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i By Maurice J. Brevoort, Upshur T, Joyner, and George P. Wood

INTRODUCTION

The question of whather the lisuid-cooled or air-
cooled engine is the better for ¢gse in airplanee has al-
ways been a lively subject for discursion. The discussion
has alterrately favored sach menns of cooling and, at the
present time, many pecple telieve that hizh-altitude oper-
ation, at 40,000 feet and abova, favors the liquid-cooled
engine and that the cooling of an air-cooled engine be-
comes impossible at some high altitude.

The purpose of this rerort is to set down the vari-
5 ables that control the ‘cooling of both engines and thean to
show by 1llustrationes how ¢ither engine may be cooled at
any desired altitude.

; A practical and imrpartial discussion of this problem
& should be of assistance in evaluating the relative merits
i of both types of engine and should serve as a gulde to

v . asslst in planning for the procurement of engines for fu-

ture airplanes,

A great deal of the confusion regarding the relative
merits of different types of engine for high~altitude op-
eration arises from the fact that an engine with its oool-
ing eyctem (radiators or fins) may be designed for one al~-
titude and then operated at a higher altitude, As long ase
the operating altitude is below 20,000 feet, only n small
amount of trouble is encountered besause compensating ef-
feots make the cooling problem less severe than at higher
altitudes. At high altitude, the cooling problem becomes
insurczountable unless the coolir  arrangecents are de-
eigned for high altitude. This Jact means either an in- i
crease in cooling-air flow or an.inorease in surfaoe area
for cooling as the altitude incresses,
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In geuneral, the cooling problem is =olved most satls-
factorily by increasing the cooling surface as the alti-
tude inereases, A liguid-cooled engine reouires an in-
crease in radiator gsize and an air~cooled engine reaquires
increased finning with altitude. i
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Two illustrative examples are considered herein, one
for a modern air-cooled engine and the oiher for a liouid-
cooled engine developing the same powar, The cooling char-
aoteristics cf enginee are knowr for certain low altitudes
from test-stand and flight-oparstion data. It is a simple
matter to compute the surface or air flow that is required
to give the same cooling for either engine at any other
altitude, )

: An appendix is presented that gives the method and
the basis of the analysis.
AIR-COOLED EXGIN®

Figure 1 1s a2 chart in which the ratio of pressure
drop required for cooling to preesure drop available for
cooling is plotted against altitude for the high-speed
flight condition. The method of calgulation is shown in
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Figure l.~ The effect of altitude on the ratio of cooling
" pressure drop reouilred to pressure drop available in the
high-speed condition for the original air-cooled engine

and for three hypothetical fin arrangements,
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: the appendix. The curve for the original engine shows that
' it will cool at rated power up tc an nltitudo of about
42,000 feet.

The originel engine had aluminum fins 1.0 inch wide.
Curves for aluminum and copper fins 1.5 inches wide are
also ghown., The wider aluminum and the corper fins would
allovw the engine to cool at 56,000 and at £9,000 feet,
respectively. A fourth curve is presented to show the
relative effect of fins 0.75 inch wide, whioh represent
older engines or engines of lower power rating.
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The effect of altitude on the ratio of cooling re-
quired to cooling available with cowling flaps for the
original engine and for the engine with copper fins 1.5
inches wide in the climd ccndition ie ghown in figure 2.
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Figure 2,~ The effect of altituil~ on the ratio of cooling
rojuired to cooling available. in the climb condition for
original engine using 1.0-inch aluminum fins and for the
same engine using 1.6~ inch copper fins.
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It 1s interesting to note that ir climd the original
engine is able to cool at 41,00C [eet, The 1l.5-~inch cop-
per fine give a limiting altitude above 60,000 feet.

The power required for pumping cooling air in the
high~speed flight condition for the four fin widths over
the same altitude range ir given in figure 3 as percent
of engine power. The power required for pumping is the
power associated with the increase in drag of an airplane
when the cooling air flows through a conventional cowling
or scoop. X
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Figure 3.~ The effect of altitude on the percent of engine
power reguired to pump cooling air for the fin arrange-
ments and the operating condition emvloyed for figure 1.

Figure 4 showe as percent of engine power the power
required to carry the weight of the finsg in the high-gpeed
flight condition. The power reouired to0 carry the best
fing 1s surprisingly low when the relative cooling per-
formance -4s considered.

The Jet powor due to the heat added to the cooling

air, which is shown in figure 6, i1s an 1llustration of the

well-known Meredith effect.
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Figure 6.~ Net cooling power in percent of englne pover
for an alr-cooled engine as affected by altltude.
High~speed flight condition.

syetem with the thrust power obtained from heating the
cooling ailr, Figure 6 ies interecting as a demonetration
of the effectivenese of increased surface area in reducing
the power for cooling, especlally at high altitude,

LIQUID-COOLED ENGINE

Two cares are considered for the liguid-cooled engine:
(1) with the coolant at atmoepheric preesure at all alti-
tudes (s0lid lines on figs. 7 to 11) and (2) with the
coolant maintained at sea-level .ressure at all altitudes
(dashed lines on figs., 7 to 11),

Whenever a liquid-cooled engine tends to overheat at
come particular altitude because of insufficient cooling
and whenever the sdditional pressure drop needed to in-
crease the cooling with the existing radiator installatlion
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is not available, the need for additional cooling can be
satisfied by the substitution of a radlator of sufficient-
ly larger oooling surfaoe (larger volume)., The variation
of required optimum radiator volume with altitide for a
liguid-ocooled engine is shown in figure 7.

SETR [ 1
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Nonpreasurized system

Required raliator volume at altituile
Iequired raliator volume at sea level
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Altitule, ft
Iigure 7.- Variution of required optimum radiator volunme
with altitude. ILiquid~cooled engine; high-speed flight
oondition,

It oan be olearly seen from figure 7 that the maximum
altitude at which a liguid-oooled engine can be cooled is
definitely fixed by the size of the radiator Jjust as the
limiting altitude of an air~cooled engine is fixed by its

fine.

In order to 111untrate the effect of altitude on the
cooling. performanoe of a liquid-cooled erngine, a liquid~
cooled engine.of the same power as the air-cooled engine
used and the same airplane have been assumed.
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The variaticn with altitude of the ratio of the
cooling pressure drap required to the preseure drop avall-~
atle for a liould-cooled engine 1s given in figure 8. It
can be gseen from this figure that the original radiator
installation, which wae designed to be optimum at an al-~
titude of 20,000 feet, becomes insufficient for cooling
at an altitude of 49,000 feet. Two vther radlator 1natal-~
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Figure 8.~ The effect of-altitude on the ratio of cooling
pressure drop required t< pressure drop avallable for the
liquid~cooled engine. High-speed flight condition,

lations with greater cooling surface (volume) designed to
be optimum at altitudes of 40,000 feet and 60,000 feet are
also shown, Both of these installatione will cool the
engine at a higher altitude than the original installation.

The pover required to cool the engine in the high-
spoed flight condition is shown in figures 9 to 11, Fig-
ure 9 shows the air-pumping pover plus the weight power,
figure 10 showas the power recovered in the radiator exit
Jet ar a result of heating the ocooling air, and figure 1l
shows the net cooling power,
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Figure 11,~ Net coo0ling power in perceant of engine powver
for a liauid-cooled engine. High-speed flight oondition,

The solution to the high-altitude cooling problem for
liquid-~oco0o0led engines shown here is simply the addition of
moro cooling surface. This solution is the same as that
shown for the air-cooled engine and the same kind of resulte
were obtained in both cares.

DISCUSEION

The problem of 000ling at altitude hns been illustrated
for the liguid- and for the air-cooled engines. Neither
engine 1s limited in altitude poesidbilities by cooling.

The prerent enalysis has been confined to the eingle
problem of cooling. There aroe numerous prchleme connected
with supercharging, intercooling, carburetion, aerodynamics,
etc. The cooling, taken by 1tsc’”?, sppears to be relative-
ly simpler than many of the other problems associated with
high-~altitude flight.
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For instanoe, on a good installation at an altitude
of 40,000 feet, the a.r-cooled engine with 1,.6~inch alu-
minum fins uses less ‘than 40 percent of the availadble pres-
sure drop and requires lees than ” peroent of the engine
power for cooling. The liguid-c oled engine having a
radiator designed for 40,000 feet altitude uses 27 peroent
of the avallable pressure drop and recuires 5 peroent of
the engine vower for cooling with the coolant at atmos-
Pherio pressure and uses 27 percent of the availadle pres-
sure ¢rop and requiree 4 peroent of the engine power for
oooling for the pressurizsd oase.

1.-36
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The important poiant to dbe gained from this illustra-
tion 1s not the difference between liguid-cooled and alr-
oooled engines dut the more important faot that eaoh re-
quires only a very skall power for cooling and eaoh re-

] quiree preesure drope which are easily developed.

gy, e e

. When the problem 1s pursued further in the appendix,
it will be noted that the cooling power computed here as-
sumes that the power to pump the cooling alir through the
fins or the radiator tubes 13 accomplished at 100-percent
pumping effiolency. The aotunl pumping effioliency should
not be below 80 percent excert in the case in which all
the available pressure drop is needed for cooling. Lven
in tkie care the 1deanl efficiency should not fall below
60 peroent., In most installations, however, there are
avoldable increases in form cr pressure drag due to the
cooling instanilation that may reduce the epparent puuping
efficlenoy to a fraotion of the value obtainadle on the
best pissidlo installation,

CONCLUSIONS

The foregoing analysis has shown that air-cooled and
liquid-~cooled engines can be cooled with & small fraction
. of the availadble pressure drop and with cooling powers of
L 2 to & percent of the engine power, The presaure drops
and powers in both cases are materially below present-day
5 inetaliation values on operating airplanes, It thus
= developns tliut much greater gains can be made by improving
-3 elther installation than can be attridbuted to the true
s differonces beiween the two tyves of engine.

Riee {00 T g

g Ag a result of the analysis and the mcre complete

conpuiations presented in the appendix, i1f proper design
of cooling surface (fins or radiator) is used, it can de
concluded that:

W T- o N a e
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1, Cooling 1s not the limiting factor in the deslgn
of high-slititude alrplanes, i

2. Cooling is not a valid reason for selecting
either liquid- or alr-oooled engines for high-altitude
operation.

3. It is essential that the oooling system be de-
signed for the operating altitude,

99¢~1

4. Disgregard of conclusion 3 has been the major
cause 0f the confusion concerning high-altitude coolling.

E. The solutions to the cooling prodlem given here
involve no impractizal or unattainadle arrangements.

Oonclusions pertaining to the air-cooled engine and
to the liguid-cooled engine are given at the end of the
gseotione Air-Cooled Engine and Liquid-Cooled Engine in
appencix B,

Langley Memorial seronautical Ladoratory,
Kational advisory Committee for iseronautics,
Langley Field, Va.



e — b cad

sy e

TR - w.-‘&:,

.,

L-3cb

e B

e O

Q

B2 4a B3 3 49
2

AFPBNDIX A
STMBOLS

lsak area around cylinders, radiator frontal area,
square faeet

specific heat of air at constant pressure, Btu per
pound per °p

hydraulic diameter of air passage, feet
fin effectiveness '

accoleration due to gr;vity. feot por sooond per
socond

local ooefficient of hsat transfer, Btu por sguare
foot ver socond per °F 3

rato of heoat tranlfer, Btu per second

thormal conductivity of air, 3tu per square foot
por second por “F per foot

thormal condnctivity of metal, Btu psr squars foot
por second per °p per foot

wsight rato of flow, pounds per socond
static prossurs, pounds per squaro foot
friction pressuro Arop, vounds per square foot

radius from contcr of cylinmnder to root of fin. foot
gas constant

fin apacing, foot

aroa of cylindor walls, squaro fsct
averago fin thicknoss, fact

fin width, foet

absoluts tecmporature of air
average cngine tomporaturo, op

frooc-air tomperaturo, °r

inlot tomperaturo of air, °p

e
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AT

Pp

outlet temperature of air, °F

avoragootonperature difference between engine and
air, °F

over-all heat-transfer ooefficlient from metal to
air, Btu per square foot per seoond per °F

gspeed of air, feet per seoond .

speed of air in oocoling-alr passage entranoe, foet
per,uQOOnd .

speed of air in oooling-air passage exit, feet per
second ;

speed of airpl;ne. feet per recond

density of air, slugs per cudlio foot
free-air density, slugs per cubic foot
inlet density of air, sluge per cublo foot
outlet density of air, slugs per oubic foot
dynamio pressure, pounds per square foot

dynamio pressure corresponding to Vg, pounds per
square foot

inlet dynamio pressure,. poundes per square foot
o&tlet dynamio pregsure, pounds per square foot

coefficient of viscosity of air, slugs per foot
per second '

-weight of fins, pounds

pressure drop, pounds per squere foot

* volume rate of flow, oubio feet per second

drag coefficlent of duct
drag of duot, pounds’

power required to overoome duot drag, horsepower

a = -—zl
J kgt

Cp/Cy ratio of airplane drag ooceffiolent to lift coefficlent



ol

16

APPENDIX B
KETHODS AND ASSUMETIONS usxﬁ_:n COMPUTATIONS

I¥TRODUCTION

.Thie purpoee 0f the present anclyeis is to show how
altitude enters the problem of cooling an engine. Both a
liquid-cooled engine and an eir-cocled engine are comsid-"
ered and it is assvmedl that rmanufacturing teohniques and
airplane design and performance are as good as, dbut no
better than, the best present practioe, The effect of
altitude on the problem-Af engins coolinrg is the only al-
titude effest concidered in this paper. }

The whole analysis has been bassd on the assumption
that the engine is overating at or belcw its eritical
altitude ovor the entire range of altitude considered.
Under this ccndition the pressure and tcmperature at the
carburetor inlet are meintained at soze fixed value, re-
gardiess of altitude, and the oil temperature and the rate
of flow are also conatant. The ungine ie assumed to op-
orate at any altitude exactly as it would at s3a level,
provided that the cylinder and the head-wall temperatures
are naintained constant. The conditions assumed Lhere are
conditions that can be realised on a well-designed instal-
lation for a supercharged engine.

It ts well to realize the importanoe of these condi-
tions because many of the results odtained from this anal-
ysis appear to contradict experience. This contradiction
is inevitable because almost all the experience with cool-
ing.at high altitude has been obtained on airplanes em-
Ploying engines orerating above their critical altitude
or otherwise inadequately equipped for high-altitude
operation,

For irstance, ocalculations thev that engine cooling
on typlcal airplaaze choald increase in d4fficulty up to
the or2tical altliuds =nd deccease irn ¢lfficulty &s alti-
tuie intreascs ateve the ciitical ali!tude. Iiperience
wiilh actual alrplanee sperating ebove tho critical alti-
tude shows that cverhcating occurs at ithe Ligher altitudes.

Thie appareat divorzence betwser exverionce snd com=-
putecd pe-formance is rot real, hewever, ard lg explained
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by the Taot that the carburetor tendg to leap the alr-fue
Bixture above the Critica] altitude. As the Dixture be-~
Comeg progra-sively leaner. more Cooling is required.
Thig 111ultrntion shoulq Dake 1¢ clear that eXPeriencey
with high-altituda Cooling Dust he €lven very eritioal

drop.beyond the pressurp drop &vailabie,

The rrosent Qnalyaig &PElies to an actua] air-oooled
t

The aipr dennity and temporature decreane Yith a1ty
tude, temperature.of NACA ftandarg alr becomeg con~-
8tant ¢ -679 Foat 3
same temperature at 46,500 Teet, (gSee fig. 12,)
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thrust power was reduced at each altitude dy the power
required by an intercooler and o0il cooler chosen for that
i altitude. Cylinder baffling vue ansumed the same for all
] sets of fin dimensions,

L-3%

With the density, temperature, and speed varying
with altitude in such a way that they have partly compen-
sating effects and effects of varying magnitude, it is not
| generally possidle to predict without analyeis the exact
| effect of altitudo on cooling.

Even though the airplane assumed here is a modern
pursuit airplane of high performance, the conclusions
reached are fairly general, Modern high-performance air-
planes heve reached such a high.degree of refinemeat that
conclusions reached on ccoling for a pursuit airplane can
be applied without great modification to other high-
performanae types.

AIR-COOLED ENGINE

The computation of cooling at altitude consists in
. calculating the mase flow of air recuired for cooling.
The engine rated power is 16756 horsepower and the prorel-
ler efficienoy is assumed to be 80 peroent at all alti-
tudes. The engine must dissipate 445 Btu per second at

an average head temperature T, of 410° ¥, The surface

S fur cooling is 15 square feet, The fin width w is
1.0 inch, The fin spacing s 4s 0,15 inch., The outside
cylinder radius ry 4s 3.6 inches, The thermal oonduc-
tivity kp; of aluminum is 0,0345 Btu per second per

square foot per °F,

The mass flow of air reocuired varies with the tempera-
ture difference available for cooling. This varying mass
flow requires an increasing pressure drop with altitude
which determines the limiting altitude at which the air-
plane may be operated under any flight condition.

Analysis

The present analysis is an extension of tho preblem
as it was presented in reference 1, Certain formulas are
taken from reference 1 and from c'‘her sources, Those
formulas are reproduced here for use in this computation.

e . P — 5 o ———
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In order to find the masa flow that 1s necessary to
effect the required rate of heat tranasfer at a given alti-
tude and in order to find the cor-espcnding values of ailr
temperature and velocity at the c¢atrance and at the exit
to the bYafflen, equations (1) to (6) were solved sirulta-
neously. Equation (1) is the heat-balance equation,

v, - v,?

B ¥
i- OP(TO - Ti) + z—————v"e)(z)g (1)

Equation (2) ies the fundamental aquation for heat transfer
by forced conveotion.

E=57UAT ; - (2)
Equation (3) 1s the equation of continuity.
PV = PV, L (3)

Bquation (4) states that the statlo-pressure drop between
baffle entrance and exit 1s the sum of the momentum in-
orease O0f the air and the friction pressure drop.

. Py = Py = PV(V, - viy + Apg (4)

Zquations (6) and (6) relate free-stream and entrance con-

ditions.
. x =Y
Ty = 7, (ﬁ;) : (5)
Pa i :
g 0.832

Entrance and exit conditions muet be determined simul-
taneously, because .they are mutually interdeprndent. JFor
example, for a given altitude and airplane spced, T3 de-

pends on the maes floaw, The mass fl5w required for cooling

—
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depends, moreover, on AT. The quantity AT 4is the dif-
ferenoe between the average engine temperature 7, 2and

the arithmetio mean air temperature (of. equation (7)).
The welght rate of flow N is a funotion, therefore. of
both inlet and outlet oouditione.

Before a solution of equations (1) to (6) wvas made,
substitution for certain of the guantities was made by
means of the following relations:

6T = Ty - 2(Ty + T,) : (7)

By definition,

K = ghoV . SR (8)

From retorence'a.

B 3 5 [y
U = h {/2\1 + !___> tanh ‘aw s} (9)
8+t \ Ty aw
From reference 3.‘
J 0.2 3
n=o0.2 (B . (pv)°" (10)
2/ *
if _
S w20 (11)
v ‘ B
From referance 4,
Q' =
f = _a_nliﬂ. (12)
aw
where
2h :
a = m (13)
4dnd, from reference 1,
£ =1.07 - 0.3 aw (14)

.%.-:‘J.'-“'.ri b e g

ot e e 5 R e 4

.

o



20

The last equation for ¢, which ig an approximation, is
correct within 1 percent for 0,50<f<0,95,

Ap, = 0.3 /U * % (15).
. 2

From the general gas law,

p=RpT (16)

Cooling in the original engine.- The known heat dis-
sipvation, fin dimensions, air temperature, and density
variation with altitude are used with equations (1) to
(16) to oomputo the variation of N, Ty, Ty, and A&p
with altitude, The variation of theme quantities with
altitude 18 shown in figure 14, The properties of Army
air were used in all caloulations,

FPigure 15 shows the bdreakdown of the pressure drop
for cooling into its three components: (1) the useful
frictional pressure drop, (2) the nonuseful momentum pres-
sure drop, and (3) the nonuseful pressure drop at the
exit. It should be remembered that pressure drop refers
to a2 loss in total pressure. The friotion pressure drop
1g given by equation (15), whioh 1s based on the experi-
mental results described in reference 5., The momentum
pressure drop 1s given by equation (4). The exit pressure
loss 1s teaken as 0.7q, on the basis of the measurements

descridved in reference 5.

The ratio of oooling pressure drop required to pres-
sure drop available for cooling against altitude is shown
in figure 16. TYor this analysis it is assumed that, in
the high-speed oondition, the pressure drop availadle 1s
0.75qa. This value is arbitrary and may be chosen in

line with individual experience. Any other choice simply
varies the limiting altitude,

Cooling with other fin arrangements,- The cooling

for the original engine ig illustrated in figures 14, 15,
and 16. This engine is limited to an altitude of approx~
imately 42,000 feet. If this altitude were to be erxceeded
by increase in pressure drop for cooling, some type of
Llower would Ve reocuired and, because the pressure drop
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required rises sn adruptly with altitude, the powver for
co0aling would soon beocme exceasive, It is obviously
impraoticadble to obtaiy increased altitude by this neans,

In the present section, an analyeis will be made of
the effect of adding surface to the oylinder by inoreased
€in width, The following table shows the fin dimensiozs
that will be used to i1llustrate the effeot of adding sur-

face area for oooling:

= Tin Ay Flight |- A | w
materisl;properties| ccndition | (sq £t)[(in.)|(1n.)

Originel A &ariy Eigh spesd| 2.2 | 1.0 |0.060
Do--- --do-- | -=do-- Climd 2.2 | 1.0 | .060
Wide A1 —do— | —-do-- | High speed| 3.3 | 1.5 | .052
Wide ‘thin Cu Cu e Cmme —==do=em- 3.3 1.5 | .035
Farrow Al A b F My i ST Rl 1.65 .75] .060
Wide thin Cu Cu L Clinb 3.3 1.5 | .C35

The ratio of cooling pressure drop required to pres-
sure drop available when the 1,6-inch -aluminum fins are
used 1¢ shown in figure 16. These fins are spaced a%
0.15 inch,the sare as the original fins, bdbut the thiok-
vess ls agsumed to be 0,052 instead of 0,060 inch, This
thiokness 1s optimum for this width aluminum fin at
30,000 feet altitude,

Figure 17 shows the T3, Ty, M, and 4p for this
same fin arrangement. A oomparison of figures 14 and 17
showe that the wider aluminum fins reduce the roouired
pressure drop for oooling at 40,000 feet from 112 to 40
pounde per square foot, OConsequently, the power for cool-
ing 1s markedly lower for %the wider fins.

W¥hen copper fins are used, the thiokness may be re-
duoed beoause of the high thermal conductivity of copper.
The thickness was chogen as 0,035 inch, The optimunm
thickness 1s somewhat lgss, and a thinner fin is more de-
siradle if it can be manufactured. The thin copper fins
allow more fins to be added to an air-oocoled engine with

the same spacing.
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The computed results for the copper fins are given
in figuree 16 and 18, A comparison of figures 14, 17,
and 18 shows a further reduction of the required pressure
drop to 30 pounds per sauare foot at 40,000 feet. The
pressure drop reouired at 55,000 feet 1s 59 pounds per
square foot, a value that is easily obtained. The value
of M over the whole range as well as the value of Ap
i¢ reduced with the result that the power for cooling is
further reduced,

Power for cooling.~ The power for cooling is the
algebraic sum of the power to pump the cooling air
through the fins and the power to carry the fins and the
thrust from the heated alr at the exit.

Tﬁe pumping power is given dy A4DpQ.
Thae carrying power is given by %E-VVa where ¥ 1is
L

the welght of the fins.,

The puuping power for the various fin arrangements
congidered i3 shown in figure 19, The thrust power from
the heat is computed according to the analysils presented
in reference 6 and this power is negative with respect to
the other components of the oooling power. The thrust
pewer at the exit due to the heat added ton the cooling
alr is shkown in figure 20 for the various fin arrange-
ments, Flgure 21 shows the pcwer required to carry the
fins 1In the high~-speei condition. When it is seen how
small this power actually is, the short-sightedncss of
trying to reduce engine welght by limiting fin area be-~
comes apparent.

This pcint 1s further illustrated in figure 22, in
wvhich the ne$ pcower, that 1s, the comdination of power
shown in figures 19 to 21, is given, The original engine
requires 200 horsepower at 40,C00 feet, whereas the wide
aluminum or the cuprer fins recuire only 40 to 50 horse-
power, The wide fins are nearly optimum for 40,000 feet
when ‘the piwor for cc¢oling is the deterairning factor,

Cooling in ¢limb.~- Figure 23 gives tha variation

with altitude of the ratio of cooling pressure drop re-
quired to the rressure drop available for the original
fins and for the 1l.5-inck copper fins in climb., It was
assumed that exit flaps would te used in the climd and
that the tolal rressure drop available would te 1.2 times
the flight dynamic pressure,

T ————
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It can be ceen by oomparing figures 23 and 16 that
tho maximum altitude at which the engine will cool 1in
climb is about the sane as the maximum altitude at which
it will cool in high-speed flight.

Fin effectiveness.- The variation with altitude of

the ratio of the cvor-all heat-transfer coefficient for
the finned cylinder to that for a plain cylinder with the
samo gsurface heat-trangfer coefficient assumed in dboth
oasoe is shown in figure 24, Ths over-all heat-trancfer
coefficient for the finned oylinder was calculated from
the ecuation given earlisr in tke analysia. If the engine
oylinder wall and cooling-air temperatures are the same in
the two cases, this ratio is alco the ratio of the hoat
diesipated by the finned cylinder to the heat dissipated
by a plain cylinder. Hence, the ratio may be considered
as a faotor of cooling effectiveness.

Relation between sea-level pressure drop and limiting

altitude,~- The effect ct the pressure drop regquired at sea

level for ccoling on the limiting altitude for cooling is
shown in figure 25, Thig figure like most of the figures
in thig raport is sinmply illustrative. A similar curve
could be drawn for oil coolers, radiators, or intercoolers,
The figure illustrates the fundamental fact that, if any
Piece of heat-transfor equipment 1s installed on an air-
oraft and cocled ty a rrescure drop which irs related to
the dynamic prescsure of the airplane, the limiting alti-
tule at which the apvaratus cools is an inverse function
of the pressure drop regquired at sea level.

Concluding Remarks

It must be apparent from the illustrative examples
presented for the air-cooled engine that large surface
area for oooling ie the only practicable solution to the
cooling problem at altitude.

The 1llustration was confined to widor fins for sinm-
plicity. The cooling can be materially increased ty
using smaller fin spacing. This chaage would require
changes in baffling and arrangements to carry the air to
the engire cylinder.

The illustration given Lerein is thus in no way ex-
haustive of the pogeibiiities of improving cooling tut
shows what msy %e accomplished by simpnle practicable
changes in fin design.
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LIQUID-COOLFD ENGINE

The calculatisaue required to determine the effect of
altitvde on the cooling verfornmance of a liguid-cooled
engine are made Tairly simply Ly use ¢f the radlator de-
slign chart developed in reference 7.

¥or purposes of comparison with the preceding alr-
cooled engine-cooling analysis, the liguid-cooled engine
-is assumed to dissipate the same guantity of heat and to
develop the sane hrake horsepover as the air-cooled
engine and t2 be installed in an airplano with the same
flight charactoristics.

Computatiors are made for two cases. In one cate,
i1t 1s assuzed that the coirlaat (97 percent ethylene
glycol) is contained in a closeld esvster and that at all
altitudes its temperature 4ie 290° F, which ig 52° ¥
below 1ts toiling point at sea-level pressure,

In the caleculations for the second care, 1% 1s ne-
sumed that the coolant (97 percent eihylene glycol) is
subjected to free~atream a tmospheric pressure at all al-
titudee and that the temperature of the coolant ig main-
tained at 652° T velow 1ts boiling point at the prevailing
free-stream atmospheric pressure. The temperature of the
coolart as a functlon of altitude is ehown in figure 26.

It 1z further arsumed tbat in both cases the radlator
1s onclosed in a duzt, such as descrided ip reference 8,
and that the cross-sectionel area of the duct at the
radiator ie two-thirds of the frontal aroa of the radlator;
that is, ome-tlLird of the radiator will be contalned within
the regular fuselage lines. The drag cooefficlent of the
duet is given in reference 8 as ng = 0,06, tased on

frontal area, and the drag cf the duct D4g 4is, therefore,

2C Ao
D ‘a
by = —b— 2 (17)

and the horsepower Pp reguired to overcome the duct
drag is
2C Ao
D v
Pa w d L 18
2 = 550 (18)
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In order to obtain the minimum nover combination of
radliator and duct at any flight condition, 1t 1s necessary
to choose several radiatore dosigned to vperate at differ-
ent prossure drous ard then, by moans of the rediator 1e-
siga chart of rofsrence 7 and ogvation (18) of the present
paper, calculate the total powsr of each combination and
so to obtain the optimum desiczn.

Lnalysis

The variation with altitude of reouired optimum ra-
diator volume and of optimum open radiator frontal aree,
which squzls two-thirds of total frontal area, is shown
in firure 26, These curves were celculatod directly from
the radiator deesizn chart,

The effect of altitude on the cooling psrformanos of
three radiator-duct installations is oonsidered. One in-
stallation was desizned to be optimum for the high-speod
f1light conditions at an altituie of 20,000 feet, one at
40,000 fect, and the third at 60,000 feet,

The variation with altituio of the sum 0f tho air-
punping power, the power required to carry the weizht,
and the power required to overcome the dAras of the 4duct
is shown in fizure 256 for the three installations con-
sidered; ond flguros 29 and 30 show the effect of alti-
tude on the roquired pressure drop and on the volume rate
of coolinz-air flow, rospectively,

If 14 1e assumod that three—fourths of tho main air-
stream dynamic pressure can be utilized for pumping air
through the radiator, the maxlmum eltitude at which the
radiator will ocool satiefactorily is the altitude at

which Ap = 0,76q,, —22—'= 1, The limiting altitudes
0.759a

as well as the variation with altitule of the ratio of

cooling pressure drop required to pressure drop available

3-%?;— for the three installations is shown in figure 31,
2 e

Meredith (reference 6) showed that it is possible to
convert a part of the heat dissirated by the radiator into
useful work or thrust at the rediator exit jet. This Jet-
power recovery has bosn calculated for the instellations
cansidered and is shown as a fuaction of altitude in fig-

ure 32,
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The net power reguirexent of the radiator installa-
tion 1s tke difference betwoen the groes power consuned
by the insitallation (fig, 28) end the Dower recovered
from the exit jet (fig, ¥2)., Thls net pcwer is shown in
figure J33.

In figure 34, the power associated with {ihe sooccp
drag has been subtracted from the net power umine pras-
surized cocolant as given in figure 33. The resulting
pover-corsunption curves are repr2sentative of. a case 1in
which no scoop 1s used and the radiator is installed conm-
pletely within the ‘airplane lines in such a mannsr that
there is no additlonal Crag due to cooling-air entrance
and exit., Ihis case ie obviously the ideal and will not
be completely renlized in practice. ' The actual perfor-
mance of a liquid-cooled installation will Ye somewhera
between the curves of f’fure1 33 and 34 for the pres-
surized coolant.

By a comparilon of figurcs 22 and 34, 1t can be con-
cluded that a well-designed engine installatiorn, either
liguid- or air-cooled, should not oconsume mcre than about
2 or 2% percent of the engine brake horsepower.

Concluding Remarks

The ‘comparicos: of ths two caser for liquid coolinz
demonstratea the rmarked udvantare 9f precsurized ocooling
and idealized audbzergence of the radiator within the air-
plare, The actual useful prower for cooling will fall
somevhere bstween the {wo cases considered.

It 1s impossible to avoid a compariscn detween the
alr-cooled and liquid-cooled enginee in regard to.ococoling
at altltude. Comparisons might bc made according to
welght, volume, pawer ‘to c¢col, guantity of coocling air,
eto. When such compsrisons are made, each engine would
chow certaln advantccea.

It 1s zenerally recognized tha; eack type of engilno
has characteristics which are desirable ard which make it
favoradble for certain Jjobe and certain installations,

The impartial analysis of the ccoling protlen at
altitude presentéd here-n eshows nothing that may be teken
as deronstrating a marked advantage of one engine type
over the other,

95E-1
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