Optimum finned space radiators
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The present study considers a space radiator with uniform area fins standing vertically on
a nonisothermal parent surface to enhance heat transfer. The numerical study shows that
the finned radiator exhibits an optimum number of fins for which the heat lost from the
finned radiator is a maximum, for given values of Ng_c, Ng_c¢. & and rgpy. The numerical
data has been used to derive correlations, respectively, between the optimum heat loss
ratio and the optimum fin number with the other influencing parameters. These formulas
are useful to the designer for a quick calculation of the performance of the optimum

configuration.
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introduction

In the design of spacecraft, one important problem that needs
great attention is the dissipation of waste heat generated from
power plants, from operation of equipment, and from other
heat-generating units. Since radiation is the only mode of heat
transport in space, a heat exchanger with extended surface fins
offers the best means of increasing heat rejection from the
system. Most of the work in the area of radiating fins with
mutual interaction was developed between 1959 and 1963.
Different radiator configurations were taken up by these
researchers, e.g., the annular finned radiator and parallel pipes
joined by webs acting as fins. Mackay (1963) and Karleker and
Chao (1963) considered trapezoidal fins in great detail, of which
the rectangular profile is a particular case. Mackay developed
a numerical computation technique for designing space
radiators with the assumption of a constant base temperature
neglecting mutual irradiation. Sparrow et al. (1961) and
Karleker and Chao (1963), although considering the mutual
interaction between the fins, neglected the base interaction for
a radiator with longitudinal fins on a cylindrical base. Base—fin
interaction has been considered in some detail by Sparrow
and Eckert (1962b). They drew attention to the fact that mutual
base—fin interaction reduces total heat loss from the system
significantly. A very penetrating and detailed analysis with
respect to optimizing radiator mass has been provided by
Karleker and Chao (1963).

Schnurr et al. (1974) considered circular fins of trapezoidal
profile, and in 1976 they again considered circular fins of
rectangular profiles, in both cases taking into account the
base—fin interaction and mutual irradiation between fins.
Tanaka et al. (1987) considered cases of nonisothermal surfaces
but with convection. Unfortunately, all the studies carried out
until now assume a constant base temperature that is valid for
a condenser or an evaporator, thus conveniently avoiding a
great deal of numerical difficulty but entertaining a large
amount of tolerance in the optimized design. It is here the
relevance of the present study comes in to picture.
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In the present work, consideration is given to a radiator with
rectanguiar fins that stand veriically, adjacent to each other, on
a common nonisothermal parent surface that forms a side of a
duct carrying hot fluid. The temperature of the fluid flow
varies continuously along the duct, thus giving rise to a
continuous change of the temperatures at the base of the fins.
This geometry involves interaction between a fin with a base
of continuously varying temperature, neighboring fins, and the
ambient. The entire heat exchanger has to be treated as one
system because of the conjugate nature of the problem.
Temperatures and radiosities are to be obtained for all the
surfaces making up the radiator. When radiation is combined
with convection/conduction, the presence of both differential
and integral terms having different powers leads to a set of
nonlinear integrodifferential equations. The solution of the
problem is complicated and time consuming. The massive
expenditure and the high risks involved in the design of a space
radiator, which is an integral part of space systems, make such
comprehensive methods of analysis a necessity. A new term,
heat loss ratio—the ratio of the heat lost by the finned radiator
to the heat lost by the unfinned radiator, (g;,/q,.,)—has been
introduced, and its dependence on the radiation—conduction
parameter, the increase in weight due to the addition of fins,
and the number of fins, etc., have been studied. The existence
of an optimum fin number for maximizing the heat loss ratio
has also been established. Finally, a correlation has been given
that quickly determines the maximum heat loss ratio as a
function of various influencing parameters.

Some background to the present study

The first and most important issue is the relevance of the
optimization that has been undertaken in the paper. It is
commonly felt that optimum performance would be obtained
for a black surface without fins. This question is addressed
below by taking a specific example of a radiator with a single
fin.

Example

Figure la shows a surface at temperature T, and emissivity
¢ that is losing heat by radiation to a background effectively at
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Figure 1 (a) Isothermal parent surface
Figure 1 (b) Parent surface with one fin added, all surfaces being
isothermal

0 K. Figure 1b shows the configuration obtained by adding a
surface of length H and surface emissivity € to it at the middle
and making a right angle with the parent surface. For
simplicity, it is assumed that this surface is of infinite thermal
conductivity and is of very small thickness. All the surfaces in
configuration 1b are thus at T,,.

Configuration la loses an amount of heat per unit time and
unit length in a direction perpendicular to the plane of the
figure, given by

Q.=¢e0 Ty L 1)

In the case of configuration 1b, we effectively have two
enclosures formed as indicated by the dashed outlines and the
basic surfaces. If we assume radiosities of the surfaces to be
uniform (for simplicity), a simple enclosure analysis is possible.
Figure 2 shows one such enclosure. Two zones are identified
as indicated thereon. Zone 1 consists of the entire physical
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Figure 2 The two zones for analyzing the example problem

requisite view factors are obtained by view-factor algebra. We
have, from purely geometric arguments,

2y1/2
Fyp=1 F12=(1—(“:'-:(2-2HHLI/‘)B)_a Fiu=Q0-Fy)
The radiosity of opening J, = 0. The radiosity J, of the
physical surface is given by
Ji=eo T +(1—¢)FyyJ,
or, rearranging,
B o T2
=~ Fyy]
The heat flux on the opening (zone 2) is given by
2=, ~ Fy°Jy)

)

I

surface and zone 2 the opening of the triangular cavity. The =—¢0 Tl —-(1—¢Fyy] 4)
Notation T, Base temperature, K
T, Fluid temperature at inlet, K
Cp Specific heat of the fluid, J/kg K T, Temperature of all the surfaces in Figures 1a and
dF Diffuse view factor area product per unit width, 1b, K
m?/m X Coordinate variable along the base, m
Fy Diffuse view factor between zones i and j y Coordinate variable along the fin, m
g Irradiation, W/m?
H Fin height, m
k Thermal conductivity of the fin material, W/m-K
L Length of the radiator, m ! Greek symbols
m Mass flow of fluid, kg/m s B Nondimensional heat loss from the unfinned
n Number of fins radiator, gy, /(e-o- T} - L)
ny Number of nodes along the fin & Emissivity of all exposed radiating surfaces
n; Number of nodes along the base o Stefan—Boltzman constant, 5.67 x 1078 W/m?-K*
Ng-c Black-body fin radiation conduction interaction 0 Nondimensional temperature, T/T,;
parameter, nondimensional ¢ Nondimensional coordinate along the fin, y/H
= (¢T3 H)/k ¢ Heat loss ratio = g;,/q,., nondimensional
N; Radiation conduction interaction parameter for
fin i, nondimensional
= (e-a Ty H?)/(k-2t) Subscripts
Ng_c Convection conduction interaction parameter,
nondimensional = (m- Cp)/k b Base
Ng_r Radiation convection interaction parameter, non- fr Finned radiator
dimensional = (-0 T3, L)/(m- Cp) i Fin number
Ngp_a Radiation conduction interaction parameter for J Base between ith fin and i + 1th fin
the heat exchanger, nondimensional, (o- T3, - L/k) L Left surface of the fin
q Heat loss from the radiator per unit width, W/m R Right surface of the fin
rorr  Scaled optimum fin number parameter, non- Ax Area element on the base
dimensional, (nopy* H)/L Ay Area element on the fin

S Spacing between the fins, m

hY Length of the hypotenuse shown in Figure 4, m
2t Fin thickness, m

T Fin temperature, K

OPT  Optimum value

max Maximum value

ufr Unfinned radiator

00 Environmental condition
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Figure 3 Emissivity vs. radiator effectiveness for a single isother-
mal fin system

Hence the heat loss from the two enclosures put together is
Q; = (2)- (opening area)-(—q;)
_Q(H*+ L4 ¢ T
[1—-(1—-¢&Fyl
(1 + QHIL)Y

1-(1— a)'{l _ [+ @RLYT (ZH/L)Z]M}

(1+2H/L)
We may define the heat loss ratio (¢) as

&)

=(e0-T: L)

(using Equation 2) (6)

_ Heat loss with fin
" Heat loss without fin

[1 + (RH/LY}]'?

a1 - LE QAT
(1 +2H/L)

It is seen that the heat loss ratio is invariably greater than
or equal to unity. Specifically, for e=1, ¢ tends to
[1+ (2H/L)*]'? which is a consequence of the geometric
increase in the effective area of the radiator.

It is to be noted that, in real life, the finite conductivity of
the fins and the consequent temperature variation along it will
reduce ¢ to a lower value. Equation 7 represents the upper
limit to the advantage that is gained by the use of the fin.

We may also define a radiator effectiveness based on the
parent surface at T, and ¢ = 1. This is simply given by (¢- ¢).
A plot of the radiator effectiveness as a function of ¢ is shown
in Figure 3 for 2H/L = 1 and infinite thermal conductivity. It
is seen from this figure that the radiator effectiveness has an
upper bound of [1 + (2H/L)*]"/? = 1.414 and that ¢ = 0.63
represents the break-even point when the radiator loses the
same amount of heat as the parent black surface. For ¢ > 0.63,
the finned radiator loses more heat than the parent black
surface.

In the case of a finite-thermal-conductivity fin, the
temperature reduces monotonically from 7, at the base (in
contact with the parent surface). The radiation interaction
tends to reduce the temperature variation, while the conduction
along the fin sets up a temperature variation along it. The fin
length determines the relative effects of these two processes.

¢= M
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Whereas Equation 7 shows a monotonic increase of heat loss
ratio with H, the radiation—conduction interaction will lead to
a compromise that makes it increase initially with increasing
H, achieve a maximum at a certain H, and then decrease with
further increase in H. Hence one expects an optimum ¢ for the
simple finned radiator with a constant base temperature.

Finned-radiator case

In the case of the finned radiator considered in our paper, there
are some differences due to the variation of temperature along
the radiator and also along the fins. The two end fins
correspond to the case considered above, and each has an
increased effective “opening area,” as shown in Figure 4 by the
hypotenuse of length S’. Hence they have the dual advantage
of an area increase of “opening” to the surroundings and the
cavity effect, which increases the effective emissivity of the
“opening,” However, because of the temperature variation
alluded to above, the cavity effect is reduced from the value that
would have occurred if the system was isothermal. The
intermediate fins involve the cavity effect, which increases the
apparent emissivity of the opening. This state of affairs is
indicated in Figure 4.

Existence of an optimum

Existence of an optimum fin number is a consequence of the
following:

(1) the effects discussed above including the increase of the
opening area of end fins in the radiator;

(2) cavity effect improves with closer spacing, leading to an
enhanced effective emissivity; and

(3) temperature variation along the fin is affected by the
spacing and fin height H to a significant extent.

In view of these facts, one would expect an optimum in the
heat loss ratio. Also note that the parent radiator without fin
would lose less heat than an isothermal parent surface. This is
given by the quantity § later on in the paper.

The main point here is that the radiator without fin and
& = 1 does no lose the maximum heat, as is commonly felt.

Statement of the problem

The radiator under consideration is a rectangular duct losing
heat from one side only, on which stand vertically rectangular
profiled fins. The base lengths left of the first and right of the
last fins are selected such that they are equal to half the spacing
between any two intermediate fins (see Figure 5). All the
surfaces are diffuse and have a uniform emissivity of ¢ In
general, heat transfer characteristics of a radiator are very
complex. In condensers, the fluid temperature is uniform and
constant from entrance to exit. But in radiators, this is not so.
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Figure 4 Radiator fin ensemble showing the nature of heat transfer
enhancement for the middle and end fins
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Figure 5 Radiator configuration considered in the present study.
The geometry is defined and the elements used in making the energy
balance are shown

The temperature variation of the base is, however, generally
neglected in solving such problems, for simplicity. The inclusion
of the variation of temperature complicates the calculation in
two ways: (1) the symmetry assumption used otherwise is ruled
out, and all the fins in the radiator will have to be treated
individually; and (2) the temperature variation along each fin
surface of the assembly will have to be evaluated separately.
Hence, for each fin in the space radiator, we have two equations
for the incident radiant flux for irradiation, one for the left and
the other for the right surface. The energy equation on the fluid
side also has to be included, since the problem is of conjugate
nature. Essentially the problem is one in which the base
temperature, Ty, is varying along the radiator.

Assumptions

(1) Heat loss from the surface is only by radiation.

(2) Uniform conditions exist in the environment, which is
characterized by a temperature of T, K.

(3) Material and surface properties of the radiator are constant
and independent of temperature.

(4) The entire formulation of the problem is in the steady state.

(5) The local temperature of the fins is assumed to be constant
across its thickness 2¢,.

(6) Hence the fin heat transfer is treated basically as
one-dimensional (1-D), and temperature variation is only in
the y-direction.

(7) The radiator and the fin width are very large so that the end
effects are negligible. At the tip, the heat conducted is
equated to the heat lost by radiation.

(8) Resistance of the walls and the film on the liquid side of
the heat exchanger are negligible, since the normally used
fluids like the liquid metals have high heat transfer
coefficients. Fluid flow is fully developed, and local fluid
bulk temperature is assumed to be equal to the local base
temperature.

Formulation

For the analysis of each fin, consider two enclosures, the left
one comprising the left surface of the fin being considered, the
right surface of the adjacent fin, the intermediate base, and the
ambient, which is considered as a black body at an equivalent
temperature of T, K (Figure 6). Similarly, a right enclosure is
drawn up. The governing equation for heat transfer in each fin
will have two integral equations with slight modification for
the first and last fins. The energy equation for the ith radiating—
conducting fin is given by the following differential equation in the
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nondimenionalized form

d?0,/d* = Ni'l:o‘it T2 * {giL + gi,R}] ®
with boundary conditions

(i) db,/dé = —(e o+ (0F — 2 )T, H/k) até=1

(i) ;=1 até=0 ©)

where 0, =T,/T,; and 1<i<n N, is the familiar fin
radiation—conduction interaction parameter.
Taking the energy balance on the fluid side, we have

Todx) =T, —q;/m-C, forl<i<n (10

Here the base temperature is assumed to be the fluid
temperature at that location because of the high convective
heat transfer rates involved on the fluid side, and g; is taken
as the heat lost up until the ith fin plus the heat lost by the left
surface of the fin. The two integrals for irradiation, one for the
left surface and the other for the right surface, are evaluated
using Gebhart’s method (Seigel and Howell 1972).

The equation for the irradiation on right surface of the fin
is given by

S
Ay-gin(y) =¢ af TE(x) dF psy— sy
0

s rH
+J j [(1 - 8)'e~{a-T§(y)-ﬂi.FLW;Aﬁ
o Jo Ax

dFy. —an
ot o)

dF s, _as.
+(1—¢? {gi,k(y) ATy
Ax

dF,, . _ax
+ gi+1.L()) *Aii_A"}]dFij-Ay:

B
+ J‘ [s-a'T?H(y) +01 - 8)'9i+1.1.()’)]

0

x dFAYHI‘AYi to T:o.FGO"Ayi

H F A
+(1—¢)0- T 'T‘dFAx,.—Ay,- (11)
0
For the left surface of the fin,
S

Ay g (y) = E'U'J T:j—l(x)dFij—Ay,-

0

s rH
Foo s

+_[ j [(1“8)‘8'{0-T;‘(y)-diﬁ
0o Ax

dFAY-—l-Ax/—l}
Ax

dFay—ax,_,
+(1— 6)2.{gi,L(y)._éw—_
Ax

dF,, ._
+ g.--,..{(y)-—%ﬁﬂ}]-dm,-m

+0-T ()

H
+ j [G'G'T?_l(y) +@1 —8)'9i—1‘n()’)']

0
X dFAy,'_|—Ay.' + G'T:O‘FOD—AYi
H Fw_Ax.
+(1 - 8)’0" T:O._A-x_l'dFij—Ayi (12)

0
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Figure 8 The two zones used in the analysis of an intermediate fin
in the finned radiator

The irradiation on the base given by the following equation has
been used to arrive at the above two equations.

H
Ax'gb.j(x) = 8'0.'[ T?+1(y)'dFyi+|—AXj

o

H
+ eld'J‘ T?(y)'dFAy,-—ij
Q

H
+(1 - 8)‘[ gi.R() dF sy, s,
0

H
+(1 - 81)’-[ gi+ LL(}’)'dFAy,--Ax,
0

+0 T4 Fo_ys, (13)

Method of solution

An iterative procedure for nonlinear equations has been found
to produce quick results for the required solution of the
integrodifferential system of equations. A flow chart showing
the calculation scheme is given in Figure 7. There are three
different iterations involved here, two local iterations for the
fins individually and another global iteration for the radiator
as a whole. The global iteration is to achieve the convergence
for the base temperature profile, which influences the fin
temperatures indirectly and the irradiation on the fin surfaces
directly, which in turn determines the base temperature profile.
Moreover, there is a loss of symmetry due to the base
temperature variation, making the calculation of radiation
variables for one fin alone insufficient. Consider one fin, say
the first one in Figure 3: it receives irradiation from the ambient
on the left side and from the second fin on the right side whose
radiosities are as yet unknown because they in turn depend on
the radiosities of the first fin. Hence, initial values of the
temperature profiles are calculated for all the fins, neglecting
mutual interaction but including base temperature variation.
This further explains the necessity for a global iteration. The
first of the two local iterations consists of the solution of the
governing differential equation for each fin, which is a
boundary-value problem and is solved by a second-order
RUNGE-KUTTA method that has a local truncation error of
O(#%). The second iteration is for the convergence of the
temperature and irradiation profiles of the fin. Here we start
from the tip of the fin where the boundary condition is
d0,/dé(n,) = ¢ o H- (6} — 6%,)- T3, /k. Assuming a temperature
at the tip, the Runge-Kutta procedure proceeds up to the base
backwards. The percentage error between the boundary
condition at the base and the calculated value of 8{0) is then
checked to see if the difference is within the desired limits. If
this is not so, the procedure is repeated with a different value
for dB,/d&n,). Iteration is continued until the desired
covergence is encountered. The integral equation is solved by
the Simpson formula, which is modified to incorporate the
evaluation of double integrals. The intervals of the two
numerical methods used here have been selected such that their
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respective truncation errors are the same. This was found to
work satisfactorily without any instabilities for all calculations
performed in the present study. In the iteration for the
convergence for the irradiation values, the double integrals
only need to be reevaluated in Equations 11 and 12 because

T
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EU‘LUM& K g]ﬂﬁ" 2 5 aglis FOR

i
TENPE ﬁ%ﬁl!
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QUTPUS DATA

‘ s1P )

Figure 7 Flow chart showing the calculation procedure
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Table 1 Ranges of variables used in the present numerical study

Quantity Values used Units
Fluid inlet temperature, T;, 350, 450, 750 K
Background temperature, T 0 K
Thermal conductivity, k 54, 110, 257 W/m-K
Length of the radiator, L 0.5, 0.75, 1 m
Number of fins, n 6-30 —
Massc flow sp. heat product, 3,75,14 W/m-K
m

Emissivity, ¢ 05,066,075, 08  —

Fin height, H 0.06-0.185 m

Fin thickness, 2t, 0.0005, 0.00075 m

0.001, 0.0015

the rest of the terms, once evaluated, remain constant. Also to
be noted is that for the double integrals the iteration proceeds
first with respect to H and then with respect to S.

To get the temperature T(y) from the differential equation
(Equation 8), we have to know g, ; () and g, g(y). For finding
these values, a first aproximation is made for the irradiation,
say, that part of the incident radiation that comes from the
ambient and this value is inserted into Equation 8. Now
Equation 8 is solved by the above-mentioned method to get
the temperature profile. This temperature profile and the
approximate irradiation values taken before are introduced
into Equations 11 and 12 to get the new value of irradiation.
This procedure is continued until the values of T y), g; 1( ), and
g;.x(y) converge to within a specified tolerance. Thus the
temperature and the irradiation values at all the nodes along
the fins and the base are obtained. This procedure is repeated
for every main iteration.

One feature of the present solution method is the use of the
crossed-string method for calculation of view factors because
the fins are assumed very long in the third direction. This
method makes a rather tedious task relatively simple. However,
with some extra computation one can, if interested, calculate
for a finite length in the third direction also.

Results and discussions

The performance of the radiator has been analyzed, with
emphasis on the fin spacing for different material properties
and the geometry of the radiator. The base temperature
variation produces a change in the radiation—conduction
interaction parameter N, for the fins along the radiator. A
convergence study showed that 20 nodes were sufficient for
both the fin and the base length in the interfin space for the
convergence of the fin temperature and of the incidence profile
within a tolerance limit of 0.01 percent. The program was also
checked for fins without any interfin or fin base interaction,
and the results agreed with previous calculations of Karleker
et al. (1963).

The typical range of parameters taken into consideration in
the present study is given in Table 1. The choice of the
parameters is governed by the range of values for the
thermophysical properties encountered in practice and is also
guided by the fact that emissivity of the surface should be high
for good heat transfer. Emissivity less than about 0.5 is seldom
used, and hence we have explored the performance of the
radiator for & > 0.5 only. The radiator will face away from any
strong background-radiation sources like planets or the sun
and is characterized by a temperature very much lower than the
radiator surface temperature—it may effectively be considered
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as 0 K. However, the calculation may be extended for T,, # 0
with little effort. The total number of calculations that
have been made is around 500. Each calculation takes about
80 CPU seconds on the SIEMENS 7580E system. This set
yields about 45 data points for obtaining the correlation for
the maximum heat loss ratio that is presented later on.

Temperature profiles

Consider first the variation of base temperature along the
radiator. The smooth profile in Figure § that is obtained by
plotting the temperatures along only the base of the fins shows
a linear variation, while the actual base temperature variation
is far from linear and is shown by the staircaselike profile. It
shows a linear variation in the space between the fins, while a
steep drop is observed as we approach a fin and move away
from it, in its immediate vicinity. As expected, the base
temperature values increase with decreasing emissivity
(Figure 9).

Turning attention to the fin temperature profiles, Figure 10
shows the temperature profiles along the fins. A consistent
feature is that, although N; decreases progressively with fin
position (i.e., from fin 1 to fin 12 in Figure 10) because of the
decrease in base temperature, the fin-temperature profile of the
fast fin (fin 12) has a steep downward trend compared to that
of the middle fins (fins 2 to 11) but stays above that of the first
fin (fin 1) because of its lower N; value. This is because of the
asymmetry in the irradiation on the first and last fins. Also
noticeable is the very small variation in temperature profiles of
the intermediate fins. The first and last fins thus group together,
and the intermediate fins form another goup with respect to
the variation of temperature profiles with N,.

Heat loss ratio

Figures 11 and 12 show the variation of heat-loss ratio (¢) with
the number of fins in the radiator. The general trend the graphs
exhibit is that as more and more fins are added to the radiator,
the heat loss ratio initially increases steeply and reaches a
maximum and decreases gradually thereafter. The point of
maximum ¢ is the point of optimum fin number, ngpr, for that
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Figure 8 Actual and smooth temperature profile along the radiator
for a typical case

Int. J. Heat and Fluid Flow, Vol. 14, No. 2, June 1993



1.04
m.Cp = 14 W/m.K
k = 110 W/mK
] L = 05 m
1.02 T. = 350 K
1 n = 18
2t, = 0.0015 m
A1.OO 1 H = 0.08 m
£ ]
-y
£0.98
© ]
©
0.96 A
L
3 4
i)
5$0.94 -
Q
E 4
[}
F0.92 1
090 T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18
Distance along the radiator (fin nos.indicated)

Figure 9 Variation of smoothed fin root temperature along the
base for two different values of ¢
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Figure 10 Temperature profile along the fin in a radiator consisting
of 12 fins. Data set is identical to the typical case shown in Figure 8

particular radiator—fin geometry. The presence of an optimum
fin number is ascribed to the fact that as the number of fins is
increased, there is an increase in the apparent emissivity due
to the cavity effect, and a simultaneous reduction of view factors
of the cavities to space. The temperature variation along the fin
is affected by these two opposing factors and strikes a balance
at ngpyr. Calculations have shown that the heat lost from the
first and last fins amounts to a major portion of the total heat
lost from the radiator. It is to be stressed here that as the
number of fins are varied, the base lengths to the left of the
first fin and to the right of the last fin (given by S/2 in Figure
4), with relatively low irradiation and thus capable of losing a
significant amount of heat, also vary and thus play a significant
role in positioning ¢,,...

It was noticed that for a given thermal conductivity ¢,,,
increased with fin height. The increase in ¢,,, is nonlinear,
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showing a tendency to stabilize after a given fin height. In fact
for the particular case of emissivity 0.9 and number of fins 8,
the system was found to have a ¢,,,, of 1.40 for a fin height of
18.5 cm. The @, decreases with further increase in fin height.
The emissivity, on the other hand, plays an opposite role with
respect to fin height regarding ¢.,,—ie., with increasing
emissivity there is a decrease in ¢,,,. This is as expected, since
the mutual interaction reduces with increasing &. However, ¢,
increases with decreasing ¢, indicating that the finning of the
radiator is more effective at lower ¢ although it loses much less
heat. Another point to be noted is that as the number of fins
is increased indefinitely, the heat-loss ratio goes below one
(such cases are not shown in the figures), which means that we
were better off with the parent surface itself before the addition
of fins. Figure 13 shows the variation of ¢ with respect to the
radiation—conduction parameter. It is observed that a higher
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Figure 11 Heat loss ratio variation with number of fins for a
radiator with different material thermal conductivities
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Figure 12 Heat loss ratio with number of fins for a radiator with
different surface emissivities
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radiation—conduction parameter has a reduced ¢,,,,. This is as
expected, since this parameter is a measure of relative resistance
to the heat transfer by conduction in the fin compared to the
radiation from the surface.

Figure 14 compares the performance of the optimized
radiator ensemble fabricated from three materials—brass, steel,
and aluminum. The graph has been obtained by plotting the
maximum ¢ for a given fin thickness and surface emissivity of
0.9 vs. the increase in weight due to the addition of fins. As
expected, it clearly shows the relatively superior performance of
aluminum over brass and steel. Also notice that steel shows a
significant leveling off with increasing radiator weight partly
due to the nonlinear increase in the ngpr with fin height and
partly due to its very high density. This enables the designer to
fix the limits for the satisfactory working of the system for a
particular material.

Correlation

It is well known that the radiative heat loss from a fin increases
steeply with fin thickness. Starting from zero, it reaches a local
maximum and then the variation of heat loss with respect to
thickness is not appreciable over a range of thicknesses (Kern
and Kraus 1972). All the calculations done here have been made
in this range (note that this thickness range is necessary in
practice in order to satisfy strength requirements) so the change
in thickness shown in Table 1 has negligible effect on the
positioning of ¢,,,,.

Out of roughly 500 data sets obtained by performing the
calculations for all the combinations of the range of variables
indicated in Table 1, 45 data set corresponded with optimum
¢. Though calculations have been made for lower values of
thermal conductivity (57 W/m K), for the correlation we have
restricted ourselves to cases of higher values of k, since the
normally used material for space application is aluminum,
which has a high thermal conductivity. Recognizing that ¢,,,,
should depend on the four parameters N _c, Ng_¢, ropr, and
¢, a correlation was obtained for ¢, as

Drae = 0652 Ny ODW0ING 2220135 -0.478 14
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which fits the numerical data with a correlation coefficient of
0.997. The range of various parameters are

0.0003 < Ng_ < 0.02, 003 < N;_<0.13,
0.78 < ropr < 4.07, 05<e<09

The values of ¢, vary beiween 1.04 and 1.65 over the above
range of the governing parameters.

A straightforward analysis yields a nondimensional heat loss
for the unfinned radiator as

1 1
=N [1 T+ 3-NR_F)“3] 4

which is always less than unity. This is so since an unfinned
radiator can lose less heat than ¢-o- T} L because of the
temperature variation along the radiator even in the absence
of fins. The product of ¢,,,, and B will in fact yield the actual
nondimensional heat loss for the finned radiator in the
optimum configuration. Thus from a design viewpoint,
Equations 14 and 15 yield a simple method for calculating the
performance of an optimum finned radiator once the
thermophysical properties are fixed. The regression fit shows
that the optimum heat loss ratio is strongly affected by both
the fin number parameter rop; and the surface emissivity e.

Another correlation has also been brought out to determine
the optimum fin number parameter, rqpr, as follows:

Topr = 6.3 NP22-(1 + &™) (H/L)* 2 NQ oL (16)

with an identical range of parameters as for Equation 14 and
0.038 < Ng_¢ < 0.14. From Equation 16, ngpy can be found by
the relation ngpr = (ropy- L/H) for the particular geometry.
This value of ngpr is inserted into Equation 14 to evaluate the
corresponding ¢,,...

The regression fit and the numerical data of the maximum
heat loss ratio are in excellent agreement with a maximum error
of +4 percent and are shown in Figure 15. There is some
scatter however, for data obtained with higher emissivity
values. This is explained by referring back to Figure 12,
which shows that the variation of ¢ with the number of fins is
rather mild and yields ¢ values over a range of fin numbers
bracketing nepy close to ¢, especially for ¢=0.75 and
&£ =10.9. Also the value of ngpy has to be a whole number, and
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Figure 14 Variation of maximum heat loss ratio with increase in
weight due to the addition of fins for three different materials
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hence ¢, is not sharply defined. This translates to an
uncertainty, which is apparent from Figure 15. In fact, while
using Equation 16 to determine nqpy for given values of other
parameters, it may so happen that ngpy is not a whole number.
In that case the designer has to round off the value to the
nearest whole number, with an attendant departure of ¢,
from the value based on Equation 15. So in essence the
designer may use the three relations 14, 15, and 16 to find the
approximate value of ¢, of interest and if necessary can do
the calculation using the formulation given to achieve greater
accuracy.

In order to further highlight the efficacy of the proposed
correlation, we compare in Table 2 the values of nopy and ¢y,
obtained from the computed data set and the correlation,
respectively, for extreme values of parameters shown therein.
The calculated values from the correlation and the numerical
data are in very close agreement, and hence the correlation
mirrors the variation of ¢,,,, and ngpr with the various
parameters very well. Note particularly that the variation with
respect to ¢ in Equation 16 is not of the power-law type.
Regression using a power-law type gave decidedly poorer fits.
A detailed analysis of the data sets with different ¢ values finally
yielded the factor (1 + ¢~ %2) in Equation 16. Thus we can use
the proposed correlation with confidence for obtaining the
weight-optimized design for the radiator, as will be done below.
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Weight optimization of the radiator

The whole optimization procedure followed above is from
thermal point of view, and is only a partial optimization since
there is a weight increase as a penalty. A weight optimization
is therefore called for, but it is highly involved, and the
conventional methods do not work because of the increased
number of degrees of freedom introduced by the nonisothermal
base. Even if one were to do this, it is well known that the
minimum-weight fin will be so thin as to be impossible to
fabricate, and hence in actual practice it will be limited by the
strength of the material to withstand the working conditions
(see Mackay 1963). Consequently, the present procedure can be
used effectively to find the optimum design by using the
correlation given above. This can be carried out in two ways:
(1) minimum weight for the dissipation of a desired quantity
of heat, and (2) maximum heat loss for a particular weight
addition.

For the first case, once the thermophysical properties are
fixed, the value of ropr is found from Equation 14, fixing a
small value for H. This value of rqpy yields a value of ngpy that
is then rounded off to the nearest whole number. Now
a minimum required thickness for sufficient strength is selected,
and the weight of the fins are found. The procedure is repeated
step by step for different heights, and the respective weights are
found. This one set of calculations will result in a minimum
weight that will give the optimum weight addition for the
desired performance. This method is illustrated in Figure 16
for two different sets of conditions. For each set it can be seen
that there exists a minimum weight configuration (indicated by
points A and B in Figure 16) that gives optimum design. In fact,
if the thickness of the fin is kept constant for increasing heights,
one can observe a downward trend for the mass added (shown
by dashed lines)—which is not practicable, since a longer fin
should be thicker to withstand its own weight and the flight
conditions. Therefore, in actual practice the thickness should
be varied with height of the fin so as to satisfy the strength
criteria. For example, of the two curves, one corresponds to a
Prmax Of 1.30. Here initially, a fin thickness of 0.5 mm is assumed
for the first five heights (3, 4, 5, 6, and 7 cm) and is increased
in steps of 0.05 mm thereafter.

In the second method, rqpr is found by using Equation 16,
and the corresponding ngpy value is rounded off to a whole
number as before. Calculations begin with a small value of H
that is to be increased step by step. For each step, ¢,,,, and
the thickness of the fin are found by using Equation 14 and
the known weight addition. In this procedure, one again
chooses a combination that will give a comparatively high
value for ¢, with the thickness not less than that which will
be unacceptable from the strength consideration. This
configuration is taken as the optimum design for maximum ¢.
Figure 17 shows the variation of ¢,,,, with addition of weight.

Table 2 Comparison of numerical data and calculation based on correlation for extreme values of some of the governing parameters

Numerical data From correlation

€ Timk H, Ly, Nopt Drmax nopr* Drmax
0.5 360 0.060 0.50 12 1.60 12 1.69
0.5 750 0.185 0.50 11 1.42 12 1.4
0.5 350 0.060 1.00 13 144 13 144
0.5 750 0.185 1.00 12 1.29 12 1.29
09 350 0.060 0.50 12 1.21 12 1.21
09 750 0.185 0.50 1 1.08 11 1.07
0.9 350 0.060 1.00 13 1.10 12 1.09

* These values are rounded off as suggested in the text
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It can be observed that the increase of ¢, is very steep
initially, but after a particular value of mass addition (indicated
by X) is very nominal and is not worth adding. This point is
referred to as the optimum configuration for a radiator system.
However, a thicker fin is used in this case than in the examples
considered in Figure 16, and this effectively increases the added
weight for comparatively the same value of ¢,,,,-

Conclusions

The above analysis for a finned radiator has shown the
existence of an optimum number of fins for achieving a
maximum heat loss ratio. The numerical data have been used
to arrive at a useful correlation for determining ¢,,,, in terms
of the two interaction parameters Ny _c and Ny _, a scaled fin
number parameter ropr, and the surface emissivity . Further
work is to be directed towards cases involving fins of
nonuniform area. Also of interest would be tubular radiators
with circumferential fins, which probably are more suitable for
application where available space is limited. The weight-
optimization study in these cases will be a challenging one.
Work is ongoing in this area, and the results will be published
elsewhere.

The analysis presented in this paper can be studied by taking
into account the fluid-side heat transfer coefficient. The equality
of the wall and fluid temperature is certainly a limiting situation
valid for a very high heat transfer coefficient on the fluid side.
As indicated in the paper, a liquid-metal situation will
correspond to this. The temperature at entry also has been
chosen in the range 350-900 K, in view of this, For situations
other than these, the temperature of the wall and fluid are
certainly different. These can be taken into account without
much difficulty. It involves, however, an additional parameter
given by h/m- C, (h = fluid-side heat transfer coefficient). It is
not difficult to assume an average fluid-side heat transfer
coefficient and to do the calculations. In fact, such calculations
have shown that the dependence of ¢, on heat transfer
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Figure 17 Distribution of ¢nax With respect to weight addition for
aluminum-finned radiator. The optimum configurations are shown
by X

coefficient is not very appreciable. The results presented here
may be used if the value of h/m- C,, is greater than 200.
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