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1. INTRODUCTION:
1.1 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 surface,
structure, and equipment temperatures may be made, using the curves of planetary and solar
heat flux in conjunction with the desired coating radiative properties. Once the coating properties
have been determined, the material to provide these requirements may be selected from the
extensive thermal radiative properties tables and curves.

These can then be cross checked to determine the degradation effects of space that may cause
extensive temperature changes over long periods of time. The paragraphs reviewing previous
spacecraft thermal designs, test facilities, and methods of testing should be used as a guide in the
development of a design. This section assumes that the reader is familiar with the methods of
thermal analyzer techniques and has available, through SHARE or other agencies, multinodal
programs to solve the detailed temperature distributions required to complete a design.

1.2 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®

Friction factor, dimensionless

Geometric albedo factor, dimensionless
Geometric shape factor, dimensionless
Geometric planetary factor, dimensionless
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
Extraterrestrial solar spectral intensity at wavelength X (Johnson curve), Btu/h-ft?-it
Total radiant intensity, Btu/h-ft?
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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 = Nynu/(Nre)(Np) = h/ (ngCp x3600)‘

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 function for temperature, T, or (dRy/dA),T, Btu/h-ft?-p

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

Particle velocity, cm/s

Heat pipe groove width, ft

Thermal path length, ft

Angle from surface normal to horizon of planet, deg

Absorptance (see Par. 1.4.1), dimensionless

Ols = Solar absorptance, dimensionless

B = Angle between orbital plane and sun-planet plane, deg

Y = 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):
n
€ = Exposure = —17-21mpiv &, joules
10" 452

= Total kinetic energy, joules
Difference or change in the term that follows it
Heat pipe wetting angle, deg
Angle between the surface normal and sun line, deg
Angle between the planet-sun line and planet radius vector to the body zenith, deg
Discrete wavelength, n
Heat of vaporization, Btu/lb
Unit of wavelength, micron, 1 micron = 10° m
Absolute viscosity Ib/ft-h, Ib/ft-s
Orbit angle about the planet (v = 0 deg at “noon” position), deg
Kinematic viscosity ft’/h
Reflectance, dimensionless (see Par. 1.4.1)
3.141 radians

= Mass density Ib-s¥/ft*

9) = Specific weight (density), Ib/ft®

= Stefan-Boltzmann constant

0.1714 x 10°® Btu/h-ft>-°R* or 5.673 x 10"* W/cm*-K*

AoV aDo << EEPX>DOPDDEDO®

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 radius vector

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

Subscripts:

a = Albedo

a = After exposure to particles, nondimensional
abs = Absorbed

Al = 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):

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 = Normal

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)

\ = Vapor

W = Wall

1 = Surface 1

2 = Surface 2

12 = From surface 1 to surface 2

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 Spectral normal emittance (see Par. 1.4.1.1)
T = Time

[0) = Azimuthal surface angle, deg

1.3 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 system
MSD
N2
NASA
Ni

nm
NRL
NS

oD
ONR
0SsO
oxid.
oz

Pb

pol.
psi
°R
rec.
ref
rms

Full document details: SAE AIR1168_12A

Gold

British thermal units
Centimeter(s)
Concentration

Copper

Degree(s)

Degradation

Diameter

Electron-volts

Degrees Fahrenheit

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

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

Missiles and Space Division
Nitrogen

National Aeronautics and Space Administration

Nickel

Nautical miles

Naval Research Laboratory
Not specified

Qutside diameter

Office of Naval Research
Orbiting solar observatory
Oxidized

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 high frequency
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 group of definitions, Par. 1.4.1, follows the notation of Worthing (Reference 1). This
notation and the applied concepts have appeared in recent reports by WADC (Reference 2) and
the Battelle 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

Full document details: SAE AIR1168_12A

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 blackbody value.
Given in units of Btu/h-ft*.

Steradiancy, R,,: The rate of radiant energy emission per unit of solid angle per unit of
projected area of a source, in a stated angular direction from the surface. Given in units of

Btu/h-ft?.

Blackbody: An ideal emitter that radiates energy at the maximum possible rate per unit area at
each wavelength for any given temperature. A blackbody also absorbs all radiant energy

incident upon 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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1.4.1 (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
temperature.

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 (€, o, p): Special cases of emittance, absorptance, and
reflectance, which are fundamental properties of a material that has an optically smooth surface
and is sufficiently thick to be opaque.

Transmittance, t. The ratio of radiant energy transmitted through a body to that incident
upon it.

1.4.1.1 Additional Qualification of Terms: Each property defined beyond €, o, p and t requires
additional qualifications to arrive at a precise definition. The terms total and spectral, and the
terms hemispherical, normal, and directional are used to subscript the general property.
Emittance will be used to define the total, spectral, hemispherical, normal, and directional
terms. Each of the following forms of € is a consequence of the surface temperature
referenced to a blackbody at the same temperature.

Spectral Emittance, €,: Spectral radiancy (or monochromatic radiancy at a given wavelength)
from a body to that of a blackbody.

Total Emittance, €1: Total radiancy (radiation over the entire spectrum of emitted wavelength)
from a body to that of a blackbody.

Hemispherical Emittance, e 4. Radiancy from a body to that of a blackbody.
Directional Emittance, €,: Steradiancy from a body to that of a blackbody.

Normal Emittance, en: The special case of directional emittance when the emittance is in a
direction normal to the surface.

Therefore, 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 Earth 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 orbit.

Ecliptic Plane: The plane defined by the orbit of the Earth about the Sun.

Planet Inclination: The angle defined between the orbit of the 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:
Reference is 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 vacuum
effects.

k
Q12 :;A(ﬁ—tz) (Eq.1)

where:
k/x is the thermal conductance in Btu/h-ft?>-°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.

Documents

Document Sharing Hub

Full document details: SAE AIR1168_12A


http://avadocuments2026.com/doc/sae-air1168-12a
http://avadocuments2026.com/doc/sae-air1168-12a

SAE

AIR1168/12A

Page 19 of 142

FIGURE 1 - Thermal Contact Conductance for Aluminum and Magnesium
Joints in Vacuum (References 4 and 5)
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2.2 Radiation (Reference 3):

2.2.1 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.

2.2.2 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 multiplied by the emittance:

R, =0T R=eoT* (Eq.2)
2.2.3 Kirchhoff's Law: As derived from the original law, the total emittance of a nonblackbody at any

given temperature is equal to its total absorptance of radiation from a blackbody at the same
temperature, or € = a. This applies equally well to spectral radiation and becomes

€= 0 (Eq.3)

2.2.4 Wien's Displacement Law: The product of the absolute temperature of a blackbody and the
wavelength at which the maximum intensity of radiation is emitted for that temperature is a
constant:

MH-K (MKS system) (Eq.4)

xmax

= @M’R (British system) (Eq.5)

2.2.5 Planck's Distribution Law: Spectral radiancy distribution is a function of temperature as shown
by Planck's formula:

CiK°
Ry = W (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):

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.

R, = | Ry 01 =oT* (Eq.7)

2.2.6 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:

oa+p+1=1 (Eq.8)
and for an opaque surface (t = 0):

o +p=1 (Eq.9)

2.2.7 Radiation Heat Transfer Between Two Surfaces: The applicable equation for heat transfer is
‘Q12 = AtFa 12Fe 120(T1*-To") (Eq.10)
where:
Fa and F. are defined for some common surfaces as follows:
(1) Surface A; small compared with the totally enclosing surface A,: Fa=1, Fo = €.

(2) Surfaces A, and A; of parallel discs, squares, 2:1 rectangles, long rectangles: For Fa,
see Figure 4; F. = €4€,.

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

(a) Curves 1-2-3-4: Direct radiation between planes.

(b) Curves 5-6-7-8: Planes connected by nonconducting but reradiating walls.
(¢) Curves 1,5: Discs.

(d) Curves 2,6: Squares.

(e) Curves 3,7: Rectangle, 2:1.

(fH Curves 4,8. Long, narrow rectangles.
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FIGURE 4 - Radiation Between Parallel Plates Directly Opposed
(Hottel, Reference 6)

2.2.7 (Continued):

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

O
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N Seo |
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g 20 oqg:)oc \\ N
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DIMENSION RATIO, L4/L,

FIGURE 5 - Radiation Between Surface Element dA and Rectangle Above and Parallel to it with One
Corner of Rectangle Contained in Normal to dA; L4, 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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FIGURE 6 - Radiation Between Adjacent Rectangles in
Perpendicular Planes (Hottel, Reference 6)

2.2.7 (Continued):

(5) Surfaces A; and A, of infinite parallel planes or surface A; of a completely enclosed
body is small compared with A,: Fa = 1 and

1
Fo = [le, + 1/e,]—1 E

(6) Concentric spheres or infinite concentric cylinders with surfaces A; and A;: F4 = 1 and

1
B Eq.12
i (V) + (AJA,)[(e,) —1] (Eq.12)

For further information on form factor relationships, see Reference 7 and AIR1168/2, 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) formed by three surfaces A, Az, As.

FIGURE 7 - String Technique to Obtain Shape Factors

and for opposing surfaces (b),

Ay = AgF, = 29F bc); (ac+59) . unit depth (Eq.14)

3. SOLAR SYSTEM CONSTANTS:
Table 1 contains the planetary constants that are useful in determining the heat flux to spacecraft.

The spectral data of solar, albedo, and Earth radiation, Figures 8, 9, and 10, can be used in the
determination of the thermal properties of materials in the vicinity of the Earth.
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FIGURE 8 - Spectral Solar Irradiance (Reference 14)
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FIGURE 10 - Typical Spectral Emission Curve for the Thermal Radiation Leaving the Earth.
The 288 K Blackbody Curve Approximates the Radiation from the Earth’s Surface and
the 218 K Blackbody Curve Approximates the Radiation from the Atmosphere in
Those Spectral Regions Where the Atmosphere is Opaque (Reference 11)
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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.
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FIGURE 11 - Representative Spectral Emittance Curves for Four Ideal Surfaces (Reference 11)
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FIGURE 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 u 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 spectral range in which a surface emits energy is determined
by the temperature of the surface. In accordance with Equation 5, the wavelength of peak
radiancy can be computed for any given temperature. Dividing Equation 6 by T°, the radiancy
term becomes 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 of surface temperature and wavelength. For a 100 °F body, 92% of the total emitted
energy falls 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 approximate spectral definition of emittance at 100 °F would be

(455 €3, Ry, ()M

(Eq.17)
[aoh Ry (t)dh

€100 =

At colder temperatures the emittance of surfaces are influenced by their thermal radiation
properties in the far infrared region.
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FIGURE 13 - Blackbody Radiance (RbK/AuTS) as a Function of Temperature and Wavelength
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FIGURE 14 - Percent of Total Blackbody Energy Below AT as a Function
of Temperature and Wavelength
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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).

bo (0=R2 ) 6 2msin® x cosOdORy; (HydA
omi(t) = fx1xfe_(§)=n/2x,e 75. b (t) (Eq.18)
2 Jezg © 2msin®x cos8dORy, (t)dA
€ tu(t) = 1 - pru(t) (opaque surface) (Eq.19)
€ tu(t) = arn(t) (Kirchhoff’s law at thermal equilibrium) (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)
12 Ry, (il
where:
6 = 0 deg, and
ety (1) =1-pn(t) (Opaque surface) (Eq.22)
ey (1) = apn(t) (Kirchhoff's law) (Eq.23)

For metal surfaces, the ratio € ru/e 1y is greater than 1, and for dielectric surfaces, the ratio
€ ty/e v may vary from 0.92 to slightly above 1.0.

The relation is plotted as a function of the measurable normal emittance in Figure 15
(Reference 16). For an ideal diffuse emitter (emits according to Lambert's law), € ry/e v = 1.
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FIGURE 15 - Ratio of Total Hemispherical Emittance to Normal Emittance
4.4 Measurement of Absorptance and Emittance:

There are two distinct measurement techniques employed for obtaining o and €: the spectral
reflectance 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
hemisphere. In determining o, the definition is complied with in the 0.25 to 2.5 pu range, using
an integrating sphere-spectrophotometric apparatus (Reference 18). The resultant property
measured is the directional spectral reflectance. Integration of the spectral reflectance data
over the Johnson curve (by IBM program or equal energy increment summation techniques)
yields total normal solar reflectance as shown in Equation 15. When subtracted from 1, o is
realized.

Based upon the reflectance reciprocity relation, the normal or directional spectral reflectance in
the 2.5 to 50 u range may be measured with a heated cavity reflectometer-spectrophotometer
type of apparatus (Reference 19). In this case the sample is irradiated hemispherically and
viewed at a specific angle by the spectrophotometer's optical system.

Integration of the spectral reflectance data over the appropriate spacecraft temperature
blackbody curve yields the total normal emittance properties of the material. The total normal
emittance must be converted to total hemispherical emittance, using Figure 15. For detailed
thermal control design where total hemispherical properties are required, the normal spectral
reflectance 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 Al 6061-T6;
B, Evaporated 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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FIGURE 18 - Compiled Spectral Reflectances: A, Polished Cu, 17 mils Thick;
B, Tabor Solar Collector Chemical Treatment (110-30) 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 20 - Compiled Spectral Reflectances: A, Silicon Solar Cell (Intl. Rectifier Corp.);
B, Silicon Solar Cell (Intl. Rectifier Corp.), 1.11 u Vaporized Coating SiO, Fast Deposition Rate;
C, Silicon Solar Cell (Hoffman Corp.) type 120-C, 3 mil Glass Cover (Reference 23)
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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 = 0.773

0

4.42 Calorimetric Measurements: Calorimetric measurements of o and e will yield € 1 directly, but
the o measurement validity depends on matching the solar simulator to the spectral distribution
of Figure 8. Relative spectral curves of solar, carbon arc, and a bare xenon lamp are shown in
Figures 78 and 79. The carbon arc simulates the solar spectrum more closely than do other
light sources.

Calorimetric measurements are made in a vacuum chamber having black liquid N,, cold walls,
and preferably a cooled reflecting mirror similar to the design of the GE chamber of Figure 75.
Thus, direct emission of the hot port window is eliminated. Other secondary effects are
radiation from the chamber and mirror walls plus internal reflection off the walls.

For measurements made at sample equilibrium temperatures the following can be used,
neglecting wall reflectance:

1. Electrical heating of the sample, property € 1y:

— |2RC

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

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

e a” AP 1 (Eq.25)

€TH HssApc

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,

- w (Eq.26)
Measuring the heat-up portion,
My ST = AorgHes A €1y 0T ) (Eq.27)
where:
_ mCy(dT, /dv)+ Aceqy oTs (Eq.28)

Ol =
® Achss

Since the thermal radiation properties are dependent not only on the material but also on the
coatings, thickness, and surface condition, published numerical values for o, and € 1y must be
used cautiously. Data on the values of o and € should include a complete statement as to
coating surface roughness, coating thickness, cleanliness, precise coating chemical
composition, and a complete substrate definition (Reference 22). Current published data
seldom supply sufficient coating descriptions, may even fail to distinguish between € 1y and € 1,
or may not associate a temperature with a given emittance figure.

4.4.3 Thermal Radiation Data: The thermal radiation properties data of Table 2, and Figures 23
through 41 with their corresponding tables (Tables 3 through 19) are meant only as a guide in
materials selection. After a coating has been selected and its method of formulation,
application, and handling have been fixed, the o and e 1y properties should be measured.
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FIGURE 23 - Effect of Film Thickness on Emittance of Anodized Coating (Reference 26)
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FIGURE 24 - Solar Absorption Versus Coating Thickness of Anodized Al (Reference 26)
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TABLE 2 - Thermal Radiation Properties of Materials

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 alloy, cleaned 0.34 400 0.06 5.66 21
500 0.06 5.66
600 0.07 4.85
2024 Al alloy, mechanically
pol. and degreased 0.31 400 0.05 6.20 21
500 0.06 6.20
600 0.06 5.16
2024 Al alloy, sand blasted 0.67 400 0.25 2.68 21
500 0.27 2.48
600 0.30 223
6061 Al alloy, as rec. 0.41 400 0.05 8.2 21
560 0.04 10.25
6061 Al alloy, chemically cleaned 0.18-0.44 400 0.03-0.11 21
500 0.03-0.12
600 0.04-0.12
6061 Al alloy, pol. and degreased 0.35 400 0.04 8.75 21
500 0.04 8.75
560 0.05 7.00
6061 Al alloy, 120 size grit blasted 0.60 400 0.40 1.5 21
500 0.41 1.46
600 0.41 1.46
Alzak on Al, 190 pin thick 0.15 410 0.79 0.74 0.20 20
530 0.77 0.72 0.21
580 0.75 0.70 0.21
Reynolds wrap Al foil, shiny side,
as rec. 0.19 400 0.03 6.33 21
500 0.04 475
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 Olg Temp_, °R ETN € TH (XS/ET 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
Anodized 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
ANTIMONY (Sb)
Polished 671 0.03 24
Rolled plate 540 0.06 24
Shim stock 531 0.03 24
Oxidized 900 0.60 24
671 0.60
QMYV Be alloy, 64 rms finish 0.70 400 0.16 4.37 21
600 017 411
CADMIUM (Cd)
Electroplate (mossy) 540 0.02 24
531 0.03 24
CHROMIUM (Cr) 540 0.08 24,25

Cr plate 0.1 mil thick on 0.5 mil
Ni plate on 321 SS steel
exposed to JP-4 combustion

products 50 h at 1100 °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
Mechanical polish 531 0.015 24
Carefully prepared surface of
pure Cu 531 0.008 24
Cu-Be alloy 0.036 20

EBANOL
Ebanol C on Cu treated 5 min at
196 °F in 219 °F boiling

point, sol. 0.91 555 0.11 8.25 23
Ebanol S on steel treated 15 min

in a 286 °F boiling sol. 0.85 555 0.10 8.49 23
GLASS, 3 mils thick on

silicone 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 or

Lucite) 531 0.01 24
Au plate 0.00005 in on SS

(1% Ag in Au) 531 0.027 24
Au plate 0.0001 in on SS

(1% Ag in Au) 531 0.027 24
Au plate 0.0002 in on 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 €14 ogleT 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
600 0.05 6.6
Vacuum deposited Au on Al
with resin undercoat 0.24 400 0.04 6.0 21
500 0.04 6.0
600 0.04 6.0

GRAPHITE (crushed carbon
electrodes) 16 mils thick

on Na silicate on pol. Al 0.96 450 0.91 1.06 23
INCONEL 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 26) 25
Inconel X oxidized 4 h at

1825 °F in air followed by

10 h at 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, oxidized 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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