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Introduction

The successful thermal design of spacecraft depends in part on a knowledge of the solar absorptance and hemispherical
emittance of the thermal control coatings used in & on the spacecraft. The Goddard Space Flight Center has had since
it’s beginning, a group whose mission has been to provide thermal/optical properties data of thermal control coatings to
Thermal Engineers. This handbook represents a summary of the data and knowledge accumulated over many years at the
GSFC. I would like to thank the many people who have contributed to this data and assisted in the creation of this
handbook: Jack Triolo, Wanda Peters, John Henninger, Amani Ginyard, Monali Joshi, & Blake Miller.
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I. Electromagnetic Origins of Emittance and Reflectance

The following is a derivation of the parallel and perpendicular components of reflectivity starting from Maxwell’s laws.
Looking forward to the end result (equation 23 & 24 pg 8 &9) will not affect the understanding of the topic.

When electromagnetic energy is incident on an opaque surface such as a typical thermal control coating, part of the
energy is reflected back into space and part of the energy is absorbed in the material. Maxwell’s equations can, at least in
theory, be used to describe the interaction of electromagnetic radiation with spacecraft coatings if one happens to know
the bulk properties of conductivity, permittivity and permeability of the coating.

The following set of well known Maxwell equations (reference 1) are necessary to describe the interaction of
electromagnetic energy absorbed or reflected by metals and dielectrics used in thermal control coatings:

DXH=56—E+UE" a
ot
DxE‘:_’ua_H (2
ot
OE=0 3
OH=0 e

Where &, [, 0, are the permlttmty, permeability and conductwlty of the medium respectively. The electric field vector is

represented here by E and the magnetic field vector by H. Applying an appropriate vector identity (reference 3) and
taking the curl of the first two equations and using equations (3 and (4 from above, it’s clear that the Electric and
Magnetic fields must satisfy the following set of vector wave equations:

02 = 0*H 0H 5
ot* ot
- -
DZE=5uaE+ o’ ©
ot ot

Let’s assume the general form of an electromagnetic plane wave incident on a surface with a time dependency ¢ and
frequency w:

E(F,t) = E e/ 7
H(F,t)=H " (8
where the direction of propagation is given by the unit vector k:

k=ki+ky+kz



and any given vector is given by r:
F=rx+ry+rz
where X, )_5 , Z are unit vectors in the x,y, and z direction.
Now consider the case of an electromagnetic plane wave in space incident on a thermal control surface with
conductivity, permeability and permittivity of, 0, i, and & respectively. The following diagrams represents two cases,

one in which the electric vector is perpendicular to the normal and the other in which the magnetic vector is
perpendicular to the normal.

incident beam reflected beam

reflected beam

incident beam

space (11, &) space (H, &)

X
omid g &) bl i E) 7 S PRBPR
A A A Ve B e
e 4 e 7 e 4 v - // e < H" / e /

/:/v"/v/ e //"/,/,"/ -F////
ol s s s s 7 “refracted Beam 7
E U to plane of incidence Ellto plane of incidence

Figure 1.1-1. Electromagnetic waves incident on a thermal control coating

Where n is a unit normal vector, {/, and 50 are the permeability and permittivity respectively of space and 0, [ and

& are the conductivity, permeability and permittivity respectively of the coating. For each case the three waves
(incident, reflected and refracted) are represented by:

E(F,t) = Eoe'/(m_m) H(F,t)= Hoej(m_“) Incident wave
E'(f,t) = E;ej(lz'm_m) H'(F,t) = H;e_/(é'm—m) Reflected wave
E"(F,1) = E;'e'/(lz"m_m) H'"(F,1) = I:I;'ej(lznm_m) Refracted wave

The E field and H field for an electromagnetic wave are perpendicular and therefore the E and H components can
only satisfy the wave equation provided that:

N

.o e Lo kX E o/ KE-a)
E(F,t)=E """ HF )= |2 222

Incident wave



e 1 j(l;'[Z—(d)
& k'xEle

K, K

Reflected wave

E'F,t)=E e H(Ft)=

O+ jwE k" x Ele’ e

E'(F,0)= Ej/ e H'(F,0) = [ ;
jwu k

Refracted wave

Where 0 = 0 for space.

Electromagnetic waves must meet the appropriate boundary conditions at the space/thermal coating boundary (i.e. the
normal components of the displacement vector, D and the magnetic induction vector, B are continuous and the tangential
components of the electric field vector, E and the magnetic field vector H are continuous at z=0) (reference 2):

l_).:éT :gOE
:,UH BO:’uO[:i

B
[E(E,+E)-&E" G =0 9
luo ikx—Eo+luo QL’E(’_'U" 0-+J(‘;’)§( k X"Eo Fi=0 (10
\u, & H, k \ Jjau k
(E,+E -E")xi=0 (11

EOﬂ-F ikxlE'O_ 0-+‘](L"k( k ano xﬁ:O (12
Ve, & \u, & \ Jau k

The first and second boundary condition for the first case give nothing, since the E field is perpendicular to the page
and hence Oto 7 . However, from the third boundary condition we have:

E +E —-E =0 (13

and the forth boundary condition gives:

& (kxE)xii  [& (k'xE)Xii |0+ jeg" (k"xEp)Xii _

U, k H, K Jjau k"

0 (14

By using the appropriate vector identity and substituting £ (': from equation (13 into equation (14, the ratio of the

incident electric field, £ ; , to the reflected electric field £ can be obtained:



\/Zcos(z)— U;{;fg" cos(r)

’ \/?cos(z) + U+]a)f" cos(r)

To obtain the reflectivity one only needs to multiply the numerator and denominator of this expression by their
respective complex conjugates (reference 4). In this case the reflectivity of an electromagnetic wave striking the
surface of a thermal control coating with its electric vector perpendicular to the surface normal is:

=

= (15

b

cos () - \/7\/_ o o_)f”z ", cos(i)cos(r) + "2 o cos’(r)

"2 " 2 "2
,U \/,U \/ au U |

Now for the second case, where the magnetic field, H, is pointing out of the page (i.e. H [J to plane of incidence) the
3" boundary condition gives:

Pn =

—E cos(i)+ E cos(i)+ E, cos(r) =0 (16

And the forth boundary condition gives:

/ k><E / k><E /U+] "k"><E" X7 =0 a7

Again, using the appropriate vector identity and substituting for £ : from equation (15 into equation (17, we get the

ratio of the incident electric field, F ; , to the reflected electric field F , for the parallel case:

\/7 / cos(z)
(18
\/7 \/ _7 cos(z)
H, o

The reflectivity for an electromagnetic wave striking the surface of a thermal control coating with its electric vector
parallel to the surface normal is then just the numerator and denominator of this expression multiplied by their
respective complex conjugates:
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'3
I

1{ ;'fnz cos” (i) — \/_\/7 } "2 g
A= -
\/U (:)zf’ cos (l)+\/—\/7 1{ +fj,cos(i)cos(r)+flcosz(r)

It is however, useful to cast the entire equation in terms of the angle of incident. This can be accomplished by noting
that the phase factors must of necessity all be equal at the boundary z=0, therefore:

< cos’(r)
U

(19

(k). = (k'3)., = (k") (20

Where upon inserting the values for k and k"

\/E sin(i) = M sin(r) @1
J7; W U

This can be put in terms of cos(r) by solving for sin(r) and using a common trigonometric identity giving:

é W"
U

[w2<("2 +0.2

Then the perpendicular and parallel components of reflectivity in terms of angle of incident become:

cos(r) =1/1- sin’ (i) (22

{ n { "
> ap >y
0.2+w{n2 2'_\/5\/? 0.2+w{n2 i" N U o él_ U o
Vs O wr TN e O e @
A= r :
{ "
o+ cos (z)+\/7\F "2 cos(z 1—7sm2(z’)+é l—isinz(i)
| \ \/m H W& +o?
and; ] _
g " i g n i
0_ +ak(112 g( R 0_2 +ak(112 zw
cos () - \f\/, / - —————sin’(i) + e 1- sin’ (i)
2 "2 2 wZ{nZ +0.2 (24
Po = = {W.. =
"2 2/ : +af"2 /’1 a2
cos ()+\/7\F1/ "2 1—7%sm @+ g 1= sin” (7)
l o g +0- 1 W [wzfnz +0.2

Then the total reflectivity as a function of the angle of incident and the fundamental pro_perties of the coating is_just
the average of the parallel and perpendicular reflectance components:



P +P:

p(,LIO,EO,O',,u',E',,B)ZT (25

(Where [3 has been used here for angle of incident instead of i, for the sake of conformity)
The absorptance, reflectance and transmittance must of course sum to unity.
a+p+t=1 (26

If the material is opaque (¢ =0) and the absorptance is equal to the emittance (as is generally accepted) then the
directional emissivity can be found by substituting the reflectance of the coating from (25:

e, é,,0,u,E,B)=1-p'(u,é o1 é,B) @1

The emittance as a function of angle of incidence can now be determined for any given set of permittivity,
conductivity, permeability and wavelength. The index of refraction for the material can also be found using these
same values in the equation below:

(28

Choosing values of conductivity, permeability and permittivity for a dielectric material coating that gives a real
index of refraction equal to approximately 1.5, a directional emissivity graph can be plotted for this hypothetical, but
somewhat typical, dielectric coating:

Angle of Emission 3

Figure 1.1-2. Directional emissivity curve for a dielectric with an index of refraction of n=1.5

This differs from a Lambertian radiator, which would have no change in emissivity as a function of angle. In real
materials the emissivity drops considerably at large angles of 3 as can be seen in the above graph.
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When a material is conductive however, such as a metal, the directional emissivity curve has a somewhat different
shape than the dielectric case:

Angle of Emission 3
10 0 10

Figure 1.1-3. Directional emissivity curve for a conductor with an index of refraction of n=5.7+i9.7

This graph shows that the peak emissivity, rather than occurring at near normal to the material, as in the dielectric
case, now occurs at very large angles but still drops to zero as the angle [3 approaches 90 degrees.

It is often easier to measure the normal emittance of a material than it is to measure the total hemispherical emittance. It
is therefore useful to calculate the ratio of these two quantities so that a reasonable conversion can be made when only
the normal emittance is unknown. To obtain the total hemispherical emittance, the emittance as a function of angle must
be integrated over the entire hemisphere.

2
Ey _1 js(ﬁ,e,)cosﬂdw (29
T 0

In this equation, the reference to permittivity, permeability and conductivity have been dropped for simplicity. The angle
0 is simply the azimuth angle and it is assumed that the coating’s emittance is constant in azimuth.

Figure 1.1-4. Hemispherical emittance coordinate system



The ratio of hemispherical emittance to normal emittance is then just:

2
]]TIS(ﬁ,B,)cosﬁdw
fn % (30

£ &(30,)

When the values of normal emittance range from 0.4 to 1.0, as would be the case for a dielectric, the following curve
results:
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1.1
109
108
107

106
105 \k‘\
104
103
102
101

sh/Sn

0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91
09 +——————

Normal Emissivity (g,)
Figure 1.1-5

The shape of this curve is caused by the fact that the emittance at large angles of 3 changes disproportional relative to the
emittance at 3 = 0 as the normal emittance decreases from 1 to 0.4. When the index of refraction is equal to 1, the
emittance is Lambertian and has the value of 1 at all angles of 3. This makes the hemispherical emittance equal to 1 also
and consequently the ratio is equal to one. When the index of refraction is a little greater than one, the normal emittance
decreases accordingly, but the emittance at large angles of 3 decreases much more rapidly and very quickly assumes a
dependency similar to Figure 1.1-2. Consequently, when integrated to yield the hemispherical emittance, the integrated
value is lower than the emittance at 3 = 0 and hence the ratio is less than one. When the index of refraction becomes
larger, the emittance at larger angle of 3 decreases less quickly than the emittance at 3 = 0 and the emittance curve starts
to “morph” into a curve similar to Figure 1.1-3. The relative increase in emittance at larger angles of B causes the
integrated emittance to be greater than the emittance at 3 = 0 and consequently the ratio is greater than 1 for values of
normal emittance less than 0.6.



The case for conductive materials is somewhat different. The ratio of hemispherical to normal emittance is:

Ratio of Hemispherical to Normal Emittance
for Conductors

sh/Sn
3

105

0.95

09 + } } } } } }
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Normal Emissivity (g,)

Figure 1.1-6

In the case of metals, the relative increase in emittance at large angles of 3 simply continues as the normal emittance
approaches zero making the ratio rise continuously to €, = 0.



II. Factors that Affect Emittance

2.1 Change in Emittance with Temperature

The total hemispherical emittance of a thermal control coating often changes with temperature. This is not
primarily the result of the intrinsic reflectivity of the coating changing with temperature, but rather it is the
intrinsic ability of the coating to emit or absorb energy at different wavelengths that is responsible for the
change in coating emittance as the wavelength of peak emission moves to a new wavelength with a change in
temperature.

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Hemisphercal Emittance

£ o -

0 25 5 75 10 125 15 175 20 225 25 275 30 325 35 375 40 425 45 475 50

Wavelength (microns)

— Emittance of Coating
— - Black Body 290° K
— - - Black Body 90° K

Figure 2.2 Emittance of a Hypothetical Coating and a Black Body

For example, the graph above shows the emittance of a hypothetical coating as a function of wavelength. At a
temperature of 290° K the peak of the normalized black body curve is approximately 10 microns. Since the
coating has a relatively high emittance in this region, the overall integrated emittance will be correspondingly
high. At a temperature of 90° K however, the normalized black body curve peaks at approximately 32 microns
and is also much broader. The emittance of the coating is not nearly as high at these wavelengths as it is at 10
microns and therefore the overall integrated emittance will be less at 90° K than at 290° K.

The change in overall reflectivity and consequently total hemispherical emittance can be due to a change in
reflectance of the coating with wavelength or it can be due to the fact that the coating is simply thin and
therefore possibly transparent at longer wavelengths revealing the underlying substrate. The net reflectivity in
this case, is a combination of the reflectivity of the partially transparent coating at long wavelengths and the
reflectivity of the underlying substrate (usually aluminum). This would make the effective reflectance of the
coating on the substrate greater at long wavelengths and consequently the emittance would decrease with
temperature as the peak point of the emission curve moved to longer wavelengths.

If the total reflectivity as a function of wavelength and angle of incidence is known, then the total hemispherical

emittance as a function of temperature can easily be found by integrating the total hemispherical reflectance
over all angles of azimuth, polar angle and wavelength, weighted to the black body function

10



27

PO, A)sin(8) cos(B)d @ |G(A,T)dA

O eV | y

Jji-
0

31

&T)= -
j G(A,T)dA

Where p(6,@A) is the total reflectivity of the coating as a function of polar angle 6, azimuth angle @ and
wavelength A and G(A,T) is the black body curve as a function of wavelength A at a given temperature T.

In practice, it is difficult to obtain the reflectance for any given coating over a wide enough wavelength
range and at angles of incidence greater than 20 degrees to calculate the total hemispherical emittance as a
function of temperature at cryogenic temperatures. It is however, sometimes possible to obtain the
reflectance at near normal angles of incidence from 1 to 200 microns. The emittance as a function of
temperature can then be calculated if one assumes the coating to be Lambertian (i.e. perfectly diffuse). This
assumption can lead to non-trivial errors in the calculated emittance since most coatings may not be
Lambertian, especially at longer wavelengths. The inherent error in the reflectance measurement at longer
wavelengths is also a cause for increased error in the calculation. The result is an emittance temperature
curve with nontrivial error bars.

2.2 The Role of Thickness and Thermal Conductivity of Coatings

Sensors typically affixed to a metallic substrate typically measure spacecraft temperatures. The emittance of the
coating at that temperature is then used to calculate heat flow into and out of the coating. The assumption is
always that the outer surface of the coating is at the same temperature as the substrate as measured by the

Sensors.

Background = 2.7°K

Substrate Temp
300°K Infrared

Radiant
Energy

e
M/\/\/\

EIPRIPIN
ey
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sy Eay
TP AL

L
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iy

N

i Coating Surface Temp
P 298.9°K
’ \ thermal conductivity: 0.10 Btu/hr-ft-F
I

7
/20 mils

Figure 2.3 Effect of Coating Thermal Conductivity on Effective Emittance of a Coating

When a thermal control coating is used which is very thick and has a very low thermal conductivity, the surface
temperature of the coating can be slightly lower or higher then the substrate temperature depending on whether

11



it has a view of the sun. The effect of this temperature difference between the substrate and surface of the
coating is to raise or lower the effective emittance of the coating with respect to the substrate. The effect is
generally small and of little consequence. For a coating like Kapton or Teflon, which both have a very low
thermal conductivity, the change in effective emittance at 300°K for a 20mil thick coating would be a little
more than 0.01, with a corresponding change in temperature of approximately 1°K. If the coating is even
thicker the effect will be greater and will increase linearly with coating thickness. When the emittance is
measured by a calorimetric technique, the calculated emittance is really an effective emittance with the thermal
conductivity of the coating and the associated temperature difference taken into account. Temperatures
calculated based on this method will give accurate results, provided that the thickness of the coating on the
spacecraft is the same as the calorimetric test case. If instead, the emittance is calculated based on the surface
spectral reflectance, then the calculated temperature for very thick coatings may be slightly different than
predicted.

2.3 Non-Grey Effects

When the total hemispherical emittance is calculated based on the total hemispherical wavelength dependent
reflectance, the result is a single number that does not contain any information about how the infrared energy is
emitted or absorbed as a function of wavelength. It is certainly possible for two different coatings to have the
same total hemispherical emittance and absorptance at a given temperature, but radiate the infrared energy in
different portions of the infrared spectrum. For example, suppose coating A & B have the following total
hemispherical reflectance curves over the wavelength range 1 — 40 microns:

Reflectance of 2 Hypothetical Coatings

Reflectance
(=1
W

0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Wavelength (nm)

Coating A
— - Coating B

Figure 2.4 Reflectance of two hypothetical coatings

The total hemispherical emittance & absorptance at 290°K can then be found by:

A
| [1-RAG(A.T )d
&(T)=2 T (32
[G(AT)dA
A
where G(A,T) is the black body function: G, T)= 8—71:60 (33
/]Se%_1
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R(A) is the total hemispherical reflectance function of the coating and

T=290°K h=6.626x107"J s A=lpm
k=1.381x10"J K ¢=2.998x10*m/s A=200pm

The result is that both coatings have an emittance at 290°K of 0.37. Their infrared emission curves (found by
multiplying the black body curve at 290°K, G(A,T), by 1 minus the reflectance curve) are however very
different. As can be see in Figure 2.5 below, Coating A has a peak infrared emission at 7 microns while
Coating B has a peak infrared emission at 12 microns, even though both coatings have the same
emittance/absorptance at 290°K.

Infrared Emission Spectrum

Irradiance
=)
W

0 2 4 6 § 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Wavelength (nm)
— Coating A
— - Coating B

Figure 2.5 Infrared Emission Spectrum of Hypothetical Coatings A & B

This can create a problem when attempting to calculate the equilibrium temperature of objects if the calculation
is based simply on the integrated total hemispherical emittance without regard to how the infrared energy is
emitted or absorbed as a function of wavelength. It is possible for a coating to radiate heat to a second coating
in an area of the infrared spectrum for which the receiving coating has little inherent ability to absorb the
infrared energy while the integrated emittance/absorptance value would give no hint of this problem. Most
thermal calculations are however, based on the total integrated emittance for the given coatings involved and as
such may not be as accurate as one would like under certain conditions. The a priori assumption for most
thermal calculations is that the coatings involved are gray, which is to say that their reflectivity’s and hence
their emittance's do not vary with wavelength. If the coatings are grey or at least reasonably so, there is usually
not a problem, however when coatings are non-grey, problems can develop. For example, suppose two
coatings, C & D, have the following reflectance curves throughout the 1-200 micron portion of the infrared
spectrum:

13



Reflectance

Reflectance of 2 Hypothetical Coatings

0
0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160 170 180 190 200
Wavelength (nm)
Coating C
— - - Coating D

Figure 2.6 Reflectance of Hypothetical Coatings C & D

The total hemispherical emittance as a function of temperature for each coating can be found by using equation
32. The result shows how the emittance varies for each coating which are not too dissimilar from many

coatings in use today.

Emittance
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Figure 2.7 Hemispherical Emittance of Coating C & D

If the infrared emission spectrum at 50°K is calculated by multiplying the black body curve, G(A,50°K), by 1
minus the reflectance curve the following energy emission curves result. The peak infrared emission and hence
absorptance for Coating C occurs at about 54 microns, while the peak emission and absorptance for Coating D
occurs at about 46 microns. This implies that the coatings are non-grey and an error can occur if this is not
taken into account in the equilibrium temperature calculation.
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Figure 2.8 Emission Spectrum of Coating C & D

To illustrate the point, suppose Coating C has its temperature fixed at 50°K and radiates to Coating D, which is
placed 0.8 meters away, and Coating C and is allowed to come to equilibrium. For simplicity it is assumed that
no heat is emitted from the edges or the backside of Coating D, that the area is Im> and the surrounding

background temperature is zero.

Background = 0.0°K

Infrared
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SRR Energy N
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Figure 2.9 Thermal Radiation from Coating C to D

The equilibrium temperature for this test case can be found by the following equation, which accounts for how
each coating radiates and absorbs energy as a function of wavelength and also for multiple reflections.
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Where F is the angle factor (also known as configuration factor) for two parallel plates, taken from Jacob
(reference 5):
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& Fi,=F, (Where F12 is the angle factor of area 1 when viewed from area 2, or the fraction of energy emitted
by area 1 that strikes area2)

B="b/a andbis the length, a is the separation distance and c is the width.

C=c/a

Alternately, if the integrated total hemispherical emittance values are used instead, the equilibrium temperature
can be found by the following equation:

(T )T F, E(T,)oT,' ]
4_ 1-/1-6(T.)A-&,(T.)F, [F, ] (36
EATII(1=€(T,) LE(T,) IF, LF, L]
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T,

E(T,) W0~

Where:

T, = Temperature at Coating C
T4 = Temperature at Coating D
£(T.) = emittance of Coating C at the temperature of Coating C
£.(T4) = emittance of Coating C at the temperature of Coating D
£4(T.) = emittance of Coating D at the temperature of Coating C
£4(T4) = emittance of Coating D at the temperature of Coating D

Both of these methods can easily be solved via a simple procedure in MathCad or an equivalent mathematics
program. The result is that the equilibrium temperature for Coating D when the non-grey effect is taken into
account is 36.79°K where as the calculated equilibrium temperature is only 34.43°K when the total integrated
hemispherical emittance values are used in the calculation.

The maximum error in the calculated equilibrium temperature occurs for a distance of 0.8m in this case and as
can be seen in the graph below, the maximum error occurs when the radiator plate is at a temperature of about
50°K. For this particular case the calculated temperature would be too low by approximately 2.36°K. Other
coatings combinations could produce greater or lesser errors depending on how the emittance of each coating
varies as a function of wavelength.
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Figure 2.10 Non-Grey Equilibrium Temperature error for coating C

The only way to be sure if a non-grey error is going to present a problem is to measure the total hemispherical
reflectance of each of the coatings in question and calculate the temperature based on the reflectance
information of each coating over a sufficient wavelength range.
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III. Measurement of Thermal Properties

3.1 Solar Absorptance

Electromagnetic theory can, at least in principal, be used to calculate the reflectance of a given coating provided
the fundamental properties of permittivity, permeability and conductivity are known. In practice however those
properties will rarely, if ever, be known for a coating of interest. It is therefore clear that for many purposes the
thermal/optical properties of thermal control coatings must be measured in order to know their value to any
precision. The calculation of the solar absorptance however, requires knowledge of the total hemispherical
reflectance of the coating. This creates special problems in measurement, since the reflected light for many
coatings is a composite of both diffuse and specular reflections as is seen in Figure 3.1-1. The incident energy at
a given angle, 0, is separated in reflection into a specular component, r; at angle 6 and a diffuse component, the
rq’s in Figure 3.1-1, which can be at any angle of azimuth 3 and altitude @

Incident Enegry

Figure 3.1-1. Directional Total Reflectivity

It is therefore necessary to measure the reflectance by means of an integrating sphere so that both the specular
and diffuse components are accounted for or integrated over all angles, 3 as well as @ to obtain the total
hemispherical reflectance for a given angle of incidence. For a given angle of incidence (0) the absorptance is

given by (reference 6):
a(8)=1-p(6)-1(6) (37

Where p and T are the total reflectance and transmittance respectively for a given angle of incidence 6. If the
sample is opaque, as is often the case for a thermal control coating, the transmittance is zero and only the total
hemispherical reflectance needs to be measured to calculate the total hemispherical absorptance for a given
angle of incidence.

The total directional solar absorptance can be found from the above equation by weighting the total directional
reflectance according to the solar spectrum and integrating over the solar spectrum:

[* R(A,6)S(A)dA
[* S(A)dA

p(8)= (38
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Where S(A) is the solar extraterrestrial spectrum, and R(A,0) is the total directional hemispheric reflectance
integrated over all angles of 3 and @for a given angle of incidence 0 as in Figure 3.1-1.

A method and procedure for the measurement of reflectance and calculation of solar absorptance is
contained in ASTM E903. This standard gives the procedure for both center sample mounted integrating
spheres and side sample mounted integrating spheres, see the Figure 3.1-2 below.

Reference Beam

Incidence Angle

Sample Beam Detector

Reference Beam [} "

Sample Beam !j

Transmittance Transmittance
Sample Reference Sample
Location Location

—7
Detector Reference
Edwards Type Integrating Sphere Four Port Comparsion Integrating Sphere

Figure 3.1-2. Two Types of Integrating Spheres

The main advantage of a center sample mounted integrating sphere is that the resulting measurement is
absolute. The disadvantage is that a small sample, typically about 1 inch in diameter, is required. A side
mounted integrating sphere has the advantage that any size sample to within reason can be accounted as
long as the sample is flat, but the integrating sphere coating reflectance must be very nearly 100% and
uniform over the measurement wavelength because the reflectance does not cancel out of the equations.
The center mounted sample sphere has the additional advantage that it will continue to give accurate results
even if the sphere coating is degraded, as long as the degradation/contamination is uniform over the entire
surface of the sphere. With a side mounted sphere one must always be on guard against sphere
degradation/contamination, as measurement errors will result.

It is also sometimes useful to know the reflectance of a sample as a function of angle of incidence. The
center sample mounted integrating sphere can perform this type of measurement while the side mounted
integrating sphere is limited to a near normal angle of incidence. The center-mounted sphere has the
advantage that the reflectivity of the sphere coating cancels out of the equations leaving the absolute reflectance
of the sample. It also has the advantage that the total hemispherical reflectance can be measured as a function of
angle of incidence. The total transmittance of samples can also be measured with the integrating sphere as
shown in Figure 3.1-2. This measurement includes not only the direct transmittance but also the scatter
transmittance as well and can be used in the calculation of the solar absorptance of transparent films.

If it were possible to measure the total hemispheric emittance from zero to infinity then the only error would be
the result of the inaccuracy of the reflectance measurement and the error in the solar spectrum data. ASTM
E903 states that the typical uncertainty in the calculation of the solar absorptance from the standard solar
spectrum and the measured reflectance gives practical error of + 2%. This however is for reflectance
measurements made over the entire wavelength range. In practice however, the integration of the above
equation can only be carried out over the wavelength range of the reflectance measurement instrument, which is
typically from 250nm to 2800nm. The ASTM EA490 indicates that the energy at air mass zero over that
wavelength range is only 97.1% of the total solar spectrum, with most of the residual energy being at the
infrared portion of the spectrum at wavelengths greater than 2800nm. Therefore, in addition to the inherent
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+2% error in the calculated solar absorptance as suggested by ASTM E903 there is also a potential error of
2.9% due to the infrared solar energy at wavelengths out of the range of the reflectance instrumentation. So the
best solar absorptance that can be calculated is (reference 7 ):

20 R(A,8)S(N)dA
0'(9)=]- = ZSE)O’ R,
S(A)dA

250

39

Fortunately, the calculated solar absorptance of many spacecraft thermal control coatings would not be greatly
altered if the reflectance beyond 2800nm were actually measured.

Reflectance does vary as a function of angle of incidence and this can have an effect on the calculated solar
absorptance, but the effect is generally small. The chart below gives the change in calculated solar absorptance
as a function of angle of incidence for some common thermal control coatings. Solar absorptances are typically
measured at a near normal angle of incidence, typically 10 — 20 degrees, and unless otherwise stated it should
be assumed that the stated solar absorptance value was measured at a near normal angle of incidence.

Angle of Solar Absorptance
Incidence
7306 OSR Kapton A276
Smil

10 - 0.050 - -
20 0.952 - 0.43 0.267
30 0.952 - - -
40 0.946 0.441 0.261
45 - 0.049 - -
50 0.941 - - -
60 0.93 0.432 0.250
70 0.903 0.034 - -
80 0.842 - - -

Figure 3.1-3. Solar Absorptance as a Function of Angle of Incidence

The coating thickness can also affect the solar absorptance, particularly white paints. This is primarily due to
the fact that most thermal control coatings are rather thin, typically just a few mils thick and hence tend to be
semi-transparent when applied thinner than recommended. The chart below shows how solar absorptance can
vary for a white silicone coating as a function of coating thickness.
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Figure 3.1-4 Solar Absorptance of a White Silicone Paint as a Function of Thickness

From the solar absorptance equation it is clear that the calculated absorptance depends on the solar
spectrum. This is different from the terrestrial spectrum due to the absorption of the atmosphere. The graph
below shows the difference in an air mass 0 (spectrum of the sun at 1 AU with no atmospheric attenuation)
and an air mass 1.5 solar spectrum. (spectrum of the sun with atmospheric attenuation as would be
observed when the sun is at an elevation of 48.81° above the horizon with the surface normal to the sun),
(reference 8).

Solar Spectrum

Irradiance (W/cm”2/um)
(=1
[\S}

100 300 500 700 900 1100 1300 1500 1700 1900 2100 2300 2500

Wavelength (nm)
— AirMass 0
""" Air Mass 1.5

Figure 3.1-5. Comparison of Solar Spectrum (AM0) and Air Mass 1.5 Spectrum

It should be noted that if one were orbiting a different star system, the calculated absorptance for a particular
coating would be different. When testing in a vacuum chamber, often a lamp is used to simulate the solar
spectrum. For these cases, the spectrum of the simulated solar beam is different than the actual sun and hence
the absorptance of some coatings may be different under these circumstances than for an air mass zero solar
absorptance. The difference in spectrum for a tungsten lamp and unfiltered Xenon lamp can be seen in Figure
3.1-6 below:
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Figure 3.1-6. Comparison of Solar, Unfiltered Xenon Lamp and Tungsten Lamp Spectrum

The difference in spectrum can make a substantial difference in the absorbed energy. The table below gives
the calculated solar absorptance for several common thermal control coatings and compares the results with
the absorptance calculated for the solar spectrum, an unfiltered Xenon lamp and a tungsten lamp.
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Absorptance

Solar Unfiltered Xenon | Tungsten Lamp
Coating Absorptance | Lamp Absorptance | Absorptance
Kapton 3mil 0.414 0.344 0.186
Kapton 1mil 0.356 0.278 0.132
Gold Plated Aluminum 0.191 0.132 0.046
Aeroglaze A276 0.263 0.237 0.253
'Vapor Deposited Aluminum 0.076 0.078 0.059
S13GPLO 0.185 0.149 0.143
7306 0.96 0.96 0.96
793P 0.122 0.087 0.083
Silver Teflon (10mil) 0.089 0.06 0.031
OSR 0.051 0.04 0.031

Figure 3.1-7. Calculated Absorptance with Respect to Three Different Spectrums for
some typical Thermal Control Coatings



3.2 Measurement of Emittance

The accurate determination of spacecraft temperatures requires a good knowledge of the hemispherical
emittance of the spacecraft coatings involved. There are several methods for determining the emittance of
thermal control coatings, by infrared reflectometry, calculation of emittance based on infrared reflectance
measurements, by a calorimetric technique for determining the hemispherical emittance as a function of
temperature and by a thermal balance method to determining the total hemispherical emittance. Each
method has its advantages and potential problems as are discussed below.

3.2.1 Infrared Reflectometry

The simplest method of determining emittance is with a portable infrared reflectometer such as the DB100
or the AzTek Temp 2000. The Gier-Dunkel DB100 has been the main stay in the aerospace industry for
this type of measurement for more than 30 years. The DB100 however, is no longer manufactured or
serviced. There are however still many DB100’s in operation around the country including two at the
GSFC. The basic operation of the DB100 consists of two semi-cylindrical rotating cavities. One of the
cavities is heated and the other is held at room temperature. As the cavities rotate the sample is alternately
irradiated by the infrared energy from the hot and cold cavities. The reflected fluctuating radiant energy
from the sample is focused onto an infrared Potassium Bromide (KBr) detector. The resulting electrical
signal is then amplified and converted into an infrared reflectance. The effective measurement range of the
DBI100 is from 4-40 microns and consequently covers approximately 94 % of the energy emitted by a black
body at room temperature. The 6% of the spectrum at room temperature not measured by the DB100 is
mostly at wavelengths longer than 40 microns.

g

Figure 3.2-1. Gier-Dunkel DB100

The advantage to the DB100 is that the measurement is fast (just a few seconds) and therefore cheap to
perform. The primary disadvantage to using a device like the DB10O0 is that it gives only a total
measurement over the given wavelength range and will be accurate over that wavelength range provided
two important caveats are met. First, for this measurement to be valid the reflectance of the sample must be
grey, which is to say that the reflectance does not vary over the wavelength range. Second, the reflectance
must be Lambertian (reflectance does not vary with angle of incidence). If the reflectivity of the sample
varies with wavelength in the infrared, then the sensitivity of the detector as a function of wavelength will
play a role in the measurement (the graph below shows typical sensitivity curves for various infrared
detectors) (reference 9) and the resulting measured infrared reflectance may not be accurate.
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Figure 3.2-2. Spectral Response Characteristics of Various Infrared Detectors (reference 9)

The KBr detector is one that is commonly used in devices like the DB-100 and as can be seen the
sensitivity peaks just prior to 400 cm™ and has a near linear response in the NIR and the MIR range.

If the reflectance of the sample is non-Lambertian, then the fact that the DB100 measures the reflectance
normally and not as a function of angle of incidence will cause the measured infrared reflectance value to
be inaccurate. It should be pointed out however, that assuming the sample to be Lambertian and gray over
the 4-40 wavelength range for many samples is not a bad approximation.

The AzTek Temp 2000 has a measurement range of 3-35 microns and can measure normal and
hemispherical emittance, both being measured from a normal angle of incidence. The caveats that govern
the use of the DB100 also govern the Temp 2000, namely that the sample measured must be gray and
Lambertian, any deviation from these requirements will result in a decrease in the accuracy of the
measurement.

Figure 3.2-2. AzTek TEMP-2000
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3.2.2 Emittance Calculated from Infrared Reflectance Measurements

Another method for determining the hemispherical emittance of thermal control coatings is to calculate it
directly from the reflectance vs wavelength curve of the coating. To do this, the total hemispherical
reflectance as a function of wavelength and angle of incidence of the sample must be known over a
substantial portion of the wavelength range of emission at the planned operating temperature of the coating.
If one has access to this information for a particular sample, then the total hemispherical emittance can be
calculated from the reflectance curve by the following set of equations:

73 P
[ [[o@.0n—>" —araqe
000 AS(eATk_l)
‘gz(e’@A):l_ - (40
'([ (e /Tk _1)
7
) =2 [ £,(6,¢.M)sin(6) cos(6)d8 @1

Where p is the reflectance as a function of angle of incidence (8), circumferential angle (¢p), and
wavelength (y). The constants, h, ¢, k and T are Planck’s constant, the speed of light, the Stefan-Boltzman
constant and the temperature in °K. If a room temperature emittance is calculated and 95% coverage of the
spectrum is desired, then it is necessary to have or have measured the reflectance of the desired sample
from 4 to 40 microns.

If it is known or assumed as a good approximation that the reflectance is invariant in @and 6, (that is to say
Lambertian) then the above equation simplifies to:
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Unfortunately, the reflectance data needed to use with this equation is seldom known over a sufficiently
wide wavelength range or as a function of angle of incidence to make this method useful over a
temperature range other than room temperature. For instance, to cover 95% of the emitted energy at 290 °K
the reflectance would have to be measured from 1 to 50 microns. At 80°K it would be necessary to
measure the reflectance to 150 microns and for a sample at 30° K it would be necessary to measure the
reflectance to approximately 400 microns. Using reflectance data only out to 50 microns for a sample at
80° K would result in only 48% of the energy spectrum covered by the calculation!

It must also be remembered that this method deals with the surface reflectivity of the coating an