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RADIATOR DESIGN AWD INSTALLATIOF - II

By Arthur I, Tifford
SUMMARY

.. A mathematical analysis of radiator design has been
made, The volume of the radiator using least’ total power
has béen expressed in & single formula which shows that
the. optimum radiator volume is independent of the shape of
- the radiator and which makes possible the construction of
design tables that give the optimum radiator volume per
100~horsepower heat dissipation as a function of the speed,
of the altitude, and of one parameter involving character-
istics of the airplane. ‘

Although, for a given set of conditions, the radiator
volume using the least total power is fixedy the frontal
areay, or the length, of the radiator nceds to be scparate—
ly specified in order to satisfy certain other requircments
such as the ability o cool with the pressure drop -avail-
able while the alrwlane is climblng. In order to Slmpllfy
the spocification for the shape of the radiator and in or-
der to recducc the laber involved .in calculating the do»
tailcd performanee of radiators, gencralizod design curves
have been developed for detormining the prossure drop,
the mass flow of air, and the power cxpended in overconing
the cooling drag of ,a radiator from the physlcal dimen- .
sions of the railator. In addition, a table is derived’
from these curves, which directly gives.the sguare roo?l of
the pressure drop required for ground cooling as a fudGm
tion of the radiator dimensions, of the heat .dissipation,
and of the available temperature difference., Typical cal-
culations using the tables of optlmum radiator volume and
the design curves are given,. -

The jet power that can -be derived from the heated air
ig proportional to the heat dlssipatlon and-is approxie
nately proportional to the square of the, airplane speed.
and to the reciprocal of the absolute temperature of the
atmosphere, A table of jet power per 100 horscpower of
heat dissipation at various alrplano specds and altitudes
ig presented,



INTRODUCTION

The mathematical analysis of radiator design presente
cd in this paper shows that tho volume of the radiator
using least power is practically independent of the shap
of the radiator and is given by a single expression ine-
volving the design conditions. The prebent analysis, then
unpublished, suggested the possibility of constructing the
generalized design chart for radiators given in reference
1, The generaliged radiator chart gives the complete
plicture of all radiator designs, This paper, however,
presents tables and charts that pernit a more rapid detor-
nination of the design requirenents of radiator installaw
tions with the tube dianeters available today., Similar
“tables and charts can be worked up for any. other tube dian=

eters that nay be uwsed in the future, '

SYMBOLS .

" The following.synbols aré used in theé report and are
" listed alphabetically for ready reference, -Any units nay
be used in cohnection with these synbols as lonsg as the:
ba51c equations are dlmens1onally satlsflea. -

A “\total radiator 1rontal area, square feetb

Ag . open. frontal area of raﬂlator, square‘;eeﬁ

‘ci;cg "dlnensionless constants

:éﬁ" -fspeclf%c heat at ponstanélfreséu;e; Btu per pound
' o per 34" Do

GD'” | drag coefficiéﬁt‘of ﬁiné:;:

OL;H” llft coefflclent of w1nrt

D#-f'« hygraulic éiaactor, feet

fﬁ“.‘vfreeuarea ratio."ratlo of open. frontal arca to-

Yotal frontal area

g acceleration of gravity, 32.2 fect per sccond
per sccond



quantity of heat dissipatced, Btu per sccond or
horscpower

thernal conductivity, Btu per square foot per °r
per foot per socond

tube length, feet

mass flow of fluid per unit tine, ﬁﬁunds-per gsocond
nondinensional quantity

static pressurc, pounds per square foot

atmospherie static pressure, pounds per square foot

absolute statie pressure in entrance of radiator,
rounds per square foob

stat1c~pre sure difference, pounds rer square foot

pressure drop due to exit loss. pounds per square
foob

‘pressure drop due to skln frlctlon, pounds per

square foob Do : Lo

}pre sure drop. due to skin friction, exit loss, and

momentum loss. pounds per squaro foot
power,,foot-poun ds por second or horsepowor
jet powc?, footupounds per sccond or horscpower

total power cxpenditure chwrgeuble to radiator,
foot~pounds per sccond or horscpower ’

power required to force air through radiator, foot-
pounds per. second or horsepower

power required to support and propel weight of radie-
-ator,‘footnpounds per second or horsepower

dynamlc pre sure‘ (% p'Vg),- pounds per square foot

aynamlc pres ure in entrgnce of radlator, pounds
per - Sdu&fb foot

ye



W

Wy

f

Reynolds number (pVD/p)
L A . 0
absolutc tcmporaturc of frec air stream, F
absolute tcmperaturc of air in cantrance of radiator, F
. . . s )

absolutc temporature of air in exit of radiator, F

, . - 0
average absolute tomperature of tube wall, “F
voelocity, fcet por sccond

frooc stream velocity, fcet por seccond

avorage velocity of air in ontrance of radiator,
fect per sccond

average velocity of air in cxit of radiator, foet
per second

average velocity of air in exit of duct, feet per
second

mechanical power, foobt-pounds per 'second

weight of radiator, pounds

nondinensional gquantity

AP
exit~loss factor <~e—3§3
Pa¥2"™/

rm, =T £207
heating factor |1 + w2 <} - —m\
T, 2 /

atio of specific heat at constant pressure to spe-—
cific heat at constant volume for air
L .
dimen31orless factor by which to multiply radiator
weight %o account for adaltloqal required airplane
structure (For calculations, € 1s taken as 1.5, )



P1

Ps
Pr

Generalized paraneters:

punp effieiency

- coeffi ent

coefficient
slugs per

ailr ﬂenéity,

density of

density ofair in

of viscosity,

of duct with radiator

rheau~transfer eff1C1ency (T

=5

installed

slugs per foot per second

of vlsc031tv of air in ra
foot per second.

slugs per cubic foot

air

.cubigufbot,

density of

gdensity of radiastor based

air

in

in

3

ator entreaence,

free stream, slugs per cubic footb

radi

rad

iator enbtrance,

ator exit, slugs

pounds per cubic foot .

AT

e

Apf

=

L

e

. b=lo

on

open volunme

slugs per

per cubic foot

(WI'/LAO) 9



RADIATOR DESIGN

The power chargeable to a radiator installation in
either a wing or an engine nacelle is composed of two
parts: the power required to force the cooling alir through
the radiator and the duct system and the power required to
carry the radiator and its supports. The relations existe
ing between the power expenditure, the radiator dimen-
sions, and the heat dissipation have been analyzed in ap-
pendix A. This analysis shows that the radiator volume
requiring least power oxpenditure is:

‘.\2 /7

T 3 :

Optimum LA=L ( = 3 G 2D 175 s/ f
2ge (T, -T f J_ 2 2 a

P W 1 npe GL voprpl P"l cz /

where

/7
¥ =1,15 (1 + 1,70 w)?

Tables I through IV have been developed from this
equation for the range of opcrating conditions cncoun-
tered in practicc. Bach table gives the optimum radiator
volumc per 100 horscpower of hcat dissipation for ethylene-
glycol honeycombmradiator installations for a given air-
plane speed as a function of the altitude and the product

op . ‘
n:p€ 'é"'L"'

Circular tubes of 0.25-~inch diameter with a tube-wall
thickness of 0,005 inch are used. The minimum liquid
passageway is 0,028 inch, and the ratio of the open %o the
total frontal area f 1is 0,68. The exit-loss factor is
0.l in this case. (See reference 2.) The radiator weight
density p, 1s 98 pounds per cubic foot of open volume.

The ethylene~glycol temperature has been taken as 52° 7
below the boiling point of a 97-pcorcent glycol solution at
each altitude and is given in the following table:

The assumed design conditions follow:



Altitude Ethyleone~glycol temperaturec
(£t) o
Sea level . 290

54000 ‘ ' 284
10,000 ' 274
15,000 264
20,000 253
25,4000 24.2
30,000 231
35,000 220
40,000 209

The standard atmosphere has boen used for the altitude cal-
culations, and adiabatic effcocects have been included,

When the cooling system is scaled in order to raisc
the prossure and the oporating tempcrature of the coolant,
the optimum radiator volumcs arc obtaincd by reducing the
valuecs in tables I to IV by the ratio of the tomporaturc
differences available for cooling in the nonscaled and
scalced systens,

Typical calculation of optimum radiastor volume.-~ The
calculation of the ethylene-glycol radiator installation
for a 400-mile-per~hour airplane with a 1000-horsepower
engine serves as a typlcal example of how tables I through
IV are used, The airplane is supercharged to 20,000 feety
the assumed climbing speced at sca lovél is 140 miles per
hour; and the pumping efficicncy of the duct system is .

¢ | c
0,90, The valuo of ¢ z2 is 0,15 and tho valuc of Ty e —%
.
is 0,90 (0,15) or 0,135,
From tablo 1T at M 5‘39 = 0.10 for an altitude of
o L. - ‘

20,000 foot, 0,459 cubic foot of radiator is roquired for

c
each 100~horsepower dissipation; for ﬂp € ha) 0,15 at

. O
20,000 feoct, 0,409 cubic foot per 100 horsepower is rew-
; R - e . - . --‘ i C ,- . . .
auireds ' The optimun radiator for T, ¢ 6% = 0,135 at

20,000 fcet is found by intorpolation to bé 0,424 cubic
foot per 100 horsepowocr. The radiator installation will
be designed for a heat dissipation of approximately onc-
half the rated power of the cngine or 500 horscpower, The



requircd radiator volume, therefore, is 5 X 0,424 or 2,12
cubic fcet,

Jalculation of frontal arca of optimum radiator volume,-

The optinmum radiator volume or surface can now be placed in
any position desirecd. In the following oxamplec, the radi-
ator surfacc will Dbe placcd in such a position that it
mects the cooling requircoments of the cngince at sca level,
At the climbing speed of 140 miloes por hour, 50 pounds peor
squarc foot is assumed available for cooling,

In appendix B the pressurc drop has beon expressed as
a function of the dimensions of the radiator. The derivoed
rclations have beon plotted in figure 1, where the pressure-

drop ordinate
. _BD?

H .
LAL(T, - T;)

ig ovaluated for sca~lcveol conditions as

/(0.,002378) (50)

13\2
1,343 (;;

500 T 71,50
0.68(2.12)(231)

The radiator has an cxit-loss factor of O.l‘aﬁd, from f£ig-
ure 1, the L/D of the tubing is therefore 61, or the
tubc length is 15 inches., The frontal arca of the radie-

ator is f§7%% or 1,70 square fcot.

v Colculationsg of tobtal power cxpenditurc and mass flow
‘of air.- After the radiator installation is determimed,
the powecr cxpended and the mass flow of air reguircd for
cooling at 20,000 feot can be calculatced., The operating
“conditions are: ‘ . B AR .




Heat dissipation, H, horseppwer v v e s e s e e 500
Free stream velocity, Vo, Ahiles per hour . . . . 400
Average absolute temperaturc of tube wall, T,

(52° F bolow boiling point of a 97~percont

glycol solution at 20,000 feot), T absoluto . . 71>
Absolute temperature of free air stroam, ai

20,000 fcet, T

os °F absolute T 4477

Adiabatic tcomperature rise at 400 milcs per hour,
OF ] ° . . L . . . . . . . . . . . . * » . . L) . 28.5

Tomperature of air at entry, T,., °F absolute . . 476

Available temperature differonce, T, - T ° . . 237

w 1

Air density at 20,000 feot, Poe slugs per cubic
fOOt L L L R e BT O U I 000‘01267

Density of air at radiator cntrance after ad1a~
‘batic compress;on, Py 'ulugs per cublg foob. 0”001469

throu h thc radiator will Do calculate& fqut.;v ,\;

A = 1,70 square fcot
! L
E D = 61
From figurc 1, PD‘ = 0,298
a2 1/3
. <p1LAo\
D/
PD' =
5/(T, - T,)] ,
Therceforc .
1/3
(0.001469) (0.68) (2.12)
Py .
4
R 48 |
0,298 =
500
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or 3
_ (0.628)
(0.1018)°%

it

23.9 horsepower

The power requlroL .to carry the weight of the radi-
ator 1s:

. c
Py = ¢ *ﬁ-vo Wy = (0.15) (586) (143)

= 124500 foot-pounds per sccond
= 22,8 horscepower
The total power expenditure is therefore

P, = 3%4% + 22.8 = 26.6 + 22.8 = 49,4 horscpower

- < If tho spaocc 1is aVallwblo, the optlmua radzator Vole
ume can be shoped with 5 bigger frontal area and shorter
tubes, The power expenditure and the pressure drop re~
quired for cooling will be reduced because of the smaller
L/D of the :tubes (fig, 1). . :

The masgss flow .of gdir reguired for- coollnb at 20,000
feet is

From figure 1,

Mt = 5,16

where .
M= ! y

/ .
(Tw - Tl)

therefore, :
H = 5,16 500)

257

éﬂigkgfpouhds"pér sceond

General use of deslfn curvos of figure 1,~ Tho design
curves of flguro 1 make pos31blo a quick deﬁormlnatlon of




11

the required pressurc drop, 0f the roguired mass flow of
cooling air, and of the power required to push thc coolw
ing air through the radiator for any radiator whether it
hag the optimum voluihie or not. These curves should,
therefore, be of groat valuoc to designers of cooling in-
stallations who arc ofton prosentod with the problem of
choosging a radiastor from several radiators suggested for a
given installation by various radiator nmanufacturers. The
optimum design, of course, serves as a eneral guide ;n. 
the selection of the radiator, It does not, however, in
itself specify the. best radiator of a group including radi-
ators of different lengths and frontal areas, Such a spec~
ification can conme only from the calculation of the detailed
performance of the various radiators, The curves of figure
1 recduce the labor ‘involved in such calculations,

Jet power.- The thrust power that results fron the
heat added to the air by the radiator is treated in appen~
dizx C, This thrust, or Jjet, power is proportional to the
heat dissipation and to the square of the alrplane speed,
The Jjet power varicecs with the altitude inversely as the
atnospheric temporaturc, The Jjet power per 100 horscpower
of hcat dissipation for various airplanc spceds and var-~
iousg altitudes is given in tadle V, At high airplanc
spocds the radiator installation cxerts a net thrust.

CONCLUSIONS

A fornula has been developed which shows that the
optinun radiator volune is essentially a Tunction. of only
four paraneters; nanely, the heat dissipation, the alre
plane speed, the altitude, and = paraneter involving char-
acteristics of the airplanc. - It is useful to note that -
the volune of the most efllclent radigtor. is 'Independent’
of the frontal area of the. radiator. For a given sct of
conditions the optinmun radiator volune is’ fixeds the
frontal area of the radiator can thexn bo, scparately spoce
ificd in order to satisfy certain other roquirenents, such
as tho ability to-cool with the pressurc drop available
whilc the airplanc is _¢linbing, The larger the radiator
frontal arca, the smaller arc the power cxpenditurec and
the prossure drop roquired for cooling., If, thercfore,
the size of the duct pernits the use of a larger radiator
frontal area than thc ‘frontal arca of the radiator using
all the pressurc drop &vailablo while tho airplanc is
clinbing, the radiator with larger frontal arca should be
uscda.

Langley Memoriai Acronautical Labvoratory,
National Advisory Connittoe for Acronautics,
Langlcy Field, Va,
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APPENDIX A

THEQORETICAL ANALYSIS OF RADIATOR DESIGN

The power chargeable to an installation of a radiator
in a.wing or in an onginc nacolle is composced of two parts:
the power required to force the . .cooling air through the
radiator and duct systen PD/ﬂp and the power requircd to
carry the radiator and its supports Pys The power rew-

quired to circulate the coolant is negligible,

PD ’ AOVIAP - CD
Py = o= 4 Poyy = ——— 3} ¢ \/ LA (1)
% W Mo Cg, o Pr %o

The pressure drop across a radlator has been given
in reference 2 as

‘Apfen = nomentun loss + friction loss + exit loss
1 2 T 2 /0D . ' 2
() ) o () oot
1 d1/co1d '
where

PV, + pa¥s
Qnean = Z

This relation will be jput into o more'oonVéﬁiéntfﬁofm{

remtutrancfer and frlotlov ‘data (for exuhple, figs;
2 and 3 taken fror reforence 2).show that, in the turbue
lent rezion,. Nuasolt‘s nunber is proportional to the ’
cight-tenths powern of Reyrolds nunber and the friction
factor is 1nversely pronortloaal to the two»tenths power .

of Reynolds ﬁumbor, » he hgmt transfer cf¢1clency ﬂt,v

A T o~ T |

whlch_ls"deﬁynod‘asﬂuhéhratio, 53“*“;f: is thcrefpre,h
. .. el e e e oo s Tl . ~ _Ll N . L

given by the equation” - i o

L ~dc, [—E
et ~‘ T':4jT“>” ;‘f .“FI”<p 2 )/ .

(See reference Zﬂ).-w

,
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In addition, the frietion can be correlated w1th thﬁ;heat%
transfer efficiency as in equation (3)

-——-:E- = C, < at! E = B 1oge __.._.._}.——-— : (3)
4q1 plle D 401 l,w nt--

Radiators have straight frictional passages on.the air
side and, in such cases, the coéfficicnt .c

el
-cocfficient ¢, -

If these rclations, the cquation of

continuity
Pz Ty ‘ .
PV = pVss and Charles' gas law E~ = 7= aroc used, the
1 ta
equation for the preosuro drop becoues PR
2 -:
T, = T
- 2 w £ W 1
4gen = P11 { <1 ¥ n*) (1 2>'< T, nt)

(—-10Fe z“:*-> (2 + T ng)i}'gzu' - (4)

The heat dissipation of a radiator is givqn>by the
heat~balance equation (5).

B o= o, (1, - 1,) = gplleocp (T -7, nt -~ (5)

For a given heat dissipatlon H at a given available
tenperature differcnce T, - T,, there is a wide range.of

radiators using various valucs of Ap, P%, N s K

L. Four equations, equations (1), (2), (4), and (5), ro-
latc those six quantitics, Thus, only two independent
variables exist., The total power expenditure therefore
describes a unique surface in a threc~dimensional plot
against two such indepcndent.variables as the radiator
frontal arca and the nass flow of cooling ailr, ZEach point
on 'this surfacc ropresents a specific radiator deslgn with
a definitc pressurc drop., Because a radiator is, as far
as the physical phenonena occurring are concerncd, a sine
plificd intercooler, an absolute nininun to the power ex-
~penditure cxists Just as it does in intercooler design

is twice the

Ao’ and
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(refercnce 3) whon the nass flow of cooling air and the
frontal area are very large. In practicce, an infinite
nass flow of cooling air would not be ideal bécause of the
high duct losscs that would exist and beceausc the duct

size linits the anount of frontal arca that a radiator can
profitably usec., co

The bost radiator of a given frontal arca is found in
the analysis that follows, The effects of the losses due
to heating on the optinun volune have been found to be
negligible and are onitted for sinplicity.

The total power expenditure when heating effects are
neglected is

pyV APf . Cp |
P < ) 2 + ¢ Ew mjprLAo
L
2
' : ‘ Ap¢
When equation (3) is substituted for STt the total
, 1V
2

powef expenditure is obtained as a function of the varia-
bles LA,y A,, and V,. The veclocity of the air in the

tubes V, can bec expressed as a function of LA and A,

by neans of the egquation for the heat dis 319at10n, equim
tion (5).

H = gp,T, Ao (Tw - Tl> N,

- .wﬂi~. =
= gpl 0Cp (T - T > 40 VlD i 5 ¥

where .

< i)
401 <P1v1 )

The'variation of 'y~ w1th the air ve1001ty 1szmow»half the
variation-of My with the air ve1001ty, shown in figure 4,
and ig therefore negllglble. '

With Vl elininated, -the total power expenditure be-
cones .
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3+ 5
Pt = le
r . LA l_L 002 2.5_" 3'5
Mp-|4ey =2 (—= ] [yc (T,~T,) g J
P L 1 D PlD | | ]_3 w 1 P
;' CD v o 1.4 -~ (8)
oy whrito |

Equation (6) is differentiated with respect to the radiator
volune, the frontal arca in the y  tern being held con-
stant, and the derivative is set cqual to zero in order to
obtain thc conditions roquired for nininun power expendi-
turc, In this way equation (7) is obtained:

] 4c 0.27%°°
3.5 ¢ 2D pr¥ oMy [__i <.&% ]
LA , CL D Pq

o)
H » 55‘p
Cp(Tw“Tl) gpy - 2 1
y o+ 14 (1 =N = y)
= - 4,5 - (7)
J
or optimum LA,
; . .
= N (H ' ; o 5D (8)
Ty-Ty =D . 2. 0.5
¢ L % r nppl g
where . EEE R - :
' B a/7 . . o
-}}.5..-,r3‘f+l4(1—ﬂt‘- y) . .
s L_ 4.8 - Jr - —
. . - y 7

The magnitude of ¥ is determined by the frontal area
and is unity for the Tideal” radiator .of infinite frontal
area, The quantity ¥ can thereforec be thought of as the
ratio of the volume of, the most .efficient radiator of a
given frontal area to the volums of the ideal radiator.
Figure 5 shows how. ’ﬁ"varles with the heat~transfer effi-
ciency, In practice: ‘ﬂt "may lie between 0.3 and 0.6,

The corresponding values of ¥ are 1,11 and 1,22.

L)
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The value of N can therefore be assumecd to be 1.15 and
the most officient radiator volume can be directly calcue
lated, within a fow percent, from the existing physical
conditions by mcans of cquation (8),

The exit loss of the radiator may be considered as a
ducting loss and may be included in the duct pumping ef-
ficicncys, 3Because a knowledge of the magnitudec of the
cxit loss of the radiator is more readily available, howe
cver, to the radiator designcr than to the duct designer,
it 1s convenient to consider the exit loss of the radiator
separately from the losscs oxisting in the duct, When the
exlt loss is considercd soparately in the analysis, a new
term arises in the evaluation of XN, The following #$able
shows this new term.

Ny ' w
a/ C -
0 1 (1 + = @)g ! B B
a/7
.095 1,033 (L + 2.620)
.450 1:367 (1 + 1.61a)°’"
.632 1.23 (1 + 1,4950)%77
.865 | 0,911 (1 + 5.50)277

Figurc 6 piotsrthorCOfoicient of the exit~loss torm
as a function of the heate~transfer cfficicency., In prace
tice, ﬂ* lies between 0,3 and 0.6 and, thorefore, the

oxite loss coefflclent may be taken as 1.70 with very little
error, The quantity N, is then, for practical purposes

.

N =.1,15 (1 + 1. 70&)8/7 R L (9)

The mlnlmum power expenalture is obtained dby: substltutlnm
the formula for: the loptimum radiator volume (oquatlon ®))
1nto the equwtlon for nower expendlture- then,- :

oxr
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P
Py  (wy)™
The ratio Py/Py is plotted as a function of the

frontal area in figure 7. As the frontalearea coefficient
decreases below unity, which corresponds, for the convenw
tional size of tubing of about 1/4-inch diameter, to an
L/D of about 70, the power expenditurc of the radiator
increases very rapidly.,

APPENDIX B

DERIVATION OF CURVES OF FIGURE 1

i

The pressurc drop qcrosg a radiastor has boen glven in
appendix A as

=)+ (- ) (R )
G ros, 725 e+ B0 neﬂ W

A v*gr
pfem = Ph L@ (1

When Vy, is climinated Dby momns‘of the heat-balence
equmtlon and the -cquation is 51mp11119d, the pressure
drop is obtained as

Ap e ~ H. ol |
’fem _¢p(Tw"T1)Aog '

-/ , 2 |
RN A . arim e "% oMy
atlog, s— N1+ —F— g - 1 '
1-My \\\ T o + log, T
: o)
P;nt
1
+ 1~ ._.+ l >
o v =Ty (“ ! 2 2 gel~nt
The heating term W1 Ty
Tl dz’l‘loge .i__...l-__n.._.
- g
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can be simplified by neglecting the exit-loss term in both
numerator and denominator, When Ty 1s expanded in a
power series, the term further simplifies for practical

Ty = Ty
T,

given by the equation

purposes to (} ~-??>~ and the pressure drop is

: L | 2
1 D woTL f
+l [P l+”uf...__ ( T e
AP, = [ = ]2 <“ = 1-ﬂ;> [ T2 2 ]
, = = ,
fem cp(Tqul)Aog' ‘ pl nt
(10)

When the terms are transposed and simplified, this
relation is put in the form

APfemPl L <log j/a - e
e
S -] 1 'ﬂ 1 s 1
14 ¥ (- il °fe Tomy
ap! = T2 CRAR '
HD Nt

o, (Ty=T;) eLi,

i 1/2
%(loge i...l‘.._ﬁ__> 1+ & 1 S RN
IR 2 log, —=—
. '€ 1 - nt,

= 2\ ' _ ' (11)
Mg

The ratio L/D and the heat~transfer efficiency T
appear on the right-hand side of the equation, But the
heat-transfer efficlency is primarily a function of L/D
and depends on the operating Reynolds number only to a
slight extent, as shown in figure 4. By the use of an ave
erage value of 18,000 for the operating Reynolds number,
the heat-~transfer efficiency can be found, within a few
percent, from the physical dimensions of the radiator,
This value has been used in the plot of equation (11) in
figurec 1, The effect of the cexit loss on the pressurcs
drop ordinate is directly proportional to the magnitude of
the exit loss., The pressure-~drop curves in figure 1 are
thercfore applicable to all radiators.
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" Table VI has been computed from the design curves of
figure 1 for an atmospheric tempoeraturc of 100° P at sea
level, This table gives the square root of the pressure
drop in pounds per square foot for each 100=horsepower disg-
sipation per square foot of open frontal area for a 100° F
temperature difference for various values of IL/D of con~
ventional honeycomb radiators. By means of this table the
pressure drop required across any radiator to give ade~
guate cooling at sea level is easily and quickly determined,

The power expenditure of an installation is the sum
of the power required to carry the weight of the radiator
and its supports and the power required to push the cool-
ing air through the radiator and the duct system, The _
power required to carry the radiator weight is casily cal-
culateds:

p
PW' = € E‘E Vowr__.

The power rcquired to push the cooling air through
the radlator is

Pb:AVAp
The pressure drop tnqt is usod in calcula tlng the power
expenditure of a radiator does not include the pressure
drop due to the added momentum of the heated air because
this part of the tobtal power cxpended is returned almos?
completely as jet power at the duct exit when the airplanc
is crulsing, When V, and Ap are oliminated by means

of the hocat-balance and pressureudrop equatlons, equations

(5) and (10}, respoectively) the power exbended in pushlng
alr through the radiator becemos :

3

1
g o oago® ¥ o8 7 Ny
Fp = [ - ] 2 =2
cp(Ty = Tilad AJ P, ﬂts

When these terms.are transposod and simplified, this cqua-
tlon is put 1n the Iorn o i o
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B Mg

(T, - T,) &

o . 2/3 1/3

1+ l-———~£i-~— + ... GE> Clog 1 >
2 1, 1 D e 1M,
Ze 1oms
: : (12)
= | T]-b )

Equation (12) was used in plotting the cooling power
curves in figure 1, Again the effect of exit loss upon
the ordinate is directly proportional to the magnitude of
the exit loss and therefore the curves are easily applleo
to the calculations for any radiator,

The maSS\row of air required for cooling can be dew~
termined in terms of the amount of heat digsipation and
the available temperaturc difference from the L/D of the
radiator tubing, For this purpose the equation for the
heat dissipation of a - radiator, E = Mep(Ty - Ty) My, is
put in the form ' ‘ ” IR 3

M } 1
W H ... epNi
B e e iy

Figure 1 shows how the mass»flow factor denends upon: the
L/D of the radiator tubingy '

= .:'AﬁPEﬁﬁiX ¢

 JET EFFECT -

Some of the heat added to the air in the radiator -can
be converted into thrust power, In reference 2 it is
shown that the mechanical power which can theoretically be
recovered is . 1

W = 778H -@ - -> P78H| 1 e <32> (13)
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The tenpcrature of thé’air in the cntrance of the radie
ator T, is grcater than theo atnospheric tcmperature T,

by the anount of temporaturc rise caused by the adiabatic
compr9931on of the air ‘ahead of the rqdlator.
1 vo

B e
" 2y e

1 = T

If this relation is substituted in equation (13), the
nechanical power that can theoretlcally be recovered be-

cores
T," - Vo;:
778E Vo o Vo
o + ———r— 1 4 i
l§56gcp | 1556gcP o

At a speed of 500 miles per hour the adiabatic rise

. v 2
qf temPerature igg%g;; ig 44,6° T, Even aﬁ this highv
speed -9 45 less than 0,1, The second term in
, l556gcP 0"

the -denominator of equation (14) is consequently always
very snall as coupared with unity, and W/H ig practical~

2
ly proportional to TV, /T,.

The efficiency of coaversion of recoverable nechani-

v
cal power to thrust power is 2 r 2 | mhe
Vo + Vg . Vs
S A

v m Vo

3 e

ratio E—-_is cgual to / ﬁi. The Jet eff101ency there=
o - v . 1 . . . ’ .

fore 1s

v v = = T T (15)
+ m —
° 3 14 /I2 14 EZw T,

Tl 4 T,

By a conbination of ecguations (14) and (15), thec power dee
rivable fron the Jjet is obtaincd as



veH
L
2gc,T
S — 8%-0 (16)
Jjet T . v 2
1.;..].'___."1_..__.4__.1_'.” 1.;..._.._..__..0....._.........
T4 T, I 1556zc,Ty

\ \

The radiator design and the nagnitude of the Jet power oare
connected only through the Ty term of the jJet efficiency.

The jet efficiency is practically 100 percent and varies
only a few percent in practice, . No natter what radiator
is installed to dissipate the required anount of heat E,
the Jjet power obBtained will be the same, The Jet power,
therefore, does not affect the optinun radiator design,

Because the Jjet efficicency is practically constent,
the Jjot power is dircctly proportional to the heat dissie
pation and to the square of the speod of the airplane.
Also the Jjet power is grcater at altitude because of the
lowered atnospheric tenperature,.

/////”/”“ETE£}?7E3 gives the Jjet power per 100 horscpower of

<

heat dissipation as, a functioh of the altitude and of the
specd of the airplanc, (The standard atnospherc has been
assuncd,) At high airplanc specds the Jjet power cxcecds
the power required to carry the radiator weight and to
push the alr through the radiator and the duct system, In
other words, the radiator 1nstallat10n becomes a source

©0f net thrust.

REFERENCES
1. Brevoort, M. J.: Radiator Design. NACA A.C.R., July

1941,

2. Brevoort, M. J., and Leifer, M.: Radiator Design and
Installation, NACA A.C.R., May 1939,

3, Joyner, Upshur T.: Hathematical Analysis of Aircraft
Intercooler Design. T.N. No. 781, NACA, 1940.



23

TABLE I - RADIATOR VOLUME IN CUBIC FEET FOR ZACH
100-E0RSEPOWER DISSIPATION

(Vo = 200 nph)

Mp ¢ gg
Altitude L
(£t)

- , 0.05 0.10 0,15 0.20
Sea level R 0.545 K 0.447 R 0,398 0,367
5,000 C 564 ©oaes | .13 - 380

104000 ©.B97 |1 .489 435 ~f.401
15,000 1 .e3s |° .Bo1 464 © 427
20,000 " .882  |°  .580 ©,499 © 459
25,000 I sz |0 .01 | 535 494
30,000 o mea | .655  |°  .580 B
55,000 | ©  .860 | .705  |° .628 ' 578
4b,ooQ | 1,024 | .839 | ,7av - ,688
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TABLE II -~ RADIATOR VOLUME IN CUBIC FEET FOR EACH

100-HORSEPOWER DISSIPATION

(Vo = 300 nph)

CAltitude
(£t)

0.05 0,10 0.15 0,20

Sea level 0.484 0,397 0,354 0,326
54000 . .500 W410 .365 336
10,000 .526 432 .385 . 354
15,000 .558 W457 . #408 375
20,000 598 .490 437 403
25,000 . .B42 .526 469 432
éo,ooo .692 .568 .506 466
35,000 . .?51 .616 .548 , +B05
40,000 . .894 L7532 , 652 .601




TASLE III -~ RADIATOR VOLUME.INW CUBIC ¥EET FOR

25

BACH
100-HORSEPOWER DISSIPATION
(Vo = 400 nph)
. Ny ¢ %%
Altitude
(%)

0.05 0,10 0.15 0.20

Sea lovel 0,459 0,377 0.336 0.309

5,000 WA72 387 .345 .318

10,000 497 .408 363 .334

15,000 .525 430 .384 .352

20,000 .560 459 409 376

© 25,000 .601 .494 440 406

30,000 645 .529 471 434

354000 .696 571 .509 .468

40,000 .830 .681 .606 .558
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TABLE IV ~ RADIATOR VOLUME IW CUBIC FEET FOR EACE
100-HORSEPOWER DISSIPATION

(Vo = 500 mph)

: M e'gg
Altitude : L
(ft) . N .

| © 0,05 0,10 0,15 0,20
Sea level 0.452 . 0.371 0.330 04304
5,000 .6l .378 337 .310
10,000 | .483 397 .3583 326
15,000 ,508 417 371 343
20,000 .540 444 .385 364
25,000 577 473 .422 .389
30,000 617 .506 .451 .415
35,000 N1 547 487 449
40,000 .798 654 .582 537
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TABLE V -~ JET POWER IN HORSEPOWER FOR EACH

100~-HEORSEPOWER HEAT DISSIPATION

Jet power per 100-horsepower heat dissipation

Altitude : : . (hp)
(£%) Vv, =200 mph| V. =360 mph | V. -400 mph| ¥, =500 mph
o] (o] 0
Sea level 1.36v | 2.99 | 5,21 7.91
5,000 1.41 3.10 5.39 8.17
10,000 1.46 3.21 5.58 8.45
15,000 1.51 3.32 5.76 8.73
20,000 1.5% 3.45 5.98 9,04
25,000 1.63 3,59 6.22 ' 9.39
30,000 1.70 3.74 6.47 9.76
35,000 1.78 3.90 6.75 10.16
40,000 1.79 3,91 6.77 10,19
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TABLE VI ~ PRESSURE DROP ACROSS RADIATOR AT SEA LEVEL

JApfem 1b/sq ft per 100-horsepower

L dissipation per square foot of open

Y frontal area for 100° F available
temperature difference

30 4,51

40 2,08

50 3,83

60 3.68

70 3.59 \

80 3.54




RaCa

14

12

10

Ap’
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NaCa Figes. 2,3
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- Figure 2 .~ Heat~transfer data taken from reference 2.
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Figure 4.- The heat-transfer efficiency ny as a function of L/D.
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Figure 5.- The quantity N as a function of mt.
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