


The fundamontal  p r i n c i p l e s  of f l u i d  f l o w ,  p r e s s u r e  
l o s s o a ,  and h e a t  t r a n s f e r  have been p r e s e n t e d  and a n a l y z e d  
f o r  t h e  c a s e  of  a smooth tube  w i t h  f u l l y  developed t u r b u l e n t  
f low.  These e q u a t i o n s  a p p l y  t o  t u b e s  w i t h  l a r g e  l e n g t h -  
d i a m e t e r  r a t i o s  where t h e  f 1 o w . i ~  a t  a  h i g h  ~ e y n ' o l d s  Number. 
The e r r o r  i n t r o d u c e d  by u s i n g  t h e s e  e q u a t i o n s  i n c r e a s e s  as  
t h e  magnitude of t h e  t u b e  l e n g t h  and t h e  a i r - f l o w  Reynolds  
Number a p ~ r o a c h e s  t h e  v a l u e s  encoun te red  i n  modern r a d i a t o r  
d e s i g n s .  A c c o r d i n g l y ,  h e a t - t r a n s f e r  t e s t s  on r a d i a t o r  sec-  
t i o n s  were made and  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  nondimon- 
s i o n a l  form t o  f a c i l i t a t e  t h e i r  u s e  and f o r  comparison w i t h  
o t h e r  h e a t - t r a n s f e r  d a t a .  In  a d d i t i o n ,  p r e s s u r e  l o s s e s  mere 
measured a l o n g  smooth t u b e s  of c i r c u l a r ,  s q u a r e ,  a.nd r e c t a n -  
g u l a r  c r o s s  s e c t i o n  a n d  t h e  r e s u l t s  mere a l s o  c o r r e l a t e d  and 
a r e  p r e s e n t e d  i n  nondimensional  form. 

The problem of a r a d i a t o r  d e s i g n  f o r  a p a r t i c u l a r  i n -  
s t a l l a t i o n  i s  s o l v e d ,  t h e  e x p e r i o e n t a l  h e a t - t r a n s f e r  and 
p r e s s u r e - l o s s  d a t a  being u s e d ,  on a b a s i s  of power c h a r g e a b l e  
t o  t h e  r a d i a t o r  f o r  form d r a g ,  f o r  p r o p e l l i n g  t h e  w e i g h t ,  
and f o r  f o r c i n g  t h e  a i r  th rough  t h e  r a d i a t o r .  

' 
The c a s e  of a n  i n s t a l l a t i o n  w i t h i n  a wing o r  a n  e n g i n e  

n a c e l l e  i s  cons ide re i l ,  An i l l u s t r a t i o n  o f  r a d i a t o r  d e s i g n  
i s  c a r r i e d  th rough  f o r  a n  a ~ b i t r a r y  s e t  of c o n d i t i o n s .  Suf- 
f i c i e n t  d e t a i l  i s  g i v e n  t o  e n a b l e  t h e  r e a d e r  t o  reproduce  
t h e  a n a l y s i s  f o r  any  gfven e a s e .  The e f f e c t  upon t h e  coo l -  
i n g  e f f i c i e n c y  i s  c o n s i d e r e d  f o r  a chnngo i n  t h e  following 
d e s i g n  c o n d i t i o n s :  

( 1 )  The p r e s s u r e  d rop  a c r o s s  t h o  r a d i a t o r .  

The e f f i c i e n c y  of t h e  d u c t .  

(3) The f r e e - a r e a  r a t i o  of t h e  r a d i a t o r .  

( 4 )  Tho wing c h a r a c t o r i s t i c s  f o r  t h o  dos ign  condi-  
t i o n s .  

( 5 )  Tho a i r  c o n s t a n t s .  

(6) Tho change i n  d e n s i t y  w i t h  altitude. 

' ( 7 )  The w i d t h  of  t h e  w a t e r  passageway. 



Comparisons o f  t he  coo l ing  e f f i c i e n c y  p o s s i b l e  w i th  
t u b e s  of va r ious  shapes l e a d  t o  t he  conclusion t h a t  t h e  
smooth hexagonal ly  shaped tube  i s  s u p e r i o r  t o  t he  c i r c u l a r  
tube and t h a t  f i nned  tubes  and Cubes shaped t o  groduce 
tu rbu lence  cause a decrease  i n  cool ing  e f f i c i e n c y .  

The use  of e thy lene  g l y c o l  i n s t e a d  o f  wate r  f o r  t h e  
l i q u i d  makes i t  p o s s i b l e  t o  i nc rease  t he  cool ing  e f f i c i e n -  
cy s e v e r a l  t imes (depending uFon the  i n l e t - a i r  tempera- 
t u r e ) .  The a n a l y s i s  of tho  l e n g t h  of passago on t h e  
l i q u i d  s i d e  of t h e  r a d i a t o r  sbovs i t  t o  be a secondary 
cons2 a e r a t i o n .  The design problem f o r  an i n s t a l l a t i o n  i n  
a sopora t e  n a c e l l e  i s  s o l ~ e d .  Seve ra l  v a l u e s  a r e  chosen 
f o r  t h e  o f f e c t i v s  nacs l fe -drag  c o e f f i c i e n t  t o  permit  evalu-  
a t i o n  of t he  nacelle-wiag i n t e r f e r e n c e  on t h e  coo l ing  e f f i -  
c iency .  A cooling-power comparison between l iqufd-cooled  
ana a i r - coo led  engines  i s  made a a d  i t  i s  concluded t h a t  
t he  power t o  coo l  i s  not  a determining f a c t o r  i n  t h e  s e l ec -  
t i o n  of the  type of enpine.  The recovery of mechanical 
energy  from t h e  h e a t  energy d i s s i p a t e d  by the  r a d i a t o r  i n  
t he  duct  i s  shown t o  be possible. An approximate Bator- 
minat ion of the  nagni tude o f  t he  e f f e c t  i s  made, Fhe de- 
s i g n  o f  t h e  r a d i a t o r  i s  not  a f f ~ c t e d  by c o n s i d e r a t i o n s  of 
t he  energy recovery, 

INTRODUCTION 

V l th  the  wea l th  o f  in format ion  a v a i l a b l e  i n  hea t -  
t r a n s f e r  p r o c e s s e s ,  a l l  t h e  necessary  in format ion  f o r  t h e  
des ign  of a i r c r a f t  r a d i a t o r s  would appear  t o  be at  hand. 
Such i s  p r a c t i c a l l y  t h e  case ,  In f a c t ,  t h e r e  i s  so much 
i n f o r n a t i o n  on s p e c i a l  ca se s  t h a t  a des igne r  s e t t i n g  ou t  
t o  choose a r a d i a t o r  i s  confused by a l a r g e  v a r i e t y  of  re-  
p o r t s ,  a l 1 . o f  which appear  t o  have sone bea r ing  on t h e  
problem. 

The most mis lead ing  r e p o r t s  of t h i s  type  a r e  those  
d e a l i n g  w f t h . t h e  r a d i a t o r  mounted i n  t he  a i r  stream. The 
d a t a  i n  t hese  r e p o r t s  were i nva luab le  when r a d i a t o r s  mere 
mounted o u t s i d e  t he  a i r p l a n e  without b e n e f i t  of cowling,  
but t h e  d a t a  a p p l y  only  t o  a s p e c i a l  case  and cannot be 
used f o r  a modern r a d i a t o r  i n s t a l l a t i o n  i n  which t h e  r a d i -  
a t o r  i s  l o c a t e d  i n  a wing, a cornling, @r  a n  engine n a c e l l e .  

J 
A r a d i a t o r  mounted i n  a f r e e  a i r  s t ream a c t s  more o r  

l e s s  l i k e  a f l a t  p l a t e ,  depending upon the  r e s i s t a n c e  t o  
f l o v  throuqh the  r a d i a t o r  tubes .  If t h e  r a d i a t o r  has  a 



h i g h  r e s i s t a n c e ,  most of t h e  a i r  elow approach ing  t h e  r a d i -  
a t o r  B ive rges  and  p a s s e s  a round  t h e  o u t s i d e .  In so d o i n g ,  
t h e  a i r  b r e a k s  away a t  b o t h  t h e  f r o n t  and t h e  r e a r  f a c e s  
of t h e  r a d i a t o r ,  r e s u l t i n g  i n  a l a r g e  d rag .  I f  t h e  r a d i a -  
t o r  i s  nade mi th  a  low r e s i s t a n c e  t o  f low th rough  t h e  t u b e s ,  
most of  t11e a i r  approach ing  t h e  r a d i a t o r  goes  th rough  t h e  
r a d i a t o r  and  t h e  d r a g  i s  g r e a t l y  reduced.  

Vhen t h e  r a d i a t o r  i s  mounted i n  t h e  f r e e  a i r  s t r e a m ,  
t h e  pomer consumed by t h e  r a d i a t o r  i n c r e a s e s  m i t h  t h e  cube 
of t h e  v e l o c i t y .  With t h e  r a d i a t o r  i n  a d u c t ,  however,  i t  
i s  n e c e s s a r y  t o  c o n s i d e r  o n l y  t h e  v e i g h t  of t h e  r a d i a t o r  
and  t h e  i n t e r n a l  pomer consumed i n  i t .  The r a d i a t o r  l o c a t -  
ed i n  a d u c t  can be made t o  d i s s i p a t e  a g i v e n  amount o f  
hea$ by a lmos t  a s  low a n  e x p e n d i t u r e  of power f o r  c o o l i n g  
as  des i red . .  But t h e  lowor t h o  power, t h e  l n r q e r  t h e  r a d i a -  
t o r .  Tho most economical  r a d i a t o r  s i z e  doponds upon t h o  
v i n g  l o a d i n g  of t h e  p a r t i c u l a r  a i r p l a n e .  

There a p p e a r s  t o  be a p r e v a l e n t  n o t i o n  t h a t ,  by t h e  
i n v e n t i o n  of some p e c u l i a r  t u b e  ar rangement  and s h a p e ,  
l a r g e  g a i n s  i n  c o o l i n g  performance ca,n be a t t a i n e d .  The 
b e s t  s i 5 u a t i o n  t h a t  can be o b t a i n e d  i s  t o  have t h e  f r i c -  * 

t i o n  l o s s  t h a t  o c c u r s  i n  t h e  r a d i a t o r  be t r u e  s u r f a c e  f r i c -  
t i o n  on t h e  d i r e c t  c o o l i n g  s u r f a c e .  P r o s a u r e  l o s s e s  a s s o -  
c i a t c d  m i t h  s h a r p  c o n t r a c t  i o n s ,  e x p a n s i o n s ,  and s h a r p  benns 
a s   fell as  s u r f a c e  f r i c t i o n  o v e r  an  i n d i r o c t  c o o l i n g  aur-  
f a c e  a r c  a11 u n d e s i r a b l e .  If t h e  optimum c o n d i t i o n  i s  re -  
a l i z e d ,  i t  a p p e a r s  t o  bo of l i t t l e  i m p o r t ~ ~ n c c  from cons id -  
e r a t i o n s  of  h o a t  d i s s i p a t i o n  whether  t h e  t u b e s  a r e  c i r c u -  
l a r ,  s q u c r e ,  r e c t a n g u l a r ,  hexagona l ,  o r  a n y  o t h e r  conven- 
i e n t  shape.  One shape nay have an advan tage  over  a n o t h e r  
a s  r e q a r d s  t h e  r a t i o  of we igh t  r e q u i r e d  t o  t h e  space  re -  
mainix5y f o r  t h e  l i q u i d  f low. If t h e  r a d i a t o r  meets  t h e  
r e q a i r e m e n t s  of d i r e c t  c o o l i n $  s u r f a c e  and p r e s s u r e  l o s s  
connec ted  o n l y  mi th  t h e  s u r f a c e  f r i c t i o n ,  however,  t h e  
c i i c l  c o n s i d e r a t i o n  may be t h e  c a s e  o f  manufac tu re ,  t h e  
e a s e  of r e p a i r ,  and  t h e  d u r a b i l i t y .  

T h i s  r e p o r t  m i l l  r ev iew t h e  fundamenta l  p r i n c i p l e s  of 
h e a t  t r a n s f e r  as t h e y  a p p l y  t o  t h e  problem of r a d i a t o r s .  
O r i s i n a l  d a t a  on r a d i a t o r s  w i l l  be p r e s e n t e d  and  a number 
of s p e c i a l  c a s e s  m i l l  be a n a l y z e d  on t h e  b a s i s  of  t h e  fun- 
damenta l  p r i n c i p l e s ,  t h e  d a t a ,  and similar  d a t a  f r o r n . o t h e r  
so-ilrces, 



SYMBOLS 

The f o l l o n i n g  symbols a r e  used  i n  t h e  r e p o r t  and a r e  
l i s t e d  a l p h a b e t i c a l l y  f o r  r e a d y  r e f e r e n c e .  

A ,  f r o n t a l  a r e a  of t h e  hous ing .  

Ac, t o t a l  c o o l i n g  s u r f a c e  upon which h t  i s  based.  

c l ,  c 2 ,  c o n s t a n t s .  

c,, s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e .  

c,, s p e c i f i c  h e a t  a t  c o n s t a n t  volume. 

CL, l i f t  c o e f f i c i e n t  o f  t h e  wing. 

CD,, d r a g  c o e f f i c i e n t  o f  t h e  s i n g .  

CD,, d r a g  c o e f f i c i e n t  of t h e  r a d i a t o r  i n s t a l l a t i o n  
mi th  no c o o l i n g - a i r  f low.  

D, h y d r a u l i c  d i a m e t e r  of t h e  tube .  

D, drag.  

d ,  r a d i a t o r  d.epth, 
Ap D . 

f l  , f r i c t i o n  f a c t o r  (i;-z-) 
f ,  f r e e - a r e a  r a t i o ,  o f  open f r o n t a l  a r e a  t o  t h e  

t o t a l  f r o n t a l  a r e a .  

, t h e  a c c e l e r a t i o n  of  g r a v i t y .  

h ,  s u r f a c e  h e a t - t r a n s f e r  c o e f f i c i e n t .  

h t t  o v e r - a l l  h e a t - t r a n s f e r  c o e f f i c i e n t  from f l u i d  
t o  f l u i d .  

h,, h e a t - t r a n s f e r  c o e f f i c i e n t  from a i r  t o  t u b e  m a l l .  

h t ,  h e a t - t r s n s f e r  c o e f f i c i e n t  from l i q u i d  t o  tube  
w a l l .  

3 ,  q u a n t i t y  o f  h e a t  d i s s i p a t e d  p e r  u n i t  t ime.  



Hr, required quantity of heat dissipation. 

k, thermal conductivity. . ,. 

K K .  constants, 

L, tube length. 

1 ,  mass flow of fluid per unit time. 

hD Nusselt number. Nu = -- 
k '  

P ,  power. 

Pt, total power chargeable to the radiator. 

PD, power required to force %he air through the 
radiator. 

Pw, pomer required to support and propel the weight 
- of the radiator. 

p ,  statfc pressure. 

Ap, total pressure differcnco, usually across the 
'radiator, 

Apf,  drop in pressure due to skin friction. 

Pr = --- 'P" Prandtl number. 
k , 

2 q = & p v , dynamic pressure (q carries same subscripts as 
V ,  velocity). 

Q, quantity of air by volume passing through the radi- 
ator per unit' time. 

VD R = p  --, Reynolds Eumber. 
P 

B, universal gas constant. 

, absolute temperature, OF. 

T air temperature. 

*iaa inlet-air temperature. 

T,, average liquid temperature. 



AT, = Ta - T i a ,  change i n  a i r  t e m p e r a t u r e .  

AT,, change i n  l i q u i d  t e m p e r a t u r e .  

ATw,,, mean t e m p e r a t u r e  d i f f e r e n c e  between c o o l a n t  
and a i r .  

V d ,  a i r  v e l o c i t y  i n  t h e  d u e t .  

Vt, a i r  v e l o c i t y  i n  t h e  tube .  

TO, a i r - s t r e a m  v e l o c i t y .  

v, s p e c i f i c  volume. 

W, t h e  work o b t a i n a b l e  from a c y c l e .  

w ,  r a d i a t o r  width .  

'Wry weight  of t h e  r a d i a t o r .  

x ,  l e n g t h  of t u b e  t o  t h e  s e c t i o n  under  c o n s i d e r -  
a t i o n .  

E ,  f a c t o r  by which t o  m u l t i p l y  r a d f a t o r  weight  
t o  accoun t  f o r  t h e  a d d i t i o n a l  r e q u i r e d  
a i r p l a n e  s t r u c t u r e .  

Y ,  r a t i o  of t h e  s p e c i f i c  h e a t s  of a i r .  

p, d e n s i t y .  

p h ,  d e n s i t y  a t  a l t i t u d e .  h. 

V ,  k i n e m a t i c  v i s c o s i t y .  

qt , h e a t - t r a n s f e r  e f f i c i e n c y .  

q,, 'pump e f f i c i e n c y  of t h e  d u c t  w i t h  t h e  radi- 
& a t o r  i n s t a l l e d . .  

, c o e f f i c i e n t  of  v i s c o s i t y .  

S u b s c r i p t s :  

i ,  a p p l y  t o  t h e  i n s i d e  of t h e  tube .  



o ,  a p p l y  t o  t h e  o u t s i d e  of t h e  tube .  

0, a p p l y  t o  t h e  f r e e  a i r  s t ream.  

w ,  a p p l y  t o  t h e  l i q u i d  s i d e  of t h e  r a d i a t o r .  

SINGLE TUBES 

. A n a l y s i s  . 
, , . . 

d r a d i a t o r  b e i n g  codposed of a 'number  of  small t u b e s ,  
i t  i s  e s s e n t i a l  t o  have a  c l e a r  u n d e r s t a n d i n g  of t h e  op- 
e r a t i o n  of t h e  i n d i v i d u a l  t u b e  - in  a s t u d y  o f  r a d i a t . o r  
c h a r a c t e r i s t i c s .  T h i s  s t a t e m e n t  does  n o t  mean t h a t  s i n g l e  
t u b e s  can be s t u d i e d  a n d  t h e  r e s u l t s  a p p l i e d  w i t h o u t  ' qun l -  
i f i c a t i o n  t o  a r a d i a t o r  compris ing  a n  assembly  of t u b e s .  

i.iuch of t h e  p u b l i s h e d  d a t a  on s i n g l e  tubes.  b a s  been 
t a k e n  f o r  a  r e g i o n  of t h e  t u b e  w e l l  d-ownstream from t h e  
t u b e  e n t r a n c e  a n d ,  a s  a r e s u l t ,  g i v e s  r e s u l t s  t h a t  show 
t h e  f r i c t i o n a l  l o s s e s  and  t h e  h e a t  t r a n s f e r  f o r  t u b e s  i n  
which t h e  boundary l a y e r  i s  i n  e q u i l i b r i u m .  ThaB i s ,  - t h o  
boundary l a y o r  i s  e i t h e r  i n  t h e  l a m i n a r  c o n d i t i o n  w i t h  
p a r a b o l i c  v e l o c i t y  d i s t r i b u t i o n  o v e r  t h e  t u b e  o r  i s  i n  t h e  
c o m p l e t e l y  aeve loped  t u r b u l e n t  c o n d i t i o n .  Now i n  a r a d i -  
a t o r  t u j e ,  i'--the Reyn~&~s-Number  i s  below SOE~-SX&Z&G~?L 
_v&ue, t h e  boundary l a y e r  m i l l  be l a m i n a r  a n d  t h e  v e l o c i t y  
d i s t r i b u t i o n  w i l l  go th rough  a c o n t i n u o u s  e v o l u t i o n  f r o n  
a l m o s t  un i fo rm a t  t h e  e n t r a n c e  t o  p a r a b o l i c  a c r o s s  t h e  
s e c t i o n  c o n s i d e r e d .  If t h e  t u b e  i s  l e s s  t h a n  150 d i a m e t e r s  
i n  l e n g t h ,  t h e  t u b e  may be completely i n  t h e  s t a b i l i z i n g  
r e g i o n .  It m i l l  t h e r e f o r e  have a t h i n n e r  boundary l a y o r  
a n d ,  as  a r e s u l t ,  n g r o a t o r  f r i c t i o n  a n d  c o n s e q u e n t l y  s 
g r e a t e r  L o a t - t r a n s f e r  c o c f f i c i e n t .  If t h e  R~eggolds-W~m~oe~ 
&~,c~%ovc some c r i t i c a l  v a l u e ,  t h e  f low i n  t h e  t u b e  mag be 
t u r b u l e n t .  If t h e  e n t r a n c e  i s  f a v o r a b l e  f o r  i n i t i a t i n g  
t u r b u l e n c e  i n  t h e  f low,  t h e  t u b e  m i l l  have t u r b u l e n t  Plow 
th roughou t  i t s  l e n g t h  and w i l l  have t h e  f r i c t i o n  and  t h e  
h e a t - t r a n s f e r  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  t u r b u l e n t  f low 
and t h e  p a r t i c u l a r  Reynolds IJumber. If t h e  e n t r a n c e  i s  
d e s i g n e d  t o  g i v e  a  smooth s t r e a m l f n e  f l o v ,  t h e  f l o w  w i l l  
e v o l v e  th rough  a t r a n s i t i o n  and become t u r b u l e n t  down- 
s t r eam.  The h i g h e r  t h e  Reynolds Number, t h e  n e a r e r  t h i s  
t r a n s i t i o n  p o i n t  m i l l  be t o  tho  tube  e n t r a n c e .  Thus 2% i s  
seen  t b a t ,  even though t h e  f low may be above t h e  c r i t i c a l  
Reynol&s Wumber, t h e  tube  may be too  s h o r t  t o  yive a n  op- 



p o r t u n i t y  f o r  t h e  s t a b i l i z i n g  f l o v  t o  b r e a k  down. I f  t h e  
e n t r a n c e  i s  such t h a t  t u r b u l e n c e  i s  i n i t i a t e d ,  f o r  a f l -ov 
above t h e  c r i t i c a l  Reynolds Number, t h e  f l o v  w i l l  remain 
t u r b u l e n t  th roughou t .  On t h e  o t h e r  hand,  i f  t h e  f l o w  i s  
be1o.w t h e  c r i t i c a l  Reynolds Number, t h e  t u r b u l e n c e  s e t '  up 
by a n  ' e n t r a n c e  n i l 1  be damped o u t  and l a n i n a r  f low w i l l  
r e s u l t .  

I t  i s  nom obv ious  t h a t  t e s t s  on s i n g l e  t u b e s  have d i -  
r e c t  a p p l i c a t i o n  t o  t h e  r a d l a t o r  problem on ly  when t h e  
t u b e s  a r e  t e s t e d  under  c o n d i t i o n s  r e p r o d u c i n g  t h o s e  ex- 
i s t i n g  i n  a r a d i a t o r ,  If t h e  e n t r a n c e  t o  a tube  assembly  
i n  a r a d i a t o r  i s  smoothly s t r e a m l i n e d ,  t h e n  t h e  h e a t -  
t r a n s f e r  c o e f f i c i e n t  d e c r e a s e s  r a p i d l y  downstream from t h e  
e n t r a n c e  as  t h e  boundary l a y e r  b u i l d s  up. I t  i s  t h e r e -  
f o r e  n e c e s s a r y  t o  s t u d y  numcrous combina€ions of l e n g t h s  
and d i a m e t e r s  t o  develop t h e  complote p i c t u r e  of t h e  p h c ~  
nomena invo lved .  If t h e  e n t r a n c e  promotes  t u r b u l e n c e ,  
however,  t h e  f r i c t i o n  and t h e  h e a t - t r a n s f e r  c o e f f i c i e n t s  
w i l l  c l o  s o l y  approximate  t h e  a c c e p t e d  r e s u l t s  f o r  turbu-  
l e n t  f l o n ' i n  t u b e s .  

Thc p r e s s u r e  l o s s ,  o r  f r i c t i o n ,  i n  t u b e s  h a s  bean 
s t u d i e d  bg S t a n t o n  and o t h e r s  f o r  bot'h t h e  l aminar  and t h e  
t u r b u l e n t  reqimes  i n  t h e  r e g i o n s  where t h e  boundary l a y e r  
i s  aeve loped .  The r e l a t i o n s  t h a t  s a t i s f y  each c o n d i t i o n  
a r e  q i v e n  by G l a u e r t  ( r e f e r e n c e  1) a s  f o l l o w s :  

dp v t  2 ( 1  1 
i -- = -32 R- '  P -5"- f o r  l a m i n a r  f low dL 

dp v t a  -- = -0.157 B - 2  p -- 
dL D 

f o r  t u r b u l e n t  f low ( 2  1 

F r i c t i o n - L o s s  T e s t s  and C o r r e l a t i o n  

The p r e s s u r e  l o s s e s  were neasured  ,on C i r c u l a r  t u b e s  
havin$y d i a m e t e r s  o f  1 / 2 ,  1 / 4 ,  1 1 8 ,  a n d  1/16 inch ;  a square  
tube  of 1 /2  i n c h  h y d r a u l i c  d i a m e t e r ;  and r e c t a n g u l a r  t u b o s  
112 by 1 / 8  inch  and 1 /2  by 1 / 1 6  i n c h .  The l e n g t h  of tub0  
was mzdc a p p r o p r i a t e  t o  g i v e  a l eng th -d iamete r  r a t i o  of 
150 t o  200 f o r  e a c h  t u b e .  

The p r e s s u r e s  were measured by s t a t i c  t u b e s  f l u s h  
w i t h  t h e  i n s i d e  of t h e  t u b e ,  a s  seen  i n  f i g u r e  l ( a ) .  The 



tube s u r f a c e s  mere smooth, and a beil-shape en t r ance  ss- 
su red  s t r eaml ine  f low a t  t h e  o u t s e t  ( f i g .  l ( 5 ) ) .  The 
v e l o c i t y  mas ~noasurod by a survey u s i n g  a p i t a t  tube  mount- 
ed on a micrometer. Typical  surveys  f o r  t h e  1/2-inch- 
d iamete r  c i r c u l a r  tube a r c  shoan i n  f i g u r e  2. I t  m a s  
found t h a t  t h e  e n t r a n c e  mas sufficiently c l o s e  t o  a stream- 
l i n e  shzpe t h a t  t h e  v e l o c i t y  c a l c u l a t e d  from the  f i r s t  
s t a t i c - t u b e  rend ing  and t h e  a tmosphor i  c pres su re  ag reed  
w i t h i n  t he  exper imenta l  e r r o r  w i t h  t h e  averago v e l o c i t y  
measared i n  t h e  survey.  

F igure  3 shows a sample curve of t h e  pressure-drop 
measurements on one o f  t h e  t ubes .  The r e s u l t s  f o r  a l l  t h e  
t u b e s  t e s t e d ,  p l o t t e d  i n  nondimensional  form, a r e  shown 
i n  f i g u r e  4; t h e  a b s c i s s a  is t h e  Reynolds Number, t h e  or- 
d i n a t e  i s  €he f r i c t i o n  f a c t o r  f , ,  and each curve i s  f o r  
a c o n s t a n t  length-diameter  r a t i o ,  The data f o r  a l l  t h e  
t u b e s  f a l l  on t h e  curves  w i t h  t h e  excep t ion  of t h e  =quare  
and t h e  r e c t a n g u l a r  t ubea ,  which ag ree  in t h e  t u r b u l e n t  
r e g i o n  5 u t  d e v i a t e  r a d i c a l l y  from t h e  d a t a  f o r  c i r c u l a r  
t u b e s  i n  t h c  l amina r  reg ion .  

From equa t ions  (1) and ( 2 ) ,  fl = 1 6 f ~  f o r  Laminar 
f l o n  and .fl = 0 . 0 7 8 5 / ~ ' ' ~ ~  f o r  t u r b u l e n t  flovv. Tho 
cu rves  f o r  f u l l y  developed l amina r  and t u r b u l e n t  f low a r c  
a l s o  shown on f i g u r e  4.  Tho t e s t  d a t a  should  f a l l  between 
tho  t w o  curves  f o r  f u l l y  developed f l o n  because t h e  s t a -  
b i l i z a t i o n  and tho  t r a n s i t i o n  r e g i o n s  s r o  inc luded .  

The f r i c t i o n - f a c t o r  d a t a  f o r  t he  r a d i a t o r s  t e s t e d  a r e  
shown i n  f i g u r e  5 ,  Data from t h e  s ing le - tube  t e s t s  a t  t h e  
sane L/D r a t i o  a s  t h a t  f o r  t h e  smooth-tube r a d i a t o r s  a r e  
a l s o  p l o t t e d .  The curves  f r o m  r a d i a t o r  d a t a  should  f a l l  
h i g h e r  than the  curves  from tho s ing l e - tube  d a t a  bocciuse 
t he  r a d i a t o r  A-p i nc ludes  t h e  l o s s e s  a t  t h e  e x i t .  S ince  
the  t r a n s i t i o n  occurs  a t  t h e  same Reynolds Number f o r  bo th  
t u b e s  and r a 6 - i a t o r s ,  t h e  e x i t  l o s s e s  can be .d.eternined 
from the  d i f f e r e n c e s  between t h e  f r i c t i o n  f a c $ o r s  f o r  t h e  
s i n g l e  t ubes  and t h e  r a d i a t o r s .  Tahle I i l l u s t r a t e s  va lues  
of t h e  o x i t  1,oss over  a range of Reynolds Numbers. The av- 
e rage  o x i t - l o s s  va lue  f o r  t h e  1/4-inch-d-iameter t ube  i s  
seen t o  bc. 0.2 g t ,  i n  agreement w i th  Har t shorn  ( r e f e r e n c e  
2 ) .  The l a r g e r  va lues  found f o r  t h e  1/8-=inch;diameter 
tube may be a t t r i b u t e d  t o  a lower f ree -a rea  r a t i o ,  which 
r e s u l t s  i n  a g r e a t e r  cspans ion  a t  tho  e x i t ,  and p o s s i 3 l y  
t o  t h o  r e l . a t~ ive ly  g r e a t e r  s o l d e r i n g  irregularities a t  en- 
trance and e x i t .  



E X I T  LOSSES FOR THBEE RADIATORS 
*------..----_-l__ 

R a d i a t o r  Rcynolds Number E x i t  l o s s / q t  
---.---.-- .-.-- ---- 

6 ,000  0.19 

"A 15 ,000  .23 
30,000 .305 

- .--.------.-------- 

a 
See f i g .  5 f o r  e x p l a n a t i o n  of t h e  r a d i a t o r  d e s i s n a t i o n s .  

A r a d i a t o r  m a s  made up h a v i n g  tube  e x i t s  f a i r e d  grad-  
u a l l y  from a  c i r c u l a r  t o  a hexagonal  form o v e r  a d i s t a n c e  
of a b o u t  1 inch .  Although t h i s  f a 5 r i n ~  a p p r e c i a b l y  reduced 
t h e  e x i t  l o s s  f o r  t h e  s i n g l e  t u b e ,  no measurable improve- 
ment rvzs found f o r  t h e  r a d i a t o r .  

F i q u r e  4 may be used t o  o b t a i n  t h e  v a r i a t i o n  of a i r  
v e l o c i t y  i n  t h e  tube  w i t h  t u b e  l e n g t h  f o r  any p r e s s u r e  4 

a r o p  a a d  tube  d iamete r .  The method i s  as  f o l l o w s :  Por 
any c h o i c e  of L and D, f i g u r e  4 g i v e s  t h e  r e l a t i o n s h i p  
between f, = A p ~ / q t 4 ~  and Reynolds Number = p v ~ ~ ) / P .  T 
The c o n d i t i o n s  of t e m p e r a t u r e  and p r e s s u r e  de te rmine  P 
and . The v e l o c i t y  Vt i s  caLcu1ated from any Reynolds 
N m b e r  and qt f o l l o w s .  The c o r r e s p o n d i n g  v a l u e  of f, 

g i v e s  Ag. Proceed ing  i n  t h i s  manner g i v e s  s e v e r a l  s e t s  
of v-alu8s of  V t  and Ap. Then Vt i s  p l -o t t ed  a g a i n s t  

(Ap 4 0.2 q t ) .  The term 0.2 q t  i s  includ.ed t o  a c c o u n t  
f o r  p r e s s u r e  l o s s e s  a t  t h c  r a d i a t o r  e x i t .  (See t a b l e  1 . )  
Such p l o t s  e n a b l e  t h e  dc te rm5nc t ion  of  Vt  f o r  any  cTc3T- 

al l .  p r e s s u r e  d rop  (=  Ap -6 0.2 q t ) .  Repea t ing  t h e  p r o c e s s  

f o r  o t h e r  l e n g t h s  o r  d i a m e t e r s  w i l l  g i v e  t h e  d e s i r e d  r e l a -  
t i o n s h i p  between a i ~  v e l o c i t y  i n  t h e  t u b e  and tube  l e n g t h ,  
F i ~ u r e  6 i l l u s t r a t e s  t h i s  r e l a t i o n s h i p ,  u s i n g  t h e  v a l u e s  
f o r  D a>rd  B p  ( o v e r - a l l )  s3,own on t h e  f i g u r e .  



The R ~ y n o l d s  Bumber d e s c r i b e s  t h e  n a t u r e  of t h e  bound- 
a r y  l a g e r .  Inasmuch a s  b o t h  t h e  f r i c t i o n  l o s s  of t h e  f l u i d  
and t h e  h e a t  t r a n s f e r  from m a l l  t o  f l u i d  depend upon t h e  
n a t u r e  of t h e  boundary l a y e r ,  b o t h  c h a r a c t e r i s t i c s  a r e  
f u n c t i o n s  of t h e  Reynolds Eumber . Reynolds recogn ized  
t h i s  common dependence on Reynolds Nunber and s t a t e d  t h e  
dependence i n  a p r i n c i p l e  known as Reynolds ana logy .  As a  
ye s.ul t 

3 0 t h  t h o  f r i c t i o n  f a c t o r  and t h e  h e a t - t r a n s f e r  c6of- 
f i c i e n t  & r e  l a r g e r  mi th  t u r b u l e n t  f low t h a n  w i t h  l a m i n a r  
f low above t h e  c r i t i c a l  Reynolds Number and each i s  l a r g e r  
w i t h  a t h i n  t h a n  w i t h  a t h i c k  boundary l a p e r .  A more e l a b -  
o r a t e  r e l a t i o n  h a s  been e v o l v e a  a s  a r e s u l t  of t h e  work of 
S t a n t o n ,  P r a n d t l ,  T a y l o r ,  and  o t h e r s  t h a t  c o r r e l a t e s  t h e  
d a t a  on h e a t  t r a n s f e r  from p i p e s  f o r  v a r i o u s  v e l o c i t i e s  and 
flu5cI.s; namely, 

Equa t ion  ( 4 )  i s  t h e  e q u a t i o n  used  by many workers  i n  
t h i s  f i e l d  t o  c o r r e l a t e  e x p e r i m e n t a l  h e a t - t r a n s f e r  d a t a ,  
The c o n s t a n t  c l  and t h e  exponen t s  t ,  m ,  and  n  v a r y  
m i t h  a change i n  t h e  type  o f . f l o w ,  FOT v e r y  l o n g  p i p e s ,  
( L / D ) ~  can be a s s i m i l s t e d  i n t o  t h e  c o n s t a n t  and a  ilew 
c o n s t a n t  c, used .  The exponent  n  i n  any c a s e  i s  small. 
The t c rm L/D h a s  a  s t r o n g  i n f l u e n c e  o n l y  i n  t h e  e n t r a n c e  
r e g i o n  of t h e  t u b e  a h e r s  t h e  boundary Zayor i s  g o i n g  
t h r o u g h  change. Thc P r a n d t l  nunbor i s  c e a r l y  c o n s t a n t  
mhon a i r  i s  u s e d  a s  t h e  f l u i d  f l o n i n g  th rough  t h e  t u b e .  
I t  fo l lomn t h e n  t h a t  e q u a t i o n  ( 4 )  f o r  a i r  f low and  a con: 
s t a n t  L / D  r e d u c e s  t o  

E q u a t i o n s  f o r  Eoa t -Trans fe r  and  Cooling-Powcr Loss  

m  he l o c a l  h c a t - t r a n s f z r  c o e f f i c i e n t  and  t h e  f r i c t i o n  
f a c t o r  have been r o l s t e d  i n  t h e  f o r e g o i n g  d i s c n s s i o n .  
Thcre r c ~ c i n s  t h e  problem of d.etermining how much h e a t  can 



be d i s s i p a t e d  from a g iven  t u b e  as a f u n c t i o n  of w a l l  tem- 
p e r a t u r e ,  i n l e t - a i r  t e m p e r a t u r e ,  Reynolds l?umber, and 
l e n g t h .  Al though t h e  a v e r a g e  l o c a l  h e a t - t r a n s f e r  c o e f f i -  
c i e n t  cnn be de tc rmined  by means of  t h e  t u b e  f r i c t i o n ,  t h e  
tube  l e n e t h  h a s  a n  impor tan t  S e a r i n g  on t h e  a c t u a l  h e a t  
t r a n s f e r  by c o n t r o l l i n g  t h e  r i s e  i n  t h e  a i r  t e m p e r a t u r e .  
The h e a t - t r a n s f e r  e f f i c i e n c y  h a s  been d e f i n e d  t o  de- 
s c r i S e  t h e  efficiency of h e a t i n g  up of t h e  a i r  as 

I t  i s  d e s i r a b l e  t o  have a h i q h  h e a t - t r a n s f e r  e f f i c i e n c y  i n  
o r d e r  t o  d i s s i p a t e  a  maximum anbunt  of h e a t  f o r  a g i v e n  
mass f low of a i r .  

The h e a t  d i s s i p a t e d  and t h e  power f o r  cool-ing p e r  
u n i t  oFen f r o n t a l  a r e a  of t u b e  can be de termined a s  a 
f u n c t i o n  of bp ,  TW - Ti,, L, D ,  and  t h e  p h y s i c a l  con- 
s t a n t s  o f  t h e  f l u i d .  Tho r a t i o  of t h e s e  two q u a n t i t i e s  
g i v e s  a r e l a t i o n  from which i t  w i l l  be p o s s i b l o  t o  d e t e r -  
mine t h c  optimum dimensions .  1 

a n a l g s i s  w i l l  be  nadc f o r  t h e  c a s e  of  f u l l y  do- 
vclopcd t u r b u l e n t  f low i n  a t u b e  of c o n s t a n t  wall tempor- 
a t u r c .  ?he t u b e  considered i s  c i r c u l a r ,  b u t  t h e  e q u a t i o n s  
may be a p p l i e d  e q u a l l y  w e l l  t o  hexagonal  o r  square  tu-bes 
by u s i n q  t h e  h 2 d r a u l i c  a-iarneter. 

T:le h e a t  A H  d i s s i p a t e d  f o r  a l e n g t h  dx o f  t h e  
tube  (fig, 7 )  i s  

F r o m  e q u a t i o n s  ( 6 )  and ( 7 )  i t  may be shown t h a t  

I T h i s  a n a l y s i s  f o r  optimum t u b e  d imensions  t a k e s  no accoun t  
of  t h e  r a d i a t o r  weight  o r  t h e  p r o f i l e  drag, ~ h i c h  w i l l  
be c o n s i d e r e d  l a t e r ,  
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where IJ i s  i n  f t .  "/hr.  

Ap, i n  l b . / s q . f t .  

F i y u r e  8 shows t h e  v a r i a t i o n  of t h e  h e a t  d i s s i p a t e d  
w i t h  t h e  l e n g t h  of t h e  tube  f o r  a c o n s t a n t  Ap f o r  sev- 
e r a l  t u b e  d i a m e t e r s .  F i g u r e  9 shows t h e  v a r i a t i o n  of t h e  
h e a t  c l i s s i p a t e d  w i t h  t h e  l e n g t h  b f  t h e  tube  f o r  a  tube  
d i a m e t e r  of 1 /48  f o o t  f o r  s e v e r a l  v a l u e s  of Ap. It  may 
be n o t e d  from f i g u r e  8 t h a t  t h e  peak h e a t  d i s s i p a t i o n  p e r  
s u a r e  l o o t  of open a r e a  o c c u r s  a t  abou t  t h e  same v a l u e  of 
L 3 D f o r  t h e  v a r i o u s  d i a m e t e r s .  

H a r t s h o r n  ( r e f e r e n c e  2 )  showed t h a t  t h e  ;eak e f f i c i e n -  
cy a s  a f u n c t i o n  of L/D v a r i e d  as  D o .  2 

The b a s i s  f o r  t h e  c h o i c e  of a r a d i a t o r  i s  i t s  c o o l i n g  
e f f i c i e n c y ,  d e f i n e d  as  t h e  r a , t i o  of t h e  h e a t  d i s s i p a t e d  t o  
t h e  p o s e r  c h a r g e a b l e  t o  t h e  r a d i a t o r .  

The t o t a l  power c h a r g e a b l c  t o  t h e  r a d i a t o r  i s  

On the r i g h t  s i d e  bf t h i s  e q u a t i o n ,  t h e  f i r s t  term i s  t h e  
power t o  overcome t h e  form d r a g ;  t h e  second term i s  t h e  
?over  t o  suppor t  tho  r re igh t ;  and  t h e  t h i r d  term i s  t h e  
power t o  f o r c e  t h e  a i r  t h r o u g h  t h e  r a d i a t o r .  

The pump e f f i c i e n o y  i s  d.efined. i n  r e f e r e n c e  4  f o r  a 
s e p a r a t e  n a c e l l e  i n s t a L l a t i o n  as  



The u s e f u l  c o o l i n g  work done p e r  second i s  QAp and t h e  
work expended f o r  c o o l i n g  i s  (D - D ~ )  V o .  The q u a n t i t y  

Do i s  t h e  d r a g  of a c l o s e d  comling w i t h  magor d imens ions  
similar t o  t h o s e  of t h e  a c t u a l  comling,  and (D - D ~ )  i s  
t h e  d r a g  increment  due t o  t h e  c o o l i n g - a i r  flow. 

S i m i l a r l y ,  t h e  pump e f f i c i e n c y  f o r  a duc t  i s  d e f i n e d  
as  t h e  r a t i o  of t h e  u s e f u l  c o o l i n g  work done t o  t h e  t o t a l  
work expended i n  f o r c i n g  t h e  a i r  th rough  t h e  r a d i a t o r .  
Thus f o r  a wing d u c t ,  

where AD i s  t h e  d i f f e r e n c e  i n  d r a g  between t h e  o r i g i n a l  
wing and t h e  wing w i t h  t h e  d u c t - r a d i a t o r  combinat ion .  In 
any i n s t a l l a t i o n ,  t h e  e n t r a n c e  and  t h e  e x i t  l o s s e s  a r e  in-  
c l u d e d  i n  t h e  pump e f f i c i e n c y .  

The form-drag power i s  n.ot e n t i r e l y  independent  of 
t h e  c o o l i n g - a i r  f low,  and  t h e  c h o i c e  of t h e  pump e f f i c i e n -  
cy a s  a n  i n t e r f e r e n c e  f a c t o r  e n a b l e s  t h e  breakdown of t h e  
t o t a l  power r e q u i r e d  i n t o  t h e  s u b d i v i s i o n  s t a t e d .  In  a n  
i n s t a l l a t i o n  where t h e  c o o l i n g - a i r  flow may d e c r e a s e  t h e  
form d r a g ,  t h e  pump e f f i c i e n c y  may be more t h a n  1 0 0  p e r -  
c e n t ,  It  i s  p o s s i b l e  t h a t ,  f o r  such c a s e s ,  t h e  b a s i c  shape 
w i t h o u t  c o o l i n g - a i r  f l o w  may be c o n s i d e r a b l y  improved and  
such c o h s i d e r a t i o n s  may be wor th  i n v e s t i g a t i n g .  

1% i s  l i k e l y  t h a t  t h e  pump e f f i c i e n c y  w i l l  v a r y  i r i t h  
t h e  f l i g h t  speed and t h e  q u a n t i t y  o f  c o o l i n g - a i r  f low.  

For  t h e  r a d i a t o r  mounted i n  a s e p a r a t e  n a c e l l e ,  t h e  
r e s u l t s  p r a s e n t o d  i n  r e f e r e n c e  4 g i v e  c~~ and np; t h e  
a i r p l a n e  d e s i g n  d e t e r m i n e s  

\ C ~ w  and CL. 

For  t h e  r a d i a t o r  mounted i n s i d e  a n  eng ine  n a c e l l e  o r  
w i t h i n  a wing,  t h e  f i r s t  t e rm on t h e  r i g h t  s i d e  of  equa- 
t i o n  ( 1 3 )  v a n i s h e s .  T h i s  f a c t  makes t h e  i n s t a l l a t i o n  wi th-  
i n  a wing v e r y  a t t r a c t i v e  b e c a u s e ,  w i t h o u t  t h e  f r o n t a l -  
a r e a  l i m i t a t i o n ,  i t  i s  o n l y  n e c e s s a r y  t o  seek  a  compromise 
between t h e  second and t h e  t h i r d  t e rms .  The b e s t  compso- 
mise  r e s u l t s  i n  a n  i n s t a l l a t i o n  w i t h  a more f a v o r a b l e  cool-  
i n g  c P f i c i c n c y  t h a n  i s  p o s s i b l e  when a s e p a r a t o  n a c o l l a  in- 
s t a l l a t i o n  i s  uaed. 



RADIATORS 

A p p a r a t u s  f o r  Heat T r a n s f e r  

The h e a t  d i s s i p a t i o n  of s e v e r a l  r a d i a t o r s  mas s tud-  
i e d .  C i r c u l a r  t u b e s  mere u s e d  f o r  t h e  f o l l o n i n g  rad.in- 
t o r s :  

( I )  Leng th ,  9  i n c h e s ;  tube  d i a m e t e r ,  0.250 i n c h .  

( 2 )  Length ,  1 8  i n c h e s ;  tube  d i a m e t e r ,  0.240 inch .  

( 3 )  Length ,  5 i n c h e s ;  t u b e  d i a m e t e r ,  0.125 i n c h .  

In  a d d i t i o n ,  a r a d i a t o r  ma.s b u i l t  up of  co.rrugated t u b i n g  
( f i 5 .  1 0 )  w i t h  a  l e n g t h  of 1.97 f e e t  and a  mean d i a m e t e r  
of 0141 inch .  For  t h e s e  f o u r  r a d i a t o r s ,  a i r  n a s  ~ a s s e d  
t h r o u g h  t h e  t u b e s  and  w a t e r  m a s  d i r e c t e d  p e r p e n d i c u l a r  t o  
them, The a v e r a g e  i n l e t  and o u t l e t  t e m p e r a t u r e s  o f  b o t h  
t h e  a l r  and t h e  w a t e r  mere measured by means of thormo- 
c o u p l e s .  The mass f low of a i r  w a s  o b t a i n e d  e i t h e r  by a  
s u r v e y  u s i n g  a p i t o t  tube  a n d  s t a t i c  t u b e s  i n  t h e  duc t  
downstream from t h e  r a d i a t o r  o r ,  more commonly, by a ven- 
t u r i  c o n n e c t i n g  t h e  a i r  a t  room t e m p e r a t u r e  and atmos- 
g h e r i c  p r e s s u r e  w i t h  a l a r g e  box, o r  expans ion  chamber, 
ahead  of t h e  r a d i a t o r  d u c t ,  The mass f low of w a t e r  was 
obta , ined  from a  c a l i b r a t e d  o r i f i c e  i n  t h e  w a t e r  l i n e ,  
The p r e s s u r e  d rop  a c r o s s  t h e  r a d i a t o r  w a s  measured by 
p i t o t  and s t a t i c  t u b e s  connec ted  t o  a n  a l c o h o l  manometer. 
The a p p a r a t u s  f o r  t h e  h e a t - t r a n s f e r  i n v e s t i g a t i o n  i s  shown 
i n  f i ' s u r e  11. 

I n  t h e  r e s u l t s  h e r e i n  p r e s e n t e d ,  t h e  a c t u a l  a v e r a g e  
v a l u e  of t h e  l o c a l  h e a t - t r a n s f e r  c o e f f i c i e n *  from a i r  t o  
tube  w a l l  ha i s  u s e d ,  I n  o r d e r ,  t o  o b t a i n  a n  a c c u r a t e  
v a l u e  of t h i s  c o e f f i c i e n t ,  t h e  w a t e r  p a s s a g e s  were made 
s h o r t  znd t h e  w a t e r  v e l o c i t y  mas k e p t  h i g h  s o  t h a t  t h e  
drop i n  t e m p e r a t u r e  of t h e  w a t e r  G T m  was v e r y  smal l .  
S e v e r n l  w a t e r  speeds  mere used  a t  each a i r  speed ,  and  t h e  
o v e r - a l l  h e a t - t r a n s f e r  coefficient ht  was p l o t t e d  a g a i n s t  
GT, /~T, ,  a s  i n  f i g u r e  1 2 ,  mhcro each curve  i s  f o r  s con- 
s t a n t  mass f low o f  a i r .  The c u r v e s  n e r c  e x t r a p o l a t e d  t o  
AT,/~T, = 0 .  A t  t h i s  v a l u e ,  l / h t  = 0 ,  where hl i s  t h e  

h e a t - t r a n s f e r  c o e i ? f i c i e n t  from l i q u i d  t o  tube  w a l l .  S i n c e  



t h e n  ha = k t .  The v a l u e  of ht was computed i n  a l l  

c a s e s  u s i n g  t h e  l o g a r i t h m i c  mean t e m p e r a t u r e  d i f f e r e n c e  
from a i r  t o  w a t e r .  

R e a t - T r a n s f e r  Data 

The formula  f o r  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  g i v e n  
by McAdams ( r e f e r e n c e  3 ,  p. 1 7 3 )  i s  f o r  comple te ly  deve l -  
oped t u r b u l e n t  f low. F i g u r e  13 shams t h e  h e a t - t r a n s f e r  
d a t a ,  p l o t t e d  i n  nondimensional  form, o b t a i n e d  from sever -  
a l  t y p i c a l  r a d i a t o r s  compared w i t h  t h e  McAdams fo rmula .  
Except  l o r  t h e  c o r r u g a t e d - t u b e  r a d i a t o r ,  t h e  r a d i a t o r s  
t e s t e d  showed a lower  h e a t - t r a n s f e r  c o e f f i c i e n t  t h a n  i n d i -  
c a t e d  by t h e  fo rmula  f o r  t u r b u l e n t  f low.  The same g e n e r a l  
fo rmula  can be u s e d ,  however,  f o r  r a d i a t o r s  a t  Reynolds 
Numbers nbovs 10 ,000  by changing t h e  c o e f f i c i e n t  from 
0.0269 t o  0.0247. S i m i l a r l y ,  Har t shorn  { r e f e r e n c e  2 )  a m -  
l y z e d  t h e  d a t a  of Lorenz ( r e f e r e n c e  5 )  and  found t h e , c o e f -  
f i c i e n t  e q u a l  t o  0,026, Care must be used  i n  t h e  fo l low-  
ing s e c t i o n s  t o  apply t h e  d a t a  and  t h e  e q u a t i o n s  t o  r e g i o n s  
where t h e y  w i l l  be v a l i d .  

The h e a t - t r a n s f e r  c o e f f i c i e n t  mas found t o  be lower  
t h a n  t h a t  f o r  t u r b u l e n t  f l o v  g iven  by McAdams and Har t s -  
horn  ( f i g .  1 3 ) .  T h i s  d i f f e r e n c e  was t o  be e x p e c t e d  inas- 
much a s  t h e  f r i c t i o n  l o s s  w a s  a l s o  l e s s ,  (See f f g ,  4.) 
The e x p l a n a t i o n  l i e s  i n  t h e  e n t r a n c e  c o n d i t i o n s  f o r  t h e  
f low.  A t  Reynolds ITumbers i n  t h e  u s u a l  o p e r a t i n g  range  of 
a r a d i a t o x ,  a n  a p p r e c i a b l e  l e n g t h  of t h o  t u b s  i s  i n  t h e  
s t a b i l i z a t i o n  r e g i o n  where t h o  f l o a  i s  n e i t h e r  l a m i n a r  n o r  
t u r b u l e n t .  Thus t h e  f r i c t i o n  f a c t o r  a n d  t h e  h e a t - t r a n s f e r  
c o e f f i c i e n t  shou ld  f a l l  be tncen  t h e  c u r v e s  f o r  e s t a b l i s h e d  
l a m i n a r  and t u r b u l s n t  f l o ~ v .  

The e m p i r i c a l  e q u a t i o n s  p r e s e n t e d  e a r l i e r  based  on n 
t u r b u l e n t  boundary l a y e r  m i l l  g i v e  b o t h  t o o  h i g h  n h e a t  
t r a n s f e r  and t o o  hEgh s power consumption t o  push t h e  a i r  
t h r o u g h  t h e  r a d i a t o r ,  Almost t h e  same optimum d imens ions  
w i l l  be  found f o r  t h e  r a d i a t o r  r e g a r d l o s s  of whether  t h e s e  
e q u a t i o n s  o r  t h o  g r o s e n t  e x p e r i m e n t a l  r o s u l t s  a r e  used.  



INSTALLATION V I T H I N  A V I N G  OR AN EXGIXE NACELLE 

The h i g h  c o s t '  of c o o l i n g  commonly a s s o c i a t e d  w i t h  
l i q u i d  c o o l i n g  w a s  due a lmos t  e n t i r e l y  t o  t h e  r a d i a t o r  in-  
s t a l l a t i o n .  The r a d i a t o r  was l o c a t e d  i n  t h e  a i r  s t r e a m  
w i t h o u t  b e n e f i t  of cowling a n d  w i t h  no means of c o n t r o l -  
l i n g  t h e  c o o l i n g .  The d r a g  mas % l a r g e ,  owing t o  t h e  l a r g e  
f r o n t a l  a r e a ,  and  t h e  c o o l i n g  power i n c r e a s e d  w i t h  t h e  
cube of t h e  a i r  speed.  If t h e  r a d i a t o r  gave a d e q u a t e  
c o o l i n s  i n  clTmb, t o o  much c o o l i n g  mas a v a i l a b l e  a t  c r u i s -  
i n g .  R a d i a t o r s  have been made r e t r a c t a b l e  and have been 
mounted i n  t h e  e n g i n e  n a c e l l e ,  i n  t h e  wing,  o r  i n  s e p a r a t e  
n a c e l l e s .  Each of t h e s e  a r rangements  h a s  lowerea  t h e  
power r e q u i r e d  f o r  c o o l i n g .  The c o s t  of c o o l i n g  can  be 
r e d u c e a  t o  a f r a c t i o n  of t h a t  r e q u i r e d  i n  p r e s c h t  i n s t a l -  
l a t i o n s  by a p r o p c r l y  d e s i g n e d  ar rangement .  

Then t h e  r a d i a t o r  i s  i n s t a l l e d  w f t h i n  a wing o r  a n  
eng ine  n a c e l l e ,  t h e  power c h a r g e a b l e  t o  t h e  r a d i a t o r  i s  
composed of t w o  p a r t s :  t h e  power  a c t u a l l y  u s e d  i n  c o o l i n g  
PD, which i s  g i v e n  by Q A ~ / T ) ~ ;  and t h e  power u s e d  t o  

c a r r y  and p r o p e l  t h e  weight  of t h e  r a d i a t o r  and w a t e r  Pg, 
which i s  g iven  by E (CD / c ~ )  W r  V,. The r e s u l t s  of t h e s e  

m 
c o n s i d e r a t i o n s  m i l l  be p r e s e n t e d  on t h e  b a s i s  of optimum 
h e a t  d i s s i p a t i o n  w i t h  r e s p e c t  t o  t h e  power d i s s i p a t e d  f o r  
v a r i o u s  t u b e  l e n g t h s  and d i a n e t e r s .  

For  t h e  f o l l o w i n g  c a s e ,  s e v e r a l  v a r i a b l e s  v i l l  be 
k e p t  f i x e d  ' i n  o r d e r  t o  s i m p l i f y  t h e  d i s c u s s i o n .  L a t e r  
t h e s e  v a r i a b l e s  w i l l  be changed one by one t o  a s c e r t a i n  
t h e i r  fmportance and e f f e c t .  The. d e s i g n  Ap i s  t a k e n  as  
25.6 pounds p e r  square  f o o t ;  t h e  e n t r a n c e  and e x i t  l o s s e s  
f o r  e a c h  r a d i a t o r  a r e  t aken  a s  0.2 q t ;  t 3 e  pump e f f i -  
c i e n c y  f o r  t h e  d u c t  i s  t aken  as 100  p e r c e n t ;  t h e  r a t i o  of 
open t o  t o t a l  f r o n t a l  a r e a  f  i s  t a k e n  a s  0.650; 
E ( C D  /cL) = 0.1; t h e  f 1 u i d . i ~  w a t e r ,  T, - Ti, = 70' F.: 

w 
t h e  tube-wall. t h i c k n e s s  i s  0.005 inch ;  and  t h e  d e n s i t y ,  
t h e  s u c c i f i c  h e a t ,  and t h e  v i s c o s i t y  of t h e  a i r  a r e  t a k e n  
a t  7'3.5O F. 

The n e c e s s a r y  d a t a  a r e  o b t a i n e d  from f i g u r e s  4 and  1 3 .  
F i g u r e  4 i s  used  t o  g i v e  t h e  v a r i a t i o n  of tube  v e l o c i t y  
w i t h  tube  l e n g t h  f o r  Ap = 25.6 l b . / s q . f t .  and s e v e r a l  
tube  5-iame t o r s ,  as  p r e v i o u s l y  e x p l a i n e d .  Thcn , by means 
of  e q u a t i o n  ( 1 0 )  w i t h  Qt from f i g u r e  6 and t h e  h e a t -  



t r a n s f o r  d a t a  from f i g u r e  1 3  ( e q u i v a l e n t  t o  p u t t f n g  c l  = * a g a i n s t  0.0247 i n  e q u a t i o n  ( l o ) ) ,  c u r v e s  of --Z-- 
nD / 4  

l e n g t h  f o r  t h e  assumed c o n d i t i o n s  a r e  p l o i t e d  i n  f i g u r e  14.  

F i g u r e  1 4  d i f f e r s  from f i g u r e  8 i n  s e v e r a l  r e s p e c t s .  
The d a t a  f o r  f i g u r e  8 were o 3 t a i n e d  from t h e  e m p i r i c a l  
e q u a t i o n s  f o r  f u l l y  developed t u r b u l e n t  f low,  whereas t h e  
d a t a  f o r  f i s u r e  1 4  a r e  t h e  r e s u l t s  of measurements u n d e r  
t h e  a c t u a l  f low c o n d i t i o n s .  In  a d d i t i o n ,  t h e  e x i t  l o s s  i s  
i n c l u d e d  i n  t h e  p r e s s u r e  l o s s e s  used  t o  o b t a i n  f i g u r e  14, 
b u t  t h e  e x i t  l o s s  w a s  n o t  c o n s i d e r e d  f o r  f i g u r e  8 ,  

The S e l e c t i o n  of Optimum R a d i a t o r  Dimensi-ons 

The power expended f o r  c o o l i n g  i s  e q u a l  t o  QAp, o r  

( n ~ ~ / 4 )  V t  np 
pD = QAp = - - Vt Ap foot-pounds p e r  s q u a r e  

n ~ ' / 4  

f o o t  o f  open f r o n t a l  a r e a ,  

The d e s i g n  Ap, 25.6 pounds p e r  s q u a r e  f o o t ,  t o g e t h e r  
w i t h  t h e  v e l o c i t i e s  from f i g u r e  6 ,  g i v e s  t h e  power f o r  
c o o l i n g  f o r  any tube  l e n g t h  and d i a m e t e r .  

The power expended i n  c a r r y i n g  and  p r o p e l l i n g  t h e  
we igh t  of t h e  compl-ete r a d i a t o r  i s  a  f u n c t i o n  of t h e  f l i g h t  
s p e e d ,  t h e  aerodynamic c h a r a c t e r i s t i c s  of t h e  a i r p l a n e ,  
and t h e  type  of r a d i a t o r .  That i s ,  PIV = .E ( C D  / c ~ )  wrVo:  

W 

c (Cg / c ~ )  = 0.1; a n d  Vo = 200 and 300 m i l e s  p e r  hour  
w 

f o r  t h e  i l l u s t r a t i o n .  The remaining v a r i a b l e ,  W r ,  may 
be a p p r o x i m a t e l y  computed f o r  round o r  hexagonal  t u b e s  as 
a  f u n c t i o n  of L / D ,  of l e n g t h ,  and of t h e  f r e e - a r e a  r a t i o *  
(See  t h e  a p p e n d i x , )  The method i s  found t o  check t h e  
w e i g h t s  of  t h e  r a d i a t o r s  u s e d  by Harris and C a y g i l l  ( r e f -  
e r e n c e  6 )  w i t h i n  2 o r  3 pounds p e r  square  f o o t  of f r o n t a l  
a r e a .  T h i s  v a r i a t i o n  i s  a b o u t  t h a t  encoun te red  i n  manu- 
f a c t u r e .  

I f  t h e  h e a t  d i s s i p a t e d  i s  d i v i d e d  by t h e  sum of t h e  
powers expended f o r  c o o l i n g  and  weight  p r o p u l s i o n  f o r  a 
p a r t i c u l a r  t u b e  d i a m e t e r  and l e n g t h ,  f i g u r e  15  i s  o b t a i n e d ,  

H 
showing t h e  v a r i a t  f on of ------- a g a i n s t  l e n g t h ,  f o r  

t PD + Pm 
t h r e e  d i a m e t e r s  and  t w o  a i r  speeds .  



F i g u r e  1 5  i s  t h e  s o l u t i o n  t o  t h e  problem f o r  t h e  p re -  
v i o u s l y  mentioned c o n d i t i o n s .  Tabla  I1 compares t h e  op- 
timum v a l u e s  of t h e s e  c u r v e s  f o r  an  e n e r g y  d i s s i p a t i o n  of 
500 horsepower ,  I t  i s  now o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  
e f f e c t  of v a r i a t i o n s  i n  t h e s e  c o n d t t i o n s .  

TABLE 11 

A COMPARISON OF THE OPTIlhUM RADIATOR-DIS I G N  

. SOLUTIONS OF FIGURE 15  

The Choice of Ap 

h n e r g q  t o  be d i s s i p a t e d ,  500  hp.;  Tw - T i a  = 70' F.: 

Ap, 25.6 l b . / s q . f t . :  f ,  0.650; c (CD,/CL). 0 .13 

The Ap chosen  f o r  t h e  d e s i g n  i s  fundamenta l  i n  de- 
t e r m i n i n g  t h e  r e l a t i v e  c o o l i n g  e f f i c i e n c y  of t h e  r a d i a t o r .  
In a n y  p a r t i c u l a r  problem i t  w i l l  be n e c e s s a r y  t o  d e t e r -  
mine be fo rehand  t h e  v a l u e  o f  t h e  p r e s s u r e  drop  t o  be u s e d  
i n  t h e  r a d i a t o r  d e s i g n .  An u p p e r  l i m i t  i s  s e t  by t h e  
c l l m b i n g  speed  o f  t h e  a i r p l a n e .  The lower  l i m i t  i s  d e t e r -  
mined by t h e  amount of space  a v a i l a b l e  f o r  t h e  d u c t  and . 
t h o  r a d i a t o r .  

---------- 

0 

(m.p.h.) 

200 

D 

( f t . )  

---------I---------- 

1 /96  

1/48 

1 /32  

------.--.---------- 
Power urjea 

PD -+ PP, 
( h p . / s q . f t .  

'open 
f r o n t a l  

a r e a )  
---I-------- 

41.9 

50.9 

60.2 
__-__.---.------------ 

open---- 
' D + ~ V  

_ _ - _  
11.92 

9.82 

8.31 

------ 

L 

( 2 . )  

0.58 

1 .105 

1 . 5 0  
----------------------____________________ 

F r o n t a l  
a r e a  

r e q u i r e d  
( ~ q *  * ) 

------- 
6.89 

6 - 8 2  

7 .14  
-. -- 

50.9 

62.8 

9.83 

7 ,96  

7 .01  

7.14 

300 

--------------- ---I 

7.50 

I, 
ij 

55.7 

53.0 

48.0 

50.0 

43.2 

6.681 71.8 
----------+------- 

( h ~ . / s q *  
f t .  
f r o n t a l  

a r e a )  
* - - - - _ _ _ _ _ _ _  ___ 

111 .6  

,112 .6  

1 0 7 . 6  

109.6  

10'7.6 

1 /96  , 0 . 5 2  

41.6 102.5  1 ,,,-----,-,,- 
1 / 4 8  

1 /32  

.90  

, 1 * 3 0  
- - - - - - - i -  



T5e c h o i c e  of t h e  d e s i g n  Ap i s  made a s  f o l l o w s :  A 
p a r t i c u l a r  tube  d i a m e t e r  i s  t aken  as f i x e d .  Then, f o r  
each 11p c o n s i d e r e d ,  t h e  t u b e  v e l o c i t y ,  t h e  h e a t  t r a n s -  
f e r ,  t h e  power u s e d  f o r  c o o l i n g ,  and t h e  pomer u s e d  f o r  
we igh t  p r o p u l s i o n  a r e  c a l c u l a t e d  f o r  a s e r i e s  of v a l u e s  of 
L, The c o n d i t i o n s  assumed and  t h e  c a l c u l a t i o n s  a r e  s h o w  
i n  t a b l e  111. Table  I11 i s  used  t o  c o n s t r u c t  i i g u r e  1 6 ( a ) ,  

H 
sbominp a p l o t  of c o o l i n g  e f f i c i e n c y .  ------ a ~ a i n s t  

PD ' PIT 
l e n g t h  f o r  t h e  v a r i o u s  v a l u e s  of lip, The optimum l e n g t h  
and t h e  c o o l i n g  e f f i c i e n c y  f o r  each v a l u e  of Ap from 
t h i s  f i g u r e  are used  t o  c o n s t r u c t  t a b l e  I T ,  which compares 
t h e  v a r i o u s  v a l u e s  of Ap on t h e  b a s i s  of t k e  power and. 
t h e  f r o n t a l  a r e a  r e q u i r e d  t o  d i s s i p a t e  500 horseponer .  
Data f o r  Ap = 6 .4  l b . / s q .  f t ,  a r e  t a k e n  f r o n  f i g u r e s  6 
and 1 4 .  F i g u r e  l6(b) i s  t h e n  drawn, t h e  v a l u e s  from t a b l e  
IT S e i n g  used.  From f i g u r e  1 6 ( b )  i t  i s  e v i d e n t  t h a t  t h e  
c h o i c e  of Ap t o  r e s u l t  i n  an  optimum c o o l i n g  e f f i c i e n c y  
will be de te rmined  by t h e  space  l i m i t a t i o n s  of t h e  w i n s  o r  
t h e  eng ine  n a c e l l e .  Al though a  f i x e d  nump e f f i c i e n c y  has 
been used  i n  t h e s e  c a l c u l a t i o n s ,  a d e c r e a s e d  pump e f f i -  
c i e n c y  v i l l  p r o b a b l y  be a s s o c i a t e d  w i t h  l a r g e  v e l o c i t y  r e -  
d u c t i o n s  i n  t h e  duc t  e n t r a n c e  s e c t i o n .  A s i m i l a r  s e t  of 
c u r v e s  a i l 1  r e s u l t  f o r  any o t h e r  tube  d i a n e t e r  s i n c e  t h e  
optimum v a l u e s  of f i g u r e  l 6 ( a )  a r e  p r i m a r i l y  a f u n c t i o n  
of  L/D. Hence, t h e  Ap chosen from considerations of 
one t u b e  d i a m e t e r  w i l l  s e r v e  s a t i s f a c t o r i l y  f o r  t h e  d e s i g n  
p r e s s u r e  drop. 



TABLE IT' 

A COMPARISON OF THE OFTIMUM VALUES FROH FIGURE 1 6  (a) 

[ E n e r ~ ~  t o  be d i s s i p a t e d ,  500 hp.; Tw - T i a  = 70' 
f ,  0.750: TD, 100 pe rcen t :  E (GD,/cL), 0.1; - . "  

To,  300 m.p.h.; D, 1/48 f t .  f 

4 L requ.ired 

( l b . / s q . f t . )  ( f t . )  (sq. f t . )  

6.4 0.36 13.00 

25.6 5.99 

40.0 4.63 
I 

64.0 i 187.5i 80.0 3.55 

100.0 2.81 

I t  i s  appa ren t  from t a b l e  IV t h a t  t h e  coo l ing  e f f i -  
c i ency  i n c r e a s e s  as  tbe  Ap decreases .  These coo l ing  
e l f i c i c n c i e s  a r e ,  however, f o r  r a d i a t o r s  of vary ing  
l e n g t h s .  Accordingly ,  computat ions mere made t o  n sce r -  
tain t h e  v a r f a t i o n  of coo l ing  e f f i c i e n c y  f o r  a given  r a d i -  
a to r  a s  t h e  Ap changes over  a wide range. F o r  t h i s  pur- 
pose ,  equa t ions  ( 6 )  and ( 8 )  were combined t o  g ive  

mhere 2 i s  g iven i n  S. t .u . / sec .  

7%, i n  f .p .s ,  

p ,  i n  s lugs /cu .  f t .  

g ,  i n  f t . / ~ e c . ~  

The d a t a  f o r  Vt  and h f o r  each value  o f  Ap a r e  ob- 



t a i n e d  Zrom f i g u r e s  4 and 1 3 ,  r e s p e c t i v e l y ,  F i g u r e  17  

H 
shows t h e  c o o l i n g  e f f i c i e n c y  ?;-;a, p l o t t e d  a g a i n s t  n p  

f o r  a s tandard- type  r a d i a t o r  under  t h e  c o n d i t i o n s  g i v e n  i n  
t h e  f i g u r e ,  It is seen  t h a t  <he c o o l i n g  e f f i c i e n c y  r e a c h e s  
a naximum a t  a Ap of 13.5 pourids p e r  square  f o o t  f o r  t h e  
s t a t e d  c o n d i t i o n s ,  whereas t h e  c o o l i n g  e f f i c i e n c y  f o r  t h e  
optimum Oesign a t  each Ap (fig. I S ( % ) )  i n c r e a s e d  w i t h  
d e c r e a s i n g  Bp as l o n g  a s  t h e  type  of f low remained un- 
changed. 

The V a r i a t i o n  i n  Pump E f f i c i e n c y  

F i q r e  1 8  shows t h e  e f f e c t  of r e d u c i n g  t h e  pump e f f i -  
c i e n c y  from 100  t o  80 p e r c e n t ,  I n  t h i s  c a s e ,  t h e  power 
exgended f o r  c o o l i n g ,  q A p / q p ,  i s  i n c r e a s e d ;  t h e  e f f i c i e n -  

cy of c o o l i n g  i s  reduced;  a n d  t h e  peak of t h e  curve  i s  
moved i n  t h e  d i r e c t i o n  of l o n g e r  tube  l e n g t h s .  Harris and 
Recant  ( r e f e r e n c e  7 )  p r e s e n t  d a t a  on pump e f f i c i e n c y  f o r  
a i n q  d u c t s .  

V a r i a t i o n  of t h o  R a t i o  o f  Open t o  F r o n t a l  A r e a ,  f  

The h e a t  d i s s i p a t i o n  p e r  square  f o o t  of  open f r o n t a l  
area i s ,  of  c o u r s e ,  u n a f f e c t e d ,  The v a r i a t i o n  o f  f in -  
t r o d u c e s  two i m p o r t a n t  changes ,  b o t h  of  which a f f e c t  t h e  
we igh t  of t h e  r a d i a t o r .  An i n c r e a s e  i n  f w i l l  d e c r e a s e  
t h e  m a t e r  c a p a c i t y  of t h e  r a d i a t o r  and  t h e  f r o n t a l  a r e a  
f o r  an;? r e q u i r e d  q u a n t i t y  of h e a t  d i s s i p a t i o n .  The maxi- 
m u m  v a l u e  of f  f o r  a p a r t i c u l a r  tube  w i l l  be d i s c u s s s d  
on t h e  basis of a minimum d e s i r a b l e  mater-passage width .  

Somewhat a r b i t r a r i l y ,  t h e  mininum water -passage  w i d t h  
i s  s e t  a t  0,028 i n c h  i n  o r d e r  t o  a s s u r e  open waterways and 
a  moderate e x p e n d i t u r e  o f  power f o r  pumping. The t h i c k -  
n e s s  of  t h e  t u b e  meta l  i s  t a k e n  as 0.005 inch.  The f r e e -  
a r e a  r a t i o  f o r  t h e s e  c o n d i t i o n s  can now be c a l c u l a t e d  from 
g e o m e t r i c  c o n s i d e r a t i o n s .  ( S c c  t a b l e  V ,  ) 



TABLE V 

THS EFFECT OF TUBE SEAPE AND SIZE UPON THE FREE-ASEA R A T I O  

F ie  d i a m e t e r  f o r  t h e  hexagonal  tube  i s  t h e  d i s t a n c e  
a c r o s s  t h e  f l a t s ,  e q u a l  t o  t h e  h y d r a u l i c  d iamete r .  

[wall  t h i c k n e  s s  , 0.005 i n .  ; minimum mate l -passage  
w i d t h ,  0.028 i n ,  

------- .---.------------------ _ ___ -------------- - - -- 

i I I n s i d e  d i a m e t e r  4 F r e e - a r e a  
R a d i a t o r  Tube shape 

( f t .  r a t i o ,  f 
----.-...-..--- -----_-___ -I-_-_-___I----- 

A Round 1/96 0.465 

F i q u r e  19 shows t h e  variation of c o o l i n g  e f f i c i e n c y  
w i t h  l e n g t h  f o r  t h e s e  r a d i a t o r s .  Table V I  l i s t s  Shese  
r a d i a t o r s  a t  t h e  peak v a l u e s .  The cor ruga ted- tube  r a d i a -  
t o r  i s  i n c l u d e d  f o r  comparison. 

3 

C 

O n  t h e  b a s i s  of t h i s  a n a l y s i s ,  t h e  hexagonal  t u b e  i s  
shown t o  be s u p e r i o r  t o  t h e  round t u b e .  N e i t h e r  t u b e  ap- 
p e a r s  t o  have any  advantage  from a c o n s i d e r a t i o n  of e a s e  
of c o n s t r u c t i o n .  

I 
do. 1/48 .60 i 

! 
do. I 1 /32 

I 
1 .65 

The E f f e c t  of V a r i a t i o n  i n  cD,/cL 

D Hexagonal i 1/96 
I 

1 
.59 

E do. 1/48 1 .75 i 
F do. 1 /32  

--------- -------------A 

The power u s e d  t o  c a r r y  t h e  weight  o f .  t h e  r a d i a t o r  i s  
E (CD,/cL) Fr Po. Thus a  v a r i a t i o n  i n  c D , / C ~  w i l l  pro-  

duce e x a c t l y  t h e  same e f f e c t  a s  p r o p o r t i o n a l  v a r i a t i o n  
E i n  V o .  F i g u r e  1 5  g i v e s  t he  p l o t  of ------ a g a i n s t  

PD + l q r  
Lengtb  f o r  v e l o c i t i e s  of 200 and 300 n i l c s  p e r  h o u r  w i t h  
C ( c ~ , / c ~ )  c o n s t a n t  a t  0.1. Tho same f i g u r e  can be u s e d  

t o  show t h e  v a r i a t i o n  of E (CD,/CL) by kcoping Vo = 200 



m i l e s  y e r  hour  a n d  g i v i n g  E (CD,/GL) t h e  va lue  of  0 .1  f o r  

t h e  upger  curve  and  of 0.15 f o r  t h e  lower  curve  o r ,  a l t e r -  
n a t e l y ,  by k e e p i n g  To = 300 m i l e s  p e r  hour  and  g i v i n g  
E (CD /CL) t h e  v a l u e  of 0.1 f o r  t h e  lower  curve  and  of 

PP 

0 .067 f o r  t h e  u p p e r  c u r v e ,  Inasmuch as t h e  va lue  of 
E (CD,/CL) i s  f ixed.  by t h e  p a r t i c u l a r  a i r p l a n e  c o n s i d e r e d ,  

i t  n i l 1  a f f e c t  t h e  d e s i g n  c o n s i d e r a t i o n s  o n l y  as i t  a f f e c t s  
t h e  v a l u e  of  t h e  tube  l e n g t h  f o r  t h e  maximum c o o l i n g  e f f i -  
c i e n c y ,  Th i s  f a c t  i s  i l l u s t r a t e d  i n  f i g u r e  1 5 ,  t h e  c u r v e s  
b e i n g  i n t e r p r e t e d  as suggested. 

Thc E f f e c t  of Changes i n  t h e  A i r  Cons tan t s  Duo t o  H e a t i n g  

Thc e f f e c t  on t h e  h e a t  d i s s i p t e d . -  Consider  e q u a t i o n  ------ -l..__-l_l___----------- --- 
(3.0) i n  t h e  f o l l o w i n g  form: 

4 

Tie change i n  cp w i t h ,  t e m p e r a t u r e  i s  n e g l i g i b l e .  - 
Cons ide r  t h e  e f f e c t  of a  change i n  t h e  v a l u e  of t h e  v i s -  
c o s i t y  11. A change i n  a i r  t e m p e r a t u r e  from 32' F. t o  
122' F, w i l l  change p from 0,0172 t o  0.0193, a b o u t  2 per -  
c e c t  i n  Thus, by t a k i n g  an  a v e r a g e  v a l u e  f o r  P, 
t h e  chanse would be abou t  1 p e r c e n t  i n  t h e  exponent .  The 
maxinum v a l u e  of B and t h e ,  L / D  f o r  t h e  maximum v a l u e  
a r e  n o t  a f f e c t e d .  For  v a l u e s  of L/D b e l o a  35, however,  
t h e  h e a t  d i s s i p a t i o n  i n c r e a s e s  by abou t  1 p e r c e n t .  For  
v a l u e s  o f  L/D o v e r  40,  thc e f f e c t  i s  a f r a c t i o n  of 1 
p e r c e n t  and  can be n e g l e c t e d .  

In  e q u a t i o n  (101 ,  the  d e n s i t y  o c c u r s  o n l y  i n  t h a  com- 
b i n a t i o n  pVt. T h e r e f o r e ,  if t h e  mass f low o f  a i r  th rough  
t h e  r a d i a t o r  i s  k e p t  c o n s t a n t ,  t h e  v a r i a t i o n  i n  p due t o  
h e a t i n g  w i l l  n o t  a f f e c t  t h e  h e a t  t r a n s f e r  because pTt 
w i l l  n o t  change,  T h i s  c o n d i t i o n  o f . c o n s t a n t  mass a i r  f low 
w i l l  n e c e s s i t a t e  a n  i n c r e a s e  i n  t h e  p r e s s u r e  drop a c r o s s  ' 

t h e  r a d i a t o r  w i t h  s c o r r e s p o n d i n g  chsnge i n  t h e  power re -  
q u i r e d  f o r  c o o l i n g ,  

The e f f e c t  on t h e  power f o r  poo l ing . -  For a h e a t e d  ............................ ------ 



r a d i a t o r ,  t h e  p r e s s u r e  drop a c r o s s  t h e  r a d i a t o r  i s  e q u a l  
t o  t h e  d i f f e r e n c e  i n  t o t a l  p r e s s u r e  (fig. 2 0 ) :  

- - Dl =P2 -f 6 p2 v2" - 1 2 p 1 1  T 2, 
' ( n e g l e c t i n g  end l o s s e s )  

v h e r e  t h e  v a r i a t i o n  i n  p due t o  h e a t i n g  and p r e s s u r e  
change a l o n g  t h e  t u b e  i s  c o n s i d e r e d .  The p r e s s u r e  e f f e c t  
b e i n g  p r e s e n t  f o r  a c o l d  r a d i a t o r ,  i t  w i l l  n o t  be i n c l u d e d  
i n  t h o  c o r r e c t i o n s .  

According t o  t h e  momentum theorem, 

where Apf i s  t h e  drop i n  p r e s s u r e  due t o  s k i n  f r i c t i o n  

Then 

+ a n  end l o s s  0.1 p2 Vz2 ( 1 6 )  

n e g l e c t i n g  t h e  p r e s s u r e  chance a l o n g  t h e  t u b e .  The change 
i n  Ap upon h e a t i n g  t h e  r a d i a t o r  and k e e p i n g  pV con- 
s t a n t  a r i s e s  from t h e  te rms on t h e  r igh t -hand  s i d e  of equa- 
t i o n  ( 1 6 ) .  The i n c r e a s e d  v e l o c i t y  of t h e  a i r  i n  t h e  t u b e  
w i l l  r e s u l t  i n  a l a r g e r  p r e s s u r e  l o s s  due t o  s k i n  f r i c t i o n .  
The second term on t h e  s i g h t  r e p r e s e n t s  t h e  i n c r e a s e  i n  
p r e s s u r e  drop as  a r e s u l t  of an  a ,dd i t ion  of momentum t o  
t h e  a i r  i n  p a s s i n g  through t h e  r a d i a t o r .  A s m a l l  p o r t i o n  
of t h i s  added momentum i s  c o n v e r t e d  i n t o  t o t a l  p r e s s u r e ,  
r e d u c i n g  t h e  momentum p r e s s u r e  d rop  by a f a c t o r  f '/2. 
F i n a l l y ,  t h e  end l o s s  s l i g h t l y  i n c r e a s e s  by reason  of t h e  
h i g h e r  va lue  of t h e  e x i t  v e l o c i t y .  

Lorenz ( r e f e r e n c e  5 )  f i n d s  t h a t ,  f o r  v a r i o u s  v a l u e s  



of T, - Tia ,  t h e  v a l u e  of  h p f l q t  r e r i a ins  c o n s t a n t  and 

e q u a l  t o  t h a t  f o r  t h e  c o l d  r a d i a t o r .  Then, s i n c e  Apf/qt 

i s  c o n s t a n t  f o r  t h e  v a r i o u s  r a d i a t o r  t e m p e r a t u r e s ,  

@pf 1 " - 1 p 3J 1 2 ---- 
h e a t e d  mean 2 f'mean 

- u s i n g  p Y = paV2 - V . This  r e l a t i o n s h i p  w i l l  
1 1  'mean mean 

g i v e  t h e  i n c r e a s e  i n  Opf f o r  a  gfven change i n  t h e  den- 

s i t y  o f  t h e  a i r  m i t h  s u f f i c i e n t  a c c u r a c y  f o r  d e s i g n  pur-  
p o s e s .  Capon ( r e f e r e n c e  8 )  shows from t h e o r e t i c a l  cons id -  
e r a t i o n s  t h a t ,  f o r  v a l u e s  o f  L/D of  a b o u t  4 0 ,  t h e  in-  
c r e a s e  i n  t h e  s k i n - f r i c t i o n  term i s  a b o u t  0.3 t h e  momentum 
term.  No d a t a  a r e  a v a i l a b l e  f o r  l o n g e r  tube  l e n g t h s .  

T h e  magnitude of t h e  e f f e c t  may be computed f o r  one 
of  t h e  r a d i a t o r s  t e s t e d :  Gongider a r a d i a t o r  w i t h  L = 
5 i n c h e s ,  D = 1 / 8  i n c h ,  L/D = 40 ,  f  = 0.6. T a k e  t h e  
i n i t i a l  c o n d i t i o n s  a t  73.5O F. w i t h  V1 = 130 f e e t  p e r  sec-  
ond. Then 

. . 

V l =  130  f .p.s.: a n d .  t a k i n g  AT,=2?O F. ,i T,=560°  F .  a b s o l u t e  
! 

p1 = O ?  00231 I u s i n g  pl Vl =pa Q2 1 pa=0.00220 

T h e n  i 

End l o s s ,  = 3.9 l b , / . s q . f t .  End l o s s a  =, 4 . i  i b . / s q . f t .  

Momentum change = p, Vl 2 

f 2  \ 

-- " = 1.10 tar  f i g .  4 )  
9  



' hea ted  
=22.0 l b . / s q . f t .  

Apl t o t a l = 2 5 . 4  l b . / s q . f t .  ( c o l d )  Ap, t o t a l = 2 7 . 7  l b . / s q . f t .  
( h e a t e d )  

The c a l c u l a t e d  change i n  p r e s s u r e  i s  9 .0  p e r c e n t .  The ob- 
s e r v e d  i n c r e a s e  i s  about  6 p e r c e n t .  

The c o n d i t i o n  of c o n s t a n t  mass a i r  f l o w ,  assumed t o  
s i m p l i f y  t h e  f o r e g o i n g  d i s c u s s i o n ,  caused a  change i n  t h e  
b? r e q u i r e d .  From d e s i g n  c o n s i d e r a t i o n s ,  t h e  a v a i l a b l e  
p r e s s u r e  drop i s  t h e  independent  v a r i a b l e ,  It i s  neces -  
s a r y  t o  s t a r t  w i t h  t h i s  q u a n t i t y  t o  compute t h e  mass a i r  
f low a n d ,  f i n a l l y ,  t h e  power r e q u i r e d  f o r  coo l ing .  

From e q u a t i o n  ( 1 6 ) ,  i t  f o l l o w s  t h a t  t h e  i n c r e a s e  i n  
p r e s s u r e  caused by h e a t i n g  t h e  r a d i a t o r  i s  

'T, - T 
4 v1 (ip - 1 j (1 * 1 " ') 2 + (4 pi )  1 (-------A) T , + T ,  (1 ' 7 )  

F i g u r e  4 m i l l  p r o v i d e  t h e  v e l o c i t y  of t h e  a i r  i n  t h e  
tube  T1 f o r  a  g iven  a v a i l a b l e  Ap. Equa t ion  ( 1 7 )  m i l l  
t h e n  g i v e  t h e  i n c r e a s e  i n  t h e  p r e s s u r e  drop a f t e r  c o r r e c t -  
i n g  f o r  t h e  t e m p e r a t u r e ,  r i s e  expec ted .  F i g u r e s  s i m i l a r  
t o  6 ,  1 4 ,  and 15  a r e  t h e n  c o n s t r u c t e d ,  u s i n g  t h e  reduced  
Ap f o r  a co'ld r a d i a t o r .  A s  p r e v i o u s l y  e x p l a i n e d ,  t h e  mass 
f low of a i r  c a l c u l a t e d  f o r  t h e  c o l d  r a d i a t o r  a t  t h e  re -  
duced Ap m i l l  remain a s  t h e  mass a i r  f low f o r  t h e  h o t  
r a d i a t o r  a t  t h e  g i v e n  Ap. In  t h e  c a l c u l a t i o n  of t h e  PJJ 
o r  V t  Ap, t h e  Ap used  i s  t h e  a c t u a l  p r e s s u r e  d rop  and 

v, + v2 p = -------.-- 
2 

, In  t h e  computrztion of t h e  c o o l i n g  e f f i c i e n -  

cy  f o r  f i g u r e  1 5 ,  t h e  power f o r  c o o l i n g  i s  added t o  t h e  
power f o r  c a $ r y i n g  t h e  weight  of t h e  r a d i a t o r .  

The E f f e c t  of a Change i n  A l t i t u d e  'upon t h e  
B a d i a t o r  E f f i c i e n c y  

Mesed.ith ( r e f e r e n c e  9 )  i n  an  a n a l y s i s  of t h e  e f f e c t  
of a l t i t u d e  on c o o l i n g  e f f i c i e n c y  found t h e  d e n s i t y  a s  a 
f u n c t i o n  of t h e  t e n p e r a t u r e .  T h i s  f u n c t i o n  v a r i e s  w i t h  
t h e  c o o l a n t  a n d  t h e  i n i t i a l  t e m p e r a t u r e  d i f f e r e n c e .  Any 
s o l u t i o n  of t h e  nroblem i s  b a s e d  on t h e  s t a n d a r d  ntmos- 



phore  ( r e f e r e n c e  l o ) ,  which i t s e l f  i s  s t a n d a r d . o n l y  u n d e r  
r a r c l y  r e a l i z e d  s p e c i f i e d  a t m o s p h e r i c  c o n d i t i o n s .  

A g e n e r a l  method of a s c e r t a i n i - n g  t h e  e f f e c t ,  of a l t i -  
t u d e  upon t h e  r a d i a t o r  performance f o r  a supercharqed  en- 
g i n e  i s  needed. For t h e  c a s e  of n c o n s t a n t  duc t -ox i t  open- 
i n g ,  i t  i s  p o a s i b l c  t o  e v a l u a t e  t h e  d e c r e a s e  i n  h e a t  d i s -  
s i p a t i o n  under  s p e c i f i c  f l i g h t  c o n d i t i o n s  f o r  i n c r e a s i n g  
a l t i t u d e s .  

Equa t ion  ( 1 0 )  i s  used  i n  t h o  f o l l o w i n g  form: 

E ---- = 2 . 7 5 ~ 1 0 ~  p v ~ ( T , - T ~ , )  
nD / 4  

where 

2 - -- 
,TJZ/i 

i s  i n  B . t . u . / h r . / s q , f t ,  02 open f r o n t a l  are?,. 

The problem r e d u c e s  t o  o b t a i n i n g  t h e  v a r i a t i o n  of p ,  
p ,  T T i  and  Vt w i t h  a l t i t u d e ;  e q u a t i o n  ( 1 0 )  i s  , 

t h e n  nsed f o r  t h e  h e a t  d i s s i p a t i o n .  The v a l u e  f o r  t h e  a i r  
d e n s i t y  a t  a l t i t u d e  may be c o r r e c t e d  f o r  t h e  a d i a b a t i c  
compress ion  i n  t h e  duc t  b e f o r e  t h e  r a d i a t o r .  The conver- 
s i o n  of dynamic p r e s s u r e  t o  s t a t i c  p r e s s u r e  m i t h i n  t 5 e  
d u c t  i n c r e a s e s  t h e  a i r  d e n s i t y  and t h e  t empera tu re  of t h e  
air,  he q u a n t i t a t i v e  i n c r e a s e  i n  t h e  t e m p e r a t u r e  of t h e  
a i r  i s  l a t e r  d i s c u s s e d  i n  t h e  s e c t i o n  e u t i t l e d  The J e t -  
P r o g u l s i o n  Ef fe ' c t .  ) 

For  t h e  p a r t i c u l a r  a i r p l a n e ,  i t  i s  n e c e s s a r y  t o  know 
t h e  v a r i a t i o n , a f  v e l o c i t y  w i t h  a l t i t u d e  and t h e  v e l o c i t y  
o f  t h e  a i r  i n  t h e  tube  f o r  She d e s i g n  a l t i t u d e  a n d  condi-  
t i o n s .  For  a c o n s t a n t  a u c t - e x i t  opening,  Vt i s  d i r e c t l y  
p r o p o r t i o n a l  t o  To. Hence, t h e  v a r i a t i o n  of Vt  and  
pVt w i t h  a l t i t u d e  nay be computed. 

The q u a n t i t y  T, - T i a  v a r i e s  w i t h  a l t i t u d e  and t h e  
c o o l a n t  used .  By  a combinat ion of t h e  f o r e g o i n g  d a t a ,  t h e  
h e a t  d i s s i p a t i o n  may bc o b t a i n e d  f o r  any a l - t i t u d e ,  as 
shown 3y t h e  f o l f o w i n g  example. 



The r a d i a t o r  i s  des igned  f o r  s e a - l e v e l  o p e r a t i o n ;  
D = 1-/48 f o o t ,  L/D = 5 0 ,  V t  = 150 f .p .  s. I t  i s  d e s i r e d  
t o  detcrrninc t h e  v a r i a t i o n  of  h e a t  d i s s i p a t i o n  m i t h  a l t i -  
tude  a t  a  c o n s t a n t  e x i t  s e t t i n g  f o r  l e v e l  f l i ~ h t  a t  maxi- 
mum speed.  The performance c a l c u l a t i o n s  s i v e  tho  v a r i a -  
t i o n  o f  f l i z h t  v e l o c i t y  Vo n i t h  a l t i t u d e ,  a s  shonn i n  
f i q u r e  ?1. Next ,  t h e  v a r i a t i o n  of Vt ~ i t h  a l t i t u d e  i s  
comyutcd. In t h e  colilputation of  pVt a t  a l t i t u d e ,  t h e  
v a l u e  of p f o r  t h e  f r e e  2ir s t ream i s  used .  V i t h  w a t e r  
2s c o o l a n t  and Tw t a k e n  x t  27O F,  below t h e  b o i l i n g  tern- 
q e r a t u r e  a t  t h e  p a r t i c u l a r  a l t i t u d e ,  T, - T i a  i s  e a s i l y  

o b t a i n e d .  S i m i l a r l y ,  n i t h  g l y c o l  as c o o l a n t ,  T i s  tnken  
a t  52' 3'. below t h e  b o i l i n g  p o i n t  f o r  a 37-percent  g l y c o l  
s o l u t i o n .  The v a l u e s  f o r  Ti, a r e  f o r  t h e  s t a n d a r d  atmos- 

p h e r e .  The n e c e s s a r y  c a l c u l a t i o n s  a r e  shown i n  t a b l e  V I E .  
The c?zan%e i n  h e a t  d i s s i p a t i o n  n i t h  a l t i t u d e  i s  p l o t t e d  i n  
f i q u r e  22 f o r  b o t h  t h e  rveter a n d  t h e  g l y c o l  r a d i a t o r s .  
The d.ecrease i n  h e a t  d i s s i p a t i o n  v i t h  a l t i t u d e  i s  n o t  so 
s e r i o u s  above t h e  r a t e d  a l t i t u d e  because ,  a f t e r  t h a t  p o i n t ,  
t h e  r e q u i r e d  amount of h e a t  d i s s i p a t i o n  dec rozses .  

T i t h  a  cons tant .  e x i t  s e t t i n g ,  t h e  d e c r e a s e  i n  h e a t  
d i s s i p a t i o n  w i t h  i n c r e a s e  i n  a l t i t u d e  is g r e a t e r  f o r  a  
g l y c o l  r a d i a t o r  t%an f o r  a w a t e r  r a d i a t o r .  The r e a s o n  f o r  
t h i s  d i f f e r e n c e  i s  t h a t  t h e  v a r i a t i o n  of a i r  t e m p e r a t u r e  
w i t h  a l t i t u d e  makes a Larger  p e r c e n t a g e  change i n  t h e  t e n -  
p c r a t u r e  d i f f e r e n c e  b e t n e ~ n  a i r  and  c o o l a n t  f o r  t h o  w a t e r  
r a d i a t o r  t h a n  f o r  t h e  g l y c o l  r a d i a t o r .  

The np r e q u i r e d  f o r  a c o n s t a n t  r a t e  of h e a t  d i s s i -  
p a t i o n  mas c a l c u l a t e d  by means of  e q u a t i o n  ( 1 2 )  aild i s  
shown i n  t a b l e  V I I .  In a d d i t i o n ,  t h e  r e q u i r e d  v e l o c i t y  
o f  t h e  a i r  i n  t h e  t u b e ,  t h e  poder  f o r  c o o l i n g ,  and t h e  
c o o l i n g  e f f i c i e n c y  f o r  a c o n s t a n t  r a t e  of  h e a t  d i s s i p a -  
t i o n  a r e  shown. An  exzminat ion  of t h e s e  columns w i l l  r ead-  
i l y  shon t h e  impor tance  of d e s i g n i n g  t h e  r a d i a t o r  f o r  con- 
d i t i o n s  approx imat ing  t h o s e  t o  be encoun te red  i n  opera-  
t i o n .  For example,  t h e  power used  f o r  c o o l i n g  w i l l  have 
doub led  a t  20 ,000 f e e t  f o r  t b e  g l y c o l  r a d i a t o r  even m i t h  
t h e  assumpt ion  t h t  t h e  pump e f f i c i e n c y  h a s  remained con- 
s t a n t .  The i n c r e a s e  i n  w i t h  a l t i t u d e  may cause  

c i i f f i c u l t y  i n  d i s s i p t i t i n g  t h e  requi red .  amount of h e a t  a f -  
t e r  n c e r t a i n  a l t i t u d e .  Table  VII  i s  n o t  i n t e n d e d  t o  q i v e  
a conpa.rison of t h e  a l t i t u d e  performance c h a r a c t e r i s t i c s  
f o r  w a t e r  and g l y c o l  r a d i a t o r s .  The same des ign  n a s  chosen 



f o r  b o t h  c o o l c n t s  t o  f a c i l i t a t e  computzt ion of t a b l o  V I I ,  
and n e i t h e r  d e s i g n  I s  ogtimum f o r  t h e  c o n d i t i o n s  assuned .  

The p r e c e d i n g  c a l c u l a t i o n s  n e g l e c t e d  t h e  c o r r e c t i o n s  
t o  t h e  i n l e t - a i r  t empera tu re  and d e n s i t y  f o r  t h e  a d i a b a t i c  
compress ion  i n  t h e  d u c t - e n t r a n c e  s e c t i o n ,  Where o n l y  r e l -  
a t i v e  v a l u e s  f o r  ' the h e a t  d i s s i p a t i o n  a t  a l t i t u d e  a r e  r e -  
q u i r e d ,  t h e  u s e  of t h e  u n c o r r e c t e d  v a l u e s  i n t r o d u c e s  v e r y  
l i t t l e  e r r o r .  

SHAPE OF THE I N D I V I D U A L  TUBE 

The t e s t s  on s i n g l e  t u b e s  shoved t h a t  square  and r e c -  
t a n s u l a r  t u 3 e s  had t h e  same f r i c t i o n a l  r e s i s t a n c e  i n  t h e  
t u r b u l e n t  r e g i o n  a s  round t u b e s  of t h e  same h y d r a u l i c  diam- 
e t e r ,  I t  i s  s a f e  t o  p r e d i c t ,  thert ,  t h a t  t h e  h e a t  d i s s i p a -  
t i o n  f o r  t h e  s q u a r e ,  hexagona l ,  o r  r e c t a n g u l a r  t u b e s  m i l l  
a l s o  be t h e  same as  f o r  t h e  round- t u b e s .  Indeed,  t h e  h e a t -  
t r a n s f e r  e q u a t i o n s  g iven f o r  s i n g l e  t u b e s  may be a p p l i e d  
t o  t h c  n o n c i r c u l a r  t u b c s  by u s i n g  t h e i r  h y d r a u l i c  d- iameters .  
The oi2ly d i f f  c r e n c e s  t h a t  shou ld  appear  w i t h  v a r i o u s l y  
shaped t u b e s  s h o u l d  be i n  t h e  b e a t  t r a n s f e r  from l i q u i d  t o  
tube  w a l l ,  t h e  power r e q u i r e d  t o  f o r c e  t h e  l i q u i d  t h r o u g h  
t h e  r a d i a t o r ,  t h o  weight  of t h o  r a d i a t o r  f i l l e d ,  t h e  end 
l o s s e s ,  and t h e  f r e e - a r e a  r a t i o .  

Tor example,  r a d i a t o r s  formed of hexagonal  o r  r e c t a n -  
~ u l a r  t u b e s ,  which have un i fo rm l i q u i d  p a s s a g e s ,  m i l l  be 
l i g h t e r  on accoun t  of s m a l l e r  l i q u i d  ' c a p a c i t y ,  ! y i L l  r e q u i r e  
l e s s  I r o n t s l  a r e a ,  and m a g  r e q u i r e  more power t o  f o r c e  t h e  
l i q u i d  th rough  t h e  r a d i a t o r ,  Of t h e s e  e f f e c t s ,  t h e  ones  
o f  g r e a t e s t  impor tance  - l i q u i d  c a p a c i t y  and f r o n t a l  a r e a  - 
have Been c o n s i d e r e d  under  t h e  s e c t i o n  I n s t a l l a t i o n  w i t h i n  
a  Wing o r  an  Engine ITscel le .  

Some r a a i a t o r s  have been b u i l t  w i t h  i r r e g u l a r l y  shaped 
a i r  ? ? a s s a g e s ,  such a s  t h e  c o r r u g a t e d  t u b e s  shown i n  f i g u r e  
10 .  Such shapes  a r e  used  i n  an  a t t e m p t  t o  produce g r e a t e r  
mixing of t h e  h o t  a i r  n e a r  t h e  tube  v n l l  w i t h  t h e  c e n t r a l  
c o r e  of a i r .  Obvious ly ,  t h e  d e s i r e d  r e s u l t  can be e a s i l y  
accompl i shed  i n  a v a r i e t y  of nays .  

The v a r i a t i o n  of t h e  b e a t - t r a n s f e r  c o e f f i c i e n t  w i t h  
Reynolds  Number f o r  t h e  cor ru5a ted- tube  r a d i a t o r  i s  shown 
i n  f i g u r e  13 .  I n  o r d e r  t o  a p p l y  t h e  f o r m u l a s  and t o  con- 
p a r e  t h i s  r a d i a t o r  w i t h  t h e  o t h e r  t y p e s  t e s t e d ,  each  t u b e  



i s  c o n s i d e r e d  t o  have 3 s q u a r e  c r o s s  s e c t i o n  wi th  s i d e  a .  
Then a = 0.410 i n c h  and L = 23.7 i n c h e s .  I n  a d d i t i o n ,  
f i g u r e  5 shows t h e  i s o t h e r m a l  f r i c t i o n  f a c t o r  f o r  t h i s  
r a d i a t o r  as a f u n c t i o n  of t h e  Reynolds Number. 

For  a Ap of 25.6 pounds p e r  square  f o o t ,  t h e  h e a t  
d i s s i p a t i o n  por  u n i t  open f r o n t a l  a r e a  as a f u n c t i o n  of 
l e n g t h  i s  g iven  by f i g u r e  14 .  I t  i s  Bvident  t h a t ,  f o r  
e q u a l  v q l u e s  of L/D o r  e q u a l  l e n g t h s ,  t h e  cor 'sugated- 
tube  r a d i a t o r  i s  d e f i n i t e l y  i n f e r i o r  i n  h e a t - d i s s i p a t i n g  
a b i l i t y .  

The lorn v a l u e  of t h e  a i r  v e l o c i t y  through t h e - t u b e  
red-uces t h e  Beynolds Num3er t o  such  a n  e x t e n t  t h a t  t h e  e f -  
f e c t  of t h e  h i g h e r  v a l u e  of t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  
f o r  a g iven  Reynolds  Number i s  n u l l i f i e c ?  and, t h e  h e a t  
d i s s i p a t i o n  i s  reduced.  Tab le  TI compares t h o  c o o l i n g  e f -  
f i c i e n c i e s  f o r  a c o r r u g a t e d - t u b e  r a d i a t o r  w i t h  s e v e r a l  
c i r c u l a r -  and  hexagonal- tube r a d i a t o r s  undor t h e  same con- 
d i t i o n s .  

CONDITIOITS OF FLOB AROUND THE TUBES 

In  t h e  m a t e r i a l  i n  t h e  s e c t i o n  S i n g l e  Tubes, t h e  
v a r i a b l e s  a f f e c t i n g  f r i c t i o n  l o s s  and h e a t  t r a n s f e r  mere 
c o n s i d e r e d  f o r  t h e  i n s i d e  o f  t h e  t u b e .  The phenomena in -  
vo lved  f o r  t h e  o u t s i d e  of t h e  t u b e  must a l s o  be cons id -  
eyed .  The same fundamenta l  p r i n c i p l e s  r u l e  i n  t.he t r a n s -  
f e r  of h e a t  from t h e  l i q u i d  t o  t h e  o u t s i d e  o f  t h e  t u b e  
as  from t h e  tube  t o  t h e  f l u i d  on t h e  i n s i d e .  The l i q u i d  
may f l o w  p e r p e n d i c u l a r  o r  p a r a l l e l  t o  t h e  t u b e s .  

.The f a c t  t h a t  t h e  same phenomena o f  f r i c t i o n  l o s s  and  
h e a t  t r a n s f e r  e x i s t  f o r  t h e  o u t s i d e  of t h e  t u b e s  a s  f o r  
t h e  i n s i d e  would a p p e a r  t o  make c o n d i t i o n s  on t h e  o u t s i d e  
as  much of a problem f o r  stucly as c o n d i t i o n s  on t h e  i n s i d e .  
The o v e r - a l l  h e a t - t r a n s f e r  c o e f f i c i e n t  h t  from l i q u i d  
t o  a i r  i s  g iven  by 

I f  e i t k e r  ha o r  hI i s  s m a l l ,  t h e  t o t a l  t h e r m a l  r e -  
s i s t a n c e  l / h t  i s  l a r g e l y  de te rmined  by t h a t  p a r t i c u l a r  
term. I n  n o s t  l i q u i d - t o - a i r  r a d i a t o r s ,  l / h a  i s  much 



l a r g e r  t h a n  1 and  l / h l  . can be i i eg lec ted .  I t  may 

e a s i l y  happen t h a t ,  n i t h  low l i q u i d  v e l o c i t i e s ,  h l  w i l l  
bccomo small enough s o  t h a t  t h e  the rmal  r e s i s t a n c e  l / h l  
mil.1 be  impor tan t .  

I n  t h e  f o r e g o i n g  r a d i a t o r  d e s i g n ,  ha i s  t a k e n  e q u a l  
t o  h t ,  and  a method of cornputins t h e  t u b e  l e n g t h  a n &  t h e  
number o f  t u b e s  f o r  each p a r t i c u l a r  c a s e  i s  given.  I n  ad- 
d i t i o n ,  a c e r t a i n  water -passage  a i d t h  i s  t aken  as  optimum. 
Thus, f o r  t h e  chosen tube  d i a m e t e r ,  the f r o n t a l  a r e a  of 
t h e  r a d i a t o r  i s  f i x e d .  S i n c e  no c o n d i t i o n s  have beon pos- 
t u l a t e d  concern ing  t h e  arranqoment of t h i s  r e q u i r e d  f r o n t a l  
a r e a  i n t o  any p a r t i c u l a r  form, i t  f o l l o w s  t h a t  t h e  w i d t h  
and t h e  d e p t h  ( f i g .  2 3 ( a ) >  may be v a r i e d  t o  f i t  a d e s i r e d  
i a s t z l l a t i o n  w i t h i n  t h e  l i m i t a t i o n  t h a t  t h e  p roduc t  a d  i s  
c o n s t a n t  ( f i g .  2 3 ( b )  ). C o n s i d e r a t i o n s  of t h e  w a t e r  f low 
a round  t h e  t u b e s ,  howovor, l e a d  t o  tho  c s t a b l i s h m o n t  o f  
c r i t e r i o n s  f o r  maxlmum p e r m i s s i b l e  v a l u e s  f o r  e i t h e r  m 
o r  d.  

The q u z n t i t y  of h e a t  d . i s s i p a t e d  f o r  a p a r t i c u l a r  de- 
s i g n  i s  de termined by t h e  over-a11 h e a t - t r a n s f e r .  c o e f f i -  
c i e n t  and t h e  t empera tu re  d i f f e r e n c e  between t h e  two f l u i d s .  
I n  o r d e r  t o  m a i n t a i n  a c o n s t a n t  h e a t  d i s s i p a t i o n  f o r  i n -  
c r e a s i n g  v a l u e s  of w ,  i t  i s  n e c e s s a r y  t o  m a i n t a i n  b o t h  
h t  an-d Tw c o n s t a n t .  F u ~ t h e r  c o n s i d e r a t i o n  w 5 l l  shorn 
t h a t  t h e  cons tancy  of ht n e c e s s i t a t e s  t h e  cons tancy  of 
AT,v. T o r  example,  suppose h i  c o n s t a n t  a s  AT, d e c r e a s e s  
r i t h  a  q r e a t e r  r a d i a t o r  midth.  The d e c r e a s e  i n  AT, i m -  
p l i e s  a  d e c r e a s e  i n  t h e  q u a n t i t y  of h e a t  l o s t  by t h e  w a t e r ,  
v h e r e n s  t h e  i n c r e a s e  i n  t h e  average  w a t e r  t e m p e r a t u r e  Tv 
i n c r e a s e s  t h e  r a t e r - a i r  t e m p e r a t u r e  d i f f e r e n c e  and  hence 
t h e  q u a n t i t y  o f  h e a t  d i s s i p a t e d  ( =  ht ATrJwa Ac) a l s o  in -  
c r e t a s c s .  The f u r t h e r  assumpt ion  i s  h o r e i n  made t h a t  t h e  
volume of w a t e r  f l o n  i s  c o n s t a n t  f o r  t h e  c i v e n  d o s i g n  h e a t -  
t r a n s f e r  c o n d i t i o n s .  

xo i n v e s t i q a t i o n s  have been r e p o r t e d  on t h e  v a r i a t i o n  
of t h e  h e a t - t r a n s f e r  c o e i ' f i c i e n t  w i t h  a e y a o l d s  Rumber f o r  
l i q u i d s  f l o w i n g  p e r p e n d i c u l a r  t o  tube  banks of round o r  
hexa<ona l  t u b e s  a t  %he low Reynolds lVumbers found. i n  r a d i -  
a t o r s .  The ? r e s e n t  h e a t - t r a n s f e r  d a t a ,  when round t u b e s  
a r e  u s e d ,  i n d i c a t e  TL X u s s c l t  number of ahou t  65 a t  a 
Reynold-s BumSer of 880 based on t h e  w a t e r  v e l o c i t y  a t  t h e  
minimum :?assage a i d t h  and t h e  tube  d i a m e t e r  f o r  t h e  l e n g t h  
p a r a m e t e r .  The Nuoscl t  number may t h e n  be rouqh ly  assumed 



t o  be c I i ~ e c t L ~ y  p r o y o r t i o n a l  t o  t h e  Reynold.s Number. Thus, 
hz mc?,;r be c ~ , l c u l n t e d  f o r  any v c l u e  of . Since  ha i s  
known f-om t h e  d e s i g n  s o l u t i o n ,  i t  i s  p o s s i b i e  t o  o s t i m n t e  
tho  c f f c c t  upon ht a n d ,  a c c o r d i n g l y ,  upon t h e  h e a t  d i s -  
s i p n t c d  f o r  any i n c r e a s e  i n  m. 

For l o n g  l i q u i d  p a s s a g e s  o r  g r e a t e r  r a d i a t o r  d e p t h s ,  
ht becomes i n c r e a s i n g l y  g r e a t e r  t h a n  ha. As p r e v i o u s l y  
e s p l a f n e e . ,  t h e  i n c r e a s e  i n  hz does  n o t  a f f e c t  t h e  over-  
a l l  b e a t - t r a n s f e r  c o e f f i c i e n t .  The on ly  l i m i t a t i o n  t o  be 
c o n s i d e r e d  i s  t h e  power expended i n  pumping t h e  w a t e r  
t h r o u g h  t h e  r a d i a t o r .  

TYPE OF LIQUID 

The type  of l i q u i d  e n t e r s  t h e  p r o j i e m  by i t s  e f r o c t  
on t h e  h e a t - t r a n s f e r  c o e f f i c i e n t ,  t h a t  i s ,  through t h e  
N u s s e l t ,  P r a n d t l ,  and ReynoZds NumSers, From t h e  r e l a -  
t i o n s  shown e a r l i e r ,  t h e  s p e c i f i c  h e a t ,  t h e  the rmal  con- 
c ? u c t i v i t y ,  t h e  v i s c o s i t y ,  and  t h e  d e n s i t y  of t h e  l i q u i d  
a r c  t h o  most i m p o r t a n t  t r a r i a b l e s ,  Brown and E a r l o n  ( s e f -  
e r e n c o  1 1 )  shorn t h a t  wa te r  g i v e s  about  6 t o  8 p c r c o n t  b e t -  
t e r  hcc.t t r a n s f e r  t h a n  g l y c o l .  Xqual f low r a t e s  o f  tvatcr  
and ~ L y c o l  mere u s e d  and no correction was made f o r  t h e  
d imin i shed  a i r  f low due t o  t h e  h i g h e r  t e m g c r a t u r e s  a t  
n h i c h  t h e  r a d i a t o r  was o p e r a t e d .  S ince  t h e  d imin i shed  air 
f low decreased  ha by s e v e r a l  p e r c e n t  and s i n c e  h i g h e r  
l i q u i d - f l o w  r a t e s  a r e  c o s s i b l e  w i t h  g l y c o l  a t  e q u a l  pump 
s p e e d s  ( r e f e r e n c e  1 2 )  I t  a-?pears  t h a t  t h e  d imensions  of 
t h e  r a d i a t o r  and t h e  v e l o c i t y  of f low can be  made more 
s u i t a b l e  t o  t h e  q l y c o l  and can reduce  t h e  6 p e r c e n t  a s  much 
a s  d e s i r e d .  

The h e a t - t r a n s f e r  c o e f f i c i e n t  hl from l i q u i d  t o  t h e  
tube  ? . a l l  m i l l  v a r y  i n  t h e  same manner a s  ha from a i r  t o  
tube  w a l l .  Thus 

where v a l u e s  of n  = 0.3 and  m = 0.5 a r e  t aken  f o r  f low 
below t h e  c r i t i c a l  Reynolds Number from 3dcAdams (reference 
3 ,  ch. V I I I ) .  Var ious  oxpcr imontc r s  have found v a l u e s  of  
n  a n d  m d i i ' f o r i n g  from 0.3 and 0.5 over  a  l i m i t e d  r a n g e .  



The a v e r a g e  v a l u e s  chosen m i l l  s e r v e  s u f f i c i e n t l y  w e l l  f o r  
t h e  d i s c u s s i o n .  Then 

i s  a b o u t  1.1 p 
P g l y c o l  w a t e r '  

c  i s  a b o u t  0.62 op 
P g l y c o l  w a t e r  

i s  a b o u t  0.45 kmater. 

i s  a b o u t  e q u a l  

Then 

\ 0 . 3  
i joo5 hmter- (A_-) (iyi, -.--- 1 lo*' 

(0.451 
= 1.92 

h g l y c o l  0.62 

In t h e  normal o p e r a t i o n  of a  r a d i a t o r ,  ht = 50 ha 
when wa te r  i s  t h e  l i q u i d ,  Then 

Thus ,  i f  ht becomes s e v e r a l  t i m e s  as l a r g e ,  t h e  e f f e c t  on 
h t ,  v h i c h  i s  t h e  d e t e r m i n i n g  f a c t o r ,  i s  n e g l i g i b l e .  I f  
h t  i s  o n l y  h a l f  a s  l a r g e ,  h t  = 25/26 ha ,  and t h e  d i f f e r -  
ence  i s  2 p e r c e n t  i n  h t .  Thus,  by t h e  use  of  g l y c o l ,  t h e  

o v e r - a l l  h e a t - t r a n s f e r  c o e f f i c i e n t  a t  t h e  same voLume of 
l i q u i d  f low i s  2 p e r c e n t  l e s s  than' f o r  n a t e r .  The a v a i l a -  
b l e  t e m p e r a t u r e  d i f f e r e n c e  T - T i  w i t h  g l y c o l  i s  sev- 
e r a l  t i m e s  t h a t  f o r  w a t e r ,  depending on t h e  i n l e t - a i r  tem- 
p e r a t u r e ,  so that t h e  n e t  r e s u l t  i s  s e v e r a l  t imes  t h e  to- 
t a l  h c a t  t r a n s f e r  v i t h  t h e  same a i r  f l o v  and l i q u i d  f low.  
The c o o l i n g  e f f i c i e n c y  may be s t i l l  f u r t h e r  i n c r e a s e d ,  f o r  



t h e  t o t a l  a v a i l s b l e  duc t  s p a c e ,  b e i n g  adequa te  f o r  t h e  wa- 
t e r  r c d i a t o r  a t  a  c e r t a i n  Ap, w i l l  now permi t  t h e  g ly -  
c o l  r a d i a t o r  t o  f u n c t i o n  a t  a l o n e r  Ap p i t h  t h e  d e s i r e d  
r e s u l t  . 

INSTALLATION I W  A S E P A U Y E  HACELLE 

I n  t h e  c o n s i d e r a t i o n  of t h e  i n s t a l l a t i o n  of t h e  r a d i -  
a t o r  i n  a s e p a r a t e  n a c e l l e ,  p r e v i o u s  c o n s i d e r a t i o n s  of 
power used  f o r  c o o l i n g  and 17eight suppor t  app ly .  I t  i s  
on ly  n e c e s s a r y  t o  add t h e  power l o s t  owing t o  p r o p e l l i n g  
t!lc n a c e l l e  ~ i t h o u t  any c o o l i n g  a i r  f l o n  t h r o  gh t h e  ns- 
c c l l e .  I t  fo l lorvs  from e q u a t i o n  ( 1 3 )  a n d  t h e  .previous  
d i s c u s s i o n  t h a t ,  f o r  a  r e q u i r e d  amount of h e a t  d i s s i p a t i o n ,  

S u b s c r i p t  0 r e f e r s  t o  t h e  f r e e  a i r  s t ream and  PD 
and Pv r e f e r  t o  u n i t  opoa f r o n t a l  a r e a .  

The Choice of Ap 

The c o o l i n g  e f f i c i e n c y  improved w i t h  a d e c r e a s e  i n  t h e  
p r e s s u r e  drop f o r  a r a d i a t o r  mounted ia  a wing o r  2"n en- 
g i n e  n n c e l l o .  A r a d i a t o r  mounted i n  a s e p a r a t e  n a c e l l e ,  . 
horrcvcr,  h a s  a n  o z t i m u m  A p ,  n h i c h  i s  f u l l y  as i m p o r t a n t  
a s  t h c  optimum r a d i a t o r  dimonsions.  For any p a r t i c u l a r  
tube  dic.mctcr and  f l i g h t  c o n d i t i o n s ,  t h e  comparison can be 
vorkcd  out  i n  e x a c t l y  t h e  saxe  manner t h a t  n a s  p r e v i o u s l y  
f o l l o n c d  i n  I n s t a l l a t i o n  v i t h i n  a Ring o r  a n  E n ~ i n e  Ba- 
c o l l e .  The v a l u e  of 

c ~ n  
f o r  t h e  p a r t i c u l a r  n a c e l l e  con- 

s i d e r e d  i s  used.  For t h e  p r e s e n t  comparison,  a  x ~ e l l -  
d e s i ~ n e d  comling i s  assumed f o r  which Crh i s  0.12 ( r e f e r -  

ence 4 ) .  The uower expended i n  overcoming t h e  form d r a g  
p e r  s q u z r e  f o o t  of open f r o n t a l  a r e a  f o r  t h e  condif$ions i n  
t a b l e  I11 w i t h  t h e  a i r  a t  s t a n d a r d  d e n s i t y  i s ,  from equa- 
t i o n  ( 2 1 ) ,  29.5 horsepo~ver .  Th i s  v a l u e  i s  combined n i t h  
t h e  d z t a  of t a b l e  111 and f i g u r e  2 4  i s  c o n s t r u c t e d  shoving 
t h o  v a r i a t i o n  of t h e  c o o l i n g  e f f i c i e n c y  



w i t h  l e i l g t h  f o r  s e v e r a l  v a l u e s  of Ap, I t  a p p e a r s  t h a t ,  
f o r  a n y  g iven  i n s t a l l a t i o n ,  one v a l u e  of b p  w i l l  g i v e  a 
maximum c o o l i n g  e f f i c i e n c y .  

The Choice of t h e  Tube Dimensions 

F i g u r e  25 shows t h e  v a r i a t i o n  of t h e  c o o l i n g  e f f i -  
c i e n c y  z /Pt  w i t h  l e n g t h  f o r  v a r i o u s  tube  s i e e s  and  shapes  
f o r  t h r e e  v a l u e s  f o r  GD,., two of which a l l o w  f o r  t h e  in -  

t e r f e r e n c e  e f f e c t  between t h e  wing and t h e  n a c e l l e .  

Table V,IlI shows t h e  v a l u e s  of L/D f o r  t h e  peak 
c o o l i n g  e f f i c i e n c i e s  from f i g u r e  25. Considcrc3lo  l a t i t u d e  
i s  p e r m i s s i b l e  o v i a g  t o  t h e  f l a t  peaks  of t b e  curves .  0%- 
v i o u s l y ,  s i n c e  t h e  i n t e r f e r e n c e  of f e c t  i s  v e r y  f a v o r a b l e ,  
t h o  sane  L/D i s  n e a r l y  e q u a l l y  good foc a l l  t h e  i n t e r -  
f e r e n c e  f a c t o r s  computed. 

I t  may be n o t e d  t h a t ,  rvlson t h e  i n f c r f e r e n c e  e f f e c t  i s  
modoratc o r  n e g l i g i b l e ,  t h e r e  a p 2 c a r s  t o  be an  optimum 
d i a m e t e r  a s  w e l l  as  a n  optimum l e n g t h .  

For  any r e q u i r e d  amount o f  h o a t  d i s s i p a t i o n ,  t h o  poncr  
r e q u i r e d  f o r  t h e  r a d i a t o r  i s  o b t a i n e d  by d i v i d i n g  t h e  r e -  
q u i r e d  h e a t  d i s s i p a t t o n  by t h e  c o o l i n g  e f f i c i e n c y .  



TABLE V I I I  

MDZBTOB LEKGTSS REQUIRED FOR TEE TEAK C O O L I N G  EFF IGIENC IES 

[T, - T i n  = '70° F . ;  Op, 25 .6  1 b , / s q . f t . ;  

f ,  optimum f o r  each tubc  shape and s i z e ;  Fp,  100 p e r c e n t ;  

E (CD bL), 0.1; V,, 200 m.p.h.l 
w 

The a c t u n l  c o o l i n g  c f f i c i c n c i e s  p r e s e n t e d  i n  t h i s  r e -  
p o r t  a r e  somewhat m i s l e a d i n g  oxring t o  t h e  smal l  v a l u e  
('70' F.) assurned f o r  Tm - Ti,. In a c t u a l  p r a c t i c e ,  t h e  
v a l u e  of 'I' - T i  w i l l  be t ~ v o  o r  t h r e e  t imes  t h e  d e s i q n  
v a l u e .  r n c r e a s i n g  t h e  h e a t  d i s s i p a t i o n  by t h e  sane f a c t o r .  
A c c o r d i n g l y ,  t h e  c o o l i n g  e f f i c i e n c y  w i l l  be t w o  t o  t h r e e  
t i m e s  a s  l a r g e .  A r a d i a t o r  des iyncd  from t h e  v a l v e s  i n  
t h i s  r e p o r t  g i v i n ~  o c o o l i n g  e f f i c i e n c y  o f ,  s a y ,  7 mill- 
a c t u a l l y  g i v e  a c 9 o l i n g  e f f i c i e n c y  of 14 t o  21; t h a t  i s ,  
f o r  e v e r y  horsepower o f  h e a t  t o  b o  d i s s i p a t e d ,  1 / 1 4  t o  
1/21 horsepol.ver w i l l  be or  apgroxiznately 3.5 t o  
2.4 g e r c e n t  of tLe brakc  horsepo7,Ycr \?ill be used  f o r  cool -  
i n g ,  The i n p o r t a a c c  of a high- tempera tu re  c o o l a n t  l i q a i d  
i s  e v i d c n t ,  f o r  t 5 c  c o o l i n g  e f f i c i e n c y  i s  d i r e c t l y  propor-  
t i o n a l  t o  t h c  i n i t i a l  t e m p c r a t u r c  ?. . ifference. 
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The Cooling E f f i c i e n c y  f o r  a Bad-iator  i n  a Free  A i r  S t ream 

The r a d i a t o r  chosen f o r  t h e  comparison i s  made 11.p of 
hexagonal  t u b e s  hav ing  a h y d r a u l i c  d i a m e t e r  of 0.06 i n c h  
a,nd a  l e n g t h  of 3.74 i n c h e s .  The h e a t - t r a n s f e r  and  d r a g  
date* a r e  g iven  by Parsons  and Harper  ( r e f e r e n c e  1 3 )  f o r  
a i r  speeds  of 60 and 120 m i l e s  p e r  hour .  E x t r a p o l a t i o n  
was nade t o  a f l i g h t  speed of 200 m i l e s  p e r  hour.  The 
power used  t o  t r a n s p o r t  t h e  weight  mas c a l c u l a t e d ,  a s  f o r  
t h e  d u c t e d  r a d i a t o r .  I t  i s  found t h a t ,  a t  200 m i l e s  p e r  
h o u r ,  w i t h  Tw - Tia = 70° F. an6  E (CDW/CL) = 0.1, t h e  

c o o l i n g  e f f i c i e n c y  i s  abou t  1.7. S ince  t h e  same r a d i a t o r  
i s  d e s i g n e d  t o  d i s s i p a t e  a n  e q u a l  o r  a  ~ r e a t e r  amount o f  
h e a t  i n  c l imb a t  a  much lomor speed ,  i t  i s  assumod t h a t  ' 

t h e  r a d . i a t o r  i s  r o t r a c t a b l c  s o  t h a t  t h i s  c o o l i n g  e f f i c i e n c y  
m i l l  ho ld .  For  a n o n r e t r a c t a b l c  r a d i a t o r ,  t h e  c o o l i n g  e f -  
f i c i e n c y  mould be much l a s s  i a  a d d i t i o n  t o  t h e  o v e r c o o l i n g  
t h a t  mould occur .  T h i s  e f f i c i e n c y  i s  abou t  one-foueth t h a t  
found  i n  tl s e p a r a t e  n a c a l l e  and  becomos r a p i d l y  l e s s  as  
t h e  v e l o c i t y  of t h e  a i r p l a n e  i n c r e a s e s .  

C O O L I N G -  POWZR OF L I Q U I D -  COOLED 

AXD AIR-COOLED EBGINXS 

I t  mould a p p e a r  t h a t  t h e  l i q u i d - c o o l e d  engine  ha,s sev- 
e r a l  i n h e r e n t  a d v a n t a g e s ,  The m d i a t o r  can be made l a r g e ,  
t h u s  a l l o w i n g  c o o l i n g  a t  a s m a l l  Qp a n d ,  s i n c e  t h e  power 

3 / a  i s  p ro :gor t iona l  t o  bp t h i s  power may be reduced t o  
any d e s i r e d  v a l u e ,  I t  h a s  been shown, however,  t h a t  t h e r e  
i s  a l i m i t a t i o n  imposed by t h e  power t o  t r a n s p o r t  t h e  r8-di -  
a t o r .  The l i q u i d - c o o l e d  eng ine  i s  o f t e n  p i c t u r e d  as  com- 
p l e t e l y  o n c l o s e d  i n  t h e  wing o r  t h e  n a c e l l e  w i t h  no form 
d r a g  chargeable t o  t h o  zngino i n s t a l l a t i o n .  

Thc a i r - c o o l e d  e n g i n e ,  on t h c  o t h e r  hand,  i s  d e s c r i b e d  
as  l o c a t e d  i n  a  cowl ing w i t h  a l a r g e  form draq .  Xow, if 
t h c  wing i s  l a r g e  cnough t o  house t h e  l i q u i d - c o o l e d  e n g i n e ,  
i t  i s  a l s o  l a r g e  cnough t o  house t h o  a i r - c o o l e d  e n g i n e .  
1% h a s  been shorrn ( r e f c r c n c c  1 4 )  t h a t  t h e  i n t e r f e r e n c e  e-f- 
f e c t  betwren wing and n a c e l l e  i s  f a ~ o r a b l - e  so t h a t  t h e  e f -  
f e c t i v e  d r a g  of t h e  n a c e l l e  i n  f r o n t  of a wing i s  o n l y  40 
p e r c e n t  o f  t h e  n a c e l l e  d r a g  a l o n e .  When i t  i s  c o n s i d e r e d  
t h a t ,  i n  t h e s e  t e s t s ,  t h e  r a t i o  of t h e  n a c e l l e  d inmote r  t o  
wing t i i c k n e s s  was l a r g e  a n d  t h a t  t h e  c o n n u c t i v i t y  o f  t h e  
c n g l n e  nas a l s o  l a r g e ,  i t  seems r e a s o n a b l e  t o  assume t h a t  



t h e  i n t e r f e r e n c e  on a modern eng ine  w i t h  modern cowl ing 
l o c a t e d .  i n  a  wing of t h i c k n e s s  comparable w i t h  t h e  eng ine  
d i a m e t e r  m i l l  be so f a v o r a b l e  t h a t  t h e  n a c e l l e  d r a g  m i l l  
a l n o s t  d i s a p p e a r .  I t  i s  p r o b a b l e  t h a t  t h e  40  p e r c e n t  
found i n  t h e  t e s t s  of r e f e r e n c e .  1 4  w i l l  be reduced t o  t h e  
o r d e r  of 1 0  p e r c o n t  on a  se t -up  of t h e  n a t u r e  assumed i n  
t h i s  p a c e r .  

I t  was found i n  r e f e r e n c e  4 t h a t  t h e  d.rag of a na- 
c e l l e  of 52-inch d i a m e t e r  a t  100 m i l e s  p e r  hour  mas 45 
p o u r d s  wi thou t  c o o l i n g - a i r  f low and t h a t  a  s t r e a m l i n e  
nose cave a  d r a g  o f  32 pounds.  It was f u r t h e r  found t h a t  
t h e  e n g i n e  cou ld  be cooled  w i t h  a n  a d d i t i o n a l  d r a g  of 20 
ponnds z t  t h i s  speed. The c o o l i n g  d r a g  m i l l  remain t h e  
same r e g a r d l e s s  of wing t h i c k n e s s .  If t h e  i n t e r f e r e n c e  
i s  f a p o r a b l e ,  as h a s  been assumed, t h e  form d r a g  r e d u c e s  
t o  4.5 pounds so t h a t  t h e  t o t a l  d r a g  a t  100 m i l e s  p e r  h o u r  
i s  24.5 pounds; t h a t  i s ,  5.3 horsepower f o r  c o o l i n g  and  
1.2 horsepover  f o r  form drag.  

With a wel l -des igned cowl ing,  t h e  c o o l i n g  power a t  
h i g h e r  speeds  w i l l  no t  i n c r e a s e  and  nay p o s s i b l y  d e c r e a s e .  
A t  300 m i l e s  p e r  h o u r ,  t h e r e  i s  s t i l l .  5 .3 horsepower f o r  
c o o l i n c  and 27 t i m e s  a s  much power, o r  32 horsepower ,  f o r  
form d r a g .  T h i s  f o r m  d r a g  i s  independent  of t h e  e n g i n e  
p o v e r  and depends o n l y  on t h e  eng ine  d iamete r .  The coo l -  
i n g  pomer i s  p r o p o r t i o n a l  t o  t h e  eng ine  power. Thc v a l u e s  
c i t c i  a r c  f 0 x . a  550-horsepower engine .  Thus, a  2,000- 
horsepower eng ine  of  t h e  same d iamete r  a t  100 m i l e s  p e r  
hour  tafrcs 19.3 horsepower f o r  c o o l i n g  a n d  1.2 horscpolver 
f o r  form d r a g  a n d ,  a t  300 m i l e s  p e r  h o u r ,  i t  t a k e s  19.3 
horsepower f o r  c o o l i n g  and 32 horsepomer f o r  f o r m  d rag .  
Th i s  t o t a l  makes t h e  power r e q u i r e d  f o r  t h e  eng ine  i n s t a l -  
l a t i o n  and  c o o l i n g  o n l y  2.5 p e r c e n t  of t h e  engine  power. 

The power t o  coo l  and t o  t r a n s p o r t  t h e  c o o l i n g  system 
i s  s o  smal l  w i t h  e i t h e r  l i q u i d -  o r  a i r - c o o l e d  e n g i n e s  t h a t  
i t  c a n  h a r d l y  be a d e t e r m i n i n g  f a c t o r  i n  t h e  s e l e c t i o n  of 
one i n  p r e f e r e n c e  t o  t h e  o t h e r .  

I f  t h e  e n g i n e s  a r e  mounted i n  n a c e l l e s  i n  f r o n t  of  
c o m p a r a t i v e l y  t h i n  wings ,  t h e  l i q u i d - c o o l e d  cngine  may 
have a ot roaml ino  n o s e ,  t h u s  hav ing  a  d r a g  of 32 pounds 
i n s t c a d  of 45 p011ild.s a t  100 m i l c s  p e r  hour .  A s e p a r a t e  
n a c e l l e ,  o r  f n s t a l l z t i o n  f o r  t h e  r a d i a f  o r ,  however, m i l l  he 
r e q u i r e d ,  n h i c h  w i l l  add  e a s i l y  a s  much a s  t h i s  d i f f e r e n c e  
i n  drczs;. 



'THX JET-PBOPULS I O N  EFFECT 

The e f f e c t  of h e a t i n g  a n  a i r  s t ream a f t e r  expans ion  
i n  a d.uct and t h e n  c o n t r a c t i n g  t h e  d u c t  b e f o r e  e x p u l s i o n  
of  t h e  a i r  i s  t o  c o n v e r t  some of  t h e  added h e a t  e n e r g y  
i n t o  t h r u s t .  Both Meredi th  ( r e f e r e n c e  9 )  and  Capon ( r e f -  
e r e n c e  8 )  have made e s t i m a t e s  o f  t h e  t h r u s t  so d e r i v e d .  

B e i t h e r  lhe red i th  nor  Capon c o n s i d e r s  t h e  weight  o r  
t h e  form d r a g  of t h e  r a d i a t o r .  If t h e  v e i g h t ' a n d  t h e  form 
d r a g  a r e  c o n s i d e r e d ,  t h e  n e t  e f f e c t  i s  a r e d u c t i o n  i n  t h o  
power c h a r g e a b l e  t o  t h o  r a d i a t o r .  

I n  b o t h  of  t h e  f o r e g o i n g  c a s e s  a n d  i n  t h e  f o l l o w i n g  
d i s c u s s i o n ,  l o s s e s  o c c u r r i n g  a t  t h e  d u c t  e n t r a n c e  and e x i t  
a r e  n o t  c o n s i d e r e d .  The q u e s t i o n  of a n  e f f i c i e n t  duc t  de- 
s i g n  i s  e x t r e m e l y  impor tan t  i n  t h e  c o n s i d e r a t i o n  of t h e  
p r o p u l s i v e  e f f e c t ,  f o r  a n  i n e f f i c i e n t  d u c t  m i l l  more t h a n  
o f f s e t  any p o s s i b l e  t h r u s t  t o  be s o  d e r i v e d .  

The p a t h  t r a v e r s e d  by t h e  a i r  th rough  t h e  d u c t  shown 
i n  f i g u r e  26  i s  i l l u s t r a t e d  by t h e  p a t h  ABCD on t h e  p v  
d iagram i n  f i g u r e  27.  The po in t - s  A ,  3, C ,  and D c o r r e -  
spond t o  t h e  p o s i t i o n s  marked on f i g u r e  26. 

. P a t h  8 3  r e p r e s e n t s  t h e  a d i a b a t i c  compression of t h e  
a i r  e n t e r i n g  t h e  d u c t .  P a t h  BG r e p r e s e n t s  t h e  h e a t i n g  
a t  c o n s t a n t  p r e s s u r e  a l o n g  t h e  duc t .  P a t h  CD r e p r e s e n t s  
t h e  a d i a b a t i c  expans ion  as t h e  duc t  c o n t r a c t s  a f t e r  t h o  
h e a t i n g  s e c t i o n .  F i n a l l y ,  p a t h  DA,  r e p r e s e n t i n g  c o o l i n g  
a t  c o n s t a n t  p r e s s u r e , ' i s  e q u i v a l e n t  t o  e x p e l l i n g  t h e  h e a t e d  
s fT  a t  a t m o s p h e r i c  p r e s s u r e  and t a k i n g  i n  o t h e r  a i r  a t  t h e  
same p r e s s u r e  a n d  a t m o s p h e r i c  t e m p e r a t u r e .  

Vhen no h e a t  i s  added ,  t h e  a i r  t r a v e r s e s  t h e  c y c l e  
AB, B A ,  and no work i s  done. For  t h e  c y c l e  ABCD, t h e  
pork  done i s  



Using  pv = BT, 

The h e a t  added p e r  u n i t  mass i s  

The e f f i c i e n c y  o f  t h e  c o n v e r s i o n  of h e a t  ene rgy  i n t o  me- 
c h a n i c a l  e n e r g y  i s  

which q i v e s ,  u s i n g  t h e  a d i a b a t i c  r e l a t i o n  

and  t h e  r e l a t i o n  B = c cv, 
P 

a r e s u l t  a l r e a d y  g i v e n  by Mered i th  ( r e f e r e n c e  9 ) .  

: iost  o f  t h e  mechanica l  e n e r g y  i s  r e c o v e r a b l e  a s  t h r u s t  
e n e r g .  The r a t i o  of t h e  t h r u s t  e n e r g y  t o  t h e  t o t a l  mechan- 
i c a l  ene rTy ,  p e r  u n i t  mass of  a i r ,  i s  

For  example ,  t a k e  V, = 300 m i l e s  p e r  hour  and  V, = 328 

m i l e s  13er h o u r ;  t h e  u s e f u l  t h r u s t  ene rgy  t h e n  r e p r e s e n t s  
95.5 ~ ~ c r c e n t  of the mechan ica l  e n e r g y  o b t a i n e d .  

I n  ? ? a c t i c e ,  t h e  h e a t  i s  addad 5y a r a d i a t o r  t h a t  r c -  
q u i r e s  a c c r t a i n  prcssu- re  d rop  f o r  t h o  h e a t  d i s s i p a t i o n .  
Tho z s s u ~ p t i o i i  o f  c o n s t a n t  p r e s s u r e  h e a t i n g  must be  a l t e r e d .  



P a t h  SC ( f i g .  2 7 )  i s  r e p l a c e d  by some p a t h  B C t ,  w i t h  a 
d e c r e a s e  i n  t h e  a r e a  of t h e  c y c l e  i n d i c a t i n g  a  r educed  
c o n v e r s i o n  of h e a t  i n t o  mechanica l  energy.  In o r d e r  t o  
a s c e r t a i n  t h e  e f f e c t  of r a d i a t o r  d e s i g n  upon t h e  p ropu l -  
s i v e  e f f e c t ,  t h o  h e a t  w i l l  s t i l l  be c o n s i d e r e d  added a t  
c o n s t a n t  p r e s s u r e ,  t h i s  p r e s s u r e  be ing  t a k e n  as t h e  a v e r -  
age o v e r  t h e  r a d i a t o r .  

Then f o r  To = 300 m i l e s  p e r  hour  a t  s e a  l e v e l  and 
s t a n d a r d  a t m o s p h e r i c  c o n d i t i o n s ,  po = 2,116.  pounds p e r  
s q u a r e  f o o t  and q, = 230.4 pounds p e r  sq.uare f o o t .  The 

d e s i g n  Ap i s  t a k e n  as 25.6 o r  64 pounds p e r  square  f o o t .  
The res l3ect ive  e f f i c i e n c i e s  a r e  o b t a i n e d ,  u s i n g  e q u a t i o n  
( 2 6 )  w i t h  ' Y  = 1.4:  

\'-l 
Y ' = 2.8 and 2.6 p e r c e n t  of t h e  

h e a t  d i s s i p a t e d  ~ 0 n ~ o I ? t C d  
i n t o  mechanica l  e n e r g y .  

I t  h a s  beon p r e v i o u s l y  shown t h a t ,  f o r  any  i n s t a l l a t i o n ,  
t h e r e  i s  a hp which m i l l .  p e r m i t  c o o l i n g  st a minimum 
polvor e x p e n d i t u r e .  lo t h e  r a d i a t o r  d-esign,  t 2 e  o n l y  f s c -  
t o r  t h z t  a f f e c t s  t h e  o r e r g y  r e c o v e r y  i s  t h i s  drop i n  p r c s -  
s u r e  a c r o s s  t h e  r a d i a t o r ;  t h e  lower  t h e  p r e s s u r e  d r o p ,  t h e  
g r e a t e r  t h e  recovery .  For  t h e  i n s t a l l a t i o n  i n  a wing o r  
a n  e n g i n e  n a c e l l e ,  t h e  lowes t  p o s s i b l e  v a l u e  of t h e  Ap 
i s  used. f o r  dos ign .  3ence  a  f u r t h e r  d e c r o a s e  i n  t h e  Ap 
t o  i n c r e a s e  t h o  energy  s e c o v c r y  i s  imposs ib lo .  For  t h e  
i n s t a l l a t i o n  i n  a s e p a r a t e  n a c e l l e ,  t h e  optimum Ap i s  
u s a d  f o r  des ign .  ( s e e  f i g .  24 . )  Vhereas a change i n  Ap 
from 64 t o  25.6 pounds p e r  s q u a r e  f o o t  w i l l  change t h e  en- 
e r g y  r e c o v e r e d  from 26 t o  28  horsapomer f o r  a 1,000-horse-  
gonor  d i s s i p a t i o n ,  t h e  c o o l i n g  e f f i c i e n c y  d e c r e a s e s  by 15 
p e r c e n t  o r  abou t  12  t o  15  horsepower f o r  s good d e s i g n .  To 
a t t e n s t  a compromise would r'educe t h e  energy  r e c o v e r y  t o  
a n e q l i g i b l e  amount w i t h  a r e a l  i n c r e a s e  i n  t h e  power ex- 
p e n d i t u r e .  The c o n c l u s i o n  f o l l o w s  t h a t  a qood r a d i a t o r  
design withou t  c o n s i d e r a t i o n  o f  t h e  t h r u s t  w i l l  a l s o  be 
t h e  b e s t  d e s i g n  mhen t h e  t h r u s t  e f f e c t  i s  t a k e n  i n t o  ac -  
coun t .  

As p o i a t e d  o u t ,  by Meredi th  ( r e f e r e a c e  9 1 ,  t h e  a d i a -  
b a t i c  compression of t h e  a i r  e n t e r i n g  t h e  d u c t  enusos  a 
r i s e  i n  a i r  t e m p e r a t u r e .  The a v a i l a b l e  t empera tu re  d i f -  
f o r c n c e  Tm - Ti, w i l l  ba l e s s  than  t h e  v a l u e  u s i n g  t h e  



a t m o s p h e r i c  t c n p ~ r ~ t u r e  by a n  amount depcnbing on t h e  a i r  
speed.  Fron e q u a t i o n  ( 2 5 ) ,  assuming t h e  a i r  brought  t o  
r e s t ,  

g i v e s  t h e  upper  l i m i t  f o r  t h e  t ~ m p e r ~ t u r o  r i s e .  Mered i th  
g i v e s  t h e  same r e s u l t  i n  t h e  sim-ple form 

COWCLUSIONS 

I, The d c s i 5 n  of  a  r a d i a t o r  i s  a  f u n c t i o n  of t h e  con- 
d i t i o n s  u n a e r  which t h e  r a d i a t o r  i s  t o  o p e r a t e .  Hence i t  
f s  n e c e s s a r y  t o  know beforehand :  

(a) The q u a n t i t y  of h e a t  t o  be d i s s i p a t e d .  

( 3 3  The a v a i l a b l e  space  f o r  an  i n t e r n a l  i n s t a l l a t i o n ,  
0 1" 

( c )  The d r a g  c o e f f i c i e n t  of t h e  n a c e l l e  when no coo l -  
i n g  a i r  f low i s  p e r m i t t e d ,  i n  t h e  case  of a n  
e x t e r n a l  i n s t a l l a t i o n  i n  a s e p a r a t e  n a c e l l e .  

(d) The Qp a v a i l s b l e  i n  cl imb,  

( e l  The t y p e  of l i q u i d ,  w a t e r  o r  g l y c o l ,  and t h e  v a l u e  
of T, - T i a  e x p e c t e d .  

( f )  The p r o b a b l e  pump e f f i c i e n c y  of t h e  duc t  o r  t h e  
n a c e l l e  i n s t a l l a t  ion .  

(  The r a t i o  of t h e  l i f t  and t h e  d r a g  c o e T f i c i e n t s  
of t h e  wing. 

( h )  The t o t a l  weight  of t h e  r a d i a t o r  and t h e  a d d i t i o n -  
a l  s t r u c t u r e  f o r  any r a d i a t o r  d imensions .  

( i )  The v e l o c i t y  of t h e  a i r p l a n e  i n  l e v e l  f l i g h t .  



Such i n f o r m a t i o n  i s  b o t h  n a c o s s a r y  a n d ,  mhen conbinod n i t h  
t h e  h e a t - t r a n s f e r  and  t h e  p r o s s u r e - l o s s  d a t a  of t h i s  r e -  
p o r t ,  i s  s u f f i c i e n t  f o r  an optimum r a d i a t o r  d e s i g n .  Par-  
t i c u l a r  c a s o s  may add o t h o r  q u a l i f i c a t i o n s ,  such a s  maxi- 
mum g o s s i ' o l e  r a d i a t o r  l e n g t h ,  a maxfmum b p  f o r  d e s i g n  t o  
i n s u r e  good c o o l i n g  on t h e  ground;  e t c .  

2 The e f f e c t  of  each  of  t h e  f o l l o w i n g  f a c t o r s  on 
t h e  c o o l i n g  e f f i c i e n c y  and t h e  r a d i a t o r  d imensions  w.as 
c o n s i d e r e d .  

(a) The pump e f f i c i e n c y :  " A d e c r e a s e  i n  t h e  gump 
e f f i c i e n c y  of t h e  d u c t  n i l 1  p r o p o r t  i o n s l l y  i n c r e a s e  

* t h e  power f o r  c o o l i n g  a n d  d e c r e a s e  t h e  c o o l i n g  e f f i -  
c i ency .  

( 3 )  The f r e e - a r e a  ra t io :  An i n c r e a s e  i n  t h e  
v a l u e  of t h e  f r e e - a r e a  r n t i o  w i l l  d e c r e a s e  t h e  r a d i -  
a t o r  weight  and  t h e  t a t a l  f r o n t a l  a r e a  w i t h  a c o r r e -  
sponding i n c r e a s e  i n  t h o  c o o l i n g  e f f i c i e n c y .  

( c )  The r n t i o  E ( c ~ ~ / C ~ ) :  Tho p o s e r  used  t o  

t r a n s p o r t  t h e  r a d i a t o r  weight  i s  d i r e c t l y  p r o p o r t i o n -  
7 1 '  t o  t h e  v a l u e  of E ( G ~ ~ / c ~ ) .  

( d )  The change i n  t h e  a i r  c o n s t a n t s ,  c p ,  IJJ t 

nnd p due t o  t h e  h e a t i n g  up of t h e ' e i r :  To main- 
tg,in a f i x e d  r a t e  of h e a t  a i s s i p a t i o n  r e q u i r e s  t h e  
c o n d i t i o n  of a c o n s t a n t  mass f l o w  of a i r . m h e n ' t h e  ra- 
d i a t o r  i s  h e a t e d .  T h i s  requi rement  i n  t u r n  n e c e s s i -  
t a t e s  a l a r g e r  Ap t h a n  i s  r e q u i r e d  by t h e  same a i r  
f low f o r  t h e  i s o t h e r m a l  f low. T h s ' d e s i g n  s o l u t i o n  
i n c l u d e s  t h i s  e f f e c t  by morking o u t  t h e ,  i s o t h e r n a l  
c a s e  a t  a reduced Ap. The c a l c u l a t i o n  of t h e  ex- 
p e c t e d  i n c r e a s e  i n  Ap caused by h o a t i n g  t h e  r a d i a -  
t o r  i s  p r e s e n t e d .  

( e )  The change i n  t h e  h e a t  d i s s i p a t i o n  n i t h  a l -  
t i t u d e :  For a  s u p e r c k a r c e d  eng ine  i n  which t h e  max- 
imum r e q u i r e d  h e a t  d i s s i p a t i o n  i s  a t  t h e  r a t e d  h e i g h t ,  
an  i n c r e a s e  i n  t h e  a i r  f low th rough  t h e  d u c t  i s  r e -  
q u i r e d  i f  t h e  r a d i a t o r  i s  des igned  f o r  g round- leve l  
c o n d i t i o n i ,  The r a d i a t o r  must $9 des igned  w i t h  a 
view t o  t h e  r a t e d  a l t i t u d e  a t  which i t  i s  t o  o p e r a t e  
because  t h e  g r o p o r t i o n  of t h e  a v a i l a b l e  Ilp r e q u i r e d  
f o r  c o o l i n g  i n c r e a s e s  w i t h  a l t i t u d e . .  



( f )  The n i d t h  of t h e  w a t e r  p a s s a g e :  I t  i s  de- 
s i r a b l e  t o  u s e  t h e  s n a l l e s t  p o s s i b l e  na te r -passage  
a i d t h ,  c o n d i t i o n e d  upon t h e  power u s e d  t o  pump t h e  
l i q u i d  throu+:h t h e  r a d i a t o r  and t h e  n e c e s s i t y  of 
k e e p i n g  t h e  w a t e r  p a s s a g e s  open,  i n  o r d e r  t o  reduce  
t h e  r a d i a t o r  weight  and  t o  i n c r e a s e  tho  f r e e - a r e a  
r a t i o .  

A v a r i a t i o n  i n  any of t h e  f o r e g o i n g  f a c t o r s  i n c r e a s -  
i n g  o r  d .ecreas ing  any p a r t  of t h e  pomer chargeab le  t o  t h e  
r a d i a t o r  m i l l  c ause  a change i n  t h e  optimum r a d i a t o r  d i -  
mensions t e n d i n g  t o  b r i n g  t h e  v a r i o u s  opposing pomer eon- 
s i d e r a t i o n s  i n t o  ba lance  agabn ,  For example,  snppose t h e  
pump e f f i c i e n c y  d e c r e a s e s .  Then PD i n c r e a s e s  and  t h e  
o p t i n u n  r a d i a t o r  d e s i g n  f o r  t h e  new c o n d i t i o n s  m i l l  have a  
l o n g e r  l e n g t h .  Tho v e l o c i t y  f o ~  any g i v e n  Ap z ~ i 1 3 .  be 
l e s s  and t h e  v a l v e  of PD n i x 1  be d e c r e a s e d .  

3. Tho fundamenta l  d a t a  p r e s e n t e d  on h e a t  t r a n s f e r  
and  p r e s s u r e  l o s s e s  f o r  smooth-tube r a d i a t ~ ~ s ' w e r e  ob- 
t a i n e d  f o r  t h e  f l o p  c o n d i t i o n s  t h a t  a c t u a l l g  e x i s t  i n  t h e  
t u b e  s e c t i o n  c o n t a i n i n g  t h e  entrance. A comparisoll w i t h  
t h e  e s t a b l i s h e d  r e s u l t s  f o r  f u l l y  developed t u r b u l e n t  
f low showed t h a t  t h e  h e a t  t r a n s f e r  a t  a p a r t i c u l a r  Ap i s  
?*bout t h e  same f o r  b o t h  c a s e s  mi th  a l a r g o r  power cxpen- 
d i t u r e  r e q u i r e d  t o  f o r c e  t h e  a i r  th rou2h  t h e  r a d i a t o r  f o r  
t h e  a c t u a l  flow. 

4 .  An e f f i c i e n t  r a d i a t o r  i n s t a l l a t i o n  w i t h i n  a d u c t  
o r  n a c e l l e  where t h e  q u a n t i t y  of  f low i s  c o n t r o l l a % l e  i s  
s u p e r i o r  t o  any i n s - t a l l a t i o n  n h e r e  tLe. r a 'd ia to r '  i s  exposed 
t o  t h e  a i r  s t r eam,  whether  t h e  r a d i a t o r  i s  r e t r a c t a b l e  o r  
s h u t t e r e d .  R e l a t i v e  c o o l i n g  e f f i c i e n c i e s  f o r  t h e  i n s t a l -  
l a t i o n s  under  s i m i l a r  assumed c o n d i t f o n s  mere as  f o l l o a s :  

I n s t a l l a t i o n  ---.....--------- R e l a t i v e  -------- 
cooling-gff4sZencx 

S e t r a c t a F l e  r a d i a t o r  1 .7  

SeparatG n a c e l l e  5.9 ... No wing-nacel le  i n -  
t e r f e r e n c e  

S e g a r a t e  n a c e l l e  8.0 . . . 40 p e r c e n t  C 
Dn 

I n t e r n a l  d u c t  9.8 



5 .  In t h e  d e s i g n  of a r a d i a t o r  f o r  a n  i n s t a l l a t i o n  
w i t h i n  a wing d u c t  o r  a n  e n g i n e  n a c e l l e ,  i t  mas found t h a t  
a h i g h e r  c o o l i n g  e f f i c i e n c y  i s  p o s s i b l e  w i t h  a d e c r e a s e  
i n  t h e '  Ap a c r o s s  t h e  r a d i a t o r .  Henbe, t h e  f i r s t  s t e p  i n  
such a d e s i g n  i s  t o  s e l e c t  a v a l u e  f o r  t h e  Ap t h a t  m i l - 1  
r e q u i r e  a  r a d i a t o r  f i l l i n g  a l l  t h e ' a v a i l a b l e  f r o n t a l  a r e a  
i n  t h e  duc t  space .  Th i s  Ap w i l l  be tho optimum and min- 
imum f o r  t h e  p a r t i c u l a r  case .  

6 .  The optimum d e s i g n  Ap f o r  an  i n s t a l l a t i o n  wi th-  
i n  a s e 3 a r a t e  n a c e l l e  i s  t h e  r e s u l t  of s compromise be- 
tween t h e  powers u s e d  f o r  c o o l i n g ,  weight  p r a p u l s i o n ,  and 
form drag .  T h i s  c a s e  a p p r o a c h e s  t h e  d e s i g n  problem f o r  3 
d u c t  as t h e  e f f e c t i v e  drag-  c o e f f i c i e n t  'of tho n a c e l l e  de- 
c r e a s e s  and  t h e  power used  t o  overcomo t h e  form d r a g  be- 
comes of d e c r e a s i n g  impor tance .  On t h e  o t h e r  hand ,  as t h e  
form-drag power i n c r e a s e s  i n  r o l n t i v e  magnitude,  t h e  f r o n -  
t a l  a r e a  must be d e c r e a s e d ,  requiring a l a r g e r  Ap a n d  
l o n g e r  r a d i a t o r ,  t h u s  i n c r e a s i n g  t h s  pomor f o r  c o o l i n g  and 
t h e  weight  p r o p u l s i o n .  Tho b e s t  d e s i g n  i s  i n  t h e  r o g i o n  
nhoro  t h e  opposing c o n s i d e r s t  i o n s  a r e  of oqua l  impor tance  + 

7 .  The L/D, v a l u e s  f o r  t h e  s o l u t i o n s  of a r a d i a t o r -  
d e s i g n  a rob lem,  d i f f e r e n t  t u b e  d i n a c t o r s  b e i n g  u s e d ,  f a l l  
v e r y  n e a r  each o t h e r .  a e n c e ,  t h e  l e n g t h  a v a i l a b l e  f o r  t h e  
r a d i a t o r  i s  a secondary  f a c t o r  s i n c e  a r e d u c t i o n  i n  t h e  
r a d i a t o r  d e s i g n  l e n g t h  mere ly  c a l l s  f o r  t h e  u s e  of  a small- 
e r  t u b e  d iamete r .  In  many c a s e s ,  one tube  d iamete r  w i l l  
g i v e  a s l i g h t l y  h i g h e r  c o o l i n g  e f f i c i a n c y  t h a n  i s  p o s s i b l o  
w i t h  any o t h e r  d i a n e t e r ;  t h i s  s o l u t i o n  m i l l  be theore t i c -  
a l l y  tho most d o s i r a b l o ,  a l t h o u g h  p e r h a p s  n o t  p r a c t i c a b l e  
owing t o  t h e  l e n g f h  n e c e s s a r y .  

8 .  A comparison was made between t h e  c i r c u l a r  t u b e  
and  t h e  hexagonal  t u b e .  I t  ras  found t h a t :  

( a )  The weight  of t h e  r a d i a t o r  r o q u i r o d  f o r  a 
n e c e s s a r y  h e a t  d i s s i p a t i o n  i s  l o n e r  f o r  a hexagona l  
tube  because  t h e  w a t e r  c o n t e n t  of t h e  r a d i a t o r  i s  
l e s s  f o r  e q u a l  minimum water -passage  wid ths .  

( b )  The f r e e - a r e s  r a t i o  i s  much h i g h e r  f o r  a 
hexagonal  t u b e .  S i n c e  b o t h  shapes  have e q u a l  h e a t  
d i s s i p a t i n g  a b i l i t y  p e r  square  f o o t  of open f r o n t a l  
a r e a ,  tho  n e c e s s a r y  f r o n t a l  area m i l 2  be l e s s  f o r  a 
hexagonal  t u b e .  T h i s  f a c t  may be u s e d  t o  a d v a n t a g e  
i n  t he  l i g h t  of c o n c l u s i o n s  ( 5 )  and ( 6 ) .  



9 .  The h i g h e r  t e m p e r a t u r e  d i f f e r e n c e s  available 3e- 
tween l i q u i d  an6  a i r ,  when g l y c o l  i s  s u b s t i t u t e d  f o r  wa- 
t e r  a s  t h e  c o o l a n t ,  i n e r e a s e  t h e  t o t a l  h e a t  t r a n s f e r  sev- 
e r a l  t i m e s  ; depQnding on t h e  i n l e t - a i r  t e m p e r a t u r e .  The 
d e c r e a s e  i n  t h e  o v e r - a l l  h e a t - t r a n s f e r  c o e f f i c i e n t  when 
g l y c o l  i s  s u b s t i t u t e d  f o r  w a t e r  i s  sbonn t o  be s e v e r a l  
p e r c e n t .  The n e t  r e s u l t  i s  a n  i n c r e a s e  i n  h e a t  d i s s i p a -  
t i o n  p e r  u n i t  f r o n t a l  a r e a  of. t h e  r a d i a t o r .  The conse-  
quen t  space s a v i n g  f o r  any r e q u i r e d  amount of h e a t  d i s s i -  

. p a t i o n  may be u s e d  t o  d e c r e a s e  t h e  power r e q u i r e d  t o  over-  
come t h e  form d r a g  and t h e  p-owsr-xsod i n  p r o p e l l i n g  t h e  
we igh t  o r ,  a l t e r n a t e l y ,  t h e  r a d i a t o r  s i z e  may be k e p t  an-  
change& a'nd t h e  coolirrg accomp2ished a t  a lower  A p  w i t h  
a  s a v i n g  i n  t h o  pomcr f o r  c o o l i n g .  In  t h e  d e s i g n  p r o c e s s ,  
tho  b a l a n c e  between t h e  v a r i o u s  powers i s  a u t o m a t i c a l l y  
t a k e n  i n t o  a c c o u n t  by t h e  s e l e c t i o n  of t h e  optimum d c s i g n .  

1 0 .  A comparison of t h e  c o o l i n g  e f f i c i e n c i e s  f o r  t h e  
a i r - c o o l e d  and t h e  l i q u i d - c o o l e d  e n g i n e s  was made. It  was 
shown that t h e  power used  f o r  c o o l i a g  and weight  p r o p u l -  
s i o n  i s  of comparable magnitude f o r  b o t h  c a s e s  and i s  t o o  
small i n  e i t h e r  c a s e  t o  be u s e d  a s  a detern l in ing  f a c t o r  i n  
t h e  s e l e c t i o n  of one eng ine  o v e r  t h e  o t h e r .  

11. It mas found t h a t ,  a t  h i g h  , s p e e d s ,  a mechanical-  
e n e r g y  recovery  i s  p o s s i b l e  from t h e  h e a t  d i s s i p a t e d  by 
t h e  r a d i a t o r  i n  t h e  d u c t .  I n  t h e  i d e a l  f r i c t i o n l e s s  c a s e ,  
n o s t  o f  t h i s  n e c h a n i c a l  ene rgy  i s  u s e f u l l y  c o n v e r t e d  i n t o  
t h r u s t  energy.  Good r a d i a t o r  d c s i g n  and enorgy r e c o v e r y  
a r e  compat ib le  f o r  nn i n s t a l l a t i o n  w i t h i n  a wins .  For  t h e  
i n s t e l l a t i o n  i n  a s e p a r a t e  n a c e l l e ,  t h e  d e t r i m e n t a l  e f f e c t  
of changing t h e  d e s i g n  t o  i n c r e a s e  t h e  t h r u s t  e f f e c t  i s  
r e l a t i v e l y  t o o  g r e a t  t o  >errn i t  any compromise. 

Langley  bIemoria1 A e r o n a u t i c a l  LaBoratory ,  
N a t i o n a l  Advisory  Committee f o r  A e r o n a u t i c s ,  

Langley . F i e l d ,  V a ,  , Decenber 2 0 ,  1938. 
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had a f r o n t a l  a r e a  of 1 s q u a r e  f o o t .  Then, p e r  s q u a r e  
f o o t  of open f r o n t a l  a e L  t h e  c a s i n g  weight  from f i g a r e  
28  i s  e u l t i o l i e d  by h / f  on t h e  . a s sumpt ion  t h a t  t h e  
c a s i n g  s i z e  i n c r e a s e s  w i t h  t h e  square  r o o t  of t h e  f r o n t a l  
a r e a ,  A smal l  e r r o r  i s  i n t r o d u c e d  when t h e  t o t a l  weight  
p e r  square  f o o t  of open f r o n t a l  a r e a  i s  used  t o  conpu te  
w e i g h t s  f o r  r a d i a t o r s  of i n c r e a s i n g  f r o n t a l  a r e a s ,  because  
t h e  c a s i n g  weight  i s  now m u l t i p l i e d  by t h e  r a t i o  of t h e  
f r o n t n l  a r e a s  i n s t e a d  of by t h e  square  r o o t  a f  t h i s  r a t i o .  

4, The weight  of s o l d e r  p e r  square  f o o t  of  open f r o n -  
t a l  a r e a  i s  t a k e n  as  1 ,5  pounds. 
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TABLE I11 

TIG C~LLCULATIONS RE'JJIRGD FOR A CHOICE OF Ap 

c ~ e x a ~ o n a l  tube; computations based on u n i t  open f r o n t a l  area; T,, - Ti, = 70°~ . ;  f ,  0.750; 

qpr 100 percent; r(Ch/CL), 0.1; Vo, 300 m.p. h. ; D, 1/48 f t .  ; Ta, 73.5°~.3 

TABLE V I  

O P T I W M C O O L I N G E F F I C I E N C I E 3 F O R V . ~ I O U S ~ D I A T ~ ~  

energy to  be diss ipated,  250 hp. ; tube-wall thickness, 0.005 in. ; minimum water-passage w a i d t h ,  

0.028 in. ; T, - Ti, = 70'~. ; bp, 25.6 lb./sq. f t. ; qp, 100 percent; c(cDW/cL), 0.1; Vo, 200 m.p.hd 

a 
Neglecting decrease i n  casing weight a s  the t o t a l  r ad ia to r  s ize  increases. 

Radiator 

A 

B 

C 

D 

E 

F 

Corrugated 
f = 0.82 

L 

et .I 
L/D 

Heat d i s s l -  
per q. 

ft of open 
area 

h p . 1  

0.52 

1.04 

1.48 

.56 

1.17 

1.65 

1.30 

110.0 

111.5 

107.0 

111.2 

114.0 

110.5 

50.0 

50.0 

47.4 

53.8 

56.2 

52.s 

38.0 

equired 
'frontal 

a rea  

(8s . f t .1  

4.88 

3-74 

3.60 

3.81 

2.92 

2.73 

a ~ e i g h t  of 
complete 
rad ia to r  

( lb . )  

72.7 291 114.7 

21 5 

251 

295 

190 

215 

4.19 

Pomr re- 
qulred 
f o r  cool- 
ing PD 

(hp.) 
- 

12.25 

13-15 

14.40 

11.70 

12.05 

Power re- 
qulred fo r  
weight pW 

(hp.) 

10.50 

9.40 

8-33 

Power 
reouired 
Pt 

(hp.) 

240 113.20 

15.5 

11.50 

13.40 

15.75 

Cooling 
e f f l c i e n c ~  

(neglecting 
f r o n t a l  a rea )  

H 

F T  
23.75 

26.55 

30.15 

10.15 

11.45 

12.80 

30.2 g.28 

21.85 11.45 

23.50 ' 1 0 . 7 0  

26.00 9.61 
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TABLE V I I  

TfIE EFFECT OF ALTITUDE UPON RADIATQA B3ELFORMBNCE 

@eat diselpatiou and PD are i n  hp./eq. it. of open 

frontal area; q , 100 percent, agarrmed for a l l  values 
P 

of the e x i t  aettin& D, 1/48 Pt* ; L/D, 503 
(n 
G, 



FIGURE LEGEMIR 

(a) Static-tube connection. 
(71)  Saml2le tube. 

Figure 1.- Tube for friction-loss study. 

Figure 2.- Velocity distributions for the 1/2-inch-diameter 
circular tube. 

Figure 3.- Pressure drop alonq a smooth tube with a stream- 
line entrance. 

Figure 4.- Summary of friction-loss data for single tubes. 

Radiators 

Length Tube 
Curve 

A 18 0.240 75 '75 
B 9 
C 5 
G 23.7 

Figure 5.- Isothermal friction data for several radiators 
and comparison with single-tube data. 

----- ----- ------------- 
25.6 

A B C I:$J;] 11/96 
25.6  
25.6 

D '1/48 , 6.4 
- -  l-,-- i -------,--- ---- 

Figure 6.- Air velocity in the tube against length for sev- 
eral aiameters. End losses included: Ta, 73.5' 3'. 

Figure 7?- Analysis of single tubes. 

Figure 8. Heat transfer against length for several tube 
diameters. T, - Ti, = 70° F.; fully develaped turbu- 
lent flow; hp, 25.6 lb,/sq, ft. 



F i g u r e  9.- Heat t r a n s f e r  a g a i n s t  l e n g t h  f o r  s c v c r a l  v a l u e s  
o f  Ap. T, - Ti, = 70' R e ;  D, 1/48 f t .  

F i q u r e  10 , -  Throe-tube s e c t i o n  from t h e  corrugated-tube 
r a d i a t o r ,  

A ,  c a p p e r - c o i l  secondary  s h o r t e d .  
B ,  ma tes  pump. 
C, bypass.  
D ,  valvia. 
E ,  expans ion t a n k .  
F ,  o r i f i c e  f b r  measuring w a t e r  f low.  
G ,  s t a t i c  t u b e ,  w a t e r  manometer. 
H, v e n t u r i  f o r  measuring a i r  flow: 
I ,  thermocouple i n s t a l l a t i o n .  . 

3 ,  s t a t i c  t u b e ,  a l c o h o l  nanometer.  
K ,  b a f f l e  p l a t e .  
L, duc t  w a l l .  
M ,  r a d i a t o r .  
B ,  expans ion box. 
0 ,  p i t o t  t u b e ,  a l c o h o l  manometer. 
P ,  i n s t a l l a t i o n s  f o r  n i n e  thermocouples .  

F i g u r e  l I?-  Appara tus  f o r  h e a t - t r a n s f e r  i n v e s t i g a t i o n .  

F i g u r e  12.- I l l u s t r a t i o n  of e x t r a p o l a t i o n  t o  f i n d  ha from 
h t  f o r  one of t h e  r a d i a t o r s .  

Curve 

-- _--_- 
A 
B 
C 
D 
E 

----i 

R a d i a t o r  Diameter  
l e n g t h  ( i n .  ) 

( i n .  > - __--_._. 
23.7 

5 
1 8  .240 

9 .250 
Recommended f o r  f u l l y  devef-  
oped t u r b u l e n t  f low by 
ii1cAdams ( r e f e r e n c e  3 ,  p .  1 7 3 )  -___-_-----_ _ _----- ----.------- 

-I 4i .zure 13.- C o r r e l a t i o n  of t h e  h e a t - t r a n s f e r  d a t a .  



I) I AP c u r v e /  ( f t . 1  ( 1 b . / s q . f t . )  

25.6 
25.6 
25,6 

6 .4  
Corru- 25.6 
g a t e d  
tube  

F i g u r e  14.- Beat t r a n s f e r  a g a i n s t  l e n g t h  f o r  s e v e r a l  t u b e  
d i a m e t e r s .  Tw - Ti , '=  70° 2.; end l o s s e s  i n c l u d e d ;  a i r  
c o n s t a n t s  t a k e n  a t  '73.59, 

F i g u r e  15.- Cool ing  e f f i c i e n c y  a @ a i n s t  l e n g t h .  Tw - T i a  = 

70° I'.; dp ,  25.6 l b . / s q . f t . :  f ,  0.650: qp, 100 p e r c e n t ;  
€ ( C D  / c L ) ,  0 .1;  v l ,  200 mepahe; $ 300 m*p*h* 

?V 

( a )  Cooling e f f i c i e n c y  a g a i n s t  l e n g t h  f o r  s e v e r a l  v a l u e s  
of Ap. T, - T i ,  = 70' .F.; f ,  0.750; q,, L O O  per-  .. 
c e n t ;  E ( C D w / C ~ ) ,  0 .1;  T o ,  300 m.p.h. ; D, 1 / 4 8  f t .  

(b) The c h o i c e  of t h e  d e s i g n  Ap. Data from . t a b l e  IT. 
F i ~ u r e  16 . -  The cho ice  o f .  &p f o r  a d u c t  i n s t a l l a t i o n .  

F i g u r e  17.- The change i n  c o o l i n g  e f f i c i e n c y  n i t h  Qp.  
Tw - Tia = '70' B . ;  f ,  0 .750 ;  q,, 100 p e r c e n t :  € (cD, /cL) .  
0 .1 ;  ' J , ,  300 m.p.h.; D ,  1 /48  fF.; L ,  0.75 E t . ;  Ta, 
7 3 , s 0  F. 

F i g u r e  1 8 . -  Coolinq e f f i c i e n c y  a g a i n s t  l e n g t h  f o r  two pump 
e f i ' i c i e n c i e s .  T, - T i a  = 70' F. ;  Ap, 25.6 l b . / s q . f t . ;  
f ,  3 .650;  E (CDV/cL) ,  0.1; T o ,  200 m.p,h.; D ,  1 / 4 8  f t .  

F i g u r e  19 . -  Cool ing  e f f i c i e n c y  a g a i n s t '  l e n g t h  f o r  v a r i o u s  
r a d i a t o r s  w i t h  optimum f r e e - a r e a  r a t i o s .  A ,  B ,  e t c . ,  
a s  i n  t a b l e  V ;  T, - Ti, = 70° F. ;  Qp ,  25.6 ~ b . / s ~ . f t . ;  
Op, 100 p e r c e n t ;  E (cD,/CL),  0.1: To, 200 m.p.h. 

F i g u r e  20.- The f l u i d  c o n d i t i o n s  f o r  a r a d i a t o r  i n  a  d u c t .  

F i g u r e  2 1 . -  The e f f e c t  of a l t i t u d e  on t h e  f low t h r o u g h  t h e  
r a d i a t o r .  F ixed  d u c t - e x i t  opening;  supercharged. eng ine .  



F i g u r e  22.- I l l u s t r a t i o n  of t h e  change i n  h e a t  d i s s i p a -  
t i o n  w i t h  a l t i t u d e  f o r  a f i x e d  e x i t  opening. 

(a) The c ross - f low r a d i a t o r .  
( 5 )  P o s s i b l e  f r o n t a l  shapes  f o r  a g iven  v a l u e  of  md. 

1 e i g u r e  23.- The l e n g t h  of t h e  p a t h  on t h e  l i q u i d  s i d e .  

F i s u r e  24.- E f f e c t  of Ap on t h e  c o o l i n g  e f f i c i e n c y  f o r  
ail i n s t a l l a t i o n  i n  a  s e p a r a t e  n a c e l l e .  T ,  - T i a  = ~ o O F . ;  

f ,  0.750: 7 ,  100  p e r c e n t ;  E ( c D W / c L ) ,  0 .1 ;  $,  300 

m.p.h.; D ,  1 /48  f t . :  C D n ,  0.12. 

(a) Czn, 0.12: no i n t e r f e r e n c e .  

( b )  CD,, 0.048; wing i n t e r f e r e n c e .  

( c )  CD,, 0.018: wing i n t e r f e r e n c e .  

F i g u r e  25.- Cool ing  e f f i c i e n c y  a g a i n s t  l e n g t h  f o r  an  in -  
s t a l l a t i o n  i n  a  s e p a r a t e  n a c e l l e .  A ,  B ,  e t c . ,  as  i n  
t a b l e  V; Tw - T i ,  = 70° F.; Op, 25.6 l b . / s q . f t . ;  f ,  
ogtimvm f o r  each tube  shape and  s i z e :  V p ,  100 p e r c e n t :  
E ( c ~ ~ / c ~ ) ,  0.1: Vg, 200 n . p . h  

F i g u r e  26.- Z r i c t i o n l e s s  d u c t ,  h e a t i n g  a t  c o n s t a n t  p r e s -  
s u r e .  

F i g u r e  27.- The p ressure -vo lune  c y c l e  f o r  t h e  f low th rough  
s Ciuc.1;. 

F i g u r e  28.-  The a n a l y s i s  of t h e  d a t a  on r a d i a t o r  w e i g h t s  
from r e f e r e n c e s  6 and 15.  
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Figure 2 



Fige, Ib, 10 

NgPrc, 10,- Three-tube rection from the 
corrugated-tub mbiator, 

(b) Sample tube, 

Figure 1.0 Tube for friction-loss study. 
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Figure 8 



N.A.C.A. Figs. 9,11 

Figure 11 
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Figure 12 



Figure 13 
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Ap, lb./sg. fi 

Figure 1'7 
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Figure  I &  
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Figure 20 

Figure 23a 

Figure 23b 
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