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By Frank E. Marble, Mahlon A. Miller, and Joseph R. Vensel

SUMMARY

In order to relieve the limitations imposed by improper engine
cooling on the performance of a four-engine heavy bouwber, the NACA
has conducted a flight investigation to improve the cooling charac-
teristics of the installation of a double-row radial engine. The
tests reported herein concern the use of the NACA injection impeller
and ducted head baffles in various combinations on both the port
inboard and the port outboard engines. The performance of the
modified installation was evaluated by comparing it with that of
the standard engines.

It was found that use of the NACA injection impeller reduced
the spread of fuel-air ratios among the cylinders to less than one-
half its original value. As a result of improved mixture distribu-
tion, the maximum cylinder temperatures caused by poor mixture dis-
tribution were reduced and responded normally to enrichment coeling.
The difference between the temperatures of the hottest and coldest
cylinders was decreased. Ducted head baffles, designed to provide
additional cooling air for the critical temperature regions of the
rear-row cylinders, reduced the temperatures of the exhaust-valve
seats approximately S50° F. Results of the flight cooling investiga-
tion were in substantial agreement with previously determined test-
gtand performence of the modified engine.

The NACA injection impeller in combination with ducted head
baffles on a few of the hottest cylinders proved satisfactory for
the particular engine tested. Because the same cylinders do not
develop the highest temperature in all engines of the same type,
the NACA injection impeller and ducted head baffles on all rear-row
cylinders was found to be a more adaptable arrangement. An analysis
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of the cooling data indicated that the vse of these modifications
reduced the pressure drop required to cool the exhaust-valve seat

to one-half the original value. Conseguently for all conditions

at which cooling is possible with the standard engine installation,
proper cooling of the exhaust~valve seat may be attained of the
modified engine installation with a cowl-flap angle of less than 2%

INTRODUCTION

Becaugse inadequate engine cooling has limited the performance
of the four-engine heavy bomber, the NACA hag investigated means to
improve the cooling of the double-row radial air-cooled engines
installed in this airplane. Failure of the exhaust valve and exhaust-
valve seat is one of the difficulties encountered most frequently.
Single-cylinder tests have demonstrated that the failure develops pro-
gressively after warping of the exhéust-valve seat which apparently
resulted from nonuniform heating. ZLarge differences in the tempera-
tures of various cylinders, which exist at nearly all flying condi-
tions, make it difficult to maintaln the temperature of each exhaust-
valve seat below the value at which warping becomes dangerous. In
order to prevent engine failures through overheating, it has been
necessary to fly either with large cowl-flap angles or with very rich
mixbures.

The differences between the exhaust-valve-geat temperaturee of
various cylinders may be resolved into the difference between the
aversge temperatures of the two cylinder rows and the temperature
variation between the cylinders of a given row. In the engines used
in this investigation, the exhaust ports of the front-row cylinders
face the front of the engine instead of the rear as do the cylinders
in the rear row. Consequently the critical exhaust-valve-seat areas
of the front-row cylinders are cooled more adequately and operate at

. a lower temperature level than the critical areas of the rear-row

cylinders. The circumferential temperature variation, that is, the
temperature variation between cylinders of one row, may be attrib-
uted to nonuniform charge-air and mixture distribution as well as to
irregular cooling-air flow resulting from engine cowling character-
istics and airplane flight attitude.

In order to improve the mixture distribution and to reduce the
exhaust-valve-seat temperatures of the rear-row cylinders, the NACA
injection impeller and special ducted head baffleg were designed and
adapted to the double-row radial engine. Test-cell investigations
with this engine showed that remarkably uniform mixture distribution
could be attained through use of the injection impeller (reference 1)
end that ducted head baffles (reference 2), designed to conduct cool

air over the exhaust-valve regions of the rear-row cylinders, were very
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effective in reducing the temperatures of the rear-row cylinders.
Flight tests with the four-engine heavy bomber were therefore
undertalen to substantiate these improvements under actual flight
operation.

The present report discusses the effect of the NACA injection
impeller and the ducted head baffles on the mixture distribution,
the temperature distribution, and the cooling characteristics of
the standard double-row radial engine determined in level-flight
tests of the bomber. The investigation was conducted at the
request of the Army Air Forces, Air Technical Service Command, at
the Cleveland laboratory of the NACA.

APPARATUS AND INSTRUMENTATION

The_airplane snd engines. - The B-29 airplene (fig. 1) is a
long-range, high-altitude bomber powered by four R-3350-23 engines.
The airplane has a wing span of 143 feet, a wing area of approxi-
mately 1750 square feet, and a gross weight of between 80,000 and
‘140,000 pounds, depending on the fuel and bomb loads. ZEach of the
double-vrow radial air-cocoled engines has a normal rating'of 2000
brake horseprowsr at 2400 rpm and a take-off rating of 2200 brake
horsepower at 2600 rpm. In addition to the single-speed engine-
stage supercharger, two turbosuperchargers operating in parallel
are uged in the installation of each of the four engines. The
standard carburetors used during the flight tests were calibrated
for air flow and were checked to assure correct metering charac-
teristics. The fuel used conformed to AN-F-28 specifications,
performance grade 130.

Cowl flaps 16 inches long and approximately 17 inches wide
at the hinge are located around 300° of the circumference of each
nacelle; no cowl flaps are provided at the bottom of the nacelle
owing to the presence of the air-intake duct. The two flaps at
the top of the cowl have a fixed opening of approximately 9° and
all other flaps have a useful open range from 2° to 16°.

The NACA injection impeller. ~ The NACA injection impeller
shown in figure 2 was designed (reference 1) for use with the
double-row radial engine. The metered fuel from the carburetor
is fed to a stationary nozzle ring and is delivered from the
nozzle ring into the collector cup that rotates with the impeller.
An air gap, which is provided between the nozzle ring and the
rotating collector cup, was designed to prevent surging in the

.fuel system. The fuel thrown to the surface of the collector by

the rotating vaned fuel inducer flows by centrifugal action
through the collector cup and the impeller transfer passages to
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the fuel-distribution smmuvlus. From. the fuel-distributicn annulus,
the fuel is thrown by ceuntrifugsl action through radial holes into
the air stream of the impeller passages. The installation of the
injection impeller adds negligible weight to the engine.

Ducted head baffles. - Ducted head baffles (fig. 3) were adapted
to the double-row radial engine as described in reference 2. The
standard cylinder-head baffle for the rear-row cylinders of the engine
was changed to accommodate a 3-inch-diameter duct extending over the
head baffle and downward (fig. 3) at the rear of the cylinder. The
exit furnishes the horizontal cooling fins adjacent to the exheust
rort with a direct blast of cold air that has not previously contacted
any hot surfaces. The lower end of the duct is fastened to the cyl-
inder by means of a stud screwed into the thermocouple boss at the
rear of the cylinder head. The baffle modifications increased the
weight of the cylinder 0.20 pound.

Ingtrumentation. - All the tests were conducted on the port
inboard and cutboard engines of the bomber. The engine instrumenta-
tion was restricted to the minimum required to indicate the perform-
ance of the NACA injection impeller and ducted head baffles. Cyl-
inder temperstures of the test engines were measured by thermocouples
on the rear spark-plug gasket of all cylinders and by thermocouples
embedded in the exhaust-valve seat of the rear-row cylinders. The
fuel flow was measured by means of rotameters and the flow of charge
alr was calculated from the uncompensated carburetor metering pres-
sure. The temperature and pressure of the charge ailr were measured
by two thermocouples in the intercooler elbow and by impact tubes at
the carburetor inlet. Torque noses installed on both test engines
and the standard engine tachometers provided data for calculating the
engine power.

Indicated airspeed was computed from readings of a stendard
NACA shielded total-pressure tube and swiveling static-pressure tube
mounted on a boom extending 1 chord length ahead of the port wing
tip. The pressure altitude was measured with a sensitive altimeter.
The angle of the cowl-flap opening was observed through use of
calibrated position transmitters and indicators.

TEST PROCEDURE AND METHCD OF ANALYSIS

In order to evaluate the effect of the engine modifications,
the cocling characteristics of the standard double-row radial engine
installation for the airplane were investigated in level-flight tests.
These flight tests revealed the nature and severity of the cooling
difficulties. Comparable tests were then made with various modified
engine installations; each intended to correct or compensate for some
factor contributing to improper cocling. Although the cooling problem
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wag found to be more severe on the inboard engine than on the out-
board engine, both port engines were used to test impeller injection
and the baffle modifications in order to eliminate unnecessary
changes of installation. The modifications were tested in the
following combinations:

Inboard engine
Injection impeller
Injection impeller and ducted head baffles on five
hottest rear-row cylinders
Injection impeller and ducted head baffles on all
rear-row cylinders

Outboard engine
Ducted head baffles on all rear-row cylinders
Injection impeller and ducted head baffles on all
rear-row cylinders

The flight test of the standard engine and of the engines
equipped with the NACA injection impeller and ducted head baffles
on all rear-row cylinders were made over the complete range of
engine powers, fuel-air ratios, and cowl-flap angles. The investi-
gationeg of the intermediate modifications covered the complete
range of mixture strengths but were usually restricted to 1450 and
1670 brake horsepower at & cowl-flap angle of 10°. The relation
between engine speed and power was maintained according to a
propeller~-load curve based on rated engine conditions. All flight
teste were made at a pressure altitude of 10,000 feet and with an
airplane weight of approximately 95,000 pounds. Measurements of
cylinder temperatures, fuel flow, charge-air flow, and usual engine

variebles were made for the port inboard and port outboard engines.

Because it was necessary to correct the cylinder-temperature
readings for the variation of ambient-air temperature and because
it was found decirable to interpolate between actual test values,
the cooling data were correlated in the manner described in refer-
ence 3. Reagonable estimates and extrapolations of available data
were substituted where the required measurements were not taken.
The following table lists the data required for each test condition
as well as the source or method used to obtain their values for the
Present tests:



6 A NACA MR No. ESD13

Data required Scurce or method of caloulation
Cylinder temperatures |(Measursd at rear gpark-plug gasket of
all cylinders and at exhaust-valve
geat of rear-row cylinders

Cooling-air temperature| Free-stresm stegnation temperature

Carburetor inlet-air Measured at carburetor deck
temperature
Fuel-air ratio Calculated from fuel flow and charge-

air weight flow

Charge-air weight flow Calculated from uncompensated
metering pressure

Engine speed Mzasured
Cooling-air pressure Estimated from results of unpublished
drop acrosd engine wind~-tunnel tests of the engine

installation

s o

Inssmuch a& no engine pressure measurements were made dAuring
the flight tests, the cooling-air pressure drop was estimated from
the free-stream dynamic pressure and the cowl-flap opening. Unpub-
1ished data from wind-tunnsl tests provided the required relation
between cowl-fliap angle and the fraction of fres-stream dynamic
pressure available for cooling-air pressure drop. These values were
corrected for tunnel wall interference by applying the correction
described in reference 4 to the pressure downstream of the engine
rather than to the pressure at the cowl-flap exit. Because the
nacelle is not of circular cross section, The correction may have
been slightly underestimated.

The cooling data taken at various engine conditions and
cooling-air pressure drops were correclated by use of the relation

m

/ nfm\

i K(Me \ (1)
1 e /
1% = dp \ OAp /

wherse
Ty cylindsr-head temperature, °F

& frec-stream stagnation temperatnre, °r

=
L3
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Tg mean effective combustion-gas temperature corrected for
carburetor-air temperature and blower temperature rise,
Me engine charge-air weight flow, pounds per second

Ap approximate cooling-air pressure drop, inches of water

O  ratio of ambient-air density to standard sea-level air
density P/P,, based on standard Army summer atmospheric
conditiong

m,n empirical exponents

K  constant of proportionality depending on cylinder heat-
transfer areas and heat-transfer coefficients

The data available from the flight tests were not.sufficient to
carry through the entire correlation procedure. The variation of
i) with fuel-air ratio, as well as the ratio of the exponents n/m,

we.s taken as that determined in reference 5.

RESULTS AND DISCUSSION

Throughout the discussion the production double-row radial
engine and the engine using the injection impeller, the ducted head
baffles, or a combination of both will be denoted standard and mod-
ified engines, respectively. For the direct temperature comparisons,
all cylinder temperatures have been corrected (reference 6) to a
cooling-air temperature of 49° F, the temperature encountered during
the test of the standard engines. Because similar improvements in
cooling performance were indicated by tests at both 1450 and 1670
brake horsepower, only those for 1450 brake horsepower need be con=-
sidered. The temperatures of the exhaust-valve seats are used as
the bagis of comparison and anslysis.

Cooling Characteristics of the Standard Double-Row Radial Engine

Cylinder temperatures. - The results of the test-stand inves-
tigation (references 1 and 2) have established that, although the
average temperatures of the rear spark-plug gasket of the front-row
and the rear-row cylinders are nearly equal during all normal oper-
ating conditions, differences of approximately 80° F exist between
the average temperatures of the front-row and the rear-row exhaust-
valve seats. Temperature patterns (fig. 4), typical of those
obtained for the port inboard and port outboard engines durinz the
flight tests of the four-ecngine heavy bomber, show somewhat higher
temperatures at the spark-plug geskets for the rear-row cylinders
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than for the front-row cylinders. Consequently, although the tom-
peretured of the exhaust-valve seats for the front-row cylinders

were not measured, it appears that the temperatures of the rear-row
exhaust~valve seats would be at least 80° F hotter than those of the
front row. Because no consigtent variations between the average
fuel-air ratios of the two rows have been observed (reference 1), the
temperature differences evidently result from veriations of cooling-
air flow and engine geometry. This difficulty may be overcome, to a
large degree, by improvement in cocling-air flow over the critlcal
regions of the hot cylinders (reference 2).

The temperature patterns (fig. 4) also indicate that differ-
ences between the temperstures of the exhaust-valve seats for a given
row may exceed 80° F. Inasmuch as a part of the circumferential
temperature variation results from the difference in fuel-air ratio
among ‘the cylinders of one row, improvement of mixture distribution
may be expected to reduce this temperature variation.

Mixture distribution. - For a given power and cooling-air flow,
the temperature of an air-cooled cylinder attains a maximum value at
a fuel-air ratio of approximately 0.068. Likewise, the temperatures
for different cylinders of a multicylinder engine would reach their
maximum values at the same over-all fuel-air ratio only if the
individual fuel-azir ratios were equal to the over-all fuel-air ratio;
that is, if the mixture distribution were uniform. Consequently, the
difference between the values of over-all fuel-air ratio at which
the maximum temperature of various cylinders occur may be used as an
indication of the variation of fuel-air ratio among the cylinders.

From figure 5, in which the temperatures of the exhaust-valve
seat of the rear-row cylinders are dlotted egainst the over-all
fuel-air ratio, it appears that the mixture distributions in both
the standard inboard and the standard outboard engines are extremely
nonuniform and that the outboard engine is considerably worse thon
the inboard engine. The variation of fuel-air ratio among cylinders
is about 0.013 for the inboard engine and is in excess of 0.020 for
the outboard engine. Because of this nonuniform mixture distri-
bution, the cylinder temperatures do not respond in a normel manner
to enrichment cooling; for example, the maximum cylinder temperature
of the port outboard engine (fig. 5) increases as the over-all fuel-
air ratio is increased.

Correlation of cooling data. - Because the ducted head baffles
were installed on only the rear-row cylinders, the cooling data for
each row were handled separately. The correlation of cooling data,
based on the average temperatures of the rear spark-plug gasket, is
shown in figure 6 for the front-row and the rear-row cylinders of
the standard port inboard engine on which the highest cylinder
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temperatures were encountered. The relation between the cooling-
alr pressure-drop zoefficient Ap(l/z pVZ) and the cowl-flap angle
used in estimating the cooling-air pressure drop, and the relation
between effective combustion-gas temperature and fuel-air ratio at
a carburetor-deck temperature of O0° F and at thres engine speeds
(reference 5) arec shown in figures 7 and 8, respectively. When the

curves of figure 8 are applied, the value of the effective combustion-

gas. temperature must be increased by 0.8 of the carburetor-deck
temperature in °F.

The interpretation of figure 6(b) in terms of the temperature
of the exhaust-valve seat necessitates relating the temperatures
of the rear spark-plug gasket and the exhaust-vslve seat for the
rear-row cylinders. Because the valve seat and the rear spark-plug
gasket are located inside and outside the cylinder, respectively,
the valve seat is more responsive to power variations and less
affected by variations in cooling-air flow., From figure 9, whers
the variation of the average exhaust-valve-seat temperature with
the average rear spark-plug-gasket temperature is given for both
constant power and constant cooling-sir flow, it is apparent that
no simple relation exists between the temperatures of the exhaust-
valve seat and the rear spark-plug gasket. Consequently, in order
to permit a general comparison of the temperatures of the exhaust-
valve seat before and after modification of the engine, the cooling
data were correlated (fig. 10) on the basis of the average exhaust-
valve seal tempsrature of the rear-row cylinders. The data of fig-
ure 9 were used for approximating the required empirical exponents.

The appropriate constants for equation (1), when the cooling
data are correlated on the basis of the average temperature of the
rear spark-plug gaskets and of the exhsust-valve seats, are given
in the following table:

Cylinder-head temperatures X m i .n

Average rear spark-plug-gasket|0.49 0.35'0.60

|
temperature of front-row |
cylinders

Average rear spark-plug-gasket| .53 .35 .60
temperature of rear-row i
cylinders

ioalh e ol liger il =15

Average exhaugt-valve-seat !
temperature of rear-row i
|

cylinders

The low value of the exponent m corresponding to the exhaust-
valve seat indicates the ineffectiveness of air cooling on the
critical internal regions of the cylinders.
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Tnesmmeh as the cooling of the engine installation is limited
by the hottest rear-row erhanst-valve seat instead of the average
values used in equation (1) and correlated in figure 10, the
approximate relation between the hottest and the average temperature
of the rear-row exhaust-valve seat is given in figure 11 for the
port inboard engine. Because temperature variations may result
From smell inconsistencies between engines or cylinders of the same
type, the relation is not necessarily the same for other engines.

Cooling Characteristice of the Modified Double-Row Radial Engine

Effect of the NACA injection impeller on mixture digtribution. -
TImprovement in the mixture distribution and reduction of the maxi-
mum cylinder temperatures (figs. 12 and 13) résulted from the
installation of the NACA injection impeller on the port inboard
engine of the four-engine heavy bomber. The variation in tempcra-
tures of the exhaust-valve geat with over-all fuel-air ratioc (rig. 12)
shows the mixture distribution for the modified installation to be
considerably improved. The mixture distribution of the standard port
inboard engine, as was previously noted, was relatively uniform and
consequently the improvement is definite but not striking. The effect
of the injection impeller is clarified further in figure 13(a), which
shows the change in the cylinder temperature pattern resulting from
the more uniform mixture distribution. The temperatures of relatively
few cylinders were affected, but generally it was these cylinders that
had becn hot because of excessively lesn operation. As a result, the
maximum exhaust-valve-seat temperatures (fig. 13(b)), while not appre-
ciably changed at lean mixtures, show significant reductions below
that of the standard engine as the mixture is enriched. The tempera-
ture response of the hottest cylinder to mixture enrichment, which may
be severoly disrupted by poor mixture distribution, has been improved
slightly. Use of the NACA injection impeller reduced the temperature
gspread, the difference between the temperatures of the hottest and
coldest cylinders (fig. 13(c)), about 259 F for all but the leanest
fuel-air ratios.

Effect of ducted heaed baffles on cylinder temperatures. -
Ducted head baffles were installed on all rear-row cylinders of the
port outboard enginc and were tested at geveral values of engine
power and over a range of fuel-air ratlos. The resulting cylinder
temperatures are compared in figure 14 with those taken at comparable
conditions using the stendard head baffles.

The temperature-distribution pattern (fig. 14(a)), although of
the same gencral shape as that for the standerd engine, was lowered
more than 50° F for all cylinders by the addition of the ducted head
baffles. These results compare favorably with those of the original
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test-stand tests (refersnce 2). The maximum cylinder temperature
(fig. 14(b)) was reduced by approximately the same magnitude for
all mixture strengths. The response of the maximum temperature to
mixture enrichment was, of course, not affected by the addition of
ducted head baffles. The temperature reduction appeared to be con-
sistent for all engine powers tested. Because the baffle modifica-
tion was similar for all rear-row cylinders, the temperature sgpread
(fig. 14(c)) was unaffected by the ducted head baffles.

 Combined effects of NACA injection impeller and ducted head
baffles on cylinder temperatures. - Inasmuch as the ducted head

baffles handle more =2ir than the standard baffles and in this manner
augment the momentum drag of the engine ingtallation, it appeared
desirable to use the fewest ducted head baffles consistent with
proper cooling of the rear-row cylinders. Several problems arise

in selecting the cylinders on which to install the ducted baffles.

As indicated in figure S(b), nonuniform nixture distribution may
cause a complete interchange of hottest and coldest cylinders,
depending on the over-all fuel-air ratio. This difficulty may
largely be overcome by using the NACA injection impeller to improve
the mixture distribution. Inherent differences between engines of
the same type (fig. 4), however, present a definite and unpredictable
obstacle. Consegquently, only a limited number of tests were made with
ducted head baffles on selected cylinders. Use of the injection
impeller together with ducted head baffles on all rear~row cylinders
wag investigated thoroughly.

The cylinder temperature patterns (fig. 15) were greatly
improved through use of the NACA injection impeller and ducted head
baffles on cylinders 1, 3, 5, 7, and 17. Not only was the maximum
cylinder temperature and the temperature spread reduced at the
conditions of figure lS(a), but improvements of the same magnitude
were present (figs.l15(b) and 15(c)) for the range of fuel-air ratios
covered. Because the tests of the modified engine were conducted
with a cowl-flap angle of 6° whereas those of the standard engine
were made with a cowl-flap angle of lOO, the cylinder temperatures
were actually reduced by a greater amount than is shown in figure 15.
Because of this difference in the test conditions, the temperatures
of the unaltered cylinders do not check between tests of the standard
and the modified installation.

Results of tests using the NACA injection impeller in conjunction
with ducted head baffles on all rear-row cylinders of the port out-
board engine (fig. 16) show the combined sffects of both modifications
on the cylinder temperatures. A similar configuration was tested on
the port inboard engine. In addition to the general reduction of
cylinder temperatures that was observed with use of the ducted head
baffles alone (fig. 14), the notable featurss are the improvement in
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temperature response to mixbture enrichment (fig. 16(b)) and the
reduction of the temperature spread at high fuel-air ratios

(Fiz« 16(c)). The large values of temperature spread for the stand-
ard port outbcard engine substantiate the observation that the
nixture-distribution problem is more severs on the port outboard
engine. than on the port inboard engine. The improvement of mixture
distribution through use of the injection impeller (fig. 16(c)) is
shown more clearly by figure 17, where the temperature variation of
the rear-row exhaust-valve seats with over-all fuel-air ratio is
given. This comparison indicates that the difference between the
fuel-air ratios of the richest and the leanest cylinders has been
reduced to legs than 0.010 from values in excess of 0.020. The
general temperature reduction resulting from use of the ducted head
baffles (fig. 17(b)) does not affsct the comparison of fuel-air-ratio
spreads. '

Correlation of cooling data. - In order to complete the com-
Parison between the standard double-row redial engine and the same
engine vsing the NACA injection impsller and ducted head baffles on
all rear-row cylinders, the cooling data were correlated using the
cooling-air pressure-drop approximation of figure 7. The cooling
performance of the standard and modified port inboard engines is
comparcd in figure 18, where the average temperature of the exhaust-
valve seat is used as the criterion of cooling. The following table
gives the constants of the correclation equation for both the stand-
ard and the modified engines.

X n m

Standard engine 0.67 0.66 0.28
Mocdified engine .56 .66 .28

The relation between the average and meximum temperature of the
rear-row exhaust-valve seat is given in figure 19 for the engine
using both the NACA injection impeller and the ducted head baffles
on all rear-row cylinders.

The cooling-correlation curves for the standard engine and for
the engine using both NACA injcction impeller and ducted head baffles
(fig. 18) indicate that for given engine conditions (values of M,
and. TS) and atmospheric conditions (values of O and T,), the

cooling-air pressure drov required by the modified engine to attain
a given exhavst-valve-seat temperature is only half that required by
the standard enginc. If the exhaust-valve seat is the limiting
cylinder temperature, this reduction of cooling-air pressure require-
ment vermits the use of smaller cowl-flap openings, which leads to
greater airplane speeds and increased cruising economy. The allow-
able reduction of cowl-flap angle may, to a first approximation, be
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estimated from figure 7. Inasmuch as a cowl-flap angle of 16° is
the maximum normally employed, cooling at any condition for which
operation is possible with the standard installation may, when
using the NACA injection impeller and ducted head baffles, be
attained with a cowl-flap angle of less than 49, that is, with half
the cooling-air pressure drop. This result indicates that extreme
operating conditions excluded by the cooling limitations of the
standard engine may be employed successfully with the modified
engine.

SUMMARY OF RESULTS

The following results were obtained from a flight investigation
of the cooling performance of a double-row radial air-cooled engine
ingtalled in a four-engine heavy bomber and the same engine modified
by using the NACA injection impeller and ducted head baffles:

1. The use of the NACA injection impeller reduced the fuel-
air-ratio spread among cylinders to less than one-half its original
value. This improvement in mixture distribution is of the same
magnitude as was shown in a previous test-stand investigation.

2. The maximum exhaust-valve-seat temperature of the rear-row
cylinders was reduced approximately 50° F by use of the ducted head
baffles. This reduction is of the same order as that shown in the
test-stand investigation.

3. When high cylinder temperature resulted from poor mixture
distribution, use of the NACA injection impeller reduced the maxi-
mum cylinder temperatures as well as the temperature spreoad and
provided normal enrichment cooling.

4, Limited tests demonstrated that the use of the NACA injec-
tion impeller and the ducted head baffles on a few selected rear-row
cylinders reduced the maximum exhaust-valve-seat temperatures
approximately 50° F and the temperature spread to less than 45° F.

5. Tests on the port inboard engine using the NACA injection
impeller and the ducted head baffles on all rear-row cylinders showed
that the cooling-air pressure drop reguired to cool the critical
region around the exhaust-valve seat of the rear-row cylinders was
reduced to half its normal value.
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6. Because of the reduced pressurc drop required for cooling the
modified ongine, tests indicated that for all conditions at which
cooling of the rear-row exhaust-valve seats was possible with the
standard engine instellstion, proper cooling can be attained for the
modificd engine with a cowl-flap angle of less than 4°.

Aircraft Engine Rescarch Laboratory,
National Advisory Committee for Aeronsutlcs,
Cleveland, Ohios April 13, 1946,
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Figure 2. — NACA injection impeller designed for installation
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Figure 3. - Ducted head baffle for rear-row cylinders of
double-row radial engine.
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Figure 10. — Correlation of cooling data for standard double-row radial
engine in port inboard nacellie of four-engine heavy bomber based
on average temperature of exhaust-valve seats of rear—row cylinders.
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Figure 13, — Effect of NACA injection impeller on temperatures of double-row
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to air temperature of 49° F.



. NACA MR No.

ESDI3

- -
@
-~
2
: 600
© NAT IONAL ADV [ SORY Engine Cowl flap angle
a COMMITTEE FOR AERONAUTICS (deg)
& 560
& g | — —— — Standard 10
= | 620 oy X S Modi fied 10
Q \\ //
T° ssof—F g -
s i e s gy
© 440 K\
>
1 q
p 00 ~
a 4 r;?
<
= 360
w | 3 5 7 9 SRS N G| 7
. Cylinder
g (a) Temperature distribution; approximate fuel-air Eatio, 105076,
- 600
<
-~
L5
(=%
£ S4—r—
@ st T
" 550 e
P 4 =
Q’;L&. J_/ \\ 7
9 s
- -
i 00 | === t>‘qv4f‘ Cyljindefr 3
> — "o
1
a Cylinder §
° 450 J
= .060 ,064 .068 2072 .076 .080 .084 .088
i Over-all fuel-air ratio
i (b) Maximum cylinder temperature.
- 160
E + =
23 140 /r
- /
©o 120
E > /,
&> 100 7
© 1w 4
Z &0 /’
e~ B0 /———-Lr
maz P
Ses 60 o
& - /’,7
@ ES 7
s 40 o
e O /7
- - a
|3
T=a 29
5 SRR N0ee" " 064 .068 .072 .076  .080 .084 .,088
Qver-all fuel=-air ratio

(c) Temperature spread.

Figure |4, — Effect of ducted head baffles on temperatures of double-row
radial engine in port outboard nacelle of four-engine heavy bomber.

Brake
corre

horsepower;
cted to air temperature of 49° F.

1450; engine speed, 2150 rpm; cylinder temperatures



600 Engine Cowl-{lap angle
- deg

% 560 m e by )
e cc"‘/ \ ——— Standard 10
i° 520 5 Modified 6
: 0— >— ‘_\0/<>\‘ /,,’ ?
o \ P ’
> 3 480 \T~“ ,/'
)y~ =
-~ ©
Sie 440
o o
c &
S 1400

360

y 3 5 7 9 FTE s s e
Cylinder
(a) Temperature distribution; approximate fuel-air ratio, 0.076.
600
I e R T e O

- Bl Sl
5 -—‘_‘*—
2;;. \ir\‘L‘\
1o
® : 550
: s —O—J‘__
e | —o—
§ >~
& : \1\
s o 500
o o
= E
»x Q
o~

450

.060 .064 .068 072 .076 .080 . 084 . 088

NACA MR No. E5DI3

Over-all fuel-air ratio
(b) Maximum cylinder temperature.

25 -7

Difference between maximum and

160

-~

©

L

@ 140

L

= 126

© i s e e

> /’n‘——"“— _—_—P—_“.*T‘*—“
v 100 =
-y Val

-

= B0

>

L >

ew 60

D .

c E o

T2 20 | wl

. 060 .064 .068 <072 .076 .080 .084 .088
Over-al) fuel-air ratio

ey T 5 4 NATIONAL ADV I SORY
< SIpeRatUiGEs pueacd. COMMITTEE FOR AERONAUTICS

Figure 15. — Effect of NACA injection impeller and five ducted head
baffles on the temperatures of double—row radial engine in port
inboard nacelle of four-engine heavy bomber. Brake horsepower, 1450;
engine speed, 2150 rpm; cylinder temperatures corrected to air
temperature of 49° F.
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(c) Temperature spread.

Figure 16. — Effect of NACA injection impeller and ducted head baffles on

all rear-row cylinders on the temperatures of double-—row radial engine in
port outboard nacelle of four—engine heavy bomber. Brake horsepower, 1450;
engine speed, 2150 rpm; cylinder temperatures corrected to air temperature

of 49° F,
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(b) Engine with NACA injection impeller and ducted head baffles on all
rear—row cylinders.

Figure 17. — Effect of NACA injection impeller and ducted head baffles on
all rear-row cylinders on mixture distribution of double—row radial engine
in port outboard nacelle of four-engine heavy bomber as indicated by the
variation of cylinder temperatures with over-all fuel—-air ratio. Brake ' |
horsepower, 1450; engine speed, 2150 rpm; cylinder temperatures corrected .
to air temperature of 49° F.
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