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RADIATOR DESION

By ¥. J. Brevoort
' BUKMARY

4 design chart in coeffiocient form 1s presentad from
whioch a radiator can be ckosen with any desired charao-
teristios, whother for ainimum power, particular dimen-
slone, or pressure d4drop for cooling, The chart 1s a con-
venient tool for selecting a practicablo radiator for any
givon got of operating conditions., DBocauso the flow 1s
turbulont &in tho tudos, tho cuart ie for turbnlent-flow
conditions, '

ISTRODUCTION

For the past few yearm tus JACA has been neking a
ptudy of tre heat-transfer prodlem a8 related to raidlators
and interccolers, The oxisting information on heat trans-
for ond tho rosults of tosts for an fcnalynis of tho radi-
ator problem, conductcd by tho FACA ct Largloy Flold, Va,,
are glven in roforeaco 1, whish also proeorts ar oxtonsive
bivliography of tno liternture on tho subjoect, In rofor-
caco 1 tae optimum rndiator was sslected for a design
presetre drop, It wase shown furtaer that, as the pressure
dif’erence acros# the radlator is lowered, tho power for
coolling i3 reduced,

Since reforenco 1 was premered, the study of tho radi-
ator provlem has deon continuod, A4A:x uwnpublishod analysis
mado at tho Laboratory showed that an optimum volumo ex-
ists for a given esot of design conditions, which 1is con-
stant in the vractical range of pressure drope and maus
£flo7 of cooling alr., Xquations determining the radiator
vere 8evaeloped in an vnpublishsd work and the desigzn chart
prosonted in this papor was propared by uso of those ogua~
tione.

SYKBOLS

A opon frontal nroa of rndiator, sguare feet

o a constant representing the power raquired te carry
unlt opon radiator volumo

C-cBov)



dimonslonless constarnt (0.0247)
dimensiozlose constent (0.049 = 201)

spsclisflec heat 2% comstnonny presgure, 2tu per vourd
par deyrees Jahrenheit

drog coefricient orf the airpl#ne

1ift coerfficlent of the airplane

hrdraulic diamoter of rodintor tuoo, rocot
accoleratior af gravity, feet per sccond mer sscozd
total heat dissipation of rodiator, Btu Jeor socord

20, 0p, p T,
€3ppr?d ROO:i

€0ppr & °p(Tw ~ Tyq)
G

tubo lea,ta, feot
nass flor of coollrn, alir

proosuro differczce ncrosgs rediator excludircg erd
locaes, pourds per aqunre foot

totzl power charconble to radiater
¢rnamic prossuro (§ p V%)

voluao of coolli=,; nir, cudle foet por socoxd

Rerzolds mundbser in tube —Ti—)

=RZQ.=]_)ZQ.E

tube-wall tampercturo

Tyq temporature of rir nt ectrance, °F
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To temperature of coolin, alr at outlet

. ® P L - -

v open volume of the radiator, foat (v = AL)
Y airplane speed, feet per secoznd
Vt averags veloclty of alr in radlator tubde

¢ dimenglonless factor by wihich raliator weilght ig
rultizlled to account for additional alrplane
structure required

elr denelity, slugs Der cudslc foot
13 coefriclent of vTiscoslty, slugs per foot per second

Py denelt~ of radiator bascd on opan volune, Dounda
ver cuble foot

AYALYSIS OF PROBLEXS

General Anglyrcis

Throe equations determine the rodiator:
Pp = Op V¢ 4 + CAL (1)

—0.8
B = p Ty hs cpy(TprTy,) (1 - e~4012 L/D) (2)

Ap = 2Cy p V& B7°*% 1/D (3)

Equation (1) pi1ves the total power used. by the radiator

e a sum of the nower required to push tae cooling air
through the radiator and the porer regquired to cerry the
radlator. The total eat tronafer to the cooling alr in
terms of the mass flow and the temperature rise of coollng
air s oivem by equation (2). Zquation (3) expresses

the prrezsure drop of the cooling alr walle paesin, througa
the radliator in terms of the nlr flow, the Rernolde num-
ber, and the ratlo of tho longth to the dlametor of the
tube.

From eguations (1), (2), and (3) tae following furc-
tions meod in making Fi ure 1 were dovTalopoad:




B Y
s« (&) fos (- )]
BB, .
apt =] o (‘:?p) Jee] 2 - ;API_,;, ) (s)
e

Tho primecs usod ian those vguations refor to tho functional
rolstions. The fcllowin, oxprossions dafine further cer-
trin torms in the equationsn:

]
v' = vE" E (7)
g7
Ap' = Ap -2 — (8)
p Vo .
B
X,7 K
2' = I‘T 10 2 (9)
2
4 Oe8
A =4 Sz Es Bo 0 (10)
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K, g R,°°% D
2c, ¥,

Q' = q (11)
.Desi e Ohart

Equations (4)., (5), and (3), respectively, determine
the cortour. lines of P?, Q', and A! that are plotted 1in
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" T flgure 1 on-the cooréinates of Ap! and v'!. If the

pProbler 1s to selsct the radiastor that will absorb the
leant power for an aveilatle nresaure 4drop scross tas rali-
ator, tae 1ins of least power is alhowr on the chart, dravn
tarough tae vertiocal tangent voints of the P' curves.
It ohould be roted t:at the v! velues given by tiig lina
vary only from 1.30 to 1.50 over the eantire range of Ap!',
vhlgh indicates the possipility of a radiator of coxatant
volune regardloss of the presesure drop.

diziuvun novwer in not always taes root important consigd-
cration in tho celoection of a radlator. W:uon other dotor-
minir, factors suclh am Zroxntnl ~Area, volumo, or mags flow
aro to bo consldercd, it wili ve rnocessarT” to chooso poi=xtn
ot 1n tihe wizimum power lirmo. Ir- arnyr cnso, a radintor
can bo 6h¢sca from tne chart for any pet of conditions, and
tke cost ir parfermarce of tae compromisuc mado ean ho ox-
srctly detormi=cd,

If t2e volume n¥Y cooling air is uscd as a critarioa
for plekirng a rpdiator, the radlator would oo largor and
roild roguire o eecller procsuru drop. Tac Q' curves ic-~
torsoet t2e P! ourTes avovo arnd to tho ieft of tho zpox
of %h2ec P' cuarvenr. Tae A4A' surves iatcrooet thxo P!
curvopo 2t alroat tin anmne nlace os thu corstaat AP!?
eurvosg, that i~, oz the apex o1 tae P! ecurvosn.

Ti» uso o7 surl & eclhart ia extrcencl~ sinnle. Supposo
tao vrossurc drem Jor coolir;, lo kzowa, *acr AP!' cen Yo
corputnd fro= relasion (3)., Tho czart g ives the value of
v!, P', A', azd Q'. Tho volunme ezz do comwutod from ro-
lation (7), ths zower fror rolation (9), thac froz=tal area
fron relastion (iC), and ilhe wvolune of coolirn, a2ir Tronm ro=
latior (11). D2ac charactoristics arnd tho porforzance of
tho alrplaro, the a2l¥itudo, and the aeat diesipotion aro
all ireludecd 1a the coastants K, and Kj.

The chart (fig. 1) 1s the genersl solution of equa-
tions (1), (2), and (Z). BZBquation (1) is stralchtforward,
bein,, subject to no limitations within iteelf. In equa-
tion (2) the aspumptions have dbeer made that T, 18 a
constant ard that the Reynolds snaloly holds. The first
agssumption causes no appreciabie error in selagting an
airoraft rodlator.

The secoand assumption is truo wvith turdulent flow waen
the pressure drop is due to skir rriction aloze. In equa-
tiou (3) an annlytical oxpression 1a uaed for the pressure



drop. Thio coquatiaon has toch found to be trumo.for long,
straight tudee ir waleh all the pressuro less with turdbu-
lent flow iIs due to akin frioction and the eatrance effect
ie small. Tubdbes having an L/D ratio less than 150 show
a deviation from thie Torrula dut the deviation is not in-
portant for a ratio of L/D greatsr than 40, Equation (3)
dosn rnot include the exlt effect, The exit e foct 1ig a
amall preassure drop proportiozal to q; end nar be in-

cluded Just as lc,ically with the duct losses as with tho
radlator presaura drep.

Equationa (1), (2), and (3) are tac mame equations
used ir refeorvnce i. Thus tae chart based on those cqua-
tions wiil make it possidle to seloct a radintor wiih the
samo accursey Yut with sozslloradly iess effort thaxz was
requlred in referaozoe 1. Thls ciart  ivss rll the vossibdle
solutions and prcavnta tacem as a unit. Thes eatlire sraly-
8ls agsuncs turtnl.ont flnw. In all practlcadle cases tlio
flov willi e vurtulent.

The chert apnlies only to tile cold rediator. Then
the averniyCe velocity and the ainpprodripte Roranolda number
ia the avatad case nre uscd, however, tho results will beo
carrcet 1f Ap 1s incrorsod by the axount of incrocso in
monvntum of tac coolixn, ~ir pnoslng tarough thoe radictor.
Tao samec motind was uscd in reforcznce 1. Thus, with txo
or, ¢t moct, tkhrea trial nroagsuro drops o radiator taat
has the dceircd Ap for $ho hecated cace, snd that nmay in~
olude evun taa vxii lose, can Yo solactad.

SELAECTI0I OF RADIATOR

Obviously zmanyr considerationa, xxick rust be declded
before procooeding to tho chart, oztur inio thc selection
of a radlator. Among tho factors to be coamslderod is the
altitude. Ordirarily, the m0at difricult coollirn, cose 1o
at tho critical altitude. Ix ordor to ackieve maxinum
spoecd, it 13 derirnvle $t¢ desiyn *ae radiator for tals cor-
dizion. If the raldicto- 1s chaoscn for crulsing soxdltilon
a% tas oritienl pltisudo, 2owevor, tao case orf full power
clled ot the oritical ultitudo mist bo investipated to de-
ternino vwhotlor the avrilebdblo prossurc drop is adequrnte
for coolirng. Thoe diponriorna of tho radiator rmst also be
congidered. It le required tact tiae raddntor fit ircto tho
alrplace with o mlzimun of offort azd oxponse. Iz nary
coscs tho dimensions of the radlator are of almost ocgual
ianvort~nzce wiltld noucer ~nd yreasurc dirop.

e
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Ir the final analyais, tho golostion of a radlntor
roprogents 80 nary corproniges that 1t would by futilo to
lay down defirnite rules for picking a radiator. 4ll that
can 9 hoped for 1g a cloar picturo ¢f t2o proelem. In

thlas cozxoction, 1t is of irtorost

to choose o radimtor

for r Llvon sot of dosizn coaditions.

Kont digoipatiorn, H ~ - - horaopowoer - = « -~ - - - = 500
Alrplane avood, Yo - - - --nllos por hour -~ - - - - - 400
Critionl altitude - ~ - - foet - -~ - - - -~ -~ - - - 25,000
Co/Cy - = = - - - - - e e e e e e e - = e e - - 4 - 14,0
Radinator tube diamator, D foot -~ - = = = - ~ -~ = - ~ 1/48
Etazlocoe Jiyrcol-wator, )

Ty =~ T4g * = - = = ~ = N - -~ -~ - - 230
&p for cocliag - - - - - 7ypouzds por squaroc. fact - - ~ 30
Dozatty, Pp - = = = = = vourds pcr cublec font - - - 90
€ = - e = e 2 e e e e e e mmm e e e . = a - o= 1.6

Tac followln, stepo ~re usod
for nizliru= nowsor:

2 x 0.049 x 34 x_0.001086 x (588)~% _

iz golocting a rallator

22.5

K1=l
1.5 % 90 x i% X

Kg =- ba£.%.20 x 52,2 X 0.24 X £30 - ¢.0828

14 x £E88 x 352

Apt = 20 X 9.24 . 0
335 )

From the chart

- 759

v! = 1.376 A1 & 1.92
Q' = 1,985 2l = 2-83
Tho open volume of thoe radintor
1.375

9,24 x 0,829

1.80 cubic feet



ond the actuml volume equals 2,70 cudic feet.

Q = 2x05242:gag;g§:§-95 = 383 cudblec feet per second
—~ 0 W * ['4

The open froatal area of the radiator

A = 192 x 2 x 0.249 x 43 = 1.85 squere feet
7.4 x 0.C828 x 8

and the actual frontal area equals 2.77 square feet.

2.83%3 X E350
9.24 X 0.628 x 550

m 53.0 horasevover

Ptn

Ap = 3C
L = 12 incaes

d, = 12.5 vounds per second

H 6§00 x 0,707 0
= 118" F
o iE‘ :ic QP = 12.5 X 0024

[h]
[#T]
ol

=a 195 foeet puwr sesord

o
M
7]
n

14
<
€

q = 3¢.4 sounds Mor squars foot

4 momertun losa of 9.8 mourds »er sguare oot and an
exit Iose (0.2 g¢) or 4.1 pourds por squere foct aust be
added to vke . lver promsure Arop of 30 pourds ver sguare
foot, Heaztin,; tane 2ir ceauacs = lower dorolty and a hi_hor
velooitr, whliea reaulte lu ar incrosso ia woroantum, that
ic,

.18

—— =9I-
a55 °

o R >
p V2 (—L-I-i—*-i-'-‘-) = 0.201085 x (196)
a

bounds per squaro font. 2uues, the cver-all Ap across

thc rodlator 1s approximately 4= vounds per squarc root
inetoand of 30, ac decirad. Phig ircrensc in Ap 1ncronscs
the nowver reoquired.

A socond triel may bBo nnde, ueing ~n Ap of 20 vounds



Per square foot, nnd n vory closoc approximation will Dde
nado to tho dosign checion of Ap = 30 pounds per asquaro
R £ 1- & T S

Ap! = -ag—-égg-l-gi = 0.504

Fron the chart
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+ = 1.376
Q' = 2.4

AV = 2.45
P! = 2.65

Thc cpea -olumc of %the radiator

1.773

= = 1.8 tdec foot
9721 x 0.328 - L+80 cudle foe

a2ud the actual volnme 14 2.70 cudiec feot.
Q = 445 ouvic fuat DOT rocoad
Tas cpee Zroxatrl rea o7 tao Tali-~ior
4 = 2,36 cyinre Zoct
2 = T.€4 Toct actu~l Trostenl srea = 54.2 horsopowor
&p = ZC
L = 9.1 Znchen
Kg = 15.4 nouads »or socond

(T - T3,) = 96° F

Ty = %%gg m 189 fecat par asocond

a
Q¢ = 4 (0.001085) x (189) = 19.0 pounds por square font

Ap 4duo to monontun dray = 28.0 X 25 = 7.0 pounds por

496
sgqunre oot .

Aly duo to oxit drrg = 19 x 0.2 = 3.8 pounds por eguaroc foot
Ap total = 20 + 7.0 + 3.8 = 30.8
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Thc nrobler of choosirg the radizator for 2 givon in-
stnllction oftcn bocomece tho prodlom of dociding which
radlctor of soveral 1e rost suitablv. In sueh ~ casc, o
tadle of rndintor dincnslons, izcluding Py, Ap, ~ni U,
should oo nmndo up, nnd taec rndlantar saould bo canson that
moat moarlr apwrozchcs the optioum or that has some caar-
acturistic mhinh makos 1t espoclallr dosirndle.

Lacglov ifcporial Acromnautienl ILndoratorr,
Yational Advigory Conmittce for Aerorautics,
Langlev F1old, Voo

REPFERELNCE

l, 3rovoort, H. J., az2d Lelfor, 4.2 Radi~tor Dosi,n and
Installation, TACA confide=tial ropert, 1949,
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