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HEAT-REJECTION AND WEIGHT CHARACTERISTICS OF FIN- 

TUBE SPACE RADIATORS WITH TAPERED FINS 

By Henry C. Haller, Gordon C. Wesling, 
and Seymour Lieblein 

Lewis Research Center 

SUMMARY 

An analysis was made of the radiant blackbody heat-rejection and weight 
characteristics of a direct-condensing radiator with a linearly tapered fin be- 
tween two tubes, Considered in the analysis are such factors as tube armor pro- 
tection, mutual irradiation occurring between the fin and the adjoining tube 
surfaces, and fin base thickness and taper angle. Results of the thermal anal- 
ysis for three fin tapers are presented in terms of a conductance parameter in- 
volving a comparison of the radiation capability of a fin with its heat conduct- 
ing capability, the ratio of fin tip to base thickness, the ratio of tube out- 
side radius to fin length, and the ratio of fin base thickness to fin length, 
For practical configurations, the effects of fin base thickness and taper angle 
on total heat transfer are negligible, 

The weight-minimization procedure used in this analysis substantiated the 
fact that the maximum heat rejection per unit weight occurs at conductance pa- 
rameters approximately equal to l with tapered as well as with constant-thickness 
fins. For minimum weight, the tapered fin is thicker at the root and is longer 
than the corresponding minimum-weight constant-thickness fin. The advantages 
gained by tapered fins are highly dependent on the choice of required armor pro- 
tection, material, heat-rejection load, and surface temperature, For the illus- 
trative calculations considered, in which a 1-megawatt-system radiator at 
1700' R with a 0.90 probability of no punctures in 500 days was prescribed, fin 
tapering results in a maximum weight saving of 10 percent for a triangular fin 
as comparedto a constant-thickness fin, A similar result was obtained for a 
radiator operating at 1160° R for a 30-kilowatt system. 
tapering on radiator planform area was also investigated. Results indicate that 
an increase in planform area occurs with increasing fin taper at conditions of 
maximum heat rejection per unit weight, These conclusions are based on fin and 
tube heat transfer without consideration of the fluid pressure drop or  the 
header weight contributions that may decrease the indicated advantages of taper- 
ing. 

The effect of fin 

INTRODUCTION 

A major problem in the design of closed-cycle space powerplants is the re- 
jection of large amounts of energy by radiation, SeTeral- stud-ies indicate that 



the meteoroid-protected radiator may be the heaviest component of a space power 
system, and weight optimization is of prime importance for heat-rejection sys- 
t e m  in space (refs, 1 to 3 ) -  The use of fin surfaces between fluid-carrying 
tubes has been recognized as a practical design concept for reducing radiator 
weight. The characteristics of radiating fin sui-faces of several configurations 
have been presented in a number of papers (e,g. , refs, 4 to 6). 
tions presented in references 5 and 6 show that linearly tapered fins have 
greater ratios of heat rejection to weight than fins of constant thickness and 
approach the minimum-weight cusp profile analyzed in references 7 and 8, 

The investiga- , 

The purpose of this report is to analyze the heat-rejection and weight 
characteristics of central-fin-tube radiators incorporating linearly tapered 
fins and to identify potential weight savings over radiators with fins of rec- 
tangular profile, The analysis considers the radiant interaction between tube 
and fin surfaces and the total weights of both fins and tubes. The first part 
of the analysis applies the principles of reference 9 to heat rejection from a 
fin-tube radiator with linearly tapered central fins. The second part considers 
the overall ratio of heat rejection to radiator weight for several applications 
of interest, The radiator weight includes armor to protect the primary tubes 
from meteoroid penetration as recommended in reference 10, but it does not in- 
clude inlet or outlet headers, 

The heat-rejection analysis is carried out for the situation where the fin 
and the tube are of infinite length in the direction normal to the c ross  sec- 
tion of the tube, The analysis treats fins having various degrees of linear 
taper, various ratios of tube outside radius to fin half-length, and a range of 
dimensionless conductance parameters, The minimum-weight cusp-profile fin was 
not treated in the analysis presented herein. 

SYMBOLS 

A 

Av 

A* 

a 

C 

D 

Ea 

F 

surface area, sq ft 

vulnerable area, sq ft 

planform area, sq ft 

penetration correction factor 

velocity of sound in material, e, ft/sec 
tube diameter, ft 

Young's modulus, lb/sq ft 

angle factor, fraction of energy leaving surface that is incident 
upon another surface 

acceleration due to gravity, ft/secZ 



k thermal conductibity,- Btu/( hr) (ft) ( OR) 

L half-length of fin, ft 

NC 

SP, 
Q 
R 

T 

W 

X 

X 

Y 

5 
Y 

yz 

YO 
Z 

a, P 

6 

rl 

U L ~ T ~  

kYo 
dimensionless conductance parameter, - 

pr ob ab i li t y of z er o puncture s 

powerplant output, Mw 

heat flow, Btu/hr 

tube radius, f 't  

temperature, OR 

average mete or oid velocity, f t/s e c 

weight, lb 

normalized distance coordinate, x/L 

coordinate measuring distance along fin, ft 

normalized half-thickness coordinate, y/yo 

ratio of fin tip to base thickness, y2/yo 

coordinate measuring half-thickness of fin, ft 

midfin half-thickness, ft 

half-thickness of fin at base, ft 

radiator tube length, ft 

constants in penetration formula 

tube wall thickness, ft 

efficiency or effectiveness 

cycle thermal efficiency 

normalized temperature, T/Tb 

slope of temperature profile 

approximation to ei 

dl3 
' d x  

3 
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P 

0 

z exposure time, days 

density, lb/cu ft unless otherwise specif ied 

Stefan-Boltzmann constant, 0.1713~l.O-~ Btu/(hr) (sq f t )  ( OR4) 

cP*, (P=, angles in fig. 1 If*, V*P* 

Subscripts : 

a armor 

b tube base surface 

C tube l i n e r  

c ond conduction 

f fin 

i ins ide  

0 outside 

P p a r t  i c l e  

r rad ia to r  

rad rad ia t ion  

X coordinate measuring dis tance along f i n ,  f t  

1 tube surface 1 

2 tube surface 2 

3 adjacent f i n  surface 

A s s  umpt i ons 

The analysis  considers t he  general case of a l i n e a r l y  tapered f i n  of length 

Energy input t o  t h e  f i n  comprises heat conduction along the  f i n  from the  
L and taper  r a t i o  Yl attached t o  a tube with a constant surface temperature 
Q,. 
tube-fin in te r face  and incident  rad ia t ion  from t h e  adjacent tapered f i n  and t he  
t w o  tube surfaces. Figure 1 shows the  geometrical se tup  used i n  t h e  analysis of 
t he  fin-tube r ad ia to r  panel, and f igu re  2 ind ica tes  t h e  f i n  p ro f i l e s  studied. 

4 



The spec i f ic  assumptions used i n  the  development of the fin heat-transfer 
re la t ions  are 

(1) The rad ia tor  surfaces  a c t  as blackbodies with incident  and emitted 
radiat ion governed by Lambert's cosine law. 

( 2 )  h c i d e n t  rad ia t ion  from external  sources is  n e a i g i b l e ,  

(3) A l l  conditions a re  constant along t h e  length of t he  tube, 

(4)  Heat i s  radiated from both upper and lower surfaces of the  f in  and t h e  
tube. 

(5)  The tube surface is a t  a constant temperature longi tudinal ly  and 
circumferentially. 

( 6 )  The heat flow i n  the  fins is steady-state one-dimensional flow, and the  
f i n  base is a t  t he  temperature of the  tube, 

( 7 )  Material  properties are  constant and evaluated a t  the  f i n  base tempera- 
t u r e  * 

(8)  The development of f i n  and tube angle f ac to r s  is based on an i n f i n l t e  
length of tube and f in ,  

( 9 )  The f i n  surface area i s  based on the  length of the f i n  measured from 
the  center l ine of the  f i n  a t  i t s  base,' 

Formulation of Equations 

When an element o f  the f i n  surface i n  f i v e  1 is considered and the  pre- 
vious assumptions a re  employed, the law of e n e r a  conservation can be expressed 
as the energy balance between the  net  heat t r ans fe r  due t o  conduction and radia- 
t ion:  

The net  i n t e rna l  heat conduction through the element for  half  of the f i n  th ick-  
ness i s  expressed as 

The net  radiant  heat r e j ec t ion  f r o m t h e  element of area on the upper surface of 

1The increase i n  f i n  surface area due t o  an increase i n  f i n  thickness is 
l e s s  than one-half of 1 percent of the f in  length f o r  a p r a c t i c a l  l imi t ing  case 
given by yo/Ro < - 0.1, Ro/L = LO, and Ro = 1.0 in. 

5 
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t he  f i n  i s  composed of i t s  emission minus t h e  incident  energy. The emitted 
energy from the  surface element i s  given by 

dx crT4 cos 0" ( 3 )  

and t h e  incident  energy on the  element from t he  tube surfaces  and the  opposing 
f i n  surface is 

where A1 and A2 are,  respect ively,  t he  exposed surface area of the  tube 
quadrants adjacent t o  the  f i n  surface i n  question, 

For p r a c t i c a l  f in-tube configurations i n  which yo/Ro is general ly  n o t  
g rea te r  than 0.10, t h e  amount of energy incident  on t h e  f i n  surface from an op- 
posing f i n  can be neglected, s ince  the  angle f a c t o r  from t h e  opposing f i n  t o  the  
element on t h e  f i n  w i l l  be considerably less than t h e  angle fac tors  from e i t h e r  
tube, The n e t  exchange of energy i s  made add i t iona l ly  in s ign i f i can t  when it is 
noted t h a t  the  average temperature of the  por t ion  of t he  opposing fin t h a t  would 
contr ibute  t h e  most t o  an element near t h e  f i n  t i p  i s  a t  t h e  same temperature as 
the  opposing fin, When t h i s  energy input is neglected and the  r ec ip roc i ty  r e l a -  
t i o n s  

and 

are  applied t o  equation (4a), t he  incident  energy expression 

i s  produced. The n e t  r ad ia t ion  leaving the  sur face  element i s  then given by 

and the  complete energy balance on the  element can be wr i t ten  as 

This d i f f e r e n t i a l  equation describing the  f i n  temperature d i s t r ibu t ion  can 
be rewr i t ten  in  a dimensionless form by introducing t h e  following parameters: 

6 



e = -  T x = -  X y = - -  - 1 - x ( l  - Y2) 
% L YO 

In terms of these new variables,  equation (6 )  can be wr i t ten  as 

where 
2 3  dL Tb 

Ne = - 
kY0 

and 

1 cos o* = 

d m  
The angle fac tors  i n  equation (7a) are evaluated by using a r e l a t i o n  

For the  configuration of f igure  1 
(ref .  11, eq. (31-38)) t h a t  applies t o  p a r a l l e l  surfaces of i n f i n i t e  
length (i-e.,  tube and f i n  length, Z = m). 
the  angle fac tors  a r e  

The evaluation of t h e  angle factors  in terms of the parameters 
and y2/y0 
ure 1, The exact expressions developed include t h e  effects  of f i n  thickness and 
f i n  taper on t h e  angle factors .  
t i o n s  (sa) and (8b) a r e  

X, Ro/L, yo/L, 
i s  carr ied out by using the geometry and t h e  nomenclature of f ig -  

The required angles t h a t  a re  used i n  equa- 

7 



L J 

- sin-’ 

7 

Yo 1 - (1 - Y,)X 
2 t - - X  L 

’ -  J c 

L RO 

With the previous formulation for the angle-factor expressions (eqs, (%a) 
and (8b)), the exact evaluation of the fin energy balance (eq, (7a)) is complete, 

Calculated variations of the angle factor from adjacent fin to tube, in- 
cluding the effects of fin thickness and taper ratio as obtained from equa- 
tion (8a), are shown in figure 3. As expected, fin taper and thickness reduce 
the angle factor. 
factor from the entire fin to a tube can result when large fin thicknesses are 
not accounted for (as in ref. 9). 
fin thickness and taper angle, however, will depend on the corresponding effects 
on the net heat transfer, 

This comparison indicates that a sizable error in the angle- 

The true measure of the result of neglecting 

Computational Procedure 

It was necessary to use numerical techniques to solve equation (”a) for 
and for the e profile from X = 0 to X = 1, The finite-difference 
ique used was a form of Kalaba’s method, ex=& tee 

d applied to (. g) yield Central finite differences 

Applying central differences to B yields 

a 



The term 

0 .  - 01 + 45:( 0i - Oi) or 
ei. mus, 04 becomes a l i n e a r  function of ei. 

0f w a s  approximated by a f i n i t e  Taylor se r ies ,  namely, 
- 4 . - - 4  - -3 -4 0: = 4eiei - 30i, where 0i is an approximation t o  

1 

1 

The f ini te-difference equations were s e t  up i n  three-diagonal form, were 
reduced t o  two-diagonal form, and were solved by gaussian backward subs t i tu t ion  
by using an a r b i t r a r y  i n i t i a l  guess f o r  0. Thls process w a s  repeated with t h e  
new computed values f o r  0, Four such i t e r a t i o n s  yielded an accuracy of -I1 i n  
the  f i f t h  decimal place, or, roughly, each i t e r a t i o n  yielded an addi t ional  deci- 
m a l  place, An I B M  7090 e lec t ronic  d i g i t a l  computer was used f o r  the nume'rical 
s o l u t  i on. 

Results 

Each solut ion of the  f i n  energy equation provided a temperature d is t r ibu-  
t i o n  along the f in ,  Results m e  p lo t ted  i n  f igures  4(a) ,  (b) ,  and ( c )  as func- 
t i o n s  of X f o r  severa l  parametric values of Ne and ROIL f o r  t r iangular ,  
trapezoidal, and rectangular fins, respectively,  The view factors  used t o  ob- 
t a i n  the  curves of figure 4 were based on the s implif ied case of 
The e f f e c t  of the  f i n  thickness parameter 
w a s  calculated t o  be small f o r  t h e  cases shown i n  f igure  4. A m a x i m u m  e r r o r  i n  
0 
Ro/L = 1.0, and large values of 
the  e r ror  i n  neglecting f i n  thickness i s  l e s s  than 1 percent a t  these conditions. 

yo/L = 0, 
yo/L on the temperature d is t r ibu t ion  

of 2 percent r e s u l t s  a t  t h e  midpoint of the  f i n  ( X  = 1) f o r  yo/Ro = 0.1, 
Ne. For values of Ne = 1.0 (near optimum), 

The curves of f igure  4 exhibi t  the  expected t rend of s m a l l  temperature 
drops being associated with low values of Ne, and t h e  Ro/L r a t i o  contributes 
only a minor e f f e c t  a t  t h i s  condition. A s  Ne increases, s o  does t h e  f i n  t e m -  
perature drop and the importance of the  r a t i o  Ro/L. 
4(a) ,  (b) ,  and ( c )  shows t h a t  increasing the  f i n  taper  increases the  temperature 
drop along the f i n  f o r  f ixed values of t h e  conductance parameter and the  r a t i o  
Ro/L. 
f i n  is  decreased as t h e  taper  is  increased, and thus the thermal res is tance i s  
increased, 

A comparison of f igures  

T h i s ' i s  plausible  s ince the f i n  cross-sectional area a t  any point on the 

RADIATOR HEAT TRANSFER 

Fin Heat Rejection 

After the temperature d i s t r i b u t i o n  and the  slope of the  temperature d i s -  
t r i b u t i o n  curve a t  
f i n  can be calculated, The ne t  heat loss from one s ide of t h e  f i n  of length L 
is equivalent t o  the  amount of heat conducted i n t o  half of the  f i n  base thickness 
( f ig .  l), Fourier ' s  heat-conduction equation is 

X = 0 have been determined, t h e  n e t  heat t ransfer red  by t h e  

9 
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This equation can be placed i n  dimensionless form and can b e  evaluated by using 
t h e  solut ions of t h e  f i n  energy equation (7a).  
energy r e j e c t i o n  t o  t h e  t o t a l  heat loss from one s i d e  of a black isothermal f i n  
of length 

The comparison of t h i s  f i n  

L can be expressed as 

Equation (12) is  t h e  def in i t ion  for the  e f f ic iency  of the  f i n .  

For t h e  case of Nc = 0 ( i n f i n i t e  thermal conductivity and constant t e m -  
perature) ,  equation ( 1 2 )  is indeterminate. For these conditions, however, t h e  
f i n  eff ic iency can be found from simple geometrical considerations. Since the  
heat l o s s  is t h e  difference between emitted and incident  energy, t h e  f i n  e f f i -  
ciency becomes 

Thus, when Ro/L = 0, ‘qf = 1.0, and when Ro/L 3 to, TIf -+ 0. 

Results of the  f i n  e f f ic iency  calculat ions a r e  shown i n  f igure  5 f o r  varia- 
t i o n s  i n  In- 
creasing the  conductance parameter Nc or the  f i n  taper  yz/yo decreases the  
f i n  e f f ic iency  because of t h e  corresponding reductions i n  the f i n  temperature 
p r o f i l e  ( f i g .  4).  For the  l imi t ing  case when Ro/L = 0, there  is no rad ian t  
interchange between tube and f in .  This is  t h e  plane f i n  case t h a t  is t r e a t e d  in  
references 4 and 6, The decrease i n  ‘qf with increasing Ro/L i s  a r e f l e c t i o n  
of the increasing e f f e c t s  of tube occlusion. 

Ne, Ro/L, and f i n  t a p e r  f o r  t h e  simplifying case of yo/L = 0. 

If t h e  f i n  thickness r a t i o  is considered in  t h e  f i n  heat re ject ion,  t h e  f i n  
This i s  caused by a r e -  eff ic iency as described by equation ( 1 2 )  w i l l  increase. 

duction i n  the occlusion of the  tube on t h e  f in ,  which permits a la rger  amount 
of energy t o  escape. 
incurred in ‘qf when yo/L is  neglected f o r  t h e  case of Ro/L = L O ,  
y o / b  = 0.1, and Nc i n  t h e  range of in te res t .  

Numerical r e s u l t s  indicate  l e s s  than a 2-percent e r r o r  i s  

Tube Heat Rejection 

The ne t  heat l o s s  from the  tube surface i s  equal t o  t h e  energy emitted by 
the exposed tube surface minus t h e  incident  rad ian t  flux, which i s  composed of 
emission from the f i n s  and the opposing tube surfaces. If one-quarter of t h e  
surface of tube 1 i n  f igure  1 is considered, t h e  tube-surface heat loss per u n i t  
length of tube can be wri t ten as 

10 
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Inasmuch as the  incident energy from t h e  f in ,  a t  
equal t o  the  incident energy from t h e  f in ,  a t  
fin-to-tube angle f ac to r  i n  equation (14) can be expressed as 

X = 0 t o  X = 1, t o  tube 2 is 
X = 1 t o  X = 2, t o  tube 1, the  

The determination of the  angle fac tor  from tube 2 t o  tube 1, including the  ef-  
f e c t  of f i n  thickness, i s  obtained from angle-factor algebra and i s  writ ten as  

Subst i tut ing equations (15) and (16) i n to  equation (14),  nondimensionalizing, 
and comparing the ac tua l  heat loss 
quarter-circle surface of the tube y ie ld  

&b with the  idea l  emission from the  

(17 )  

This expression, which is the  tube-heat-rejection efficiency, is iden t i ca l  in  
form t o  the  equation presented in  reference 9 with the  exception of t he  
term, which is  a function of  t h e  f i n  t ape r  (eq. (7c) ) .  The e f f ec t s  of f i n  taper  
and fin thickness w e  a l so  introduced in t h e  angle-factor terms Fx-1 and FXe2 
obtained from equations (8a)  and (b)  and from the  numerical values of t h e  f i n  
temperature prof i le  Q(X)  obtained from t h e  solutions of equation (7a). 

cos a* 

When t h e  conductance parameter approaches zero, t h e  fin is isothermal, and 
equation (17) reduces t o  



The tube e f f ic iency  f o r  t h i s  case, however, i s  not affected by f i n  taper. The 
cos m* term and t h e  angle-factor expressions, which contain the  f i n  taper  and 
thickness parameters, cancel out numerically f o r  
than 0.1. 

yo/Ro equal t o  or less 

Figure 6 shows a p l o t  of the  tube e f f ic iency  as a function of t h e  r a t i o  
Ro/L for selected values of Ne and f i n  t a p e r  when the  e f f e c t s  of f i n  thick-  
ness, yo/L, a r e  neglected. For the  N, = 0 curve, t h e  Ro/L = 0 condition 
represents the  case of a tube with an i n f i n i t e  isothermal c e n t r a l  f in .  For t h i s  
s i tua t ion ,  t h e  f i n  occlusion reduces the tube e f f ic iency  t o  0.818. 
l imi t ing  condition of 
tubes, f o r  which t h e  e f f ic iency  approaches 
the  conductance parameter of the f i n  gets  la rger ,  s ince the  f i n  emits l e s s  t o  
the  tube because of i t s  reduced temperatures. Fin t a p e r  a l s o  increases the  tube 
eff ic iency because taper ing reduces t h e  f i n  temperature prof i le .  
i n  reference 9, however, these curves should approach the  s ingle  l imi t ing  values 
of the curve f o r  Nc = 0 a t  Ro/L = 0 and 00. The dashed l i n e s  a t  low values 
of ROIL i n  f igure  6 a re  f a i r e d  curves. 

The other 
Ro/L + 00 represents t h e  case of isothermal touching 

2/n. Tube ef f ic iency  increases as 

A s  discussed 

Consideration of t h e  e f f e c t s  of f i n  thickness on t h e  tube e f f ic iency  ind i -  
cates  t h a t  a reduction i n  e f f ic iency  occurs when t h e  f i n  thickness i s  increased. 
This i s  caused by a reduction i n  t h e  prime surface area of t h e  tube. The reduc- 
t i o n  i n  T~ i s  l e s s  than 2 percent f o r  the  case when the  r a t i o  of f i n  thickness 
t o  length i s  0.1, Ro/L = 1, 
i s  approximately 10 percent a t  t h i s  condition, the  e f f e c t  on t h e  tube e f f ic iency  
i s  s m a l l  s ince the tube area near the f i n  contributes l i t t l e  ne t  emission t o  
space because of the  occluding e f f e c t  of the  f in .  

and Ne = 1. Even though t h e  tube area reduction 

Total  Fin-Tube Heat Rejection 

It i s  desirable  t o  compare the tapered-fin and rectangular-fin rad ia tors  on 
a common bas is ,  t h a t  i s ,  the  same Ro/L and conductance parameter. It is  also 
important t h a t  a fin-tube sect ion of both r a d i a t o r s  be compared s ince var ia t ions  
i n  f i n  length and base thickness have marked e f f e c t s  on the  heat re jec t ion  from 
the tube or the  f i n  when t r e a t e d  separately. If the  def in i t ions  of f i n  e f f i -  
ciency i n  equation (12) and of tube e f f ic iency  i n  equation (17)  a re  used, t h e  
following useful  def in i t ion  of overa l l  fin-tube effectiveness is formulated: 

Equation ( 1 9 )  i s  f o r  a quarter  sect ion of a tube and a f i n ,  but  it i s  i d e n t i c a l  
t o  t h a t  f o r  an e n t i r e  fin-tube sect ion of length 
two sides. 

2L(1 + Ro/L) rad ia t ing  from 

Figure 7 shows t h e  effectiveness of t h e  e n t i r e  fin-tube r a d i a t o r  t h a t  w a s  
obtained by using equation (19) f o r  the case of 
taper  parameter Y2 and the  conductance parameter Ne a r e  i n  t h e  same direc-  

yo/L = 0. The trends with the  
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t i o n  as those exhibited by t h e  f i n  e f f ic iency  curves. Factors that  reduce t h e  
f i n  thermal res is tance improve the  overal l  fin-tube effectiveness. The grea tes t  
improvement i n  rad ia t ing  effectiveness occurs with increasfng Ro/L because 
more of the  r a d i a t o r  i s  a t  t h e  base teaperature. 

The t o t a l  effectiveness of t h e  fin-tube rad ia tor  is  equal t o  1 f o r  the  two 
l imi t ing  cases of ROIL = and the  conductance parameter Ne = 0. I n  both of 
these cases the e n t i r e  f i n  and tube sect ion i s  isothermal and a c t s  as a black- 
body radiator.  
t h i r d  l imi t ing  case, Ro/L = 0. 
t o  the  t o t a l  rad ia tor  effect iveness  even though t h e  tube e f f ic iency  i s  f i n i t e ,  
as shown i n  f igure  6. 

The t o t a l  effect iveness  approaches the  f i n  e f f ic iency  f o r  the  
A t  t h i s  condition, t h e  tube does not contribute 

The inclusion of the f i n  thickness parameter yo/L 
1-percent var ia t ion  i n  t o t a l  fin-tube effectiveness f o r  
Ro/L = 1 and conductance parameters of in te res t ,  Thus, within the  range of 
conditions calculated, neglecting the e f f e c t s  of f i n  thickness on the t o t a l  
rad ia tor  heat t r a n s f e r  can general ly  be jus t i f ied ,  

resul ted i n  l e s s  than a 
yo/Ro = 0-1 a t  

It i s  a l s o  of i n t e r e s t  t o  know what f r a c t i o n  of the overa l l  heat loss i s  
t ransfer red  from the  f i n ,  A p lo t  of the  r a t i o  of f i n  heat r e j e c t i o n  t o  t o t a l  
rad ia tor  heat re jec t ion  i s  presented i n  f igure  8, Inspection of the f igure re- 
veals t h a t  t h e  f rac t ion  of heat l o s t  by the f i n  is grea tes t  f o r  s m a l l  values of 
Ro/L and Ne, The tendency of Qf/Qr t o  increase with decreasing Ro/L i s  
re la ted  t o  the  increase i n  t h e  f i n  surface area r e l a t i v e  t o  the tube surface 
area, On the  other hand, t h e  changes i n  Qf/Qr with Nc and f i n  taper  a r e  due 
t o  changes i n  t h e  fin temperature dis t r ibut ion.  

RADIATOR WEIGHT 

The heat-rejection analysis  of the f i n  and the  tube was nondimensionalized 
s o  t h a t  the  r e s u l t s  could be used f o r  general design purposes. Using the pre- 
vious r e s u l t s  f o r  making a decision as t o  t h e  merits of employing tapered f i n s  
i n  rad ia tor  designs is  impractical  without consideration of t h e  t o t a l  weight of 
the  f i n s  and the  tubes, It i s  necessary, therefore,  t o  consider t h e  r a t i o  of 
heat re jec t ion  per u n i t  weight Q/W. 

Input information required from t h e  heat-rejection analysis consists of t h e  

Because of the addi t ional  var iables  of tube In te rna l  diameter, 
overal l  rad ia tor  effectiveness (eq. ( 1 9 ) )  as a function of 
and y0/L 
meteoroid sh ie ld  thickness, rad ia tor  materials,  radiator  temperature leve l ,  and 
system power level ,  weight and area optimizations can be made only f o r  spec i f ic  
cases. 

Ne, Ro/L, yz/yo, 

For comparison purposes, it w a s  considered s u f f i c i e n t  f o r  the  panel geom- 
Consideration of f l u i d  pres- e t r y  t o  match only t h e  t o t a l  r e q d r e d  heat flow, 

sure drop and vapor and l i q u i d  headers w a s  not included i n  the  formulation of 
the rad ia tor  weight re la t ions .  This s implif icat ion i n  essence permits the  
analysis  of a s ingle  tube and f i n  without regard t o  the  number of tubes or t o  
the  subsequent individual tube length. A tube-to-tube span i s  considered i n  

13 



t he  thermal analysis ,  hcwever, so t h a t  t h e  rad ia t ion  interchange between f i n  
and tube i s  properly included. 

Weight Ratio 

me heat r e j ec t ion  per  u n i t  weight of a fin-tube r ad ia to r  is given by 

“=9& W 

where, for r ad ia t ion  from both surfaces,  

For a rad ia tor  tube composed of a th in  inner l i n e r  of thickness 6c and an 
armor sleeve of thickness fja, t h e  outside tube diameter maybe expressed as 

Do = D i  + 26c -I- 2Ea ( 2 2 )  

The f i n  and tube weight per u n i t  length of tube can be calculated by sum- 
ming the  individual  weights of t h e  f i n ,  t h e  tube l iner ,  and the  tube armor t o  
obtain 

2 3  When yo = oL Tb/kNc and Do from equation (22)  a r e  introduced i n t o  equa- 
t i o n  ( 2 3 ) ,  t h e  equation f o r  weight per un i t  length becomes 

Solution of equation (24)  for f ixed values of Ne, Tj,, and YL f o r  a given 
r ad ia to r  requires  input values f o r  t he  liner and armor thickness,  
general ly  prescribed as some function of t h e  tube ins ide  diameter, while the  
l a t t e r  depends on t h e  meteoroid protect ion c r i t e r i o n  selected.  
thickness is a r b i t r a r i l y  prescribed as 

The former is 

The tube l i n e r  

The meteoroid protect ion c r i t e r i o n  used i n  t h i s  analysis  is t h a t  of r e fe r -  
ence 10 with revised inputs based on reference 12 ,  as recommended by the  authors 
of reference 10 i n  a personal communication. According t o  reference 10, t h e  r e -  
sultant equation for t he  armor thickness is 
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- 
where 
centimeter, and 
shielding).  
the tube, i s  given by 

p = 1.34, a = 1.75, Vp = 98,400 f e e t  per second , pp = 0.44 g r a m  per cubic 
a = 0. 53x10-lo g3p/( sq  ft) (day) (Whipple value without Earth 

The rad ia tor  vulnerable area, taken as the  exposed surface area of 

or, from equation (zI), 

The heat-rejection load i s  re la ted  t o  t h e  cycle polwer output and overal l  e f f i -  
ciency by 

Qr = 3.413X1O6 9 

mus, an i t e r a t i o n  solut ion f o r  
and (29) i s  required. 

W/Z involving equations (191, (261, (281, 

Calculations 

Two spec i f ic  cases a re  given i n  order t o  show t h e  e f f e c t  of power level ,  
temperature level ,  and mater ia l  specif icat lon on the r a d i a t o r  heat re jec t ion  per 
un i t  weight, The f i r s t  case i s  a 1-megawatt e l e c t r i c a l  output powerplant with a 
15-percent cycle eff ic iency and a 1700° R rad ia tor  temperature, 
and t h e  f i n  were assumed t o  be beryllium, and the tube l i n e r  w a s  assumed t o  be 
columbium. 
15-percent cycle efficiency. For t h i s  case t h e  tube armor and t h e  f i n  were taken 
t o  be aluminum, and the  tube l i n e r  w a s  taken t o  be s t a i n l e s s  s t e e l ,  Radiator 
tube ins ide  diameters of 1/2, 3/4, and 1 inch were used f o r  both cases inves t i -  
gated, A 500-day mission time and a probabi l i ty  of no puncture P(0) of 0,90 
were chosen for  t h e  calculat ion of meteoroid protect ion thickness, 

Figures 9 an3 10 i l l u s t r a t e  the  var ia t ion  of the  r a t i o  of t o t a l  heat re- 
jected t o  rad ia tor  panel weight with fin-tube r a t i o  and t h e  conductance 
parameter Ne f o r  the  two examples. The e f f e c t  of f i n  taper ing i n  increasing 
Q/W 
t h e  t o t a l  heat t r a n s f e r  is greatest ,  A peak value of Q/W i s  a t ta ined  in  a l l  
cases, 

The tube armor 

The second case i s  a 30-kilowatt system rad ia t ing  a t  1160° R with a 

L/Ro 

i s  most pronounced f o r  la rge  values of L/Ro, where t h e  f i n  contribution t o  

Similar curves a r e  obtained f o r  tube inside diameters of 1/2 and 1 inch. 

Plots of maximum values of Q/W against  L/Ro f o r  t h e  values of Ne con- 
sidered a r e  shown i n  f igures  11 and 1 2  f o r  a l l  t h r e e  tube ins ide  diameters and 
f i n  tapers ,  A t  both power levels ,  f i n  tapering r e s u l t s  i n  an increase i n  peak 
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Q/W 
s tud ies  of f i n s  alone ( r e f .  7), gains of up t o  30 percent a r e  indicated. The 
difference i n  the  case of the  rad ia tor  panel i s  explained by no t ing . tha t  t h e  
armored rad ia tor  tubes account f o r  a s izable  port ion of t he  t o t a l  weight and heat 
re ject ion.  Thus, t he  e f f e c t  of f i n  taper ing  on t o t a l  weight i s  e f f ec t ive ly  re -  
duced f o r  t h e  f i n  and tube configuration. 

of approximately 10 percent f o r  t h e  t r i angu la r  p ro f i l e  (Yz = 0).  From 

Peak Q/W occurs a t  a value of N, of approximately 1 i n  a l l  cases con- 
sidered. The corresponding values of L/Ro f o r  peak Q/W vary somewhat with 
f i n  taper  and tube diameter a t  a given power and temperature leve l .  Fin taper- 
ing tends t o  increase the  value of L/Ro f o r  peak Q/W. For the  1-megawatt 
system, the  b e s t  L/Ro f o r  maximum Q/W var ies  from approximately 2.5 t o  4.0. 
For the  30-kilowatt system, t h e  b e s t  L/Ro 
mately 5.0 t o  8.5. 

increases t o  values from approxi- 

The 10-percent weight saving indicated i n  t h e  two examples must be qual i -  
f ied ,  i n  t h a t  t h e  e f f ec t s  of pressure drop and vapor and l i qu id  header weights 
were not considered. I n  e f fec t ,  t h e  optimum t r i angu la r  f i n  i s  longer than the  
optimum rectangular f in .  
o f f se t  because the  headers fo r  the  t r iangular - f in  rad ia tor  would be longer and 
heavier. I n  t h i s  comparison t$e number of tubes and t h e i r  length would have t o  
be assumed constant and would be  obtained from pressure-drop considerations i n  
the  tubes and the  headers. 

Thus, some of t he  po ten t i a l  weight savings might be 

Consideration of the  fin-thickness parameter yo/L i n  the  weight- 
optimization procedure proved t o  have very l i t t l e  e f f e c t  on the  heat re jec ted  
per un i t  weight i n  the  v i c i n i t y  of t he  design point (Ne  = 1.0). 
treme nonoptimum points,  a maximum difference of 3 percent or l e s s  w a s  obtained. 

A t  some ex- 

MDIATOR GEOMETRY 

I n  addi t ion t o  rad ia tor  f i n  and tube weight, the  required planform a rea  of 

Radiator planform 
the  rad ia tor  panel is ,  i n  many cases, a l s o  of considerable i n t e r e s t  with respect 
t o  proper in tegra t ion  of t h e  rad ia tor  and t h e  space vehicle. 
area i s  obtained from equation ( 2 1 )  as 

Thus, planform area w i l l  vary inversely with t o t a l  f in-tube effectiveness,  or, 
from f igure  7, t h e  area w i l l  generally increase with increasing L/Ro. 

Figures 1 3  and 14- i l l u s t r a t e  t he  calculated var ia t ions  of planform area 
with L/Ro, Ne, and f i n  t ape r  f o r  t he  two'power cycles fo r  peak Q/W conditions. 
Fin taper ing increases the  required planform area  fo r  a given value of 
Similar r e s u l t s  a r e  obtained for t he  other ins ide  tube diameters. 

Ne. 

Other f ac to r s  of i n t e r e s t  with respect t o  t h e  geometry of t he  rad ia tor  a re  
the f i n  base thickness and the. tube armor thickness. The e f f e c t  of f i n  taper ing 
on these fac tors  f o r  a l/Z-inch tube inside diameter is i l l u s t r a t e d  i n  f igures  

16 



15 and 1 6  for  peak Q/W conditions, I n  both cases, f i n  taper ing r e s u l t s  i n  
s izable  increases i n  base thickness and minor reductions i n  tube armor thickness. 
Increased f i n  base thickness m a y  be of advantage with respect t o  joining or 
fabricat ion considerations, 

SUMMARY OF RESULTS 

From an analysis of t h e  heat-transfer charac te r i s t ics  of fin-tube space 
radiators  with l i n e a r l y  tapered f i n s  (rectangular,  trapezoidal,  and t r iangular ) ,  
it w a s  determined t h a t  

1. Fin-tube rad ia tors  with tapered f i n s  have lower thermal e f f ic ienc ies  and 
f i n  temperature p r o f i l e s  than rad ia tors  with rectangular f i n s ,  

2. Although f i n  base thickness and taper  angle can have a marked e f f e c t  on 
the angle fac tors  between f i n  and tube, t h e i r  ne t  e f f e c t  on t h e  t o t a l  heat re-  
ject ion i s  r e l a t i v e l y  minor, 

Sample calculations of tapered-fin radiators  f o r  t y p i c a l  1-megawatt and 
30-kilowatt power systems showed t h a t  

1. Tapered f i n  rad ia tors  can be about 10 percent l i g h t e r  than rad ia tors  
with f i n s  of constant thickness f o r  the  assumptions used f o r  the  power cycle and 
meteoroid protection. The calculation, however, did not include t h e  e f f e c t s  of 
header weights and f l u i d  pressure drop, 

2. Conductance parameters of approximately uni ty  resul ted i n  minimum f i n -  
tube weight f o r  a l l  t apers  considered, Corresponding values of t h e  r a t i o  of f i n  
length t o  tube outsiae radius var ied from 2.5 t o  4.0 f o r  t h e  1-megawatt system 
t o  5.0 t o  8.5 f o r  the 30-kilowatt system. 

3. Tapered f i n s  a r e  longer and have greater  base thicknesses than fins of 
constant thickness f o r  m a x i m u m  heat re jec t ion  per u n i t  weight, 

4. Fin taper ing tends t o  increase rad ia tor  planform area a t  maximum heat 
re jec t ion  per un i t  weight, Planform area, however, var ies  most markedly with 
the r a t i o  of f i n  length t o  tube outside radius. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 29, 1963 
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Tube 1 

,’ l t R 0 - I -  4 
Figure 1. - Tapered-fin - tube configuration. 
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(a) Rectangular; ratio of fin tip to base 
thi ckne.ss , 1.0. 

( b )  Trapezoidal; ratio of fin tip to base 
thickness 0.5. 

(c) Triangu1a.r; ratio of fin tip to ba.se 
thickness, 0. 

Figure 2. - Fin profiles studied. 
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Figure 3. - Effect of fin taper on fin-to-tube view factor. 
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(a) Triangular fin, fln taper ratio, yz/yo, 0. 

Figure 4. - Fin temperature distribution. Fin thickness ratio, yo/L, 0. 
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(b )  Trapezoidal f i n ,  f i n  taper  ra t io ,  y2/yo, 0.5. 

Figure 4. - Continued. Fin temperature dis t r ibut ion.  Fin thickness r a t i o ,  yo/L, 0. 
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(c) Rectangular fin; fin taper ratio, y2/yo, 1.0. 

Figure 4. - Concluded. Fin temperature distribution. Fin thickness ratio, y,/L, 0. 
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Figure 5. - Fin  eff ic iency as function of r a t i o  of tube radius t o  f i n  half-length. 
Fin thickness r a t i o ,  yo/L, 0. 
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( a )  Conductance parameter,  0.5.  

( b )  Conductance parameter,  1 .0 .  

Ra t io  of f i n  h a l f - l e n g t h  t o  tube  r a d i u s ,  L/Ro 

( c )  Conductance parameter,  4.0.  

F igure  9 .  - Rat io  of hea t  r e j e c t i o n  t o  weight f o r  1-megawatk 
power system r a d i a t i n g  at  1700° R. Bery l l ium f i n s  and tube  
armor; t ube  i n s i d e  diameter,  3/4 inch .  
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(a) Conductance parameter, 0.5. 

2.5. 

(b) Conductance parameter, 1.0. 

2.0- ~ 

inside diameter, 314 inch. 
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Figure  11. - Ra,diator performance map f o r  1-megawatt power system r a d i a t i n g  
a t  1700° R wi th  be ry l l i um f i n s  and tube  armor. 

31 



.. , - II I I 11.1.11111111 I 1  11111111 11111.11.11-.. 1 1 1 1 1 I . I  I .. I II.II.-...I I 

2.5 - 
0 .  

2.0 

1.5 
3 5 7 

Ratio of fin 

-~ 
I I 
Conductance 
parameter. 

0 
4- 

I l- 

9 11 
half-length to tube radius, L/Ro 

- 

7 

3 /4 

4.0 

TL e 
inside 
diameter ,. 

in. 
I 
'2- 

13 15 

Figure 12. - Radiator performance map for 30-kilowatt power system 
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Figure 14. - Radiator planform a.rea requirements f o r  30-3iilowa.tt power 
s y s t e m  rad ia t ing  a t  1160' R. 
ins ide  diameter 1/2 inch. 

Aluminum f i n s  and tube a,rmor: tube 
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Figure 15. - Radiator physical dimensions f o r  
1-megawatt system radiating at 1700° R. 
Beryllium fins and tube armor; tube inside 
diameter, 1/2 inch. 

35 

I 



. 0Ol2 
4 6 E 

taper ratio, 
Yl /yo 

/ 

\ 
/ 

3.5 

Ai 
\ 

2 \ 

\ 
c4 

I 

. OOE 

,004 

.OO? 

.002 

Fin 

.5 
\ 

+ 
/ 

/ 

/ 

-7 
\ 
\ 
/- 1 

L. 0' 
10 12 14 

Ratio of fin half-length to tube radius, L/Ro 

Figure 16. - Radiator physical dimensions for 30-kilowatt power system 
radiating at 1160' R. 
diameter, 1/2 inch. 

Aluminum fins and tube a.rmor; tube inside 
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