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NACA ACR Yo. L4F08

NATIONAL ADVISORY COMMITTER FOR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT

COOLING CHARACTERISTICS OF A PRATT & WHITNZIY R-2800

ENGIN® INSTALLWD IN AN NACA SHORT-NOSH

HICH-INLET-VELOCITY COWLING

By Blake W. Corson, Jr., and Charles H, Mclellan
SUMMARY

An investigation has been made of the cooling charac-
teristics of a Pratt & Waitney R-2800 engine as ingtalled
in an NACA shori-noss high-inlst-velocity cowling (the

TACA Dg cowling). The tests were made in the LMAL 16-foot
high- spsed tunnel of a stub wing and nacelle combinat ion.

The internal asrodynamics of the cowling were studled
for ranges of propeller-advance ratio and 1nlet—velarlty
ratio obtawned by the deflection of thse cowling flapsSe
The engine- cooling tests included variations of engine
power, fuel~air ratio, and cooling-alr pressure drope

The “nblnu—COOllug data have been presentsd in the
form of the NACA engine-cooling correlation curves, and
an illustrative ex amwle of the use of these curves for
callemlation of cng1n5~coollnc requirements in flight is
included.

INTRODUCTION

l—e

The purpose of the Dresent invest: tion was to
establish the cooling characteristics a Pratt & Whitney
R-2800-B engine as installed 1n an NACA short-nose high-
Jplet—xeloolty cowling (the NACA Dg cowling). For the
tests the esngine was “ountgd on a stub wing and enclosed
by the NACA Da cowling and a nacelle. This cowling was
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developed from the NACA C COWllnv, described in reference 1,

to provide a lower-drag installation, higher pressure
recovery at the front face of the Lnglne, and a highe
critical Mach number. The engine-cooling tests were con-
ducted in the LMAL 16-foot high-speed tunnel.
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The engins was opsra d ver a range of power up to
rated power. The ,’f:u?g 2f vavriation of cooling-alr 3
pressure drop and fusl-alr ratio upon engine temperatures
wers measured. The dage, epe. prasgnted in a form such

that, for a given set of flight and sngine-operating con-~
ditions, the average and maximvm cylinder temperatures
mey be readily obtained.

DESCRIPTION OF MODEL AND APPARATUS

The model, a full-scale stub wing and nacelle, is
shown 1in figure 1 nounted in the test section of the LMAL
l6-foot high-speed tuanel.

The power plant is a Pratt & Whitney R-2800 A-series
engine converted to a B-series, which has a normal rating
of 1600 horsepowser at 2400 rpm. This engine, an 18-
cylinder, two-row, radial, air-cooled type, is equipped
with a single- stﬁﬂﬂ, two-spaed, gear-d W"wen supercharser.

The supercharger geer natios are 7,621 for low blower and

9.9:1 for high blower, Faon thig partlcular engine, only

the low blower could be ussd, The propeller drive, a

2:1 ratio jreduction gear, lncornorates the standard Pratt

& Whitney torque meter, which measurss the reaction from ,
the propeller reduction gears. The engine is eguippad

with a Stromberg PT-13G1 injection-type carburetor.

The propeller is a controllable three-blade Hamilton
Standard propeller AGB2574-6 with a diametsr of 12 fes

7 inches. The cuffs on this propeller had previously
been trimmed for a larger spinner than was used in ths
present tests. The excess clearance betwssen cuff end

and spinner surface was therefore reduced by balsa-wood
fairings held in place by doped fabric.

The general shape and coordinates of the short-
diffuser cowling ere -given in figures 1 and 2. The
cowling exit flaps controlling the engine cooling-air
flow osxtend around the periphery of the cowling cxzcept
for a short distance at the top where the carburetor
duet blocks the exit., The individual exhaust stacks
terminate at the cowling exit ¢lot as shown in figure 2,
A calibration of the exit area of the cowling, wilth
allowance for these stacks and the carburetor duct, is
Presented 1n flgure 3.

CONFIDZHWTTIAT
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In addition to the usval engine instruments, pro-
visions were made for measuring ths fuel flow, weight
flow of engine charge air, cylinder temperatures, weight
flow of cooling air, and engine cooling-air pressure
drops

The fuel flow was measured by both a callbrated
rotameter and a weigh tank. The weight flow of charge
air was measured by a calibrated venturi in an auxiliary
charge-air ducte The conventicnal charge-air £coop
was blocked off, and the auxiliary duct brought the
engine charge air from out of doors through the venturi,
thence through the vertical duct shown in figures 1 and
2 to the carburetor top deck. In this way not only was
measurement of the charge air facilitated, but also the
danger of engine detonation was minimized because the
warm air from the wind-tunnel stream was not used in the
engine., Pulsation from the propeller was avoided; and,
because the- total pressure of both the wind-tunnel stream
and the outside air was atmospheric, pressure at the car-
buretor deck was not sacrificed..

Temperatures were measured by calibrated iron-
constentan thermocouples and were recorded on a Leesds &
Northrup Speedomax. The cylinder temperatures were
measured at the rear spark plug and at the base of all
cylinderse. The temperatures at the spark plug were
measured by gasket-type thermocouples and by & thermo-
couple embedded in each rear spark-plug boss (Fige 4)e
The base thermocouples were embedded in the rea of
bass flange. The temperature of the engine chargse
was measured at the top deck of the carburetor.

L

1A
Jl;.e

o
air

The weight flow of the sngine cooling air was
measured by the four shielded total-pressure rakes and
the surface static orifices ih the cowling entrance (fig.
S)s The pressure tubes for measuring the engine
cooling-air pressures were located as shown in figures ©
to 8. Front pressures in the baffls entrance of the
front cylinders wers measured on cnly one side because
the other baffls entrance was in the wake of a push rod,
28 shown in figure 7.

The gasoline used throughout the tests met the Army-
Navy specifications. This fuel is a blus, leaded gaso=-
line, which has an antiknock rating of 100 octane and a
calorific value of not less than 18,700 Btu per pound.

CORFIDENTIAL




o]

M

V/nD

N

Ap
Wy

We

CONFIDENTIAL NACA ACR No. L4R06
SYMBOLS
pressure referenced to free-stream static pressure,
pounds per square foot
mass density of air, slugs per cubic foot
velocity, feet per second
impact pressure, compressible dynamic pressure,
i8] ds r gquare foot /“ eV
pounds per square foot \bc Lo

i o 4
Viind M=
compressibility factor for air (l + %_ WS A

-

Mach number, the ratio of airspeed to accustic
welocity

propeller-advance ratio
engine rotational speed, rpm

propeller rotational speed, rps

propeller diameter, feet

angle of attack of thrust axis, degress

power coefficient /'nfDO

power, foot-pounds per second

veloecity in cowling entrance, feet per saéond
relative density of air (

b
.oo,::v }

relative density of air at stagnation point (relative
density of cooling air)

cooling-air pressure drop, pounds per square foot
or inches of water

weight flow of cooling air, pounds per hour or
pounds per second

weight flow of charge air (without fuel), pounds
per hour or pounds per second

CONPIDENTIAL
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, 4N cylinder-head temperature (average indication of
i 18 thurmogouples embadded near rear spark-plug
bossss), 7 F
Ty cylinder~base tempsrature (average indication of
1€ thermocguples enbedded in cylinder-base
flanges), F
s cooling-eir temperaturs (stagnation-air tempera-
ture in front of englne), °F
Tg mean effective gas temperature, OF
[ =
| _
pr mean sffective gas temperature for the cylinder
e bases, °F
Tg reference mean effectlve gas temperature (for 80° ¥
80 charge-air temperaturd), °OF
Ve charge-air temperature ahead of carburetor, 4
c snecific heat at constant pressure, Btu per pound
P per OF (For air, 0.24)
x, 7, and z exponents associated with Wy, Wy, and Oglp,
1 respectively
Cqs Co,seesCp constants
A eoeftielent of frlction power |
j
B coefficient of blower power
C constant proportional to engine displacement
prop & E
g acceleration due to gravity (32.2 feet per second
per second)
oe axhaust back nressure at sea level, absolute,
SL inches of mercury |
5 exhaust back pressure at altitude, absolute, inches
alt of mercury
ASRODYNAMICS OF COOLING-AIR FLOW
The pressure recoveries at the various stations with-
!

in the cowling were determined for the two extreme positions

CONFIDENTIAL
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of the cowling flaps, gaps of 2.5 and 7.2 inches. These
tests were made at 260 miles per hour, with Cp = 0.20,

V/nD = 1.9, and the thrust axls at zero angle of attack.

The pressure recoveries at various stations through-
out the cowling are shown in figure 9, expressed as
ratios to the compressible dynamic pressure. The plotted
values represent the circumferential averages of the
readings of the diffuser and individual cylinder pressure
tubes shown 1in figures 5 and 6. The plots of total pres-
sures measured by the cowling-entrance rakes at station A
of figure 5 show that, contrary to the expected results,
the pressure recoveries are lower for the low-inlet-
velocity condition with the cowling flaps closed than far
the high-inlet-velocity condition with the flaps open.
The propeller blade sectlons in front of the cowling
opening were apparently stalled for the low=inlet-velocity
condition because, normally, the higher angles of attack
of these propeller sections would result in higher pres-
sure recoveries for the low-inlet=-velocity condition.

The front pressures on the front-row cylinders
are about the same for the two cowling-flap positions,
a8 shown by curves B of flgure 9. The radial distribu-
tlon of the total pressure over the cylinder 1s not
vniform. The pressure tubes located on the barrel
and on the top of the head are ouv of the blast of
alr from the diffuser and, consequently, glve much
lower readings than the tubes on the side of the head,
which are well centered in the cooling-air flow. The
pressure recovery on the front of the rear cylinders
1s less than that on the front cylinders and 1s also
more uniform because of the losses of pressure encountered
in passing through the space between the front-row
cylinders.

The restricted front-cylinder exlt passages between -
the cylinders of the rear row result in-higher positive
pressures for the flaps clcsed end in lower negative pres-
sures for the flaps open than were recorded for the rear
cylinders., This difference In rear pressures tends to
counteract the higher front-cylinder front pressures and
to equaligze the cooling-alr pressure drops across the

two rows of cylinders, as shown in the following table:

CONFIDZNTIAL
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Cooling-air pressure drop
Location of “(percent qg)
pressure tubes Stations with cowling flaps set
2 e ulighe LR Tt
Front bank
Top of head B to s 43 S
Head BN to @ 45 98
Barrel BYEO @ 30 69
Rear bank
Top of head D to B S 95
Head BDEGONE 3 85
Barrel Dto. B ’ 36 82

The pressure drops given for the cowling with the flap
open {gap, 7.2 in,) are probably larger than would be
obtained in flight because of the greatly increased
blocking effect of the extended flaps in the tunnel.

The circumferential pressure distribution for the
engine is shown in figures 10 and 11. The front-bank
pressures (fig. 10) are fairly uniform with the excep=-
tion of the pressures for cylinders 2 and 18 and ths
top head tubes for the flap-open condition. The low
pressures on cylinders 2 and 18 are probably due either
to bulges in tn° inner cowling redulred to clesar the
distributors or possibly to the breaking down of the flow
at this point because of the presence of the blocksed-off
carburetor-duct entrance just above the top of the
cooling-air inlet. The pressure distribution on the
rear cylinders (fig. .11) was less uniform for all loca-
tions with the cowling flaps closed (gap, 2.5 in.),
and with the cowling flaps open the front pressures
varied as much as 0.4q,.

The results of tests to determine the effects of
propeller operation upon the cooling-air pressure drop
are shown in figures 12 and 13. The procedure for these
tests was to set the cowling-exit flap and to adjust the
propeller for constant sveed and power; the wind-tunnel
airspeed was then varied and pressure measurements
were taken through a rangs of y/nD. This procedurs was
followed for three cowling-exit-flav settings and for
three values of propeller power coefficient. The over-
all cocoling-air pressure drops given in figures 12 and 13

CONFIDENTIAL
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are the reference cooling pressures used in the follow-

ing section on the cooling characteristics of the average d
installation. These values were obtained from the tubes

shown in figures 12 and 13 by subtracting from the aver-

age front-cylinder total-pressure reading the average

static reading behind the rear cylinders. Cooling studies

for this engine are facilitated because there 1is no large
variation in available pressure drop with either V/nD

or the power coefficient Cp.

The relation of weight flow of cooling air to
cooling-air pressure drop was determined simultaneously
with the pressure-drop tests. The weight flow of cool=-
ing air was measured by the entrance total-pressure rakes
and statlc orifices 1n the diffuser surface. Figure 14
presents the calibration of the total weight flow of
cooling air plotted against the pressure drop across the
bases and across the heads. Figure 14 1s presented to
show the order of magnitude of the cooling-air weight
flow rather than to define absolute values. The fact
that rather widely separated calibration curves are ob-
tained for the various cowling-flap positions may indi-
cate that the baffle-pressure drop was not a satisfactory
index for the total weight flow of cooling air as meas-
ured by the entrance rakes, As will be shown later in
this report, cowling-flap position had no effect on the
engine-cooling correlation based on cooling-alr pressure
drop, and for this reason the cooling~air pressure drop
as measured is believed to give a good indication of local -
cooling-air flow by the cylinders,

ENG INE-COOLING CHARACTERISTICS

The results of the englne-cooling tests are presented
in the form of NACA engine-cooling correlation curves
(references 2 to 4). This method of correlating engine-
cooling data furnishes a means of coordinating engine
temperatures with the variables that determine engine
cooling. By use of this method relatively few but care-
fully controlled tests are needed to establish the engine=

cooling characteristics. The results of the tests can

be reduced by the use of a few simple equations and the .
correlated data can be presented as two curves. The cor-

related data can then be used to predict engine tempera-

tures resulting from specified operating conditions or to g

determine operating conditions required to maintain
specified temperature limits.,

CONFIDENTIAL
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Resumé of engine-cooling=-correlation principles.-
The principles of engine-cooling correlation are based on
the fundamental laws of heat transfer, The development
of a technique for applying these principles has been
presented in references 2 to 4. A general statement of
the correlation principle is that the ratio of cooling-
temperature differential to heating-temperature differ-
ential is a function of a relation between internal flow
of heating fluid and external flow of cooling fluid.
This principle 1s expressed symbollcally by

I INPAS, VigY Ned
i S B S S e (1)
& = iy We (OaAp)

o

The NACA method of correlating engine-cooling data
is based on the concept that the true gas temperature of
the charge and combustion products, which undergoes cyclic
variation within the cylinder, may be replaced by a hypo-
thetical mean effective gas temperature Tg. It hes been
found (reference 4) that, of the several factors whiclh may
affect the mean effective gas temperature in engines
operating with fixed spark advance, only two vary enough
in normal operation to demand consideration. These two
factors are tre fuel-air ratio and the temperature of the
charge before entering the cylinder. A generalization
of these effects 1s expressed by

2

)

e AT > (

where ATg is a gas-temperature increment associated
with inlet-charge temperature and where TEBO’ the refer-
ence mean effective gas temperature, i1s regarded solely

as a function of fuel-air ratio and must be experimentally
determined along with the other constants established in
engine-cooling-correlation tests.

; ; . o
The precedent (reference 2) of using 80" F as a
reference temperature Tg for the carburetor inlet air
is followed here. In the absence of a blower the gas-
temperature increment 1is expressed simply by

AT, = 0,8(1y = 80)

<

The factor 0.8 is empirical but has been found satisfactory.

CONPIDENTIAT




10 CONFIDEWTTAL

[l
T
o
»
5>
Q
23]
)
pa
o]
.
¥k
H
-
fd
= |
@
(&)

Wheh» @ smpercharger 138 employed in the engine
induetion «yatem, the blower-temperature rise riust be 7
included 4dn the gas-temperature increment. s med T o
of the blower-temperature rise is based on identification
of blower work with heat, which 1s in turn interpreted
as air-teriperature rise. The followdng ecuation. is

beged: on similar: analyeis . .given in reference o:

- L (Rlower tip speecd)”

7'78¢..g
_L.

where blower Srige~ts in degreﬁﬂ Falhwenheit, blower tip

speed ls in feet wer second, and 778 I's ‘the mechanical
equivalent of heat in foot- r011@c ner Btu. This ex-
pression would be inapplicable for celculating intake
manifold temperature but is satlsfactory for estimating
gas-temperature lnerement in which the effect of fuel
evaporation 1s sccounted for Ly the experimentally de-
termined variation of mean efrective gas temperature with
fuel-air ratio. The complete expression for ges-
temperature lncrement becones
o~ g 2—
Blover tip speed)
AT, = 0.8 [Ty - 80 + -= - I (3)
g TRECNE l ¥
-‘.J i —‘
For the present tests, equation (3) becomes
Low blower -
{ Fibhae 2
M = 0,81 T, = 80 4 23 )
"€ |8 1000
L
High blower
AT r N N2
L taniTae 8O & S T |
g ) 44 1000/ |

Correlation procedure.- The values of the exponents
%, ¥, 8nd z-in €quation (1) are determined from ccnstruc=-
tion curves, which are plots in logarithmic coordinates
of the ratio of +emDeA“tarp differentials against the

assoclated varisble Vg, Vg, or .0gAps Data for these

plots are obtained from tests made in accordance with a
test program of which the following 1s typical:

Cr -vr—r1-~~.-),. T A 'r

A e L B R SR St
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Type Charge-air Fuel-air Cooling-air Purpose of
of flow ratio pressure test
test (1b/hr). drop
(in. water)
s 9] -
g.« 7’7?‘) 0'92 4&; &
. 79750 .08 36 e &
©d 7,750 .08 29 Eow| oo
T 0 . ®
5o (750 08 2% o3| &
i 7,759 .08 16 B0 s
5B 75750 .00 15 S8l S
S 7,750 .08 12 o G o &
s 75750 .08 10 & it
r__|
PO g
© 5,000 0.08 .2 bim| @0
Pel ¢ F5 g
i 6,000 00 $laee bR ke
#he OOD <05 Mier - )
op: O ’ 7 -1 aq
o ,ooo .08 L?.Z ol - o
L 9,000 08 Tied Dol © 5 1F
= s . s 2 =Y
LL,OOO O'ijf. By 1 ,I“,g
Z SN o &
o K % OJO °Ogg o) o RO
(e . > SH0 e S0y
2% o "“ »065 1 e R b
ﬁ 14;,3 ¢ ,000 Sl T 20 04 @O
o 0 ( : O7e:; 0 G ] [ J B o s R S
4o d };’OOO Ll 0 3w o PP Oo0Ww3ad
5?5 o 000 e 55 o Z)m 5 ool
N -~ A 3 o -t
i ,OOO d .100 m<i‘, o , S G4 @ '; £ r&)
12,000 W el - ot iy Sel

During the test in which only the cooling-air preg=
sure drop was varied as well as the test 1n which only
the charge-alr flow was varied, the fuel-alr ratio was
held as nearly as possible consf ant at 0,008, At this
value of fuel-air ratLO, the datum mean effective gas
temperature T, is established by reference 2 as equal

(=)
30
to 1150° ¥ for fhe heads and 600° F for the bases.  The

mean effective gas temperature was then computed by use
of the following equations, which were derived from equa-
tionm (2) and (5)»

For the heads,

2

- N Lo
= 3180 4 0.8 1T« 80 4 Jffies \
: TR 1000
/
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and, for the bases,

I = - 2
| N
- 2 Q t.om Lo 20
T, &600 # 0.8 { T - 80 + Hb(moo)

Only low-blower tests were used to establish the correla-~
tion and all the quantities pertinent to the corrslation
were measured after the sngine temperatures had become
stabilized. : '

All the engine-cooling correlation test data are
presented in tables I to ITI. A typical construction
curve used to obtain the exponent that governs the effsct
of pressure drop on engine cooling is shown in figure 16.
The data for figure 15 were obtainsd from tests 240 and
241 and are given in tables I and ITI. , Plgureg 18 13 a
rlot of the ratio of temparature differentials for tests
in which the cooling-air pregsure drop was varied sys-
tematically and the engine charge air wis held practically
constant at 7750 pounds per hour. Migure 15 is there-
fore a graph of equation (1) in the following form:

Th = Ta

_— .

= 03<GaAD)~Z

=3

Te
The slope of the curve is -z, From figure 15, z = 0,321,

The construction curve ussd to obtain the exponent
that governs the effect of charge-air flow on englne tem-
perature is shown in figure 16. This curve is & plot of
the ratio of temperature differentials for tests in which
the engine charge air was varisd systematically and the
cooling-air pressure drop was held practically constant
at 14.2 inches of water. Figure 16 is therefore a graph
of equation (1) in ‘the following form:

T - Ta 5

e T Oy W

T, =~ B 4 e

g
The slope of the curve is y. From flgure B6; ¥ ¥ 04565,

By plotting the ratio of temperatura differentials

agalnst w ¥/2f5.Ap, all the data used in fixing the
constructlion curves were nlotted on a single curve repre-
senting the following form of equation (1):

CONFIDENTIAL
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I - T W y /'V 'y‘/z Z W 1.76 0.521
M i ke = & Ve
b SEUS 9480 / T glp

This expression is an engine-cooling correlation equation
based on cooling-z2ir pressure drop and 1s plotted in
figure 17. The value of the constant Cp = 0.560 was
determined from this graph.

The variation of refsrence mean effective gas tem-
perature Tg . with fuel-air ratio (fig. 18) was deter-
mined by tests 2L2 and 2y (table II) after the corrsla-
tion line had been established, In this case the charge-
air flow and cooling=-air pressure drop were measured and
thelr respective exponents were known for each test point.,
The correlation abscissa WeY/%/gaAp was computed and the

corresponding value of the ratio of temperature differ-
entials (ordinate) was read from the correlation curve of
figure 17. The temperatures T, and Tg were measured,

The computation of Tg was then accomplished by

Th(l + Ordinate) - T,

in =

g Ordinate
The reference mean effective gas temperature obtained by
use of equations (2) and (3) is
it = Ty = AT
€80 2 g

This plot of TSQO against fuel-azir ratio (fig. 18) is

essentlal to general application of the correlation curve.

An engine-cooling correlation based on the weight
flow of cooling air is established by a procedure similar
to that followed for the correlation based on cooling-air
pressure drop. Data from the same tests have been used
for both correlations. The construction curve for the
correlation based on weight flow of cooling air is pre-
sented in figure 19. Curves are shown for cowling flaps
open and closed, Figure 19 is a plot of the ratio of
temperature differentials for tests in which the cooling-
air flow (pressure drop) was varied systematically while
the charge=-air flow was held practically constant at
7750 pounds per hour; figure 19 is therefors a graph of
equation (1) in the following form:

CONFIDENTTAL
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=)

R
) a2 = ¢

——ie i ik -
T W,

8 S8

The: slope-of the curves 1s .~x. From figure 19, x = 0,642,

By nictting the ratio of tempsrature diffcrentia
against WX/ Y/Mg all the date uﬂﬂd in figine. ¢
struction curves were plo+t@d on 8 single ecurve, for
single cowling-{lap position, reprus nting the following
form of equation (1):

Vi By /'\T == ’j't.
Th ~ Pg .. % \Ne} G | Wad‘{," y ¥ /“ Negel \"L SE5
Ty = T o WX T YB\TH s A g

This expression 1s an engine~cooling correlation equation
basad on the welight flow of cooling air and is plotted in

figure 20, Values of the constant determined from fipg-
ure 20 are; ,Cg = 2.85 for the cowling flaps closed and
Cg = 2.61 for fiaps open., e, car f. reference mean
effective gas temperature (fig. 18),established by means
of the correlstion based on pre“ ¥& drop, 18 8180 used
with the corrslation bassed on weilgl flow.
Results.- All the graphlcal metter pertaining to
the engine cooling is prssernted in {igures 15 to 1. :
The prepa%d+1o* and use of figures 15 to 20, which desl
with the sngine-cooling correlaticn for the cylinder
heads, have been described in the ssction on correla- ¢
tion procedure In figure 21 the hottest temmeratures
indicated by rear spark-vlug-gasket thermocouples, as
well as hottest head-embadded thermocouples, ars compared
with the average of all hesad-smbedded-therr ccounla ten-
perabtures, The data used for plotting figure 21 ware
obtained simultaneously with the correlation data. AS

can be ssen in figure 2*, the relation of hottest to
average temperature is dependent on the sngine power.
The relation 18 not direct, however, for, at some sngire
powsrs in excess of 1100 hor°°D0w:r, the temperature
divergence was less than the maximun indicated ! B lip=
ure 81, It is believed that the hottest temperature
indicated by figure 21 for a given averags temperature
witlfnotibe~exceedsd«in practice

Graphs, similar to those by which the cooling
characteristics of ths cylindsr heads have been presented
in figurea 15 .60 21, aré given for the oylinder bases in
Tigures B2 to 28, D‘La for the bases are given 1in

b}

¢

o
v
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table III. Engine speed had no measurable effect on
cylinder-head temperatures excsept through its effect on
the blower-temperature rise, which was ac couhted fori
Inasmuch as the heat "ererated by piston friction has
direct effect on the cylinder-bdse te mweratures, the
base temperatures are affected by engine speed, The
effect of engine speed is shown in figure 25 by the
displacement of points from the curve of reference mean
effective gas temperature for the bases, Base tempera-
tures at speeds greater than 2120 rpm were greater than
indicated by the corrslation curve and, consequently,
the effective pas temperature was higherj the converse
is true for points at low sngine speeds,

Typical distributions of cylinder-head and base
temperatures for two cowling-exit-flap settings are
presented in figure 29, As was found in all tests,
the front-cylinder heads ran considerably hotter than
the rear-cylinder heads. The difference in the tem=~
porature readings was somewhat ecreater for the embed-
ded thermocouples than for the spark-plug-gasket
thermocouples. The temperatures of the front and
rear cylinder bases were ap-roximately equal, The
variation between front-row temperatures and rear-row
temperatures was less systematic on the cylinder bases
than on the cylinder heads,

A comparison of the average temperature of the
front row of cylinders with the average temperature of
the rear row of cylinders is shown in figure 30, Com=~
parisons are made at 800 and 1100 brake horsepower both
on the basis of sparkmpluﬂ-racht and embedded thermo-
couples., Figure 30 indicates that the average front-
cylinder-nead temperature was of the order of 500 F
hotter than that of the rear-row cylinder heads at higher
powers, Determination of the cause for this temperaturs
difference between front and rear cylinders is beyond the
scope of the present paper.

bstimation of charge-air flow.- One of the principal
factors involved in a cooling correlation is the internal
flow of heating fluid. In internal-combustion engines
the flow of heating fluid is most directly related to the
charge-air flow, The correlation method, consequently,
has been developed with charge-air flow as & primary
variable. Inasmuch as charge-air flow is usually not
gpecified for various engine operating conditions, a
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me thod for estimating the charge-air flow required for
any condition oL.enq1ne-a+rflame overation ls necessary
in the application of the engine-cooling correlation.

A simple method for obtaining a closc anproximation
to the charger-air flow required for the engine T as been

developed. This method i1s based on the assumption that
the vealue of charge-air flow per indicated horsenower at
a given value of fuel-air ratic is unique. 4 "1w318

curve (fig. 31) showing variation of ths ratio of charge-
air flow to indicatsed horsepower with fuel-alr ratio 1s
vsed in conjunction with an expression of the ;OllOWITQ
type:

V

S b [N\
(-‘"GSL y "‘"/ezllt) (IOOC}

where (4)

ihp iwndicated horssoower as dafinzd by eguation (4)

A cosfflcelcent of friction power
B coefflclent of blower power
C constant proportional to engine displacement

The coefficlent of frliction ; wer A in the expres-
sion for indicated horsepower has “,Vn computsd on the
basis that the na Ifriction, hout charge ailr and
blowerx, ahﬂcrbs 5 horsepcwer at 2400 hilis usage
assunes that al g friction ls, jaminan Ifriction
within the o be tween moving nart Bat the
power ariss as vhe sguvars of zrine sneec.
For th herefore,

155
2iE B
= <)
=t

Ihe coefficient of blower pawer B was calculated
by assuming a blower-drive efiiclency of 87 percent for
the blower and by equating tlower nower to the rate of
energy input to the charge air (refsrencs 5), as follows:

s S
o o LR i LT I Impeller diam,)( Blower gear ratio) (TE
ST R T Gy BT % D804, o0 \5600%
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s

0. 0495[£Imheller dwam ) (Blower gear ratioi}d
0.0495(0.917 x 7.6)2
o4

B

i

N

The constant C provides for the power increase with
altitude due to the decrease in exhaust back pressure.
By allowing a pressure of 70.7 pounds per square foot per
inch of mercury, the power increase is

70.7 X Engine digplacement
= = Jea T N
0 2 x 1728 x 60 X 550 (peDL Peg1t)”
C = 0.00062 (Engine displacement)
= 1.735

where the engine displacement is measured in cubic inches.
The expression of indicated horsepower then becomes

Low blower

AT ¥ We ¥ ¥ ' R
ihp = bhp + L?7 * 2.&(%555)](%555) = 147385,y - pealt)(l@OO) (%)

High blower
At g 2
N N
27 + L. OB(IOOO)J(TS‘Q’@') - 1-735(PeSL ' Peglb)(i‘o"oo\) (6)

The constants given in equations (5) and (6) are not
intended to be used individually for the calculation
either of friction and blower horsepower or of the power
obtained from decreased back pressure. Equation (6)
can be used with figure 31 to determine the engine
charge-air flow wlth satisfactory accuracy. Plgure 3l;
which presents indicated specific air consumption as a
unique functlon of fueleair ratio, was prepared by use
of equation (5) and the same data (table I, tests 242
and 244) that were used in establishing the curve of
reference mean effectlive gas tempersature. Data from
other tests are 1lncluded in figure 31.

ihp = bhp +

Equations (5) and (6) can be rewritten to furnish a
direct solution for the engine charge-air flow when used
with figure 31.
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Low blower

2 [ \‘
np + 2',’(_-N“ e 1 735(Pear = De o Y
T W 1001) 1.755(Pesr. Pea1t )\ TO0G/ (7)
U.'e Cd {
e
1 % ,.....1&_._\
Wo/itp ~ 0'00“4(1000}
High blower
Sl B aiaungs o Sl x LT )
W. = \1000 (=T8T *ealt) 1000 (8)
e - C
i ssbal. 8

ki v I EE "
Ve/ihp HESBRE |

The foregoing method of es t"~1t%n? the engine charge-
air flow 1s presented because of its simplicity and be-
cause it gives remﬂtq in agreement with experience.
BEstimation of charge~air flow for & nurber of test condi-
tions, not tuhu]atea in this report, agreed with the

meauured values thin less than 1 peroeht di fiference.
Estimation of ch rge air at low altitude should be very
reliable. At very hipgh altitudes and at high power,

the estimation of charge air may not be so reliable; how=-
ever, prediction by this method of charge air requlred
for another large aircraft engine, tes trg in Baraltitude
chamber at 15,000 feet agreed with the measured values
(unpublished) within 2 percent. No attemp: has been
made to extend this method above the critical altitude.

EXAMPLF, ILLUSTRATING USE OF

ENGINE-COOLING CORRELATION

The epplication of the cooling correlatlion is illus-
trated by the solution of a simple ‘problem:

Determine the variation of hottest cylinder-head
temperature with cooling-air pressure drop across the
engine for the engine-airplane combinatlion des cribed
herein for the following operating cond tionss Army
summer air, 2000 horsepower, low blower, <700 rpm, &nd
a fuel-air ratio of 0.107. Agsume low airspeed ~ that
is, negligible effect of airspeed on cooling-air tem-
perature
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(1) Estimation of charge airs
'rom flgure 31, at a fuel=alr ratlo of 0.107,
b e = 6.4’5
From equation (7),

i 2000 + 27(2,7)°
Vg =

<3 - 0.0024(2.7)%

il

15900 1lb/hr
= 4,42 1b/sec

(2) Determination of Tet

From equations (2) and (Z),

Tg = Tggg + o.a{g - 80 + ‘2<iooo).}

‘ From figure 18, at a fuelwalr ratio -of 0,107, read

m — O m
Teanl= o §

’ For Army summer air at sea level,

m — m

i M
‘ 5T
‘ -
| o]
Te = 882 + O.8i}OO - 80 + 22(2 .7).J
% 1026° ¥
(3) Computation of head temperature:
m n
The ratio of temperature differentia P SN is
1Y ™ O
’ the ordinate, i Vs
e (EE X Ordina?sl % Tg ~ (1026 x grdinate) + 100 (9)
*h 1 + Ordinate 1 + ordinate
For Army summer air at sea level,
; (G O'a

\ _ = 0,922
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The column numbers used in the following table refer

1. Assumed values of cooling-air pressure drop
2. Computed Wel'76/6aAp
3+ Ordinate from figure 17

4, Average Tp (embedded thermocouples) computed by
equation (9)

5. Hottest head-embedded-thermocounle temperature from
column 4 and figure 21

: | e 3 4 5
Ap Ordinate, Hottest head tsmperature
(in, W31'76 T - 7 |Averags LPE)
of | TOpAp.| wiiad B
water) Tg = Th | (°F) Embedded |Spark-plug
' gasket
6 24480 0761 500 569 562
12 1.240 « 5608 450 b1 493
18 « 8256 + DS L 427 483 458
24 «520 <482 402 462 435
30 . 4095 . 448 387 446 417

The calculated hottest cylinder-head temperatures, colum

2 of the precsding table, are plotted against coolinb~a1w
pressure drop in figure 32. This problem has been simpli-
fied by ignoring fhe adiabatic temperature rise due to
flight speed. Por application at reasonably great air-
speed, account must be taken of this adiabatic temperature
rise of the c¢ooling air, which must be added to ths sre-

cified air temperature. The overating conditions chosen
for this problem correspond closely to conditions that
might exist at take-off. It can be seen from figure 32

that, with a spark-plug-gasket temperature limit of 500° F,
a mininum pressure drop of 11 inches of water is required
for cooling the hottest head.

Langley Memorial Aeronsutical Labvoratory
National Advis ory Committee for Aeronautics
Langley Fiel Vi e
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NATIONAL ADBVISORY

COMMITTEE FOR AERONAUTICS
ENGINE~COOLING CORRELATION DATA - GENERAL

Engine| Charge- Fuel| Fuel- |Carburetor . |ap Cooling-
Test|Run| bhp | speed | air flow| air |temperature "8 € air

(rpm) | flow fnyhr)rntio (oR) (°P)| (°p)| flow

(1b/hr) (1v/sec)
Tests with constant fuel-air ratio
2Lo | 1 |1100{ 2120 | 8o4o | 64O 0.0596 68 96 | 69 71.0
240 | 2 |1100| 2120 [ 7973 | 6L6 | .0810 70 oF sl 672
21,0 1100| 2120 | 7987 | 640 | .0802 T2 99 | 72 60.6
2,0 ﬁ 1100} 2120 | 7937 | 630 | .0 93 73 100 | 73 59.7
21,0 2 1100| 2120 | 7803 | 630 | .080 73 101 | 73 Eg.o
2L,0 1100| 2120 | 7770 | 613 | .0788 i 100 | 77 9
2Lo g 1100| 2120 | 7750 | 613 | .0791 g 97 7 37.3
2l0 1100} 2120 | 7790 |.615.1 .0790 1 102 0 60.1
2o | 9 [1100| 2120 | 7677 | 619 | .08B06 8o 99 | 79 %2.
240 |10 |1100| 2120 | 7830 | 623 | .0795 80 102 | 79 0.
240 |12 |1100| 2120 | 7855 | 613 | .0780 71 91 | 72 60.
2o 113 (1100 2120 { 7743 | 592 | .0765 0 91 1 L8.5
2Lo |1y |1100| 2120 | 769 592 | .0769 2 2 9 L7.7
240 |15 (1100 2120 | 757 565 | .o7L6 70 7 ¥R 33.3
240 |16 |1100| 2120 | 7708 [ 603 | .0782 67 91 | 69 T8
24 | 3 | 600 2120 | L6L7 Ly | «O7L6 70 84 | 71 L2.9
241 | 2 | 800 2120 | 5793 sl | .0784 69 85 | 70 Ly.0
2l 990 | 2120 013 SZﬁ .0785 6 8 70 L43.8
2L ﬁ 1200 | 2120 300 | 6 .0775 6 8 69 ﬁE.B
21 | 5 | 600| 2120 | L4613 | 355 | .0769 70 86 I'ml o6
Tests with varying fuel-air ratio

242 |1 | 800| 2120 | 5820 | L61 |0.0801 g 9 78 -———
22 | 2 | 800 2120 | 5730 | L2k .o7go g 9 7 -
2l2 800 | 2120 55 0 | 394 | .0681 0 9 79 ————
2,2 i 800 {2120 | 58L0 | 382 °0658 80 9 79 ———
22 | 5 | Boo | 2120 | 6133 553 .060 80 98 9 ————
22 | 6 | 800 | 2120 | 6740 ? 5 ]5.0571 81 9 0 -————
22 g 800 | 2120 | 5770 132 .0788 81 9 80 ————
22 800 | 2120 | 5790 | 396 | .0683 82 99 | 81 -———-
242 |19 | 8002120 Z; 0 | 390 | .0530 78 CLeN o -———
2h2 10 | 800 | 2120 187 | 374 | .0603 77 96 | 77 ————
242 |11 | 800 | 2120 | 5950 77 | <0633 75 9y | 75 -———
242 |12 | 800 | 2120 | 5727 05 | .0707 72 92 175 ———-
24y | 1 QLoo | 2120 10533 113 .1081 56 9 |60 ———-
2y | 2 [14oo | 2120 [10260 [103 .1011 59 1 |62 -———
2Ly 14,00 | 2120 | 9853 | 890 | .090L 60 82 |6 -————
2L, E 1110 | 2120 7695 608 | .0791 61 81 |6 ————
2Li |5 p1oo | 1749 | 760 605 .0733 61 81 |39 ——e-
2h), 16 polo |2501 | 7688 | 606 | .07 61 810 195 -———
2L, 17 peé30 |2boo p3117 AL9O | .1136 61 83 {86 .-
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ENGINE-COOLING CORRELATION DATA - CYLINDER HEADS
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TABLE II

NATIONAL ADVISORY
~AMMITTEE FOR AERONAUTICS

T T T U ) w 1-1).[. G, AD W 1.76
Test | Run| 880 | 8 hih _sl.s (1n% of | =2
(°r) | (o= (°py | Tg = Fn} Yo water) | qfP
Tests with constant fuel-air ratio
0 s e - 1 ¢ 122 1 0.26 57.8 L3.0 0.096
gﬁo 2 % 1212 229 .27# ﬁ%‘é 36.9 o138
21,0 1148 | 1220 | 353 .293 g 31,1 131
21,0 E 115) | 1227 | 367 .310 18 25.6 157
240 5 | 1143 | 1216 83 W32 LL.2 19.3 .203
2,0 6 | 1160 | 1237 | L1o 372 55.0 il <296
2,0 g 1155 123 | 437 A2 28.8 9.5 .398
240 1%2 123 67 «30 h9’3 20, .126
2l;0 9. A1 122l | o3 .370 33. 1.9 .25%
240 | 10 | 1154 | 1233 | 362 «299 9.7 213 12
240 | 12 | 1167 | 1239 | 350 .291 ug.g 31.L .126
20 1& 1180 | 1251 | 37, .323 38. 1E.g w292
20 1.1 1176 | 1 g 97 «360 38.% 1. «257
24,0 |15 | 1198 |12 121 <39 28' 5 «390
240 | 16 | 1165 | 123l | 396 364 38.3 s .260
1 1 | 1198 | 1268 | 338 -, 6.2 13.5 .116
gﬁl 2 1125 1233 3§6 .333 26.6 13.5 .15
2L 1162 | 1232 E .3l 38.0 1.2 22
2L1 ﬁ 1171 | 12[,0 ﬁo 37 32,1 L «303
21 5 | 1176 | 1247 | 337 276 59.2 12 .109
Tests with varying fuel=-air ratio
22 1 | 1142 [ 1220 [ 362 0.309 c——- 1.7 0.159
242 2 1133 1260 | 368 «303 c——- 15.0 .121
2,2 1181 1270 | 374 .30 -——- 1.8 «155
22 3 1186 | 1265 | 373 <30 .——- 1&.3 157
22 5 | 21131 | 1210 | 366 .318 -——— 1. sl
2l2 6 | 1021 {1101 | 350 33l ———- 15.0 .201
2,2 g 1180 | 1260 | 371 .30 ~—-- it .g «15
2l2 1194 {1275 | 376 .30 — 1. 15
2h2 | .9 | 926 {1003 (33 352 -—-- 14.9 237
22 |10 }|1108 |1185 353 .318 ~———- 15.1 172
22 |11 [1161 | 1236 |36 <309 ——- 15.2 .159
2h2 |12 |1182 |1255 |36l .305 -—-- 15.1 .152
2L 1 880 { 940 {337 429 ~—-- 15l 438
2, 2 91 975 | 350 430 ~—=w 13-2 -hﬁh
2l 1048 {1111 | 382 312 —~—-- 1.9 295
2Ll 1136 [1200 |377 <359 ~——- 15.1 .252
2LL 5 |1116 |1155 | 362 .35 A 15.3 20
2l 6 11171 |1266 |397 .iéﬁ —~—— 14.5 263
24, 7 818 | 90l | 356 1199 ——— 13.9 S7A0EL

23
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|
\
[ ; TABLE III COMMITTEE FOR AERONAUTICS
‘ ENGINE-COOLING CORRELATION DATA - CYLINDER BASES
Sl 1.6
T T B N I 58 I Wk 21 Couun GT
est | Run 0 (1in. of
| em || Ta - Tn| Ve water) | OabP
} Tests with constant fuel-air ratio
21,0 Y iheo7 67 2 0.347 60.4 31.6 0,121
r 21,0 2 | 596 | 667 2&% <359 56.3 27.1 «1%9
21,0 ﬁ 599 (| 671 | 257 .381 zo. 2297 .167
J 21,0 50% | 676 | 263 : 92 9.9 18.7 -200
240 5 1596 | 669 2&3 43 L6.1 Uyl .238
} 21,0 6 | 61 682 | 287 473 28.) 10.4 :
240 g 60 681 | 305 .553 29 .7 T2 .500
21,0 6ol | 68 263 .z 2 51.3 22.8 .159
( 2,0 9 | 503 65 286 y 59 35,2 b i iy .303
240 | 10 | 602 | 681 | 263 .3 g 51.2 2.2 «151
2k0 1 1 61 686 | 268 Ap23 0.l 154 .23
T e A e R e S - - 729
2ho| 151 16D 695 | 294 .516 26.8 7.5 JL61
240 | 16 | 60 677§ 277 065 29.7 107 .33
2 1 {62 2L7 .36 gy B ¥ s «151
gﬁl 2 603 2?% 256 .Eo% 28.2 10.8 .205
2h1 i 607 6g7 2go .ugo 29. 10.9 .279
2l11 611 | 680 | 280 80 33, 1150 367
2l 5 |61 | 685 | 248 .381 614 10.6 12
4 Tests with varying fuel-air ratio
2 1 86 | 66l | 260 0.405 24 Tied 0,201
2).1:2 2 210 687 263 . 89 el i 12.6 .173
242 601 | 680 | 266 3 og e % % | .199
2l2 593 | 672 | 26l A -—— 11.0 .205
22 5 |57 656 | 262 416 .- b 7 3 | .220
2l2 6 |53 618 | 256 432 ———— 112 .254
2li2 g 606 | 686 | 266 401 R 11.2 .196
2L2 607 | 688 | 268 103 ——-- 130 .19
22 9 {507 982 250 Jy52 . 1X:1 .29
2,2 |10 | 570 | 6L 257 115 .- 3y, g2
242 {11 [591 | 666 | 259 107 .———- 160 .20
22 (12 | 607 | 680 | 260 1,00 -——- 11.3 .192
2,4)4. 1 18 5 8 252 . 29 R 11'7 -513
2Ll 2 ?ue 688 262 .225 - 11t .50l
2l z s8L | 647 | 274 .515 - 11 070
2Ll 610 | 67 267 1157 ———- 12e .307
. 2L, 5 =1 58T .} 62 250 151 — 11658 .296
2Ll 6 1657 | 752 | 293 J162 c——- 1343 .320
2Ll o516 602 1276 .591 -——-- 1152 47l

24



Figure 1.- Wing-nacelle combination in test section of LMAL 16-foot
high-speed tunnel. 3

‘ON YOV VDVN

904¥1

*314



Chorge-air duet used
in tunnel fests

2188R _2435R |5T8R 2634 R T\ Cowling - exit-
i S 3 X - £l "
nen (A (i Ty oo N AT R
I1. 3 poX e
[ L5 l Q
1 H 2024 R i | =
i
A~ | } ?)
\ HR : -
A4SR £8) |
i | =
(= | o
Front cylinders { %
T : 1 -
! | | N
- — 2 ) 1 =
3 7 7 o
23| 295 |%%)38%| 5% S
§20} 2y s ITE A%
Section A-A
i
|
;
|
1
|
|
!
|
|
I
|
|
|
I
!
I
I
1
I
|
I
I
|
]
|
t
|
= e
NATIONAL AOVISORY =y
COMMITTEE FOR AERONAUTIGH [
[0)e]
W)




NACA ACR No.

LAFO6 Fig. 3

1300 i
4
1200 7
/
/
{100 /7
V4
Lo
1000 P /
i
900 7
0 4/
‘E‘ 800 ////)7
%) e //
) 5 /
P i
S 600 -
‘é o4 / .
v 50 4 - Areq ogoirst- gap
5 b / — —— Area  agaihst argofe
iy y /
i
/e
Q
O ap o
/ /
200 KA NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
/00
L
o
2 3 % = é 7 5
: Cowlirrg -Flap Qa0 ,1717.
o 5 /0 15 20 s Jo

Fragqre 3. -

Cowling ~F/ap angle , deg

Cow/lirng — ex/t— areq ca//brat/os.



\ NACA ACR No. LAF06 Tl
|
|

Rear Spark plug

i

| Cosket Type
‘ [lﬁbeda’ed Type

S sl

!

Hlﬂ

\

‘ | NATIONAL ADVISORY

‘ COMMITTEE FOR AERONAUTICS
\
\

Figure 4 -Sketch of cyhinder-head thermocouples-



Section A-A

Figure 5.~ Fressure~tube locations on fixed spinner and cowling.
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of” rear-“eylinhder.

Figure 8.- Pressure-tube locations on rear
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