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S1ZING TUBE-FIN SPACE RADIATORS

INTRODUCTION

The radiator area required to reject a given amount of energy can be
calculated by direct application of the Stefan-Boltzmann radiation law:

Q= gcAFTY (1)

Even though this law is mathematically simple, its application to radiation 8izing
can become complex. To avoid complexity, oquation (1) is sometimes applied
by assossing the effective temperature, Teff’ of the radiator:

S ) |

eff

The effective temperature of the radiator is assessed on the basis of experience
and empirical data, This approach is normally applied as a result of quick |
necds by project personnel.  However, this approach does have a "built-in" '
capacity to produce large errors, This results from the fourth power relation- i
ship. A small error in the effective temperature is multiplied several times
in the resulting area,

The sensitivity of this error can be determined qualitatively from the
previously mentioned Stefan-Boltzmann relationship. The ¢aango in the required
arca with an accompanying change in temperature is

dA --—4-(Lgd'l‘ . (3)

x FT

+
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dA dT
r i I (4)

Recognizing that dA/ A is the percent change in area that results from a percent
change in temperature, dT/T. A unit percent increase in temperature will
result in a four unit decrease of the required area. An over estimate of the
effective temperature by 4 percent will undersize the required area by 16 per-
cent. This is a significant error, even to be tolerated in preliminary design.
However, it should be noted that the percent change in temperature is based
upon thermodynamic temperature. Also, equation (4) isa mathematically exact
relationship where the difference between two temperatures approach zero. In
practice, where finite differences are encountered, the actual multiplication
error is greater than four. Consider the example where the actual effective
temperature is 53.2°F (513,2°R), see Appendix A, and an assumed effective
temperature of 68,5°F ((40 + 97)/2), 528.5°R. This is a percent temperature

error of 2,98 percent:

528.5 - 513,2
‘;m o= = 2,98%

The percent error in area is

U
R %o o - (282Y gz
Ao T 513, 2 ° ’

where Ao is . c area resulting from Tu. and Ae is the area resulting from, Te'

One of the purposes herein is to present a technique for "'sizing'' radiators
which can be defended with rigorous engineering analysis. The techniques are
presented in detail, including a computer program to accomplish the basic sizing
task which is compatible with a phase A/ B study effort.
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S1ZING VERSUS DESIGN

Radiator sizing can be characterized by fin efficiency (discussed in next
section). Radiator design is characterized by the configuration to achieve a
desired fin efficiency. The procedure is to, first, size the radiator based upon
a desired fin efficiency; second, this fin efficiency is guaranteed by the con-
figuration from which welght can be calculated, If this weight is unacceptable,
then a tradeoff has to be made betweea size and weight (or the thermal load can
be reduced).

The important fact to recognize is that a relationship does exist between
radiator area and weight, depending upon the fin efficiency ( Fig. 1). The
relative scale has been sclected between one and two since anal ytical procedures
show approximately a 2 to 1 inverse relationship between area and weight, For
example, If it was desirable to reduce the area of a tapered tube-fin configura-
tion by 100 percent, then the weight must increase by 100 percent. The extra
weight is manifested in the extra fin mass required to achieve a greater fin
efficiency.

TAPERED
TUBE-FIN
2 1 <0><0>  RNECTANGULAR
TUBE-FIN 75% < 0y <90%

57% < ny <60% c :

2
w
- 4
<
w
> TWO-SURFACE
- TUBE-FIN
S
w
«
RECTANGULAR DUCT
1 - e
ng = 100%
' 2
RELATIVE WEIGHT

Figure 1, Radiator confixu ration and weight/ area behavior.
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- At least two criteria exist in the liter

The design spectrum represented in Figure 1 is bounded by two config-
urations. The heaviest is a rectangular duct, having (by definition) a fin

efficiency of 100 percent, However, this rectangular duct will have a relatively
small area for a given heat load,

The other end of the spectrum is a tapered tube-fin, It has been deter-
mined by rigorous analysis that this configuration has the optimum area to
weight ratio, Neither of these two configurations, as depicted, is a practical
consideration; the first is too massive and the second is structurally weak,
Practical radiators are somewhere between these two extremes, with fin
efficiencies between 75 and 90 percent. Generally speaking, from the tapered
tube-fin configuration, this represents a 50 percent increase in weight with a
12 percent decrease in area {1}. ~Thus, sizing a radiator not only depends upon
the heat load, but also upon the ailowable weight which results from design
considerations. This report is primarily concerned with sizing rather than
design. Design usually occurs in phase C or D, in a primarily design effort,
and sufficient data exist to select practical fin efficiencies, This allows the
sizing process to proceed in support of programmatic decision, Thus, there
are no long delays in specific radiator sizing and weight agssessments,

FIN EFFICIENCIES AND FIN EFFECTIVENESS

A tube-fin configuration is practical because of strength and rejection

capability, as previously mentioned, As a result, fin performance is important,

ature for assessing fin performance: fin
efficiency and fin effectiveness, Fin efficiency is defined as the ratio of the
actual heat rejected to what would be rejected if the entire surface was at the

root fin temperature, T . The environmental effects are accounted for by the
sink temperature, TS:

f 4 4 ) (s)
nr['l R TS ]AF
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Fin effectiveness, @, is defined as the ratio of the actual heat rejected to what
would be rejected if the entire surface was at the root fin temperature. Ynviron-
mental factors are accounted for by the net heat flux absorbed by the surface

from the environment:

n=——31-— . (6)

€0 TR AF

Thus, the relationship between the two efficiencies is [1]

— - sl _
Mg~ T, y
1-\T_ (7
R

The characteristic behavior of these efficiencies i8 usually character-
ized by a fin profile number which results from rigid fin analysis. The profile
numbers are a dimeasionless set of characteristics which are indicative of
geometry, material, and local thermal conditions. The characteristics of fin
efficiency are illustrated in Figure 2. Normally, practical radiators have pro-
file numbers less than 1.0, Thus, fin efficiency is always greater than 60
percent, Typical characteristic values of radiator configurations previously
discussed are illustrated in Figure 2.

It is important to recognize that the fin efficiency, as defined, is for a
In an actual radiator, the root fin temperature

gingle root-fin temperature.
As illustrated in Figure 2, the local value

decreases in the dircction of flow.
of efficiency is lowest at the inlet conditions and increase in the direction of the

outlet. Thus, fin efficiency cannot be applied divectly but must be integrated
over the radiator av:a. Surprisingly, a thermal model employing fin efficiency

is not readily availatle.

N N

The procedure reviewed hercin utilizes fin effectiveness as defined in
Reference 2. The rationale for selecting this method i8 its ready applicabil-

ity to the preliminary design function,

the problem for easy equation solving computer technigques, View factors and
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Rad-K' s are inputs which can be evaluated by other programs such as LOHARP,
i accuracy is not extremely important, view factors and Rad-K' 8 can be
evaluated by charts in combination with experience,

The basis for the method eniployed is the equivalent width relationship,
employed by Mackey (2] between a rectangular duct and a tube-fin configuration,
The procedure is to calculate the required area of a rectangular duct for a given
heat rejection load. This area is then modified by the equivalent length rela-
tionship to establish the area required for the equivalent tube fin configuration,
To demonstrate this technique, consider the rectangular duct in Figure 3 with

rejection area A RD’ The equivalent tube-fin configuration has an area AT F

proportiunal to ( L+ 21.“). The relationship between these two areas for the

same heat rejection capability is

ATF 2( l.d + Zl.n)

= ' (8)
ARD 21,e
l—— |, —
L ]
RECTANGULAR DUCT
e
c O ,

TUBE FIN

Figure 1. Equivalent rectangular duet for tube-fin,

I




"

’ -——

—

e F‘w—-m ——
TTTT T,

P TN W

- e G — P
. -
e e 4. aaa e sol

B WA -
- .
R

' 4

ey

gy B 20 AT
S ————— T T T e

-

g H

EA

Estades bttt

1
J

where L° is the equivalent rectangular duct width as defined by Mackey [2]:

2aL
L=t 7 5. - (9)

1- 2oe'rw'

Mackey notes that the greatest value of Fr is 1,07 which is for the optimum area

to weight configuration. The smallest value is 1.00. Mackey provides a chart
for Fr as 2 function of profile number, Thus, if the equivalent area of a rec-

tangular duct is known, then the adjustment can be made to find the area of a
tube-fin configuration. Before the assessment is made, an evaluation of the
configuration and environmental conditions must be made,

This procedure is considered to be valid for rectangular and tapered fins,
If a more complex configuration is involved, the procedure is still valid; how-
ever, within the computer program, provisions are made to account for the
temperature gradient between the heat transfer fluid and the radiating surface,

The computer program for sizing purposes given in Appendix A calculates
the area required by a rectangular duct, It is then necessary to manipulate this
value by the equivalent length concept to establish the required area for a tube-

fin configuration, Combining cquations (8) and (9) with Q ABS equal to zero:

A = A

TF - “RD ( Ln) . (10)
1+20 2 F
L r

d

A typical fin cffectiveness for low temperature radiators is 70 percent, Usually

the ratio of l.n/ Ld will be approximately 2, If, I-‘r is 1,04,

= 265 .
ATF ARD' 1,265) (11)
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Thus, the manipulation required is very simple to arrive at the desired tube-
fin configuration,

SPECIAL RADIATOR RELATIONSHIPS

There is a special case of radiator design of particular interest that
arises when the absorbed flux can be assumed to be zero, Under this assump-
tion the radiator ecuation simplifies, and several expressions result which can
serve as a gulde in developing a philosophy for particular radiator problems,

The first of these is the relationship between heat rejection area and
thermal load:

(12)

The rejection area is that of a rectangular duct. The equivalent length modifica-
tion can be applied if a tube-fin configuration is desired. The importance of
equation (12) is the sensitivity of the radiator inlet and exit temperatures. It

is not apparent, but for a given inlet temperature, the roquired rejection area
decreases as the oxit temperature increases, liowever, as the exit temperature
increases, the required flow rate through the system also increases, These
facts are illugtrated in Figure 4. The ordinate scale has becn normalized.

Mass flow rate is normalized to 13 687 b/ hr which occurs at an exit
temperature of 80°F, Arca is normalized to 547 n? (2 = 0, 70) which occurs
at 0°F exit temperature, These data were actually obtained from the computer
program of Appendix A. The effocts of the heat transfer film coefficient, as a
result of flow rate, is accounted, lowever, this is an ingensitive consideration
for Roynolds numbers above 100, The radiator area is sized by the radiator

thermal resistance, In practical applications, the pump size or pump power may
not be allowable, Within an allowable mass flow range, however, there is some

flexibility in roducing radiator arca,
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NORMALIZES: FiCY RATE AND AREA

L 1
° 20 40 ™) 0
RADIATOR EXIT TEMPERATURE (°F)

Figure 4. Influence of exit radiator temperature on area
and flow rate for a tube-fin configuration,

The sffective trmperature of the radiator is of interest to the engineer
‘even though it has little practical value. The'effective temperature is defined
by equation (2). The primary purpose for presenting a rigorous expression
for this tempcrature is to demonstrate, to some level, how errors can occur
by assessing it by experience or average values:

/ 3T, =T ) )
Teff= I 71 1 ‘ (13)

J [rr-'rf
v in

The effective temperature as computed by the radiator program {s presented in
Figure 5,
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e
w
$
%

e
* == VIEW FACTOR = 10
= == VIEW FACTOR = 0.7
| | |

n 100

RADIATOR EXIT TEMPERATURE (°F)

Figure 5. Sensitivity of effective temperature to exit
temperature and absorbed flux,

Equation (13) is specially for zero absorbed flux, However, Figure 5

has additional data to illustrate how view factor and absorber flux can affect the
effective temperature, To illustrate further the sonsitivity of effective tem-
perature, the dashed line is for an absorbed flux of 10 Btu/ ft’, but the view
factor has been docreased to 0,70, On the basis of these values, much wisdom
and knowledge wonld be required to properly assess the effective radiator tem-
porature. Note for high Q ABS and a view factor of 0,70, the effective tempera-

ture can be outside the temperature range of the inlet and outlet temperature,

§ JUUUI SO WY R |

11

U RS [y [ B B SR S T

f—— ——————— e - -



L T R L A

1
. »’ P .
S (e N I
8 |

——

This fact can completely discourage the uge of applying effective temperature
based on the average of inlet and exit te:nperatures, The effect of view factor
and absorbed flux upon the required area to reject 15 kW is {llustrated in

Figure 6, There ig an aggravation effect of absorbed flux for view factors less
than one, However, area is much more sensitive to view factor,

T e v v vm— e .

1000

) g
o ; ,,
S g
i
T : 700
i w
s '
8 ]
H 10
= m .
4
800 | |
y ‘ 0 1C 20 0

_ ABSORBED FLUX (Btu/w-#t2)
|

Fipure 6, Sensitivity of radiator area to view
factor and absorbed Mux,

Sometimes, it is nocessary to know the tem
the direction of flow of the radiator, Th

is given in Appendix B, The results are

oy

perature distribution along
¢ development of such a relationship
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which gives the temperature, T, which occurs at position L feet from the
radiator inlet, This normalized form is appropriate since it allows a con-
venient plot as shown in Figure 7. The temperature distribution is almost
linear,

100

LOAD - 1S kW
HEAT ABSORBED = 0
VIEW FACTOR = 1.0

RADIATOR SURFACE TEMPERATURE (°F)
S
|

© I 1 1 1
0 0.2 0.4 0.6 os 1.0

PERCENT OF RADIATOR LENGTH, L/L,

Figure 7. Radiator temperature distribution in direction of flow,
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APPENDIX A
RADIATOR SIZING PROGRAM

This computer program is an equation solving procedure for one of two
equations, The first is statement 49, which applies whenever the absorbed flux
cannot be assumed zero, The second is statement 60, which applies when the
absorbed flux is zero, Both equations are reported in Reference 2,

Statements 3 through 27 determine the mass flow rate and resulting flow
characteristics,

The classical relationship between friction factor and Reynolds number
is well known as the Moody diagram. It can readily be found in reference books
on fluid flow. For laminar flow the Hagan- Poiseuille equation is transformed
into the more manageable form shown on line 12 whereas those values needed
in the transition and turbulent regions (RE > 2100) require an iterative process.
This is readily apparent from the Colebrook equation:

1 e/D 2,51

For a first approximation the right hand term containing the friction factor is
ignored and the resulting friction factor is used for the next approximation,
From this point a convergent routine is employed. These are illustrated in the
program in lines 14 through 20, The pipe diameter is an input value and the
roughness height is built into the program. Reynolds number is calculated in
the classical manner from input values. The Darcy-Weisbach equation is used
to find the pressure difference which is used in the power equation,

The following are definitions of the input statcment 2:

TF1 — Fluid Inlet Temperature, *F
TF2 = Fluid Exit Temperature, °F
TW1 = Wall Temperature at Inlet, *F
TW2 — Wall Temperature at Exit, °F
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— Thermal Load, Btu/sec

— Heat Capacity of Fluid, Btu/1b-*F

— Mass Density of Fluid, 1bm/ L

— Viscosity of Fluid, 1bm/ ft-hr

— Conductivity of Fluid, Btu/ hr-ft-*F

— Fluld Thickness (Duct Thickness), in.

— Surface Emissivity

— Radiator Length Perpendicular to Flow, ft
— View Factor

— Absorbed Flux, Btu/ hr-ft2-*F

— Case Identification Number

The wall temperatures, TW1 and TW2, are evaluated on the basis of

previous data or other calculations,
XW, statement 53 based on area,

The program computes the radiator length,

Basically, the program equations account for the temperature gradient
in the direction of flow. The rectangular duct necessitates a zero gradient
perpendicular to the flow direction, Statement 41 calculates the fin effectiveness
based on a tube-fin configuration based on minima area to weight ratio. In com-
puting the equivalent area for a tube-fin configuration, the fin effectiveness
used should be no less than this optimum value,
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INPUTS

h; CASE I.De. NO.®ss9s000s00 12.€1C
X FLUTD INLET TENP. F 97.c0¢
\E FLUID EXIY TENP., F %0.000
1 RAD. WALL TEMP. @ INLET F ss,.cCC
: 1 RAD. WALL TEWP. 3 OUTLET F 38.000
XY PAD. THMERMAL LOAD BTU/SEC 18,220
4 FLUID HEAT CAPCITY BSTUAS F 220
5 FLUTD DENSITY LB/FT3 s7.c0C
3 FLUID VISOCITY LE/FT HR «90J
z FLUTD CONDUCTIVITY BYC/HR FY F LT
; FLUTD EQU. THICKNESS IN 100
| RAD. SURFACE EMISSIVITY .9CC
r RAD. LENGTH PER. TO FLON FT 12.000
VIEW FACTOR 1.CC0
TOTAL ENVIR. ABSORBED BTU/HR FT2 15.000
~‘ ouTPUT
» REQD. REJECTION AREA FT 2 N78.27
~ : . RADIATOR STZE FT 2 239.1%
s I S RADTATOR LENGTH FY 19.93
- PEYROLDS NUMBER 758,436 l
FILM COEFF. BTU/HR FY2 F 35.086 ‘
UNTT FLOW POWER WATTS/FT €02 '
TOTAL FLOW POMER WATTS 081 :
FLUTD TEMP. DIFF. F £7.00C \
PRANDL NUMBER 7.200 ,
SPECIFIC ARFA  FY2/KW 31.90¢ :
FQUIVALENT RAD. TEMP., F 53.237
PRESSURE DROP PSI €16 .
f MASS FLOW RATE LB/MR N082.297
o MASE VELOCITY LB/HR FT2 0C822.966 ‘
-+ B SURFACE FIN EFF.oMIM. WEIGHT eS§2 .
I :
44 o 3 ,
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APPENDIX B
RADIATOR TEMPERATURE DISTRIBUTION

In a differential radiator length, dL, the radiator temperature will change
dT in accordance with the following energy balance:

[c;r‘ - ca] L, dL= -mCp dT . (B-1)

This equation is presented in Reference 2 by Mackey, In this form it assumes
the fluid temperature is the same as the radiator wall temperature, If the
environme: 1l factor, Ce' can be assumed zero, the equation can be readily

integrated:

=n'\Cg 1 1 _
L=3L ¢ ['-r’ T 3 . (B-2)
d e in

in this form, at a point on the radiator having temperature, T, the radiator
length must be L.

Equation (B-2) can be combined with equation (12) to yield

[T
.LL - ___l,—— . (B-3)
o

3
nﬂ .
T
B
T -
O¢

In this form, L/ Lo is the decimal value of the total length, Lo' The radiator

tamperature, T, corresponds to the decimal length, L/ Lo.
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