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PREFACE

This report covers the first quarter of the
contract's second phase, the construction and test
of a dual patch multi-element radiant cooler. A
study of the inner cone surface properties showed
that: (a) directional reflectivity produces only a
relatively small increase in effective emissivity
and (b) reduciion of non-specular reflectivity 1o
an acceptably low value requires optical finishing
of the cone walls. The anti--frost design of the
radiant cooler was considered in detail; the anti-
frost enclosures were replaced by cold traps and
baffles. Experimental studies were started on the
thermal properties of multilayer insulation and
inner con¢ surfaces as they apply to radiant coolers.
Preliminary results indicated an upper limit to
effective cone wall emissivity of 0.048, which is
below the nominal design value (see design study
report of July 1970). Heaters were designed for
initial outgassing and for simulation of cooler
thermal loads, The detailed mechanical design

of the dual patch cooler was completed; the assembly

drawings are included in the report.
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1.0 INTRODUCTION

The construction and test phase of the program was begun on 17 September 1970,
following the approval of the design study report (Design of a Dual Patch Multi-Element:
Radiant Cooler, July 1970). The properties of the inner cone surface were investigated
both theoretically (Section 2.0) and experimentally (Section 4.2). The theoretical study
showed that non~specular reflectivity influences thermal serformance more than direc-
tional reflectivity (i.e., variation with incidence angle). The study also revealed the
need for an optical finish on the inner cone surface (Section 2.2 and Appendix). The
experimental measurements indicated that we can achieve an effective specular cone
wall emissivity less than the design value of 0. 05.

The anti-frost enclosures described in Section 6.3 of the design study report
were replaced by cold traps and baffles (Section 3.0). Paths were provided for out-
gassing the insulation blanket below the patches. The ports needed for optical coupling
to the cooler were designed and sealed with windows to separate the cooler into two
compartments, This was done to prevent the interchange of outgassing products and
contaminants. The heaters needed for initial cooler outgassing were designed (Section
5.0) together with those required during cooler operation. In addition, an experimental
study was begun on the properties of multilayer insulation (Section 4.1).

The detailed mechanical design (IIIA in the design study report) of the radiant
cooler was completed. A set of assembly and parts drawings was prepared and the
construction of parts nearly completed.



2.0 CONE SURFACE PROPERTIES

Obtaining a low radiative coupling between the cone walls and patch has been a
continuing problem in radiant coolers. Based on specular reflection at the walls, the
apparent or effective cone surface emissivity has consiste fly exceeded the hemispheri-
cal emissivity. Analysis of the HRIR single-stage cooler'”’ (see list of references in
Section 2. 3) showed that the apparent surface emissivity of the cone walls was in the
range from 0,062 to 0,086, considerably above the hemispherical emissivity of a gold-
coated surface (0.02 to 0.05). The cone wall surfaces of the two-stage radiant cooler
showed an effective emissivity of 0,07 when the hemispherical emissivity was 0. 05(2),
This seemed to be largely the result of waves and wrinkles in the aluminized mylar
used as a cone wall reflector.

The design and analysis of radiant coolers after completion of the work described
in Reference 2 has therefore been based on an apparent specular emissivity of 0.05 to
0.07. We felt that a maximum value equal to that of wavy aluminized mylar surface
should be easy to achieve, Alas, such was not the case. The most recent and best
documented example is the single-stage cooler designed for the ITOS radiometer. A
careful and accurate analysis was made using the specular reflection model and an
apparent cone wall emissivity of 0.07. Experimental results, however, indicated an
apparent emissivity about twice this value 3), on top of that, the measured hemispheri-
cal emissivity of a reflector prepared according to the procedure used in this cooler had
the satisfyingly low value of 0.017 x 0,0015¥),

The large relative increase in the apparent cone surface emissivity may be the
result of:

a. The increase in emissivity of a metallic reflector with an increase
in emission angle relative to the surface normal.

b. A diffuse, or in general non-specular, component of reflection.
c. Surface cavities which introduce additional cone wall reflections.

A study of the first effect has shown that it produces only relatively small in-
creases in the apparent emissivity (Section 2.1). Samples of epoxy-coated aluminum
with significant surface cavities have been produced(' ). The surface looked irregular
to the eye. Its emissivity was about four times that of a sample spray-coated with
polyurethane varnish (ITOS procedure) and a strong function of the emission angles
covered. For example, the emissivity over an entire hemisphere was 0.07, but it
decreased to 0.032 when the emission was restricted to angles less than 72° from the
surface normal. On the other hand, when the surface irregularities have small slopes,
the cavity effect is small or entirely absent. In particular, such cavities were not
present in the spray-coated surfaces.



The cause for the large imcrease in the specular emissiv t, of « ohe was:
surfaces as seen from the patch in a radiant cooler therefore seems 10 he a non-
specular component of reflection at the surfaces. Inthe jimting (wors!) case :f a
sma.il fracrtion 6of the reflection is dl{g;;se and the hemispherical em:ss v ' '8 ¢ the
apparent specular emissivity is € + 6 . Thus for ¢ = 0,02 and 6= 0.02 2% diltuse
reflection), the apparent emissivity is 0,04 or twice the hemispherica! value. The
iimiting case occurs for concentiric or coaxial geometries, The radiar’ve exchange
is then a minimum for specular reflection at the outer surface and a maximum for
diffuse refiection @),

The nature of the reflection at a surface 18 a verv sens.ive function of s
roughness (Section 2.2). For example, a root-mean-square roughress (the rms dev,q
tion of the surface from a plane representng the mean height) of onlv 0,008 of the wave-
length of the incident radiation produces a fract onal non-specular reffe: *.on compe.ae
of 0,01 or 1%. The use of optically polished cone surfaces 18 therefore indi. aved ever
for use at the wavelengths associated with cone wall emrssion.

The theor; and exper:ments of Bennett and Porteus (Section 2.2), provide an
explanation of pasi. results with cone wall surfaces. A metaii;c {7im »vaporated ono
a rough sut face wiii, for the most part, replicate the roughness of *he surfare. The
roughness of a rolled, cold drawn, or machined su riace(?) wiis prodice a large com-
ponent of non-specular reflection at the wavelengths of inferest. Cout ng the surfre
with an epoxy or plastic will reduce the roughness and therefore the non-spec ;la~
component. At the same time, the apparent specular emissivit. as seen from *he patch
wiil decrease. However, the epoxy or plastic surface is stiil rough compared 1o an
optically polished surface. Also, an additional non-specular reflection «ompoient is
introduced by scaitering off bubbles, dust, and oiher included matier. Finall., the
irregulasities of the slope must be kept small to prevent the introduc=icn of surface
cavities. All these factors indicate that ihe entire epox: coaiing process would teud to
be nou-reproducible.

The details of surface roughness as studied by Benner’ and Pore:s are desc ~“hed
in Section 2.2 and are used to make an estimate of the opti :al {inish required for the cone
walls of a radiant cooler. A specificalion on the cone walls for the muiti ~elemen® rad:unt
cooler is given in the Appendix.

2.1 Direciional Emissivity of a Metallic Reflector

The emissivity of an optically smooth metallic reflector as a function of angle 6
from the surface normal may be derived from Fresnel's equations for the relect'on of
electromagnetic waves. The results for unpolarized radiation are (8)

2 2 2
a“ + b® + gin® 6

=1 . ‘
€ (6) =1/2 €, (9) l cos2 @ ¢ (a2+l;§_+2asin 9 tun 0 + sin2 tan2 ¢ ]
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4a cos 0 —
aZ + b2 + 2a coB 0 + coB2 6

where 4.1 (8) =

, 1/2
a2+b2 = [@2-Kk2-sin2 02+ 4n? k2]

2a = A2 x [a2+b%+n?-k2-sin?g) 1/2

n = refractive index

k = extinction coefficient

If € (0) is represented as function of sin? ¢ using linear coordinates, the area

under the resultant curve is equal to the hemispherical emlsslvity‘-‘q) . And, in general,
the emissivity over a partial hemisphere from 8in2 9=ctosin?2 4=1is given by

1-c¢

1 1
€ A6 ==-----—--g € (x) * dx,

C
where x = sln2 0.

The values of n and k for good conductors in the infrared wavelength ra%on may
be calculated from the Drude-Zener theory(lo). Bennett, Silver, and Ashley show

that agreement between their theory and experimental measurements in the case of
evaporated aluminum requires that the film be prepared under ultra-high vacuum condi-

tions (10"8 to 10~ Torr). The mathematical expressions used by Bennett, et. al., are

2

2 2 - 1 “p
= -
*72‘

2
nk = -—-—1—-— ob
e
Y

where w is the angular frequency andy the relaxation time. The plasma frequency wp

is given by
47 Nett e2 1/2
wp = m

where for a metal Nggr is the "effective' free-electron density, e the electronic charge,
and m the free electron mass,

n

The relaxation time is the interval between collisions of an electron with the
lattice and is given by

mog

U

where og is the bulk d-c conductivity.
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The normal reflectivity for metals in the infrared is given by(u)

R=1- Qu/r 00)1/2 < @ w272)1/2 -~c.;ry]1/2

where o0 is in electrostatic units. At very long wavelengths (wy «l1), this becomes
the Hagen-Rubens relation

R = 1- @Qu/rogt/?

This equation predicts that the emissivit, I8 Inversely proportional to the square
root of the wavelength, in sharp disagreement with experimental data on metals in the
infrared. In fact, the original measurements by Hagen and Rubens showed agreement.
only at 25,5 m for heated samples(lz).

Experimental measurements *1* 13) ghow that the emissivity of metallic reflec-
tors varies only slowly with wavelength in the infrared region, a fact noted hy S« o+ (14),
Unfortunately, some theoretical studies of the radiative transfer between .n/-emissivi,.
specular surfaces at and below room temperature have been based on the il.gen-Rubens
relation (e.g., )e

For aluminum, the d~c bulk conduct/vity ig8 3.178 x 1017 esu and the number of
effective free electronic/atom, 2.6. The number of atoms in a cubic centimeter of Al
(at 20°C) is ‘

23 __atoms , _2.70 _gm-moles .g,020 x10%%
gm-moles 26.98 cm

6.026 x 10

so that

2

Neft = 1.568 x 1025 electrons/cm3

The corresponding relaxation time is

~15
vy = 8.002 x 10 sec

28

for m = 9.108x10 °  gmsand e = 4,803 x 10710 esu, and the plasma frequency

16

wp = 2.230 x 10" radians/sec.

As previously noted, the infrared emissivity of a metallic film is a weak func~
tion of wavelength. We may therefore select a representative wavelength, say 20um,
for the emission from a surface in the temperature range typical of cone walls in a
radiant cooler. For aluminum at 20 u m, we obtain

n = 81.9

k

il

164



The penetration of the reflected electromagnetic wave into the metallic film Is
measured by its optical skin depth

5 = A
27k

or the distance in which the amplitude of the electric vector dvrops to 1/e of its initial
value (and the intensity of the reflected wave to l/ez). ForA = 20um and k = 164,
618 0.01944m or 7,64 x 1077 inch.

The directional emissivity ¢ (6) of UHF aluminum was determined for angles ()
from 0° to 90° using the calculated values of n and k at a wavelength of 20um (81,9
and 164, respectively). The results are listed in Table 2-1 in terms of x = sin? 9.

The partial hemispherical emissivity € (A 4)over the range fromx=ctox=1
was calculated using a summation approximation to the integral. The results are given
in Table 2-2 for the range from c = 0 to ¢ = 0,50 or 6 = 0° to 6 = 45°, The value for
¢ = 0 is the emissivity over an entire hemisphere or simply the hemispherical emissivity.
It has a value 1.33 times that of the normal emisslvity (¢ (9) at 6 = 0°), the theoretical
limiting ratio for a high conductivity metal (16), The partial hemispherical emissivity
over the angular range from 45° to 90° is 23.6% larger than the hemispherical emissivity.

2.2 Relation Between Surface Roughness and Specular Reflectance

Davles(”) developed an expression relating specular reflectance and rms rough-
ness by means of a statistical treatment of reflection of electro-magnetic waves from a
rough surface. The theox‘?{ was extended to the optical region (visible and infrared) by
Bennett and Porteus(18-20), Tpe subject i8 also covered in a book by Beckman and
Spizzichlno(zl). When multiple reflections (cavity effects) are negligible, the principal
effect of surface roughness is to convert part of the specular reflectance into non-specular
while maintaining the total reflectance equal to that of a perfectly smooth surface of the
same material.

For a root mean square deviation o' of the surface from its mean surface limit
and a wavelength A, the specular reflectance at normal incidence is ;given by

Rg = Ryexp[- (470 /N2

where Ry is the (specular) reflectance when the surface is perfectly smooth. This
relation holds for all values of o /A when the surface height distribution is Gaussian(?1),
Experimentally, it has been shown (19) that ground glass (including Pyrex and fused
quartz) has a Gaussian height distribution except for the most finely ground surfaces.
And even the most finely ground are approximately Gaussian at small values of o /A.

The required values of o/A are given in Table 2-3 for specified values of relative
specular reflectance Rg/R,, at normal incidence.
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€ (x)

0.009701
0.009702
0.009703
0.009706
0.009710
0.009715
0.009721
0.009729
0.009738
0.009748
0.009761
0.009775
0.009792
0.009810
0.009831
0.009854
0.009880
0.009908
0,009940
0.009976
0.010015
0.010058
0.010106
0.010158
0.010217
0.010281
0.010352
0.010430
0.010517
0.010614
0.010721
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0.9999
0.99995
0.99996
0.99997
0.99998
0.99999
0.999999
1

Table 2-1 Directional Emissivity of UHV Aluminum

€ (%)

0.010841
0.020974
0.011124
0.011292
0.011483
0.011700
0.011948
0.012233
0.012565
0.012956
0.013421
0.013984
0.014678
0.015559
0.016715
0.018313
0.020695
0.024750
0.033961
0.046836
0.130358
0.273129
0.301789
0.306524
0.308839
0.304665
0.279402
0.136803
0



Table 2-2 Partial Hemispherical Emissivity of UHV Aluminum
c € (Ax) c € (A x)
0 0.012941 0.26 0.014068

0.02 0,013008 0.28 0.014186

0.04 0,013076 0.30 0.014310

0.06 0.013148 0.32 0.014441

0.08 0.013223 0.34 0.014578

0.10 0.013301 0.36 0.014724

0.12 0.013382 0.38 0.014877

0.14 0.013467 0.40 0.015040

0.16 0.013556 0.42 0.015212

0.18 0.013649 0.44 0.015396

0.20 0.013747 0.46 0.015590

0,22 0.013848 0.48 0.015796

0.24 0.013955 0.50 0.016020

Table 2-3 Surface Quality Required For Specified Specularity

R,/R, o/A

.99 0.00798
0.98 0.01131
0.97 0.01389
0.96 0.01608
0.95 0.01802
0,94 0.01979
0.93 0.02144
0.92 0.02298
0.91 0.02444
0.90 0.02583
0.80 0.03759
0.70 0.04753
0.60 0.05688
0.50 0.06625
0.40 0.07617
0.30 0.08732
0.20 0.10095
0.10 0,12075
0,05 0,13773
0.02 0.15739
0.01 0.17077
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At non-normal incidence to a first approximation, o is replaced by o+ cos 8
where 0 is the incidence angle with respect to the surface normal (3).

The non-specular reflectance pattern s not diffuse in the sense that the radiance
is independent of 6. For normal incidence, the fract’on of non-specular (called inco-
herent in{2 0)) radiation that is scattered into an anglie between 6 and 0 + d@ is given by

Yq(0) = Ry 27+ (@/M)2+ @M%+ (1 +cos 6%« sineg
x exp [ -(ra sin 6/0)2]

where a is the autocovariance length or correlat’on distance, If m is the root mean
square slope of profile of the surface, it can be shown thut ( 1 Appendix)

4 = ‘\/Ta/m

For small values of 0/A, the exponential in the equation foryy(6) * d 6 is unity, and
the angular dependence is given by (1 + cos 0) « g8in 8. The normalized values of this
function are plotted in Figure 2-1 together with those for a diffuse reflector (sin 6
cos 0). The difference between the curves is not large. The solid dots show the
normalized values ofy 4 (6) + d 6 for 0/A = 0.1 (Rg/R, ~0.2) and m = 1. Inrreused
surface roughness increases the relative non-specular reflectance at small angles to
the surface nar mal (for normal incidence).

The adverse effect on a radiant coolar of even a small amount of diffuse reflec-
tion was discussed earlier. This effect apparently extends to other geometr’..5. For
example, Feldmanis(?3) found that it was not necessary to consider specularly reflecting
surfaces or to use a complex formulation in the thermal analysis of a space vehicle, but
that experimental measurements agreed best with a simple diffuse model. The same
held for the plane-parallel and perpendicular plate geometries studied by Viskanta, et.
al. ?2), Even for Rg/Rg in the range from 0.75 to 0. 38, the measured distribution of
radiant incidence across the surfaces agreed best with the simple diffuse model. One
of the samples studied had a surface of smooth electroplated gold with o/A = 0. 007,
which should be highly specular (R,:,,/Ro ~0,99). The measurements wer«< compared
only with the simple diffuse and non-~directional specular models; they agreed better
with the diffuse. No explanation was offered for this, but Figure 15 of the report indi-
cates that a directional specular model (i.e., including the emissivity as a function of
6) would account for most of the difference between the simple specular model and the
experimental data. Unfortunately, directional specular calculations were not made for
the smooth gold sample.
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In oxrder to obtain the desired vaiue of Rs/ R, *he surfave roughness mus. he
related to the surface optlical deviations., If a Gauss:an he'ght d st t'has'os o184 ‘e e
irregularities is assumed, o is related 10 the max mum (peak-to-pedk) surla ¢
irregulaxity opy, by(24)

¢ = DD __

2 ‘\J 2

The measurement of Opp by means of muit.ple beam {ringes of equal chrom.»" or ler
is described by Dietz and Bennett 4).

Now the cone radiates as an approxim.'e', gre. body with a represesa’ ve
wavelength of 20 pm. The fraction p of grevbod ratiaion bevond 20um s g ven .n
Table 2-4 for the usual range of cone wali temperatures To

Table 2-4 Fraction of Cone Wal. Radiat’un Bevond 20 um

Tc (K) p (A 20 pm)
200 0.518
190 0.555
180 0.595
170 0.637
160 0.681
150 0.725

We will use values of o/A 4 A = 20um as the measuring point for cone w.ll
roughness. Since surface deviations are usualiy measared in the visible using so:¥ium
light at a wavelength Ayjg of 0.5893 um, we need to know the corresponufag irreguia-i',

app/xvisi

g
-—m—— = 2 ° ,"2 ° g ° x - 96° 65 ~g—~u
Ayis A MAyis A

The visibly measured surface irregularity corresponding to a specified refeiar e
ratio Rg/Rg at 20 um is given in Table 2-5.

Table 2-5 Required Surface Irregulariiy in the Visible
For Specified Specular®; at 20pm

Rs/R, (20 pm) app/xvis (wavelength)
0.99 0.77
0.98 1.09
0.97 1.33
0.96 1.54

2-10



A surface polished to be flat will have an irregularity of about 1/5th to 1/10th its
deviation from flatness. Therefore, a surface having an irregularity of 0.77 wave-
length must be flat to within 3.85 to 7,7 wavelengths (7. to 15. 4 fringes),

Rather than specify the surface irregularity (which determines Rs/no)’ we
could specify the flatness as measured on the polishing biock. The sphericity (overall
surface curvature) introduced upon remlval from the polishing block is no problem and
should not change the irregularity. An on-the-block flatness of I wavelength (of visible
light) would then ensure an Rs/ R, value of greater than 0.99 at wavelengths of 20 um
and larger. In addition, it should be noted that a ratio 0.99 at 20 x m at normal
incidence results in the same ratio at 10 u m when radiation is incident at 60° from
the surface normal.
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3.0 ANTI-FROST DESIGN

The structure and operation of the radiant cooler must be desi_ned to minimize
the condensation of water vapor and other contaminants on optical components and
sensitive cooler surfaces. To begin with, the compartments within the cooler are
sealed from each other and from the instrument housing. For this purpose, windows
are placed on the optical ports connecting the housing with the cooler and the cone
enclosure with the patch enclosure (Section 3.3). Next, each cooler compartment (the
cone compartment between the housing and outer cone structure and the patch compart-
ment between the cone structure and patches) must be efficiently outgassed prior to
cooler operation. Thirdly, the optical ports must be protected against contamination
by residual internal outgassing products and by the ambient spacecraft atmosphere.
Finally, provision must be made for driving off contaminants accumulated on the optics
or on sensitive cooler surfaces.

To accomplish the initial outgassing, cooler operation is delayed by means of a
cover over the cone mouth (Section 6.2 of the design study report) and by heaters on the
cone walls and patches. If possible, the heaters should raise the cooler temperature to
above ambient. A 10% change in absolute temperature changes the outgassing rate by
about 10:1, according to Scialdone and Viehmann (Report of the Findings of the Radiation
Cooler Task Group, Appendix VI, Sept 11, 1970). Thus, a temperature of 55°C, or
about 10% above room temperature on an absolute scale, would be desirable, The patch
temperatures, of course, should not exceed the limit set by the detector elements (about
80°C for HgCdTe). The structure should also provide paths for outgassing to outslide
the instrument. Thus, the multilayer insulation in both compartments will be perforated
together with the outer mechanical structure of the cone and patch compartments. After
a certain time interval, the materials within the cooler compartments will reach their
steady-state or residual outgassing (weight loss) rates, Materials with low residual
rates should therefore be used and the surface area of the multilayer insulation kept as
small as possible consistent with the thermal insulation requirements,

With the cooler at its operating temperatures, both the internal residual out-
gassing and the ambient spacecraft atmosphere are sources of contaminants. The
cooler should then be designed to keep deposits off the optical ports on both the patches
and cone structure. A cold surface in the vicinity of the optical openings on the patches
can be used to trap moisture before it reaches the windows. These traps also serve to
divert the gas flow away from the patch opening during the initial outgassing period
prior to cooler operation. Baffles can be used to block the flow of residual insulation
outgassing products to the optical ports. The cold traps and baffles will be used in
place of the anti-frost enclosure (Section 6.3 of the design study report).

In support of this approach, tests performed on Contract NAS5-21112 (SCMR
for Nimbus E) have shown that a polyimide antifrost enclosure acts as a (conductive
and radiative) condenser to significantly increase the radiative input through the optical
opening from the cone (window) to the patch. The enhancement of radiative coupling
was observed during the testing of the enclosure and during the testing of a breadboard
model of the SCMR cooler. In the first case, a 220°C blackbody at a fixed distance was

3-1



viewed through a chopper by a cooled PbSe detector. Insertion of the enclosure
(including an infrared window) increased the detector signal from the blackbody. In
the second case, the insertion of two enclosures produced a thermal input sufficient to
increase a 100K SCMR cooler patch to 125K, This was true even when a thin section
was removed from each enclosure next to the cone in order to disconnect its conductive
paths, There were no spactral filters or germanium windows on the patch during these
tests, only black openings. Addition of the germanium should reduce the higher tem-
perature to 117K, still a very large increase. Apu:rently, the inside of the enclosure
would have to be blackened to eliminate the condenser effect. This would, of course,
increase the conductive radiative coupling through the enclosure.

Finally, the operation of the instrument may eventually be impaired either
thermally or optically by the accumulation of frost or other contaminants. Cooler
operation is then interrupted by closing the cone cover and reheating the cone and
patches to drive off the condensed material. A successful anti-frost design would be
one in which the time between such interruptions is large, say a significant fraction
of the instrument'’s orbital lifetime.

The initial and residual outgassing of the insulation below the patches are
studied in Section 3.1, The study indicates that patch contamination from this source
should not be a problem if the patch compartment is sealed from the rest of the instru-
ment and well outgassed prior to operation of the cooler. A literature review on the
subject of multilayer insulation is discussed in Section 3.4. The construction of the
patch cold traps and insulation baffles are covered in Section 3, 2,

A proper test of the anti-frost design of a radiant cooler can be carried out in
a space chamber with respect to the initial outgassing and the contamination produced
by residual internal outgassing. Procedures used during the test must be realistic in
the sense that they can also be followed in orbit. A proper test with respect to con-
tamination produced by the spacecraft atmosphere is considerably more difficult. It
would require the exposure of a cooler to the expected pressures and constituents
before and after initiation of cooler operation. During cooler operation, the correct
temperatures' would have to be maintained not only on the patches but also on the other
cooler parts without the presence of cold space targets and shrouds in the immediate
vicinity of the cooler.

Previous tests have shown that it is possible to design and operate a radiant
cooler so that water vapor or other contaminants from the vicinity of the patch do not
impair its operation. For example, extensive testing of radiant coolers for the ITOS-
VHRR (patch temperatures of 85 to 100K; Contract NAS5-10491) has never revealed
any evidence of ice on the detector optics sufficient to degrade the sensitivity of the
instrument. In this design, the detector is in a second-stage patch that is surrounded
by a first-stage patch. The first-stage may then act as a simple cold trap for the
second-stage. Moreover, the detector package is relatively distant from the major
paths for gas leaving the space between the patch assembly and cone. structure.



In addition, the cone is sealed (by the spectral filter) from the rest of the instrument,
so that outside outgassing products cannot pass by the cold patches, The chamber
pressure is Initially reduced to about 2 x 106 Torr (it is probably higher in the insula-
tion blankets) and the cryopanels turned on, The final chamber pressure is typically

5 x 10~7 Torr. The oporation should be improved further by heating the cooler parts
(patches and cones) during pumpdown.

3.1 Outgassing of Patch Insulation

The volume below the patches in the multi-element radiant cooler is sealed from
the rest of the cooler. As a result, instrument outgassing products that can condense
on the patches must come from this volume. The source of outgassing is the multilayer
insulation between the patch and the cone structure. If the insulation is allowed to out-
gas at room temperature for a sufficient length of time prior to cooler operation, the
residual outgassing rate will be so small that it will not degrade sensitivity for a long
time. For example, we may begin with the data given by Scialdone and Viehmann for
an as-received stack of insulation (Figure 3 to Apprendix VI of the LaGow Committee
Report). If this stack is pumped for 1000 mins (16. 7 hrs) and if the outgassing rate
remains constant beyond that time, it is shown below that a 10% reduction in signal
requires 170 to 230 days, depending on the wivelength., This result assumes that the
outgassing product is water that is uniformly deposited as ice on the rear surfaces of
the patches. If the stack is pumped for 2000 mins (33. 3 hrs) or purged with helium at
100°C and pumped for 1000 mins. the time required for a 10% signal decrease is in-
creased by a factor of 10. Moreover, the reduction in temperature of the insulation
during cooler operation should greatly reduce the residual outgassing rate.

If G is the outgassing rate in torr-llters em™2 gec™! of equivalent air, the out-
gassing rate for water in gm cm~2 s 1is (Scialdone and Viehmann, op. cit.).

-3 X 18/29 = 1.1 x 1073 G

G x 1.7Tx 10
There are about 30 layers (15 pairs) of multilayer in the mam stack between the
patches and cone structure. Each layer has an area of about 100 ln gcludlng the end
pleces. Counting both sides of the layers, this is a total of 6 x 103 in®, There is an
additional small stack with a total (both sides) area of about 200 in? around the second
patch. The total insulation surface area is then 6.3 x 103 in? or 4.0 x 104 cm2. The
total outgassing rate is then 44G grams of water per second.

We will assume that all of the outgassed water is deposited as ice or frost
uniformly on the rear surfaces of the patches. The rear surfaces have an area of
about 16.6 in2 or 107 cm2 (p. 4-2 of the design study report). Assuming a denslty of
1gmcm -3 , the loe thickness then increases at the rate of 3.6 x 103 G cm day-1

3-3



For lack of data on the attenuation of infrared radiation by ice, we will use the
values of liquid water (W. L, Wolfe in Handbook of Military Infrared Technology, Office
of Naval Research, 1965, p. 363). The maximum extinction coefficic>*t in the 1to 3
¢t m band (where an InAs detector would be used) is 0,0680 at 3,00 m, and the maxi-
mum in the 8 to 12.5u m band (where a HgCdTe detector would be used) is 0.2438 at
12,5pm, The transmission through a water thickness 6 is given by

T = exp(-ad = exp (-4mnkd/A)
where o = absorption coefficient
n = refractive index
k =  extinction coefficient
A =  wavelength of radiation
Thus, for T = 0,90, we have
§(3um) = 2.43x 100 cm
5(12.5um) = 3.34 x 1075 cm
The refractive index of water is 1,446 at 3.00um and 1.219 at 12.5um,
For 1000 minutes of pumping on as-received insulation at 24°C, G is about
4 x 10~11 torr-liter cm~2 + gec™? (Figure 4 of Scialdone and Viehmann). The ice
thickness growth rate is then 1.44 x 10"7 em per day. The times required to attenuate
the signals by 10% are then
t Bum) = 169 days

t (12.5pm) = 232 days

If the insulation is pumped for 2000 minutes or for 1000 minutes after a helium purge
at 100°C, G is reduced by a factor of 10 and t increased by the same factor,

After the cooler has reached its operating temperature, the insulation will be
considerably below room temperature. The reduction in temperature would be expected
to reduce the outgassing rate. Scialdone and Viehmann state that a rule of thumb is a
10% change in absolute temperature changes the outgassing rate by 10:1. If this rule
holds at temperatures down to the 90K to 170K range, there would be a large reduction
in the residual outgassing rate. For exaruple, the operating cone temperature of design
IIIA is about 170K or 40% less than room temperature on an absolute scale.



We may therefore conclude that patch contamination by instrument outgassing
should not be a problem if the volume between the patch and cone structure is sealed
from the rest of the instrument and well outgassed prior to operation of the cooler,

We hope to resolve the uncertainty about the attenuation coefficients by obtaining a copy
of the dissertation on ice crystals referenced in Figure 5 of Appendix II enclosure 2 to
the LeGow Report.

3.2 Anti-Frost Devices

The optical openings within the patch enclosure will be protected against frost
by the simple cold traps and baffles shown in Figure 3-1, The traps and baifles are
designed to divert flow away from the optical parts during initial and residual (steady-
state) outgassing, The cold traps are designed to capture contaminants from. both the
residual internal outgassing and the ambient spacecraft atmosphere.

The cold trap on the upper (120K) patch is metallic and does not contact the
insulation blanket. The cold trap on the lower (90K) patch is plastic and penctrates
the insulation. However, the insulation temperature at the end of the plastic is the
order of 120K or as cold as the upper patch. The inside of the metallic cold trap will
be painted black. The plastic cold trap and the plastic insulation baffles may be either
black or highly transmitting in the infrared. The black could be supplied by a paint or
by included carbon particles. A suitable material in either case appears to be high-
density polyethylene (see N, W. B. Stone and D. Williams, Appl. Opt. 5, 353, 1966 and
J. M. Blea, et. al., Jour. Opt. Soc. Am. 60, 603, 1970).

Outgassing of the patch enclosure will be aided by performations in both the
multilayer insulation and in the cone end that forms part of the patch enclosure.

3.3 Optical Port Design

The selection of windows for the optical ports on the cone and patches is dis~-
cussed in Appendix B to the design study report (July 1970). The cone windows are
used to essentially eliminate radiative coupling between the patch and warmer compo-
nents beyond the cone In the direction of the instrument housing. They also provide
mechanical seals for the volume between the patches and cone structure. The optical
ports are sealed to prevent outgassing of the instrument and remainder of the cooler
through the volume containing the patches.

The cone and patch windows will be the same for the optical ports to the 120K
(InAs) patch and the 90K (HgCdTe) patch. The window materials are Intran 2 and
germanium, respectively. A germanium window would probably not be used on the
120K patch in an actual instrument. The germanium does not transmit below about
2um. However, its thermal performance is comparable to that of a sapphire window,
so that it is satisfactory for thermal testing. In addition, the thermal input through the
optical opening i{s not critical to the performance of the 120K patch.
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Figure 3-1 Anti-Frost Device
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The Irtran 2 cone windows (Eastman Kodak Co.) are 1-inch in diameter and
2 mm thick, The germanium patch windows (Exoti¢ Materials Inc.) are 0.5 inch in
diameter and 1 mm thick. All windows have a commercial plate glass finish, 5 wave-
lengths per inch flatness, and 5 minutes of arc parallelism.

The clear aperture of each patch window will be 0.4 inch after mounting. The
divergence angle y from the optic axis at the patch window will be based on

tany = 1/2f = ¢D/2s

where f, = f-number of optics at the patch window

¢ =  instantaneous geometric field of view
D = diameter of entrance aperture
8 = side of a detector element sensitive area

For a typical instrument in the 120K channel,
# = 0.5x10™%

D

n

25.4 cm
8y = 1x 1072 cm
The resultant divergence is
tan 3 = 0.0635

To provide for mechanical clearances and tolerances, tan ¥, was set at 0.070.
In the 90K channel, we used the following values

¢ = 1.75x107
D = 25.4 cm
8p = 1.5x 1072 cm
In this case, tan J9 = 0.148, Mechanically, a value of 0.150 will be used. The

field-of-view ratio ¢o/¢; was set equal to the reciprocal uf the detector element ratio
(3.5), on the assumption that the channels have the same spatial coverage.
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3.4 Multilayer Insulation - A Review

We conducted a review of some readily available literature on the subject of
multilayer insulation. Some of the articles revealed that the problem of outgassing is
not a new one. R.,H. Kropschot (Multiple Layer Insulation for Cryogenic Applications,
Cryogenics, March 1961, p. 171) discusses the measurement of the effective thermal
conductivity of multilayer insulation without perforations or end effects. In his descrip-
tion of the experimental procedure, he states that

"During evacuation, the sample temperature was maintained at approxi-
mately 100°C for about 3 days to help drive the residual moisture from
the sample. "

J.W. Price (Measuring the Gas Pressure Within a High Performance Insulation
Blanket, In Advances in Cryogenic Engineering, Vol. 13, Ed. by K. D. Timmerhaus,
Plenum Press, 1968, p. 662) studied the effect of perforations on the performance of
multilayer. We tested layers with 1/8 inch diameter holes on 1 inch centers in both
directions (1.2% areal perforation). The holes were not aligned between layers. He
states that

"The (approximately) 1% ratio was chosen because analyses showed that
this ratio is effective in increasing the evacuation rate and does not
materially degrade the thermal efficiency of the insulation. "

This was verified by his experiments. He also concludes that the insulation should be
preconditioned by means of a vacuum pumpdown, dry gas purge, or both. Finally, he
states that there is a problem with insulation evacuation and much of .it i8 a result of
material outgassing.

G.C. Vliet and R. M. Coston (Thermal Energy Transport Parallel to the Lamina-
tions in Multilayer Insulation, ibid., p. 671) conclude that the lateral conductivity through
an insulation blanket depends on its temperature. They studied this effect in samples of
crinkled mylar aluminized on one side (NRC-2), The data indicates that radiation trans-
fer along the laminations can be significant and result in much higher parallel conductivity
values near room temperature than predicted from conduction through the aluminum film.
However, the lateral conductivity drops rapidly with temperature, and below about 100K
the "'size effect' of the aluminum film limits it to values less than that of the film. From
this, we may conclude that radiation transfer along the lamina is important in the insula-
tion of the cone from the instrument housing. When insulating the patches from the cone,
however, the temperatures are in the transition region and such radiation "tunneling is
largely gone.
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D, O. Murray (Degradation of Multilayer Insulation Systems by Penetrations,
ibid., p. 680) discusses techniques for decoupling supports from the insulation blanket.
An intermediary insulation (decoupler) is placed around the penetration, The optimum
for his setup consisted of a decoupler space on all sides equal to the diameter of the
support. Aluminized mylar radiation shields concentric with the support were placed
within a concentric wrapping of dexiglas. Unfortunately, the dexiglas or any similar
material is a good absorber of water and therefore undesirable, It may be possible to
substitute dimpled mylar or other plastic film, possibly with an aluminum coating.
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4.0 EXPERIMENTAL STUDIES

Experimental programs were begun for determining the thermal properties of
multilayer insulation and low-emissivity, specular surfaces as they apply to radiant
coolers. These programs were also used to develop and evaluate techniques for the
application of multilayer insulation and the fabrication and processing of cone walls.

4.1 Multilayer Insulation

The insulation value of the multilayer may be expressed as a shielding factor s;
or an equivalent thermal conductivity ki. The shielding factor is the reciprocal of the
effective emissivity or radiative coupling coefficient. The two parameters are related
by

(1/8)(Ty* = Teh) = (ky/t)(Tp -To)
where T, = Temperature of warm boundary

Te

L}

Temperature of cool boundary
t; =  Thickness of layer

The multilayer experiments were directed toward obtaining techniques and parameters
applicable to insulation of the space between the housing and outer cone walls.

The thermal balance equation of the high-emissivity radiating plate in the first
insulation test fixture (Figure 4-1) is

4
€, OAp (Tp" -Toh) = Ko (Tp -T)) HoAy/8; )«(Tp* ~Tph)
where € = effective emissivity between plate and liquid nitrogen target

top radiating area of plate

-c>
"

Tp = temperature of plate

T = temperature of liquid nitrogen target

Tb =  base temperature

K, = thermal conductance between plate and base

8; = shielding factor of multilayer insulation
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Figure 4—1 | Multijayer Insulation Test'Apparatus



The plate is supported from the base by two fiberglass-reinforced epoxy tubes of 1/4
inch OD, 1/8 inch ID, and 1 inch length. The thermal conductivity of the material is
about 3.5 x 103 W/cmO C. Including the effect of the nylon screws used for mounting,
the supports have a thermal conductance of about 6.94 x 10~4¢ W/K. The thermocouple
leads between the plate and base consist of one chromel wire and one constantan wire,
each of 5 x 10”3 inch diameter and 1 inch length., These have thermal conductivities of
0.13 and 0,23 W/cm®C, respectively, and contribute a total conductance of 0.18 x 10~4
W/K. The value of K. 18 therefore approximately 7.12 x 10~4 W/K.

For e¢p = 0.84 (Section 4.2) and Ap = 40 inz, the thermal balance equation
then yields

1/8; = 0.84(Tp* ~To%/Ty? ~Ty4) -4. 867 x 105 (Ty, ~Tp/ Tyt -1,)

An initial series of three tests were run. In the first two, a 1 inch blanket of
multilayer was simply stacked below the plate, as shown in Figure 4-1. The blanket
consisted of alternate layers of smooth and dimpled aluminized mylar sheets. The open
ends of the blanket viewed a machined, but unanodized, aluminum surface. For the first
test, there were 17 smooth and 16 dimpled sheets. The final (equilibrium temperatures
were

94 K

-
o
I

Tp = 151K

Ty, = 298K (regulated)
and the resultant shielding factor

8 = 28

For the second test, the number of insulation sheets was increased by about 50%.
However, this increased the shielding factor by less than 1%.

For the third test, the side walls seen by the open ends of the insulation blanket
were covered by a smooth layer of insulation followed by a dimpled layer and a second
smooth layer. The final temperatures were

T, = 94K
T, = 134K
T, = 298K

and the resultant shielding factor
Si = 60
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The nature of the surface seen by the open ends of the insulation blanke* there-
fore has a very large influence or. the effectiveness of the multilayer. The ends
apparently act as a black receiver whose radiative input is efficiently conducted down
the aluminum film on the insulation sheets. (See Figure 3.4.) Because of the impor -
tance of the open ends, the test fixture was modified to more accurately represent an
actual cooler cone. The ratio of blanket end area to insulated zone wall area is about
0.65 in the initial insulation test fixture. On the other hand, the ratio in a typical
cooler is only 0.25. The insulated area was therefore increased by attaching a box to
the underside of the plate. (Figure 4-2.) This modification has the addifional advantage
of reducing the influence of thermal conductance through the support tubes and thermo-
couple wires,

A series of tests were run with the modified multilayer insulation test fixture.
The thermal balance equation of the high-emissivity plate in the new arrangement
(Figure 4-2) is

4 4, . 4
ep 0Ap (Tp* ~To*) = K¢ (Tp -Tp) +(0Ay/8))(Tp,* -Tp%)
where ¢ = effective emissivity between plate and cold space = 0.89

A =  top radiating area of plate = 40 in?

Tp = temperature of plate

T, = temperature of cold space target

Tp, = base temperature

K, = thermal conductance between plate and base = 3.34 x 1074 W/K
A; = insulated area at T, = 103 in?

8§ =  shielding factor of multilayer insulation

The flat plate faced a honeycomb cold target in this set of experiments. The emissivity
of the paint (and therefore also of the plate) is about 0.91 (Section 4.2). The length to
diameter ratio of the honeycomb cavities is sufficiently large that the limiting value of
hemispherical emissivity is attained (See E. M. Sparrow and R.D. Cess, Radiative Heat
Transfer, Brooks/Cole 1966, p. 165). The emissivity of a cavity may be estimated
from the results of Sparrow or calculated from the formula of Treuenfels (Jour. Opt.
Soc. Am. 53, 1162, 1963). The result is 0.977 for a paint emissivity of 0.91. About

8. 2% of the space target is flat and remainder cavities. Its average emissivity is there-
fore 0.972, and the effective emissivity between the plate and target is about 0. 89.
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The plate is supported from the base by two synthane tubes of 1/4 inch OD, 1/8 inch
ID, and 1.89 inch length. The thermal conductivity of the material is about 3,3 x 10~3
W/cm ¢+ K and the thermal conductance of the supports, 3,265 x 10~4 W/K. The
remainder of the conductance is produced by the thermocouple leads to the plate.

The tests run are listed in Table 4~1, For the first test, smooth sheets of
aluminized mylar were attached to the inside of the base and the outside of the box,
including the adjacent inside plate area. The results are given in Table 4-2, The
theoretical improvement for perfect radiation shields, when the number of shields is
increased from nj to ng, is n2 + 1/n3 + 1. This ratio and the actual improvement are
also shown in Table 4-2,

Table 4~1 Multilayer Insulation Tests in Modified Fixture
Pairs* of Insulation on

Test No, Base Box
1 0 0
2 0 2
3 0 4
4 2 4

* One pair is a smooth and a dimpled layer of mylar
aluminized on both sides.

Table 4-2 Results of Insulation Tests
Improvement
Test No. To Tp T 8 Actual  Ideal

1 27.8 164.4 298.7 30.1 - -
2 28.0 148.0 293.4 45.4 1.51 3

3 28.0 144.0 294.4 52.5 1.16 1.67
4 40.9 139.7 291.0 58.0 1.10 1.40

Following the fourth test, an additional 7 pairs were added to the base. This,
however, increased s; by only 1,18X (to 68.4) compared with an ideal of 2X. The open
ends of the blanket on the base viewed the lip (Figure 4:-2), which was covered with
low-emissivity tape. We had previously demonstrated that such an arrangement de-
grades insulation performance. As a result, the lip will be removed and the plate
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extended to within a small distance of the sides of the bhase. Except for one pair on the
base, the multilayer will then be attached to the box and underside of the plate. This
second modification more nearly duplicates the insulating of a cone in a typical radiant
cooler.

4.2 Preliminary Estimate of Effective Cone Wall Emissivity

Previous experimental measurements have shown that techniques and materials
used to prepare inner cone wall surfaces result in a low value (< 0.02) for the hemis-
pherical emigsivity (Final Report on Contract No. NAS5-11683, Part II, 8 April -

16 December 1969). These measurements, however, did not include any indication of
deviations from specular reflectivity at the surface. Such deviations Increase the
apparent specular surface emissivity (¢).

A cooler cone of simple geometry was therefore designed for the purpose of
obtaining a measure of the (effective) cone wall emissivity that includes the influence
of deviations from specular reflectivity. Although the values obtained will strictly
apply only to the exact cone geometry employed in the experiment, they will provide a
direct and meaningful comparison between various cone wall surfaces. Photographs
of one of the test cones are shown in Figures 4-3 and 4-4. Figure 4-3 shows the
insulation box and support enclosure mounted below the cone. The polished, hardcoated
aluminum inner surfaces are shown in Figure 4-4. The hardcoat is obtained by means
of an anodic oxidation process.

A second test cone was constructed of optically polished, electroless nickel
plated aluminum. The polished walls were covered with evaporated aluminum. This
surface has been advocated as an inner cone wall surface by several workers, including
those at A. D, Little, Inc. (F. Gabron, 'Design Study of Passive Detector Cooling
Techniques', Final Report on Contract NAS5-21009, August 29, 1969). The average
surface flatness of the nickel-plated walls was about 17 wavelengths of visible light,

The value of €, was about 0.048 for both vacuum aluminized hardcoated
aluminum and vacuum aluminized electroless nickel-plated aluminum. The results
must be considered preliminary estimates for at least two reasons:

a. The coupling between the rear of the patch and the cone structure
was large in comparison with the coupling between the cone walls
and the (black) front of the patch.

b. The space target had a relatively high reflectivity that produced

an undesirably large coupling between the walls and patch by way
of the target.
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Figure 4-3
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Figure 4-4 Polished, Hard Coated Aluminum Inner Surfaces of Cone
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In spite of (a), the values determined for ¢, were quite consistent among several
experiments run, especially for the hardcoated walls, This ig a direct result of the
apparentiy high accuracy (at least, repeatability) in the determination of both the
coupling to the back of the patch and the effective emissivity for the patch to space
target radiative interchange. Because of (b), the results must also be considered
upper limits on the value € ,. Repeating the test with a lower reflectivity space target
should reduce the value of ¢, determined by means of the thermal balance equations.

The space target surface is an array of pyramids (two sets of v-grooves cut at
right angles to each other). It may be considered an early (circa 1960) model in the
devel opment of satellite~borne radiometer technology. The array has little cavity
enhancements. Moreover, the pyramid points are difficult to paint. The target will
be replaced by a homeycomb cavity array attached directly to the liquid niirogen
reservoir by means of copper-filled epoxy.

The insulation below the patch is a simple stack of multilayer. It was designed
for good outgassing properties. However, it has a large ratio of open end area (effec~
tively black sides) to insulated area. This has previously been shown to be a poor
arrangement {rom the standpoint of thermal isolation (Section 4.1). We should do
betier with a simple closed spaced geometry of low-emissivity surfaces between the
rear of the patch and the cone structure and low-emissivity shields concentric with
the two patch supports. After the modifications to the target and patch insulation have
been completed, the cone tests will be repeated.

4.2.1 Test Results

The thermal balance equation of the patch in the test cone fixture is given by
(assumes specular cone wall reflection)

4 4 4 4
aepAp (Tp -—To ) = oe€p Ap €pc (Tc4 -To )
4 4
+(0A;/8))(T, ~Tp ) + K, (T =Tp) + ¢y (4-1)
where €p = effective emissivity for radiative exchange between patch

and space target

€pc = effective patch-to-cone emissivity

Ap = black radiating area of patch

A = rear and side area of patch insulated from the cone structure
Tp = patch temperature

T0 = space target temperature
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Te = cone temperature

shielding factor of insulation

<]
.
i

thermal conductance of supports and electrical leads

e

patch heater power

=

The effective cone-to-patch emissivity is related to the effective specular cone wall
emissivity by

where F,. is the view factor from the patch to the cone walls. The view factor can
be calculated exactly by means of view factor algebra. The necessary formulas are
given in Appendix VI to the Fourth Quarterly Report on Contract NAS5-10113
(15 April 1967). The result is

Fpom = 0.7173

For the set-up used

Ap

Aj

5.944 in2

L

6.822 in2
i 3.91x10°w. k1

A value of ¢ equal to 3.657 x 1011 W+ jn~2 - K™% was used in the calculations.

The temperature measurements for two tests on each of the cone wall assemblies
are given in Table 4-3.

Table 4-3 Test Cone Measurements

Test
No. Cone Substrate To Tp Te &,
1 Hardcoated 91.5 183.6 287.8 0
2 Hardcoated 92.3 197.9 288.5 0.08234
3 Nickelplated 91.4 187.4 293, 4 0
4 Nickelplated 91.9 202.5 293.7 0.09821

Temperatures in kelvins; heater power in watts.
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The temperatures are averages of from 4 to 7 readings taken over a period of
several hours after the system had reached thermal equilibrium. The temperature of
the test fixture was raised to at least 55°C and pumped for at least 20 hours prior to
cooling the space target with liquid nitrogen. Also, the test fixture was reheated to
well above the frost point for the ambient chamber pressure prior to heating the space
target back to room temperature. The cone structure (cone and box around the rear
of the patch) was connected to a temperature controlled baseplate. The temperature
was measured with a copper-constantan thermocouple and a Leeds and Northrup
temperature potentiometer (Cat. No. 8692). The patch and space target temperatures
were measured with differential chromel~constantan thermocouples to the cone. The
heater and differential thermocouple voltages were measured on a Doric Model DS-100
Integrating microvoltmeter. The heater current was measured on a Weston Model 902
milliammeter (0-15mA scale).

Next, the tests were repeated without a cone in order to determine the values of
€p and s; (equation 4-1 with €pc = 0). The patch was heated in all cases to stay close
to the temperatures encountered during the cone tests. The results of the measure-
ments and calculations are given in Table 4-4.

Table 4-4 Determination of €p and s;

Test
No. T, Tp T n €p 8§
5 94.5 208.5 289.0 0.17317\\\\
0.847 8,085
6 94, 35 192.7 289, 2 0.06221<:::
0.831 8.30
7 94, 2 186.1 289, 2 0.02422///

The following values were used to calculate €pc from equation 4-1 and the data
i-n Table 4—39

0.84

“p
5 = 8.19
If we assume both the patch and the space target have the same emissivity ¢, we obtain
For €p equal to 0.84, ¢ is then 0.91.

The valnes of €, and ¢, are given in Table 4-5. The value of Fpc is 0.2827.
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Table 4-5 Cone Wall Emissivities

Test No. €pe €o
1 1.31 x 1072 0.0463
2 1.33 x 1072 0. 0470
3 1.50 x 1072 0.053
4 1.25 x 1072 0.044

The reproducibility of the tests was considerably greater for the hardcoated sample.
The average value of €, for all four tests is about 0.048.

4,2.2 Effect of Non-Zero Space Target Reflectivity

In addition to decreasing the value of €,, a non-zero value of space target
reflectivity provides alternate paths by which cone wall emission can reach the patch.
An estimate of the fraction of cone wall emission that reaches the patch by way of the
space target is made below. A black patch is assumed and losses in the cone wall are
neglected. In addition, specular reflectivity at the cone walls is assumed.

The fraction of diffuse cone wall emission that reaches the space target directly
or by one specular cone wall reflection is

Feg + Foo (1-€g) = Fog *+ Fge = 1-Fgp

when cone wall losses are neglected (¢, «<1). The factor F,. is the view factor from

i to j. The letter ¢ refers to the cone walls, s to the space target (cone mouth), and

p to the patch, The fraction reaching the patch after one space target reflection is then
(1-Fep) ps Egp, wherepg is the diffuse reflectivity of the target and Egp the exchange
factor from the target (cone mouth) to the patch. The exchange factor Ejj is the frac-
tion of diffusely distributed flux from surface i that reaches surface j directly and by
all possible intervaning specular reflections (E. M. Sparrow and R.D. Cess, Radiation
Heat Transfer, Brooks/Cole, 1966, pp. 140-149). The total fraction of cone wall
emission that eventually reaches the patch by reflection in the space target is then

2
r = (1-Fep)og Egy [1+ (1-Egp)pg + (L-Egp) ng” +° * *]

(1 - Fcp) ps ESP

2]
i
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By the reciprocity relation, we have

We also have

For € much less than unity and Fyy, equal to zero. We then obtain

Esp = AP/AS

The fraction r may be compared with the fraction Fep of cone emission that
reaches the patch within the cooler (i.e., without reflection from the space target).

The result is A
. R v
= A
Fop Fep [L- (1-—;§—).-psl

For the test cone, we have

A - 1
A, 9

Then, for pg equal to 0.07, we obtain

= = 0,32
Cp
If pg is reduced to 0.02, this ratio is reduced to 0.088,

The design of the multielement radiant cooler is less sensitive than the test
cone to reflections from the space target. First, the cone to patch coupling within the
cooler is increased by smaller cone wall angles and multiple reflections. Secondly,
the patch to cone wall area ratio is considerably larger.
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5.0 COOLER TESTING

During the testing of the radiant cooler, heaters are required on the cone and
two patches for:

a. Initial outgassing prior to cooler operation (Section 3. 0)

b. Simulation of earth load on the cone and bias load on the
second (90K) patch.

c. Variation of cone and patch temperatures to study thermal
couplings within the cooler.

Heaters that meet the requirements of (a) and (b) will, in general, also meet those *
of (c).

The cone, patches,and baseplate (instrument housing) will be raised to 55°C
during the initial outgassing. At that time, the space target will be at room tempera-
ture. The cone end and patches will therefore be radiating to a blackbody at approxi-
mately 20°C. The cone heater power required is very nearly

& = Aqo (Tc4 "To4)
where Ay = cone end area = 25.7 in?
Te = cone temperature = 328 K
T, = space target temperature = 293 K

The result is
§1 = 3.95W

Reducing the baseplate temperature to 25°C has little effect on the heater power
needed to maintain the cone at 55°C, Specifically, it increases it by less than 0. 1W.

The earth radiation absorbed in the cone walls is given by (Section 3.0 of the
design study report and the monthly report for September 1970).

¢ = BAm (@meWyp + €neWe)
where A, = cone mouth area
Ome = cone mouth solar absorptivity
€me = cone mouth infrared absorptivity
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reflected sunlight exitance of earth = 1.41 x 1072w+ em™2
2

Wy
We = infrared exitance of earth = 2,1 x 10"2 W'+ em”

For a cone wall solar absorptivity of 0.22 (gold) and infrared absorptivity of 0.05, we
have (Section 5.0 of the design study report),

1,84 x 102

I

“me
-3
€me = 4.21 x 10
The cone mouth area is 36,55 in2, so that the above power becomes
¢, = 0,0820W
For a cone wall infrared absorptivity of 0.07, ¢, is increased to 0.0903 W.
A 1 inch x 5 inch area heater will be used on the cone. It has a nominal elec-
trical resistance of 1 x 103 ohms. The nominal voltages (V) needed for initial out-

gassing and for in-orbit simulation are given in Table 5-1.

Table 5-1 Cone Heater Power and Voltage Requirements

¢ (Watts) Ve (Volts)
3.95 62.8
0.0820 9.06
0.0903 9.50

Nominal heater resistance = 1 x 103 ohms

The maximum nominal cone heater current is about 63 mA. Such a current is
easlily carried in vacuum by a 5 x 10-3 inch diameter chromel wire.

The heater power needed on each patch during the initial outgassing is given by

o = Oh " T h
where Ap = black radiating area of patch = 6.40 in?
Tp = patch temperature = 328 K
T, = space target temperature = 293 K
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This assumes the cone Is also at 328 K (56°C)., The result is
¢ = 0.984W
The blas heat of the detector array on the 90K patch will be replaced t‘;;y dissipa~-
tlorbln the patch heater. This will require a thermal load from about 2 x 10" to 4 x
10™Y W. Each patch heater will be a 1 x 103 ohm, 2 W resistor. The voltages required
are given in Table 5-2,

Table 5-2 Patch Heater Power and Voltage Requirements

¢ (Watts) V,, (Volts)
0.984 31.4

0. 002 1.41
0.004 2. 00

Nominal heater resistance = 1 x 103 ohms,

1. 5-volt batteries will be used to provide bias heat. For the 1 x 103 ohm resis-
tance, a 1l.5-volt potential results in a dissipation of 2. 25 x 10"3 W, Two batterles in
series_gzlth a 470 ohm dropping resistor will give 4.2 x 10~3 W. Heater leads of
3 x 10 “ inch diameter chromel can be used in all cases.
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6.0 MECHANICAL DESIGN

The detalled mechanical design was completed during the first quarter of the
construction and test phase of the program. The design of the cooler assembly and
cone housing subassembly were updated and detailed, as chown in Figures 6-1 (Dwg.
8114038) and 6~-2 (Dwg. 8116242). Nearly all the parts have been fabricated. Still to
be completed are the reflective cone and shield walls and the plates for the cooler
aesembly housing. Fabrication should be complete by the first week of February.

The cone cover actuator has been revised, as shown in Figure 6-3, In the new
design, liquid lubrication was eliminated, the electric motor was replaced with a linear
solenoid using dry film lubrication, the previous bearings were replaced with no-lube
teflon urethane bearings, and the gears modified to alternately mesh aluminum with
self-lubricated fiber impregnated polyurethane.

A fixture for the patch vibration test was designed and fabricated, as shown in
Figure 6-4. The patch configuration is the same as that in the thermal test model.
The vibration test will be completed during January and will be sinusoidal, 5 to 2000 hz,
1 octave per minute, and 20 G's for all three axes.
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Figure 6-1 Radiant Cooler Assembly
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Figure 6-2 Cone Housinrg Assembly
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7.0 NEW TECHNOLOGY

No items which are considered new technology according to NASA form 1162
were developed during the first quarter of the second contract phase.
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8.0 PROGRAM FOR NEXT QUARTER

The present schedule calls for the delivery of the breadboard radiant cooler on *
April 16, 1971. Hence, construction will have to be completed during the next quarter
(17 December 1970 to 17 March 1971) and testing began. Prior to the start of testing,
the cold space target will be installed in the space chamber and the chamber and cooler
instrumented for temperature and (heater) power measurements. Sinusoidal vibration
tests will be performed on the dual patch assembly. And finally, the studies of insula-
tion and cone surfaces will be continued as time permits.
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APPENDIX

SPECIFICATION FOR COOLER

CONE WALL PROCESSING
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1.0 GENERAL ,

This specification covers the processing of cone wall sections to
i be optically finished for cone wall tests. The general process en- A
S visioned consists of 5 steps :
< ;
$ 5 1. Machining the wall pieces ;
£ 2 2. Rough polishing of reflective surface
] 3. Plating of electroless Nickel (Kanigen‘D or equivalent)
0 o 4. Optical polishing of reflective surface

5. Evaporative coating of reflective layer

The reflective surface is the inner cone wall when the pieces are
assembled. This is called out on each drawing.

The goal of this process is to produce an assembled cone that has#
an extremely low scatter polished surface with high reflectivity.
Extreme care will be exercised to protect the surface finish after
po1ishigg and reflective coating. Cone assembly will be done by
ITT-A/0D.

2.0 APPLICABLE DQCUMENTS

AS THE BASIS FOR THE

MANUFACTURE OR SALE OF APPARATUS WITHOUT PERMISSION."

2.1 MIL-1-45208A, "Inspection System Requirements".

2.2 GSFC Spec S-320 - ATS-2, "Environmental Test Specification
for Components and Experiments".

2.3 This specification.

3.0 REQUIREMENTS

3.1 Mechanicgal

3.1.1 Each cone assembly consists of 3 pieces. Each piece
is one wall of the cone. The material will be 6061 aluminum |
processed for stress relieving.

SENCEPT AS MAY BE OTHERWISE PROVIDED BY CONTRACT. THESE
DRAWINGS AND SPECIFICATIONS ARE THE PROPERTY OF ITT ABROCSPACK/
OPTICAL DIVISION.ARE ISSUED IN STRICT CONFIDENCE. AND SHALL NOT

BE RAEZPRODUCED. OR COPIEZD. OR USED

3.1.2 After the wall pieces are machined, the reflective
surface will be ground (optical rough poiished) to .0002"
TIR. The purpose of this step is to provide a flat surface
for electroless nickel application to eliminate chance of
polishing thru the Ni.

3.1.3 Each piece will be overcoated with a layer of electro-
less nickel (Kaniger® or equivalent) thick enough to preclude}
polishing thru to the substrate. Electroless Nickel will be
applied over the entire surface of each piece.

FPORT WAVYNE, INDIANA, U S.A.
INTEANATIONAL TELEPNONE AND TELISRAPE CORPORATION

g :é: ?ilgﬁo 8116057
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FOR THE

P A R

Optical

3.2.1 The reflective surface of each piece will then be
optically polished to provide an extremely low scatter
microfinish. The flatness of the polished side will be to
within 5 wavelengths of visible light (10 fringes) over
any 2 inch diameter area.

3.2.2 Edge roll off will be lTimited to within less than
1/16" of the edge.

3.2.3 A highly reflective durable coating of aluminimum
will be evaporated onto reflective surface of each piece.
No protective overcoat will be applied., The reflectivity
of the surface will be .90 or greater at 5500 R. The
reflectivity of one piece in each vacuum run will be
measured and supplied to ITT-A/0D. A witness plate pro-
cessed with each batch may be used for measurements apply-
ing to that batch.

3.2.4 There will be no scratches (including hairline
scratches), fingerprints, or other defects on the polished
surface when viewed with a 10X microscope. There will be
no more than 5 pits or digs on each polished surface.

4.0 DOCUMENTATION

COPIED. OR USED AS THE BASIS

g

The manufacturer shall provide documentation containing the re-
sults of all tests and inspections performed on each unit. Data re-
quired to comply with Section 3 shall also be provided.

5.0 PREPARATION FOR DELIVERY

REPRODUCED. OR
MANUFACTURE OR SALE OF APPARATUS WITHOUT PERMISSION.”

 OPTICAL DIVISION. ARE ISSUED IN STRICT CONFIDENCE, AND SHALL NOT

o

Shipping containers shall be entirely suitable to protect each
unit shipped during the handling, shipment and storage periods.
Packaging and shipment shall conform to "best commercial practices".

VENDOR ACCEPTANCE TEST DATA REPORT

DWG | CODE IDENT NO.

em Specification Specification Part
}m% Paragraph No. Measurement Measurement
]

§€§ 3.1.3 Electroless nickel not polished

ZE thru

0 s .

2g 3.2.1 © 10 fringes

e

z 3.2.2 = 1/8" on 3 sides; < 1/16" on

;g short side :

i 8 3.2.4 View with 10X microscope
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