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SUMMARY
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A methond of constructing fins of nocarly optimum prooortluns
has been deve lupcd by the HACA to the point wiere & cylinder has
been manufactui ed bnd tenued. I'iva were obiained on cylinder tem-
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The increase in power output of aircraft engines has been an
important factor in the constantly improved psrformance of air-
craft. The power output of air-cooled engines is limited in part
by the quantity of waste heat that can be efficiently dissipated
from the cylinder to the cooling-2ir stresam. Tmproved cooling can
be obtained either by increasing *the quantity of cocling air by
means of a blower or by increasing the cooling area by means of an
improvement in fin proportions. An increase in the cooling area
is the more efficient method from power and drag considerations.
An analysis using equations obtained from heat-transfer tests (ref-
erence 1) showed that, if the heat--transfer coefficient for a con-
stant outside-wall temperature is doubled by the checice of a suit-
able fin design, the rasultant cooling capacity of the engine will
be sufficient for a tripled power outputb.

Extensive investigations in which electrically heated test
specimens were used have been conducted by the NACA to determine
the fin proportions necessary for marimum heat transfer (reference 2).
These investigations showed that the fins of service-type aircraft
engines were not of optimum proportions. If the information obtained
from this analysis were to be anpiied to the design of fins for air-
craft cylinders, the power output would then probaoly be limited by
factors other than cylinder cooling; that is, the design of spark
plugs, the presence of preignition, the antiknocking quality of the
fuel, or mechanical considerations. .The results of these investi-
gations were applied to the design of finning for an air-cooled
engine cylinder. Because fins of the dimensions required to give
a mayimum heat transfer for a given width of finning and a given
pressure drop across the baffles could not be preduced by conven—
tional machining and casting metheds, a method of bonding preformed
sheet-aluminum fins to the cast aluminum alloy of the cylinder head
was developed by the NACA. Three progressively improved cylinders
were constructed during 1937 and 1938 with approximately the same
inside dimensions as a commercial cylinder in gensral use at that
time. The fin proportions of this commercial cylinder were inad-
equate for cooling an engine with an increased power output.

The results of tests made during 1938 and 19%9 on cne of the
NACA cylinders were reported in reference 3. Since the construction
and testing of the NACA cylinders, the machining and casting methods
for making fins have improved; cylinders having a fin-surface area
much greater than that of the commercial cylinder of 1937 are now in
general use. No cylinder heads having a cooling arta as large as
that of the NACA cylinder head are known to havs been cast or machired.
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The present report dascribes the construction of the NACA cyl-
inders and presents the results of the engine tests made with one
of the cylinders. kaguations are given for the average head angd the:
average barrel temperatures of the HASA cylinder as funcitions of
the fundamental engine and cooling variables. By means of these
equations and similar ones for a commercial air-raft cylinder in
general use in 19327 (hereinafter designated the A cylinder) and of
approxinately the saue inside dimensicns as the NACA cylinder, a
comparison was made of the cooling perfcrmance cf the twe cylinders.
The NACA cylinder was also compared with a commercial cylinder in
general use in 19112 and of approximately the same insids dimensions
as the A cylinder but with better finning (hereinafter denoted the
B cylinder). Cooling data on the A cylinder were obtained from ref-
erence 1 and those on the B cylinder, from unpubiished tests made at
Langley Memorial Aeronautical Labcratory in 1S41.

Estimates were made of the decrease in pressure drop for a
given power output and of the increase in power for a given wpressure
drop effected through the use of head fins of NACA cylinder propor-
tions on the B cylinder. The fin hond was assumed to be therrally
perfect, that is, to have the thermal properties of an integral fin-
cylinder wall combination. This assumption was not realized in the
construction of the NACA cylinder. ALl estimates of power increases
are based solely con cooling considerations; mechanical limitation,
fuel, or other factors mignt prevent the attairment of sach powers.

Mr. Ernest Johnson, chief of the technical service division of
LMAL, gave invelusbie assistance in developing the technique for con-
structing the cylinders. Acknowledgment is made to Mr. Harry W. Lee,
of the Norfolk Navy Yard, for his assistance in developing the tech-
nigue of casting the NACA cylinders.

This investigation was conducted at LIAL frem 95? to 1542,
This paper contains all the essential material of refer Z
supersedes that report.

THE NACA CYLTNDER

The results of an analysis of tests on electrically heated
finned cylinder barrels enclesed in jackets showed that, for a large
range of fin weights and for a pressurs difference of i inches of
water across the baffles, the cptimum spacing for steel fins was
approvimately 0.07 inch and the optimum thickness, approximately
C.0% inch (reference 2). TFor aluminum fins the spacing was about
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the same but the thickness decreased to 0.02 inch. These prcpor-
tions varied slightly with pressure difference. The analysis also
indicated that the spacing and the thickness could be increased
without an appreciable decrease in heat transfer. No similar tesis
have been made on cylinder heads but the results of the tests on
the electrically heated cylinder barrels should be approximately
applicable to cylinder heads.

After construction difficulties had been considered, a cylinder
head having a fin spacing of 0.078 inch, a fin thickness of
0.0%1 inch, and a fin width of 1.9 inches was designed. At a pres-
sure difference of L inches of water, these fin proportions would
give 10 percent less heat transifer than fins of the same weight but
of optimum proportions. In 1937 the commercial foundries considered
it impracticable to construct the NACA cylinder head by casting the
closely spaced wide fins. The fins were not machined on the head
because the results were uncertain and the cost was prchibitive.
The fins can be stamped from an aluminum alloy of high thermal con-
ductivity and then attached to the wall. The use of such an alloy
for the fins of a head cast by the conventional method is not pos-
sible because the fins must be of the same material as the wall,
which requires an alloy of high strength with resulting reduced con-
ductivity. B :

The preformed-£fin method of construction wis chosen and devel-
opment work was started on small cylindrical specimens. The fins
were stamped from an aluminum sheet and clamped together with inter-
fin steel spacers leaving 1/li inch of the inner fin surface exposed
to form the bond with the molten aluminum of the cylinder-head wall.
The exposed fin surfaces were thoroughly cleansed to insure a good
bond but, in spite of this precaution, an oxide film formed on the
fins owing to the action of either the air or the molten aluminum
on the fin. Specimens were made using various fluxes, various
aluminum solders for tinning the exposed fin surface, and various
materials for coating the surface of the spacers. The metal was
poured with the mold spinning in an effort te scrub the oxide film
off the fins. Both the preheat temperature of the mold and the
pouring temperature of the metal were varied in order to determine
the cptimum temperatures. The results obtained with the specimens
brought about the decision to cast the NACA cylinder head from an

aluminum ¥ alloy with the mold stationary, with no flux, with a silica .~

flour coating on the spacers, with the exposed fin surfaces tinned
with an aluminum solder, and with a mold temperature of 1100° F and
a pouring temperature of the aluminum of 1300° F.

Figurs 1 shows the various steps in assembling the fins and
the spacers and of preparing and assembling the cores. The thermo-
couples on the cylinder-head casting (fig. 1(d)) were located on
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the exposed inner surface of ‘the fins to indicate the mold temper-
ature. The cylinder-head casting was .heat-treated by heating to
950° ¥ and guenching in water. The interfin spacers were left in
place during the heat treatment to prevent the fins from warping.

The comparative finning of the A, the B, and the NACA cyl-
inders is indicated in figure 2. The three cylinders have approxi-
mately the same inside dimensions, but the cylinder walls c¢f the
NACA cylinder head are much thicker than those of the other two cyl-
inder heads. Cross sections of the A cylinder and the NACA cyl-
inder are shown in figure 3. The NACA cylinder head is approximately

ll inches thick at the heaviest section; the corresponding thickness

of the A cylinder is 23/32 inch and of the B cylinder, 1 inch. The
barrel of the NACA cylinder was constructed and the cylinder-head
casting was machined by Pratit & Whitney Aircraft. The 39 steel
barrel fins, 1/32 inch thick, 23/32 inch wide, and spaced 0.05 inch
apart, were copper-brazed to the barrel wall. The barrel of the

A cylinder has steel fins and the barrel of the B cylinder has an
aluminum muff with aluminum fins.

The following table presents the fin areas, the fin weights,
and the cylinder weights of the commercial and the NACA cylinders:

Cylinder Fin-surface area !Wéiﬁht of fins | Total weight
(sq in.) (1b) (1b)
Head Barrel iead | Barrel | Barrel |Cylinder
A 1025 59l 3.0 2.0 7.5 32.29
B 1575 1375 5.5 2.5 10.80] L2.10
NACA 6727 1231 .l 3.5 1%2.621 ©53%.75

The fin-surface area on the head of the NACA cylinder is consid-
erably larger than that on the head of either of the commercial cyl-
inders. Although the NACA cylinder has about four times as much

v head fin-surface area as the c7linder, the differsnce in weight
due to these fins is only about i pounds. The present fin bond of
the NACA cylinder is 1/l; inch deep and adds SL pounds of weight; a

1/8-inch bond could be achieved, thereby further reducing the weight
of the cylinder.
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APPARATUS

Test Setup

A diagrarmatic skesich of the single-cylinder test unit is shovn
in figure L and a photograph, in figure 5. The engines has a bore of
4
Sﬁ inches, a stroke of 6 inches, and a compression ratio of 5.9.

The valve timing, approvimately that of the standard commercial
engines, is:

Intake opens, degrees B.T.C. « « « « v v o v v v v v v v 0 v 20
Intake closes, degrees AB.C. v v v v v o o v 0 v v 0 e e 70
Exhaust opens, degrees B.B.Co v v v v o v v v o o v v o e o 10
Exhaust closes, degrees A.T.C. v o o v v ¢ v o o o v v o v oo 20

Tn all the tests a single-cylinder injection pump and an injection
valve located in a hole in the cylinder avove the front spark plug
were used. Six equally spaced holes of 0.063-inch diameter were
drilled in the cylinder liner below the cylinder flange for the
introduction of lubricating oil under 2 pounds pressure. This addi-
tional lubrication was needed because of the long cylinder adapter
and connecting rod. The cooling system consisted of an orifice tank,
a centrifugal blower, an air duct, and a sheet-metal jacket enclosing
the cylinder. A diagram of the jacket is shown in figure 6. The
jacket had a wide entrance section, which gave a low air velocity in
front of the cylinder; the rear half of the jacket fitted closely
against the fins, which permitted effective use of the air. The
jacket-exit areas for both the head and the barrel were 1.6 times
the free~flow area between the fins. A partition placed in the rear
of the jacket separated the air that flowed over the head from the
air that flowed over the barrel. :

An auxiliary blower was used to provide inlet manifold pressures
above atmospheric pressure. A surge tank was installed in the
combustion-air system above the engine to reduce pulsations. The
engine power was absorbed by a water braie interconnected with an
electric dynamcmeter; the torque was read from dial scales. The
NACA standard test-engine equipment was used to determine engine
speed and fuel consumption.

Instruments

Tron-constantan thermocouples and a potentiometer were used to
measure the cylinder temperatures. The thermocouples of enameled
and silk-covered 0.016-inch-diameter wire were peened into the ocuter
surface of the cylinder head and spect-welded to the outer surface of



the barrel. The locations of the 22 thermocouples on the cylinder
head, the 10 on the barrel, and the 2 on the flanges are shown in
figure 7. In aidition, 10 thermocoupies, differentiated by the suf-
fix A, were located in several fins as close as possible to the cyl-
inder wall and adjacent to the similarly numbered thermocouples to
measure the temperature drop from the wall to the fin.

The temperatures of the cooling air passing over the head and
the barrel were separately measured. The cooling-air temperatures
were measured at the jacket entrance near the cylinder by two mul-
tiple thermocouples consisting of two thermocouples electrically
connected in series, and at the outlet of the jacket by two multiple
thermocouples consisting of four thermocouples electrically connected
in series. The cold junctions of all thermocouples were placed in an
insulated box. Liquid-in-glass thermometers were used to measure the
cold-junction temperature, thz air temperatures at the Durley thin-
plate orifices, and the air temperatures in the inlet manifold near
the cylinder. '

The pressure 4drop across the cylinder was measured by a static
ring around the air duct located ahead of the engine cylinder where
the velocity head was negligible (fig. 6). The static ring was con-
nected to a water manometer. An inclined water manometer was used
to measure the orifice-tank pressure and a mercury manometer, to
measure the inlet manifold pressure.

The weight of combustion air was determined with a thin-plate
orifice and a multiple manometer that indicated the total pressure
in inches of mercury and the pressure drop across the orifice in
inches of water. The fuel consumption was determined from measure-
ments of the btime required to consume a fixed weight of fueli
Accuracy was obtained by using a sensitive balance that electrically
operated a stop watch. A Cambridge fuel-air-ratio meter was used
for the convenience of the operator, but the actual mixture ratios
were calculated from measurements of air and fuel consumpticn.

TESTS AND COMFUTATIONS

Tests of the NACA cylinder were conducted to determine the con-
stants used in equations for the average head and the average barrel
temperatures as functions of the fundamental engine and cooling
variables. 1In order to obtain the constants in the equations for
the averace head and barrel temperature, the data were calculated
and plottad by the methed of raference 1. The constants in the equa-
tions used to determine heat-transfer coefficients from the gas to

"
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the inside wall wn e determined from tests in which a jacket slightly
different from that shewn in figure 6 was used. Inside-wall coeffi-
cients, however, are independent of jacket form and the coefficients
determined in the foregoing tests are applicable to the wide-
entrance jacket.

From the tests of the NACA cylinder and the data from similar
teste that have bsen made on the A and the B cylinders, cylinder
temperatures, power reguired for cocling, pressure drop reguired for
cooling, heat-transfer coefficients, and heat dissipated to the
cooling air were computed for the three cylinders. The shape of the
jackets used on the A and the B cylinders was the same as that used

on the NACA cylinder. #ore tests were made on the NACA cylinder

than were necessary to establish the values of the constants in the
equations; the additional tests were made to check the validity of
the values cver a range of engine and cooling conditions.

Calibration tests were made to determine the weight of air
flowing over the head ami the parrel of the NACA cylinder as a func-
tion of the pressure drop acrosg the cylinder (fig. 8). The pres-—
sure drop Ap obtained from the static rllé placed in front of the
cylinder included both the drop across the cylinder and the loss at
the jacket exit. The pressurs drop is given in inches of water and
is corrected to a standard air density of 70°F and 29.92 inches of
mercury absolute. The method of computing the cooling-air weight
from the pressure drop across the Durley orifices is given in rafer-
euce 4. The enzine brake horsepower was calculated from corrected
dynamometer-scale readings and the engine speed. The friction
horcepowsr was det»rmLNﬁd by motcring the engine at the inlet-—
manifold prazessuras; the exhaust pressures, and tke sp eds used in
the power runs. The indicated horsepower v1 obtaina2d by adding
the brake horsepower to the friction horsepower.

N

The tesvs covered the following range of conditicns:

LY

Cooling-air tempsrature, “F . . « v v + v 2 s 4 « o « . . . 89-108
Brake mean effzctive pressure, pounds per square inch . . . 83-190
Engine speed, TPl « « ¢ v & 4 ¢ v L v 4 e e e e s . . o 15 Ou 2100
Pressure drop across c¢ylinder, inches of water . . . . . _‘h~§5.3
Fuel-air ratio . . . . . « . . . . . . .« . . .. . 0.079-0.080
Spark timing, degrees BJUT.Co v v v v 0 v 0 0w w0 w0 .. 26231
Inlet-air temperature, “F . . « v v « v v v v . v v e . . . Bo-g2

all of the tests except thoss in which the brake mean effec-
tive pressure was varleu, the weight of thz combustion air delivered
to the engine per cycle was held constant. The weight of comcustion
air was calculated from the pressure and the temperature readings at
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tino thin-plate orifice insertved in the duct between the hlower and
the enging, using orifice coefficients an? equations from refer-
5. Tae test data chtained wibth the WACA cylinder are viotied
[icures 9, 10, 1i, and 18.

foue

Analysis of a large number of tests for seaveral cylinders
(refersnces 1 and 6) led %o choice for the effective gas tempera-

a

ture Tg, which enters iu the equations for average n@ud and barrel
temperatures, of 1150° T for the head and 600° F for the barrel.
These values are for inlet-air bemmeratures of aporoximabely 507 17,

fuel~-air ratics rnear the chemically correct nixture, and nomal spark

settings, Thess valuwes of T, weve used in the oresent raport LJ

determine the constants in
for average hoead and harrol
and the cooling variobles.

cooling cquaticas of the NAS

wmperatures as Tuactions of the
:mates of pressure drop requirc
for cooling “nd of power obtainable from the A, the B, and the
cylinders for miztwres other then the chemically correct mixture
values of T, were cblained frow tests conducted at Langley

Aeronautical”Labora oy on the Pratt & Whitonoy R-2800 cylinder.

Gasoline confornd;
(1C0~octane mumber, Am

o Army specification No, 2—02, Erads
- rethod) was used for all the

Constants for the [undamentazl cooling eguations are obbained
from the curves in figures 9 and 10 by methods described in reier-
enca 1, Tne for the cylinder head in figures 10 ars
baszd on the tempecatures measur@d ;

oubsirde-wall g
obtaincd frow tests oty 1Y
tioned, but ithe constarts in the egqua C
curves are zpplicable o the cooling eqaqu¢un for tza cyli
the wide-entrance jacket of figawre 6, The equations for
inder with the wide-entrance jacket ares

der with
WACA cyl-
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whers

Ty, ~average temperature over ouiside cylinder-head surface when
equilibrium is attained, 9F

Ty  average temperature over oubside cylinder-barrel surface whe
equilibrium is attained, OF

Tg  inlet temperature of cooling air
T, effective gas temperature, 9p

2o outside-wall area of head {(or barrsl) of cylinder, square

ay  internal area of head (or barrsl) of cylinder, sguare inches

Ap  pressure drop across cylinder including loss from jacket exit,
inches of water

0 average density of cocling air entering and leaving fins,

“y n 1. é
pound feel " sacond

p,m density of air at 29.92 inches of mercury and 70° F,
> A=k 2

pound ILest second
I indicated horsspower per cylinder

N N 0, .
A tzmperature of 707 F instead of the usual 607 F was used in
calculating standard density to facilitats comparisons with earlier

-
™

data on cylinder cooling that had besn based on a 7C° T temperature.

The arzas of the A, the B, and the WACA cylinders are listed
in table T. ‘
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TABLE I. - AREAS OF THREE CYLIMDERS
Internal-wall area, | BExterior-wall area,
al ] aQ
(sq in.) (s in.)
Cylinder Head Barrel Head rrel
A 76.8 8.8 142 €8.5
B 78.4 85.5 145 72.2
NACA 76.8 8.8 218 €2.6
The methods of obtaining a, and aj are givsn in reference 1.
A1l three cylinders show greater internal-wall areas than extzrior-

wall arcas on the barrels, which may
wall areas of the barrels sre,

the internal-wall areas are hased on

however,
sll"ltLy greater than the barrel length covered by the

seem incorrect. The exterior-.
based on a length that is
fins; whereas,

a length measured from tho

pottom of the head flange to the position of the bottom compression

ring when the piston is at bottom
of the barrels are chosen for use
is the one cver which the cooling
by free convection from the small
cylinder jacket. This heat quantity
sidered in the ccoling egquations.

in

Cylinder-Temperature Rela

In reference 7 eguations are deve
individual points on the cylinder are taken as

engine and the cocling conditions.

vidual points by such equatlnas 18

center.

air flows. Hea
area between Ube flange and the

tedio

The eytprior—wall areas
comoutatlonu because this ar
is carried away

[=3=)
oo

is too negligible to bz con-

tionships

n which temperatures at
functions of the

To determine temperatures at indi-
ocuss 1f some simple relation

loped i

"between the average cylinder temperatures and pertinent individual

temperatures were obtained, cnly the
atures and these simple relatic

vidual temperatures.

The rear spark-plug temperaturs
are ‘
he

The rear spark-plug temperature and
the MAGCA cylinder have been }

head and the average barrel t
de vith the widz-enitrance jackat.
51ng1~—ﬂv1“ﬂdcr test jacket does not

air over the flange of the cylinder,

ns must be known to determine

nlotted in figure 11
mparaturas

ejuations for the average temper-
the indi-

and the rear flange temperature

5

pertinent temperatures of a cylinder because they are
nregent criterion of cylinder cooling for
the rear flange t

multicylinder engines.
emperature of
average

against the

for the tests that were
Racausa the counstruclion of the

permit the passage of cooling
the rear-flange, average-barrel
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Lurs relationship is not representative of multicylinder
ul & linear relationship exists for both sets oj temper&—
s, Albnough there was very little variation of engine condi-

s : hown in figure 11, ti s of 4 conmercial
mentioned have shown that, when this relation-
ior twe temperatures, itvill ic appiicable for
ng condition, H1g1ru 11 will bherefore he used
y o aud Ty when the rcar ,ark—nl 1 and the rear
Wes ars huOWQ for the engine and cooling conditions.

~rospark-plug besperaburs, an analysis of the
for the read and th: balrgi of the NACA cylinder
*ﬂe CUIve Lormavoruge nead bemperature plotited against rear
sark-niug tonperaturs shows that, alihough Ty, is constant for
any engine and cooling coundition, T does not remain constant
sngine and ruo1Lp, conditions are Vﬁrﬁed The only case in which
T}, remeins con . wiien the 1 spark-plug tewperature is con-
stant hﬂt t covling znd tha Lﬂaln Oﬂdlujnno Vary, occurs wnhan
the values »

1"
/

wnents mooard n' o are the same in hoth the head

uquations. From fipere 11, the limiting value of Th

cnoling agquations for d@t&rmiﬁing estimated pres-
vers can b2 obtained if the limiting value of

- E - ey e - B e -
yldg bomperatars is known,

S 4, 3, and NACA Cylind:rs

(l} and (2\ and

uq nations

2 CUrves
anhes of

\Lm = Ta)/(Ty - fu}. The lower the valucs
opoacross the cylinder, the better the cooling.
of dit cront cylindsrs bi the same %is~
at LMAL by »lotting the index of
] head and one for the

0\ s One curve
bo,n applicable to all presswrs dvops.
is a constant,
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T —
shows that, if m equals n'/2, one curve of %L—Tﬁ plotted
2 g = Lh
. 1< . .
2gainst —— will be applicable to all pressure drops. The
g3ain App75;g Pr 1Y P

difference between exponents n'/2 and m for the NACA cylinder
is not negligible; for that reason separate curves are given in
figure 12 for each pressure differencs.

Figure 12 shows a marked improvement in cooling for the NACA
cylinder as compared with the A cylinder for both the head and the
barrel when the cooling is based on average outside-wall tempera-
ture. The inside-wall temperatures will be discussed later. The
NACA cylinder head alsc shows improvement over the head cf the

B cylinder, especially at low pressure differences. That the NACA
cylinder barrel shows slightly betier cooling on the basis of oper-
athg temperatures than the B cylinder barrel was unexpacted because

e B cylinder barrsl has 11 percent more fin arsa than the NACA cyl-
inder barrel. Furthermcre, the fins on the B cylinder barrel are
of aluminum and therefore have a higher conductivity than the steel
fins on the NACA cylinder barrel. The reason for these results is,
as will be shown later in the report, that the B cylinder barrel
dissipates more heat than the NACA cylinder barrsl. It is thzrefors
misleading to compare the two cylinder barrels on the basis of tem-
perature and neglsct the total amount of heat sach dissipated. For
the same reason, the NACA cylinder head would be slightly batter
from the standpoint of cooling than is shown in figure 12.

Comparison of cooling pressure drops.— A betler representation
of the relative cooling of the three cylindsrs than that shown in
figure 12 is shown in figures 1% and 1. The criterion for satis-
factory cocling has been assumed to be L50° F on the rear spark plug
and the calculations have besen basad on cooling air at a pressure of
29.92 inches of mercury absolute and a temperature of 100° I, which
are ths values for Army standard air at ssa level, Figure 13 shows
the pressure drop required for cooling at various indicated horse-
powers. The values of hor SGD”W°T cover a rangs from approximately
ratad pOWdT of the A c¢ylinder to the approximate power developed in
take-off at the present time. The curves for the NACA cylinder were
obtained by finding ths average head temperaturs from figure 11 and
the rear spark-plug tempsraturs and then dstermining the pressure
drop from asguation (1). The density of the inlet cooling air was
uSﬁi instead of the average density in equation (1) because use of

the density from equation (1) would have complicated the calcula-
tions and would have changed the rssults only slightly. The curves
for the other two cylinders wers found by a similar mathod.

From an axtrapolation of figurs 1%, 2 pra

ssura drop of abcut
100 inches of water would be requirsd to cool the

he A cylinder with
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present take-off powsrs; whereas the B cylinder and the NACA cyl-
inder will cool under similar conditions wibth 7 inches of wa tor.
Figure 12 ows that tre NACA cylinder head is much cooler than the

sh
B cylird@r h=ad for given engine and cooling conditions, yet fig-
ure 13 showe comparatively little improvement in pressure drop
requirasd by the NACA cylinder. Figure 12, however, is based on an
average outside-wall tempmerature, whereas figure 13 is based on a
constant rear spark-plug temperature. In order to obtain a rear
spark-nlugz temkhrauura of DVOO F on the NACA cylinder, the average
head temperaturs must be held at 368° F; the average head tempera-
ture of the B Cullnu,r is h’oo “ for a rear spark-plug temperature
of 1;60° F.  Thus, in figure 13 the head of the WACA cylinder is much
ccoler than the head of the @ cylinder. Indexes of cocling other
than rear spark-plug temperature must therefore be established in
order to compars cylinders of widely different g°OF°L ic design.

If B, n', kp, bty Ths lp, and the cylinder surface areas are
knosm, the inside-wall tempzrature of thc head of a Pylinﬁor can be
calculated for various horsepowars by‘tne equaticn developed in the
appendix.

T"t‘l'tL = : + Th ‘ (6)
) a1 kn/ by
where
B and n' coanstanis -
" thermal conductivity
Ty averape wzll thicknass

The inside-wall temperatures of the NACA, the A, and the B cyl-
inders in figure 1l were calculated for the same conditions for the
pressure~drop calculations of figure 13. As the horsepower increaces,
the inside-wall temperature of the three cylinders increases for a
constant rear spark-plug trmonraturo cf uSOO F. For low powers, the
inside-wall temperatures of the NACA cylinder are lower than those
of the B cylinder, but for high powers the inside-wall temperatures

f the MACA cylinder are higher than those of the B cylinder. The
Nti cylinder head is about 1.9 inches thick and the B cylindzr head
is aboubt 1 inch thick. The greater area of the NACA cylindsr head
facilitates heat transfer but the incrzasad thickness counteracts
this effect. The two factors cowbine to give the results shown in
figure 1L, The barrel temperatures of the three cylinders shown in
figure 1L were obtained by substituting the horsepowers and the
pressure drops of figure 13 in equation (2) and in similar equations
for the A and B cylinders.
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Because both the inside-wall and the outside-wall temperatures

of the three cylind
4500 ®
cylinder strength all depend on

rg were different when the index cf cooling was
on the rear spark plug, and because preignition, knock, and

b A . 2 J
inside-wall temperature, an estimate

of the pressure drop required for cooling the cylinder heads was

made on the basis of a constant ingide-wall temperature of 500° F.
The pressure drop required for cooling based on constant inside-~
wall temperature is given by
¢ N\
-_— nt !/
Ba, I %/T 21 L/m
P70 . \lﬁ. g/
bp = —= {—— : —> (7)
P Bt (7 - Y. - |
_aolB" tw(‘g T,) km(L‘ Ta,'
! s l
in which m is a constant. (See appendix for derlvatlon.) Equa-~

tion (7) was used to determine the curves of figure 15, which show

that, wvhen the criterion of cooling

is an inside~wall head tenpera-

ture of 500° ¥, less pressure drop is needed to cool the A cylinder

U")Q o

of 450° 7; the differential amounts
compared with 100 inches of water. .
vere obtained from equaticn (1) for
ence 1 for the A cylinder, and from
inder. The calculations were based

when the criterion of cooling is a rear spark-plug

temperatur
to about 45 inches of water as
The constants in equation (7)
the NACA cylinder, from refer-
unpunlished data for the B cyl-
on Army standard sea-level pres-

sure and temperature, and the density p in the equation was assumed
to be inlet density., The temperature of the inside wall must have
been less than 500° F for the A cylinder with 450° ¥ on the rear
spark plug. The B cylinder needs a slightly higher pressure drop
to hold SOO“ F on the inside wall of the head than to hold 450° F
on the rear spark plug. The increase, however, is not very greatb;
a horsepove; of 120 requires about 9 inches of water preasure drop
to hold 5C0° F the inside wall as against 7.4 inches of water

to hold 450° F on the rear spark plug. The NACA cylinder pressurec
drops increased to about 20 inches of water in order to hold S00° F
cn the inside wall as compared with about 7 inches of water to hold
450° ¥ on the rear gspark plug. Thils large pressure drop in the casge
of the NACA cylirder is principall; due to the poor thermal tonc be-
tween the fins and the head., The increased wall thickness of the
NACA cylinder head over that of the B cylinder tends to incrense
the required pressure drop, whereas the increased outside-wall arca
duve to the increased thicknesgs toinds to decrease the required pres-
sure drop, The separate effects of wall thickness and outside-wall
area on cocling will be discussed later. The corrcsponding barrel
temperatures of the three cylinders for the conditions given in
figure 15 are shown in figure 1€, The high pressure drops requircd
to cool the heads of the NACA ard the A cylinders make the barrel
temporatures of these cylindors lower than those of the B cylinder
over part of the range.
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Comparison of outside-wall heat-transfer coefficients.- Calcu-
lations were made of Lhe outside-wall heat-transfer coefficients U
for the NACA cylinder and the results were compared with coefficients
for the A and the B cylinders. The outside-wall coefflicients for the
nead and the barrel of a cylinder can be calculated from the eguation

m
U

7
U = K(Ap{@,/p7,->
\ J
The values of the constants K and m for the head and the barrel
were obbvained from equations (1) and (2), respectively..

The results of the calculations are shown in figure 17. A%
pressure drops above 9 inches of water the heat-transfer coefficients
of the head of the NACA -cylinder are less than those of the B cyl-
inder; above 30 inches of water, they are lsss than those of the
A cylinder. This result was entirely unezpected because of the
cetter fin proportions of the NAUA cylindesr. ihen a perfect thermal
bord was assumed for the NACA cylinder, the estimated heat-transfer
coefficients showed considerable improvement over those of the B cyl-
inder. These coefficients are shcwn in figure 17 by the broken line.

hnother interesting result of figure 17 is that the heat-transfer
coefficients of the barrel of the NACA cylinder, which had steel fins,
were slightly less for most pressure drops than the coefficients of
the barrel of the B cylinder, which had an aluminum muff with alumi-
rum fins over the steel barrel liner, From data on elsctrically
heated cylinder barrels (references 2 and 8) the heat-transfer
coefficients for barrels of the B and the NACA cylinders were com-

- puted. The calculations, which were made to check the results

obtained from single-cylinder tests, showed that the coefficients
for a barrel with fin proportions and material similar to those of
the B cylinder were higher than those for a barrel with fin propor-
tions and material similar to those of the NACA cylinder. The cal-
culations therefore checked the trend of the barrel curves of fig-
ure 17.

The outside-wall heat-transfer coefficients of the head of the
NACA cylinder were based on the difference between the wall tempera-
tures and the cocling-air temperatures. Data were obtained on the
emperatures of the fins adjacent to the wall of the head. The heat
dissipatad per degree Fahrenheit differesnce between the wall tempera-
tures and the cooling-air temperature, and the heat dissipated per
degres Fahrenheit difference between ths fin tempsratures adjacent
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to the walls and the cooling-air temperature were therefore calcu-
lated for the head of the NACA cylinder from the single-cylinder
engine tests. These heat values are proporticnal to the heat-
transfer coefficients. The resulis of the calculations are shown
in figure 18. The temperature Thf is the average of the 10 thermo-
couples, identified by the subscript A, installed on the root of
the fins; the temperature Thw is the average of the same numbered
thermocouples installed on the head. The heat dissipated per degree
Fahrenheit difference between fin and cooling-air temperatures is
about L0 percent greatsr than a corresponding heat transfer based
on wall tempsrature. Thus, the bond between the fins and the head
of the NACA cylinder was not thermally perfect; an appreciable tem-
perature drop from wall to fins was obilained. If the thermal bond
between the fins and the wall were thermally perfect, the outside-
wall coefficients of the NACA cylinder head would be about LO per-
cent greater than those shown and would be of the order expected.

Comparison of heat dissipation.- Of interest in the design of
air-cooled cylinders is the percentage of indicated horsepower
dissipated as heat to the cooling air. OCalculations have been made
for the barrels and the heads of the thrze cylinders of the percent-
age heat dissipated to the cocliry air at various indicated horse-
powers under the same cooling conditions used in figure 13. The
results are shown in figure 19. With an indicated horsepcwer of 120,
the percentage of h=zat dissipated frem the B cylinder head 1s approxi-
matsly 17 percent; from the A cylinder head, about 29.5 percent;
from the NACA cylinder head, 22 percent. From values given in fig-
ure 19, coefficients of heat transfer can be estimated for given
horsepower outputs, cylinder temperatures, and cooling-air tempera-
turzs in the design of new cylinders. '

Comparison cf powsr requirec for cooling.— The percentage power
requirad for the three cylinders for various indicated horsepowsrs and
with a rear spark-plug temperature of LS0° F is shown in figure 20.
The power requirad for cooling was obtained from the relation

_ weight ol air X pressure drop
p1& X 33,000

hp

in which the weight of air is in pounds per minute, the pressure
drop is in pounds per square foot, and pyg 1is in pounds per cubic
foot. The pressure drop for cooling the NACA cylinder was calcu-
lated from cquation (1) and the weight of air was obtained from fig-
ure 8. The head tempserature corresponding to the rear spark-plug
temperatura of L50° F was obtained from figure 11. The specific
weight of air p1g was based on Army sea-level pressure of

29.92 inches of mercury absolute and temperature of 100° ¥. The
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powars for the A and the B cylincers were calculated from similar
data. The calculated powers are ihe internal-drag horsepowers
across the cylinders and should not be confused with the power
reguired for cooling engines placed in moving ducis or nacelles.

The percentage of the indicated horsepower required for cooling
the NACA and the B cylinders is very low, about 0.8 percant at an
indicabed horsepower of 120; but the A cylinder would have required
avout 28 percent if such a power could have been developed by this
cylinder. These values illustrate the great improvement in cylinder
cooling that has resulted from better fin proportions. For the
greater part of the range of indicated powers shown in figure 20,
the WAZE cylinder shows a little less power reguired for cooling
than the D cylinder. Over the entire range of powsrs shown, tioe
NACA cylinder curve should be much lower than the B cylinder curve;
the high vercentages for the NACA cylinder curve are due to the poor
thermal bond between the fins and the wall of the NACA cylinder head.

Calculations similar to those of figure 20 were also made for
a constant inside-wall head tempzrature of S00° F instead of a con-
stant rear spark-plug temperature of L50° F. The pressure drop
required for cooling was obtained by using equation (7); constants
in the equation for the NACA .cylinder were obtained from the present
data; for the A cylinder, from reference 1; and for the B cylinder,
from unpublished data on the Prati & Whitney R-2800 cylinder. The
results of the calculations are given in figure 21. Owing to an
imperfect thermal bond between the fins and the wall of the NACA
cylinder, above an indicated horsepower of 90 the power required for
cooling the NiCA cylinder is greater than the power reguired for
cooling the B cylindsr. Thus, at an indicated horsepower of 120,
ancut L percent of the indicated horsepovar is required for cooling
of the 3 cylinder and almost l percent for the NACA cylinder. Becanse
the average inside-wall tempsrature of the A cylinder head was much
less than 3500° F for a rear spark-plug temperature of 450° I, much
less cooling power (about 8.5 percent) is required to hold an inside-
vall temnerature of 500° F than to hold a rear spark~plug temperature
of L50° F (about 28 percent) at an indicated horsepower of 120.
(see figs. 13, 1k, and 15.) -

Estimated Effect of Increased Cooling Surface and
Cylinder-%all Thickness on Engine Performance

The performance of the NACA cylinder has been compared with
the performance of two commercial cylinders., The three cylinders
differed in head thiclkness, head fin-surface area, barrel {inning,
and barrel material. It is difficult under these conditions to
determine the exact effect on performance of increasing the head
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fin-surface area and of varying the head-wall thickness. Calcu-
lations have therefore been made of the estimated pressure drep
required to cool at constant power output hypothetical cylinders
with a perfect thermal bond between the wall and the fins, with
varying head-wall thickness, and with two fin-surface areas. 1In
addition, calculations of the estimated power output for constant
cooling pressure drop were made for the cylinders.

As was previously stated, the assumption has been made in
these calculations that the thermal bond between the fins and the
wall was perfect for all the hypothetical cylinders. It is possible
to obtain a perfect thermal bond betwsen the fins and the wall when
preformed fins are used. A steel cylinder barrel with aluminum fins,
which was manufactured later than the NACA cylinder, has been tested
at LMAL. The fins were preformed aad cast in an aluminum base by a
method similar to that used on the NACA cylinder; the aluminum base,
in turn, was bonded to the steel barrel, & sketch of a cross sec-
tion of the cylinder is included in figure 22, Thermocouples were
placed on the aluminum base at the locations shown in figure 22,
the cylinder was electrically heated, and the heat loss was deter-
mined for various amcunts of cooling air passing over the cylinder.
The calculated over-all heat-transfer coefficients U for a pesrfect
thermal bond between the fin and the wall are shown for various pres-
sure drops by the curve in figure 22. The experimental coefficients
based on the wall temperatures are shown by the pcints. The agree-
ment between the calculated and the exverimental values is very
good, which indicates that this test cylinder has a thermal bond
between the fins and the wall almost ejuivalent to the thermal bond
of an integral fin-cylinder wall combination.

An eguation based on inside-wall temperature has been developed
in the appendix as equation (16) for the pressure drop raquired for
cocling for given cooling and powsr conditions, inside-wall and
outside-wall areas, thickness of the cylinder wall, and cylinder
material.

Ik (1, -1, ) L/
P 1%mi'g hy ;
Ap = 7 N = ! (16)
e Ka oKm ﬂl’ T ) Kant TIX /’E T )i
h a) — fdolwh g = *h
L ™\ 1 \? J

where E and x are constants for selectad ranges of 1 as
explained in the appendix., By means of this equaticn the curves
of Tigures 2% and 2l were obtained. The calculations were made
for hypothetical cylinders with the fcllowing characteristlcs:
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Cylinder group 1 i. 2 3 i
side~he . .
Inside-head P cylinder NACA cylinder
preoporticns '
Head-fin B cyl- |MACA B cyl- {NACA
proportions inder [cylinder | inder |[cylinder
Head thick- Varying irom Varying from
ness, inches 0.75 to 1.50 0.75 to 1.50
Barrel B cylinder NACA cylinder

Group 1 has been compared with group 2, and group 3 with
group 4. Comparisons mada in this way were thought to be fairer
than comparisons of hypothetical cylinders pasically similar to the
B cylinder (group 1) with hypothetical cylinders basically similar
to the NACA cylinder (group i). The valuaes of the constants X and
n  in equation (16) for cylinder groups 1 and 3 were obtainad from
unpublished test data on the Pratt & Whitaey R-2800 cylinder. For
groups 2 and L the constant ¥ in equation (16) was obtainsd by
increasing the constant K in equation (1) by u0 vercent because
the heat-transfer coeflicient for ithe NACA cylinder head would be
increased 40 percent by a perfect thermal bond. (See fig. 18,) The
constant m in equation (1) was used for groups 2 and L.

The values of A and x were calculated from equations (10)
and (15) of the appendix;

the daita needed for the calculations were
obtained for groups 1 and 2 frcm unpublished test data on the Fratt &
Whitney R-2800 cylinder ard for groups 3 and UL, from data on the

NACA cylinder. The constant A and the exponent x in eguation (16)
are independent of wall thickness and type of finning. The value of
Te for all groups was cbtained from a curve of Ty plotted against
fuel-air ratio. A value of ajy of 78.l square inches was used for
groups 1 and 2 and 76.8 square inches, for greups % and L. (See
table I.) The outside-wall areas aq, were estimated for groups 1 and
2 from the thickness and the outside-wall area of the B cylinder

by by

and for groups 3 and L, from those of the NACA cylinder. The calcu-

lations were based on Army sea-level pressure and temperature and

on a constant inside-wall head temperature of 500 F. The density

p was assumed to be inlet density. The pressure drops calculated

by means of equation (16) and the constants given are equivalent to
the weight of air required to cool the cylinders for given condi-
tions and do not correspoend to the pressure drops that would exist
for these air weights on the hypothetical cylinders because of the
changing path lengths. The pressure drops obtained from eguation (16)
were therefore corrected for the path length of each cylinder.
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Figure 23 shows the results of caleculations for the four groups
of cylinders for an indicated horsepower of 67.8 per cylinder,
approximately cruising power, and a fuel-air ratio of C.08. A large
decrease in pressure drop, an average of approximately 30 percent
over the rangze of wall thickness shovwn, can be obtained by using
head fins of NACA cylinder proportions rather than fins of B cylinder
proporticns. Cver the range of wall thiclkness shown, the regquired
prassure drop decreased with all cylinder groups as the thickness
increased. The increase in heat transfer caused bf the increase in
{in surface as the wall thickness increased mcre than balanced the
decrease in heat trunsfer caused by the thicker walls. A maximum
thickness will be reached beyond which the pressure drop increased.
The decrease in pressure drop was approximately 50 percent (from
initial pressure drops of 3.66 and §,21 in. of water) for the cyl-
inders with the B cylinder head fiq proportions; and 75 percent
(from initial pressure drops of O:74 and 1.23% in. of water) for the
cylinders with NACA cylinder head fln nroportions.

iou

The powers required for cooling the fowr cylinder groups are
also plotted in figure 23. The ¢verase decrease in cocling power
over the range of wall thicknesses is shown more than 90 percent
then NACA cylinder fin proportions are used instead of the B cyl-
inder fin proportions. The decrszass in conoling power as wall thick-
ness increases is also large for &ll cylinder groups. In no case,
however, is the cooling powsr greater than 1. percent of the indi-
cated power.

The results of calculations for an indicated horsepower of

155 3 per cylinder, approximately take-off power, and a fuel-air

atio of 0.10 for the four groups of cylinders are shown in fig-
ure 2li. A large decrease in pressure drop required for cooling is
again obtained by using NACA cylinder fin proportions instead of the
B cylinder fin proportions on the heads of the hypothetical cyl-
inders; this decrease is approximately 80 percent for cylinder
groups 1 and 2 and zbout 7C percent for cylinder groups 3 and L.
For the B cylinder head fin vroportions, a raduction in pressure
drop from 6 to 2.8 inches of water in groups 1 and 2 and from 13 to
7 inches of water in groups 3 and I is obtained by increasing the
head-wall thickness from 0.75 inch to 1.5 inches. The corresponding
decreases in power required for cooling, also shown in figure 2L,
are 92 and 84 percent, respectively. A&lthough these recductions in
cooling power are large, the fact that the maximum ccoling power 1is
only 2 percent of the indicated horsepower makes them less important
than the reduction in cooling-prezsurz drop, The pressure drop
required for cooling in the four groups decreases as the thickness

of the cylinder-hsad wall incrsases for the range of thickness shown;
the decrease based on the pressure drop for a wall thickness of
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.75 inch is about 50 percent for the cylinders with B cylinder fin
proportions and 65 percent for the cylinders with NACA cylinder
fin proportions. These percentage decreases of pressure drop due
te the increase of wall thickness and to the changing of fin propor-
tions to obtain large fin-surface areas are of the order of pressure-

drop decreases obtained in figure 23 for the cruising-power condition.

Calculations for the four groups have also been made of the esti-
mated power output that could be cbtained for a pressure drop of
7 inches of water across the cylinder, a constant inside-wall head
temperature of 500° F, and a fuel-air ratio of 0.10 for a range of
head-wall thicknesses from 0.7 inch to 1.9 inches. The calculations
were based on Army standard sea-level pressure and temperature. Equa-
tion (17) of the appendix was used for calculating the power outputs,

( KaO(\App/p,{O?)m kmé“hl - Ta) T/X

1= } _
K(’Iq - Thl) i.alkrr{ + Ka, (\App/pm)m tWJ
[

(17)

The constants in the equations for the four groups of cylinders are
the same used in equations (8), (10), (15), and (17) for determining
the results of figures 2% and 2L. The method of determining A and
x is given in the appendix. In order to use, in the calculations
for figure 25, the constants XK and m of equation (16), the pres-
sure drop of 7 inches of water had to be cecrracted for flow-path
length of the cylinders to obtain pressure drops equivalent to the
weight of air actually flowing across the cylinders.

The results of the calculations are shown in figure 25. The
curves for the cylinders with NACA cylinder fin propertions on the
heads show a4 mdximum estimated power output at a wall thickness of
about 1.6 inches; the curves for cylinders with B cylinder fin pro-
portions on the heads show a maximum output at a wall thickness of
about 1.8 inches. Above such thicknesses the loss in heat transfer
due to the thick wall more than balances the gain in heat transfer
due to the large outside-wall areas of the heads with resultant
large fin-surface areas. The gain in power output in changing from
a wall thickness of 0.7 inch to optimum wall thickness is from 10
to 20 percent for cylinder groups 2, 3, and L, and about 30 percent
fcr cylinder group 1. A gain of about 235 percent in maximum power
output is possible by using NACA cylinder fin preportions instead
of B cylinder fin proportions for the cylinders with B cylinder bar-
rel, and 2l percent for the cylinders with the NACA cylinder barrel.
By the use of optimum fin proportions on the heads of the cylinders
instead of NACA cylinder proportions, the value of 35 percent could
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be increased to approximately S0 percent, Figure 25 shows that
power outputs of 260 indicated horsepower (about 4700 ihp for

18 cylinders) could be obtained with a cylinder of 1.6 inches head-
wall thickness, NACA cylinder fin proportions on the head, and a

B cylinder barrel A power output of 260 indicated horsepover
illustrates the possibilitiesg of the air-cooled engine solely on
the basis of cooling considerations. The attaimment of such powers
in future engines will depend not only on a change in the design of
the cooling surfaces but also on mechanical modifications of the
engine and the improvement of fuels and spark plugs. An indicated
mean effective pressure of 288 pounds per square inch was obtained
in the tests of the NACA cylinder, which is slightly higher than
present values of take-off indicated mean effective pressures. No
tegts were made at a higher power output because the hold-down
bolts in the flange of the cylinder could not withstand the higher
loads. :

The increase of cylinder-wall thickness and the addition of
fin surface to a cylinder, with the consequent addition of cylinder
weight to an engine, will depernd upon the service requirements of
the engine. The 1ncreascd weight for adequate cooling of the cyl-
inder would not be advisable if the high power output made possible
by such an addition could not be obtained because of knock or pre-
ignition characteristics of the fuel.” In addition, if a high power
is necessary only for take-off, the addition of cylinder weight for
adequate cooling for such a short period would be uneconomical, It
would probably be advisable to cool the engime for such a short
period by the use of an overrich mixture.’

CONCLUSIONS

1. The tests of the NACA cylinder showed that the outside-
wall heat-transfer coefficient could be increased 40 percent over
that obtained on the present NACA cylinder by providing a perfect
thermal bond between the fins and the wall of the head.,

2. Estimates showed that, for a range of power from present
cruising to take-off power, and for a range of wall thicknesses
from 0.75 inch to 1.5 inches, the pressure drop required toc cool
a commercial cylindsr could be decreased as much as 80 percent if
the head fins are replaced by fing of NACA cylinder proportions
and if the thermal bond between the walls and the proposed fins
is perfect,
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3, On a basis of a constdrt inside-wall head temperature of
500° F, it is estimated that the substitution of NACA cylinder fin
proportions for the fins on'the heads of commercial cylinders will
permit an increase in power output of approximately 35 percent.

If optimum fin proportions are used, this value is increased to
50 percent. These estimated increases are solely on the basis of
cooling and do not take into account any of the other factors
limiting power output.

li. As cylinder-wall thickness increases, the heat transfer
decreases because of the greater path length for the heat flow and
the heat transfer increases because of the greater outside-wall
area; thus, fin-surface area increases if the fin proporticns are
held constant. Calculations of estimated power outpubs of hypo-
thetical cylinders show that the optimum thickness for heat transfer

is approximately 1.7 inches.

5. Calculations based on a constant inside-wall head tempera-
ture of 5000 F indicated that the pressurs drop required for cooling
hypothetical cylinders of varying head-wall thickness ccould be
decreased 50 percent by increasing the thickness from 0.7 inch to
1.5 inches. :

6. Based only on cooling considerations, an estimated output
of 260 indicated horzepowsr could be developed by a hypcthetical
cylinder with an aluminum muff on the barrel, NACA cylinder head
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in proportions, a wall thickness of 1.5
pressure Jrep available for cocling, and
head temperature of 500° T

Aircraft Engine Research Labo
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Cleveland, Ohio.
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LPPENDIX

DEVELOFMENT OF EQUATIONS FOR ESTIMATED PO%WER OUTPUT
AND PRESSURE DRCOP REJUIRED FOR COOLING
The rate of heat transfer (Btu per hr) from the combustion gas
to the cylinder head in the range of fuel-air ratios to the rich

side of the theoretically correct mixture may be written as a good
first approximation (reference 1),

n', . ,
29 T (Tg = Tp) (3)

it

H =
For the rate of heat transfer from the cylinder head to the cooling
air, the following egquation is given in reference 1:

H = Kag (App/Pyo)nl [y - Ta} (L)

The conduction of heat through the head may he expressed by the
following equation (reference 7):

k .
, “m /e )
H = al -E-l— (Thl - rlh) (‘;)
3 .
In the foregoing equations:
H heat transferred per unit time from compustion gas to

cylinder head, Biv/hr.

B and K constants

a1 internal area of head of cylinder, sq.ins } . =:
T indicated horsspower per cylinder

m and n' constants
T effective gas temperature, °F

average temperature over outside cylinder-head surface
when equilibrium is attained, OF

a inlet temperature of cocling air, °F
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[
4

H heat transferred per unit time from cylinder head to
cooling air, Btu/hr

an outside-wall area of head of cvlinder, sq in.
" AD pressure drop across cylinder including less from jacket
exit, in. water
o} average density of cooling air entering and leaving fins,
gL
1b £t 5902
P70 density of air at 29.92 inches of mercury and 70° F,
oy )
16 ft~1 sec®
k., thermal conductiwity of uead, (Btu)/(hr)(sq in.)(°F/in.)
b average thickness of -all, in.
Thy average inside-head temperaturs, OF

For equilibrium H = Hy
Equations (3) and (5) can be combined to obtain
Ba, I (T~ - Tp)

T = l + 1}’1 (6)
aq /by

" Bquations (3), (L), and (5) can be combined and Ty can be
eliminated to give A4Ap as a function of lhl

( S S L ™ 1/
Ap = T N i
P [§ﬂ1iw(1 - T - kn(Tn —'LQJ j

The mean coefficient over the entire cycle for the transfer of
heat from the combustion gas to the cylinder is defined in refer-
ence 1 as '

H
O o) (8)
d1t-g = 'k
When eguation (8) is compared with equation {3), the mean coefficient

.____' n 1
is equal to BI . Because q, 1s vased on outside-wall t=mperature
it is an over-zll heat-transtfer cosl{icient and takss irto ac count
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the transfer of heat by convecticn from the gas to the inner wall
and the transfer of heat by conduction from the inner to the outer
wall. The heat-transfer ccefficient gy for convection of heat
from the gas to the inner wall is written

u
11

al(Tg - Thl\ (9)

1]
4

G =

When equations (5), (8), and (9) are combined, the coefficient q
in terms of the over-all coefficient.-q, may be obtained or,

hoT T (10)

Ky ©

A combination of equations (L) and (9) gives

P {oe/ F"?o)m

Ty - Ta 41#1
A combination of equations (L) and (5) gives
m
Thl - Ty LaO'App)'/p,K)) 1)
- , 12
T, - Ty alkmjtw

Solving equations (11} and (12) for Ty and equating the resulting
equations give

H

NG m
Ka g (App/f)?O) arky + Ka, Q\pp/p'T()) Loy

/. \T / m
qQqa (1'_-—"[‘ N+ Ka (bpe/oo N T a;lc Ty, + Ka, {App/p ) T
LINET My O( /70/' 2ot TN TR sy,

Because qq 1S the heat-transfer coefficient for the con-
vection of heat from the gas to the inmer wall, this coefiicient
is dependent only on I; whereas the coefficient for the convection
of heat from the gas to the outer wall ¢, 1S dependent on both I
and t,. For a particular cylinder the variatgon,of qp with I
can be obtained by substituting the value of BI®  for q, in
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equation (10); the values of B and n' are determined from tests
of the cylinder. *Whea the values of t, and kp fecr the cylincer
are also substituted in egquation (10), the variation of gq; with
I becomes :

4y = S

q, = A" (25)

where A 1is a constant: In selected ranges of I the error involved
in the approximation is less than 1 percent, and values for 2 and n
can be determined for each range. Bguation (15) is valid for any cyl-
inder with the same inside dimensions and combustion conditions as the
cylinder from which the constants are obtained.

Substitution of equation (15) in equation (13) gives a solution
for Ap: ’

o i EI"aqk (T - T\ N/ .
701 . m\ & 1)
Ap = : (16)
P IKagn(Tny - Ta) = Kot (Ty - Ty)
0%y = la) - Ragly o = 1}
L ermy T HEL & o \e M/
In like manner equation (13) can be solved for I to obtain
4 N \T/v
' . mn ' }* e
J fao fooforo)” atny - %) | |
I= : {17)

|7/ . m, |
iA\Tg - rhl)}-alkm + Kag, (/&pp/p,m} Ty U
The pressure drop required for cooling for various wall thick-

nesses, and thus various outside-wall areas, can be obtained from
equation (16) for given values of I, Thl’ and T,. The power

that can be developed for various wall thicknesses can be obtained
from equation (17) for given values of App/pYO, Thl’ and T,.
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(b) Cores constructed. (¢c) Rocker-box core inserted.

,f{grv

= NACA
£ L 2 C-5514

(d) Fins, spacers, and cores (e) Cylinder-head casting.
assembled in flosk.

Figure 1. - Steps in the casting of the NACA cylinder head.
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Figure 6. - Diagram of wide-entrance jacket enclosing -
" NACA cylinder. _ :
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Figure 13~ Pressure drop required to cool A, B, and NACA cylinders for

rear spork-plug temperature of 450°F, Cooling-oair pressure at Inlet A
inches Hg absolute; cooling-air temperature, | 0°F;p uel-air ratio, '0.2889.2
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Figure 14~ Barrel and inside-wall temperatures of A,B, and NACA cylinders for

rear spark-plug temperature of 450°F. Cooling-air “temperature, I00°F
cooling-air pressure,29.92 inches Hg absolute, fuel-air ratio, 0.08.
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Figure 15~ Pressure drop raquired to cool A, B, and NACA cylinders for on lnside;
wall temperature of 500 °F. Cooling-air pressure at inlet, 29.92inches Hg absolule; cool-
ing-air temperature, 100 °F; fuel-air ratio, 0.08.
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- Figure 23.— Effect of wall thickness on pressure drop and power required
for cooling with B and NACA cylinder-head fin proportions at cruigsing power,
Fuel-air ratio, 0,08; cooling-air temperature, IO0°F; cooling—air pressure
ot inlet, 29.92 inches Hg absolute; inside-wall temperature, 500°F;
indicated horsepower per cylinder, 67.8,
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Figure 24.— Effect of wall thickness on pressure drop and power required
for cooling with B and NACA cylinder-head fin proportions at take-off
power, Fuel-air ratio, 0,10; cooling-air temperature, I00°F; cooling-air
pressure at inlet, 29,92 inches Hg absolute; inside-wall temperature,
S00°F; indicated horsepower per cylinder, 133.3,
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