintain constant charge-alr flow (approximately constant
powecr equal to normal rated power) the following changes in head and
barrel temperatures are obtained: ’ y

Tyhaust |change in head temperature Change in barrel temperature
vregsure |from the value at exhaust from the value at exhaust
Zin. Hg {pressure of 30 in, Hg absolute]pressure of 30 in. Hg absolute
absolute)! (°r) (°rF)
| Fuel-air ratio
0.069 0.085 0.100 0,069 0.085 0.100
10 -22 -13 ~7 -9 -5 -1
20 ~1d -8 ~5 -5 -3 -1
30 ; 0 0 0 0 0] 0
40 1, 12 9 o = 1
50 43 26 18 14 t 10 i )

When the inlet-manifold pressure is held constent during the
change in exhaust pressure, in which case & significant variation in
engine-power output with exhaust pressure is alsc obtained, however,
the head and barrel temperatures vary in the manner shown in figure 1l
and as shown in the following table:

Exhaust |Change in head temperature Change in barrel temperaturs
pressure |(from the value at exhaust from the value at exhaust
(in. Hg |pressure of 30 in. Hg a&bsolute |prsssure of 30 in. Hg absolute
absolute) (°F) (°F)
Fuel-air ratio
0.069 0.085 0.100 0.069 0.085 0.100

10 -12 -3 1 -3 1 S

20 -7 -2 0 -1 L 5

30 0 0 0] 0 0 0

40 ) 4 0 . 0 -1 -3

50 17 4 -4 g -3 -7
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The head- and barrel-temperature variations indlicated in fig-
ure 10 for constant charge-air flow are the result solely of the
variation in mean effective gas temperature with exhaust pressure;
whereas in figure 11, which is presented for constant inlet-manifold
oressure, an additional effect ig introduced due to tlie variation in
charge-air flow with exhaust pressure. Figures 10 and 11 show that
for operation at constant inlet-manifold pressure the effect on
engine cooling of the variation in mean effective gas temperature
with exhaust pressure is counteracted to a large extent by the effect
of the accompanying change in charge-air flow with exhaust pressure.
The variation of charge-alr flow (and brake horsepower) with exhaust
pressure for the assumed set of engine conditions is indicated in
figure 11. From thils figure it can be ssen that for operation ab
constant inlet-manifold pressure a change in exhaust pressure from
30 to either 10 or 50 inches of mercuvy absolute does not give more
than about 5° F chenge in head and barrel temperatures at fuel-air
ratios of 0.085 and 0.100 for the heads and at fuel-air ratios of
0,069, 0.085, and 0.100 for the barvels. At a fuel-air ratio of
0.069, the equivalent change in head temperature is indicated as
about 15° F. Although figure 10 is presented for an assumed set of
engine and cooling-air conditions, the same general resuvlts are
indicated for other normal engine conditions by the test data and
by the correlation .results.

The variation with exhaust pressufe of the cooling-air pressure
drop requircd to maintain a constant aversgs head temperature of
400° F and a constant average barrel temperature of 300° F is shown
in figure 12 for the cage in wiich the cliarge~alr flow and. other
engine and cooling conditions were maintalned constant throughout
the exheust-pregsure range. The results of figure 12 are summerized
in the following table:

Exhaust |Change in cooling-air |Change in cooling-alr
pressure |pressure drop from that|pressure drop from that
(in. Hg |required at an exhaust jrequired at an exhaust
abgolute)| pressure of 30 in. Hg |pressure of 30 in. Hg
absolute to maintain absolute to maintain
congtant head temper- congtant barrel temper-
ature of 400° F ature of 300° F
(in. water) (in. water)
Fuel-air ratio
0.069 [0,085 {0,100 | 0,069 | 0.085 |0.100
10 -1.9 -1.0 -0.4 0.4 -0.1 1 0O
20 -1.2 -.6 -3 -.2 -.11 90
30 0 0 0 0 0 0
40 2.0 IS .4 o3 2 il
50 4.9 2.3 404 1100 .8 B o
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SUMMARY OF RESULTS

The results of a cooling investigation conducted on an
18~-cylinder, radial, air-cooled engine installed on a dynamometer
test stand show that:

1. The effect of exhaust pressure on engine cooling was important
enough to require consideration in engine-cocling correlations and
predictions.

2. For the range of inlet-manifold pressures used in the invesg-
tigation and for exhaust pressures between approximetely 10 and
80 inches of mercury absolute, the exhaust~-pressure effect on engine
cooling could be satigfactorily represented (permitted predictions
of head tempercture within about 6° F) in the NACA cooling-correlation
method as the variation of mean effective gas temperature with exhaust
pressure,

3. Above an exhaust pressure of 50 inches of mercury absolute,
an effect associated with inlet-manifold pressure beceme important
and cavsed discrepancies in the relation between mean effective gas
temperature and exhaust pregsure. For exhaust pressures below approx-
imately 10 inches of mercury absolute an effect agsociated with engine
speed was obtained for this engine (having tlow~through of charge air
through cylinder) ceusing excessive scatter of data. As a result of
the inlet-manifold and epeed effects, predictions of the effect of
exhaust pressure on head temperature were only accurate within about
15° to 20° P for exhaust pressures below approximately 10 and above
approximately 30 inches of mercury absolute.

4. Calculations based on the test results indicated that for
operation at constant power, equal to the engine normal rated power,
at a fuel-air ratio of 0,085, the head temperature increased 39° F
vhen the exhaust pressure was increased from 10 to 50 inches of
mercury absolute. For operation at constant Inlet-menif'old pressure,
however, the effect of mean effective gas temperature wasg for the
most part counteracted by the effect of reduced power obtained with
increagsed exhaust pressure; for example, for a constant inlet-manifold
pressure of 30 inches of mercury absolute at a fusl-air ratio of 0.085
the head-temperature increase was only 7° F for an increase in exhaust
pressure from 10 tc 50 inches of mercury absolute.
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5. The effect of exhaust pressure on engine cocling was greater
at the lean than the rich mixtures.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, December 2, 1946.
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APPENDIX A

SYMBOLS

The following symbols and abbreviations are used in the
appendixes:

A

bhp

cengtant equal to engine mechanical friction horsepower
divided by square of engine speed

engine brake horsepower

speciflic heat of alr at constant pressure, 0.24 Btu/lb/OF
acceleration of grevity at standard conditions, 32.2 ft/secz
engine indicated horsegower

mechanical equivalent of heat, 778 ft-1b/Btu

constants derived from proper cooling data

ratio of superchargsr pressure coefficient to adiabatic
efficiency, essumed egual to 1

engine speed, 1pm

exhaust pressure, in. Hg absolute

inlet-manifold pressure, in. Hg absclute
cocling-alir pressure drop across engine, in. water
cooling-air temperature ahead of engine, oF
cylinder-barrel temperature, °F

charge-eir temperature at carburetor inlet, °F
mecan effective gas temperature, °F

mean effective gas temperature corrected to 80° F dry inlet-
manifold temperature, °r

change in mean effective gas temperature, Op
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eylinder-head temperature, op

dry inlet-manifcld temperature, op

tip speed of engine-stage supercharger, ft/sec
engine-displacement volume, cu ft

engine charge-air flow, 1b/sec

total engine fuel consumption, 1b/sec
efficiency of supercharger géars

density of cooling air ahead of engine relative to standard
gea-level density of C.0765 1b/cu ft
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APPENDIX B

CORRELATION OF COOLING DATA AT SEA-LEVEL EXHAUST PRESSURE

’I‘g relations. - The method used to evaluate Tg, waich has
been successfully applied to the correlation of numerous cooling data
obtained for a large number of air-cooled engines, is outlined as
rollows:

1. On the basis of previous correlation work, a reference
Tg,g0 value of 1150° F for the heeds and 600° F for the barrels was
chosen for a fuel-air ratio of 0.080, a dry inlet-manifold temperature
of 80° F, an exhaugt presgsure of 30 inches of mercury absolute, and
the normal spark advance.

2. The variation of Tg,eo with fuel-air ratio is presented in

figure 13 as determined from the cocling data obtained in a serieg of
ruvas in which only the fuel-air ratio was varied. In this determina-

Ty - Ty Tpe Tt
tion, the constant s -~ and p~——=— values for the series
Ty - T Ty - Tp

(constant because of constancy of Wc and OAp) were calculated
from the values of Ty, T, and T, obtained in the run at a fuel-

air ratio of 0.080 end the corresponding T, values (1150° F for the

heads and 800° F for the barrels plus the appropriate correction

arising from the difference between the experimental and standard

Tm values). Solution for T and hence for T 80 for the other
£ 29)

fuel-air-ratio runs in the series was then made from the constant

Ty - Tq Ty, - Tq

O and T = values and the cooling measurements in each
e =h g "~ b

TUR.

3., The correction to T o @apnlied for Tnm valueg other than

g,8
the stendard value of 80° F ig for the cylinder heads
ATg = 0.8 (I - 80) (4)
and for the cylinder barrels
AT, = 0.5 (T, - 80) (5)

8

The dry Inlet-manifold temperature Tm is calculated from the car-
buretor inlet-air temperature and the theoretical blower temperature
rise assuming no fuel vaporization.
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2
T & B
m e chp

(6)

This equation may be conveniently expressed for the engine used in
this investigation as follows:

For low-blower ratio

T, = T, + 22.1 (i%%‘) (7)
and for high-blower ratio
T, = T + 34.2 (\:%6)2 (3)
Exponent on W,. - The determination of the exponent n on
charge-airmflow W, 1is ghown in figure 14 where plots of 32}%}%?
and i A against W, were made from the data obtained %n a

TE2 - Ty
series of rung in which the fuel-air ratio was held constant at
0.080 and only the charge-air flow was varied. The T 6 values

>

used in the calculations correspond to a fuel-alr ratio of 0.080
and the values of T,. The exponent n on WC is given by tre
glope of the line determined by the plotted points in figure 14 as
0.62 for the cylinder heads and 0,57 Ior the barrels.

Generalized correlation results. - The cooling-correlation

results are presented in final form in figure 4 as plots of
1

Th - Ta / 0.62 Tpl= gl f 0,57 : o
e and ———— /W against cooling-air oressure
TF ~ 1) ¢ Tg - Ty " C =
drop 0OAp. The cooling data obhained from all the sea-level exhaust-
pressure runs are included in these plots. The cooling-correlation
equation representing the correlation line through the plotted values
in figure 4 is expressed as follows:

For the cylinder heads

Do - W 0.62
h o = 0,44 —-—c“*-"(-;—“—()' (2:‘
Tg - Ty (OAp)"S‘
and for the cylinder barrels
% ’ 0557
T«——~b - Ta- = 0.68 ———5—= (3)
g (obp) ™"
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APPENDIX C

ESTIMATION OF CHARGE-AIR FLOW

Charge-air flow is the fundamental variable in engine cooling,
whereas engine performence is usually specified in terms of brake
horsepower, speed, fuel-air ratio, and inlet-manifold and exhaust
rressures. It is therefore esgential prior to the application of the
cooling-correlation results. to estimate the charge-air flow from
the known engine-performance variables. This estimate can be
obtained from the relation between the charge air pumped and the
indicated horsepower developed by an engine. The assumption
involved in thig relation, which hag been satisfactorily verified
Tfor current engines and operating ranges, is that the charge-air
flow per indicated engine horsepower is primarily a function of
fuel-air ratio.

As presented in reference 4, the indicated horsepower developed
by an engine is related to the known engine operating conditions by
the general expression

2 N2
(We + ¥Wr) Wz
i = - - g
ihp = bhp + k(;) 550 7 + V3 (Pe P 933 + Al (9)

where

AN2 mechanical friction horsepower

h\N' oSO an

=)

Vi (Pe = Pp) §§§ pumping horsepower (intake and exhaust strokes)

supercharging horsepower

The constant A in the friction-horsepower term was determined
as 32.1 from an empirical relation based on data from a large number
of similar engines. As in refcrence 5, the factors k and n_ in
the supercharging-horsepower term are equal to 1 and 0.85, respectively.
The value of U/N 1s obtained from the supercharger-impeller diemster
and gear ratio.

The general expression for indicated horsepower can thus be
reduced for the engine used in the subject tests to the following
equations:
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Low=blower ratio
o B N \&
ihp = dbhp +L§2.14—8.84 (Wb4-Wf)1 (?666> - 1.74 (pm-pe) 1006 (10)

High-blower ratio

N

Tooo (1)

g
) - N
;hp:bhp+t§2.l+]§.67(Wd+Wfﬁ Tﬁﬁ? - 1.7 (p, 57,)

The good correlation of engine-performance data resulting from
the use of the charge-air flow indicated-horsepower relation 1s
illustrated in figure 15 for typical test conditions covering the
engine operating range of the investigation. The validity and
accuracy of thig relation is more conclusively confirmed in refer-
ence 3 from a consideration of all the performance data obtained.

Inasmuch as, for the usual engine application, the brake horse-
power 1s not held constant when the exhaust pressure is changed but
is permitted to vary in the manner obtained by maintaining constant
inlet-manifold pressure, the relation describing the variation of
brake horsepower with exhaust pressure for constant inlet-manifold
pressure and other constant engine operating conditions is also
required for use with equations (10) and (11) and figure 15 to
determine the variation in charge-air flow with exhaust pressure.
This relation was determined in reference 3 from all the performance
data obtained in the tests and, for convenience of application to
ihe cooling-correlation results, is presented in figure 16. The
ratio of the engine brake horsepower developed at a given value of
pe/pm to that developed at pe/pm = 1 for constant fuel-air ratio,
inlet-manifold pressure and temperature, engine speed, and engine-
stage supercharger gear ratio is presented for the test range of
engine speeds (fig. 16). These curves were found to be applicable
for the test range of fuel-air ratios, inlet-manifold pressures, and
for both high- and low-supercharger gear ratio.

If the change in exhaust pressure is caused by a change in alti-
tude, then, in addition to the Ty correction given by figure 8, a
correction must be madc for the change in charge-air temperature.at
the inlet manifold.
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TABLE I - OPERATING CONDITIONS
[?arburetor»air temperature, 90° +15° Eﬁ

Normal engine speed Nominal |Nominal inlet-
(rpm) fuel-air imanifold pressure
'ratio (in. Hg absolute) |

!

Sea-level exhaust-pressure test group (basic correlation) |

Varied 0.085 34
2000 s085 Varied
2000 Varied 30

Variable exhaust-pressure test group

(2)

1200, 1400, 1600, 1800, 2000 ] 0.069 30 g
1400, 1600, 1800, 2000, 2200, 2400!  .085 30
2000, 2200, 2400 .100 30
1400, 1600, 1800, 2000 .069 34 i
1400, 1600, 1800, 2000, 2200, 2400 .085 34
2000, 2200 .100 34
1400, 1600, 1800, 2000 069 40
1600, 1800, 2000, 2200, 2400 .085 40 !
1800, 2000, 2200, 2400 .100 40
1800, 2000, 2200 085 45
1800, 2000, 2200, 2400 .100 45 i
1800, 2000 120 40 i

8 he exhaust pressure for this group was varied in steps from
approximately 7 inches of mercury absolute to 20 inches of
mercury above inlet-manifold pressure.

National Advisory Cormittee
for Aeronautics
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Figure 14, - Variation of and =———— with charge-alr
Tg - '1‘h Tg - Tb

flow for an 18-cylinder, radial, air-cooled engine for cons tant
cooling=air pressure drop, Fuel=-air ratio, 0,080; exhaust pres-
sure, 30 inches mercury absolute,
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Fuel-air ratio

Figure 15, - Variation of specific indicated air consumption with fuel=-air ratio for an 18-

cylinder, radial, air-cooled engine,
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Variable Range
O Manifold pressure 30 to 45 in. Hg absolute
+ Englne speed (high blower)1200 to 2400 rpm
x Engine speed (low blower) 1400 to 2400 rpm
O Exhaust pressure 8 to 50 in. Hg absolute (2000 rpm)
A Fuel-air ratio 0,065 to 0,12
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Figure 16, - Ratio of brake horsepower at any pe/pm to brake horsepower at pe/pm - 1 for

various constant engine speeds for an 18-cylinder, radial, alr-cooled engine., Fuel-alr ratio,
manifold pressure and temperature, and englne-stage supercharger gear ratio constant. (Repro-
duced from reference 3.)
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