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HIGH -ALTITUDE COOLIOO 

III - RADIATORS 

By Jack N. Nielsen 
• • : ~ • ;'j j ,'. ,: . ', '.. -

SUMMARY " !';' 

A detailed analysis has been made to take account ·of the 
high cooling-air velocity occurring in high-altitude radiators. 
Methods are developed for determiniIl8 theheat-t~a'nefer rate, 
the pressure drop, and the drag power. Some effects of Mach 
number are "snown • . ·Radiator performance charts ,based· -on the anal
ysis are presented for a wide range of the design variables. The 
application of the charta ·is shown by an ~ exampJ.:e • . '. . .. 

The perlonnane:e c}le,rts show that·. the h.eat~transfer rate for 
a given total-pressure 10s8 1s not greatly affected by the high 
airplane velocities but that the peceeeary · tota~~pressure loeB 
and the resulting drag are both greatly increased at high alt1-
t udes . ;: ... ,',- :', ' .. 

INTRODUCTION 

Extensive literature 1s available relative :to the perform
ance of ethylene-glycol radiators in ·the .norma,! r~nge . of · oper
ating conditions. At h1gh altitudes, however, certain effects 
that normally receive but little consfderation acquire increased 
importance as a result of the high velocities of the cooling air 
through the tubes. The purpose of this paper is to des'cribe and 
evaluate these effects. 

The theories are outlined on which are based the calcula· 
tiona of heat ·transfer, bf friction pressure drop, and of accel-· 
eration pressure drop at high Mach numbers. A general different1al 
equation for the pressure drop and some approximate solutions 
f or the equation are 'given. Radiator design charts based on the 
si mplest of these approxima~e solut1ons ·are inclu~ed. W-h~se charta 
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show, for a range of altitude up to 50,000 feet, the variation 
of heat. dissipation per unit frontal area with pressure drop as 
well as the corresponding drag power. An example showing the 
use of the charts is also included. 

This paper is the third of the aeries on high-altitude cool
ing. (See reference 1.) 

SYMBOLS 

V airspeed, feet per second 

V mean flow velocity in radiator tube, feet per second 

L radiator--tpbe length, feet 

D radiator-tube diameter, fe~t 

A cross-sectional area of radtator tUbe, square feet 

x distance along radiator tube, feet 

y d~stance from axis of radiator tube, feet 

T absolute temperature, OF + 460 

T 
8 

e = 

p 

absolute temperature of inner surface of radiator tube , 
Of + 460 

absolute s tagnat ion temperature, 

OF + 460, (T + L) 
2JCp 

Tw " T s 

density of cooling air, slugs per cubic foot 

RG gas constant for air (53.3 X 32.2 Btu per slug per OF) 

p absolute st~tfc pressure, pounde per square "foot 

q dYl~mic pressure, pounds per square foot 

I 

! _____________________ ~ ___ ____._l 
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r 

k 

c 
p 

total pressure, poundA per square foot 

static -pr essure change due to' sheari ng for ce at . tube wall, 
pounds per square foot 

static-pressure change due to momentum change of cooling 
air, pounds per square foot 

isentr opic-expansion exponent (1,4") . 

thermal conductivl:")y, Btu per square foot per second per 
(oF/foot) 

specific heat of air at constant pressure .( 7 .73 Btu per slug 
per OF ) 

J mechanical equivalent of heat (77 8 foot··pounds per Btu) 

h 

Q 

heat-transf er coefficient, Btu per second per square foot o per F 

heat -transfer rate, Btu per second 

heat-transfer rate, horaelJOWer per unit frontal area of 
radiat or 

PD drag power, horsepower per unit frontal area of radiator 

o relative density of atmosphere (p/O.002378) 

~ absolute vi scosity of cooling air, slugs per foot per 
second 

R Reynolds number of f low in radiator tube (V2P2D/~) 

a speed of sound at t emperature T, feet per second 

Subscripts : 

a in free stream 

2 just inside radiator-tube entrance 

:3 
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3 just inside r~di~tor~~ubo e~~~ 

4 just outside radiator-.tube, ~xi ~ aftef sudden expansion 

5 in cooling air after air returns to free-stream e.tatic 
pressure 

a stagnation 

ANALYSIS OF 'l'EE COOLING-AIR FLOW 

The path of the cooling air through the airplane is con
veniently considered in four parts. Between the.' free stream and 
the inlet to the radiator tubes the air undergoes a change, usu
ally an increase, in static pressure and some l oss of total pres
sure. In flowing tr..roug}l ,the hot .tube .tho air undergoes a 'tem- . 
perature rise and a total -pressure drop. In passing out of tho 
radlator tubes the air suffers a further loss of total pressure . 
Finally; as the air passes out of the duct into the free stream, 
the static pressure returns to free-stream static pressure at sub
stantially constant total pressure. A detailed analys j.s of the 
processes occurring in these steps follows. 

Adiabatic Compression 

The temperature at the radiator-tube entrance is given by 
a statement of the law of the conservation of energy f or the 
adiabatic flow of a perfect gas ' 

where 
1 

._-= 
2Jcp 

-4 0.832 X 10 

. 1 I. :> 
+ ---\V ~ 

2JC
p

" 0 

slug·. '~er, of per foot··pound 

(1) 

The pressure just inside the rad i ator-tube entrance, unlike 
the temperature, is not unique l y determined by the ' airIllane speed 
and the tube-ontrance velocity . If the flow from t ho f l'ee stream 

1 

__________________ ~ ___ ._J 
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up to this point 'were isentropic, the pr~ssure Pz would be given 
by 

The full isentropic pressure rise is generally not developed 
because of skin friction and flow separation. An estimate of 
the pressure 106s must be made for purposes of calculation. 

Heat Transfer 

The usual equation for the heat transfer from a radiator 
tube is derived by equating the heat lost from an elementary 
length of tube wall to the heat gained by the fluid in flowing 
through the element. The heat lost is 

where T 'is the temperature at any distance x along the 
r~diator tube. The expression for the heat~transfer coeffi
cient from reference 2, with the value of the constant from 
referende 3 1 is . 

(! )0.2 _ 0.8 
h = 0.0247CP\~ (pV) 

The heat gained 1s given by 

If any change in the kinetic energy within the element is neg
lected, an equation relating T and x ' may be obtained by 
elimi nating hand dQ. among equations ' (3), (4), and, (5). 

(2) 

(3) 

(5) 

If the variatton in the fifth root of the viscosity is neglected, 
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the equation may be integrated for the initial conditions T = T2 

when x = OJ thus 

-O.ex 
-4 { 0 • 0247 )R -

T T = (Tw ) - D (6) 
w - T2 e 

The quantity of heat transferred per unit time _up _ to point x is 

Combining equations (6) and (7) results in the usual equat~on 

f or the hea.t transfer of radiators 

- 1{D2 1 .. e-4(O.OZ4~)~-'0.2D!-J 
Q, = 0 V -- c ( T - TZ ) -

4 P W 

(7) 

(8 ) 

The em-pirical formula for the heat-transfer coefficient given 

by equation (4) is based on tests at low airspeeds for which 

the heat developed in the laminar sub layer by viscous shearing forces 

is small when compared with the total heat transfer. Because the 

heat generated by viscous shearing forces is quadratically depend

ent on thn cooling .. a:lr veloci ty, this heat becomes appreciable at 

high aj n::~'H:~(l s . For such cases Crocco giV"33 the following rule 

in 1'e G::- ,:-- •• ce 4 : "The transference of heA. t between any ob je ct and 

a flu id. nc;,:'ng by it, whEm it is no longer possible to disre-

gard the heat developed by friction, is governed by the same law 

that appl ied when it is negligible, provided the temperature to 

'-Thich the fluid is brought by ad i abatic arre-st is considered as 

its temperature," In equation (3), that is, the actual tempera-

ture should be replaced by the stagnation temperature 

(9) 

The plausibility of' equation (9), at least for the limiting 

case of zero heat transfer, may be shown as f ollows:_ Consider 

the flo"\>7 in -the boundary layer to be essentially two-dimensional, 

------------------
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inasmuch as the radius of curvature of the tube is large com
pared with the thic'kness of the boundary layer. Velocity and 
temperature gradients in the flow direction may be neglected. 
The change in the total energy of the fluid flowing through an 
elementary volume i6 the net heat conducted tnto the volume 
by the temperature gradient perpendicular to the flow direction 
plus the work done on the volume by the viscous shearing forces 
result i ng from the velocity gradient perpendicular to the flow 
direction. In the form of an equation, the energy balance 
becomes 

If c, k, and Il 
p 

are assumed to be independent of the tempera-

ture, equation (10) may be rewritten as 

For the case 

tion (ll) is 

pVc 
p -- = ox 

V2 

a particular solution of equa-

T + 2jc
p 

= Te = Constant 

7 

( 10) 

(11) 

( 12 ) 

The ne t heat cond ucted into t he elementary volume is, for this 
solution, equal to the work done by the volume against viscous 
shearing forces, 8 0 that the total -energy distribution is 
uniform throughout the boundary layer. ~t 1S apparent that 
at the wall, where V = 0 and T = Ts ' ~: O· that is,the wall oy , 

is at temperature Ts and the heat transfer is zero. 

The validity of the assumption \.iCp = 1 depends upon whether 
k 

the bounda,ry layer is laminar or turbulent . There will usu· 
ally be an outer turbulent boundar y layer adjoining a laminar 
sublayer, part of the temperature rise occurring within each. 

J.,lCp = For the laminar sub layer 0 . 75 . For the turbulent part of 
k 
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IJ.C 
the boundary layer, however, ~ = 1 because the effective values 

k 
of k and fl are greater for turbulent flow than for laminar I-1C 
flow (reference 4). The over-all effects of the variation of ~ 

k 
with the nature of the flow and of the variation of 1-1, c, and 

p 
Ie "rith temperature on the equilibrium temperature of the pipe wall 
as given ' by equation (11) are not very great. Frossel in refer
ence 5 observed that air accelerating from rest at atmospheric 
tE}mperature to supersonic veloc1ties did not appreciably change 
the tube-wall temperature from atmospheric temperature, even 
though the temperature of the air dropped more than 1000 F. 

In the development of the heat-transfer equation for high air
speeds} the kinetic-energy correction must be added to equa-
tion (5) before this equation may be used in the high-velocity 
range; thus 

or 

If' the heat-transfer coefficient is assumed to be the same at 
high speeds as at low speeds, the ,solution of equations (13) 
and (9) is analogous to equation (8): 

(13) 

(14) 

Equation (14) is recommended as a first approximation to the 
heat-transfer rate at high airspeeds for which experimental data 
are lacking. The assumption in the derivation that the heat
transfer coefficient remains the same at high speeds as at low 
speeds is implied in the rule given by Crocco in reference 4. It 
1s an experl.mental fact (reference 5) that the skin-f riction 
coefficient is independent of the Mach number; and, because the 

, , 

I 
I 
I , 

I 
I 

I 
I 

I 

I 
_____________ J 
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mechanism causing heat transfer is essentially the Bame as the 
mechanism causing skin friction, it seems ,justifiable to assume 
in the ab senoe of direct experimental data that the heat ·· 
transfer ooefficient is also independent of the Mach number. 

Static-Pressure Losses in the Tubes 

Linear axial-velocity distribut ions. - The prtmary cause 
of static-pressure drop in the flow through a hot radiator tube 
is the shearing force at the tube wall due to the skin fric
tion. According to reference 3, the static -pressure drop due 
to skin friction is 

or, in the differential form with due regard for sign, 

-dp 
F 

-2 R-O• 2 
= O.098pV ----- dx 

D 

Because the product pV must be a constant within the 
tube , the density reduction within the tube results in an 
acceleration that causes the further pressure drop 

When the variable y is changed to 

rewritten in the differential form is 

y 
D12' 

dy16X 
J 

the expression 

9 

(15) 

(16) 
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For the Blasl ll ~ l:-power-law velocity distribution the value of 
,. 7 

the integral ie 50 /49, A value of'l will ' be assumed; that i s, 
the average velootty Is su:pposed equal to the root -mean -square 
veloei t y, ' In the r e st 0 ' the pC!J1er the bar has been omitted 
from V and no distinct i n i s indicated be tween velocity , 
average velocity, and ro,:;, t -mean-square ve loclty. 

The equation for the total loss of static pressure is Given 
by the sum of' equations (15), and (16) ,as foll,ows : 

2 'rO,2 ( ") ' -dp ::: 0, 098pV ~D- dx + d \?V1J 

As pV is cons tant, 

" O.098pV R-~~~~ V dx + 

° 
[

V'? 

pV c' dV 

\. V 
2 

The statte-'pressure drop i n ' t he tube may be approximated if the 
axial-velocity distribution i s a Sfhlilled' to be linear, an a ssump·· 
tion that will be ,iustified in the i'ollovling sect i on. By this 
assumption 

.Iv + V3\r ( 
(J. 098P2V2R -0 . 2 \ .-~-U..:. -I- P2V2 V-\ 2 )D . .) 

By use of 

and 

(17 ) 

(18) 

(19) 
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equation (19) may be solved for P2 - P3 in terms of the known 

quantHies P2' P2J" V,2 J T3 J and LID: 

where 

" . ( ' 'J ' ' 2 F 
pV 1-- ' ( 
22 , 2 

~: ,/ 

B ,~ ' p ,', 2 

ana. 

, 

The value of ' T3 is obtained from equation ,(6). , 

Nonlinear axial-velocity distributions. - When static
pressure drops exceed 30 percent of the absolute pressure at 
t he tube entrance, an error of more than 10 percent will be 

(20) 

made in determining the pressure drop from equat'ion (20). In 
this ca se the simplified solution of the differential equation 
for the pressure drop based on the linear axial-velocity dis
t ribution is no longer valid. A more precise solution of equa
tion (17) may be derived as follows: First, the axial velocity 
i s expanded as a power series of the x/D ratio with coefficients 
t o be det ermined. This expression is substituted in equation (17) 
and the equation is integrated for the pressure as a function 
of the x/D ratio. By the use of the series development for the 
stagnation temperature, the coefficients of the power series 
are f inally determined. 

Expanding the axial velocity in terms of the x/D ratio gives 
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which:'is sub'stitlited in ' equatton (17) rewritten as .. . 

where m = O.098R -O. 2 . There is thus obtained for the axial
pressure distribution 

p = p _ pVm l';. (~) + a/.~)? + 'eJ~)3, + c(~)4 . 
2 2 D 2\D '3\5 4\D; 

~v [a(IT); b(~)2 ;c'tnf : d(~y (22) 

If T is replaced by Ts an~, f.? i ,8; defined as Tw - TSJ t here 

is obtained f r om equation (6): 

. • .J ' , .. ' 

, 

(23) 

From the definition 'of Ts 

, , 
,T , -T Tw 

w ,',8 
,~ 

' .. \, , , 
and Jthe gas law .. ;. 

, I ' '. 

'. 

fimay be wrlt~en ,a s 

(24) 
, " 
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Linear equations for the coefficIents in the .power s.eries 
of equation (-21) are obtained 'by substituting t~e . expressions 
for . V, p, and e· given by equations , (21), (22), and (23), 
respectively, in equation · (24). and setting the sum of the (;oe:[' 
fict ents of the variouB powers of the ~ ratio equal to zero: . D 

. (V22 , 
. ~a = m R.G ',+ eV 

3mV2a a2(.y + 1) 82m2 
f3b = ---.-- .j: ----

.2RG : 2 y RG 2 ! 

13 

~_ tV2b + a
2
) + ah(y + 1) e m3 

2 n~5) f3c -- R . . 3 2 . yR
G 

+ 3! 
G .:. . 

snt2e ab) r+ 1 e m4 
f3d + b2) - 2 

= R 4- + 6' + 2R (2ac 4! 
G lG 

3m (2V2d ae) 1 -;I- 1 (ad + mb2 e2m5 
f3e = +- +--- oc)+ 3R +'5! RG 5 4 lRG G 

where 

13 
Tw - e2 V 2 

= 
'V i ' yEG .2 

The coefficients a, 0, c, d, and e are thus determined 
in terms of Tw and the entrance conditions m, V2 , and 82 . 
The pr e ssure drop for any value of x/D is found by substituting 
these values in equation (22) or in the fo llowing rearrangement 
of equation (22): 

P2 .. p. pv[(mV2 + ~~+ (ma; 2b) (5Y +(mb; 3e)(~y 

+ (me: 4d) W4 · J (26) 
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The rapidity of convergence 01' the right-hand side of equa
tion (26 ) has been investigated by a graphical integration of 
equation (17) for spec:l.fi c initial conditions. In figure 1 the 
results of this integration are compared with the results obtained 
by use of equation (26). Mathematical accuracy compatib l e with 
the ot.her simplifying assumpti ons of this analysis is obtained 
for pressure ratios down to 0.55 by using five terms of the power 
series. 

Figure 1 is also usef ul for checking the accuracy of equation (20) , 
which was derived by assuming a linear axial-velocity dist~ibution. 
Equation (20) appears to be reasonably accurate throughout the present 
design range and down to a pressure ratio P3/P2 of 0.7. 

Another approximate solution 
use of the stagnation temperature 

where 

for equatlon (17), based on the 
in the gas law, is 

P22 [1 -G~J] 
( p V) 2RG (T s + T s \ 

3 2) 

( 27) 

The accuracy of this solution, as i ndicated in figure 1 is between 
the accuracies of the two solutions already dis cussed. 

Effect. of Mach number on flow in radiator tubes. - Important 
information concerning the effect of' lvfach number on flow in radi
ator tubes can be obtained from equation (17). From equation (23) 

e e -0 .098R-0 ' ~~ e = 2 D 

which, when differentiated, is 

( 28 ) 
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Subst ituting directly in equation (17) results in 

de -dp = (-pV)V BI + pV dV (29) 

If dp i s now eliminated from equation (29) by means of the 
two relat ionships 

and 

the r esulting 

,. 

. v2 T+ __ =T 
2JCp s 

equat ion in two variables 

de . -= 

!! V2(1: R ) 2J~p + RG 

dV v 
RGe + v2 

is 

(e. -Tw) 
(30) 

Equation (30) is important be cause it is independent of geometry 
a nd Reynolds number. 

At present no closed solution of equation (30) is available. 
A graphical solut i on; ,determined by the isoclinic method, is given 
in figure 2 . The curve for any particular radiator is the curve 
that passes through the ·point (v22,e~ corresponding to the 
given entrance conditions. The straight line in the figure sep
arate s the supersonic range on the right from the subsonic range 
on the left . The equation of the straight line is found by 
setting delay equal t o zero in equation (30) 

(31) 
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This equation may be easily reduced, from the definitlon of G, 
V ' 

-(; 0 a = 1; that is, the Hne corresponds to a Mach number of unity • 

. I f the entrance velocity V2 ' is subsonic) V 
alonS the tube and may reach sonic velocity, where 

will increase 
de - 0 dV - . 

For the air to accelerate into the supersonic region, e would 
have t o increase; that 1s) the total energy would have 'to decrease) 
which is contrary to equation (23), the heat-transfer equation. A 
supersonic velocity may then neyer develop within a radiator tube 
with subsonic entrance velocity. The limiting Mach number of unity 
will be found at the tube exit . 

If the entrance velocity Is supersonic, V will decrease 
along the tUbe, the change being now from right to left along the 
curves of figure 2. The flow may not, however, pass continuously 
into the subsonic reg ion wi thout~ ' Ylo1ating equation (23) . A 
discontinuous transition may occur from the supersonic to the sub
sonic region by means of a stationary compression shock if the 
upstream flow is supersonic, de.pending on the tube length and the 
exit pressure. Such phenomena, however, are of no importance in 
current radiator technology and a discussion of them is beyond the 
scope of this paper . 

, , 
Pressure loss at . the .exlt.···of 'the radiator tubes. - For radi

ators in current use the dis.charge of the air from the radiator tubes 
is accompanied by a loss of total pressure of about 0.2'1

3 
(ref-

erence 2) p . 10). This ' loss somewhat exceeds that given by the 
well"known Borda-Carnot formula for expansion · loss 

LIE ::: q, 
3 

A3 2 
which, for A4 = 3' is only 0 .llQ:3 ' The . difference is probabl;y 

. . 
due partly to surface irregulari~iesat the exit and 'partly to 
the difference i n k:lnetic energies associated with the upstream 
and the downstream velocity distributions. 

(32) 

Outlet flow. - ' For convenience. in computation , the air behind 
the radiator is assumed to. be brci.~ght · to stagnation conditions . 
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The stagnation pressure is then 

(33 ) 

and, from equation (6), the stagnation temperature is 

) [ 

-4 (0. 024 7)R -0. 2f:l 
Ts 1 - e D 

2 
(34) 

The air is now assumed to expand isentropically to the free
stream pressure . The velocity of the air at this pressure is 
given by 

(35) 

Introducing the relationship 

(36) 

I 

allows equation (35) to be rewritten as 

Vs "fCPTS4 [1 -(::Jr;l] (37) 

The drag. pO"ii.er per upit .open area due to the momentum change 
of the cooling a.ir is ' 
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(38) 

It is to be noted that this power represents, in general, a prac

tical minimum as this value neglec~s any further effects of the 

low-enerBY cooling air.on the e.xternal drag . 

PERFORMANCE CHARTS ' 

For .the radiator performa.n''\e charts the pressure drops within 

the r:adiator tubes w'ere , for , convenience, calculated by the simplest 

of the methods discussed, naI!lely" the method th.at assumes a linear 

velocity distribution along .thG tube. As has already been indi-

. cated) the pressure losses are thereby slightly over e stimated for 

those. cases in whi ch tho . pressure drop is a large fraction of the 

absolute prOS8uro. · Tho calculation of 'the 'fiow path of the cool

ing air to obtain tho per formance charts is o'utlined as follow8 ~ 

Values · of a.i:rp],~ne sPGsd , altitude) and tube-entrance velo

ci ty ai"s assume? . Thet.emper~ture T2 · at the tube entrance 

follows from eq·uation (1); but the . pressure' ,: P2 given by equa

tion ( 2 ) is arbitrarily reduced by 10 percent of the free-stream 

dynami c pressure to account for flow separation and skin friction. 

The heat-transfer rate follows from equatio,n (14) by evaluating 

the viscosity in the Reynolds number at t he mean air temperature 

approximated by use of equation (6). The pressure at the radiator 

exit follows from equa~:lon (20 L where T3 is approximated by 

equation (6). The staenati~n pressure and the temperature in the 

duct behjnd the radiator follow f rom equations (33) and (34), 

respect ively. Finally, the drag power is obtained from equa -

tion (38) with the exit velocity of equation (37). The atmos

pheric conditions WfJre assumed to be those ." of Army air and the 

radiator··tube -wall temperature was assumed to be 2400 F. A 

ratio of' free-f low area to · f ronta;L area of 2/3 was assumed; 

for any other ratio, the results mere ly change in proportion . 

The calcula.~:i.ons · covbred the following ranges of variables: 

~lti tuq,e, ft • • . . . . • 
Airsp'eed; mph • • . . . . 
Radiator-tube length ) in . 
Radiator-tube diameter, in. 

. . . 
. , . . • • 0 to 50) 000 

· . . a to 500 
• 9, 12) and 15 

• 1/4 and 1/5 

----.~~~ 
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The six 'performance charts of figure 3 are for the stx 
different radiators . . In t hese charts the tbt&l-pressure loss, 
defined as the dHference between the stagpai;~on p:rf3ssures 
ahead of' and behi-pq the rad iator, hal'! qeen 'Plot ted e.g·ainst 
the heat-transfe:r 'rl/3.te per unit frontal area. The inlet pres
sure loss is .not included. The ordinates have been divided by 
o for NACA standard air (sea table I) merely for convenience 
j.n separating the curves . Lines of constant tube -entrance 
veloci ty have also be-en .plotted in figure 3. to' aid in the quick 
determination of . the. cooling .. air quantity at the · radiator 
face . 

Althr,)Ughthe calculations were . carried out 'for airplane 
speeds of 100 miles per hour to 500 miles per hour; "the results 
plotted in fi gure 3 are only for an airplane speed of 300 miles 
per hour. The ratio of the heat-transfer rate at several air
plane speeds to the heat-transfer rate at an airplane speed of 
300 miles per hour fo r the same total~pressure l oss has been 
tabulated for different altitudes in table II . These cor
rect i ons, although appreciable tn some cases, especially at the 
l ower altitudes, a l 'O for the most part negligfble . A slmila.r 
correction for the cooling-air quantity is given j.n table III, 
where the ratios of the tube~entrance airspeeds at several 
airplane speeds to the tube -entrance ai rspeed at an airplane 
speed of 300 miles per hour f or the same loss in total pres
sure are tabulated for dif ferent altltudes. 
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It may be rema.rked tbat the correctiqns ln table II involve 
two opposi.ng effects of airplane speed: namely, increased tube
entrance stagnation temperature, wh:i.ch de creases the heat
transfer rate for a given total pressure loss) and increased tube
entrance denSity, which has the opposite effect. At low altitudes, 
the temperature effect pr edominates; but at high altitudes, where 
the cri tical design condttion usually occurs, these effects 
a l most compensate each other and render figure 3 particularly 
accurate. 

A comparison of figures 3(a ) and 3(d) shows that about 50 per
cent more heat may be di.ssinated per unit flow area by ~.-inch 

- 5 
tubes 9 inches long t han by ~:.-inch tubes 9 inches long for the 

4 
same totaI-pressure l oss . In general, for tube lengths of this 
order, the tubes of smaller diameter will permit smaller rad i
ators and/or smaller tota l ··pressure losses. 
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Figure 4 shows ,the drab characteristics of the radiator~ 
as functions of the flight speed, the heat-transfer rate, and 
the tube-entrance velocity. The' heat-transfer rate and the tube
entrance velocity are obtained from figure 3. No i nterf erence 
effects or weight drag are included. It may be seen that, at 
the high inlet velocities necessary at high altitudes wi,th radi
ators of reasonable size, t:t).e cooling drag power becomes very high. 

In the past it was hoped that the Meredith phenomenon ",ould 
bring about -very low drags at high altitudes. Appreciable decreases 
in drag are due to this s ource; but the calculations, which auto
matically take into account the Meredith phenomenon, show that 
these decreases are not sufficient to keep the drag of 'small-size 
high-pres8ure-drop units from appreciab ly Increasing at high 
altitudes. 

An example will illustrate the use of figures 3 and 4 and of 
table II. The airplane for wh ich the radiator wi'll be designed is 
assumed to have the performance shown in table I. The densities 
and Mach numbers used 'in calculating qc are for Army air . The 

radiator design if:! assumed to be for tubes of l..-inch tnternal 
4 

diameter and 9-inch length. 

The usual condition determ:i,ning the radiator fronta.l area 
will be either climb at sea level or climb at the maximum altitude, 
that is, the condition at which the heat - transfer rate per unit 
frontal area is lowest when the entire total pressure available 
for cooling is utilized. I f the available pressure f or cooling is 
assumed to be ' O.9q, tho values of the heat-transl'",r rate may be c 
read from figure 3(a) fo r both hi gh speed and climb. 'l'he results, 
corrected acc?rding to table II, are summarized in table IV. 

An examination of table IV discloses that the frontal area of 
the radiator is determined by the value of the heat-transfer ,rate 
in climb at 40,000 feet, if the necessary heat-transfer rate for 
satisfactory cooling is assumed constant. If' 1000 horsepower is 
to be transferred to the cooling air, the necessary radiator 
frontal area is 1000/164 or 6 square feet. 

Once the radj,ator frontal area is fixed, the operating , Une 01' 
the radtator is the ordinate in figure 3 through a heat··transfer 
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rate of 164 40rsepower "}?8!' .• sqlilare foot . The ratio: of the ,drag 
power to the heat-transfer rate may be determined from figure 4(a) 
.from tho values -of" the "&;i.rp"lame speed, the tube-entrance 
velocity, apq the t1.J..titud? ·" rrh~e " ;reaul"ts .I:}re tp,pulg,ted in table V. 

" 

CONCLUSIONS 

From the present study of heat transfer, pressure drop, 
and drag power of radiators in flight at higb altltudes, it 
is concluded that: 

1. At high ultitudes, the density reduction within the 
radiator tubes results in appreciable increases in both 
friction pressure drop and acceleration pressure drop . 

2. The usual h0at··transfer equations may be r e t.ained at 
high Mach numbers, pr ovided that stagnation t emperat.ure i s used 
in place oi ' actural temperature. 

3. Heat-transfer rate as a function of pressure l oss is 
practically independent of airplane speed at high altitudes. 

4. Excessive drag is associated with the use of small 
radiators at high altitudes; slight increases in radiator size 
result in l a r ge decreases i n drag . 

5. The Meredith phenomenon becomes insignificant when the 
radiator pressure drop approaches the total available pres
sure . 

Langley Memorial Aeronautical La oratory 
Nat i onal Advisory Committee for Aeronautics 

Langley Field, Va. 
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A.1tibde 
(ft) 

0 
10,000 
20,000 
30 ,000 
40 ,000 

TABLE I . - ASSUMED AIRPLA NE PERFOHY.ANCE 

~Ing loading , 40 Ib/ sq ft ; heat r ej ec tIon, 1000 h~ 

Pigh spe ed Climb 
Relative Alr- Fl'ee- e tream 0 . 9Qc Air- Free-stream denslty , cr 

speed, V impact spe e d) V i;npsct (a) -cr-
(mph ) pres sure , qc {:nph p r e s s ure, q 

(lb /eq ft) (lb/:l q fti ) o 

1 . 000 333 275 247 192 87 
. 73(3 367 247 301 218 84 
. 533 403 220 371 246 77 
.374 450 19 0 456 280 70 
. 245 501· 170 625 354 79 

O. 9Qc 
-cr-

78 . 3 
102 . 4 
130 . 2 
168 . 5 
290 . 0 

aThe values of cr a r e based on NACA standard a i r as in fig . 3 . 

TABLE II . - RATIO OF HEAT - TRAnSFER RATES AT SEVERAL IRPLA NE SPEEDS 

TO HEAT - TRANSFER RATE AT AN AIRPLANE SPEED OF 300 MILES PER 

HOUR FO R I DENTIC L TOTAL - PRESSURE LOS SES , 

PC/( PC ) 300 

Vo ft) ~~ (mph) 
0 10 , 000 20 , 000 30 , 000 40 , 000 50,000 

100 1.08 1.05 1. 03 

I 
1.02 1.00 1.00 

200 1. 05 1. 0 3 1. 02 1.01 1.00 1. 0 0 
300 1. 00 1.00 1.00 1.00 1. 00 1. 00 
400 . 93 .95 . 97 . 98 . 99 1.00 
500 . 83 . 88 . 92 . 95 .98 .99 

TAI3LE III . - RATIO or TUBE- ENTRANCE AIRSPEEDS AT SEVERAL AI RPLANE 

SPEEDS TO TUBE-ENTRANCE AIRSPEED AT AH AI RPLANE SPEED 

Vo ft) ~ (mph) 

100 
200 
300 
400 
5CO 

OF 300 MILES PER HOUR FOR IDENTICAL TOTAL-

V2 
PRES SURE LOS SES , ----

(V2 )300 

V2/(V2 ) 300 

0 10 , 000 20 , 000 30 , 000 

1.05 1.05 1.05 1.06 
1. 03 1.03 1.0 3 1.03 
1. 00 1.00 1.00 1.00 

. 96 . 96 . 96 .95 

. 92 . 91 . 91 .90 

40 , 000 50,000 

1. 06 1. 06 
1.04 1. 04 
1.00 1.00 

.95 . 95 

.89 . 89 

NA IIONAl ADVISORY 
COMMITTEE FOR ~ 



Altitude 
(ft) 

0 
10 , 000 
20 , 000 
30 , 000 
40 , 000 

AIU tude 
(ft) 

0 
10 , 000 
20 , 00 0 
30 , 000 
40 , 000 

Airspeed 
(!' r o!'1 t>lble I) 

(mph) 

333 
3 67 
403 
450 
501 

V2 

TABLE IV. - VARI ATI ON WITH ALnTUDE OF MAXI MUM POSSIBLE 

COOLING PER SQUARE POOT 

Hl",h s:;eed 

(PC)300 Pc Pc Airspe ed (PC)300 
(fron fig . 3(a» (l'C)300 (hp/sq ftj (mph) (hp / sq ft) 

(hp / sq ft) (fron t a b le II) 

305 0 . 98 299 192 190 
300 . 97 291 2 18 200 
28 2 . 97 274 246 193 
235 . 97 228 280 175 
1 95 . 98 191 354 164 

TA 8LE V. - PERPOR Ml\NCE OF RADIATOR OF 6 - SQUARE-POOT FRONTAL 

AREA TP~NSFERnING 1000 HORSEPOWER 

HiGh s peed 

Climb 
t'c Pc 

(PC)300 (hp / sq ft) 
(from tab le II) 

1. 05 
1. 03 
1. 01 
1. 00 
1.00 

NATIONAL ADVISORY 
COMMITTEE fOR AERONAUTICS 

Climb 

199 
206 
195 
175 
164 

Vo pn/Pc PD Vo PD 
(from fi g . 3( a» (from tab le I) (from fi g . 4(a» . (hp ) (mph) Pn/Pc (hp ) 

(mph) (mph ) 

130 :3 ' Z"7 0 .102 102 192 0. 124 124 .... " 
135 3e7 .072 72 2 1 8 .108 108 
145 4(;3 . 064 6 4 246 .102 102 
172 450 . 104 104 280 . 200 200 
220 50 1 .176 176 354 .360 360 

~ 
~ 

2: 
» 
o 
» 
» 
:::0 
:::0 

2: 
o 

L' 
~ 
>-< 
I--' 
I--' 
0' 
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