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THE EFFECT OF INCREASED COOLING SURFACE ON PERFORMANCE OF AIRCRAFT-ENGINE
CYIJIWERS AS SHOWN BY TESTS OF THE NACA CYLINDER

By OSCARW’. SCHEY, VRRN G. ROLLIN, and HEIUAN H. ELLERBROCK,Jr.

SUMMARY

A methodoj con.vtructi~$w of nearly optimum propotim
haa been developed~ the iVACA to the point where a cylinder
has been manufacturedand ti8ted: Datu were obtmkd on cyl-
inder temperaturefor a wide range of in.kt-manifold pressurm,
engine 8pee&, and cooling-premwe di$erences.

The rewdtaindicate that an improvenwn$of 40 percent in the
outside-wall lwat-trawjer coe@ient could be realized on the
pre8eti iVACA eybinderby prowidinga thmnal bond eqyivulent
to that oj an im!egraljin.-cylinderwall combination betweenthe
prejormed$w and the cat oylin.derd.

fitimak% over a ra~e oj wd thi.ekne88e8from 0.76 inch to
1.6 khe88how that the prem?uredrop reguiredfor c#ohg c-odd
be deeread m much m 80 percd for a range of power8jrom

pre8ent cruhing to tuke-oJ power if the W$n3 on a pre8ent-
day G@nder were replaced by jiw of NACA cylinder propor-
tion and ij the thermalbond betweenthe wall and ti$m were
equinzkn$ to thd oj an integral arrangement. CakuM.Om
bawd on an ins&kwaU head tiperature oj 600° F indicate
that the premure drop requiredfor cooling hypot?wticalc@n-
074V8Of tW”@~ hea&oaU thi.ekne88 could be decreaaed60 per-
cent by increming the thickness from 0.7 inch to 1.6 inch.tn.
An e8titi breed on an i~”de+oal.1head temperatureof 600° F
and an integral jin bond indicates that tlu improved cooling
obtained through i%ewe ojjiw oj h?A(7A cylinderjin propor-
tions will permit an inerewe oj 36 percent in power output.
This eatha.t.e of power hcreme is mude 8ok?y for cooling cri-
tm”a and doe8 not kelwde otherfactor8 limiting power ou@LL

INTRODUCTION

The increase in power output of aircraft engines has been
an important factor in the constantly improved performance
of aircraft. 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-air
stream. Improved cooling can be obtained either by in-
creasing the quantity of cooling 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
mom efficient method from power and drag considerations.
b analysis using equations obtained from heat--fer
tests (reference 1) showed that, if the heat+transfer COW-

cient for a constant outside-wall temperature is doubled by
the choice of a suitable h design, the resultant cooling
capacity of the engine will be sficient for a tripled power
output.

Extensive investigations in which electrically hented test
specimens were used have been conducted by the NACA to
determine the fin proportions necessary for maximum heat
transfer (reference 2). These investigations showed that
the fins of service-@pe aircraft engines were not of optimum
proportions If the information obtained from this analysis
were to be applied to the desigg of fins for aircraft cylinders,
the power output would then probably be limited by factors
other than cylinder cooling; that is, the desigg of spark plugs,
the presence of preignition, the antiknocking quality of the

fiel or mechanical mnsiderations. The results of these
inw%igations were applied to the design of iinning for an
air-cooled engine cylinder. Bemuse fins of the dimensions
required to give a maximum heat transfer for a given width
of iinning and a given pressure drop across the bafik could
not be produced by conventional maohining and casting
methods, a method of bonding preformed sheet+duminum
fins to the cast aluminum alloy of the cylinder head was
developed by the NACA. Three progressively improved
cylinders” were constructed durhqg 1937 and 1938 with
approximately the same inside dimensions as a commercial
cylinder in general use at that time. The fin proportions

of this commercial cylinder were inadequate for cooling an
engine with an increased power output.

The machining and oasting methods for making fins have
improved since the construction and testing of the NACA
cylindem. Cylinders having a b-surface area much greater
than that of the commercial cylinder of 1937 are now in
general use. No cylinder heads haviqj a cooling area as
large as that of the NACA cylinder head are lmown to have
been cast or machined.

The present report describes the construction of the NACA
cylinders and presents the results of the engine tests made
with one of the cylinders. Equations are given for the aver-
age head and the average barrel temperatures of the NACA
cylinder as functions of the fundamental engine and cooling
variables. By means of these equations and similar ones
for a commercial aircraft cylinder in general use in 1937
(hereinafter designated the A cylinder) and of approximately
the same inside dimensions as the NACA cylinder, a compm-
ison was made of the cooling performance of the two cyhndem.
The NACA cylinder was also compared with a commercial
cylinder in general use in 1942 and of approximately the
same inside dimensions as the A cylinder but with better
iinn.ing (hereinafter denoted the B cylinder). Cooling data
on the A cylinder were obtained from reference 1 and those
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(a) Ffmandspmrs fmrtlY assembled.
(b) cOresmnstmCtd. (o) Rocker-kmbuwted.
(d) Fire,spiq and coresasxnbkf fn J2N=. (e) Oyfindwhead castiu.

FmmE 1.-f3tq8 in the mstlng of the NACA aylfnder head.
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on tho B cylinder, from unpublished tests made at Langley
Memorial Aeronrmticd Laboratory in 1941.

Estimates were made of the decrease in pressure drop for a
given power output and of the increase in power for a given
pressure drop effected through the use of head iins of NACA
cylinder proportions on the B cylinder. The fln bond was
mm.uned to be thermally perfect, that is, to have the thermal
properties of an integral k-cylinder wall combination.
This assumption was not realized in the construction of the
NACA cylinder. All estimates of power increases are based
sole] y on cooling considerations; mechanical limitation, fuel,
or other facturs might prevent the attainment of such powers.

Mr. Ernest Johnson, chief of the technical service division
of LMAL, gave invaluable assistance in developing the
technique for constructing the cylinders. Acknowledgment
is made to Mr. Harry W. Lee, of the Norfolk Navy Yard,
for his assistrmce in developing the technique of casting the
NACA cylinders.

THE NACA CYLINDER

The results of an analysis of tests on electrically heated
finned cylinder barrels enclosed in jackets showed that, for
a large range of fin weights and for a pressure difference of
4 inches of water across the baffles, the optimum spacing for
steel fins was approximately 0.07 inch and the optimum
thickness, approximately 0.03 inch (reference 2). For
aluminum fins the spacing was about the same but the thick-
ness decreased to 0.02 inch. These proportions varied
slightly with pressure difference. The analysis also indicated
that the spacing and the thickness could be increaaed without
an ~ppreciable decrease in heat transfer. No similar tests
hnve been made on cylinder heads but the remdts of the
tests on the electrically heated cylinder barrels should be
approximately applicable to cylinder heads.

After construction difficulties had been considered, a cyl-
inder head having a fin spacing of 0.078 inch, a fin thickness
of 0.031 inch, and a h width of 1.9 inches was designed. At
a pressure difference of 4 inches of w~ter, these fln propor-
tions would give 10 percent less heat transfer than fins of the
mmo 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 prohibitive. The
fins can be stamped from an aluminum alloy of high thermal
conductivity and then attached to the wall. The use of such
rm alloy for the fins of n head cast by the conventional
method is not possible because the fins must be of the same
material as the wall, which requires an alloy of high strength
with resulting reduced conductivity.

The preformed-fin method of construction was chosen and
dmwlopment work was started on small cylindrical speci-
mens. The fins were stamped from an ah.uninum sheet and
clamped together with interfin steel spacem leaving %
mch oi the inner fin surface exposed to form the bond
with the molten aluminum of the cylinder-bend 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 mad o
using various fluxes, various aluminum soldem for tinning
the exposed fin surface, and various materials for coating
the surface of the sprmm. The metal was poured with the
mold spinning in an effort to scrub the oxide film off the fins.
Both the preheat temperrdure of the mold and the pouring
temperature of the metal were varied in order to determine
the optimum temperatures. The results obtained with the
specimens brought about the decision to mst the NACA
cylinder head from an aluminum Y alloy with the mold
stationary, with no flux, with a silica flour coating on the
spacers, with the exposed fin surfaces tinned with an alumi-
num solder, and with a mold temperature of 1100° 1? and
a pouring temperature of the aluminum of 1300° F.

Figure 1 shows the various steps in assembling the fins and
the spacers and of preparing and assembling the cores. The
thermocouples on the cylinder-head casting (fig. 1 (d)) were
located on the a~posed inner surface of the fins to indicate
the mold temperature. The cylinder-head casting was heat-
treatad by heating to 950° E’ and quenching in water. The
intdin spacers were left in place dur~~ the heat treatment
to prevent the fins from warpi~-.

The comparative finning of the A, the B, and the NACA
cylinders is indicated in figure 2. The three cylinders have
approximately the same inside dimensions, but the cylinder
walls of the NACA cylinder head are much thicker than
those of the other two cylinder heads. Cross sections of the
A cylinder and the NACA cylinder are shown in fi=~e 3.
The NACA cylinder head is approximately 1X inches thick
at the heaviest section; the corresponding thiclmes-s of the
A cylinder is ‘% inch and of the B cylinder, 1 inch. The
barrel of the NACA cylinder was constructed and the cylin-
der-head casting was machined by Pratt& Whitney Aircraft.
The 39 steel barrel fins, }4, inch thick, % inch wide, and
spaced 0.0.5 inch apart, were copper-brazed to the barrel wall.
The barrel of the A cylinder hns 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
cylindem:

r-=FM&f8.:)alw -ivCfghlh;fflm Totaf might

Cylfndw
(lb)

o
Head Barrel H- Barrel Barrel CyIfnder

— —

A 1025 694 &o 20 7.5
1575 1375

3225
6.5 25 10.80 4210

NABOA 1231 9.4 X5 R 02 E3.75

The fin-surface area on the head of the NACA cylinder is
considerably larger than that on the head of either of the
commercial cylinders. Although the NACA cylinder hns
about four times as much head fin-surface area as the B
cylinder, the difference in weight due to these fins is only
about 4 pounds. The present fin bond of the NACA
cylinder is % inch deep and adds 5% pounds of weight; a
)&inch bond could be achieved, thereby further reducing the
w-eight of the cylinder.
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APPARATUS

TEST SRTUP

A diagrammatic sketch of the single-cylinder test unit is
shown in figure 4 and a photograph, in @e 5. The engine
has a bore of 5% inches, a stroke of 6 inches, and a compression
ratio of 6.9. The valve timing, approximately that of the
standard commercial engines, is:
Intake opens, degrees B. T. C-------------------------------- 20
Int&ke aloses, degrees A. B. C-------------------------------- 70
Exhaust opens, degrees B. B. C------------------------------- 70
Exhaust closes, degrees A. T. C------------------------------- 20

In all the tests a single-cylinder @jection pump and an
injection valve located in a hole in the cylinder above 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 additional 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
onclosin~ the cy~der.
in figure 6. The jacket

A &a&am of the jacket is ~hown
had a wide entrance section, which

M

B

D

gave a low ~ir 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 mea between
@e 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 vm.s used to provide inlet-manifold
pressures above atmospheric pressure. A surge tank was
installed in the combustion-air system above the enggne to
reduce pulsations. The engine power was absorbed by a
wafer brake intercomected with an electric dynamometer;
the torque was read from dial scales. The NACA standard
test-engine equipment was used to determine en.@ne speed
rmd fuel consumption.

INSTRUMENTS

Iron-constantan thermocouples and a potentiometer were
used to measure the cylinder temperatures. The thermo-
couples of enameled and silk-covered 0.016-inch-diameter
wire were peened into the outer surface of the cylinder head
and spot-welded to the outer surface of the barrel. The lo-

A, orifice
S, surge tank
C, water manometer
D, water manometer
E, statlo.pressure manometer
F, thermometer
G, thermocouples

V, thermometer
W, selecter switch
X, dynamometer
Y, en Ine

I%z, 0 m plate
A’, cuolln -air blower

JW, poten ometer

~GIJRE4.—D&mmmntiO Ieyont of equipment.
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cations of tlm 22 thermocouples on the cylinder head, the
10 on the barrel, and the 2 on the flanges are shown in
figure 7. In addition, 10 thermocouples, differentiated by
the suf%x A, were located in several iins as close as possible
to the cylinder 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 meaaured. The cooling-air
temperatures were measured at the jacket entrance near the
cylinder by two multiple thermocouples consisting of two
thermocouples electrically connected in swies, and at the
outlet of the jacket by two multiple thermocouples consist-
ing of four thermocouples electrically connected in series.
The cold junctions of all thermocouples were placed in an
insulated box. Liquid-in-glaes thermometers were used to
measure the cold-junctiop temperature, the air temperatures
~t the Durley thin-plate orifices, and the air temperatures in
the inlet manifold near the cylinder.

The pressure drop across the cylinder was measured by a
static ring mound the air duct located ahead of the engine

cylinder where the velocity head was negligible (fig. 6). The
static ring was connected to a water manometer. An in-
clined” water manometer was used to measure the orifice-
tank pressure and a mercury manometer, to measure the
irde&manifold pressure.

The weight of combustion air was determined with a tbin-
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 measurements of the time required to
consume a fixed weight of fuel. 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
conwmption.

TESTS AND COMPUTATIONS

Tests of the NAC?A cylinder were conducted to determine
the constants used in equations for the average head and the
average bmrel temperatures as functions of the fund a-
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mental engine and cooling variables. In order to obtain
tho constants in the equations for the average head and barrel

I A/r flow ~
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FIacmE i3.-Dlagmm of wfde%ntmnm jacket enolmfngNAOA oyllndor.

temperatures, the data were calculated and plotted by the
method of reference 1. The constanta in the equatione
used to determine heat-transfer coefficients from the gas to
the inside wall were determined from tests in which a jacket
slightly different from that shown in figure 6 was used.
Inside-wall coetticients, however, are independent of jacket
form and the coefficients determined in the foregoing tests
are applimble to the wide-entrance jacket.

From the tests of the NACA cylinder and the data from
similar teste that have been made on the A and the B
cylinders, cylinder temperatures, power required for cooling,
pressure drop required for cooling, hentitransfer 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
cylkder. More teats 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 validi@ of the values over a range of engine and cooling
conditions.

Calibration tests were made to determine the weight of air
flowing over the head and the barrel of the NACA cylinder
as a function of the pressure drop across the cylinder (@g. 8).
The pressure drop Ap obtained from the static ring
placed in front of the cylinder included both the drop across
the cylinder and the loss at the jacket exit. The pressure
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.
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The method of computing the cooling-air weight from the
pressure drop across the Durley orfices is given in reference
3. The engine brake horsepower wss calculated from cor-
rected dynamometer-scale readings and the engine speed.
The friction homepower was determin ed by motoring the
engine at the inlet-manifold pressures, the exhaust pres
Sw-es, and the speeds used in the power runs. The indicated
horsepower was obtained by adding the brake horsepower
to the friction horse~ower.

The tests covered the following range of conditions:

CQOiing-air temperature, IF------------------------- 89-108
Brake mean effective pressure, pounds per square inch--- S3-190
Engine speed, ~m----------------------------------- 1500-2100
Pressure drop across aylmder, inches of water __________ 2.633.3
Fuel-ti mtio -------------------------------------- 0.079--00~~
Spark timing, degrees B. T. C------------------------
Inlet-air temperature, IF---------------------------- 80-92

In all of the tests except those in which the brake mean
effective pressure was varied, the weight of the combustion
air delivered to the engine per cycle was held constant. The
weight of combustion air was calculated from the pressure
and the temperatiue readings at the thin-plate orifice in-
serted in the duct betweem the blower and the engine, using
orifice coefficients and equations horn reference 4. The test
data obtained with the NACA cylinder are plotted in figures
9, 10, 11, and 18.

‘ A&&is of a large number of tests for several cylinders
(references 1 and 5) led to a choice for the effective gas tem-
perature T., which enters in the equations for average head
and barrel temperatures, of 1150° F for the head and 600°
F for the barrel. These values are for inlekair temperatures

of approximately 80° F, fuel-air ratios near the chemically
correct mixture, and normal spark settings. These vrdum
of Tg were used in the present report to determine the con-
stants in the cooling equations of the NACA cylinder for
average head and barrel temperatures as functions of the
engine and the cooling variables. For estimates of preasuro
drop required for cooling and of power obtainable from the
A, the B, and the NACA cylinders for mixtures other than
the chemically correct mixture, values of T. were obtained
from tests conducted at Langley lMemorinl Aeronautical
Laboratory on the B cylinder.

Gasoline conforming to Army specification No. 2-92, gmclo
100 (100-octane number, Army method) was used for all tho
tests

RESULTS AND DISCUSS1ON
COOLINGEQUATIONS

C%nstints for the fundamental cooling equations are ob-
tained from the curves in figures 9 and 10 by methods de-
scribed in reference 1. The curves for the cylinder head in
figurw 9 and 10 are based on the temperature measured by
the thermocouples on the outside-wall surface of the head.
The data for figure 9 were obtnined from tests using a difFm-
ent jacket, as previously mentioned, but the constants in the
equations obtained from these curves are applicable to the
cooling equation for the cylinder with the wide-entrance
jacket of figure 6. The equations for the NACA cylindm
with the wide-entrance jacket are:

T,– T.
T*–T==o.670G(APPl_h2-2+ 1

0.0356aI~n

T,– Ta
T,– T.=0.W7G(APP/&O~S+ 1

0.0159alPn

(1)

(2)

where

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

average temperature over outside cylinder-barrel surface
when equilibrium is attained, 0F

inlet temperature of cooling air, 0F

effective gss temperature, 0F

outside-wall area of head (or barrel) of cylinder, squnre
inches

internal area of head (or barrel) of
inche9

pressure drop across cylinder including
exit, inches of watex

cylinder, square

loss from jacket

average density of cooling air entering and leaving fins,
pound feet-4 second z

density of air at 29.92 inches of mercury and 70° F,
pound feet+ second 2

indicated horsepower per cylinder
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c + x n A v
Engfne spee~ Ppm I 505 /506 1502 / 504
Boos~ m Ug

2/03 1301
2.96- f.L92 581-690

bmea lb/sqm
2.00 6.86 0- 12./0 67

141.4-1951 J.S5 129.4-1359 165.3 8.92- }896
-. v

%2~!7~;%%:T & %0

/64.6
’26 ‘- 26 ‘-j/

-----
26

8.34 8ZI
00801 oo7g3

826 85.0
ao802 a0802 ao804

Cooling- oir tenp.,“F
0.0796

106.0 893 90.6 94.6 1030 92.6

I-l-L
40 60 do

—

/

—

Indlca fed horsepower, Z

FIQUFW 9.—VmM[on of H/( Tr.TA) and H/( Tg—Tb) with fndfrated horseWwer for NACA cgfmder.

A temperature. of 70° F instead of the usual 60° F was
used in calculating standard density to facilitate compari-
sons with earlier data on cylinder cooling that had been
bnsed on CLtemperature of 700 F.

The areas of the A, the B, and the NACA cylinders are
listed in table I.

TABLE I.—AREAS OF THREE CYLINDERS

I“AB4=M1 I I1
7t8

t

I

84.8 142
78,4 85.5 146

NACA 7&8 84.8 218

Bmref

13%b
72.2
626

The methods of obtaining @ and a, are given in reference 1.
All three cylinders show greater internal-wall areas than
exterior-wall areas on the barrels, which may seem incorrect.
The exterior-wall areas of the barrels are, however, based
on a length that is slightly greater than the barrel length
covered by the iins; whereas, the internal-wall areas are
based on rLlength measured from the bottom of the head
flange to the position of the bottom compression ring w-hen
the piston is at bottom center. The exterior-wall areas of
tlm barrels are chosen for use in computations because this
area is the one over which the cooling air flows. Heat is

Press- &oD ocross cylm~, ApP/p,.m water

Hwmm-varidonof (~.) ,Ln~d (~) ,Lnwffi ~ dIOP=CUY.
NACA oylhrdor. Engine speed, KOl rpm; srark tfmh% m B. T. O

carried away by free convection from the small area between
the flange and the cylinder jacket. This heat quantib is
too negligible to be considered in the cooling equations.
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Io 0

‘Boost in I-I@- -.62 -.36
bm~ lb/sq in 116.4 /2.30
Indicafed horsepower 41.5

— G7rburefar - a?r tem~ T 868 i%
Fuel- air mfio I ao803 0.0801

_ Coofing- air tcm,n, OF_ _9Z2_9ZO-1020-
Pressure abop across .?35-3208 251-3330 —
cyfinder, in wafer

400

L /
o

&360
1j

/
0

5
0.G320. d
~
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~

4280
k
$

~
Q

k 240

18 0 220 260 300 340 380
Average heed iempcrafu~ ~, “~

Average bwrel temperature, q, “F

CYLINDEE-TItMPEllATURE FzELATIONSRTPS

In reference 6 equations are developed in which tempera-
tures at individual points on the cylinder are taken as func-
tions of the engine and the cooling conditions. To deter-
mine temperatures at individual points by such equations
is tedious; if some simple relation between the average
cylinder temperatures and pertinent individual temperatures
were obtained, only the equations for the average tempera-
tures and these simple relations must be known to determine
the individual tempmaturw.

The rear spark-plug temperature and the rear flange tem-

perature are the most pertinent temperatures of a cylinder
because they are the present criterion of cylinder cooling for
multicylinder engines. The rear spark-plug temperature
and the rear flange temperature of the NACA cylinder have
been plotted in figure 11 against the average head and tho
average barrel temperature for the teats that were made
with the wide-entrance jacket. Because the construction
of the single-cylinder test jacket does not permit the passage
of cooling air over the flange of the cylinder, the rear-flange,
average-barrel temperature relationship is not representative
of multicylinder results. A linear relationship exists for
both sets of temperatures. Although there was very littlo
variation of engine conditions for the tests shown in figure
11, the tests of a commercial cylinder previously montionod
have shown that, when this relationship is eetablishod for
two temperatures, it will be applicable for any engino or
cooling condition. Figure 11 will therefore be used to
determine Tb and Th when the rear spark-plug and tho roar
flange temperatures arc known for the engine and cooling
conditions

For a given rear spark-plug temperature, an analyeis of
the cooling equations for the head and the barrel of the
NACA cylinder and of the curve for average head tempera-
ture plotted against rear spark-plug temperature shows that,
although Th is constant for any engine and cooling condi-
tion, Tb does not remain constant as engine and cooling
conditions are varied. The only case in which Tb remains
constant, when the rear spark-plug temperature is constrm t
but the cooliqg and the en=#ne conditions vary, occurs whcm
the values of exponents m and n’ am the same in both tho
head and the barrel equations. From figure 11, the limiting
vahe of Th to be used in the cooling equations for dotormin-
ing estimated pressure drops or horsepowers can be obtainod
if the limiting value of the rear spark-plug temperature is
known.

COMPARISON OF COOLING PERFORMANCE OF A, II, AND NACA CY1.lNDElU3

Comparison of hdexes of cooling,-Equations (1) and (2)
and similax equations for the A cylinder from roforonco 1
and for the B cylinder from unpublished data wcro used in
obtaining the curves shown in figure 12 for values of App/~O

of 2 and 30 inches of water. The index of cooling is tho
value of the ratios (Th— TJ /(Tg— Th) and (Tb— TJ/(T~- TJ.
The lower the values for a given pressure drop across the
cylinder, the better the cooling. Comparisons of the cool-
ing of different cylinders of the same displacement have
generally been made at LMAL by plotting the index of
cooling against P/(App/pm); one curve for the head and one
for the barrel of a cylinder have been applicable to all pressure
drops. The nature of the equation, in which K1 is a constant,

Th–1’a ~ot~dshows that, if m equals n~/2, one curve of —
Tg–Th p

P
— will be applicable to all pressure drops. Tbo%atit APP/ti

diilerence between exponents nl/2 and m for the NACA
cylinder is not negligible; for that renson separate curves
are given in figure 12 for each pressure difference,
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I?igure 12 shows a marked improvement in cooling for the
NACA cylinder as compared with the A cylinder for both
the head and the bmrel when the cooling is based on average
outside-wall temperature. The inside-wall temperature
will be discussed later. The NACA cylindei head also
shows improvement over the head of the B cylinder, espe-
cially at low pressure differenws. That the NACA cylinder
bmrel shows slightly better cooling on the basis of operatfig
tampemtures than the B cylinder barrel was unexpected
because the B cylinder barrel has 11 pereent more fin area
than the NACA cylinder barrel. Furthermore, the fins on
the B cylinder barrel are of aluminum and therefore have a
higher conductivity than the steel h on the NACA cylinder
barrel. The reason for these results is, as will be shown
Iatar in the report, that the B cylinder barrel dissipate more
heat than the NACA cylinder barrel. It is therefore mis-
leading to compare the two cylinder barrels on the basis of
temperature and neglect the total amount of heat each dis-
sipated. I?or the same reason, the NACA cylinder head
would be slightly better from the standpoint of cooling than
is shown in iigure 12.

(comparison of oooling pressure drops.-A better repre-
sentation of the relative eoohng of the three cylinders than
that shown in figure 12 is shown in iigures 13 and 14. The
criterion for satisfactory cooling has been assumed to be
460° I’ on the rear spark plug and the calculations have been
bnsed on cooling air at a pr~ure of 29.92 inches of mercury
absolute and a temperature of 100° F, which are the vsluw
for Army standard air at SWL level. Figure 13 shows the
pressure drop required for cooling at various indicated horse-
powers. The values of horsepower cover a range from
npproximahly rated power of the A cylinder to the approxi-
mate power developed in take-off at the present time. The
curves for the NACA cylinder were obtained by finding the
average head temperature from figure 11 and the rear spark-
plug temperature and then determining the pressure drop
from equation (l). The density of the inlet cooling air was
,used ipstead of the average density in equation (1) because
use of the density from equation (1) would have complicated
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the calculations and would have changed the results only
slightly. The curves for the other two cylindem were found
by a similar method.

From an extrapolation of figure ] 3, a pressnre drop of
about 100 inches of water would be required to cool the A
cylinder with present take-off powers; whereas the B cylinder
and the NACA cylinder will cool under similar conditions
with a pressure drop of 7 inchw of water. Figure 12 shows
that the NACA cylinder head is much cooler than the B
cylinder head for given engine and cooling conditions, yet
figure 13 shows comparatively little improvement in pressure
drop required by the NACA cylinder. Fiie 12, however,
is based on an average outside-wall temperature, whereas
figure 13 is based on a constant rear spark-plug temperature.
In order to obtain a rear spark-plug temperature of 4500 1?
on the NACA cylinder, the average head temperature must
be held at 368° F; the average head temperature of the B
cylinder is 429° F for a rear spark-plug temperature of
450° F. Thus, in figure 13 the head of the NACA cylinder
is much cooler than the head of the B cylinder. Indexes of
cooling other than rear spark-plug temperature must there-
fore be established in order to ~mpare cylindem of widely
diilerent geometric design. If B, n’, k~, tw T~, T., and the
cylinder surface areas are known, the inside-vndl temperature
of the head of a cylinder can be calculated for various horse-
powers by the equation developed in the appendix.

(6)
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where

~ and n’ constants
k. thermal conductivity
tw average wall thickness

The inside-wall temperatures of the NACA, the A, and
the B cylinders in figure 14 were calculated for the same
conditions for the pressure-drop calculations of figure 13.
As the horsepower increases, the inside-wall temperature
of the three cylindem increases for a constant rear spark-plug
temperature of 460° 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 tem-
peratures of the NACA cylinder are higher than those of the
B cylindar. The NACA cylinder head is about 1.5 inches
thick and the B cylindw head is about 1 inch thick. The
greater areu of the NACA cylinder head facilitates heat
transfer but the increased thiclmess counteracts this effect.
The two factors combine to give the results shown in figure
14. The barrel temperatures of the three cylindem shown
in figure 14 were obtained by substituting the horsepowers
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and the pressure drops of figure 13 in equation (2) and in
similar equations for the A and B cylindem.

Because both the inside-wall and the outside-wall tem-
peratures of the three cylindem were ditferent when the
index of cooling was 450° F on the rear spark plug, and
because preignition, knock, and cylinder strength all depend
on inside-wall temperature, an estimate of the pressure drop
required for cooling the cylinder heads was made on the
baais of a constant inside-wall temperature of 500° F.

The pressure drop required for cooling based on constant
inside-wall temperature is given by

{

&Jn’kJT,. ,– T=)
1

urn
Ap=~ (7)

P l?i%@FtJZ’=-l’=) —k=(T*, l—T=)]

in which m is a constant. (See appendix for derivation.)
Equation (7) ym.sused to determine the curves of figure 15,
which show t~at, when the criterion of cooling is an inside-
wall head temperature of 500° F, lew pressure drop is
needed to cool the A cylinder than when the criterion, of
cooling,@ a ymr spark-plug temperature of 450° F (fig., 13);
the difley+qtia$ amounts to about 45 inches of water w
compared with 100 inches of water. The constants in
equatioq (7)-,were obtained from equation (1) for the NACA
cylhd~i from reference 1 for the A cylinder, and from
unpublished data for the B cylinder. The calculations w,ere
based on Army standard sea-level pressure and temperature,
and the depsity p in the equation was assumed to be inlet
density. The temperature of the tilde wall mud ha~e
been less than 500° F for the A cylinder with 450° F on the
rear spark plug. The B cylinder needs o slightly higher
pressure drop to hold 500° F on the inside wall of the head

Ihdicofed horsepo wer, 1

I&s lh—RTsWro drop reqtdmd to OXI1A, B, and NAOA orlhdem for Mde-wafl
temrmrakue of ~ F. Cd@+& pmsnlro at fnlet, !2$.62fncheaHg absoluw cmlfn@r
temperat~ lN F; fad-afr ratio, M&

than to hold 450° F on the rear spark plug. The increase,
however, is not very great; a horsepower of 120 requires
about 9 inches of water pressure drop to hold 500° F on the
inside wall as against 7.4 inches of water to hold 450° F on
the rear spark plug. The NACA cylinder pressure drops
increased to about 20 inches of water in order to hold 500° F
on the inside wall as compared with about 7 inches of
water to hold 450° F on the rear spark plug. This large
pressure drop in the case of the NACA cylinder is principally
due to the poor thermal bond between the h and tho head.
The increased wall thickness of the NACA cylinder head
over that of the B cylinder tends ta increase the required
pressure drop, whereas the increased outsid~wall area due
to the increased thiclmm tends to decrease the required
pressure drop. The separate effects of wall thickness and
outside-wall area on cooling will be discussed later. The
corresponding barrel temperatures of the three cylindcm for
the conditions given in figge 15 are shown in figure 16.
The high pressure drops required to cool the heads of the
NACA and the A cylinders make the barrel temperatures
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of these cylinders lower than those of the B cylinder over
part of the range.

(Comparison of outside-wall heat-transfer ooef%cients.—
Calculations were made of the outside-wall heat-transfer
coefficients Z7 for the NACA cylinder and the results were
compared with coefficients for the A and B cylinders. The
outside-wall coefficients for the head and the barrel of a
cylinder can be calculated from the equation

U=K(AppJAJ”

The values of the constants K and m for the head and the
barrel were obtained from equations (1) and (2), respectively.

The results of the calculations are shown in figure 17. At
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 cylinder; above 30 inches of water, they are
less than those of the A cylinder. This result was entirely
unexpected because of the better iin proportions of the NACA
cylinder. When a perfect thermal bond was assumed for
the NACA cylinder, the estimated heat-transfer coefficients

%esswe ai%p OC;OSS cylkrdeq App/p70, in wafw

FIOLTSE17.—Varb3t3onof oufnfdwmll hea&bnnafor -dents with pmamre drop aoK@9
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Mfdly perfd bond.
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FTGUREl&—Effeat of W3WJI’8drop acrom oyllnder on HJ(T~..-TJ ead H/(TM-TJ for
NACA oylindor. No bo@ mark tbnh% 2T B.T.O.; carbnreto~ tom~tn%
7P F.

showed mnsiderable improvement over those of the B cyl-
inder. These coefficients are shown in figure 17 by the
broken line.

Another interesting result of iigure 17 is that the heat-
transfer coefficients of the barrel of the NACA cylinder,
wtich 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 aluminum fins over the
steel barrel liner. From data on electrically heated cylinder
barrels (references 2 and 7) the heatAransfer coefficient for
barrels of the B and the NACA cylindem were computed.
The calculations, which were made to check the results
obtained from single-cylinder tests, showed that the coe5-
cients for a barrel with fin proportions and material similar
to those of the B cylinder were higher than those for a barrel
with iin proportions and material similar to those of the
NACA cylinder. The calculations therefore checked the
trend of the barrel ourves of figure 17.

The outside-wall heat-transfer coefficients of the head of
the NACA cylinder were based on the difference between the
wall temperatur~ and the cooling-air temperatures. Data
were obtained on the temperatures of the & adjacmt to the
w-all of the head. The heat dissipated per degree Fahrenheit
difference between the wall temperature and the cooling-
air temperature, and the heat dissipated per degree Fahren-
heit difference between the fin temperatures adjacent to the
walls and the cooling-air temperature were therefore calcu-
lated for the head of the NACA cyclinder from the single-
cylinder engine tests. These heat values are proportional
to the heat-transfer coeihcienti. The results of the calcu-
lations are shown in figure 18. The temperature Tk r is the
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average of the ] O thermocouples, idenfied by the suilix A,
installed on the root of the iins; the temperature Tb,_ is
the average of the same numbered thermocouples installed
on the head. The heat &lpated per degree Fahrenheit
diilerence between fin and coolingair temperatures is about
40 percent greater than a cmmapondirg heat transfer baserl
on wall temperature. Thus, the bond between the fins and
the head of the NACA cylinder was not thermally perfect;
an appreciable temperature drop from wall to fins was ob-
tained. If the thermal bond between the& and tho wall
were thermally perfect, the outside-wall coefficients of the
NACA cylinder head would be about 40 percent greater than
those shown and would be of the order expected.

Comparison of heat dissipation.-Of interest in the design
of air-cooled cylind era is the percenkae of indicated horse-
power dissipated as heat to the cooling air. Calculations
have been made for the barrels and the heads of the three
c.ylindera of the percentage heat dissipated to the cooling air
at various indicated horsepower under the same cooling
conditions used in figure 13. The results are shown in iigure
19. With an indicated homepower of 120, the percentage
of heat tilpated from the B cylinder head is approximately
17 percent; from the A cylinder head, about 29.5 percent;
from the NACA cylinder head, 22 percent. From values
given in figure 19, coefficients of heat transfer can be esti-
mated for given horsepower outputs, cylinder temperatures,
and cooling-air temperatures in the design of new cylinde=.

Comparison of power required for cooling.-The per-
centage power required for the three cylindem for various

indicated horsepowers and with a rear spark-plug tempera-
ture of 4500 F is shown in figure 20. The powm mquimd
for cooling was obtained from the relation

hp=
weight of air X pressure drop

p’g x 33,000

in which the weight of air is in pounds per minute, the prm-
sure drop is in pounds per square foot, and plg is in pounds
per cubic foot. The pressure drop for cooling the NACA
cylinder was calculated from equation (1) and the weigh t of
air was obtained from figure 8. The head temperature cor-
responding to the rear spark-plug temperature of 460° F was
obtained from an extrapolated curve of figure 11. The
speciiic weight of air plg was based on Army sea-level prcs-
snre of 29.92 inches of mercury absolute and tempwatum of
100° F. The powers for the A and the B cylinders wcro
calculated from similar data. The calculated powers are
the internal-drag horsepowers across the cylinders and should
not be confused with the power required for cooling onginca
placed in moving ducts or nacelles.

The percentage of the indicated horsepower required for
cooling the NACA and the B cyliudera is very 10W, about 0.8
percent at an indicated horsepower of 120: but the A cylin-
der would have required about 28 percent if such a powor
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 greatar part
of the range of indicated powers shown in figure 20, tho
NACA cyhder shows a little less power required for cooling
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thnn the B cylinder. Over the entire range of powers shown,
thei NACA cykder curve should be much lower than the B
cylinder curve; the high percentages 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 temperature of 5000 1?
instead of a constant rear spark-plug temperature of 450° F.
The pressure drop required for cooling was obtained by using
equation (7); constants in the equation for the NACA cylin-
dm were obtained from the prment data; for the A cylinder,
from reference 1; and for the B cylinder, from unpublished
data on that cylinder. The results of the calculations are
given in figure 21. Owing to an imperfect thermal bond
between the fins and the wtdl of the NACA cylinder, above
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an indicated horsepower of 90 the power required for cooling
the NACA cylinder is greater than the power required for
cooling the B cylinder. Thus, at an indicated horsepower
of 120, about 1 percent of the indicated horsepower is re-
quired for cooling of the B cylinder and ahnost 4 percent for
the NACA cylinder. Because the average inside-wall tem-
perature of the A cylinder had was much 1- than 5000 F
for a rear spark-plug temperature of 450° F, much less
cooling power (about 8.5 percent) is required to hold an
insidcwall temperature of 500° F than to hold a rear spark-
phg temperature of 450° F (about 28 percent) at an indicated
horsepower of 120. (See figs. 13, 14, and 15.)
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ESTIMATED EFFECT OF INCREASED COOLU?G SURFACE AND
CYUNDBR-WAIL THIC~ ON ENOINE PERFORMANCE

The performame of the NACA cylinder has been compared
with the performance of two commercial cylinders The
three cylindem differed in head thickness, head fin-surface
arcn, barrel finning, and barrel material. It is diflicult under
these conditions to determine the exact effect on performance
of increasing the head fin-surface area and of varying the
head-wall thiclmess. Calculations have therefore been
made of the estimated pressure drop required to cool at
constant power output hypothetical cylindem with a perfect
thernd bond between the wall and the fins, with varying
head-wall thickness, and with two h-surface areas. In
addition, C.aIculations of the estimated power output for
constant cooling pressure drop were made for the cylindem.

As was previously stated, the assumption has been made
in these calculations that the thermal bond between the h
and the wall was perfect for all the hypothetical cylinders.
It is possible tQ obtain a perfect thermal bond between the
fins and the wall when preformed fins are used. A steel
cylinder barrel with aluminum h, which was manufactured
later than the NACA cylinder, has been tested at LMAL.
The fins were preformed and 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. A
sketch of a cross section of the cylinder is included in @gure
22. Thermocouples were placed on the aluminum base at
the locations shown in iigure 22, the cylinder was electrically
heated, and the heat 10S was determined for various amounts
of cooling air passing over the cylinder. The calculated
over-all heat-transfer coe5cients U for a perfect thermal
bond between the fin and the wall are shown for various
weight flows of cooling air by the curve in I&we 22. The
experimental coefficients based on the wall temperature are
shown by the points. The agreement between the calculated
and the experimental values is very good, which indic.m%

ADVISORY COMMITTEE FOR AERONAUTICS

that this test cylinder has a thermal bond between the flm
and the wall almost equivalent to the thermal bond of an
integral iin-cylinder wall combination.

An equation based on inside-wall temperature has been
developed in the appendix as equation (16) for the pressure
drop required for cooling for given cooling and power con-
ditions, inside-wall and outside-wall areas, thickness of the
cylinder wall, and cylinder material.

/%’0

[

~za,k_(TE– T*,,) 1
I/I

(16)‘p=~ K@m(TL ~—T.)—K@~(T;-Th, 1)

where ~ and z are constants for selected ranges of I aa
explained in the appendix. By means of this equation tho
curves of figures 23 and 24 were obtained. The calculations
were made for hypothe~ical cylinders with the following
characteristics

I Cylfrtdw group I 1 I 2 I 3 I 4 I
InsIde-head pro~ioms

Herid-dnPXWJrtlOrM

-p~

Head thfoke$ inche$ Varyfng from 0.76 to 1.50 Vfuylng from 0.76 to ] .M

I Barrel I B 6yllnder
I

NAOA oyllndor I
Group 1 has been compared with group 2, and group 3

with group 4. Comparisons made in this way were thought
to be fairer than comparisons of hypothetical cylindcra
basically similar to the B cylinder (group 1) with hypo-
thetical cylinders basically similar to the NACA cylinder
(group 4). The values of the constants K and m in equation
(16) for cylinder groups 1 and 3 were obtained from unpub-
lished test data on the B cylinder. For groups 2 and 4 tho
constant K in equation (16) was obtained by increasing tlm
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constant Kin equation (1) by 40 percent because the heat+
transfer coefficient for the NACA cylinder head would be
incressed 40 percent by a perfect thermal bond. (See fig. 18.)
The constant m ~ equation (1) was used for groups 2 and 4.

The valuea of A and z were calculated from equations (10)
and (15) of the appendix; the data needed for the calcula-
tions were obtained for groups 1 and 2 from unpublished
teat data on the B cylinder and for groups 3 and 4, horn data
on the NACA cylinder. The constant ~ and the exponent
x in equation (16) are independent of wall thiclmess and type
of finning. The value of 2’, for all groups was obtained from
a curve of Z’s plotted against fuel-air ratio. A value of ~ of
78.4 square inches was used for groups 1 and 2 and 76.8
square inches, for groups 3 and 4. (See table I.) The
outiide-wall areas ~ were estimated for groups 1 and 2
from the thickncm and the outside-wall area of the B cylinder
and for groups 3 and 4, from those of the NACA cylinder.
Tlm calculations were based on Army ses-level pressure and
temperature and on a constant inside-wall head temperature
of 500° 1?. 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 cylindem for given conditions and do
not correspond to the pressure drops that would exist for
thcm air weights on the hypothetical cylinders because of the
changing path lengths. The pressure drops obtained from
equation (16) were therefore corrected for the path length
of each cylinder. ,.,

F&me 23 shows the results of calculations for the four
groups of cylinders for an indicated horsepower of 67.8 per
cylinder, approximately cruisiig power, and a fuel-air ratio
of 0.08. A large decrwe in pressure drop, an average of
approximately 80 percent over the range of wall thickness
shown, can be obtained by using head fins of NACA cylinder
proportions rather than fins of B cylinder proportions. Over
the range of wall thickness shown, the required pressure drop
decreased with all cylinder groups as the thiclmess increased.
In effect, the increase in heat transfer caused by the increase
in fin surface as the wall thickueas increased more than bal-
anced the decrease in. heat transfer caused by the thicker
walls. A maximum thickness will be reached beyond which
the pressure drop will start increasing. The decreme iII
preswure drop ww approximately 50 percent (from initial
pressure drops of 3.66 and 5.21 in. of water) for the cylinders

I with the B cylinder-head fin proportions; and 75 ‘percent
(from initial pressure drops of 0.74 and 1.23 im of water) for
the cylinders-with NACA cylinder-head fin proportion’.

Tho powers required for cooling the four cylinder groups
are also plotted in figure 23. The average decrease in cooling
power over the range of wall thicknesses is shown more than
90 percent when NACA cylinder fin proportions are used
instead of the B cylinder b proportions. The decrease iII
cooling power a9 wall thiclmws increrxw is also large for all
cylinder groups. In no case, however, is the cooling power
greater than 1 percent of the indicated power.

The results of calculations for an indicated horsepower of
133.3 per cylinder, approximately take-off power, and a
fuel-air ratio of 0.10 for the four groups of cylinders are shown
in iigure 24. A large decrease in pressure drop required for
cooling is again obtaine”d by using NACA cylinder & pro-
portions instead of the B cylinder fin proportions on the
heads of the hypotheticrd cylinders; this detieaae is approxi-
mately 80 percent for cylinder groups 1 and 2 and about
70 percent for cylinder groups 3 and 4. For the B cytider-
head iin proportions, a reduction in pressure drop from 6 to
2.8 inches of water in group 1 and from 13 to 7 inches of
water in group 3 is obtained by increasing the head-wall
thickmw from 0.7 inch to 1.5 inches. The corresponding
decreases in power required for cooling, also shown in @ure
24, are 92 and 84 percent, respectively. Although these
reductions in cooling power are large, the fact that the maxi-
mum cooling power is only 2 percent of the indicated horse-
power makes them less important than the reduction in
cooling-pressure drop. The pressure drop required for cooling
in the four groups decreases aa the thickDass of the cylinder-
head mall increases for the range of thickness shown;
the decrease based on the pressure drop for a wall thickness
of 0.7 inch is about 50 percent for the cylinders with B cylin-
der fin proportions and 65 percent for the cylinders with
NACA cylinder fin proportions. These percentage decreases
of pressure drop due to the increase of wall thickness and
to the changing of fin proportions to obtain large h-surface
aress are of the order of pressure-drop decreases obtained
in figure 23 for the cruising-power condition.

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

K~(ApP/~)=k.(Th,l– T.)

l=[~(z’g– T*,J [a,k~+Ka@p~/fi.) %] )
1lx

(17)

The constants in the equations for the four groups of cylinders
are the same used in equations (8), (10), (15), and (17) for
dete rmining the results of figures 23 and 24. The method of
detaminin g ~ and z is given in the appendix In order to
use, in the calculations for figure 25, the constnnts K and m
of equation (16), the pressure drop of 7 inches of water had
to be corrected 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 crdcuhtions are shown in figure 25. The
curves for the cylinders with NACA cylinder fln proportions
on the heads show a maximum estimated power output at a
wdl thickness of about 1.6 inches; the curves for cylinders
with B cylinder fin proportions on the heads show a maxi-
mum 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 areaa of the heads with resultant large
fin-surface areas. The gain in power output in changing from
a wall thiclmess of 0.7 inch to optimum wall thickness is from
10 to 20 percent for cylinder groups 2, 3, and 4 and about
30 percent for cylinder group 1. A gain of about 35 per~t

inmaximum power output is possible by using NACA cylin-
der fin proportions instead of B cylinder fin proportions for
the cylinders with B cylinder barrel, and 24 percent for the
cylinders with the NACA cylinder barrel. By the use of
optimum h proportions on the heads of the cylinders instead
of NACA cylinder proportions, the value of 35 percent could
be increased to approximately 50 percent. Figure 25 shows
that power outputs of 260 indicated horsepower (about 47OO
ihp for 18 cylinders) could be obtained with a cylinder of
1.6 inches head-wall thiclmess, hTACA cylinder fin proportions
on the head, and a B cylinder barrel. A power output of 260
indicated horsepower illustrates the possibilities of the air-
cooled engine solely on the basis of cooling considerations.
The attainment of such powers in future engines will depend
not only on a change in the desi.w of the cooling surfaces but
also on mechanical modifications of the engine and the
improvement of fuels and spark plugs. & indicated mean
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effective pressureof 288 pounds per square inch was obtained
in the tests of the NACA cylinder, which is slightly higher
than present values of take-off indicatid mean effective pres-
sures. No tests 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 depend upon the service
requirements of the engine. The increased weight for
adequate cooling of the cylinder would not be advisable if
the high power output made possible by such an addition
could not be obtained because of knock or preignition
chornctcristics of the fuel. In addition, if a high power is
necessary only for take-off, the addition of cylinder weight for
ndequate cooling for such a short period would be uneco-
nomical. It would probably be advisable to cool the engine
for such a short period by the use of au overrich mixture.

CONCLUSIONS

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

2. Estima& showed that, for a range of power from pres-
ent cruising to take-off power, and for a range of wall
thicknesses from 0.7 inch to 1.6 inches, the pressure drop
required to cool a commercial cylinder could be decreased
as much as SO percent if the head fins are replaced by b
of NACA cylinder proportions and if the thermal bond
between the walls and the proposed fins is perfect.

3. On a basis of a constant insid~wall head tempemture

of 500° F, it is estimated that the substitution of NACA
cylinder iin proportions for the fins on the heads of com-
mercial cylindem will permit an increase in power output
of approximately 35 percent. If optimum iin 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.

4. As cylinder-wall thiclmwa increases, the heat transfer
decreases because of the greater path length for the heat
flow and the heat transfer increases because of the grem%r
outside-wall area; thus, fin-surface area increases if the fin
proportions are held constant. Calculations of estimated
power outputs of hypothetical cylinders show that the
optimum thickness for heat transfer is approximately 1.7
inches.

5. Calculations based on a constant inside-wall head temp-
erature of 6000 F indicated that the pr-ure drop re-
quired for cooling hypothetical cylinders of varying head-
wsll thickness coidd be decreased 50 percent by increwing
the thiclmess from 0.7 inch to 1.5 inclm.

6. Based only on cooling considerations, an estimated
output of 260 indicated horsepower could be developed by
a hypothetical cylinder with an aluminum mufE on the
barrel, NACA cylinder-head fin proportions, a wall thick-
ness of 1.6 inches, 7 inches of water pressure drop available
for cooling, and a constant insidewall head temperature of
500° F.

AIRCRAFT ENWMD RESEARCH LABORATORY,
NATION~ ADVISORY CO-~En EOR AERONAUTICS,

CLE~LAND, OH~O,&dy 1, 1944.
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APPENDIX

DEVELOPMENT OF EQUATIONS FOR ESTIMATED POWER OUTPUT AND PRESSURE DROP REQUIRED FOR COOLING

The rate of heat transfer @tu/hr) from the combustion
gaa 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 fit approximation (referance 1),

H=~uJ’f (Tz– T,) (3)

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

H,=KQJApP/ti)rn (T,–T=) (4)

The conduction of heat through the head may be expressed
by the following equation (reference 6):

In the foregoing equations

heat transferred per unit time
gas to cy+nder head, Btu/hr

constanta

.

(5)

from combustion

internal area of head of cylinder, sq in.
indicated horsepower per cylinder
constant8
effective gas temperature, ‘F
average temperature over outside cylindm-head

surface when equilibrium is attained, ‘F
inlet tempemdmre of cooling air, ‘1?
heat transferred per unit time from cylinder head

to cooling air, Btu/hr
outsidewall area of head of cylinder, sq in.
premure drop acre= cylinder including loss from

jacket tit, in. water
average density of cooling air entering and leaving

fins, lb ft+ sec 2
density of air at 29.92 incha of mercury and 70°

F, lb ft+ SeCz
thernml conductivity of head, Btu/(hr) (sq in.)

(0 F/ in.)
average thickness of wall, in.

Tza,l average inside-head temperature, ‘F
For equilibrium H=HI:

Equations (3) and (5) can be combined to obtain

‘h”’=z*+T’ (0)

Equations (3), (4), and (5) can be combined and T, can be

eliminated to give Ap as a function of Tb. 1

{

%Jtik.(T,. ,–T,)

}

1/=
Ap=@ (7)

P Ka@IWW(Tz- T.) —lcJTh. ~—T.)]

The mean coefficient over the entire cycle for the transfer
of heat from the combustion. gas to the cylinder is defined
in reference 1 as

H
‘O=q(Tg— Th)

(8)

When equation (8) is ~mpared with equation (3), the mmn
coefficient is equal to BInr. Because go is baaed on outside-
wall temperature, it is an over-all heat-transfer coefficient
and takes into account the transfer of heat by convection
from the gas to the inner wall and tho transfer of hat by
conduction from the inner to the outer wall. The heat-
transfer coefficient gl for convection of

to the inner wall is written

H
‘1=~1 (Tg— Tb,])

heat from the gas

(9)

When equations (5), (8), and (9) are combined, the coeffi-
cient ql in term of the over-ail coefhciont go may be obtained
or,

A combination of equationa (4) and (9) gives

T.– Tb,l =Kao(ApP/~)”
Th—T. W’1

A combination of equations (4) and (5) gives

tihing equations (11) and (12) for Tb
remdting equations give

(lo)

(11)

(12)

and equating the

qlal U’.– Tb.1)+K%(App/m)mT.=%kmTb,l +K%(App/fio)”t~Ta
KGJApP/h)m tik.+K~ (ApP/~o)‘t .

(13)

Because ql is the heat-transfer coefficient for the convec-
tion of heat from the gas to the inner wall, this coe5cient
is dependent only on I; whereas the coefficient for the con-
vection of heat from the gas to the outer wall go is dependent
on both I and tw. For a particular cylinder the vmiution

126 u
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of gl with I CSLIIbe obtained by substituting the value of ~IM.
for gOin equation (10); the values of ~ and n’ are deter-
mined from tests of the cylinder. When the values of t.
and km for the cylinder are also substituhd in equation (10),
the variation of gl with I becomes

zIfl
!Z1= (14)

1 –@W

Nor limited rangea of I this variation e-anbe approximated
by

q,== (15)

whore ~ is a constant. In selected ranges of I the error in-
volved in -tie approximation is leas than 1 percent, and
values for A and n can be determined for each range.” Equ*
tion (15) is valid for any cylinder with the same inside di-
mmsions and combustion conditions as the cylinder from
which the constants me obtained.

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

Ap=~
L

~Gkm(Tz–T,.J 1
1/=

@m(Tk,–Ta)–mt~(Tg–T,,,)
(16)

In like manner equation (13) can be solved for 1 to obtain

I
{

Ku JApp/fiJrnkJT*,1–TJ

}

112

= x(Tg–T,,J [(z,ks+Kq(ApP/h)%]
(17)

The pressure hop required for cooling for various wall
thicknesses, and thus various outside-wall areas, oan be
obtained from equation (16) for given values of I, Ta ,1, and
T=. The power that win be developed for various wall
thicknesses can be obtained from equation (17) for given
ValU@ of @/&, T~l> and T..

REFERENCES

1. Pinkel, Benjamin: Heat-Transfer Prooases in AW2001ed Engine
Cylindem. NACA Rep. No. 612, 1938.

2. Bierrmmn, Arnold E., and Ellerbrook, Herman H., Jr.: The Design
of Fins for Air-Cooled Cylinders. NACA Rep. No. 726, 1941.

8. Ware, Marsden: Description and hboratory Tests of a Roots
Type Aircraft Engine Superoharger. NACA Rep. No. 230, 1926.

4. Anon: Fluid Meters-Their Theory and Application, Pt. 1, 4th
cd., A. S. M. E., 1937, pp. 48, SO,and 124.

6. Sahey, Oscar W., Pinkel, Benjamin, and Ellerbrook, Herman H., Jr.
Correction of Temperatwes of A@ Coolod Engine Cylinders
for Variation in Engine and Cooling Conditions. NACA Rep.
No. 645, 1988.

6. Pinkel, Benjamin, and EUerbrook, Herman H., Jr.: Correlation
of Cooling Data from an Air-Cooled Cylinder and &veral MuM-
oylinder Engines. NACA Rep. No. 683, 1940.

7. Ellerbrook, Herman H., Jr., and Biermann, Arnold E.: Surfaoe
Heat-Transfer Ooeffloients of Firmed Cylinders. NACA Rep.
No. 676, 1989.


