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1.

1.1

1.2

INTRODUCTION:

Scope:

In the design of spacecraft, heat transfer becomes a criterion of operation to maintain structural

and equipment integrity over long periods of time.

The spacecraft thermal balance between cold space and solar, planetary, and equipment heat
sources is the means by which the desired range of equipment and structural temperatures are
obtained. With the total spacecraft balance set, subsystem and component temperatures can be

analyzed for their corresponding thermal requirements.

This section provides the means by which first-cut approximations of spacecraft-sur
structure, gnd equipment temperatures may be made, using the curves of planetary

face,
and solar

heat flux in conjunction with the desired coating radiative properties. Once‘thecoating properties

have been|determined, the material to provide these requirements may be-selected
extensive thermal radiative properties tables and curves.

These can|then be cross checked to determine the degradation effects of space tha
extensive femperature changes over long periods of time. Thé&{paragraphs reviewin
spacecraft{thermal designs, test facilities, and methods of testing should be used ag
developmgnt of a design. This section assumes that the-reader is familiar with the
thermal anplyzer techniques and has available, through:SHARE or other agencies,

from the

t may cause

g previous

5 a guide in the
nethods of
multinodal

programs tp solve the detailed temperature distributions required to complete a desjgn.

Nomenclature:

Albedo, dimensionless

Cross-sectional area, ft?

Specific heat capacity at.constant pressure, Btu/lb
Diameter, ft

Electron

Base of Naperian logarithms

Energy, MeV, keV
Exposure;sun-hours

Cratering‘energy density, ergs/cm®
Frictionfactor, dimensionless
Geometric albedo factor, dimensionless

©

o
=

ITMMmMoO o g0 >0

D

Geometric shape factor, dimensionless

Geometric ptanetary factor, dimensiontess
Effective emittance, dimensionless
Gravitational constant 32.174 ft/s?

Altitude, sm (statute miles), nm (nautical miles)
Effective altitude, sm or nm

Boiling heat transfer coefficient, Btu/h-ft>-°F

i L e v
T P

[}

I JQ
@

>
)
<

|

I T
>

Total radiant intensity, Btu/h-ft?

Extraterrestrial solar spectral intensity at wavelength X (Johnson curve), Btu/h-ft?-it
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1.2 (Continued):

Inclination; angle from equator, deg
Current, A

Sun intensity, dimensionless
Thermal conductivity, Btu-ft/h-ft>-°F
Body length, ft

Mass, Ib

Mass of impacting particles, g
Integer

Reynolds No. (VD(pg)/n)

Prandtl No. (uC,/k)
Nusselt No. (LD/K)
Stanton No. (Nst = Nnu/(Nre)(Ner) = h/(pgVC, x3600)\

by, (T)

©

4T OOV T OO0 VU=

>
=1 3

< -

QR R X s<

Pressure term G (pg)/P?

Pressure, Ib/ft

Proton

Heat flow, Btu/h

Heat flux, Btu/h-ft?

Instantaneous heat flux, Btu/h-ft?
Body radius, ft

lonization dose, roentgens
Meniscus radius, ft

Radius of planet, statute miles (sm)
Resistance, Q

Radiancy, W/cm?, Btu/h-ft?
Planck’s blackbody functionfor temperature, T, or (dRy/dA),T, Btu/h-ft{u
Planetary flux, Btu/h-ft?

Solar constant, 442 Btu/h-ft?
Time, h

Temperature, °F
Temperature,°R;/K
Temperature.drop, °R

Planet blackbody temperature, °R
Velocity-along flow path, ft/s
Pafticle velocity, cm/s

Heat pipe groove width, ft

TFhermal nath lenath ft
Ll ~ 7

Angle from surface normal to horizon of planet, deg

Absorptance (see Par. 1.4.1), dimensionless

Solar absorptance, dimensionless

Angle between orbital plane and sun-planet plane, deg

Angle between the surface normal and the planet radius vector to the
surface zenith (y=0 deg for a surface facing the planet and 180 deg
when facing space), deg

Emittance (see Par. 1.4.1)
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1.2 (Continued):

€

Exposure = T;—Z%mpiv Z, joules
i=1

radius vector

€ = Total kinetic energy, joules

A Difference or change in the term that follows it

0 Heat pipe wetting angle, deg

0 Angle between the surface normal and sun line, deg

Os Angle between the planet-sun line and planet radius vector to the body zenith, deg

A Discrete wavelength, u

A Heat of vaporization, Btu/Ib

U Unit of wavelength, micron, 1 micron = 10° m

u Absolute viscosity Ib/ft-h, |b/ft-s

v Orbit angle about the planet (v = 0 deg at “noon” position), deg

v Kinematic viscosity ft*/h

p Reflectance, dimensionless (see Par. 1.4.1)

o 3.141 radians

P Mass density Ib-s?/ft*

(p9) Specific weight (density), lb/ft®

c =| Stefan-Boltzmann constant
0.1714 x 10°® Btu/h-f*-°R* or 5.673 x 10°"2 W/em*-K*

c =| Surface tension, Ib/ft

T Time, h, year

T Transmittance, dimensionless

Q Ohms

Pc =| One of the attitude parameters. The angle of rotation about the planet
to the surface normal (@, =0 deg when the normal lies in the plane containing the
planet-surface vector @and the planet-Sun vector), deg.

v =| Angle between plapet-Sun line and the orbital plane ( = 0 deg for a
“noon” orbit). Note: cos 6s = cos y cos v, deg.

Subscripts

a =[ Albede

a =| After exposure to particles, nondimensional

abs =| -Absorbed

Al =L Aluminum

b,0 = Blackbody

B = Equipment side of skin

c = Sample or condenser

C = Chamber

cap = Capillary head

eq = Equipment

eq = Equilibrium

eff = Effective
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1.2 (Continued):

1.3

EV = Evaporator

ev = Evaporative

ev = Electron volts

H = Hemispherical

H = Heat sink

HB = Between heat sink and skin

i = |Initial

L = Liquid

My = Mylar

N =r—Normat

p =| Particle

p =| Planetary

pc =| Projected area of sample as viewed in direction of illumination
s =| Solar

sf =| Surface

sp =| Space

SN =| Solar normal

SK = Skin

Ss =| Solar simulator

TH =| Total hemispherical

TN =[ Total normal

T =| Total radiancy (see Par. 1.4.1.1)

V =| Vapor

W =l Wall

1 =| Surface 1

2 =| Surface 2

12 =[ From surface 1 to surface2

o< =| Infinite exposure

0 =[ Angle of incidence from surface normal, deg
0 =| Directional emittance (see Par. 1.4.1.1)
A Spectral wavelength, u

AH Spectral hemispherical emittance (see Par. 1.4.1.1)
AN Spectralinormal emittance (see Par. 1.4.1.1)
T =[ Time

[0) =| Azimuthal surface angle, deg

Common Abbreviations:

A = Amperes

A = Angstroms

Ag = Silver

Al = Aluminum

alt = Altitude

approx. = Approximately

ARS J = American Rocket Society Journal
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1.3 (Continued):

Au

Btu (BTU)
cm (CM)
conc.
Cu

deg
degrad.
dia

eV

°F

ft (FT)
GE
GSFC
h (H)
Hg

in (IN)
J.

JPL

K

kW

LM
LMSC
LN>
Mg

mil
MKS syste
MSD
N2
NASA
Ni

nm
NRL
NS

oD
ONR
0SsO
oxid.

Gold

British thermal units
Centimeter(s)
Concentration
Copper

Degree(s)
Degradation
Diameter
Electron-volts

= Degrees ranrenteit

Feet

General Electric

Goddard Space Flight Center
Hour(s)

Mercury

Inch(es)

Journal

Jet Propulsion Laboratory
Degrees Kelvin

Kilowatts

Lunar Module

Lockheed Missiles and Space Co:
Liquid nitrogen

Magnesium

1/1000 of an inch

m
Missiles and SpaceDivision

Nitrogen

National Aeronautics and Space Administration
Nickel

Nautical-miles

NavalResearch Laboratory

Not-specified

Qutside diameter

Office of Naval Research

Orbiting solar observatory

Oxidized

Metric system of units;*meters, kilograms, seconds, etc.

oz
Pb
pol.
psi
°R
rec.
ref
rms

ounces

Lead

Polished

Pounds per square inch
Degrees Rankine
Received

Reference
Root-mean-square
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1.3 (Continued):
S = second(s)
sec = second(s)
sm = Statute miles
sol. = Solution
SS = Stainless steel
Ti = Titanium
torr = Millimeters of mercury
uv = Ultraviolet
V = Volts
VHF = Very highrfrequency
w =  Watts
Xe = Xenhon
m = Microns (10° meter)
1) =  One-millionth (where used as an adjective, e.g., uin)
1.4 Definitions|and Terminology:
The first goup of definitions, Par. 1.4.1, follows the notation.of\Worthing (Reference 1). This
notation arjd the applied concepts have appeared in recentseports by WADC (Reference 2) and
the Battellg Memorial Institute (Reference 3), and have been adopted throughout the aerospace
industry.
1.4.1 Thermal Radiation Terms: When the term is expressed in units, such unit is given in the
definition|
Radiancy, R: The rate of radiant energy.emission from a unit area of a source in all the radial
directions of the overspreading hemisphere. The subscript b or 0 indicates a blagkbody value.

Given in pnits of Btu/h-ft?.

Steradiancy, R,,: The rate ofradiant energy emission per unit of solid angle per unit of

projecteq
Btu/h-ft?.

area of a sourge,in a stated angular direction from the surface. Given i

N units of

Blackbody: An ideal emitter that radiates energy at the maximum possible rate pegr unit area at
each wayelength for any given temperature. A blackbody also absorbs all radianf energy
incident nrpon it.

Gray Body: A nonblackbody whose emittance may be considered as being independent of
wavelength and temperature.

Diffuse Body: A body from which emitted radiant energy has the same flux density in all

directions

in the overspreading hemisphere.

Specular Reflector: A mirror-like surface for which the reflected steradian angle equals the
incident steradian angle.
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1.41

1.4.1.1

(Continued):

Emittance, €: The ratio of the rate of radiant energy emission from a body, as a consequence
of its temperature only, to the corresponding rate of emission from a blackbody at the same

temperat

ure.

Absorptance, o: The ratio of radiant energy absorbed by a body to that incident upon it.

Reflectance, p: The ratio of radiant energy reflected by a body to that incident upon it.

Emissivity, Absorptivity, Reflectivity (e, o, p): Special cases of emittance, absorptance, and

reflectan
and is su

Transmit
upon it.

Additio
additiof
terms
Emittar
terms.

referen

ce, which are fundamental properties of a material that has an optically-s
fficiently thick to be opaque.

ance, 1. The ratio of radiant energy transmitted through a bodyto that ir

nhal Qualification of Terms: Each property defined beyond €, o, p and 1 1
nal qualifications to arrive at a precise definition. The terms total and spg
emispherical, normal, and directional are used to,subscript the general g
ce will be used to define the total, spectral, hemispherical, normal, and ¢
Each of the following forms of € is a consequence of the surface temper
ced to a blackbody at the same temperature.

Spectral Emittance, €, Spectral radiancy (0r monochromatic radiancy at a give

from a

Total B
from a

Hemisy
Directig

Norma
directig

pody to that of a blackbody.

mittance, €. Total radiancy (radiation over the entire spectrum of emitte
pody to that of a blackbady-

herical Emittance,-&y: Radiancy from a body to that of a blackbody.
pnal Emittance;.€,: Steradiancy from a body to that of a blackbody.

Emittance, en: The special case of directional emittance when the emit
n normal to the surface.

Theref

mooth surface

cident

equires

ctral, and the
roperty.
irectional
ature

n wavelength)

d wavelength)

fance is in a

pre” precise definitions of emittance will take the following nomenclature:

€ty = Total hemispherical emittance, dimensionless
€1y = Total normal emittance, dimensionless

€,n = Spectral hemispherical emittance, dimensionless
€,Nn = Spectral normal emittance, dimensionless
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1.4.2 Space Technology Terms: Dimensional units are not included, since these appear elsewhere,
when applicable.

Albedo (Reflected Solar Radiation): The ratio of the total solar radiant energy reflected by a
body to the total solar radiant energy incident on the body. Albedo is associated with specific
bodies; for example, Earth albedo, lunar albedo.

Insolation (Solar Radiation): The irradiation of a body by direct total solar radiant energy.

Earth Shine (Earth Radiation): Refers to the total radiancy from the Earth as a consequence of
its apparent temperature.

Celestial|Sphere: A sphere of infinite radius whose center is the center of the Earlth and upon
which appear projected the stars and other astronomical bodies.

Ecliptic: [The great circle on the celestial sphere formed by its intersection with the plane of the
Earth's ofbit.

Ecliptic Hlane: The plane defined by the orbit of the Earth aboutthe Sun.

Planet Inglination: The angle defined between the orbit ofithe planet about the Sun and the
ecliptic plane.

Equatorial Inclination: The angle between the planet's equator and the ecliptic.

2. BASIC HEAT TRANSFER THEORY:
2.1 Conduction:
Referencelis made to AIR1168/2, Par:1. The general conduction equation holds in space as in a

gravity field, although surface interface conductances may be altered as a result of yacuum
effects.

k
Q12 :;A(ﬁ—tz) (Eq.1)

where:

k/x is|the \thermal conductance in Btu/h-ft2>-°F and other terms are defined in Par. 1.2

Thermal joint conduction in a vacuum has been analyzed by Fried and Costello (References 4
and 5) and some typical examples are presented in Figures 1 through 3.
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GURE 1 - Thermal Contact Conductance for Aluminum and Magnesium
Joints in Vacuum (References)4 and 5)
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Joint with Metallic Shims in Vacuum (References 4 and 5)
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FIGURE 3 - Thermal:.Contact Conductance for Nonmetallic
Shims in"WVacuum (References 4 and 5)
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2.2 Radiation (Reference 3):

2.21

222

223

224

225

Lambert's Cosine Law: This law states that the intensity of radiation streaming from a plane
source varies as the cosine of the angle between the direction of emission and the surface
normal. A diffusely radiating body has the same apparent brightness regardless of the angle
from which it is viewed. Actually, the emittance of all true surfaces exhibits a certain degree of
dependence on the angle of emission.

Stefan-Boltzmann's Fourth Power Law: Heat radiating from a body is proportional to the fourth
power of its absolute temperature. For nonblackbodies, the emittance is the ratio of the
nonblackbody radiancy to blackbody radiancy; therefore, the nonblackbody radiancy equals the

blackbody radiancy muttiptied by theemittarce:

Kirchhoff
given ten
temperat

Wien's D
waveleng
constant

Planck's
by Planc

R, =oT* R=eoT*

(Eq.2)

s Law: As derived from the original law, the total emittance ofa'nonblagkbody at any

perature is equal to its total absorptance of radiation from.a blackbody gt the same
ure, or € = o This applies equally well to spectral radiation and becomes
‘Ex =0 (Eq.3)
splacement Law: The product of the absolutertemperature of a blackbody and the
th at which the maximum intensity of radiation is emitted for that temperature is a
A = 22979 || K UKS system) (Eq.4)
= 5—2TEM'°R (British system) (Eq.5)

ire as shown

Distribution Law:-‘Spectral radiancy distribution is a function of temperaty
K's formula:
CiA°
Rp.. = eCZJLT 1

(Eq.6)

where;

for temperature in the MKS system (using K), C, = 37,436 W-p*/cm? and
C,=1.4388 cm-K = 14,388 u-K
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2.2.5 (Continued):

226

227

In the British system (using "R), C; = 1.187 x 10° Btu-u*/ h-ft* and C, = 25896 p-"R. This law

holds for all wavelengths and over the entire spectrum.

‘Rb = | Ry, 01 =0T

(Eq.7)

General Relationships: As a general case, any radiant energy incident on a body must be
reflected, absorbed, or transmitted by the body. If the fraction of the incident radiation absorbed
is o, the fraction transmitted <, and the fraction reflected p, then by the law of conservation of

energy:

and for ah opaque surface (t = 0):

oa+p+1=1

o +p=1

(Eq.8)

(Eq.9)

Radiation Heat Transfer Between Two Surfaces: The applicable equation for heat transfer is

where;

Fa &and F. are defined for some commegysurfaces as follows:

(1) [Surface A, small compared.with the totally enclosing surface A;: Fa =1,

‘Q12 = AtFa 12Fe 120(T1%-To%)

(Eq.10)

Fe=€1.

(2) [Surfaces A, and A; of parallel discs, squares, 2:1 rectangles, long rectangles: For Fa,

(@)
(b)
(c)
(d)

{aY

Curyes 1-2-3-4. Direct radiation between planes.
Curves 5-6-7-8. Planes connected by nonconducting but reradiatin

Curves 1,5:
Curves 2,6:

Curvaec R 7-
SHReS—O—

see Figure 4; F. = ete7.

Discs.
Squares.

In Figure 4, curves are presented for the following geometries:

Rectanale _2-1
eCHERGe =1~

y walls.

\~7

(f)

Curves 4,8:

Long, narrow rectangles.
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FIGURE 4 - Radiation Between Parallel Plates Directly Opposed
(Hottel, Reference 6)

2.2.7 (Continu

D

d):

(3) [Surface dA, and parallel rectangular surface A,with one corner of rectapgle above
dA;: For Fp, see Figure 5; F, = € 1€5.

O
[’

o 30b— L i “;\.‘é"

<”2s :&L:L S o \\ ™~

- oS N N N

g 20 qu)oc \\ ™ N

z 15 003‘33:0\\\ ™ =

2 oL q:g:e’\:\\\\\\\\\\

R ONNNN NS N
NIRRT EA

O 05 10 15 20 25 30 35 40 45 50 55 6.0
DIMENSION RATIO, L4/L,

FIGURE 5 - Rgdiation Between Surface Element dA and Rectangle Above and Parallel|to it with One
Corner of Rectangle Contained in Normal to dA; L, [, = Sides of Rectangle, L; = Distance from dA to
Rectangle, and F, = Fraction of Direct Radiation from dA Intercepted by Rectangle (Reference 6)

(4) Surfaces A or A, of perpendicular rectangles having a common side: For F,, see
Figure 6; F, = € 1€,. Referring to the sketch in Figure 6, Ry = y/x, which is the length
of the unique side of a rectangle on whose area the heat transfer equation is based
in ratio to the length of the common side. Also, R, = z/x, which is the length of the
unique side of the other rectangle in ratio to the length of the common side.
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2.2.7 (Continug

©®)

©®)

For furthg

.50 l
DIMENSION RATIO R,=0.!
|
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= 0.5
30 / /// C 086
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” 2.5
/ Guomm— .|
W /17 e w8
T S meEREents
= B 5
o HERE «
0 1.0 20 30 40 6 8 10O
DIMENSION RATIO, R,
FIGURE 6 - Radiation Between Adjacent/Rectangles in
Perpendicular Planes (Hottel, Reference 6)
2d):

Surfaces A; and A, of infinite parall€l planes or surface A; of a complete
body is small compared with A,. Fx = 1 and

1
g
e, +1e,]-1
Concentric spheres or infinite concentric cylinders with surfaces A; and

1
(Ve + (AJA)(ey) —1]

e =

er information on form factor relationships, see Reference 7 and AIR1164§

y enclosed

(Eq.11)

.. Fa=1and

(Eq.12)

8/2, Par. 4.7.5.
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2.2.8 Shape Factors Using String Technique (Reference 52): The AF product for interchange
between two surfaces of an enclosure, per unit depth normal to that shown in Figure 7, is the
sum of the lengths of straight crossed strings stretched between the ends of the lines
representing the two surfaces, less the sum of the lengths of uncrossed strings similarly
stretched between the surfaces, all divided by 2. Referring to Figure 7, for an enclosure

(a) forme

d by three surfaces A4, A;, As.

and for o

3. SOLAR SYS

Table 1 cont
The spectral
determinatio

FIGURE 7 - String Technique to Obtain Shape Factors

TEM CONSTANTS:

hins the planetary constants that.are useful in determining the heat flux t
data of solar, albedo, and Earthradiation, Figures 8, 9, and 10, can be (
n of the thermal properties.efimaterials in the vicinity of the Earth.

pposing surfaces (b),
A = Ay, = 89F bc); (ac+bd) ; \init depth (Eq.14)

b spacecraft.
sed in the
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4. SPACECRAFT THERMAL COATINGS:

In the thermal

balance of passive spacecraft, the temperature of the internal electronic equipment

and structure is governed by the exterior surface properties, that is, by the absorptance of solar,
albedo, and planetary radiation, and the thermal emittance.

4.1 |deal Versus

Available Materials:

Figures 11 and 12 (Reference 11) show the ideal thermal radiative properties of materials in
comparison with those now available. Reference 45 also describes an availability range of

materials.
Lo
\ DEAL
w TABOR SURFACE w / ‘b‘ 0EAL T
s WHITE PAINT
g \ SOLAR ABSORBER g f——opﬂuuu MIRROR
= A PoLt =
s . ISHED Az =
& N z ”, SOLAR REFLECTOR
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o i
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WAVELENGTH, u WAVELENGTH. ”»
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- d
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s E —‘.-/[ ——————.
'F’—Pousueo aq OEAL ;
c L I 1 S —— ——————
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FIGURE 11 | Representative Spectral Emittance Curves for Four Ideal Surfaces (Reference 11)
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€

URE 12 - Radiation Characteristics Attainable with Four Optimum Surfaces

Compared to Those Attainable with Currently Available Materials. The Solid Lines
Show Limits of Characteristics with Known Surfaces and the Dashed Lines Show

Limits of Characteristics with Available Surfaces (Reference 11)
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4.2 Solar Absorptance:

According to Johnson's work (Reference 14), 95.3% of the sun's emitted energy falls in the
spectral region between 0.3 and 2.5 u, 1.2% falls below 0.3 1, and 3.4% falls above 2.5 u. The
maximum spectral intensity lies in the 0.5 u region. Therefore, the solar absorptance o of a

coating is approximated by the thermal radiation properties of the coating in the 0.3 to 2.5 p range
of the spectrum.

The solar absorptance o would then be further defined by the angle of incidence of solar energy

to the coating surface shown in the following equations (Reference 15). For the case of azimuthal
symmetry, the solar reflectance is:

2.5
Josu PagHrdA
Psp =— 250 (Eq15)
j H,dA
0.3u
and for opaque surfaces:
|0 =1-Psg (Eq.16)

where:
6 = constant angle of incidence, deg
4.3 Surface Emittance:

4.3.1 Temperature Dependence: The spectralrange in which a surface emits energy i§ determined
by the temperature of the surface. <Inaccordance with Equation 5, the wavelength of peak
radiancy |can be computed for any_given temperature. Dividing Equation 6 by T°, the radiancy
term becpmes a function of AT.and can be plotted as shown in Figure 13. The blackbody
radiancy [for any AT combination can be obtained from this curve.

In Figure| 14 the percentage of total energy emitted from a blackbody surface is shown as a
function ¢f surface-temperature and wavelength. For a 100 °F body, 92% of the tptal emitted
energy fglls below.40 p and 0.5% of the energy falls below 4.5 u; thus between these limits,
92% of the blackbody energy is contained.

An approximmate spectrat-defimitiorrof emittarceat— 100" F wouldbe

(455 €3, Ry, ()M
[aoh Ry (t)dh

(Eq.17)

€100 =

At colder temperatures the emittance of surfaces are influenced by their thermal radiation
properties in the far infrared region.
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4.3.2 Angular Dependence: Total hemispherical emittance and total normal emittance for opaque
surfaces depend upon how total directional reflectance varies with the angle of incidence. The
following set of equations (azimuthal symmetry case) describe the relationship of total
hemispherical emittance to the spectral directional reflectance of a coating (Reference 15).

jif IS:(;‘Q P1.62m 8INO X COSOAOR,, (t)dA

pru(t) = j;f (=7 2msinB x cosOAOR, (t)dA (Ea18)
€ tu(t) = 1 - pru(t) (opaque surface) (Eq.19)
ET(T) = OTH(t) (KIfChNoiT'S faw at thermal equitibrium) | (Eq.20)
where:
A4 and A are the end wavelength limits to cover 92% of [Ry, (t)dA
The equations for total normal emittance, which is readily measured in the laboratory, would be
pm(t):w (Eq.21)
7 Rep (2
where:
6 = 0/deg, and
ety (1) =1-pn(t) (Opaque surface) (Eq.22)
ety () = oy () (Kirchhoff's law) (Eq.23)
For metal surfaces, the ratio)e ru/e 1y is greater than 1, and for dielectric surfaces,|the ratio
€ tn/e v ay vary from«0.92 to slightly above 1.0.
The relatjon is plotted as a function of the measurable normal emittance in Figure| 15
(Referenge 16),~For an ideal diffuse emitter (emits according to Lambert's law), elry/e = 1.
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FIGURE 15 - Ratio of Total Hemispherical Emittance to Normal Emittance
4.4 Measurement of Absorptance and Emittance:

There are fwo distinct measurement techniques employed for obtaining o and €: the spectral
reflectancq technique and calorimetric techniques.

4.41 Spectral Measurements: The reflectance method is based on the definition of reflectance,
which requires that the reflected energy be measured over the entire overspreading
hemisphgre. In determining o, the definition is complied with in the 0.25 to 2.5 pfrange, using
an integrating sphere-spectrophotometric apparatus’(Reference 18). The resultant property
measuref is the directional spectral reflectance. Integration of the spectral reflecfance data
over the Johnson curve (by IBM program or.equal energy increment summation techniques)
yields totgl normal solar reflectance as shown in Equation 15. When subtracted from 1, o is
realized.

Based upon the reflectance reciprogity relation, the normal or directional spectral reflectance in
the 2.5 t@ 50 u range may be measured with a heated cavity reflectometer-spectrophotometer
type of apparatus (Reference 19). In this case the sample is irradiated hemisphefgically and
viewed af a specific angle by the spectrophotometer's optical system.

Integratign of the spectral reflectance data over the appropriate spacecraft tempefature
curvewyields the total normal emittance properties of the material. The [total normal
emittancé must be converted to total hemispherical emittance, using Figure 15. Hor detailed
ontrel'design where total hemispherical properties are required, the normal spectral
reflectange.data should be supplemented with directional reflectance information and an
integration (or discrete summation) be performed in accordance with Equation 18.

The spectral normal reflectance data for several materials (Reference 23) appear in Figures 16
to 22.
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FIGURE 16 { Compiled Spectral Reflectances; A, Evaporated Al, 25 pin on Polished pl 6061-T6;
B, Evgporated Al (0.2 w) on 1/4 mil Mylar Crumpled and Stretched (Looking at|Al);
C, Evaporated|Al (0.2 u) on 1/4 mil Mylar Crumpled and. Stretched (Looking at Mylar) (Reference 23)
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FIGURE 17 - Compiled Spectral Reflectances: A, Chromic Acid Anodize on Al 24S-T81;

B, Sulfuric Acid Anodize on Extruded Al 24S-T81; C, Hard Anodize (1 mil) on
Al 6061-T6 (35 A/ft? at 45 V, 20 °F) (Reference 23)
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FIQURE 18 - Compiled Spectral Reflectances: A, Palished Cu, 17 mils Thidk;
B, Tabor Solar Collector Chemical Treatment (140-30) on Ni-plated Cu;
Tabor [Solar Collector Chemical Treatment (125-30)-on Ni-plated Cu (Reference 23)
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FIGURE 19 - Compiled Spectral Reflectances; A, Immersion Au Approximately 0.03 mil on Ni-plated
Cu Plate on Polished Al 6061-T6, Aged 6 months in Air Unpolished; B, Vacuum Evaporated Au
on Fiberglas Laminate; C, Au Ash (80 u) on 0.4 mil Ag on Epon Glass; D, White Au on Polished

MIL-S-5059 Steel (Reference 23)
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FIGURE RO - Compiled Spectral Reflectances: A, Silicon-Solar Cell (Intl. Rectifien
B, Silicon S¢lar Cell (Intl. Rectifier Corp.), 1.11 u Vaporized.Coating SiO, Fast Depos
C, Silicon Solar Cell (Hoffman Corp.) type 120-C, 8:mil Glass Cover (Referenc:
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FIGURE 21 - Compiled Spectral Reflectances: A, Flat White Paint, Fuller No. 2882 on
2 mil Polished Al; B, White Epoxy Resin Paint, Mg; C, Flat White Acrylic Resin, Sherwin-Williams
M49WC8-CA-10144, MIL-C-15328A Pretreatment Wash Coating on 22 mil SS 301, Half-Hard;
D, White Paint Mixed With Powdered Glass, 7 mil on Polished Al (Reference 23)
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FIGURE 22 - Spectral Reflectance of Alzak (Typical); (Reference 20);
o = 0.145 and € TH,100 °F & 0773

0

4.42 Calorimetric Measurements: Calorimetric measurements of o, and e will yield € 1, directly, but
the o me¢asurement validity depends on matching the solar simulator to the speciral distribution
of Figurel8. Relative spectral curves of solar, carbon arc, and a bare xenon lamp|are shown in
Figures 18 and 79. The carbon arc simulates the solar spectrum more closely than do other
light sources.

Calorimeftric measurements are.made in a vacuum chamber having black liquid Ny, cold walls,
and prefgrably a cooled reflecting mirror similar to the design of the GE chamber ¢f Figure 75.
Thus, direct emission of the hot port window is eliminated. Other secondary effedts are

radiation|from the chamber and mirror walls plus internal reflection off the walls.

For meagurements-thade at sample equilibrium temperatures the following can be used,
neglecting wall reflectance:

1. Electfical'heating of the sample, property € 1y:

— |2RC

- R Eq.24
A 6(TL —T2) (Ea:24)
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442 (Continued):

443

2. Solar simulator as heater, property o/e 1:

aS _ cS'AC (T4 _ -I—4)
- [¢ w
€TH HssApc

(Eq.25)

Dynamic measurements may also be made using a solar simulator as a heater (References 15
and 20). Measure the slope of the cooldown curve and solve for € ry. Neglecting wall radiation
and reflections,

Measurin

—mC,(dT, / dt)

ETH=
A.oT?

g the heat-up portion,

(Eq.26)

dT
—== ApcasHss _Ac €TH GTé ((xs)

mC, 9t

Cp(dT, / dt)+ Aceq, O TS

Achss

(Eq.27)

(Eq.28)

Since the

thermal radiation properties are dependent not only on the material but

coatings,
used ca

thickness, and surface condition, published numerical values for o, and
tiously. Data on the values of & and € should include a complete stater

coating surface roughness, coatingthickness, cleanliness, precise coating chemig
composifon, and a complete substrate definition (Reference 22). Current publish

seldom
ormay n

Thermal
through 4
materials
applicatic

pply sufficient coating descriptions, may even fail to distinguish betwee
bt associate a temperature with a given emittance figure.

Radiation Data:* The thermal radiation properties data of Table 2, and Fi
11 with theiricorresponding tables (Tables 3 through 19) are meant only g
selection-” After a coating has been selected and its method of formulat
n, and handling have been fixed, the o and € ty properties should be m

also on the
< v Must be
nent as to

cal
ed data

N €y and € 1y,

jures 23

s a guide in
on,
pasured.
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TABLE 2 - Thermal Radiation Properties of Materials

Material O Temp., °R €N €TH og/er Ref.
ALUMINUM (Al
Commercial plate 671 0.09 24
Commercial plate, pol. 671 0.05 24
Commercial plate dipped in HNO; 671 0.05 24
Commercial plate dipped in hot
hydroxide 671 0.04 24
2024 Al alloy, as rec. 0.27 400 0.02 13.5 21
500 0.02 13.5
600 0.02 13.5
2024 Al allpy, cleaned 0.34 400 0.06 5.66 21
500 0.06 5.66
600 0.07 4 .85
2024 Al allpy, mechanically
pol. and flegreased 0.31 400 0.05 6.2¢ 21
500 0.06 6.20
600 0.06 5.16
2024 Al allpy, sand blasted 0.67 400 0.25 2.68 21
500 0.27 2.48
600 0.30 2.23
6061 Al allpy, as rec. 0.41 400 0.05 8.2 21
560 0.04 10.25
6061 Al allpy, chemically cleaned 0.18-0.44 400 0.03-0.11 21
500 0.03-0.12
600 0.04-0.12
6061 Al allpy, pol. and degreased 0.35 400 0.04 8.75 21
500 0.04 8.75
560 0.05 7.00
6061 Al allpy, 120 size-grit'blasted 0.60 400 0.40 1.5 21
500 0.41 1.46
600 0.41 1.44
Alzak on Al, @90 pin thick 0.15 410 0.79 0.74 0.20 20
536 877 672 6-24
80 0.75 0.70 0.21

Reynolds wrap Al foil, shiny side,

as rec. 0.19 400 0.03 6.33 21
500 0.04 4.75

550 0.025 20

Fasson adhesive backed Al foil 0.17 400 0.03 5.66 21

500 0.03 5.66
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TABLE 2 (Continued)

Material Os Temp., °R €N €TH oder Ref.
Mylar, metallized with vacuum
deposited Al 0.20 400 0.05 4.0 21
500 0.05 4.0
Al vacuum deposited on Mg with
standard silicone undercoat 0.13 400 0.04 3.25 21
500 0.04 3.25
600 0.04 3.25
Anodizef Al (see Figures 23
and 24) 26
Al 6061 [T-6, hard anodize 1 mil
thick 0.92 450 0.841 1.10 23
410 0.830 20
460 0.842
560 0.863
ANTIMQNY (Sb)
Polisheq 671 0.03 24
Rolled plate 540 0.06 24
Shim stqck 531 0.03 24
Oxidized 900 0.60 24
671 0.60
QMYV Bq alloy, 64 rms finish 0.70 400 0.16 437 21
600 0.17 4.1
CADMIUM (Cd)
Electroplate (mossy) 540 0.02 24
531 0.03 24
CHROMIUM (Cr) 540 0.08 2425
Cr plate[0.1 mil thick om0.5 mil
Ni plate on 321 SS-steel
expose¢d to JP-4combustion
produgts 50 h=ab1100 °F 0.78 555 0.15 518 23
COBALT (Co) 531 0.03 24
COLUMBIUM (Cb), 0.5 mil foil 0.41 560 0.04 10.0 20,25
Cb alloy (Cb-10Ti-10Mo) 25
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TABLE 2 (Continued)

Material Os Temp., °R €N €1H osleT Ref.
COPPER (Cu)
Black oxidized 540 0.78 24
Scraped 540 0.07 24
Commercial pol. 540 0.03 24
Electrolytic, careful pol. 635 0.018 24
531 0.015
Chromic acid dip 531 0.017 24
Pol. 531 0.019 24
Liquid honed 531 0.088 24
Electrolytic polish 531 0.006 24
Mechanifcal polish 531 0.015 24
Carefully prepared surface of
pure Cu 531 0.008 24
Cu-Be alloy 0.036 20
EBANO
Ebanol ¢ on Cu treated 5 min at
196 °Fin 219 °F boiling
point, sol. 0.91 555 0.11 8.25 23
Ebanol $ on steel treated 15 min
in a 286 °F boiling sol. 0.85 555 0.10 8.49 23
GLASS, |3 mils thick on
silicong solar cell 0.93 450 0.84 1.10 23
GOLD (Au)
Au (99.95% fine) 0.21 850 0.04 5.2 24
0.000010 in leaf (on glass
or Lucite) 531 0.063 24
0.000040 in foil (on glass or
Lucite 531 0.023 24
0.0005 in foil (on glass or
Lucite 531 0.016 24
0.0015 in foil (on glass.OF
Lucite 531 0.01 24
Au plate(0.00005.in on SS
(1% Ag in Au) 531 0.027 24
Au plate|0.000%/in on SS
(1% Ag inAu) 531 0.027 24
Au plate 070002 onm SS
(1% Ag in Au) 531 0.025 24
Au plate 0.0002 in on Cu
(1% Ag in Au) 531 0.025 24
Au vaporized onto 2 sides of
0.0005 in Mylar 531 0.02 24
Deep electroplated Au on Al 410 0.02 20
460 0.02
560 0.02
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TABLE 2 (Continued)

Material Os Temp., °R €N €1H adeT Ref.
Au plate on Al 7075 0.30 400 0.03 10.0 21
500 0.03 10.0
Vacuum deposited Au on
buffed Ti 0.33 400 0.05 6.6 21
500 0.05 6.6
800 0.05 86
Vacuum|deposited Au on Al
with rgsin undercoat 0.24 400 0.04 6.0 21
500 0.04 6.0
600 0.04 6.0
GRAPHI|TE (crushed carbon
electrqdes) 16 mils thick
on Najsilicate on pol. Al 0.96 450 0.91 1.06 23
INCONBL 25
Inconel foil (0.005) as rec. 0.55 400 0.21 2.62 21
500 0.23 2.39
Inconel X (see Figures 25
and 28) 25
Inconel X oxidized 4 h at
1825 9 in air followed by
10 h af 1300 °F in air 0.90 450 0.71 1.26 23
IRIDIUM (Ir) 531 0.04 24
IRON (Fe) 25
Electrolytic 959 0.07 24
671 0.05
531 0.05
Cast Fe] pol. 560 0.21 24
Cast Fe] oxidized 560 0.63 24
959 0.66
1460 0.76
Fe sheet, rusted red 531 0.69 24
Fe, oxidjzed 2700 0.89 24
671 0.74
Fe-Ni alloys 25
Tinned Fe sheet 535 0.064 24
Galvanized Fe 657 0.07 24
Polished Armco 0.36 850 0.12 3.0 34
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TABLE 2 (Continued)

Matenal Olg Temp, OR ETN €TH aS/ET Ref
KAPTON Aluminized Poly-
amide Film (H Film-Kapton)
1/4 mil Film side 0.31 560 0.36 0.39 0.80 20
1/2 mil Film side 0.36 560 0.38 0.42 0.86 20
1/2 mil Aluminized side 0.10 560 0.02 0.025 4.0 20
1 mil Film side 0.45 560 0.59 0.56 0.80 20
2 mil Film.side 0.45 560 069 068 0.66 20
5 mil Filin side 0.49 560 0.83 0.80 0.61 20
LEAD (Rb)
Unoxidiged, pol. 671 0.05 24
Gray oxidized 531 0.28 24
Oxidizeq 473 K 851 0.63 24
Red Pb 671 0.93 24
Pb 0.004 in foil 531 0:036 24
MAGNEEIUM (Mg) 531 0.07 24
959 03
1460 0318
MANGANIN, bright rolled 704 0.048 24
534 0.076
MOLYBDENUM (Mo) See 4140 0.24 2425
Figurep 27, 28 3240 0.19
2341 0.13
671 0.07
531 0.05
Mo, as rgc. 0.48 500 0.12 4.0 21
Mo, pol. 0.40 850 0.08 5.0 34
K MONHL 5700 (See Figures
29,30 25
MYLAR
1/4 mil gluminized Mylar
Al sid 0.11 540 0.025 20
Aged andcrimktedatum—side 546 VRV 20
Mylar side 0.15 540 0.30 20
1 mil aluminized Mylar
Al side 540 0.03 20
Mylar side 540 0.63
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TABLE 2 (Continued)

Material Os Temp., °R €N €1H adeT Ref.
NICKEL (Ni) 25
Pol. 711 0.045 24
Bright matte 711 0.041 24
0.004 in foll 531 0.022 24
Electrolytic Ni 1460 0.10 24
959 0.07
560 0.06
531 0.04
Electroplated Ni
On Feland unpol. 531 0.11 24
On Feland pol. 531 0.045 24
On Cu 540 0.03 24
Electrolgss Ni (Dow
Chemical Co.) 0.45 400 0.16 2.81 21
500 0.17 2.65
Oxidized Ni 2700 0.85 24
900 0.37
Pol. Ni 0.37 850 0.10 3.7 34
Nichrome
"Driver Hlarris" Nichrome
heater|strip 460 0.11 20
560 0.12
660 0.13
Nichrome V 25
Nimonic|75 25
PAINTS
Ditzler mpixing white lacquer,
4 coat$, 2 coats zinc
chrompte primer, thickness
total 0{006 in 0.21 400 0.85 0.25 21
500 0.85 0.25
600 0.86 0.24
SherwintWilliams Kemacryl
white paint No.
M49 12, 4'mils over
one wash pritmer coat on
alodingd”Al 2024-T6 410 0.90 20
560 0.91
Kemacryl lacquer white No.
M49WC17, 4 wet coats, 1
coat pretreat primer
P40GC1 (Sherwin-
Williams) 0.26 400 0.73 0.36 21
500 0.75 0.35
600 0.77 0.34



https://saenorm.com/api/?name=458465126ed86fd0db99d7849017d828

SAE

AIR1168/12A

Page 46 of 142

TABLE 2 (Continued)

Material Os Temp., °R €N €1H og/eT Ref.
Zinc sulfide pigment, acryloid
A-10 binder, pigment to
volume conc. 30%, 5.5
mils over one wash primer
coat on alodined Al
2024-T6 410 0.90 20
460 0.90
560 0.90
Grumman thermal control
paint. [Zinc oxide in
RTV-602 silicone, 6 mils 0.21 560 0.91 0.88 0.24 20
thick on 2024 Al
Lithofrax 72662, 11 mils on
vapor honed Al 2014-T6
substrate 0.15 410 0.92 0.16 20
460 0.92
560 0.93
Z-93 white paint, zinc
oxide in potassium
silicatg binder, 5 mils
thick on 2024 Al 0.19 410 0.94 0.91 0.21 20
460 0.94
560 0.95
Z-93S white paint, zinc
oxide in potassium silicate
binder| 6 mils thick on Al 0.18 410 0.92 0.88 0.20 20
460 0.92
560 0.92
S-13G wWhite paint, zinc
oxide pigment coated
with potassium silicate
in silicpne binder,
5 mils fthick on Al 0.25 560 0.92 0.90 0.28 20
White epoxy resin paint
"Cat-atlac," Finch Paint
and Chemical Co.y No.
463-148 on Al 0.25 450 0.88 0.28 23
Skyspar|A-423.color SA8818
(white), 4.wet coats over
one coatepexy-prmer
P-323 (Andrew Paint Co.) 0.22 400 0.82 0.27 21
500 0.83 0.27
600 0.84 0.26
Fuller 517-B-2 white gloss
silicone (W.P. Fuller Co.),
3 wet coats 0.30 400 0.82 0.36 21
500 0.81 0.37
600 0.80 0.37
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TABLE 2 (Continued)

Material Os Temp., °R €N €1H adeT Ref.
Pemco No. R46H60 porcelain
enamel on steel 0.22 400 0.76 0.29 21
500 0.78 0.28
600 0.79 0.28

Ditzler strong black lacquer,
4 coats, 2 coats zinc
chromate primer, thickness

0.002 in 0.92 400 0.71 1.30 21
500 0.74 1.24
600 0.75 1.28

Kemacryl lacquer black No.
M49BC12, 4 wet coats, 1
coat pfetreat. P40GC1

(Sherwin-Williams) 0.94 400 0.81 1.16 21
500 083 1.13
600 0.84 1.12
Pyromaik white paint (Tempel
Co.), YV degrad. 320 sun 0.20 0.85 0.24
days (B days 40 suns) 0.35 0.85 0.41

Grummgn black epoxy paint
1019, R wet coats over 1
coat 1D12 primer on alo-

dined Al 2014-T6 410 0.90 20
460 0.90
560 0.91

Flat blagk epoxy resin paint
"Cat-atlac," Finch Paint
and Chemical Co., No.

463-148 on Al 0.95 450 0.89 1.07 23
"Cat-a-19¢," black epoxy paint,
2 coatp on 300 series SS 410 0.89 20
460 0.89
560 0.90

Warnow|black epoxy paint
applied on alodined

Al 2014-T6 410 0.91 20
460 0.92
560 0.92
Fuller 5t+~B-2-flatbtack-siti
cone 4 mils wet film 0.89 400 0.80 1.1 21
500 0.81 1.1
600 0.82 1.0
3M black velvet paint over
zinc chromate primer on
alodined Al 0.97 410 0.92 1.05 20

460 0.92
560 0.93
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TABLE 2 (Continued)

Matenal Olg Temp, OR ETN €TH aS/ET Ref
Krylon 1602 black paint over
Al 410 0.86 20
460 0.86
560 0.88
Al leafing pigment in clear
epoxy binder, in 0z pig-
ment/gal 20
20 560 0.66
40 560 0.34
60 560 0.22
80 560 0.24
PALLAOIUM (Pd) 531 0.03 24
PLATINUM (Pt) 2461 0.18 24
1460 0.10
959 0.06
671 0.05
531 0.03
522 0.016
QUARTE (fused) 534 0.93 24
RHODIUM (Rh), plated on SS 531 0.05 24
ROKIDH, flame sprayed
alumina on 410 SS heated
to 130P °F in airin 60 s
and held 30 additional seconds * 0.28 450 0.80 0.34 23
SILICON solar cell, Interna-
tional Rectifier Corp.,
approx. 1 mm thick/en elec-
trolesq Ni plate Substrate,
boron foped surface 0.94 555 0.32 2.93 23
SILVER|(Ag) 1460 0.03 24
671 0.025
531 0.022
492 0.02
Silver (999+ fine) 0.13 850 0.03 4.3 34
SOLDER, 50-50 on Cu 531 0.03 24
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TABLE 2 (Continued)

Material O Temp., °R €N €1y osleT Ref.
STAINLESS STEEL
Pol. 671 0.08 24
301 (See Figures 31, 32) 25
302 760 0.05 24
302 mech. pol. 0.38 400 017 2.24 21
500 0.19 2.0
600 0.20 1.90
303 25
316 (See Figures 33, 34) 25
321, pol 0.09 012 20,25
347 (Se¢ Figures 35, 36) 25
410 heated to 1300 °F in air 0.76 555 0.130 5.88 23
446 25
PH 15-7|Mo 25
17-7 PH 25
18-8 (Sge Figure 37) 25
AM-350 25
Vickers F.D.P. 25
Armco black oxide on
type 3p1 0.89 450 0.75 1.19 23
René 41| alloy mech. pol. 0.38 400 017 2.24 21
500 0.19 2.0
600 0.20 1.90
Haynes plloy B 25
Haynes plloy X 25
Haynes glloy 25, pol. and
oxid. 560 0.16 20,25
TABOR
Solar co]lector chemical
treatment of galvanized Fe 0.89 555 0.12 7.25 23
Solar co]lector chemical
treatment 110-30 on Ni
plated|Cu 0.85 555 0.05 17.4 23
TAPES
3M Al fojl 425 550 0.09 20
3M foil deanedwith MEK 550 0.03 20
3M Al fojl Y-9040 550 0.02 20
PermacetAtfoitEE6660 612 556 603 40 20
Johns Manville Al Foil 330 550 0.03 20
3M chrome colored
Scotchcal 630 0.18 460 0.63 0.28 35
3M gold colored
Scotchcal 633 0.33 460 0.74 0.45 35
3M silver Scotchlite
reflective sheet 3270 0.45 460 0.90 0.50 35
3M Mylar tape 850 0.34 460 0.58 0.59 20
3M Aluminized Mylar 852 0.147 460 0.58 0.25 20
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TABLE 2 (Continued)

Material O Temp., °R €N €1y osleT Ref.
TANTALUM (Ta; see Figures
38, 39, 40) 25
4140 0.26 24
3240 0.21
531 0.05
Polished 0.45 850 0.10 4.5 34
TELLURIUM (Te) 531 0.22 24
TITANIUM (Ti)
Alloy Ti-p Al-4 Va 25
Alloy Ti-p Al-4 Va, as rec. 0.66 400 0.19 3.47 21
500 0.20 33
600 0.22 3.0
Alloy Ti-p Al-2.5 Sn 25
Ti vapor|coated on bright
side of Reynolds wrap Al
foil, 80 to 100 p thick
heated 3 h at 750 °F in air 0.75 555 0.14 5.40 23
Ti C-11QM (AMS 4908)
heatedq 300 h at 850 °F
in air 0.77 555 0.20 3.88 23
Ti C-11dM (AMS 4908)
heateq 100 h at 800 °F
in air 0.52 555 0.16 3.24 23
Ti 75A (AMS 4901) heated
300 h pt 850 °F in air 0.80 555 0.21 3.78 23
Anodizef Ti 051 450 0.87 0.59 23
TITANOX-RA 2 miles thick on
black paint 0.15 450 0.89 0.17 23
TIN (Sn
1% indiym 531 0.012 24
5% indiym 531 0.017 24
Sn foil, .001 in 531 0.012 24
TUNGSTEN(W). See Figure 41 25
Filamen 4140 0.28 24
3240 0.23
2340 0.15
1440 0.09
900 0.05
540 0.03
ZINC (Zn) 531 0.05 24
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TABLE 3 - Normal Total Emittance of Inconel X (Reference Information for Figure 25)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. o} Oxidized Normal total emittance Measured in vacuum
A As received or wiped Resistance heated Data taken from
clean specimens curves
X Polished Thermistor-bolometer
detector
Comparison blackbody
Temperatures measured
with thermocouples
2. ® Stably oxidized at Normal total emittance Measured in air
2000 °F Thermopile detector Data taken|from
Comparison blackbody curves
Temperatures measured
with thermocouples
3. u Polished
After prolonged heating  Normal total emittance Measured na 10 pn
and cycling above Total radiation detector pressure [of helium
2000 °F (some oxide =~ Comparison blackbody
indicated) Temperaturés measured
with thefmocouples
SOURCE: Reference 25.

1.0 0
AR NS
[¥]
Z g} STABLY OXIDIZED 29
£ AT 2000°F L 2
i P :I
w e = 48
2 o1 _ AFTERPROLONGED| &
5 HEATING ABOVE W
F)4 2000°F [ ]
g e g
2 POLISHED ° - e
E 2|y - 8
z e

ol® 10

-400 O 400 800 (200 1600 2000

TEMPERATURE, °F

FIGURE 25 - Normal Total Emittance and Total Reflectance of Inconel X;
see Table 3 (Reference 25)
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TABLE 4 - Total Solar Absorptance of Inconel X (Reference Information for Figure 26)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. o] As received Total solar absorptance Measured in air at
A Clean and smooth Comparison standards 100 °F
O Polished Comparison pyro- Temperatures are
heliometer those to which
Output measured with samples had been
thermocouples heated previously

SOURCE: Reference 25.

|~‘o i J 1 l o
- CLEAN D
Q AND SMOOTH /. w
.8 - 22
- <
g 11 2
7 (53
S POLISHED w
@ 6 t 4@
g AR
4
3 4 ‘/, 6 <
[Z] - \ 3
2 AS RECEIVED-) “
=2 8 «
R 5
=4
(o] 1.0

o] 400 800< 1200 1600
TEMPERATURE, °F

FIQURE 26 - Total Solar Absorptance and Reflectance of Inconel X at 100 °F;
se€ Fable 4 (Reference 25)
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TABLE 5 - Hemispherical Total Emittance of Molybdenum (Reference Information for Figure 27)

Composition and

Investigator Surface Condition Test Method Remarks
1. As received and chemi- Hemispherical total Measured in vacuum
cally cleaned. Purity emittance Data taken from
not given. Hole-in-tube and re- curves
As-received specimen sistance-heated strip- Numerous temper-
Hole-in-tube measure- specimen methods ature cycles were
ments made on|each
Temperature measured Temperatures measured specimer
with pyrometer with optical pyrome- All specimegns were
Temperature measured ter or thermocouple from the same
with thermocouples stock of material
heated strip
measurements
Heated strip
measurements
Run No. 1
Vapor blasted
First heating
Fourth heating
2. Blasted with No. 90 Hemispherical total
(PMC3043A) Al emittance
oxide Resistance-heated
strip specimen
Temperatures measured
with thermocouples
Held at temperature
17 hrat\892 °F and
again at 1475 °F
3. Polished with 0000 Hemispherical total Measured in flow of

abrasive paper

emittance
Power dissipated
from electrically

heated rod cpnr\imnn

argon gas
Data taken|from
curves

Test Method Remarks
Brightness temperatures
measured with optical
pyrometer converted to
true temperatures using

values obtained at the
melting point
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TABLE 5 (Continued)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
4. + 10 mil dia. wire. Hemispherical total Measured in vacuum
Surface changes noted emittance Data taken from
after heating Power dissipated per curves
unit length of
electrically heated
wire
Temperatures measured
with a two-color photo-
electric pyrometer, an
optical pyrometer and
known resistivity versus
temperature data
5. Highly polished. Hemispherical total Measured |n vacuum
Vacuum arc cast, emittance Data taken|from
machined, extruded, Disc specimen curves
recrystallized, and Temperatures measured
rolled with thermoeOuples
Emittance calculated
from the mass, specific
heat, and rate of
change of temperature
ofthe specimen
SOURCE: Reference 25
g 5 5
Ea 6 u
& 5 Z
a3 3 b—=1="1" 7 G
g3 p‘a" S pRE 7Y F 4 ' l:l‘
§ L alee TS99 SANDBLASTED 10 ML DIA WIRE POLISHED Q
§ 2 vapor BLASTED] ¥ 1 - ° a
g [eou ' el o 2
g ! I CHEMICALLY CLEANED i
3 [ 1]

0
200 600 1000 1400 1800 2200

2600 3000 3400 3800 4200 4800

TEMPERATURE, °F

FIGURE 27 - Hemispherical Total Emittance and Reflectance of Mo;

see Table 5

(Reference 25)
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TABLE 6 - Total Solar Absorptance of Molybdenum
(Reference Information for Figure 28)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. o} Highly polished Total solar absorptance Measured in vacuum
Vacuum arc cast, Carbon arc image
machined, extruded, furnace
recrystallized, and Disc specimen
rolled Temperatures measured

with thermocouples

Absorptance calculated
from mass, Specific
heat, rate of change
of temperature, and
known irradiance of
the surface

(Solar spectrum simu-
lated by carbon arc)

SOURCE: Reference 25

w

g w
g6 04 g
& 1] 5
3 ISHI w
2 4 EOSED los o
< "
s 2 o
_°J . 0.8 g
@ w
-l -
< 0 10 &
590 400 800 1200 1600 2000 &
= TEMPERATURE, °F o

FIGURE28 - Total Solar Absorptance and Reflectance of Mo;
see Table 6 (Reference 25)
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TABLE 7 - Normal Total Emittance of K-Monel 5700
(Reference Information for Figure 29)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. X Polished Normal total emittance Measured ina 10
A Clean and smooth Total radiation detector pressure of helium
O As received Comparison blackbody
® After prolonged heating  Temperatures measured
and cycling above with thermocouples
2000 °F (some oxide
indicated)

SOURCE: Reference 25

w .8 Y T T e 2
g | AFTER PROLONGED HEATING - $
ABOVE 2000°F
56— e 22
- IS ] 5
2 l [—AS RECEIVED “
s .a — 6w
e CLEAlTu AND _ L.l‘ I
L
) s"ﬂbr" | A1 2L A4 d
« .2 — * ; -
5 et ! POLISHED o
2o LT U e

-400 O 400 800 1200 1600 2000
TEMPERATURE, °F

FIGURE 29 - Normal Total. Emittance and Reflectance of K-Monel 5700;
see Fable 7 (Reference 25)



https://saenorm.com/api/?name=458465126ed86fd0db99d7849017d828

SAE AIR1168/12A Page 57 of 142

TABLE 8 - Total Solar Absorptance of K-Monel 5700
(Reference Information for Figure 30)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. a Polished Total solar absorptance Measured in air
A Clean and smooth Comparison standards at 100 °F
o} As received Comparison pyro- Temperatures are
heliometer those to which
Output measured with samples had been
thermocouples heated previously

SOURCE: Reference 25

W0 o w
O 1%
2 | L] H
- AS RECEIVED ol =
8 H 29
o {[ ]
(72 o
© / w
< 6 .
g AWy S
3 — ] 3
» 4 | o e v
o - POLISHED o
a CLEAN AND —t a
= SMOOTH | =
e 2 b 8 O
" “0 400 800 (1200 1600 2000 *

TEMPERATURE, °F

FIGURE 30 - Total Solar Absorptance and Reflectance of K-Monel 5700 at 100 °F;
see Table 8 (Reference 25)



https://saenorm.com/api/?name=458465126ed86fd0db99d7849017d828

SAE

AIR1168/12A

Page 58 of 142

TABLE 9 - Normal Total Emittance of Stainless Steel Type 301
(Reference Information for Figure 31)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. First heating Normal total emittance Measured in 10 p
o} As received Total radiation detector pressure of helium
A Clean and smooth Comparison blackbody
O Polished Temperature measured
with thermocouples
After repeated heating
and cooling
® As received
Clean and smooth
u Polished
2. X As received Normal total emittance Measured in flow
(surface oxidation Calibrated thermopile of helium|gas
indicated after test) detector
Comparison blackbody
Temperatures measured
with thermogouples
SOURCE: Reference 25

. 8 T T T 2

| __|AFTER REPEATED HEATING ' .
% AND COOLING o
E 6 | i i 42z
: ==
g - 6 E
[ | x [ 4
= o & a 8
2 gla 4 Y 8 1] + :t‘
3 ! °3
g PALISHED —|— ! =4
2o [ 11 l 1.0

-400 O 400 800 1200 1600 2000 2400

TEMPERATURE, °F

see T apte 9(Reference 25)

FIGURE 31 - Normal Total Emittance and Total Reflectance of SS 301;
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TABLE 10 - Total Solar Absorptance of Stainless Steel Type 301 at 100 °F
(Reference Information for Figure 32)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. a Polished Total solar absorptance Measured in air
A Clean and smooth Comparison standards at 100 °F
o} As received Comparison pyro- Temperatures shown
heliometer are those to which
Output measured with samples had been
thermocouples heated previous
to tests

SOURCE: Reference 25

w 1.0 o W
¢ T ]
%- e AS RECEIVED— % 5

. £ ul
2 A4 z
< 6 CLEAN AND | &
s . SMOOTH Y
3 3
" 4 o - -6 @
2 OTC POLISHED -
3 s 5
F 2 82

) 400.'_800 1200 1600 ~
TREATMENT TEMPERATURE, °F

S5URE 32 - Total Solar Absorptance and Reflectance of SS 301 at 100 °R;
see Table 10 (Reference 25)

F
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TABLE 11 - Normal Total Emittance of Stainless Steel Type 316

(Reference Information for Figure 33)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. First heating Normal total emittance Measured in 10 p
o} As received Total radiation detector pressure of helium
A Clean and smooth Comparison blackbody
O Polished Temperatures measured
with thermocouples
After repeated heating
and cooling
® As received
Clean and smooth
u Polished
2. \Y% Rms finish of approxi- Normal total emittance Measured |n vacuum
mately 15 p-in Thermistor-bolometer
+ Rms finish of approxi- detector
mately 2 p-in Resistance heated
strip specimens
SOURCE: Reference 25
8 T T TP 1 1L 2
g | AFTER REPEATED HEATING w
g AND COOLING 4 3]
"6 et "1 4 2
& 1 5
I - w
,'5' 4 \ 6 i
o l 2 &
L' ) -] 1
bt 3 - M .8 .'_&'
= (°] 1 %] 9 3e4%|POLISHED )
(4 v R [
g oLY J ] 10
-400 O 400 800 1200 1600 2000
TEMPERATURE, °F
[GURE 33 - Normal Total Emittance and Total Reflectance of SS 316

see Table 11 (Reference 25)
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TABLE 12 - Total Solar Absorptance of Stainless Steel Type 316 at 100 °F
(Reference Information for Figure 34)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. a Polished Total solar absorptance Measured in air
A Clean and smooth Comparison standards at 100 °F
o} As received Comparison pyro- Temperatures shown
heliometer are those to which
Output measured with samples had been
thermocouples heated previous
to tests

SOURCE: Reference 25

!0 T 1T 0w
2 AS RECEIVED 3
= | =
& .8 ]’ .2 8
(=] —_— -
” —t CLEAN AND [re
2 SMOOTH e | W
.6 4
[+ 4 «
L L4
2 | 2
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» 4 o €
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O 400 800\ 1200 1600 2000

TEMPERATURE, °F

SURE 34 - Total Solar Absorptance and Reflectance of SS 316 at 100 °H;
see Table 12; All Measurements Made at 100 °F and Temperatures are
Those to Which Sampleshad Been Heated Previous to Tests (Reference 2b)

F
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TABLE 13 - Normal Total Emittance of Stainless Steel Type 347
(Reference Information for Figure 35)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. First heating Normal total emittance Measured in 10 p
o} As received Total radiation detector pressure of helium
A Clean and smooth Comparison blackbody
O Polished Temperatures measured

with thermocouples
After repeated heating

and cooling
® As received
Clean and smooth
u Polished
2. X Stably oxidized at Normal total emittance Measured |n air
2000 °F Thermopile detector Measurements were
Comparison blackbaody. taken nofmally
Temperatures measured and at various
with thermocotples angles with the
normal
Normal total equals
hemisphérical
total emittance
for this specimen
3. Bare (polished) Normal total emittance Measured In air
. Oxidized blue Calibrated thermopile
(100 h at 1200 °F) detector
SOURCE: Reference 25
-0 STaBLY' ]°
W OXIDIZED
g 8 AT?_OOOF 2w
g 11 ¢
RE o e
o COOLING // 3
2 I |e w
e 4ty Y - 6 ‘:
% = - i
é .2 #b’ POLISHEDJ_— .8 8
2 b3 1
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FIGURE 35 - Normal Total Emittance and Total Reflectance of SS 347;
see Table 13 (Reference 25)
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TABLE 14 - Total Solar Absorptance of Stainless Steel Type 347 at 100 °F
(Reference Information for Figure 36)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. o} As received Total solar absorptance Measured in air
A Clean and smooth Comparison standards at 100 °F
O Polished Comparison pyro- Temperatures shown
heliometer are those to which
Output measured with samples had been
thermocouples heated previous
to tests

SOURCE: Reference 25

o

®

CLEAN T 1 0
—t AND SMOOTH
1] ﬂzL 2
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o

/; POLISHED 4—

>
o
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F

S5URE 36 - Total Solar Absorptance and Reflectance of SS 347 at 100 °R;
see Table 14; All Measurements at 100 °F and Temperatures are
Those to Which Samples had Been heated Previous to Tests (Reference 2%)
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TABLE 15 - Normal Total Emittance of Stainless Steel Type 18-8
(Reference Information for Figure 37)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. o} Nominal composition Normal total emittance Measured in air
Oxidized at 500 °F and  Thermopile detector
weathered Temperatures measured

A Sandblasted and with thermocouples
weathered

O Chromic and sulfuric
acid treated

\Y% Unpolished

X Polished

SOURCE: Reference 25

!0 " SANDBLASTED WEATHERED & e
w |} OxIDiZED AT 1500°F
2 e o = 2
. )
£ g
ot g
s =
w 6 i 48
= |1 AciD TREATED z
= AND WEATHERED w
24 ] 65
] .
A BEEN 2
s UNPOLISHED 3
§ 2 B o e = .8
1+ POLISHED
0 [ 1+ 1 .0
0~ 200 400 600 800

TEMPERATURE, °F

FIGURE 37 - Normal Total Emittance and Total Reflectance of SS 18-8;
see Table 15 (Reference 25)
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TABLE 16 - Hemispherical Total Emittance of Tantalum
(Reference Information for Figure 38)

Composition and
Investigator  Symbol Surface Condition
1. Polished with 0000
abrasive paper

Test Method
Hemispherical total
emittance

Remarks
Measured in flow
of argon gas

o} Fansteel material Power dissipated from
O National Research electrically heated
material rod specimen
Brightness temperatures
measured with optical
pyrometer; converied
to true temperatures
using values obtained
at the melting point
2 X Highly polished Hemispherical total Measured |n vacuum
Commercially pure, arc emittance
cast, or sintered Carbon arc image
furnace
Disc specimen
Temperaturés measured
with thetmocouples
Emittance calculated
from¥mass, specific
heat, and rate of
change of tempera-
ture of specimen
SOURCE: Reference 25
<]
g V- T T 1 .
g POLISHED | =
w .3 9 7 =
g
8 2 - 8 E‘
3 17 [poLisuen 5
g 1 s 5
Y =4
$ o A 10
Z o 800 1600 3200 4000 4800
<

TEMPERATURE, °F

FIGURE 38 - Hemispherical Total Emittance and Total Reflectance of Ta;
see Table 16 (Reference 25)


https://saenorm.com/api/?name=458465126ed86fd0db99d7849017d828

SAE

AIR1168/12A

Page 66 of 142

TABLE 17 - Normal Total Emittance of Tantalum
(Reference Information for Figure 39)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. Composition "pure" Normal total emittance Measured in
o} Cleaned Resistance heated vacuum
specimen
A Polished Thermistor-bolometer
detector
X Oxidized 30 min at Comparison blackbody
"red heat" Temperatures measured
with fhnrmnr\nuplnc
2. Composition not given Total normal emittance Measured'in air
Oxidized 50 min at Thermopile detector
1000 °F Comparison blackbody
u Oxidized 60 min at Temperatures measured
1000 °F with thermocouples
L] Oxidized 80 min at
1000 °F
a Oxidized 110 min at
1000 °F
Note: The oxide formed
was flakey, porous,
and unstable
3. o3 Highly polished Normal total emittance Measured [n
Composition not given Induction-heated speci- positive gressure
men of argon
Comparison blackbody
hole in specimen
Total detector
Temperatures measured
with optical
pyrometer
SOURCE: Reference 25
+o L L L
€ o gz ] ] 2 w
g N 1%
= gﬂ" - «
& e} oxipizep 30 Min T P R g
3 AT "RED HEAT® . o . E
e a — _ S S LE 6 :,
'} ’, * -
: ol ceaneo | 1| 2
g AND POLISHED |-
& o hd i 1.0

-400 o] 400 800 1200 1600 2000 2400 2800
TEMPERATURE, °F

FIGURE 39 - Normal Total Emittance and Total Reflectance of Ta;
see Table 17 (Reference 25)
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TABLE 18 - Total Solar Absorptance of Tantalum
(Reference Information for Figure 40)

Composition and

Investigator  Symbol Surface Condition Test Method Remarks
1. o Highly polished Total solar absorp- Measured in
Commercially pure, arc tance vacuum
cast or sintered Carbon arc image
furnace

Disc specimen

Temperatures measured
with thermocouples

Absorptance calculated
from mass, specific
heat—+ate-of-change

of temperature, and
known irradiance of
surface

(Solar spectral distri-
bution simulated by
carbon arc)

SOURCE: Reference 25

(=
o

TOTAL SOLAR ABSORPTANCE
N o q (
rS
TOTAL SOLAR REFLECTANCE

@
N

POLISHED

H
q
-

0200 600 1000 1400

TEMPERATURE, °F

FIGURE 40 - Total Solar Absorptance and Reflectance of Ta;

see Table 18 (Reference 25)

TABLE 19 - Hemispherical Total Emittance of Tungsten
(Reference Information for Figure 41)

Composition and

Investigator Symbol Surface Condition Test Method Remarks
1. Polished with 0000 Hemispherical total Measured in flow
abrasive papers emittance of argon gag
® Fansteel material Power dissipated from
electrically heated
| Wah Chang material rod specimen
Brightness temperatures
TTTCAOSUTTU VVILTT UPLI\./GI
pyrometer; converted
to true temperature
using values obtained
at melting point
2. A Spectrographically pure Hemispherical total Measured in vacuum
straight wire emittance Data taken from
(0.010 in dia) Electrically heated wire curve

Measured power input
to constant tempera-
ture zone

Temperatures measured
with two-color photo-
electric pyrometer

Investigators esti-
mated accuracy

+10%
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TABLE 19 - Hemispherical Total Emittance of Tungsten
(Reference Information for Figure 41) (Continued)

Composition and

Investigator Symbol Surface Condition Test Method Remarks
3. Purity and surface Hemispherical total Measured in vacuum
condition not given emittance of 10-5to 10-9
Power dissipated from mm of Hg

o Total emittance equip- resistance-heated
ment strip specimen

m} Spectral emittance Temperatures measured
equipment with thermocouples

(Optical pyrometer in
spectral-hole-in-tube

method)
4. Porous tungsten Hemispherical total Measured in
amittanca. nocitize-nra ssure
% of theoretical Heat radiated from gfargonr
density: solid rod of resis-
tance-heated material
X 90 to cold walls
] 90 Temperature calculated
\% 70 from brightness tem-
° 70 perature and spectral
¥ 70 emittance data
SOURCE: Refgrence 25
3
LA U O O I A
= 4 6 2
6f 2 . Sy 4
R - T | DE ‘
Z SF 3 ) i M 13%
g | =% PR B OGN =5
] [ ] ~e x -
E 55 POLISHED S 5 w
= &= = Q
ul ES 2 85 z
2 3600 4000 4400 4800 3200 5600 6000 &
g .4 TEMPERATRE,"F N T, 6 @
E LT i:"' __i-u N ;‘“‘,"—3 I T
2.3 T x| % K| Al g 7 ¢
S - . &l
14
L o
3_) .2 g8 F
p e
iJ L
T {‘/ 9
//
0 I

1.0
200 600 1000 1400 1800 2200 2600 3000 3400 3800 4200 4600 5000
TEMPERATURE, °F

FIGURE 41 - Hemispherical Total Emitttance and Total Reflectance of W;
see Table 19 (Reference 25)
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443 (Continued):

The concept of passive thermal control is foreign to many engineering personnel and to almost
all manufacturing and assembly people unless they have received special training. The exterior
thermal control surfaces of a spacecraft constitute the crux of that vehicle's passive control
system; these control surfaces often have the appearance of ordinary paints, metals, or foils.
This fact, combined with the ignorance of shop personnel regarding the special nature of these
surfaces, will generally result in contamination and hence degradation (often permanent) of the
thermal radiation characteristics unless special precautions are taken to prevent such
contamination.

If the surfacethemmatradiatiomrpropertiesas specified by thedesignerare tobepreserved
during lapinching of the vehicle, special protection, handling, and inspection precedures are
mandatory.

5. SPACECRAFT THERMAL BALANCE:
5.1 Deep Spage Probes:

All spaceciaft traveling between planets are thermally influenced by the solar heat flux. In
Figure 42 the solar heat flux associated with the planet distanee from the sun is plofted as the
ordinate (Heference 10). The parameter of surface temperatures of a flat plate normal to the sun
is plotted as a function of the surface o,/e ratio and its*’coordinate within the solar system.

The heat flux to any incremental surface area at an-arbitrary position in space is computed by
multiplying|the solar heat flux at the particular distance from the sun times the cosine between the
surface nofmal and the sun line. For an average value over the spacecraft surface this is the
projected qurface area to the sun (Figure*43).
Thus, the ihcident radiation is

Qs=ScosH (Eq.29)
the absorbed radiation is

Qabs = Qs0is (Eq30)

and for a perfectly insulated surface, the temperature T is obtained from:

€y cs[T;‘f —T;‘p): Q.0 (Eq.31)
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SOLAR CONSTANT S, BTU/HR-FT2
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FIGURE42 - Equilibrium Temperature of a Surface Normal
to the Sun Versus Distance from Sun and o/e (Reference 10)
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FIGURE 43 - Incident Solar Radiation to a Surface
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5.1 (Continued):

or

%s (Eq.32)

sf

oT: =Q

S

where the temperature of space T, = 4 °R and is assumed negligible for ordinary spacecraft
surface temperatures.

5.2 Satellites:

A satellite {a spacecraft orbiting a planet) receives heat flux from three external sources:

1. Solar radiation.
2. Albedo|radiation: sunlight reflected off the planet.
3. Planet radiation: radiation from the planet surface acting as a heat source.

5.2.1 Incident $olar Radiation: The solar radiation flux in the orbitof a planet may be optained from
Table 1. [Instantaneous solar fluxes are computed as shewn in Par. 5.1.

In orbit, g satellite is obscured from the sun when it is\n the shadow of the planet] This
shadowing and time in the sunlight varies accordingto the angle § between the ofbital plane of
the satellite and the plane of the sun-planet (the, ecliptic, when considering the E&fth). The
angle B i$ determined by the incident launchfangle i. For the case of an Earth satgllite, the
satellite grbit precesses; that is, the normal to the orbital plane will generate a corle about the
Earth's akis at a constant half-angle of i.~A 500 mile circular orbit at i = 32 deg precesses
approxinfately 6 deg per day.

Because|of the precession of the orbit and rotation of the Earth about the Sun, thg¢ angle 3
varies continuously from aimaximum (equatorial inclination +i) to a minimum (equgtorial
inclination -i). The maximum and minimum average solar heat load over the orbit|lis determined

when 3 i$ @ maximum.and when 3 = 0 deg, respectively.

Figure 44 gives_the‘percentage of time a satellite will be in sunlight as a function gf altitude and
angle B. [Consequently, the average orbital solar flux incident at any point on the surface of a
spatially priented satellite is

Qs =S cos 0 (% time in sun) (Eq.33)
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FIGURE44 - Percentage of Time in Sun Versus Altitude With
Orbital*nclination  as Parameter for Vehicle in Circular Orbit
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5.2.2 Incident Albedo Radiation: Albedo radiation (having spectral characteristics similar to sunlight)
is solar radiation reflected from the gas layer or surface of a planet and is assumed to be diffuse
(that is, it follows Lambert's law). A comprehensive study of albedo and planetary configuration
factors is found in Reference 53.

The orbit geometry used in defining the incident albedo flux is given in Figure 45, and 6, v, v,
¢c, and y are as defined in Par. 1.2. vy is to be used only with Figure 57.

Parameters h, v, 6s, or y and ¢, may vary as the satellite traverses its orbit. Therefore, to obtain
average albedo heat fluxes, computations of geometric factors must be made at intervals of
orbit angle v and integrated over the orbit.

Figures 46 through 52 can be used to determine the geometric factor F, for albedp radiation
incident on a sphere, cylinder, and flat plate (Reference 10). In using these curves,
approximations must be made for angles of y between 0 and 90 deg. Varjations ip ¢, are
generallyl secondary and alter F, by less than +0.03.

From these curves, the instantaneous albedo flux is obtained:

Q'a, incident = SaF, (Eq.34)

W

where a iIs the planetary solar reflected energy (albedo) and the prime denotes th
instantaneous flux. The average heat flux per orbit is obtained from:

Qa.incident = Sa % _z Fa,vi (Eq35)

i=1

where viF 10,20, ...360degandi=1,2,3...n; or

SaF (Eq.36)

a,incident a

Q

To obtain the totaklincident heat (q Btu/h = QA), use the projected area for A in Figures 46
through %0 and 53 to 55. For the flat plate heat flux the cosine relation is incorporated in the
curves, sp thatthe full flat plate area can be used.

5.2.3 Incident Planetary Radiation: Similar geometric factors (Reference 10) are shown in Figures 53
through 56 for planetary radiation to a sphere, hemisphere, cylinder, and flat plate, using the
previously described geometry. The angle y generally varies with orbit angle v. To obtain the
orbital planet heat flux, the geometric factor must be averaged over the orbit.
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FIGURE 45 - Orbit Geometry
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FIGURE 46 - Geometric Factor for Planetary Albedo Radiation Incident to
Sphere Versus Altitude, With Angle of Sun as a Parameter (Reference 10)
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IGURE 47 - Geometric Factor for Albedo to Hemisphere Versus Altitude
With Angle of Sun as Parameter (y = 0 deg; ¢, = 0 deg) (Reference 10)
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FIGURE 48 - Geometric Factor for Albedo to Hemisphere Versus Altitude
With Angle of Sun as Parameter (y = 90 deg; ¢. = 0 deg) (Reference 10)
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FIGURE 49 - Geometric Factor for Albedo to.Cylinder Versus Altitude,
With Angle of Sun as Parameter (y = 0 deg@; ¢, = 0 deg) (Reference 10)
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FIGURE 50 - Geometric Factor for Albedo to Cylinder Versus Altitude,
With Angle of Sun as Parameter (y = 90 deg; ¢. = 0 deg) (Reference 10)
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FIGURE 51 - Geometric Factor for Albedo to One Side of Flat Plate Versus Altitude,
With Angle of Sun as Parameter (y = 0 de@y ¢, = 0 deg) (Reference 10)
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FIGURE 52 - Geometric Factor for Albedo to One Side of Flat Plate Versus Altitude,
With Angle of Sun as Parameter (y = 90 deg; ¢. = 0 deg) (Reference 10)
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FIGURE 53 - Geometric Factor for Planetary Thermal Radiation
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FIGURE 54 - Geometric Factor for Planetary Thermal Radiation Incident to a
Hemisphere Versus Altitude, With Attitude Angle as Parameter (Reference 10)
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FIGURE 55 - Geometric Factor for Planetary Thermal Radiation to a Cylinder
Versus Altitude, With Attitude Angle as Parameter (Reference 10)
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5.2.3 (Continued):

The instantaneous planet heat flux is :

524

Generally the planet emittance <, is assumed = 1. The planet blackbody temperature is

obtained from Table 1 and €, O'Tf, becomes the planet radiance R, Averaged over the orbit,

Q' =¢, cTﬁ Fp

the planetary heat flux is

or

Incident
factors F
used for

represen
follows:

Find

HAPON =

(Eq.37)

Qp =RpE

Farth Factors: Figure 57 can be used to compulte geometric albedo and
., Fp, and albedo radiation incident on a flat plate. An approximate techn
surfaces of revolution, using projected flat\plate segments. The segmen
I surfaces whose body angle is <30 deg. Instructions for use of Figure 5

Enterl the right-hand scale at the angle between the normal and the zenith, .
Projerct a horizontal line intersecting the appropriate altitude line.

he Earth view factor F; en the lower scale for .

If w 50 deg, project a vertical line intersecting the appropriate orbit angle v. If

enter|the appropriate \ with the planetary view factor obtained from step 3, wi
y = J deg, and project-a vertical line intersecting the appropriate orbit angle v.
5. Read the geometric'albedo factor F, and incident albedo radiation on the left-|

Example

a. Follo

5 of theprocedures in steps 1-5 are:

(Eq.38)

(Eq.39)

Earth view
que can be
s should

/ are as

y # 0 deg,
nere

hand scale.

v'the lines titled 2 in Figure 57 for y = 20 deg, v = 20 deg, and y = 0 deg

at an

h =100 sm: obtain an F, = 0.9, F, = 0.83, and Q', = 134 Btu/h-ft".

b. Follow line 3 for y= 90 deg, v = 0 deg, and y = 0 deg at an altitude of h = 200 sm, and solve
for F, = 0.3, F, = 0.30, and Q', = 47 Btu/h-ft®.
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5.2.4 (Continued):

c. The lines titled 4 are for the same angles and altitudes of example (a) except that
y = 45 deg. Enter the curve at y = 20 deg, proceeding to an h = 100 sm, and obtain an
Earth view factor F, = 0.9 at y =0 deg. Now go to the abscissa for y =45 deg atF,=0.9
(line 4) and intersect with v at 20 deg. Read the geometric albedo factor F, = 0.57 and its
equivalent Q', of 93 Btu/h-ft>. The Earth view factor is Fo=0.9.

The curve in Figure 57 will provide instantaneous values for F, and F, which can be averaged
over an orbit in similar fashion, as shown in 5.2.3 and in this paragraph. For an Earth oriented

satellite i

N a circular orbit, h, vy and v remain constant; therefore the Earth and albedo factors

over an ¢

To use F
must be
effective

The albe
and albe

The varis
Howeveri
should ng

degas a
Still grea

5.3 Total Incid

Once the i
planetary r|

rbit can be obtained by varying v, a relatively simple operation.

gure 57 for planets other than the Earth, an equivalent Earth altitude for
ound. As an example, for a flat plate at 200 sm above the surface of Mg
altitude h, in place of h, where

h - diaEarth

e = — x200
diaMars

Ho radiation scale cannot be used from Figure’57. However, the planeta
jo terms can be obtained from Table 1.

tion of geometric factor with ¢, is very'small and cannot be shown in Fig
should greater accuracy be required, see Reference 53. The effect of ¢
pver exceed F, values of £0.03Figure 57 treats values of v or y close tq

zero geometric factor. Actual values of F, beyond these points never ex
er accuracy can be found,in Reference 53.

bnt Space Radiation:

hstantaneous geometric factors have been obtained, the sum of solar, al
adiation flux.can be calculated from

Q' incident = S cos 0 + aSF, + R,F,

the planet
rs, use the

(Eq.40)

ry diameters

Lire 57.

mitting @

b or beyond 90
ceed 0.04.

bedo, and

(Eq.41)

as a function of h, y, and 6 and 6, or .
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5.3

(Continued):

The orbital

average heat flux is

6incident = 8cos8(%sun) + aSE + Rp?p

6inciden’( = Qs + Qa + Qp

(Eq.42)

(Eq.43)

Once the incident heat fluxes of space are known, along with the corresponding spacecraft
thermal properties of o, 0w, O, @nd e, the surface temperature T of a perfectly insulated
material may be computed from

Generally, [the absorptance of the material to albedo is equal to its absorptance to t

spectrum,
similar, the
iS, Op = €5f

4 _
estTsf - Qs(Xs + Qaaa + Qpap

(Eq.44)

e solar

.. Ols = 0, and for the case where planet temperature and,skin temperature are

Equation 44 then regroups to the familiar

o
(S

S
+Q,

sf

oT% =(Q,+Q,)

surface absorptance to planet radiation (o) is the sante as the surface ¢mittance; that

(Eq.45)

5.4

5.4.1

A chart of ¢T* versus T is helpful in determining surface temperatures and is presemted in

Figures 58A and B.
Thermal Dgsign:

In most cages a spacecraft's thermalcontrol system is used for the maintenance of
electronic equipment, and structural-integrity within specified temperature requirems

general rar

To satisfy {hese requirements, the spacecraft thermal coupling to space must be de

carry the in

Passive
and equi

ge of temperatures_required by various spacecraft components is showr

ternal powerload and yet satisfy the limitations of temperature.

Control:“Fhermal conditions can be satisfied by a passive system if the g
pment power dissipations are known so that an o/e can be chosen for o

the temp

Bratlire requirements.

life support,
ents. A very
in Figure 59.

signed to

rientations
peration within
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FIGURE 58A - Space Radiation to'd.Thin Plate, T Versus oT*;
oT* = (Qs + Qu) (a/e) + Q,, Where's = 0.1714 x 10 Btu/h-ft’-°R*
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FIGURE 58B - Space Radiation to a Thin Plate, T Versus ¢T*
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LIQUDHe |
LIQUID H,
LIQUID N, -
LIOUID O,

DETECTORS

SOLAR CELLS
BEARING MECHANISMS®.
HUMAN LIFE
CONVENTIONAL FUELS
(UDMH, IRFNA, N, 0,)
BATTERIES
COMPUTERS
ENGINE GIMBAL
[~ BEARING ACTUATORS
CONTROL GAS
STORAGE
ELECTRONICS
INJECTOR VALVES™
GYROSCOPES
SOLID STATE DIODES
ENGINE GIMBAL
BEARINGS
NUCLEAR POWER
UNITS

cdpee o deordpaadapalaaa b gt €perlogititl )
-450 -200 o 200 400 600 2000

TEMPERATURE/°F

FIGURE 59 - Temperature Tolerances of Typical Spacecraft Components
Items With Asterisk are Applicable.to Storable Propellants
(Courtesy Lockheed:California Co.)

function of its power dissipation and’'thermal coating os and €. Figure 60 incorporates solar,
Earth glbedo, and Earth radiation'to a flat plate for a 500 mile circular Earth orbit. All five
sides of the equipment box are’ assumed insulated except for the front surface (heat sink),
which faces the space environment. The maximum environment heat input assymes the heat
sink normal to the Sunj.and the minimum heat input assumes the surface parallgl to the rays
of the $un. For ae/ein the range 0.1 to 2.0 (equipment heat sink normal to Sump, 65% of time
in sunlight), the eufves are based on incident fluxes of:

5.4.1.1 Equipment Seeing Space: Figure 60 shows the variation in equipment temperz[ure asa

Qs = 286 Btu/h-ft?
Q, = 1.BBtU/h-ft?

- A e 2
Q, = 213 Bturh=ft

and for a/e in the range 0.1 to 2.0 (equipment sink parallel to the Sun's rays, 65% of the time
in sunlight), the curves are based on incident fluxes of:

Q, = 0 Btu/h-ft?
Q, = 10.53 Btu/h-ft?
Q, = 15.39 Btu/h-ft?
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FIGURHE 60 - Temperature of Equipment Heat'Sink Versus Heat Sink Thermal Cpating;
od/e for a Flat Plate; 500 mile Earth-Orbit (Circular) in Plane of the Ecliptic
5.4.1.1 (Continued):
If the ppwer dissipation persquare foot of heat sink area is known, the thermal ¢oating
properfes of o and € can’be selected so that temperature requirements are not exceeded,
with the unit in or out'ef the Sun. The defining equation is

Q
Q,+Q,)2e+Q, + 8 = 6T,
c c

(Eq.46)
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5.4.1.2 Equipment Facing a Skin (Reference 40): Other designs incorporating passive control
systems utilize the equipment surfaces radiating to an outer skin of low o/e (see Figure 61).
In the general case the heat inputs to the skin are first calculated, averaged over an orbit for
the skin both normal and parallel to the Sun's rays. It is assumed that the equipment box is
heavy (approximately 20 Ib) and transient effects around the orbit are negligible. A steady-
state heat balance can then be made for the two conditions, based on the heat generated in
the equipment and the heat inputs to the skin.

STRUCTURE
TUBE ALZAK
SKIN
ag*® 0.5
€=0.75
—-Q TO SPACE
Q EQUP -—Q,
;gnwr <—Q INCIDENT -—Q,
Q EQUIP. TO
SKIN
CALCULATED
EMITTANCE
GRUMMAN
NRC-2 BLACK EPOXY
SUPERINSULATION PAINT =087
€~0.0!

FIGURE 61 - OAQEquipment Design

From this heat balance an effective heat sink surface emittance can be calculated to maintain
the equipment within its allowable temperature range. Assuming no heat transfer to the
structure, the defining equation(is

b:
Esx Ay € FE,HBFA,HB

cTe‘;=(QS+Qa)a's"+Qp+Qeq( Ay 1 ] (Eq.47)

from which F_ ysiS{Computed and the required heat sink emittance e is calculated, assuming
parallel flat plates;

1
(/P e) — (A TA (1 )~ 1]

(Eq.48)

where;:

F. us = Effective emittance between equipment and skin, dimensionless
Fans = Geometric form factor between equipment and skin, dimensionless
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5412

(Continued):

and other notations are defined in 1.2.

The calculated equipment emittance is achieved on the heat sink surface by applying a
combination of paints or tapes, as required.

The limitations of this design require:

1. Sta

ble and low o/e skin surface.

2. Heat generated by equipment never less than 50% of the average of the peak power

poi

5.4.2 Superins
up of mu

conductgnce barriers. Each layer serves either as a radiation shield oras an insy

combine
therefore

Several

fiberglas
aluminun
blankets
temperat]

An exhay
volume 0
applicatic
0.001 mi
favor. In
maintaing
the alum
reduces

In Figure
the numi

1S resulting rrom long term tluctuations.

ulation: Superinsulation is the general name given to insulation blankets
tiple separate sheets arranged to alternate low emittance surfaces with |

the two functions. Superinsulation operates most effectively in vacuum 3
particularly well suited for space flight applications.

arieties of superinsulation are commercially available. Some consist of
5 sheets alternated with thin aluminum foils; others consists of Mylar she
1 layers that are vapor-deposited on one or both surfaces of the Mylar. S

of aluminized polymide film (H film) have been used on the Lunar Modul
ure applications up to 800 °F.

stive comparative evaluation of thegmany superinsulations as to effectivg
r per unit weight has yet to be made. At present, for cryogenic and roon
ns, superinsulation consisting*of’1/4 mil Mylar sheets, with an aluminum
thick vapor-deposited on one-side of the Mylar, seems to have gained ¢
application of this blanket,\no spacers between sheets are used, and sp
ed by crinkling or wrinkling each sheet that makes up the blanket. Becay
nized Mylar sheets«ouch at discrete points rather than over the entire sy
he amount of heat that can be conducted from sheet to sheet.

62, the thearetical emittance of the superinsulation blankets is plotted as

1

that are built
oW

lator or it may
and it is

b multitude of
bts with

imilar

b (LM) for high

bness per unit
temperature
layer
pnsiderable
acing is

se of crinkling,
rface. This

t a function of

er of aluminized Mylar sheets in the blanket. This is based on the equatjon

(Eq.49)

(S =
ot (lle py)t(llegy)=1
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| J |

0

FIGURE 62 - Effective Emittance e Versus Numbef of Aluminized Mylar Layers; Theors
emy = 0.4 and e 5 = 0.05; Circles Represent Experimental Data at Grumman Airc
Diagongls in Circles Represent Experimental Data Obtained in Private Commur]

542 (Continugd):
where:

call= 0.05
SV 04

The theoretical equation is based on the assumptions of no significant contact be

20 40 60,80 100

NUMBER OF ALUMINIZED MYLAR LAYERS

Other Companies

ptical Curve for
raft Corp. and
ications from

ween blanket

sheets, of an effective vacuum within and around the blanket, and of no significant heat leakage

through blanket edges.
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542 (Continued):

In real installations of superinsulation blankets, aluminized Mylar sheets may touch each other
to a greater or lesser extent, depending upon compression of the blanket. Some residual
pressure may exist between layers, caused possibly by trapped air or material sublimation in

vacuum, by edges of blankets at overlaps or around perforations, and all may con
radiate heat, thus decreasing the effectiveness of the blanket. All these factors, s

duct and
eparately or in

combination, may contribute to make the obtainable emittance in installed superinsulation much

higher than the values calculated theoretically.

Experimental data for installed aluminized Mylar superinsulation blankets are shown in

Figure 62-
theoretical values. Several points are noted to show the current (circa 1965) ENDS
(Orbiting[Astronomical Laboratory) state-of-the-art. Both designs are edge venteq
as-installed conditions include support fittings, vent holes, seams, and hardware |
The dashed curve in Figure 62 should be used as a first cut approximation of blan
ce as installed on spacecraft.

With the present (circa 1965) state of knowledge of the effectivehess of superinsy
blankets it is best to use a judicious conservative approach, tailor-made for each
The max|mum effective emittance of a blanket is most likely-to be close to the dat
experimgntally. The minimum effective emittance for the same blanket under ceri
conditionls, such as reduction of edge losses, reductieryof pressure between sheg
ballooning of the blanket (which reduces physical contact between sheets), is mo
close to the theoretical values.

In order fo obtain effective emittances that-are close to theoretical values for the
superinstilation, the pressure between sheets should be maintained at less than 1
blankets [consisting of a given numbertof sheets should be made thick enough to
separatign of sheets so as to minimize solid conduction paths across blankets, ar
gradientq along the surfaces of the’sheets should be minimized where possible.

The folloying set of rules_should be followed in blanket installation:
1. The gptimum spacing of aluminized Mylar sheets is usually 60 to 70 sheets p¢g
blanket thickness. No significant reduction in heat leakage will be obtained by

the number-ofisheets over 80 per inch.

2. To mpibtain isothermal conditions for discrete sheets, the technique of interleg

 than the
and OAO

|, and the
rotrusions.
ket

lation
application.

A obtained
ain favorable
ts, and

e likely to be

0* torr,
Bssure
d temperature

r inch of
increasing

ving should

be usedtoTonmectadjacent btanketedges atdiscontinuities, joints, perforati

ns, and

overlaps. Interleaving consists essentially of staggering sheets at blanket edges and of
placing each sheet of one blanket between two sheets of the overlapping blanket.

3. To maintain pressure between the sheets at less than 10™ torr, the raw materi

al (aluminized

Mylar rolls) should be stored and used dry and free of dust or other contaminants. It is

recommended that lint-free cotton gloves should be used in blanket assembly
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542 (Continued):

543

4. \Venting paths must be provided to minimize evacuation time and assure vacuum conditions
between layers. Edge venting relies on molecular travel between shields and appears to be
effective for distances up to 20 in. In making seams, the blankets should overlap each other
by at least 6 in to minimize edge heat leakage. An alternate approach is broadside venting
consisting of 1/8 in holes randomly spaced in each layer and occupying about 1% of the
surface area. Blankets can be attached to each other using a drug store type wrap.

The precautions outlined above should, if followed, greatly reduce the heat transfer through the
aluminized Mylar superinsulation blankets. In general the design of such a blanket will have to

be an en
allowablg

Finally, ¢
superins
should b
Refereng

Semipas
the requi

Mechani
Other me
alter the

temperat]

pJiMeering compromise, considermy required-thermatperformance,availg

weight, the need for quick venting, and necessity of optically seaied €dg

pnsidering the present state of knowledge (circa 1965), it is recommendg
Ilation blankets used in particular applications and assemblediin’a partic
b tested for data of maximum reliability. For further superinsulation detai
es 55, 56, and 57.

sive Control: For the case where the conditions cause the temperature t
red range, an active system may be employed.

tal means such as pinwheels or louvers may.be used to vary the o/e of
thods such as electrical thermostat heat.€ontrols or variable conductanc
nternal heat flow to the heat sink surface and create a stabilizing effect g
ures.

An exam

(Referenge 28) is shown in Figure 63.5The aluminum mask rotates in relation to t
temperature, exposing a similarly-designed aluminum and white cross on the pay

le of the pinwheel system used-successfully on the Atlas Able-4 lunar s

ble space,
es.

ed that
lar manner
s, see

b fall outside

the heat sink.
e heat pipes
n component

atellite
he bimetal
oad fairing.

Exposing the white cross cools the payload while covering it presents a low emittance surface

to space| heating up the payload.

A louver type system was-used in the Nimbus satellite design (Reference 36) and
Figure 64. As the gas'bubble is heated from the internal equipment, it expands, g
shutters {o open and-increasing the emittance from equipment to space. A curve
emittancé and equipment surface temperature versus shutter angle is shown in

Figure 6%. A-bimetallic actuated louver design is shown in Figure 66. The unit cg

polished

is shown in
ausing the
of the effective

nsist of two

luminum blades mounted on a single shaft having bearings at either en

d and coupled

to a bimeftallic spring in the center channel.

I'he louver assembly has the emittance

characteristics noted in Figure 65, and is shown installed on an OAO equipment heat sink in
Figure 67 with the outer skins removed.

A slightly different active system was developed for the Telstar satellite (Reference 37). The

design is

shown in Figure 68.
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FIGURE 63 - Atlas-Able Temperature Control Unit (Exploded View) (Reference 28)
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FIGURE 64 - Schematic of Nimbus Active Temperature Control Mechanism (Reference 36)
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FIGURE 65 - Shutter Angle as a Function of Sensed-Temperature for Nimbus
Effective Emittance for Nimbus and OAO Designs (References 20 and 36

and

FIGURE 66 - OAO Bimetallic Actuated Thermal Control Louvers, Fairchild-Hiller (Reference 20)
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b

FIGURE 67

O
3
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\&rstallation of Louver Mechanism on OAQO (Reference 20)
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543 (Continug
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FIGURE 68 - Cross Section of Telstar Spacecraft (Reference 37)

D

d):

ronics are packaged in a container suspended and insulated from the s3
rella-like covers on top and bottom are thermally activated by a spring ar
N-pentane. The covers open and close an annular gap, exposing the b
LS encapsulation-te-the colder satellite skin. The shutters are completely
closed at 55 °E.“Actual orbit telemetry showed the temperature respons
with nearlyclosed shutters to be maintained within 3 °F.

b The'latest development (circa 1965) in semi-active control is the heat

tellite shell.

d bellows
ack interior
open at 75 °F
b of the

pipe. The
evaporator) to

nsfers’heat by transporting a vapor phase of a fluid from a heat source
ﬁk (condenser). The condensate in the condenser section returns by cay

illary pressure

along the wick to the evaporator where the continuous cycle is completed by boiling off the
liquid again. Two highly desirable characteristics are inherent in its performance, extremely
high effective thermal conductance and near isothermal operation. Used in connection with
space vehicle thermal control, heat pipes are ideal for such tasks as isothermalization and
temperature control of equipment with varying duty cycle in a varying environment. A schematic
illustrating a typical heat pipe operation is shown in Figure 69. Wicking materials of the type

shown in

Figure 70 are currently in use and will be discussed in this paragraph.
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EVAPORATOR I ADIABATIC SECTION i CONDENSER \

777777777 A

LIQUID FLOW

TAIAA9009090900 A9 7000000

HEAT PIPE INSULATION HEAT
INPUT REJECTION

CA

FIGURE 69 - Heat Pipe Schematic (Reference 20)

o)

FIGURE 70 - Wick Designs (a) Plain Pipe With Screens, (b) Grooved Heat Pipe
(Reference 20)
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5.4.4 (Continued):

A general mathematical model of a heat pipe operation can be described by momentum and
energy transport considerations.

1. Momentum transport balance. The capillary head should exceed the liquid and vapor
pressure drop which is effected by the wicking geometry, wetting angle, fluid and heat flow.

APp > AP + AP, (Eq.50)

For ap internally grooved pipe the capillary head Is determined from:

AP = 2760039 (Eq.51)

where:
o = Surface tension, Ib/ft
w = Groove width, ft

6 = Wetting angle, deg

The ljquid pressure drop is:

2
P~ Rl (pLo)VL

A (Eq.52)
7 DL(29)
and Vfapor pressure is:
filv(p 9Vy”
APy =—LEVH V. (Eq.53)
' Dy(g)

where:

f ~=Friction factor, dimensionless

L =Flowlengthft

D = Hydraulic diameter in direction of flow, ft
V = Velocity along flow path, ft/s
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5.4.4 (Continued):

2. Energy transport balance. Since the primary advantage of the heat pipe is its exceptionally
high conductivity, the temperature drop across the evaporator and condenser sections
should be small at maximum heat load. The energy transferred across the vapor-liquid
evaporator interface is given in terms of a boiling coefficient hey referred to the temperature
difference across the boiling film and the evaporator heat transfer area.

For art72imODatumimumm grooved pipe using Refrigerant 2 tandhaving 30 nternal fins, the
following correlation was obtained (Reference 20) for the boiling coefficient,
Ng; = 15.7N3:3ONS06 (Eq.55)
or:
-0.89 0.6
3600C
L: 15_7(M) (—P“g) (Eq.56)
(P9)C,V u k
A different correlation was determined by Anand (Reference 58) for a 3/4 in OD stainless
steel tube with a 100 mesh stainless steel sereen using water as the fluid.
Ng; = 0.0051NRL*® N528 N2 (Eq.57)
where the pressure term
o(pL9)
Np =—— Eq.58
P p2 g (Eq.58)
Both correlations)are shown in Figure 71.
The temperature drop can be found by equating the mass transfer equation of the fluid
boilo1! inthe'radial direction from the grooves with the evaporator heat transfer equation.
Q=AV_(pL9)A =hg AATey (Eq.59)

where:

A = Heat of vaporization, Btu/lb
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NgiNp;06 Np0-2 (SCREEN WICK)

given| by

30 Fins - Refrigerant 21 (References 20, 58)

D

d):

lituting hey for h in Equationt86 and solving for ATgy

1 A ((pgBV 089 3600C,ug 06
u k

arly the enérgy transferred across the vapor-liquid interface in the condel
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FIGURE 71 - Evaporator Film Coefficient Data (a) 3/4 in OD Stainless Steel Tube
| ayer Stainless Steel Screen Wick-Water, (b)™/2 in Aluminum Grooved [Tube,

(Eq.60)

nser section is

Q=Ah_AT,

(Eq.61)

Test data for grooved pipes indicate that the condenser heat transfer coefficient is
approximately 50% greater than the corresponding evaporator coefficient. For design
purposes, due to the unavailability of test data, the condenser heat transfer coefficient can
be assumed equal to the evaporator coefficient.
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5.4.4 (Continued):

A figure of merit (cA/v) can be attributed to the fluid properties of surface tension, heat of
vaporization and viscosity to optimize the capillary pressure. Through the manipulation of
Equation 51 where w = 2r, cos 6 and r, is the meniscus radius, and equating this to the

liquid pressure drop (Equation 52) where f = 64/Ng. for laminar flow, then solving for the
figure of merit as a function of heat flow (Equation 59) the following equation is obtained:

ok 320l

= (Eq.62)
v AgD?

Figures of merit for three fluids are shown in Table 20.

TABLE 20 - Fluid Properties

Property Water Ammonia~ Refrigerant 21

Specific Heat, Cp, Btu/lb-°F 1.0 1.2 0.25
Dynamic Viscosity, gu., Ib/ft-h 2.4 0.5 0.9
Conductivity, k., Btu/h-ft-°F 0.34 0.30 0.06
Su%ace tension, o, Ib/ft 5x10° 1.4x107° 1.3x10°
Density, Ib/ft’

plg 60 40 85

plg 0.001 04 0.4
Boiling Pressure, p, psia at 70 °F 04 130 23
Heat of Vapor, A, Btu/lb 1000 500 100
Figpre of Merit, cA/v, Btu-h/ft® 125 56 12

v =[Kinematic viscosity, ft*/h

In the initial designtof.a heat pipe, Equations 50, 55, and 62 are used to guide|the designer
in chposing an effective groove geometry, and fluid that will meet the applicatipns of the
heat pipe. Several boundary conditions such as temperature drop, operating temperature
range, pipe material and compatibility with the fluid may alter the optimum degign solution,
and gngineering judgment must prevail to satisfy the primary heat pipe objective. With the
scan{ amount of data currently available (circa 1965) all heat pipe designs shquld be
performance tested. Some thermal performance data on a 1/2 in OD aluminum internally
finned heat pipe with 30 fins for both Refrigerant 21 and water is shown in Figure 72 along

with a 3/4 in OD stainless steel pipe with six layers of 100 mesh stainless screen and water
as the working fluid.
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FIGURE 72 - Heat Pipe Thermal Performance Test Data
erature Drop Between Evaporator and Condenser Tube Wallls as a Fung
Evaporator Heat Input (a) Same as Figure 71a, (b) Same as Figure 71b

(c) Same as Figure 71a but with Water (References 20, 58)

D

d):

bf the major problems associated with heat pipes is the noncompatibility
ne eventual evolution of noncondensible gases forming a thermal barrier
bnser section. Trapped gases in the pipe can be avoided by pulling a va
hile heating it to drive off:residual gas. Material compatibility tests can
erating the pipes vertically, heater section down and maintaining higher
brature levels to increase the chemical reaction times. The upper end of
mperature instrumented so that any noncondensible gas evolved will shq
erature drop from the normal vapor temperature. A plot of trapped gas lg
on of time canbe used to extrapolate long term effects.

al applications of heat pipes in spacecraft are described in Reference 59
pndensible vapor chamber is used to alter the conductivity of the heat pig
aining semi-passive control on electronics and spacecraft structure. A s

tion

pf materials

at the

cuum on the
be accelerated
han required
the pipe is to
w a marked
ngth as a

where a
e thereby
scond

appli

tation shown in Figure 73 uses the inherent high conductivity of the pipe

to

isothermalize the OAQ inner 48 in diameter telescope housing. The heat pipe is a 1/2 in

OD aluminum internally grooved pipe using Refrigerant 21 as the working fluid, for operation
at -100 to +100 °F. The pipe is bonded to eight aluminum saddles which are then bonded to
the spacecraft structure. Each OAOQ utilizes three heat pipes to lower temperature gradients

to les

s than 4 °F and provide a near isothermal enclosure for the telescope.
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FIG

6. TESTING:

The first flight of a spacecraft must be an.unqualified success, since there is little cha
repairing or fletrieving it once it is launched. Because of this type of one-shot schedu
must be completely tested, from the full simulation of launch vibrations to the simulati

vacuum con
factor in the
system tests

Material and
emittance, a
components

Component

and concludes\with a complete test of the flight vehicle.

under’vacuum and temperature extremes.

b oot darac oAl Al b o

JRE 73 - OAOQ Isothermalizer Heat Pipe indHandling Fixture (Reference 20)

nce of
ing, spacecraft
bn of thermal

fitions in the space ehvironment. A step-by-step program of testing becgmes a major
design of a spacecraft, and begins with material tests, advances to comgonent, full

componenttesting includes physical property measurements such as alsorptance,
nd conductance, form factor determination, and performance and life tesis of electronic

ctoarm toct o a et ea L ale £far maa Al aal ovie oten
LAY | D_yDlUIII ol LUIIIIJUIGLUIG ICVeTo TUT TTIvuriarinoedl Q_yDLUIIID [=IRAC IR A R w ) |

Cs are

presently (circa 1965) nonstandardized. The OAQO requirements for high reliability were to qualify
most electronics at heat sink temperature levels of -30 °F and 160 °F. Acceptance tests were run at
0 °F and 130 °F, while actual design and flight levels were well within these values.

The LM project qualified and acceptance tested most electronics at O °F and 130 °F. Temperature
levels of the electronics during flight spacecraft qualification tests rarely reached component
acceptance test levels, although maximum external fluxes with maximum equipment heat
generation were imposed during testing.
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6.

(Continued):

For both the OAO and LM, external equipment subject to the space environment were generally
specified at acceptance temperature levels consistent with the "worst case" thermal balance
analysis of the unit. An additional margin of 30 °F was added or subtracted from maximum and
minimum acceptance temperature levels, respectively, to obtain qualification test temperatures that
would ensure an added degree of reliability.

The following paragraphs describe test facilities and methods of testing spacecraft. Since the field
of spacecraft testing is all-encompassing, only the major test facilities and procedures will be
mentioned.

The culmination of all testing occurs when a complete spacecraft is subjected 16 a t
vacuum test. The results of this test determine its performance when exposed to th
temperatune extremes of the anticipated space environment.

Since the analyses of spacecraft are complex, the simulation of space must produc
heat fluxeg to all surfaces of the vehicle so that heat balance and temperature pred
verified. The NASA and GE thermal vacuum facilities (References 38 and 39) are 3
Figures 74|and 75 and corresponding characteristics are.shown in Table 21. These
current (circa 1965) design philosophy of space simulators.

Each systdm is capable of producing a pressure of10 torr (empty) in its vacuum ¢
contains a [plackened liquid N, cold wall to simulate the absorptance of black space
design difference between the systems is inthe simulation of the solar load. The p
associated|with the design of the NASA-GSFC chamber are discussed in Referenc
Excessive heat loads from the 2.5 kW lamps caused severe distortion of the lenses
the collimation system and produced-failures of the vacuum seals around lamp fixtu
problems have been solved at the eXpense of increased cost and time and a degra
performange.

Similar performance degradation has occurred in the GE facility, owing to warping ¢
parabolic mirrors. Eachrof these simulators also has problems with spectral match
curve (Figyre 8) andbeam uniformity so that local test conditions may be represent
within £10%. Neither of these chambers is fitted with true albedo or Earth simulatof
example of a nanspectral Earth simulator is shown in Figure 76 proposed for the Ni

hermal
e vacuum and

e accurate
ctions can be
hown in

e two systems

hamber, which
The main

oblems

e 39.

and mirrors in

res. The

Hation of

f the off-axis
of the Johnson
ative only to

s. An

mbus satellite.

The space simulator (Reference 32) shown In Figure 7/ duplicates the tfransient thermal loading
of a satellite spinning about the Earth and tends to duplicate Earth, albedo, and solar irradiation.

Its drawback is that it is small in size and can be used only for component or model

testing.
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TABLE 21 - NASA-Goddard and General Electric Facilities

Simulation
ltems NASA-Goddard (General Electric

Chamber Size 350 X BOH(TT) 32D X 54HTT)
Test Section 27D x 35H (ft) 27D x 21H (ft)
Cryowall Temp. ~ 144 °R ~ 144 °R
Cryowall Emissivity ~0.9 ~0.95
Vacuum Capability 10° mm Hg 10° mm Hg
Cryo Pumping Gaseous He Gaseous.He

SOLAR SIMULATOR

Primary Mirror Size 20D (ft) 22D (ft)
Source Hg-Xe Xe
Lamp Power and Number 2.5 kW, 127 5.0kW, 148
Beam Size

Rated 20D (ft) 20D (ft)

Actual 17D.(ft) 17D (ft)
Intensity

Range 170-510 Btu/h-ft*  410-480 Btu/h-ft*
Uniformity 5% 15% (70% area)
Decollimation +2 deg (+4 deg)'  +3 deg (+2 deg)’
Spectrum Typical® Typical®

' Pertains to original specifications.
2 Lamp spectrum; does not include chamber optics. See Figure 80.
* See Figure.79.
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FIGURE 74 - NASA Goddard Space Environmental Simulator (Reference 39)

TV CAMERA

REMOVABLE CAP

PARABOLIC DIFFUSION PUMP
QUARTER 2/
SECTIONS PROJECTION
OPTICS
SOLAR
7 SOURCE
il »
I YO
/
i
! It !
POWER SUPPLY—'  CRYOSPHERE TEST SPECIMEN
RACKS

FIGURE 75 - General Electric Space Environmental Simulator (Reference 38)
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FIGURE 716 - Schematic of Heat Flux Simulator for Earth Oriented Satellite (Referg¢nce 38)
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FIGURE 77 - Langley’s Space Thermal Environmental Facility with Components for
Thermal Balance Experiments of Thermally Scaled Space Station Models (Reference 32)
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6.1.1

Simulation with Heated Skins: An alternate method of simulation is to use a liquid N, cooled

vacuum chamber, but to impose directly on the satellite skins the calculated heat

fluxes of the

space environment, using nichrome heater strips. This method is discussed in References 40
and 56 and is used in testing the OAO and the LM. The total heat inputs from Earth, albedo,

and solar radiation must be calculated for each skin in its desired orientation.

The calculations should be based on accurate measurements of the o and € of the skin.

Heaters are attached to the interior skin surface by laying down a layer of double
tape upon which strips of 1 mil nichrome ribbon are attached in series covering at

backed H film
least 90% of

the skin surface. Over this, a second layer of H film or Mylar tape is applied to electrically

insulate the nichrome. A cover paint or tape may then be applied to simulate the
skin intefnal emittance.

each other. Small protuberances and their effects on the thermal balance cannot
determingd analytically with accuracy.

Solar Simulation: To assure solar absorption of the correct amount of energy dur
environniental simulation tests, a space vehicle modelshould be irradiated by a s
possessing a spectral intensity distribution similarto’that of the Sun. The Johnso
(Figure 8), which shows the spectral solar irradiance at the Earth outside the atmc
should b¢ used as a reference for simulationcof the solar energy spectrum.

When selecting a source for solar energy-simulation, there are several considerat
spectral natching. Source life, intensity, ease of maintenance, reliability, and acc
all factors that should be investigated before the final selection is made. Three pr]
available| (circa 1965) sources are considered acceptable solar simulators: the ca
xenon short arc lamp, and the:mercury-xenon short arc lamp. The spectral energ
of these sources (Reference’38), referenced to the solar spectrum are shown in H
and 80.

The carbpn arc approximates the solar spectrum more closely than the high-pres;
lamps, buit is generally excluded from large-scale simulators because it requires @

actual flight
surface to the
n battery of

jiation and
esired.

pces that see
be

ng
purce

n curve
bsphere,

ons besides
essibility are
esently

'bon arc,

y distributions
igures 78, 79,

sure short arc
onstant

monitoring, hastransient intensity variations due to unevenness of the arc burninT process, and

produceg a-non-uniform beam due to shadowing by the carbon rods.

From Figures 79 and 80 it is evident that neither of the two short arc lamps provid

es satisfactory

simulation of the solar spectrum if it is used without a filter. Figures 81 through 84, however,
show the results of filtering the short arc lamps (Reference 42). Notice that by filtering

approximately 50% of the energy output of two lamps, their spectral intensity distri
made to approximate that of the Sun.

ibution may be
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FIGURE 78 - Carbon Arc Spectrum; Solid Lineds 13.6 mm High Carbon Bare Arc af 160 amp
as Measured by Natl. Carbon Co.; Dotted Line is the Johnson Spectrum (Reference 38)
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FIGURE 79 - Xenon Short Arc Spectrum; Solid Line is Initial Spectral Energy
Distribution of Typical Lamp Operating at 5000 W, 275,000 lumens Output; Data
Taken Perpendicular to Lamp Axis, With Electrode and Bulb Radiation Excluded,;
Varying Bandpass of Spectroradiometer Optical System Has Been Compensated

by Corresponding Variation in Detector System Sensitivity
(Adapted from NRL Memo Report 1005, December 1959) (Reference 38)
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FIGURE 80 - Hg-Xe Arc Spectrum; Light Solid Line, Datafrom Westinghouge
P500 W Lamp SAHX-2500B (Total Output 1729 W.iirRange 0.2 to 5 p);
Dotted|Line, Data From Hanovia Lamp; Heavy Solid Liney/Data from Solar Spe¢trum
Irradiance Outside Earth’s Atmosphere.(Reference 38)
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FIGURE 81 - Solid Line-Spectral Distribution for Super High-Intensity Carbon Arc
(0.3t0 1.4 p, 0.05 u Integrations); Dotted Line = Zero-Air-Mass-Sun;
Filter Factor = 79% (Reference 42)
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FIGURE 82 - Solid Line-Spectral Distribution of Hanovia Xe-Hg Lamp
(0.2t0 2.2 n), 0.05 u Integrations; Dotted Line = Zero-Air-Mass-Sun;
Filter Factor = 51% (Refefrence 42)
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FIGURE 83 - Solid Line-Spectral Distribution for Osram 2 kW Xenon Lamp
(0.3 to 1.4 u, 0.05 u Integrations); Dotted Line = Zero-Air-Mass-Sun;
Filter Factor = 48.5% (Reference 42)
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6.1.2

6.1.3
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(Continug

Although
lamps ar
large qus
energy th
checked

This mee
lamp is p

specimens are used to remove the temperature effects produced by the excessiv

energy o
Short arg
term test
givenin

Figure 84

and Venulis. To prevent obsolescence, a space simulator should be flexible enoug

intensity

Albedo apd Earth=Simulation: The albedo of a planet is the fraction of incident so

reflects.

|l W) D Oalial 1 o s ol L
FIJUNL OF = OUIIU LITICTTIeTTUu Joldlll £ RVV /AT OUUTLT,

Dotted Line = Zero-Air-Mass-Sun (0.05 p Integrations) (Reference 42)

D

d):

ntities of energy must be removed from the output-of these lamps and m
ey emit is in the ultraviolet region of the spectrum,‘the filters used must |
periodically for degradation.

ns that the filters should be readily accessible and replaceable. Unfilterg
resently the best source available for ultraviolet degradation studies if co

f its spectrum.

lamps have an average rated-lifetime of 1000 h, which makes them suit
ng. Reference 41 describes various types of lamps; a tabulation of their|
[able 22.

shows the solarintensity and collimation angle (Reference 42) for the B

and collimation variations within these limits.

Establishment of an accurate spectral albedo distribution for the Earth of

level is ¢

bmplicated by the fact that the reflection and absorption of incident solar

gases, dustparticles, and clouds in the atmosphere vary constantly with changing

a high energy penalty must be paid to obtain good solar spectrum simulgation, short arc
b available in high-output modules that make the use offilters practicablg.

Because
uch of the
e cooled and

bd, the Xenon
oled
e infrared

able for long-
properties is

arth, Mars,
jh to provide

ar radiation it
its absolute
radiation by

local climate variations.

seasonal and

Figure 9 showed the spectral intensity distribution of Earth albedo. Albedo radiation may be
simulated with a secondary filtered source such as a xenon or mercury-xenon lamp. Earth
planetary radiation simulation requires an infrared or heated body that produces a heat flux
corresponding to 75 Btu/h-ft> (Table 1) on the test vehicle.
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TABLE 22 - Characteristics of a Xenon (Xe) and Two Mercury-Xenon (Hg-Xe)
Compact Arc Lamps for D-C Operation

Hanovia Lamp Styles

Hanovia Lamp Styles

Characteristic 491 °C 929B 932B
Gas-Vapor Xe Hg-Xe Hg-Xe
Watts, Nominal 2200 2500 5000
Operating Voltage, DC 20-30 45-55 54-66
Current, DC amp,

Nominal
Starting 100 100 max 130 max
Operating 100 50 100
Warm-up Time for
Full Oditput, min 8 8
Operating|Vapor Pressure
(approx atm) 16 18 15
Arc Length, Operating, mm 4.0 4.0 50
Brightnesg, max, ¢/mm? 3300 2050 2250
Brightnesg, avg, c/mm? 440 540 780
For arc grea 25x4 25x4 3x5
Initial Lumens 75,000 120,000 230,000
Overall Lepgth, max in 12-1/2 12-12 13-1/2
Bulb Dia, fmm 57 64 86
Bulb Length, mm 61 68 96
Bulb Wall [Thickness, in 3.5 35 45
Rated Avd Life, h, at 12 h/start 1000 1000 Experimgntal
300} 1%° §
~ 250 | _VENUS. 25! VENUS 44145 ‘f
L 3
% 200§ dao w
E 40 §
2159 earmhiiz0 eart 32]>® 2
= =]
</ 100} 4130 E
MARS 56 arg 2113 2
S50 20 3
115 8
o 4 L L i 5 410
M) 25 S0 i 75 100 125 150
672 929 141.6
VENUS EARTH MARS

FIGURE 85 - Intensity and Collimation of Solar Simulation;
Planetary Orbital Distances in Millions of Miles (Reference 42)
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6.1.3 (Continued):

Although production of either flux appears simple, optimum albedo and planetary radiation
simulation requires that the shape factor between the vehicle and the simulator and the
collimation angle of the simulator radiation duplicate the actual conditions that prevail when the
vehicle views the Earth's perimeter. Most present systems (circa 1965) simulate Earth radiation
and albedo using diffusely radiating heated surfaces that do not duplicate the proper collimation
angle, and therefore provide improper shadowing of the test vehicle.

7. MATERIAL DEGRADATION:

The surface
particulate, g
The design @
1. The coat
period of]
2. Induced
3. The coat
stable) o
4. Decomp(
adjacent

To determing that candidate materials conferm to these requirements, a large amoun

information n
ultraviolet, nt

7.1 Ultraviolet
7.1.1 Mechanis
3800 A (

approxin
atmosph
above.

hermat-properties of materats Tmay bedegraded i space by uttraviotet
lectron or micrometeorite bombardment.

riteria for thermal control surfaces include the following:

ng must not change its initial value of o/e by more than a_ given amount
time, dependent upon the mission and its objectives and‘lpon vehicle d

changes in optical properties should occur in as shert a period of time as

ng materials must not be chemically or mechanically unstable (even tho
" suffer loss in adhesion to the substrate through the effects of various en

psition products must be compatible with'the coating or substrate, and sh
surfaces (for example, by outgassing or smoking).

nust be collected, most of which is obtained through testing by exposure
iclear radiation, and micrometeorite bombardment.

Pegradation:

bm of Damage. TFhe ultraviolet (UV) radiation spectrum extends from 18(
near-UV and fower threshold of ocular vision). The Sun, radiating energy
ately as @6000 K blackbody, produces an intensity of 440 Btu/h-ft? outsi
ere and-at the Earth's distance from the Sun; 9% of this is in the UV regiq

adiation, or

in a specified
Bsign.

possible.

Ligh optically
vironments.

ould not affect

k of

of materials to

0 (far-UV) to

de the Earth's
N, as defined

The inter

sity of UV radiation In space Is sutficient to induce appreciable changes

in the

composite chemical and physical structure of many thermal control materials. Experimental
evidence has established the facts that ultraviolet damage must be a primary design
consideration and that it is an extremely effective and operative agent in producing optical

damage.
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