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Optimization of Steady-State Thermal Design
of Space Radiators

J. L. THurRMAN*
Brown Engineering Inc., A Teledyne Company, Huntsville, Ala.

Equations are derived for use in optimization of fin width and tube diameter to minimize
system weight of single- and double-surface space radiators. Pumping power weight penalty
is included in the optimization. Incident radiation from external sources is accounted for,
and calculation of required armor thickness for protection against meteoroids is included.
Adaptation of the equations to numerical solution by digital computer is discussed. An
illustrative problem solution is discussed in which a single-surface radiator is optimally de-
signed for typical baseline constraints. Parametric curves are presented which illustrate
the effects of off-design incident radiation levels and spacecraft internal heat loads on re-
quired fluid flow rate through the optimally designed radiator. The analysis demonstrates
that required fin width and tube length are very sensitive to the level of incident radiation.

Nomenclature

A = gensitive area for meteoroid protection, ft2

B = fin width, ft

Tr = average specific heat of radiator fluid, Btu/lb-°R

D = outside diameter of armor around tubes, ft

D; = inside diameter of radiator tube, ft

F: F, = average configuration factors, fin to space and tube to
space, respectively

h = forced convection heat-transfer coefficient, Btu/hr-
ft™-°R

K’ = constant: 1.09 for Al projectiles impinging on Al
targets; 0.606 for iron particles impinging on iron
targets

ksk: = thermal conductivities of fin and tube materials,
respectively, Btu/hr-ft-°R

L = radiator tube length, ft

N = number of tubes

p(n) = probability that n punctures will occur in time = over
sensitive area A

Qs = average absorbed irradiation flux from all external

sources (for double-surface radiators @, is the sum
of the average values on both sides), Btu/hr-ft2

R4,R, = equivalent thermal resistances between working fluid
and base of fin for double- and single-surface radi-
ators, respectively, hr-f1>-°F/Btu

T = radiator surface temperature, °R; Tim, Tom = mean
values at ¢ = 0, z = (B + D)/2, respectively (and
AT = Tim — Tom); Ty, Toy = local values at x =
0,z = (B + D)/2, respectively

Ty = bulk fluid temperature, °R; T%; and T% = inlet and
outlet values, respectively

ttate = fin, armor, and tube wall thicknesses, respectively, ft

v = meteoroid velocity, miles/sec, Eq. (31)

We = radiator equivalent weight = W, 4+ Wy 4+ Wa +
Wpp, where W, = basic radiator weight, W, = fluid
weight, W, = meteoroid protection penalty, and
Wop = pumping power penalty, lb

wr = radiator fluid flow rate per tube, lb/hr-tube

z,y = rectangular coordinates of radiator surface, ft

€ = emissivity of radiator coating

nsmy’ = fin effectiveness over elemental strip dy of single- and
double-surface radiators, respectively: #5797 =
mean values

£ = fin temperature gradient in z direction, Eq. (10), deg/ft

o = Stephan-Boltzmann constant, 0.1714(10-%), Btu/hr-
ft2-°R¢

T = duration of exposure to meteoroids, days
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‘Introduction

CURRENT emphasis on manned workshop vehicles for
orbital and interplanetary space exploration has resulted
in extensive efforts toward advancing the design of active
thermal control systems. Radiator design has a direct
influence on spacecraft configuration and structural design
because of the large surface area required for heat rejection.
Many of the published analytical tregtments!—® of the
heat transfer from fin-tube radiators have been concerned
with the effects of certain assumptions on the analytical
accuracy of the heat-transfer solution, with little attention
devoted to optimization with respect to system weight (in-
cluding fin width and the dependence of pumping power
weight penalty on tube diameter).” Reference 6 discusses
structural optimization of space radiators with respect to
tube spacing and fin thickness. This paper presents the
derivation of equations for use in optimization of the steady-
state thermal design of single- and double-surface radiators,
subject to irradiation from external sources. The procedures
presented are also useful for obtaining preliminary design
estimates for transient heat loads through consideration of
average or worst-case heat rejection requirements.
FORTRAN digital computer code incorporating the design
procedures derived herein is described by Ref. 7.

The single-surface radiator (Fig. 1) would be fabricated
as an integral part of the spacecraft skin structure and would
radiate from the outer surface only. Double-surface radi-
ators (Fig. 2) would be attached externally to the spacecraft
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Fig.1 Thermal model for single-surface radiator.
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in the plane of the vehicle axis, and would radiate from both
sides. To reduce the required surface area, the spacecraft
should be oriented such that the radiator is in the plane of
the solar vector during periods of heat rejection. However,
the thermal analysis described herein extends the work pre-
sented in Ref. 4 to include the effect of incident solar, albedo,
and planetary radiation on radiator design, because it is
virtually impossible to orient the spacecraft such that incident
radiation is always eliminated, especially during planetary
orbit.

Thermal Analysis
Single-Surface Radiators

The tubes of the single-surface radiator (Fig. 1) are con-
tained inside the armor thickness and vehicle skin. The
derivation of the equations is based on the following assump-
tions: 1) heat transfer on the vehicle side is negligible;
2) OT/dx = Ofromz = 0toxz = D/2or T = T(y) = Ty
for0 <2< (D/2)and 0 <y < L; 3) T = T(x, y), (D/2)
Lz< (B+D)/2,0 <y < L; 4) inlet and outlet fluid bulk
temperatures T7%; and T, low rate per tube %r, and average
absorbed heat flux @, are known. Based on these assump-
tions, it is desired to calculate the optimum fin width B,
tube inside diameter D;, required tube length L, and radiator
equivalent weight W,. In the process of calculating W,
the weight penalties W,, due to meteoroid armor thickness
and W,, due to fluid pressure drop and consequent pump
weight and power supply weight must also be determined.

A steady-state heat balance on the element dy of Fig. 1
yields

i B
@lépd’]’b - Qs (D—_‘_B> dy = —oe (T;,/1 g + ;T4 2>dy

2 2
ey

where the fin effectiveness 7; over an incremental strip dy is
expressed analytically as

(B+D)/2 B
w () et

The absorbed irradiation flux @, includes all external radi-
ation sources, i.e., solar, albedo, planetary emission, and
radiation from other structural members. For single-surface
radiators the configuration factor F; from fin to space is
unity, but for double-surface radiators it must be evaluated.

Reference 4 demonstrates that an appropriately deter-
mined value of 7, is a constant mean value 7; over the in-
terval of integration in the y direction. Evaluation of 7,
is discussed later. Substituting Eq. (2) into Eq. (1) and
rearranging yields

a7, _ —oedy @
T, "D + %:B) — Q«(D + B)/oe Wiy

If the radiator is constructed of a thin material of high
thermal conductivity and if the fluid heat-transfer coefficient
is large, it may be assumed that

dT,/dy ~ dT,,/dy 4)
Substituting Eq. (4) into Eq. (3), and letting
_ge o, _ . _ D+ B0
a u')TE,,’ b D + 77fB’ 4 e (5)
Eq. (3) becomes v
dTy,/ (¥, — ¢ = —ady (6)

Employing the method of partial fractions and integrating
Eq. (16) in the y direction fromy = 0, T\, = Ty, toy = L,
T,, = T, yields the following equation for required tube
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Fig. 2 Thermal model for double-surface radiator.

length L:
_ o Ty — /)] 1, [T — (¢/b)
L= saber {2 IH[T” T (c/b):l 2 I“[Th, + (c/b)] +
tan™! <bT1”> — tan™! (b‘T—“>} (7a)
C c

In the limiting case of zero incident heat flux, Eq. (7a) yields
the indeterminate form (0/0). Application of the L’Hospital
rule yields, after three successive differentiations,

. Wrl, 1 1

llerr_l)j%) 3ae(D + 7:B) <T103 T”3> @
which is equivalent to the relation given in Ref. 4 where
incident heat flux is neglected.

Before L can be calculated it is necessary to evaluate the
mean fin effectiveness %7, which is defined as the ratio of the
heat-transfer rate from the fin to the heat-transfer rate if the
fin were at the base (tube) temperature, averaged over L.
Considering a steady-state heat balance on the volumetric
element tdxdy in Fig. 1, and assuming that conduction in the
x direction only is important, the following equation results:

Qudxdy — ki(dT/dx)dy = —kst(d/dx) X
[T + (dT/dz)dx\dy + oeT*dady (8)
After simplification, Eq. (8) may be written as
d*T/dx? = (oeT/kst) — Q. kst 9)

Integration with respect to 2 and application of the boundary
conditions, [dT/dx = 0, T = Ty, at z = (B -+ D)/2], yield
the following relation for the fin temperature gradient in the
z direction:
dT/dx = ¢ = [(0.4oe/k;0)(T° — T5,%) —

(2Q./k,)(T — Te)1M* (10)
Substituting Eq. (10) for dz into Eq. (2) and making the
appropriate change of integration limits yields

2 fm 74T
- T1y4 T2z/ E

To derive an equation for the fin width B in terms of
temperature difference (T1, — T.,), Eq. (10) is integrated
between the limits [xt = D/2, T = T, tox = (B + D)/2,
T = T.,], which yields

B Tw dT
c_ e 1
2 fT‘zy £ (12)

Considering steady-state heat flow from the working fluid
to the outer fin surface, the following expression results from
which the fin temperature Ty, at £ = 0 may be calculated:

Ty = le + Rs(0€T1y4 - Q) (13)

n,B (11)



1116 J. L. THURMAN

Bopt

Wegq or B

Fig. 3 Example of radia-
tor fin width optimization.

where R, is the equivalent thermal resistance (including
boundary layer, metallic conduction and interface contact
resistances) between the fluid and the outer fin surface for
single surface radiators.

Reference 4 recommends that the limits of integration
Ty, and T, of Eqs. (11) and (12) be replaced by T, and
Ts,., respectively, where

Ty, = [(Th* + T1,%/2]94 (14

Tyn is defined similarly in terms of 7%, Ta. Ty and T,
may be calculated by iteration from Eq. (13). Thus, the
local fin effectiveness #; is replaced by the mean value 7,
which is evaluated at the fourth root of the mean fourth
power of T1,.

Integration of Egs. (11) and (12) may be accomplished
numerically using Simpson’s rule except near the point
(T = T,,), where a singularity exists. Near (T = T,,)
the integral is evaluated by substituting an approximate
function which may be integrated directly.

Through algebraic manipulations, the integrand of Eq.
(11) may be expressed as

-1/
h-[ga-na ] {T‘l/[E (T4 + 7T, +
kit 5
/
T2 4 TT5 + Tpt) — QS:II 2} 15)

where 7’5, is replaced by T, as discussed previously, As T —
T:,, the term enclosed in braces approaches a constant

value. Therefore, over a small interval near (T = T.,,),
the integrand may be approximated by

L >~K/(T — T,,)'* (16)
where

K = T.,%/[2/kst) (oeTs,* — @.)]"*

This approximate function I, may be integrated directly.
Hence, the integral of Eq. (11) is evaluated in two additive
parts. Between the limits 7%, and 7% where T™* is very
near to T,,, the approximate function I is integrated di-
rectly. Between the limits 7* and T,, the original function
is integrated numerically using Simpson’s rule. Equation
(11) is thus written in the approximate form used for compu-
tation as

7B

* _ 1/2 i
24K(T Ts,.) 2 fT,,,TdT an

T, Tt 1+ En

where £, is £ [Eq. (10)] with T, replaced by Ts,, and 7% is
chosen near enough to 7%, to produce negligible error

B 2K(T* — T,,)' frlmg

2 Tyt T™* £,

(18)
Equations (7, 13, 17, and 18) can now be solved simultane-
ously to determine radiator thermal performance. The
recommended procedure to optimize fin width and tube
diameter is as follows.

1) Determine Ty, and T, from Eq. (13) using the inlet
and outlet bulk fluid temperatures.

J. SPACECRAFT

2) Calculate T, from Eq. (14); assign several specific
values to 7', and perform the following steps (3-5) for each
value. (The selected values of T., must be chosen such
that the radical terms in the denominators of Egs. (17) and
(18) are positive.)

3) Calculate B from Eq. (18).

4) Calculate 7, by integrating Eq. (17) between limits T
and T, and then dividing by B.

5) Calculate L from Eq. (7a) or (7b).

6) Calculate radiator equivalent weight W,, including
hardware, pumping power penalty and heat transport fluid,
for each T4, thus establishing relationships as illustrated
by Fig. 3. The fin width B corresponding to the minimum
equivalent weight is “optimum.”

7) Determine the optimum radiator dimensions for a given
tube diameter. To determine the optimum tube diameter,
steps (1-6) are repeated for several specified standard diam-
eters, and the diameter yielding the minimum W, is selected.

If B is specified as a design stipulation, the procedure is
modified as follows: 1) calculate 71, and T, from Eq. (13),
and T, from Eq. (14); 2) determine Ts,, by iteration using
Eq. (18); 3) calculate 7; B from Eq. (17); 4) calculate the
tube length L from Eq. (7a) or (7b) and the weight; 5) repeat
the previously specified step (7).

Double-Surface Radiators

The tubes of the double-surface radiator (Fig. 2) are
joined and supported by the fins, and heat is radiated from
both sides. The assumptions given for the single-surface
radiator analysis apply, in addition to the following: 1) For
each value of B/D the radiation configuration factor from
the tube to space F, is taken as the average value around a
quadrant of the tube diameter extending from the base of
the fin to the point w/2 rad away; 2) the configuration factor
F; from the fin to space is taken as the weighted average
between the base of the fin and center of the fin for each
B/D; 3) configuration factors are assumed to be identical
on both sides of the fin, and longitudinal variations in F, and
F; are neglected; 4) for double-surface radiators, the average
absorbed irradiation @, is the sum of the average values on
both sides; 5) radiation heat exchange between the tube and
fin is negligible.

Writing a heat balance on the element dy of Fig. 2,

2
Letting
2 D
a = T p = (”— — t) F.+ #'B
Wrcy 2
(20)
i< (B0 _ )&
T 2" 4 2/
Table 1 Baseline conditions for example single-surface
radiator
Spacecraft heat lead 50,000 Btu/hr
Average absorbed irradiation flux 80 Btu/hr-ft2
Heat transport fluid FC-75
Inlet fluid temperature 100°F
Specified tube length 68 ft
Surface emissivity 0.9
Fin thickness % in.
Fin and meteoroid armor material Aluminum
Tube material Stainless steel
Power-supply weight penalty 857 1b/kw
Tube wall thickness 0.015 in.
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the aforementioned integration procedure for the single-
surface radiator may be executed to obtain L,

1 Ty (Tu—eAN L [Ty, — c’/b’)
L= Saern [2 hl(Tli ¥ c'/b’) 2 m(:l'la Tow) T

! b'Ty;
tan™! bgl" — tan™! c—,”] (21a)

In the limiting case of zero incident heat flux (@, = 0), ap-
plication of L’Hospital’s rule yields

. wre 1 1
limI, = > L. 21b
Il = & 1Dz — 0 Fr + 7B (Tl,,a TI;") (21b)

To evaluate 7;', a steady-state heat balance is written as
before for element dz dy of Fig. 2,

aT d ar
Qsdxdy - kft % dy = —k/td—x <T + Zi—x— dx) dy +
2F ;oeTdxdy  (22)

Simplifying and rearranging,

&T  2F,0eTt  Q,
LA b LA, 1) 23
dz? ksl kit 3

Equation (23) is now integrated and the boundary condition
described for Eq. (9) is applied to obtain the following ex-
pression for fin temperature gradient in the = direction:

dT/de = ¢ = [(0.8¢€Fs/kst) X
(T% — T9,%) — 2Q./kst(T — To)1V* (24)
Substituting Eq. (24) for dz into Eq. (2), with the appropriate

change of limits, and substituting 7, for Ty, and T, for
T, in ¢, as discussed previously, yields

o 2F, pn,TWT
WB = 2k f e 25)
Integrating Eq. (24), we find
B 7, 4T
ERl =6

Equations (25) and (26) must be integrated numerically,
as described previously for the single-surface radiator; because
no feasible approach could be found for exact integration.
Near (T = T,,,), the integrand of Eq. (25) may be approxi-
mated as

L= J/(T — T, @7
where
J = T,/ [(2/ks0)(20€F To,* — Q)12
The function I» may be integrated directly.
As described earlier for the single-surface radiator, the

integral of Eq. (25) is evaluated in two additive parts, and
Eq. (25) is written in computational form as

i,'B = AF J(T* — T,,)vVt = 2F; fom AT

Tt TwtJd T {w 8

where T* is chosen near enough to T, to produce negligible
error.
In a similar manner, Eq. (26) may be approximated as

B _ ZJ(T* - T’gm)ll2 lem(ﬂ’_

e m t.

2 To
From a steady-state heat balance on an individual tube,
assuming no temperature gradient around the tube, the

(29)
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Fig. 4 Optimization of fluid flow rate.

following expression results for the fin base temperature
Ty, in terms of the bulk fluid temperature for double-surface
radiators:

Ty = Ty, + Ro(FoeTi,* — Q./2) (30)

where R, is the equivalent thermal resistance between the
fluid and the base of the fin for double-surface radiators.
To determine the average view factor of the tube F, the
data of Ref. 4 may be used.

Solution of these equations proceeds as described for cor-
responding equations of the single-surface radiator.

Meteoroid Protection and Pumping
Power Penalties

The procedure recommended by Bjork® for calculating the
required armor thickness ¢, around the tubes is used. His
general formula for calculating ¢, for a sensitive area A ex-
posed for a time period 7 is

A 0.3
ol D

In[1/p(0)

where the recommended average meteoroid velocity v for
caleulations is 18.64 miles/sec. Solution of Eq. (31) must
be accomplished by iteration, since A depends on f,. (Other
data and theories® ! differ somewhat from this criterion;
the meteoroid protection ecriterion should be reevaluated
and modified as improved techniques become available.)
The electrical power required to pump the working fluid
may be calculated from well-known pump design equations
as a function of fluid flow rate, density, pressure drop, and
pump efficiency. To estimate pump weight, Ref. 11 recom-
mends a specific weight factor of 18 Ib/kw of delivered power.
Since values of pumping power are typically of the order of
0.1 kw, the weight of the circulating pump is very small.
However, a large weight penalty must be paid in terms of
the spacecraft power supply to furnish even a small amount
of pumping power. Typical specific weights for spacecraft
solar cell/battery power supply systems are 700-900 Ib/kw.!?

t, = 2.15(10"4HK"v/? {

Sample Problem

To demonstrate the utility of this analysis a single-surface
radiator was designed for a typical set of baseline conditions
{Table 1) wusing a computer program’ that contains ten
options to provide analytical flexibility.

In establishing the optimum radiator design for the condi-
tions in Table 1, computer runs with various fluid flow rates
were processed to determine the optimum Nwy. For each
Nz, B and D, were optimized to yield minimum We,.
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Fig. 5 Optimization of tube diameter and mean tem-
perature difference between tube and center of fin.

The variations in minimum W, and T, with Nir are
indicated in Fig. 4. The optimum flow rate for the specified
heating conditions is 4800 lb/hr. In some cases selection
of Ny is dictated by a desired T%,, e.g., to supply a cabin
heat exchanger. Since no restrictions were placed on outlet
temperature in the example problem, the optimum flow rate
of 4800 Ib/hr was selected for further analysis. As shown in
Fig. 4, this Nwr yields T, ~ 57°F.

The procedures followed by the computer program in
optimizing B and D; at the optimum flow rate are illustrated
by Figs. 5 and 6. TFigure 5 shows W, vs (Th,, — T,) for
the six selected tube diameters. The optimum D; is 0.25 in.,

70 7 — 760
( Tp; = 100°F
N i = 4800 1b/hr

SPACECRAFT HEAT LOAD =
50,000 Btu/hr

Qs = 80 Btu/hr-ft?
L =68 ft
Dj = 0.25 in.

50 b 5L 500 ...

B

40 | 4 - 400

, ft
1b

B
Hegs

0 20 40 60 80
(Tam = Tom ), °F

Fig. 6 Design parameters as a function of mean tube-
center fin tempoerature difference for optimum tube di-
ameter,
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Fig. 7 Required fluid flow rate and resulting outlet
temperature for off-design values of absorbed irradiation
and cabin heat load.

and the optimum mean tube-center fin temperature differ-
ence lies between 10° and 20°F. The computer program’s
discrete-point optimization procedure selected 20°F as the
optimum value, although the design using a 10°F difference
is less than 1 Ib heavier than the chosen design. Figure 5
reveals that, because of excess pumping power penalty Wy,
a D; of ¥ in., would only be practical at this flow rate for very
small temperature differences and hence a large number of
tubes N. As (T1,, — Te,) and B are increased, with fixed
flow rate (Nwr) and tube length, N decreases, causing an
increase in wr, pressure drop and hence W,.

The variations of B, N, and W,, with (T,, — T,,) are
shown in Fig. 6 for the optimum D; of 0.25 in. and optimum
flow rate of 4800 Ib/hr. As AT, and B increase, ., passes
through a minimum at a mean AT of approximately 20°F
and a fin width of 1.68 ft. As discussed earlier, g fin width
as small as 1 ft could be employed with little weight penalty.
It is noted that as AT, and fin width are increased further,
the required number of tubes decreases, passes through a
minimum, and then increases again. This increase is caused
by increased total surface area requirements due to the
downward trend in fin efficiency with increased fin width.

The selected optimum radiator design is described in detail
by Table 2. As indicated no armor thickness is required for
meteoroid protection. This is because the tubes are attached
underneath the vehicle skin, and, in this case, the computer

Table 2 Description of optimum radiator design for
baseline conditions

Design parameter Value
Fluid flow rate (FC-75) 4800 1b/hr
Outlet temperature 57°F
Number of tubes 13
Optimum tube diameter 0.25 in.
Optimum fin width 1.68 ft
Total radiator width 22.2 1t
Total surface area 1510 ft2
Required armor thickness around tube Zero
Fluid pressure drop 9.8 psi
Required pumping power 39 w
Weight summary
Item Weight, ib
Radiator weight (dry)* 104.8
Fluid weight 31.2
Power supply weight penalty 331.
Pump weight 2.4
Total equivalent weight 171.5

¢ Includes estimate of manifold weight; excludes radiator fin weight.
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program determined that the input fin thickness of 0.0625
in. provided sufficient meteoroid protection for a 1-yr mission.
It is noted that the radiator weight excludes the fin weight,
since the vehicle skin serves as the fin.

After the optimum radiator design was established for the
baseline conditions, additional computer runs were processed
to determine the required variation in fluid flow rate to ac-
commodate off-design variations in absorbed irradiation and
spacecraft internal heat load. The necessary fluid flow rate
and corresponding tube-center fin temperature difference to
provide the input fin width and tube length were determined
by Newton-Raphson iteration within the program. The
variation in fluid flow rate and outlet temperature vs ab-
sorbed irradiation is shown in Fig. 7 for various values of
spacecraft internal heat load. Figure 7 illustrates the strong
importance of the level of absorbed irradiation on radiator
design. The required flow rate decreases rapidly as absorbed
irradiation decreases below 80 Btu/hr-ft?. Likewise, for a
fixed flow rate, the required fin width and tube length are
very sensitive to variations in absorbed irradiation. Figure
7 shows that, in general, very low outlet temperatures result
from decreasing the flow rate to accommodate reduced
values of absorbed irradiation with fixed radiator dimensions
and a given internal heat load. This fact must be accounted
for in over-all thermal control system design by mixing
the low-temperature fluid with higher-temperature bypass
or regenerative flow to produce the desired temperature at
the inlet to the cabin heat exchanger or cold plates.

References

1 Sparrow, E. M., Jonsson, V. K., and Minkowyez, W. J,,
“Heat Transfer from Fin-Tube Radiators Including Logitudinal

OPTIMIZATION OF DESIGN OF SPACE RADIATORS 1119

Heat Conduction and Radiant Interchange Between Logitudi-
nally Non Isothermal Finite Surfaces,” TND-2077, 1963, NASA.
2 Lopez, L. and Chapman, A. J., “An Approximate Analytic
Solution of the Steady-State Thermal Design Problem of Space
Radiators,” AIAA Paper 68-771, Los Angeles, Calif. 1968.

3 McKay, D. B. and Bacha, C. P., “Space Radiator Analysis
and Design,” TR 61-30, Pt. I, Oct. 1961, Aeronautics Systems
Division, Wright-Patterson Air Force Base, Ohio.

4 Callinan, J. P. and Berggren, W. P., “Some Radiator De-
sign Criteria for Space Vehicles,”” Journal of Heat Transfer,
Vol. 81, No. 3, Aug. 1959, pp. 237-244.

5 Lubin, B. T. and Trusch, R. B., “Prediction of Space Radi-
ator Performance,”” Paper 63-AHGT-85, 1963, American Society
of Mechanical Engineers.

6 Cockfield, R. D., “Structural Optimization of a Space
Radiator,” Journal of Spacecraft and Rockets, Vol. 5, No. 10,
Oct. 1968, p. 1240.

7 Thurman, J. L., “Optimization of Active Space Radiators,”
TN AST-264, March 1968, Brown Engineering Co. Inc., Hunts-
ville, Ala.

8 Bjork, R. L., “Meteoroids vs Space Vehicles,” ARS Journal,
Vol. 31, No. 6, June 1961, pp. 803-807.

9 Dalton, C. C., “Estimation of Tolerance Limits for Me-~
teoroid Hazard to Space Vehicles 100-500 Kilometers above
the Surface of the Earth,” TN-D-1996, Feb. 1964, NASA.

1 Toeffler, I. J., Lieblein, 8., and Clough, N., “Meteoroid
Protection for Space Radiators,” ATAA Progress in Astronautics
and Aeronautics: Power Systems for Space Flight, Vol. 11, edited
by C. I. Cummings and H. R. Lawrence, Academic Press, New
York, 1963, pp. 551-579.

1 Snyder, N. W., Space Power Systems, Academic Press,
New York, 1961.

12 Yarbro, J., “EOSS Definition,” Summary Progress Report
PVEL 27006-1, June 1967, Brown Engineering Co. Inc., Hunts-
ville, Ala.



