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A METHOD FOR THE DESIGN OF COOLING SYSTEMS
FOR AIRCRAFT POWER-PLANT INSTALLATIONS

By Kennedy F. Rubert snd George S. Knopf
INTRODUCTION

A method of orzanizing design calculations for the cooling systems
of aircraft powsr-plant installations has teen developed for use by
representatives of airplane and engine companies invited by the Materiel
Division, Army Air Corps Liaison Cffice to participate in the activi-
ties of the NACA power-plant installation section at the Langley
Memorial Aeronautical Laboratory, Langley Field, Va.

A schematic arrangement of a heat exchanger with a cooling-air
duct is shown in figure 1. The system consists of three parts:
(l) the entrance duct, which slows down the cooling air and converts

most of its dynemic pressure to static pressure; (2) the heat exchanger,

in which some of the static pressure is lost; and (3) the exit duct,
which converts to dynamic pressure any surplus of static pressure
above the value at the exit.

At station O in the free stream ahead of the entrance, the air
has a static pressure Py, a velocity V, relative to the duct, and
& dynamic pressure Jos As the air spproaches the entrance at
station 1, its velocity decreases, and the dynsmic pressure is partly
converted to stetic pressure. From stetion 1 to station 2 the
velocity continues to decrease, usually to the point where the dynamic
pressure is negligible, with a corresponding further increase in static
pressure. As a result of the losses in the entrance scction, the
increase in static nressure from station O to station 2 is less than
the decrease in the dynamic pressure.,

The eir on entering the heat exchanger is accelerated because of
the reduction in free arca and on leaving is decelerated to a velocity
eyual to the welocity at station 2. The internal resistance of the

heat exchangcr causes a reletively large loss of static pressure.

From station 3 to the outlet thc static pressure drops to thet of
the free stream, and the dynemic prossure rises to a value less than
that of the free-stream dynemic pressure by an amount equal to the sum
of the losses of the entire system.

The addition of heat to the cooling air in the heat exchanger
makes no change in these fundamentel principles; but, in the calculation
of the internel horsepower and the exit area, the effeet of the heat
on the density of the sir must be taken into account.



SYMBOLS -

duct cross-scctional area, sjuare feet
cempressibility factor

welght ratc of air flow, pounds per sscond
stetic pressure, pounds per square foot
pressure loss, pounds per squere foot

volume rete of air flow, cubic feet per second
temperaturo, OF absolute

temperaturc rise, OF

velocity, feet per second :
acceleration of gravity, feet per second per sccond
dynamic pressurc, pounds ner squars foot

mess density, slugs ner cubic foot

rclative density - 0823”
. /
width

>"Ugo'.’-3>

jae]

3
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Subscripts;:

0, 1, 2, 3, 4 stetion numbers as in figure 1
ILLUSTR/TIVE EX/IPLES

Computations sclected from om rnalysis mede in conjunction with
one of the designs developcd by members of the NACA powcr-plant in-
stallation section are uscd to demonstrate the system of calculo-
tions, Design values that occur throughout the exemple have boen
selected for the particular design under considerstion; where
possible, rcforences arc listed for selecting similar valucs for
other types of design.

The power-plant installation was designed for o long-range
bomber, powered by four 2000-horscpower gngines eyuippned with turbo-
superchargers., The pertinent dete for the engines src given in teble
I and for the airplene performance ere given in toble II.

4 genoral arrongement of the power-plent instsllotion is shown
in figure 2. £11 cooling end cherge cir is taken in at the nose of
the cowling, Air for the supercharger intoke, oil coolers, and
intercoolers enters through the outcr snnulus snd flows through ducts
distributed around the periphcry of the cngine. Cocling air for the -
engine flows through the inner amnulus over the engine and is dis-
cherged through outlets botwoon the cherge-air and the cooling-air .
ducts, -
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All cooling calculations are based on Army summer air, which has
the seme pressure as standard air (reference 1) but has a temperature
LO® F greater than standard throughout the range considered, Pro-
perties of this air are given in table III.

Engine Cooling System

Detailed computations for the engine cooling system at the high-
speed condition, under normal rated power at 20,000 feet, are pre-
sented in form A, which is the master form suggested for use on all
cooling systems of the power-plant installation. The free-air con-
ditions for pressure, temperature, and density are first selected from
table III for station O and entered in the form

o
o
!

= 972 1b/sq £t

3
|

) e )4870 F abs.

0,001160 slugs/cu £t

o)
o]
]

From table II fer 20,000 fcet the high speed in Army air under normal
power is 358 miles per hour, corresponding te Vg, = 525 feet per sccond.
The dynamic pressure is

p <
qa=5pPV Fe

where the compressibility factor F, derived from reference 2 is
given by the relation 42

2 2
F 1 «140%8 m +o.h22Ey-°—/-;-(£)-J * e

Cc Tn o

c

i

Therefore ; 2

(5.25)° (5.25)°
B e

= 1,063

&
i

1 4 1,035

and

qp = % 0.001160 x (525)% x 1,063 = 170 1b/sq ft

Station 1 has been included in order to orovide in certain flight
conditions for an increasec in pressure through the propeller or for a
detailed analysis of the losses for a complicated inlet duct., For
the casc at hand, the computations of the valucs for this station are
unnecessary.,



The properties of the ccoling air in front of the engine at
station 2 are now reguired to determine the amount of air necessary
for engine scooling. Inasmush as the dynamic pressure at station 2
is swall, the computations mey be simplified by ascuming thet all
dynamie pressure exclusive of duct losses is converted +o statie pPrege-
sure.

The two columns in form A under the heading Transition are for
recording the changes that oceur between the pressding station and
the station under consideration. The e¢olumn headed AP gives only
the losses of total pressure; conversions of dynamic pressure to
static pressure or vice versa are not included in the values in this
solumn. The column for AT shows values for the change in tempera-
ture, regardless of causs, and includes both adiabetio changes and
ehanges due to heat transfers.

For the entrance duct used in the design it is probable that
approximately 90 percent cf {he free-stream dynamie pressure can be
converted to static pressure at the front face of the engine. 1In
other words, the entrance-diffuser loss is estimated to be 10 percent
of the free-stream dynemic preseure, 17 pounds per square foot,
Acoordingly,

Pp = 972 + 170 = 17 = 1125 1b/sq £t

The temperature rise due to adiabatic compression of the air
in the diffuser inlet can be expressed in terms of the velocities

81lone
2 2
AT, = 04832 /~....v°\ - (__)VQ
0=2 232 + 0, 100,

This expression is derived from reference e 1

As previously noted, Vp is negligitle, and the temperature
rise used for the ocomputation is

T 2
¢} 2 o
0.8 —] w0832 (5,2 -
32(100) 0332 (5.25) & F
Hence, the absolute temperature of the air at the front face of the
engine is
T = LBT ¢ 23 = 510° F abs.

The mass density of the air may now be computed from standard
sea-lovel density as followss
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P2 518, 4
0,002378 x 136 X T,

P
o.000583.T§L= 0.001285 slugs/cu ft
2

The varilous engine manufacturers use different methods for ar—
riving at the amount of cooling air required and the corresponding
pressure drop. All these methods, howsver, require a knowledge of
the condition of the ailr at the front of the snglne. A typical ex—
ample of such a method is to be found in roference 4, For the case
of form A the required air flow is 37.3 pounds por second and the
corregponding pressure drop 1s 51 pounds psr square foot,

The computation of the velocity at the face of the engine is now
possible. In this case tho velocity is found to be about 60 feet per
gecond, not enough to make any appreciable change in the static
pressure (-2.3 1b/sq ft) or in the sbsolute temperaturs (-0.3° F abs.)
at the face of the engine; hence, the dashes in the table indicate that
the quantities regarded as zero are allowed to stand.

Behind the englne at station 3, the transition column shows the
51 pounds psr square foot pressure drop given by the manufacturer and.
inasmuch as the dynamic pressure 1s negligible, P3 = Py = AP2_3
= 1125 - 51 = 1074 pounds per sguare foot, The temperature change
1s obtained by dividing the heat rejection from the engine (25,000 Btu
per min specified by manufacturer) by the specific heat of air and the
weight rate of air flow.

_ 25000 , 1 i TR
o= XF Xy T

and
3= T2 + AT = 510 + 47 = 557° F abs.
It is unnecessary to evaluate the density at this station.

i

The pressure loss from station 3 to station 4 is estimated to be
5 percent of gq, or 8.5 pounds per square foot. For simplicity, it
is assumed that the exit process consistsg of a pressure loss without
change of temperature followed by an adiabatic expansion. The air is
therefore regarded as expanding adiabaticaelly from a temperature of
557° F and a pressure of 1074 — 8.5 = 1065.5 pounds per sguare foot to
free—stremm static pressure at the exit, 972 pounds per square foot.
From the thermodynamic properties of perfect gases, the absolute

temperature at the end of such an expansion 1s the product of the initial

temperature and the 0.286 power of the ratio of final to initial pres—
gures
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a temperature drop of 1L.4L° F,

The satisfactory evaluation of the exit velocity requires en
accuracy of four significant figures in the wvnluc of AT and
necessitates the use of logarithms. ~ As this process is adiabatic,
the exit velocity .cen .be obtained dlrvctlv from the tempcrature drop,
and

/' v \2
= -0.8%2 ——Ii)
2y N \ 100

LIk

= 2 / 5
100\‘o 555 L16.8 ft/soc

Upon determinatlon of the density of the rir ot %he oxit and
by use of the nreviously obteined woight-flow rate, tic volumc-flow
rate is found to be 1110 qubic fecet per speond. At. the oxit
velocity of L16.8 foct per sccond, 6n cxib aree of 2.66 squrre feot
is reyuired. '

The intornal power consumption of the cugine cooling systom is
obtained from the rate of change of momentum of the cooling sir,

woight/sce Vo (Vo - V1) 37.3 525 (525 - L16)
)

3242 550 B 550

1h2Blons)

Owing to the menner in which. the. nower hns becen computed, the

Merpdlth effeet duc to the addition of hcat 18 includid. A dis-
cussion of the rsletion of leredith effcct to coollrg horouoowbr is
iven in rofcrence 5. ~

The results of similer celeulstions on this end other opersting
conditions over en altitude range from sen levil to 25,000 foet erc
given in tables IV, V,.and VI, The variction of cnginc. coeling-sir
exit srea with alt1+udc and Coﬁdltlon Sf"fli;ht istnrgsented
g*aphlcﬁlly insfiigure’ 55 PR

0il Codler

It is nccessary to scluet an oil .enolur beforc proceeding
with the anelysis of the system containing the cooler. Because an
oil cooler sdequete for climo ot sca lovel is usuelly setisfactory
for all other fllght conditions, & prcliminery choice is made on this
basis.,




Deta on commereial oll .coolers are ofton prescnted in curve
form, ns shovm in figure L. The curves show thce hcat transfeor

th/min
100° F tomp. diff., ev. oil and entering air

plottcd rninst cooling-air flow in pounds per minute for scveral
retes of oil flow. An odditioncl curve shows the pressurc drop
required to nproduce zny flow reto »f stewdaid sca=lewcl air, For

rry other condition the oress.irc drop is determined by dividing the
veluc sbtaincd from the curve by Oz, the rclative density of the air
g she fiace of the cooleur, :

The caginc soceifiertions in toble I-eell for ¢ hunt rojeetion to
the 0il ot military nower of 6500 Btu ner ninute and for o temperature

of 185° F for oil ruturning bto he cngiiu, The rabo "of 'eil  flowiis
135 pounds scr minutc. With an assumcd specifie hent for thoe oil of
0.5 Btd nocr pound »0r OF, thy tomporetur

¢ dro»n of the oil throupgh the
cooler is 96° F and the nverr e cooler temoernturc is 692° F, cbsoluto.
The tormmoreturv of the eir ot tho eoolur frec, obtrincd in the seme way
rs in the onginc cooling uxrmmic, is 563° F. h as two oil
coolcrs which ere similcr with regrrd to both eir e&nd oil flow arc to
be used, the heat transfer for creh unit is

(O

500/2 _ 2520 Bty/min
(692 - 563)/100 1002 F diff.

rné the rrto of oil flow nur unit is 67.5 pounds ner minutc, From
figurc L cn air Flow of 419 pounds ocr minute is rogquircd with « gres-

surc, érop of 7 inchcs of wrter in sbtrndcrd soa-lcvel air, Inssmuch
&8 the donsity of the sir % thc cooler free rceletive to stundard scas

vl air is 0.9, the sctunl procssury drop 38
] s

B_gﬂ— & Fall i aturos, 3805 lb/sq £t
OLT
From tais point on, the cnelysis for dcetormining the duet widit area

. s v (&
snd the inborncl horscpower is niteiscly the semc es thet for tho
cugine cooling-air system, Toables IV, V, and VI idzclude'the rsults
of the~eomputntions for r1ll flight conditions counsidir.d; eXit sreuas
cre shown in figurs 5.




Intorcooler

Two factors mainly deturmine the sclection of sn intercooler;
the weight rete of flow of wungine chrrge rir and the required inter-
coolor effeectivancss, The effectiveuess is defined as the ratio of
the temnerature drop of the cngine cherge sir as it gocs through the
cooler to the tumpcraturc diffcronce botween the hot charge air ond
the “egoling eir os they ontur tho coolcr.

The temperaturcs of the cir entering the supcrchrrger and the
cooling cir cntering the inturcoolir sre dotcrmined in the seme menner
&5 18 the bemperaturc of the =ir o€ the Peoe of “the "enginc.

The absolutc tumperaturc of the vir leaving the supercharger
Ty, 1is obtaincd from the rolrtion

-
whore
Tr ebsoluts tomvpersture of rir enb.ring supcrchergor
Pq totrl pressurc of air ontering suporchergor
Py totel orcssurc of cir leaving supercherger

L temperrturc retio efficicney of supcrcharger

As on oxomple, consider the climb for normel reted power at
25,000 fcect in Army eir, the tebulcr computntions for which appeoar in
form B, The nir at the cntrance to the supcrcherger hes o pressure
of 855 pounds per squere foot and ¢ tempernturc of 4B82° F,  From table
I the requirced cnrburctor nressurc for normel ratod power is 28.1
inches of mercury., An allowsncc of 1.35 inches of mercurv is mede
for nressurc losses from the suncrcharger outlet through the inter-
cooler to the earburctor inlct, moking the neccssrry supcrcherger
eutlet nrcssure 29.45 inches of nereury or 2081 pounds »ur squarse
foot. With o temporaturce efficioncy ratio of 0.65, the supurchargor
outlet temperature is

1 2081

0.286 ]
0.65L 855 i J

L2 ¢1 + = 699° F cbs,
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The reyuired cerburctor temversture from teble I is 100°.F
(559° F abs.) snd the cooling eir ot the entrance of the intorcooler
is 1;820 F absolute. The reyuired effectiveness is thereforc

Tsuocrchrrgor outlct'~Tcarburotor & 690 - 559

: = 0.€45
lsap rcharger OQtlbt'-TOOOl*Lg-&lr inlet 699 - Lg2

At normel power the chargu-air comsumption, which riust be cooled
to this effeetiveness, is 3.88 pounds per second. The numaber of
possible intorcoolers to mect these conditions is unlimitced but is
successivcly narrowed dovm to mect conditions of pressure drop
nvailable; space limitation, snd power reyuirod. The unit investi-
gated measures 8 inchcs in the direetion of cooling-rir flow, 14
inches in the dircetion of chorgo-cir flow, cnd 41.5 inches in the
ro-flovw dircction. Chereceteoristics of this unit applicable to any
no-flow length rrc nrosented in figure 6. (An explrnntion of this
type of eurve is given in roference 6, together with similrr curves for
a veriety of intercoolors. Cn'rt for the dosign of certain typcs
of tubulrr iptorcooler ar¢ givenm in reforcnces 7 end 8.) Entering
with a ehargo flow por inch of w1ith of %.88 nounds ?LT sccond
£)1.5 inches = 0.0935 pound ner saoeond der inch gives ¢ 2n _ﬁa for
the ehorge air, o valuc of 5.6 irches of wetcr. The interscction of
this velue with ¢ cooler effectivonoss of 0. 6h5 indicetus clpv“Pl
for the cooling cir, & vrluc of 3.98 inches of watcr rud o cooling-sir
flow ratc of 0.19 pound ner sccond ner ineh, or 7.98 pounds per sccomd,
n“ﬁlug the ratio of cooling-air flow to charge-zir flOW'O.l9/b.0955

= 2.04. The tempcraturc rise of the cooling nir is the temporaturc
drop of .the charge oir divided by the ratio of cooling air to . chaorge
® 1o
0l
temnersturc ot the cntrance plus one-half this temporature rise,
182 + 3.3 = 516° F absoluts., Corrosponding to this temperature emd
to @ nresgsurc ot the entronce of 855 pounds por s4Uﬁrs foot, the

nEes 68.50 F, and the mooan tompersture of the air is the

sverage rceletive donsity of th‘ cooling air O s .gO,, .nd the
cctusl prossure drop of the cooling sir is i = G,82
o 1ﬁv 4C5

N

inehes of water, or 5l.1 pounds per squars foot.

With the foregoing inform-tion it is now possible to compute
the velocity of the coocling eir at the exit end the srea of the exit
as was done for the cngine-conling system. About 76 percent of the
originsl dynmsmic nressure for the climb condition under consideration
has been oxpended in pressurc losscs by the time the eir arrives at the
raar ol the intcreoolor. Thu exit veloeity to bec created with the
remaining encrgy is so low thot excessively leorge exit arces would
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reguircés Extension of exit flapsidcereases thotsbatie vresure at
the duet exit, making availablc & grestor oressure differcrice for eox-
pelling the eix, which: creates o higher exit vclocity cad mekes a more
rcasonable exit arca possible. The analysis from this point on
differs from previous cascs hrving unextended flaps in thet tho pres-
surc «t the oxit (stetion 4) is subntmospheric by a flap boost ostimatod
to bo 0.2q, (16 1b/sq ft) Beeauso of the 'leorge extsornal drog
sffeets in cperation w1th oxtcndoi flrps, interncl horsepower calculo-
tions an thisicase arc, rogavded ‘as of Lkittle or no"velucs Some ex-
perimental neasurcments of the influence of fleps on the pressure ot
the exit end. drag of the airplemorre given in rofercace” 9,

The curvesspf cxit nren s ¢ function =f flight condition and
pltituds in figars-Y show thet the intcereoolor investigoted is sctis-
factory for operction ot normsl rried powor but is inndequatc for

mildtary rotinge: . The ‘ncd for in depger (dnboresaler c“ﬁfblo of
meebing the military rating is cpmpranb.’ If it is found undesirable

to increase the no-flow length of the uais, it will be nceessary to in-

vestigante o different ftype of core.

Duct Inlst A

=
2

P

Bxit srens o Fe ‘desiignod o .conbrol. the rate qfft flow off air
threugh cooling ducts. Thewanca off the dugts inlety iI's«besed dn'the
reticigl dnlat veloeibyste £light wvolocity Vl/LVO found by cxperiment
to be optimum vith regard to the inturncl entrroee loss and the exter-

nal arrg. Imthe ‘deliection fof the! 'inlet arvcal it hes been foumd cons
wenicnt to olst curwes »f entrance eroo :L 1'~t ths ratig Vl/VG for
erchimain flight eondition.,  As thesc curvos ars ‘hyperbolie,. they

ney be drovm as L5? straight linegs on loger tl”lc paper, as shown for
the exemmle in fi gure 8.

Por the main sir inlet, which ] the wcharge iy and all
COAlinw sirsi i thestyaelsineshin figure 8 rcoresent the extremos in
erens required for *thigh-specd rnd elinb cconditions with military power
frﬁm seamllevel SEole5 000 sfcoty As 2ir inlects ere usually of fixed
area, the inclusion >f flight conuitisns in standard cir is necessary.

From acradynamic e-nsiderati:ns o ninimum inlet-welocity ratio
!

G 0.4 is comsidercd esscntinl to the proper functionirg >f the

,) .
cowling under consiceration. The curves show that an inlct rrca of
L} square foet meets this requircront for stenuard oir without ox-
cessive vel ocity retiss for elimb in Arny cir, the special case of

seoops 1s trested in refercince 10,
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CONCLUDI:G REITARKS

The analyses of design conditions for en intercocler and an
0il eosler have been illustrated rather then the method of the
selection of optimum wnits. Obviously, for a particular airplane
the aveilable sizes and types of heat exchangers should be c~nsidered
in order to arrive at the best arrangement with due regard to the
relative importarnce of the various factors involved, One such
factor may be weight, or simply the drag horsepower associated with
the weight, given by the relstisn

. e
weight-drag hp = weight X = X —
Cy | 5%
where Cp/Cj;, 1s the ratis of the airplane drag to 1lift, and the
‘weight 15 that »f the conler and ducts, The tctal horsepower

chargeable tc a cooling system is comprised of the welght horsepower,
the intermnal horsepower as calculated in this repnrt, and the external
horsepower associated with the effesct of the cooling system on the
external air flow about the airplane. find-tuncel deta are usually
necessary for evaluation of the extermal horsepiwer.

Space limitatious frequently override all other considerations in
the 'selécbion ~f eoocling units, sften to the detridentof cagling
cheracteristics as well as at the expense of additional power,. The
importaiuce of selecting the cooling units in the very early stages of
an airplene desigr in order to be able to install units that not
only perform their funetiosn but p erform it at a recleatively low eost in
horsepower csnnot be overcmphasized.

There is an ever-increasing demand for relisble prediction of
esoling verformance vwing to the necessity of eliminating experimental
airplanes apd of proceeding irmedistely ;rn the design to large-scale
produetion. Bocause of this situatisn end the inerease in the spoods
and altitudes cf flight, there is sn urgent need for accurate end more
extersive basic data on the cheracteristics of engincs, superchargers,
hecat exchangers, and coclirg-air ducts.

Lengley licmeriel Acronautical Laboretvory
< 'S v
National Advisory Cormittec for Asronautics,
Lengley Ficld, Va.
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T/BLE I - EHGIMNE D.LTA
Norral (03" il
Item Hilitery [rated mormnel rated

power power cruise power

Brake output, hp : 2200 2000 1500
Engine specd, rpm 2600 21,00 ;2360

Carburet-r pressure, in. Hg © 29.8 28,1

Carburetor temperature, °F 100 100 100

lir consumption, 1lb/nin 262 23 172

Specific fuel consumption, lb/%hp-hr 0.76 0.79 0.50

0il heat rejectisn, Btu/min 6500 5500

0il circulation, lb/Hin 155 1%0

0il tempcrature, °F 185 185 185

Vaximum rear heed tempereture, °F Li50 8,05 Loo
{baso

Effcctive baffle area, sq ft Bae Gy B
Heat rejection from fins, Btu/nin 26,000 25,000 25,608
Supercharger temperature ratilo

efficiency 0.65 0.65 0465

8@High Speed. ' o¢¥imh
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T/BLE II - PERFORIZNCE D..TA

13

True airspeed, mph

Militery Normal rotcd power 0.7
AR agde pawer nrrael rated
(£t) cruisc power
High speed High speecd Climb
0 303 ~ 291 170 259
3,000 31L 301 178 268
6,000 325 211 186 276
10,000 379 32l 198 288
15,000 357 2l 215 203
20,000 4 - 358 235 318
25,000 393 a1 268 333
30,000 1o 391 %27 3L.7

™

TABLE IXII - PROPER

RTIES OF .RMY SUMMER AIR

Altitude Statice fbsalute Densidty, p
(£t) prcssure, P, | température, T (Slugs/ cu ft)
{(1b/sq £t) (9% abas) o

0 2116 558 0.002210
3,000 1695 5,8 »002015
6,000 1694 5357 .0018L0
10,000 1453 625 .001620
15,000 1192 505 .001%78
20,000 972 L37 .001160
25,000 785 69 .000975
30,000 628 151 .000011




TABLE IV

HIGH S8PEED - NORMAL RATED POWER

L=£91

Altitude, ft 0 3,000 | 6,000 | 10,000} 15,000} 20,000} 25,000
ngine c¢ooling 51.00 | 48,30 | 47,00 | 44,00 | 40,70 | 37.30 | 34,40
M il cooling 13,33 | 11.50 8¢84 |~ 6.T7
(1b/sec) [Intercooling 12,50 | 10,02 9.27 9.00
Charge air 3,88 3.88 S.88 S.88 3,88 3,88 3,88
gine cooling |675.0 }697.0 |[740,0. |780,0 [842,0 [902,0 {978.0
Q 11 cooling 197.8 [187.4 18060 |amm———— [194,6
(cu ft/sec)lIntercooiing 222,0 [207,0 [224,0 {}256,0
Charge air 51,4 56,1 61.1 68,9 80,1 93,0 1110.5
Engine cooling 52,0 51.0 52,0 52,0 52,0 51,0 51
(lb/sq ft) |0Al cooling 34,9 28,8 21,2 18,3
Intercooling 64,0 53,0 53,0 €0
Ay Engino cooling 2,220 2.230 2,280 2,400 2,520 o 660 2,880
(sq £t) |01 ecooling D44 « 488 .414 O .412 s
Intercooling +TO6 .622 « 667 «801
Internal [Engine cooling |101,0 |[101,00 | 98,0 [108,50 [111.3 |121.00 {[128,0
horsepower |[011 cooling 20,2 15,82 | em—emmm | 12,10 | w=—=—= | 10,64
? Intercooling 40,60 | 31,1 31,60 | 38,3




TABLE V

CLIMB - NORMAL RATED POWER

L=491

Altitude, Tt 0 3,000 | 6,000 | 10,000| 15,000| 20,000{ 25,000

Engine cooling| 41,50 | 39,70 | 38,00 | 36,00 | 33,00 | 30,50 { 28,00

M 01l cooling 11,66 10,16 | comeeomemnm Te83 }== 633 =

(1b/sec) Intercooling e 6460 6480 T.00 Te 45 7093

Charge air 3488 3,88 3,88 3688 3,88 588 3.88

Engine cooling | 573,0 [599.0 1625,0 [665,0 {719,0 |[780.,0 {844,0

(cu ft/sec)| Intercooling - - 1088 126.6 |152,5 (190.1 1}{239,0

Charge air 5365 5865 6349 T243 84,5 99.2 }116,9

AP Engine cooling | 36 36,0 36,0 36,0 36,0 36,0 36,0
(1b/eq ft) | 011l cooling 28 234 Jammmmmm] 18,5 |wwmememe=] 16,3 2y

Intercooling —— 19.9 24,0 29,6 3Te6 51,k
Ay Engine cooling 4,250! 4,290 4,300| 4,380 4,360| 4.,250{ 3,870
(sq £t) 0il cooling 1,014 ¢ 8T78] == e TO0 |mmm e 0 646 | e eemeaes
Intercooling o « 475 + D41, 662 «821| 1,096

Internal Engine cooling | 59,0 62,00 | 63,5 68.40 | 73,40 | 76,00 | 80,0
horsepower | Oil cooling 13,0 10,94 |ammmmee| Te96 |mmmecma| T.78 |mm—————

(hp)

Intercooling




TABLE VI

HIGH SPEED - MILITARY POWER

L-491

Altitude, ft 0 3,000 | 6,000 | 10,000/ 15,000f 20,000{ 25,000
Engine cooling | 43,60 | 42,40 | 40,00 | 3770 | 94,50 | 32,40 | 30,30
M 0il cooling 17:00 14,83 |wmm—em—=-! 11,13 o 8010 |=mmm—mm
(1b/sec) |Intercooling 16,00 | 13455 | 12582
Charge air 4437 4,37 44 37 4437 4,37 4437 4,957
Engine cooling | 575,0 {608,0 [626,0 [665,0 |[T07.0 1I775.0 [851,0
Q 0il cooling 251e6 (240,66 |mmmmmm=e{226,4 |=—m————— 232,00 |ememm——
(cu ft/sec)|Intercooling - 390,0 1401,0 1{472,0
- | Charge air 57T 62,7 686 4 Y1l 89,6 {104,5 [122,8
AP Engine cooling 38 39 38 386 0 g 0 ) 386 0 39,0
(1b/sa f£t) |01l cooling 53 44 mememwmn] 32,3 | emanmae! 25,7  |eem———
Intercooling - -——— 116.,5 1102,0  1109,9
Ay Engine cooling | 1,740| 1.770| 1,80 | 1.860| 1,89 | 2,060| 2.24
(sq ft) 01l cooling « 706 ¢ 628 | mmmmmme s PR -2. ) [—— o A8 s
Intercooling SRS A, 1,34 1,230} 1,59
Internal Engine cooling 65.6 64, 00 687 70,00 64,0 T30 40 T8
horsepower |0Oil cooling 3Te & 20424 |mmwe—mea] 21,00 | mmcemam| 16,38 |m=m——
(hp) Intercooling S 110,0 94,30 117




FORM _A_ .- FORM FOR DESIGN CALCULATIONS FOR ENGINE CooliNG

L=491

Airplane Analysis oondition _A8AY AR Unit analyszed _SASINR COUING.
Engine Specifiocation Date
Flight oondition /6y _SPEES Fof NeAMmay AJATED Fowssr
Transition
Altitude _ 29,900 F&&T
Pres-= %remper- Veloc= | Pres- emper la< Specific | Dynamic Alr Alr Cross=
|8ta-| sure ature | iy, sure, ature,] Demnsity, [tive | weight, pres- flow, flow, sectional
tion] losses, |change, v P & [} Sne= (o) sure, M qQ area,
AP AT tv/sec)1b/sq L OF < Mslugs/ou fLlsity,(1b/ou £t q 1b/sec}(ou rt/sec) A
(1b/sq £t} (“F) - 1b/sq ft (sq rt)
0 S25 272 487 | @ 001/60 /70
2 n 23 | — Has | sv0 001285 s 37.3 902
3 57 47 — /1074 557
4 L5 |-/4.44 4/¢8 972 54258 001044 935 | 3723 1110 2,66
INTERNAL HORSEPOWER 2/




FORM .8_.- FORM FOR DESIGN CALCULATIONS FOR [ATEMCooLep
|
|
| Airplane Analysis ocondition _AAMY #4/8 Unit analyzed _I(NTERCOoLER __
Engine Specification Date
Flight condition SL{M8 FOR NoAmAL FRATEP FeweR
Transition
Altitude _25020 FEET
Pres- h‘emper— Veloo- | Pres- [Temper- Rela- Specific Dynamic ALlr u.s Orou;di
8ta~| sure ature ity, sure, ature, Density, |tive | weight, pres- flow, flow, sectiol
tion | losses, [change, v P T P den- 13 sure, M Q area,
AP AT Kft/sec)(1lb/aq LLX(OFgpg)fslugs/ou f1)]sity,/(1b/ocu £t) q (1b/sec)fou £t/se0c) A
(1b/sq £t) (°F) o (1b/sq £t) (sq t)
0 393 785 469 0.000975 | 0.4/0 78
3 57 8.5 — 804 554 .800 850 | 357 —
4 4 -é.2 273 763 544 .000 823 | 346 3y 793 299 1096
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Figure 1, - Pressure variation in a cooling duct,
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NACA Figs. 3 & 5
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Figure 3.- Engine cooling-air exit area.
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Figure 5.~ Combined exit area for the two oil-
cooler ducts.
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