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ABSTRACT

An apparatus was constructed to measure the thermal counductivity
of powders in vacuum from 150° to 350°K. It was found that the con-
ductivity of selected silicate powders can be adequately represented,
within the experimental errorg, by a temperature independent term
related to the contact conduction plus a temperature cube term which
is due to radiative transfer between and through the grains. The
conductivity for glass spheres approximately s“uggests an inverse grain
size dependence and does not appear to be'related in avny simple manner
to the elastic contact area between the spheres. The effects of angular
grains, produced by crushing, and limited chemical composition range
are not significant when compared with the experimental errors, The
radiative’ transfer term which is grossly independent of chemical com-
position and grain texture is dominated by radiation between the grains
for grain sizes > 300 p. . Radiation through the grains is significant
for grain sizcs <100 p.

Previous interpretations of the eclipse observations of Pettit and
Nicholson indicate that homogeneous constant thermal property models
provide an adequate {it. T'he recent lunation observations of Murray
and Wildey cannot be adequately explained by homogeneous models with
eithcr constant thermal properties or with thermal properties which
are based on the results of this experimental investigation and existing
specific heat data., It is suggested that the possibility of layering can

best be examined in the region of the morning terminator,
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PART I, THE THERMAL CONDUCTIVITY MEASUREMENTS OF
SELECTED SILICATE POWDERS IN VACUUM
FROM 150° TO 350°K

1. INTRODUCTION

The thermal conductivity of powders in vacuum was originally
of interest in the manufacture of highly insulating dewars for the storage
of low temperature fluids, With the recently renewed interest in lunar
geophysics, the infrared emission from the Moon's surface as observed
through the Earth's atmospheric transmission window from 8-14 u has
assumed new significance.

The primary purpose of the first part of this investigation was
to establish whether radiative conduction in selected silicate powders
in vacuum was sufficiently large over the temperature range encountered
on the lunar surface to produce a significant departure from the theoret-
ically computed cooling curves which have assumed a thermal conductivity
which is independent of temperature, It was also considered desirable
to compare the observed cooling curves with theoretical models based
on the measured conductivities of various silicate powders,

The first part of this investigation involved the construction and
use of an apparatus to measure the thermal conductivity of powders in
vacuum, The earliest measurements (Smoluchpwsky, 1910, Kannuluilk
and Martin, 1933; Aberdeen and Laby, 1927} of thermal conduction through
powders were, in reality, a study of the conduction of various gases as

a function of pressure down to 10”1

to 10—2 torr. One technique generally
employed in thermal conductivity measurements of porous material

(Jakob, 1949) is to use a heating element to provide a known flux .
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and measure the resulting tempe rature gradient in the sample with

the rmoéouples. In the presént study it was felt that this technique was
inadequate for two reasons: (1) the difficulty of providing an accurately
measured heat flux source at low temperatures, and (2) the distortion

of the temperature gradient in the sample duec to the presence of thermo-
couples with an appreciable conduction relative to the powder itself,
Recently, (Cline and Kropshot, 1963) measurements have been made
with a 1" powder sample bounded by walls at 77°K and 300°K. The
resulting heat flux was measured by the rate of evaporation of cryogenic
fluid. However, no attempt was made in that study to determine the

thermal conductivity of the samples,



2, APPARATUS TO MEASURE THERMAL CONDUCTIVITY
OF POWDERS IN VACUUM

An apparatus enclosed in a sand-cast aluminum vacuum chamber
capable of retaining pressures of 10-5 to 10'6 torr was used to measure
the thermal conductivity of powder samples in vacuum (fig. 1). The
base of the sample was heated by the temperature bath on which it
rested, The top surface of the sample radiated into a cavity which was
maintained at liquid nitrogen temperature (77°K). The thermal con-
ductivity of the powders was calculated from the emitted flux, the
sample thickness, and the bath temperature,

The construction and operation of this abparatus has been
described in detail (Watson and Bauman, 1963)., The flux emitted from
the sample surface into the liquid nitrogen cavity was observed through
a conled f/’.() aperture and chopped hy a liquid nitrogen cooled black
chopper blade, The resulting modulated flux passing out of the bell jar
was measured by an 8-14 u filtered infrarcd photoconductor photometer,
The mercury doped germanium photoconductor_and related instrumen-
tation used in these measurements has been described by Westphal,
Murray and Martz (1963). The doping of the germanium crystal with
mercury atoms cxtends its long wavelength cutoff from 1.8 p (1. 45 ev)
to 13,5 1 (10,9 ev), A short wavelength cutoff of 8,5 p (6.85 ev) is
provided by an interference filter, The use of liquid hydrogen reduces
the density of both thermal electrons present in the crystal and elec-
trons liberated by the unmodulated flux of photons emitted by the sur-

rounding surfaces, The A, C, variations in the cell resistance produced

by the modulated flux are measured by providing a battery-generated
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FIGURE ONE

!
.’ﬂ
:k;

Ed
o5
g u
B
ooy
o *
jog ;3
g3
EE
5 it ——-S‘l -
7 R S
/ﬁ AN — (2;
g . ¥ %)
i !‘ 4
-: ‘1 v
?‘ it « m
7L i 4
G H 4
% P . 7
v I, — “
';"’-;: ! ;.‘, R T "‘-1.‘. r‘ﬁ .
v Hsy N ")
7 i il 7
£ M fuld ‘
;é o ?422 é
re PRI , }i._:-. v
a5 i tesssecce il £
(i i‘;{n] I } V‘ !"' ! A
i T [ —x of i ( ! t—_———“_‘ P
7 o0 | P S T o
/A T \i?z:::t:::c%ﬁ
o rrrrrarrrg it s oo 4 .
[P rfaé{{ ¥ T

Thermal conductivity apparatus (A) aperture shield, {B) chopper
blade, (C) calibration device, (D) upper liquid ¥, chamber, (E)
lower liquid N; chamber, (F) drive shaft, {0) temperature bath
(1) oalibration inlet and outlet lines, {(J) bellows ocoupling,
(K) temperaturs bath stand, (L) Lucite leg, (M) timing belt,
(¥) rotary seal, (0) rotary seal, (P) vacuum chamber, {Q) base
plate, (1) sub chamber, (5) pumping station, (T} synchronous

motor shaft, (U) infrared datector, (V) XRS S window
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current through the cell and amplifying the resulting voltage signal,

A reference calibration unit was installed between the sample
and the chopper system so that the sample flux could be compared with
the flux from a black body at a known temperature. It was found neces-
sary to install this unit because of long-term detector response vari-
ations, The bath .and calibration temperatures were measured external
to the vacuum chamber by thermometers inserted in the inlelt and outlet

fluid lines.
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3. SAMPLE PREPARATION AND HANDLING

It was decided to restrict the experimental study to silicate
powders for two reasons: (1) over 90% of the terrestrial igneous rocks
are composed of silicates (Dana, 1955), and (2) the similarity between
the Moon's mean density of 3,34 gm/cm3 and the density of iron-mag-
nesium silicates, The high silicate composition of meteorites provides
further evidence that silicates are likely to be the main constituents
of the surfaces of the inner planets and the Moon,

(unartz, silica glass, alivine and hornblende were used as
representative samples to determine the gross cffects of composition
on the powder conductivity, The silica glass was obtained commercially
in the form of microbeads (round spheres) of varying grain size ranges:
840-590 u, 350-250 p, 125-88 u, 74-53 p, and less than 37 He: For
comparison of the effects of crushing, t!. largest microbeads were
crushed down to a 74-44 w range., The quartz, olivine, aﬁd hornblende
samples were all crushed and sieved below 74 4, and a second quartz
sample was prepared between 74-44 ., Appcné\ix I contains a more
detailed description of the samples and the crushing procedures used.

A sample run was performed by pouring a known weight of
sample carefully onto the temperature buth and striking the sides of
the bath to produce a uniformly flat surface. It was decided that repro-
ducible packing would be important so care was taken to treat all samples
in as consistent a manner as possible and attempt to attain high packing
in all cases, Looser packing would introduce severe problems in the
non-uniformity of the sample surface and local variations in the sample

thickness,
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The possibility existed, also, that adsorbed water might be
retained in the nowder samples even under the low pressures attained

= to 10_é torr). To examine this

during the experimental runs (10
effect several samples were placed in a glass tube and connected to the
vacuum pump. After heing degassed for 24 hours (as was done in the
case of all experimental runs) the tube was heated with an open flame,
There was no indication of a change in the ‘samplc packing nor gas
release as might be evidenced by the sample surface or by changes in
the measured pressures As a second test, several experimental runs
were repeated with degassing times of three or four days, No meas-
urable changes in the conductivity were obscrved, The results of
Roddy ¢t al. (1962) on the effects of rapid degassing and sample heating
on the packing of thick powder samples indicated that it was possible to
degas a sample without heating provided that the initial degassing rate
was low and that the total pumping time was several hours. None of
the present author's sample surfaces showed any indication of dis-
ruption following the conductivity measurements,

Sample thicknesses were measured by a very simple operation
suggested by J, A, Westphal., A microscope was focussed on the bath
surface before the sample was added, Then the miicroscope was re-
focussed on the sample surface and the resultant vertical movement of
the microscope tube measured. The center sample thickness and the
mzan sample thickness (used in the density calculations) were deter-
mined by repeated mceasurements at the center and edges. The effect
- of diffecrences between the center and mean thicknesses will be discussed

in section 5,1 in the error analysis.
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4, DATA REDUCTION

The sample thickness, bath temperature and calibration tem-
perature are direct measurements discussed in the previous sections,
The sample densities were computed from the mean sample thickness,
the sample weight, and the area of the bath surface.

. j“
The brightness temperature response curve for the cell was

initially determined by numerically integrating the measured spectral

response of the detector with the Planck function,

ou) .
S(T) =S‘ r(N)B(N, T) dx (1)
o)
where
r(\) = detector response
C
_ 1 1
L -1
5 2
C, = 3.741 X10~ erg/cm®/sec
C2 = 1,439 cm, deg.
A = wavelength in cm,
T = temperature in °K

The resulting computed curve was then checked at a few tem-=
peratures by removing the sample and measuring the flux emitted by

the surface of the bath, The agreement was sufficiently accurate to

E”
The brightness temperature of an object is defined as the temperature

of a black body cavity emitting the same flux as the object over a
specified spectral region,
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pérmit the use of the analytically computed response curve to déte rmine
the brightness temperatures o.f the sample surface,

We shall simplify our initial discussion of the determination of
the sample thermal conductivity by assuming that the sample is homo-
geneous, that 4the flux emitted by the sample is Planckian in distribution,
that this flux originates at the top surface of the sample, and that the
sample is sufficiently wide in comparison to its thickness that the heat

flow is one~dimensional, Then,

7 (KM ) = pam & (2)
3T 4

-K(T) ] = ¢T, -eT (3)
Bx x=L ’ 1x':I., Ttw

T | =T | (4)

where the distance x is measured up from the surface,

T = T(x,t) temperature
K = K(T) thermal conductivity
p = sample density
C = C(T) specific heat
o = Stefan Boltzmann constant
TW = effective temperature of the cavity walls (~ 77°K)

1. = sample thickness

TB = bath temperature

The time-dependent golutidn for the surface temperature involves
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the temperature 'variation of the conductivity and specific heat, and the

initial temperature distribution. It was felt that the steady state solu-

tion which is independent of the initial temperature and the specific

heat would provide a more reliable estimate of the conductivity function,

Since equilibrium cannot be attained experimentally the assumption

was made that when the surface brightness temperature did not change

by a measurable amount during onc hour an cffective steady state

exists. A discussion of the error involved will be found in section 5.3,
The steady state solution for the surface temperature is

expressed in the integral equation:
TB
g‘ K(T) dT = (T, - T,,)* L (5)

L

where ’I‘L is the surfacce temperature (sirice our assumptions require that
the effective, brightness, and surface kinetic temperatures be equal).

By repeating this experiment for the same sample but with
diffcrent bath temperatures we obtain a set (TB' TL) for the same sample

"thickness,

The mean conductivity ¢an be defined by

U(Ti ] T‘\‘N)- L 1 Ty
K= T = g K(T) dT (6)
B L B LT,

Consolidated materials have. fairly large conductivities and hence
small temperature gradients result in large heat fluxes, Thus, even
when the conductivity has a non-linear dependence on temperature, the
mean conductivity delined as above does not differ appreciably from the

conductivity at the niean sample temperature.
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Powders in vacuum, on the other hand, cannot be characterized
by a miean conductivity K for two reasons: their low conductivities
require large temperature gradients to provide measurable fluxes,
and the radiative conduction between the grains is dependent, to the
first order, on the vtemperature cubed, In this case it is clear that the
mean conductivity and the conductivity at the mean temperature may
differ by a significant amount,

A variety of analytical expressions for K{(T) can be chosen
and the standard deviations examined to determine the best fit., A
second approach is to determine an appropriate physical model for the
conductivity and then use the experimental results to determine the
nurme rical constants. The latter approach has the significant advantage
that one can attach physical meaning to these numerical constants, and

it is this method which will be primarily utilized in this investigation,

4.1 First Order Theory

We shall consider a simple model which assumes that the sample
conductivity is the linear sum of two parts: a solid conduction term
which is independent of temperature, and a radiative conduction between
the grains. Thié latter term has a temperature cubed dependence as
can be illustrated in the following manner. Consider two f{lat sheets
which have emissivities €, are connected to temperature baths at T1
and TZ’ and are separatcd by a distance L, If there is a vacuum
between the surfaces then the net heat flow from surface 1 to surface 2

(if T1 > TZ) can be expressed as
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. €0 4 4
Qot = -2-:—6- ('I‘1 - TZ) (Jakob, 1949) ) (7)

We can define an effective conductivity as follows:

)

T ,
Ke= (T - ) L
I T, = T,.- AT and AT << T,, then
K - (8)

e s ~-€

Thus the first order theory assumes that

.K(T) = AT3 +B ' (9)

where A and B are numerical constants to be derived from the ex-
perimental measurements,

A temperature cubed dcpcnder;ce for the radiative conductivity
can be derived at large optical depths provided that the opacity of the
sample is independent of wavelength, The equations and assumptions
necessary to obtain this result are presented in Appendix 2.

Equation 9 also i)rovides a convenient form to estimate the
relationship between radiative conduction and ordinary conduction
‘through the solid, independent of sample thickness, The error introduced
inté equations 9 and 5 from the non-uniformity of the sample thickness
can thus be minimized. The relevance of more refined expressions f‘o:.c'

the conductivity will be discussed in section 5, 3,
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5, ERROR ANALYSIS

There are three major sources of error in an analysis of the
the rmal conduction of powders in vacuum: (l) experimental crrors rc-
sulting f{rom measurements, (2) errors arising {rom non-reproducible

sample packing, and (3) errors resulting from assumptions used to

formulate the basic equalivns,

5,1 Experimental Errors

The experiment involved the mecasurement of the bath and cali-
bration unit temperatures, the preamplifier signal, and the sample
thickness and weight. By their nature the errors involved are the
simplest to relate directly to the derived conductivity function., The
errors resulting from the direct measurement of the temperature of the
bath and calibration fluids arise from the fact that the actual tempera-
tures of the surfaces involved are not measured directly but are chosen
as the mean temperature of the inlet and outlet fluidss This assumption
is probably justified since the calibration fluid cooled by less than 0.2 °K
and the tempe raturc bath by less than 2°K. The agreement between the
measured and computed response curve suggests that these measure-
ments are not a significant source of error. The error introduced by
the bath temperature measurement is of the order of 1% of the computed
conductivity, Errors introducéd by the calibration temperature measure-
ment effect the conductivity in a more subtle manner since they involve
the brightness temperature, A change of 0,1°K in the calibration tem-
perature will change the computed response at 300°K (normal operating

temperature for the the calibration fluid) by less than O, 2%. In connection
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with this discussion of the calibration and the bath surface tempera-
tu‘res it is instructive to compute the cooling of the fluid due to radiation
emitted from these surfaces, A black body at 300°K emits 4,6 X 105
ergs/cmz/sec. This is equivalent to the power given up .by a cubic
centimeter of water when cooled 0.01°K in one second. Since the area
of the calibration unit is approximately 4 cmz, a flow rate of 1 cm3/sec
will provide the rcquired flux with a temperature drop of 0,05°K, The
measured temperature drop of 0, 2°K is in reasonable agreement with
the actual flow rate and total area of the calibration unit and the feeder
lines. Thus the mean fluid temperature and surface temperature of
the calibration unit are in reasonably gbod agreement. A similar
analysis for the temperature bath indicates that error introduced by
neglecting the temperature gradient across the bath surface between
the fluid and the sample is negligible.

The preamplifier signal errors were due to two sources: non-
linearity in electrical response, and fluctuations in the signal due to
the non-uniform modulation, The preamplifier was operated without
any internal filtering due to the high signal to noise ratio (> 20:1). The
non-linearity of the preamplifier scale was measured by using an
oscillator with a 100 cps output signal, and recording the scalc deflection
for an input signal which was decremented in tenths of the full scale
deflection, Repeated checks for non-linecarity over several months did
not indicate any measurable time dependence. The non-uniform signal
’modulation resulted from a slight wobble in the chopper blade system.

frrors introduced from the measurement of the sample thickness
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were mentioned previously, Actually the only significant érrors arose,
not from an individual measurement which was accurate to 0,01 cm,
but from lack of uniformity of the sample thickness requiring an average
of several measurements, These variations indicated that the thick-
ness varied by about 5% for samples thicker than 0,5 c¢cm, and by as
much as 10% for 0, 2 cm sample thicknesses, This error was so large
that the data reduction procedure was’moc}iﬁed to compute the ratio of
B/A as defined in equation 9, since this ratio can be determined inde-
pendently of the sample thickness. A mean value of B/A was then
computed for each sample material, and B and A for each set of
temperatures was éomputed from the mean value of B/A,

The sample weight was mgasured to an accuracy of 0,1 gm,
Clearly the error in the s'ample thickness overwhelmed this error in

determining the sample density,

5.2 Reproducible Packing Errors

The samplve packing was controlled only in a mbdest way by
the attempt to treat samples in a similar fashion and approach a high
degree of packing., The sample densities we re'measured to provid;e an
indication of the degree of packing Sut since the value of B (ordinary

solid conduction) will be shown to depend primarily on the particle

contacts, it is clear that thc density mcasurements provide a rather

tenuous indication of the reproducibility of the packing state, Differ-

ences in the packing state for the experimental runs performed on the

same sample material are probably the major source of variations in

the ratio B/A.
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5.3 Errors Introduced by Assumptions

The initial assumptions introduced in the analysis were that
the heat flow could be treated as one-dimensional and steady state,
To examine these assumptions it is justifiable to neglect the tempera-
ture variation of the conductivity and choose a minimum value which
will tend to overemphasize both effects, The assumption of one-
dimensional heat flow was examined by calculating the steady state
solution for a cylinder whose bottom and side temperatures were equal
to the bath temperature and whose surface radiated into free space.
A ratio of cylinder height to radius was chosen similar to the samples
run {1:20). The computed variation of surface temperature over the
area of the sample vicwcci by the detector is less than 0,5°K for an
assumed conductivity of 100 ergs/cm/sec/deg. Again it must be con-
cluded that the c¢rrors introduced by the non-uniformity of the sample
thickness are in excess of any errors introduced by assuming one-
dimensional heat flow, The assumption of steady state equilibrium
was examined both from computed cooling rates and by comparing the
measured brightness temperature when the sample was warming up
from a cooler temperature, with that when the sample was cooling
down from a warmer temperature., The differences in the measured
brightness temperatures were less than the experimental errors dis-
cussed previously, The computed cooling rates were calculated assum-
ing one-dimensional heat flow in a sample whose thermal properties
are independent of temperature., The resulting curves indicate that

. the length of time taken for the experimental measurements was
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sufficiently long to measure the conductivity within the accuracy of
experhnehtalerrors.

In equation 5 the assumption is made that the brightness,
effective, and surface kinetic temperatures are all equal. This assump-
tion is justified within the experimental accuracy of our measurements
by the high opacities of silicates indicated by Launer 's data (1952)
and the emissivity measurements of Burns and Lyons (1963), The high
opacities (ranging from 100 to 1000 crn_1 in the 8-14 u region) fulfill
the requirement that the contribution to the surface flux from radiation
emitted at depth is negligible. The effect of the departure from unit
emissivity and the variation with wavelength can be examined as a
function of grain size using Burns' and Lyons' data for quartz and
quartz sand, The most significant result of cruéhing the mineral is
to reduce its high degree of reflection because of the multiple reflections
off the randomly oriented particle surfaces. In Appendix 3 these emis-
sivity curve's have been used to examine differences between the surface
kinetic temperature, the brightness, and the effective temperatures
when the sample is opaquee The resulting changes in A and B are
well below the experimental errors,

In section 4 two possible approaches to satisf{ying the integral
equation 5 were discussed, The limitations imposed on both methods
are a direct result of the sources of errors, since the ability to differ-
entiate bu‘twrzen models is in direct relation to the accuracy of this
equation and the measurcd experimental quantities, The first method
which involves the fitting of various algebraic expressions to the con-

ductivity function provides a very simple method to examine the



-18-

possible variations with temperature. As a first approximation it

was assumed that the conductivity is independent of temperature for
each set of bath and surface temperatures, The mean conductivity
versus the mean temperature was plotted for each set of measurements
in each sample run., [t was found that the mean conductivity decreases
when the temperature decreases. This clearly demonstrates that the
‘required form for the conductivity function must increase with incrcas-
ing temperature, The conductivity function was then fitted with a
lincar dependence on temperature., The resulting expression has 4a.
negative valuc for the conductivity when the curve is extrapolated to
100°X or less. Thus the conductivity function must be fitted with tem-
perature dependent terms some of which have powers greater than
unity, The first order approximation to the conductivity function
satisfies this criterion. The attempt to fit the conductivity function

to quadratics, general cubics and higher order terms did not reduce
the standard error of the least squares fit sufficiently to justify applying
the nume rical approach to obtain greater precision. The physical
theory attack, however, permits an examination of the degree of
depart\ire from the model that the observational errors in the data
justifies, The assumption of a simple constant plus cubic dependence
implies that the contact conduction between the grains is temperature
independent and that the radiation absorption coefficient of the sample
is independent of waveclengths, The former assumption is, by its nature,
simply an educated guess., An accurate determination of the possible
variation of the constant conduction with temperature would require

measurements at much lower temperatures where the radiative
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transfer is small, ¥Even at moderately low temperatures, say 100°K
and less, there is no guarantee that the transparency of the 'sample

at very long wavelengths (> 100 p) might not in fact provide a significant
’radia‘cive transfer term, The major problem in attempting to attain
low surface temperatures (< 150°K) with the described apparatus is that
the samples must be thicker than 1 ecm. The required timés to achieve
the criterion used for steady state equilibrium become days rather
than hours. The need to provide liquid nitrogen-every eight hours
made this experiment unfeasible with the present apparatus. It is felt
that assuming a temperature independent contact conduction is not too
gross an oversimplification, The inability to rcproduce the sample
packing is probably a more significant sourcé of error than the assump-
tion of no temperature dependence,

The bulk opacity of the sample is assumed to be independent of
wavelength, Some data is available on the transmission through fine
particles from 1 pt015}¢(Launer{1952L The sample thickness was
obtained only indirectly from the stated sample density since he was
interested only in relative variations of the transrnissioA, but opacity
values of the order of 100 cm_1 are suggested for these results. The
variations of opacity with wavelength were relatively small compared
with the opacities computed from the results of this experimental
study. It was assumed that a Rossland mean (see Appendix 1) could
be uscd to cxamine what effect the opacity Qariations have on the tem-
perature cubed dependence, Clearly a low opacity atshort{vavelengths
will produce a greater radiative conduction at high teméeratures than

a ternperature cubed dependence based on a mean opacitjr. It is also
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clear that variations from a constant opacity generally cannot be repre-
sented by a simple ™ dependence for the radiative conduction term.,
It is felt that these variations in mean opacity of a few per cent fall
below the experimental errors involved both for the present lunar
observations and the powder conductivity study, This is due primarily
to the fact that low opacities over a narrow wavelength band will have a
relatively insignificant effect on the bulk opacity since the flux involved

is only a small fraction of the total flux,
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6, EXPERIMENTAL RESULTS

In Appendix 4 the results of this experimental investigation are
tabulated in terms of the directly measured quantities, i.e., sample
thickness, weight, bath and calibration temperatures, calibration and
sample signals, For conciseness only the final steady state re‘sults are
listed, In this section the results are described in terms of the first
order theory discussed previously., Three different bath temperatures
were used for each experimgntal run,

From ecquations 5 and 9 we write

A T e (rtht ool
A |+B=Lo | 2o (10)
4 TIJ' ] TU j i TIJ

B L B L

where 1 refers to the single set of surface and bath temperatures ob-
tained in run J, (I =1, 2, 3).

For a particular sammple material (i.e., same grain size, com-
position and texturc) we obtain a mean value of B/A which is independent

of the sample thickness LJ as follows:

4 4
(TIJ) _ (TIJ)
1J _ B L
X = N 7 I1=1,2,3
4(7T - T
B L
174 4, ..
YIJ: G[(TL) —TW] L
IR
B L
ZKJ,—: YKJ‘ X3J _ XKJ' Y3J K <12
B 3J KJ T
Y - Y
- 1J 2J
. (B/A) - (Z + Z°%)
mean 2'3‘
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For each set we can obtain values of BIJ and AIJ and thus

determine a mean value for B and A separately as follows:

17 vy
S
X * (B/A)mean
Bl = Al x (B/A)oon

The results are plotted in figures 2 through 7 and tabulated in

Appendix 4, The ratio (B/A)mp;m is plotted with the standard deviation

indicated on the ordinate and the grain size range on the abscissa. A

and B are the mean values of AIJ and BIJ, and are plotted with their

deviations,
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FIGURE TWO
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FIGURE THREE
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FIGURE FIVE
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FIGURE SIX
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FIGURE SEVEN
-
1.5 - -
B
1.0+ 1

Ax|0°

1 I e | q
0 uncrushed crushed crusicd crushed oTushed
glass glass quartz hornblende olivine
gpheres sphores I LL=74L ® < 74 1 < U

53-7L 1 Wi=7h it I < 7L 1

The Radistive Transfer Cocfficlont, A, As A
Function of Chemical Composition and CGrain Texture



-29-
7. PHYSICAL INTERPRETATION

The contact conduction term will be discussed initially, Since
the solid conduction for silica glass is ~ 1 X 10° ergs/cm/sec/deg it is
clear that a grain conduction of 100 ergs/cm/sec/deg or less cannot be
explained simply by the lower bulk density, The effect must be due
primarily to the small contact between particles, which has a sufficiently
high thermal resistance, to reduce the conductivity by a factor greater
than 100, This is, in fact, the major reason why no attempt was made to
relate the possible temperature dependence of the bulk solid {(for a glass
the conductivity decreases approximately linearly with temperature
(Birch, 1942) ).

In Appendix 5 the circle of contact from the loading of elastic
spheres (Hertz, 1881) is computed. A comparison of the contact resist-
ance for a welded surface contact with the experimental results indicates
that this computed contact resistance is lower by an order of magnitude
for grain sizes > 100 p than the results indicated from the powder
measurements, The variation of contact resistance with grain size
does not appear to fit the grain size dependence of the simple theory
outlined above., We must conclude that the interface between the
spherical grains is not a welded contact and that the effective cross
section of the contact is much smaller than the cross section bounded
by the circle of contact. The irregularity of this contact will be
affected by the non-sphericity of the particles, and their microscopic
roughness, It is also poésible that the reflection of elastic energy

from this interface and surface chemistry effects will contribute to the
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higher thermal impedance. The contact conduction can be approximately
fitted to an inverse grain size dependence, This variation can be ex-
plained if the effective contact area is independent of grain size and
corhpressive force.

The angular grains resulting from crushing have a slightly higher
contact conduction than the uncrushed microbeads since their irregular
shapes provide a larger number of contact points than do the spheres
of the same grain size., Figure 6 indicates that no significant variation
in contact conduction with chemical composition is observed, This is
presumably related to the grossly similar behavior of these solids
when being crushed to small particles,

Figures 6 and 7 illustrate the variation of bulk opacity as a
function of grain size and composition, The compositional effect is
masked by the experimental errors and will Le treated as insignificant,
The grain size dependence of the glass spheres suggests two poséible
effects: an increasing opacity with decreasing grain size due to radi-
ative transfer between the grains, and, for grain sizes less than 80
microns, the combined effects of radiative transfer between and through
the grains., An approximate fit to the data was made by assuming that
the bulk opacity approached 100 cm"}' for decreasing grain size, The
grain size dependent term was chosen to honor the experimental values
ag closely as possible, Equation 8 indicates that the radiative transfer
between the grains should be approximately proportional to the grain
size. The curvature of the grain surfaces and the irregularity of the
packing precludes a more detailed examination of the grain size depend-

ence. The excellent agreement between the radiative transfer through
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the void spaces ~ 3 X 10'48'1'3 (where S is the grain size in cms)
and the effectivé radiative conductivity defined in equation 8, i.e,,
2.'4 x 10‘4 —5? LT3 (L is the plate separation) is fortuitous, The
variability in the packing state of the samples and the scatter of the
data points is too large, and a geometbric factor should be included in
equation 8 to represent the shape of the grain surfaces, TFor grain
sizes less than 80 microns the departure from the simple theory is
probably due to the finite transparency of the grains. As the grain

size becomes smaller the radiative transfer through the grains becomes
a significant fraction of the total radiative transfer. For example, a
material with an opacity of 100 cm'1 will attenuate the flux by a factor
of 0,91 in 10 microns, O; 37 in 100 microns, and 0,05 in 300 microns.

It is clear that radiative transfer through the grains is significant only

at small grain sizes,
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8. CONCLUSIONS

This investigation of the thermal conductivity of selected silicate
powders in vacuum indicates that the conductivity can be adequately
represented, within the experimental accuracy of the measurements,
by a temperature independent term related to the contact conduction
between the grains plus a temperature cubed term which is due to the
radiative transfer between and through the grains.,

The study of the thermal conductivity of the glass spheres indi-'
cates that the thermal contact between spheres is grossly independent
of grain size and compressive force for the grain sizes from 30 u to
800 1 and for sample thicknesses less than a centimeter. The contact
conduction for the glass spheres can thus be approximated by an inverse
grain size dependence. The crushed samples tended to have a some what
higher contact conduction than spheres of the same grain size, however
the large experimental errors in the derived contact conduction term,
due to lack of uniformity in packing, prevents any detailed analysis of
the effects of grain texture or chemical composition,

The radiative transfer term for the glass spheres suggests that
a simple model can be derived in which the radiative transfer at grain
sizes > 300 1 is dominated by radiation through the pores and at grain
sizes <100 @ has a significant contribution from radiation through the
grains, ;I‘he dependence of radiative transfer on the sample texture
and chemical composition is not significantly apparent when compared

with the experimental errors,
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PART II. AN INTERPRETATION OF THE MOON'S ECLIPSE AND

LUNATION COOLING AS OBSERVED THROUGH THE EARTH'S
ATMOQOSPHERE FROM 8-14 MICRONS

1. INTRODUCTION

The earliest attempts to measure the lunar infrared emission
(Rosse, 1869; Langley, 1887) indicated that the maximum surface tem-
perature was about 370°K, The first reliable measurements of the
emission during the daytime portion of lunation and during an eclipse
were made by Pettit and Nicholson (1930) in 1927, Pettit (1940) re-
measured the eclipse cooling in 1939, Their measurements were made
with a vacuum thermocouple placed at the Newtonian focus of the 100-inch
telescope. The galvanometer deflections were calibrated by measuring
the shorter wavelength signal from comparison stars and extrapolating
both the stellar radiation and thermocouple respohse to the 8-14 p
region, Several filters were used tvo measure the flux received over
different wavelength regions. The authors concluded that the rapid
surface cooling of the Moon which occurs during the pcnumbral phase of
the eclipse could be explained if the surface material were highly insu-
lating. They also suggested that the lack of a significant variation
between their measured brightness temperatufe from 9-11 p and 8-14 n
implied that the surface material must be powdered in order to reduce
the high reflectivity (and hence low emissivity) that silicate minerals
possess in the nine micron region. An attempt to measure the radiation
during the unlit portion of lunation yielded a temperature of 120°K,
although the authors noted that the observed signal was near the lower

]

limit of their detection system,
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Shorthill (lééZ), while observing the eclipse cooling of several
bright ray craters during the 1960 eclipses of March and September with
a thermistor bolometer, discovered that these craters cooled less
vrapidly than their surroundings. Sinton (1960) also observed the anom-
allous cooling of the bright ray crater Tycho during the September 1960
eclipse and suggested that the thickness of the dust layer in these bright
ray craters, computed from eclipse cooling, could be used to provide
relative ages. He also reported {(1955) a midnight temperature of approxi-
mately 120°K for a fairly large area of the lunar disc.

In 1962, Murray and Wildey (1963a and 1963b) scanned the unil-
luminated Moon using a more sensitive detection and calibration system
with more precise filtering (Westphal et al., 1963). Their observations
indicate that differences in thermal properties exist in localities on the
Moon other than in the immediate vicinity of the large hright ray craters
and anomalous radiation effects persist well into the lunar nighttime,

The observed lunation cooling, in areas where no significant anomalies
are present, implies a midnight tempe rature at least 20°K colder than
the lower limit of detection of Pettit and Nicholson's observations.

Theoretical models of the eclipse and lunation cooling of the Moon
were first computed by wc’é;}s?f;ﬁfu%a). He assumcd that the lunar
surface was optically thick, that the emissivity was unity, and that the
curvature of the Moon could be neglected since the penetratio‘n of the
thermal energy is only a few centimeters, IHe applied the one-dimensional
heat conduction equation with constant thermal properties and used
Stefan's law to construct a radiation boundary condition. The resulting

partial differential equations were reduced to finite difference equations
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and solved by the Schmidt method. (See Appendix 6.) He concluded

.that the agreement between his model and Pettit's (1940) eclipse cooling
observations indicates that the thermal properties of t.he Moon's surface
layer are reasonably insensitive to temperature variations, His theoret-
ical lunation cooling curve was computed with a thermal inertia* of

970 cal"lcmzsecl/zdegl/2 since this value fitted the eclipse cooling
observations, The computed midnight temperature is about 20° cooler
than the 120° temperature measured by Pettit and Nicholson and by Si'm:on,
but is not inconsistent with the observations of Murray and Wildey.

A model for the thermal conductivity of powders was suggested
by Wesselink in which the contact conduction of the grains was assumed
negligible and the powder idealized as a series of radiating élabs. He
concluded that the grain size of the powder must be less than 300 microns
for radiative transfer to be negligible., Both the assumptions and con-
clusions of this model are at variance with the experiméntal investigation
of selected silicate powders by the present author, The contact con-
duction of the powders is negligible only for the largest glass spheres
with grain sizes > 300 microns and radiative trémsfer is significant
even at thé smallest grain sizes (< 40 microns).

Jaeger and Harper (1950) and Jaeger (1953a) computed the eclipse
and lunation cooling for a half space (see Appendix 6) and also for a
high impedance skin with negligible heat capacity overlying a half space,

using the method of Laplace transforms, The assumption of constant

*The thermal inertia is defined equal to (kpc)—l/z. (See Appendix 6.)



-36-

thermal properties was acknowledged as a simplification, Jaeger (1953a)
asserted that the eclipse observ;itions cannot be explained by a con-
ductivity with a temperature cubed dependence,

Muncey (1958) suggested that the variation of conductivity and
specific heat is proportional to temperature., Although the solution of
the heat conduction equation is fairly simple with this approximation,
the temperature dependence chosen is not in agreement with either the
the rmal conductivity measurements of this investigation or the specific

hcats of silicates (Birch, 1942).
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2. THEORETICAL MODEL

The theoretical model is constructed with the same assumptions
as equation 2: the thermal properties are functions only of temperature,
and the emergent flux is emitted only from the surface (infinite optical

thickness) and is Planckian in distribution.

) ( 0Ty _ 0T
5= (&(T) 55 ) = el 53
The surface boundary condition is

- h(t)

x=0

where h(t) is the insolation (flus absorbed by the surface due to the
incident solar radiation), Now define
T
0(T) IS k{(T) dT
o

The heat conduction equation reduces to
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The partial differential equations are reduced to finite differences

by the method of Crank and Nicholson (1947)., Let

p = 68{x = mAt, t = nAt)
m

Now replacing all derivatives by first order finite differences at the mean

time between two time intervals yields:
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These equations follow directly from the substitution of the finite
differences in the differential equations an.d defining a fictitious level
m = -1,

Tﬁis method of solution can be examined by assuming that T?n
and hence Onm are known, A guess is made of Oilnﬂ, and the T?;l
are then computed from the conductivity function. Then the values of

+ . . . .
9:“1 are computed from the preceeding equations and this new estimate

of Onmﬂ replaces the original guess, The iterations proceed backward
and forward in time until the iterations in each st.ep are less than a
chosen convergence value, The initial temperature distribution is
chosen in the same manner as in Wesselink's solution: a guess is

made of the stcady state temperature at depth, and the solution is begun
at a time when the insolation equals the flux emitted by the surface at
this temperature,

The variation-of the surface temperature for constant thermal
properties indicates two important results, If the thermal inertia is
greater than 100 Cal‘lcmzsecl/zdegl/z then the surface temperature
.during the daytime portion of lunation is controlled by the surface
reflectivity, while the surface temperature during the nightime portion

is controlled by the thermal inertia (figs. 8 and 9). The region of the

morning and evening terminators involves a combination of the effects
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FIGURE EIGHT
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due to reflectivity and thermal properties, It is this dependence of the
surface temperature on the reflectivity during the illuminated phase
which implies that the choice of the initial temperature distribution

can be fairly arbitrary, provided that the temperature at depth is in
reasonable agreement with the mean surface temperature. This surface
temperature variation alsé suggests that the transient solution derived
from the initial temperature distribution during the first period of the
heating and cooling éyclc will not be significantly different from the
stcady state periodic solution. The agreement between the surface
tempe ratures computed from the numerical solution outlined, assuming
constant thermal properties, and Jaeger's exact periodic solution for
constant thermal properties seems to justify the assumption that these

equations can be used to describe adequately the assumed model.
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3. COMPARISON OF THEORETICAL MODKLS WITH
LUNATION COOLING

The observed lunation cooling (Murray aﬁd Wildey, 1963b) was
obtained by scanning across the Moon's apparent disc in right ascension,
The scan number 1 (August 21-22, 1963) is nearly an equatorial scan
and for this reason will be used to compare with the theo‘retical cooling
curves. The similarity between this scan and several other scans across
the Moon indicates that it is probably represen-tative of the average
lunation cooling. Although the general practice in comparing eclipse
cooling observations with theoretical models is to reduce the observa-
tions to surface temperatures and plot directly on the computed cooling
curve, it was felt that a more accurate comparison could be oBta‘ined
in the following rﬁanner. Theoretical cooling curves were computed and
reduced to signal deflections using the Planck function and the response
curve of the detector multiplied by the atmospheric extinction, The
time scale of the theoretical cooling c'urves‘ was then related to the
recording time scale of the observations by mapping the angular scan
rate onto the surface of the Moon,

This method of comparison between the observed signal and the
theoretical model has two significant advantages: it permits a direct
examination of the possibility of lateral variation within the photometer
resolution (since the signals are adnﬁtive), and it provides a more
meaningfnl examination at the lower temperatures where signal fluctu-
ations are significant.

Figure 10 is a comparison between the observed signal and the
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theoretical signals computed for constant thermal property models.

It is clear that the lunation observations are not compatible with a
homogeneous model with constant thermal properties. The observed
cooling curves might be interpreted as indicating that the thermal pro-
perties of the lunar surface decrease with decreasing temperature.

To examine this possibility theoretical cooling curves wefe ‘com-
puted using the experimental conductivities obtained in the first section
of thia investigation. The specific heats of several silicates (Rirch,
1942), as a function of temperature, are plotted in fig, 11. A least
squares quadratic fit to the quartz and quarté glass data is indicated
by the dashed line.

The curves 3, 4, 5, 6 in fig. 12 were condputed for homogeneous
models composed of silica glass spheres of various grain sizes: the
conductivities used are those derived from the first order theory in
Part I, the specific heats are based on the quadratic fit to Birch's
data, and a density of 1.5 gm/(:m3 was chosen, Although these theoretical
cooling curves are steeper than the constant thermal property cooling
curves, the temperatures in the region of the evening terminator are
clearly too lows, Two other cooling curves (1 and 2) were computed with
a contact conduction of 500 ergs/cm/sec/deg, a density of 1,5 gm/cm3,
and bulk opacities of 100 and 10 cm-l. These models provide a significant
improvement in matching the observed evening terminator temperature
but their temperatures are somewhat too high during the remainder of
the unilluminated portion of lunation, Reducing the density of these
fictitious models reduces their terminator temperatures and flattens

out the cooling curve,
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It seems unlikely that any reasonable physical model for the lunar
surface can be constructed which is homogeneous to a depth of several
centimeters and extends over an area of a few tens of kilometers (the
photometer resolution was 50 kms. near the terminator in Murray's
and Wildey's obscrvations),

It is recalled that the eclipse cooling observations of Pettit and
Nicholson were adequately described by a homogeneous model with a
thermal inertia of 1000 calmlcm?‘sc:cl/zdcgl/z. The short cooling times
during the eclipse imply that these observations are dependent on the
the rmal properties only of the upper few millimeters of the lunar surface.
Jaeger's (1953) analysis of the cooling of a thin surface layer overlying
a morec conductive homogencous semi-infinite slab with constant thermal
properties indicates that the most significant effect of the layering is to
reduce the cooling rate compared with the cooling of a semi-infinite
slab which has tl¢ same thermal properties as the layer.

The large evening terminator temperatures and rapid cooling
during the initial portion of nighttime lunation does not seem to be com-
patible with a simple layering model, It is éuggested that the effects of
layering can best be examined in the region of the morning terminator

since the surface has cooled for fourteen days.
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4, CONCLUSIONS

The eclipse observations of Pettit and Nicholson seem to be
recasonably explained by theoretical models with constant thermal proper-
ties which are independent of depth and lateral variation. The recent
lunation observations of Murray and Wildey are not in agreement with
this simple model, Theoretical models based on experimental measure-
ments of the thermal conductivity of selected silicate powders in vacuum,
existing specific heat data, and thc assumption of homogeneo'us thermal
‘propertics do not provide an adequate explanation of these observations.
It is concluded that no simple model of the thermal properties of the
lunar surface can be derived at present which is consistent with the
eclipse obs.e rvations of Pettit and Nicholson and the recent lunation

observations of Murray and Wildey.
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Appendix 1

SAMPLE PREPARATION AND DESCRIPTION

The glass spheres {(a soda-lime-silica glass) werce obtained com-
mercially from Microbeads Inc., Jackson, Miss, The spheres were
described as 95% true spheres with less than 2% of the particles exceed-
ing the maximum grain size and less than 8% of the particles smaller
than the minimum grain size, As a check the 53-74 | spheres were
sieved through a 270 U, S, Standard Sieve (53 p). No appreciable amount
of sample passcd through the sieve during the processing of several
hundred grams of sample for many hours on the Rotap sieve shaker,

It was concluded that the stated grain size range is probably quite
accurate. The samples were also examined under the microscope
during the thickness measurcments, Although a few per cent of the
grains tended to be nonspherical there were no z;ngular fragments
obscrved for grain sizes greater than 40 u, The solid glass (as opposed
to the beads in bulk) was stated to have a density of 2.5 gm/cm3, a

the rmal conductivity of 1,05 X 105 ergs/cm/scec/deg and a modulus of
elasticity of 7.6 X 10t dynes/cmz.

The crushed glass spheres were prepared by taking about 500
grams of the largest spheres (840 - 590 p) and crushing them in the
ceramic ball mill in 50 gram portions for about one half hour. The
crushed fragments were then sieved between 74 and 44 p on the Rotap
sieve shaker,

The quartz sample was from a Pre Cambrian pegmatite at

Wickenburg, Arizona. The uncrushed slab was {ree of inclusions
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either in the form of air bubbles (‘)r impurities, The olivine was from
a dunite at Webster, North Carolina, and the amphibole was a peg-
matite hornblende from the San Gabriel Mountains, California,

The quartz was crushed and sieved in two grain size ranges,
44 - 74 n and less than 74 p.  The hornblende and the olivine were both
crushed and sieved less than 74 p, The small weights of the hornblende
and olivine samples prevented a sclection of a 44 - 77 p {raction,
since the thermal conductivily measurements generally required a
sample weight in excess of 40 grams.

Some contamination of the crushed samples resulted from the
crushing in the ceramic ball mill- with the ceramic balls, The samples

were acid washed and dried in an evaporating acetone solution to remove

as much of the absorbed water as possible,
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Appendix 2

RADIATIVE TRANSFER

The treatment and formulation ot the basic equations for radi-
ative transfer are discussed in studies of stellar atmospheres, e. g.,
Wooley and Stibbs (1953), Munch (1960), and Chandrasckhar (1960).

The solution of the equation of transfer in &4 homogencous semi-
inﬁ.nite body in a state of radiative equilibrium and in local thermodynamic
equilibrium reduccs to a simple form when the absorption cocfficient is

independent of wavelength,

THr) = 355 [+ q(n)

whe re
T 1is the optical depth
mF is the net integrated flux
¢ 1s the Stefan Boltzmann constant

T = T{T) is the temperature

and q(T) is a monotonic increasing function of 7 and bounded:

—_ = q(T) < 0,71
V3,
Since dz = - d7/kp where z is the reference axis into the half space,

% is the mass absorption coefficient and p is the density, then

l6eT? 4T

—_— =1k
3—1(-9 dz

since dq/dT is negligible for T> 0,
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An effective radiative conductivity can be defined:

x &I L F

e dz

hence

16<7T3

3kp

K =

e

If the absorption coefficient 1s not independent of frequency then
the optical thickness is undefined. For 7 >> 1 the Roseland mean can

be used:

1 (o) dBv g-oo 1 dBv
I‘§ ar =) g v
RR o Q v

where B is the Planck function and v the frequency.

We have ignored scattering in our treatment of radiative transfer.
If the scattering is isotropic and the absorption and emission take place
under local the rmodynamic equilibrium then

k k

1Y v

=Y B + Y

SV kK Ty v k + o v
v v v

oy

where S is the source function, J  the mean intensity and Kk and
o, the mass absorption and scattering coefficients.
At large optical depths Bv ~ Jv’ hence Sv = BV as in the pure

absorption case. The mean optical thickness T is then defined by

O-— ——
T::(‘ (k + s)p dz

v

where k and s are mean absorption and scattering coefficients.

It is clear that for T large the absorption and scattering pro-

cesses can be treated as pure absorption provided that the scattering
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is isotropic.

The mass absorption coefficients computed from the experi-
mental results éf the author's conductivity measurements indicate that
7 =1 at a depth less than a single grain., This will be considered as a
sufficient justification for assuming that the radiative transfer can be

adequately described by the treatment presented in this Appendix.
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Appendix 3

EMISSIVITY EFFECTS

It was assumed in the derivation of equation 2 that the brightness,
effective, and kinetic surface temperatures are equal. 7This assumption
will now be investigated for the optically thick case,

Define €(T) the effective mean emissivity and C;(T) an effective

8-14 micron emissivity as follows:

0o
S F(\, TYe(\) X

UT) = —>
o)
g F(\, T) @\
~ o
and
14
g F(N, T)r{N)e(\) d\
&(T) = =2
14
S F(N, T)r(\) d\
8 i
where
F(x, T) is the Planck function
€{\) is the emissivity of the sample surface from X\ to
Nt dh
r(\) is the-response of the detector
Let TL, ;fL’ and TI‘—L be the kinetic surface temperature, the brightness

and the effective temperature,
Now expressing cquation 5 in the exact form (but assuming infinite

optical thickness)



e
=

where 'I'L the brightness temperature is computed from the detector
signal,

Now S(T,) = E(‘T‘L)S(TL) where S = S{T) is the response function
of the detector.

It will be shown that the variations of € with temperature are
insignificant over the range of sample surface temperatures that are

measured in this experimental investigation,

8]

'(TL) ~ ¢

mean

The effective temperature and the kinetic temperature are related

by

By a similar argument

((TL) - Cmcan

Burns and Lyons (1963) have measured the emissivity of quartz
and quartz sand as a function of wavelength from 5 pp to 30 p. € and ¢
were numerically computed with their results assuming that the emis-
sivitics were unity for wavelengths greater than 30 w. Their data sug-

gest that this approximation is probably valid in the vicinity of 30 p.

Temperatare Quartz Plate 400 p Quarts Sand 40 w Quartz Sand
°K € € € ¢ € ¢
100 0,93 0.80 0.98 0.90 0,98 0.91
150 0.86 0,74 0.95 0.88 0.96 0. 89
200 0, 81 0. 70 0.93 0, 86 0,94 0. 88

250 0.80 0.68 0,92 0, 85 0.93 0, 87
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The experimental results were rerun using € =0.95 and € = 0, 88,
since the majority of surface temperatures were less than 200°K,. The

changes in A and B using these emissivities are small in comparison

with the experimental errors. (See Appendix 4, Part 3.)
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Appendix 4

EXPERIMENTAL RESULTS

Part 1

The experimental results are tabulated for the various samples,
Only the final steady state signals are given, A list of abbreviations

used in the table are given below:

MICRO 203 glass spheres, 840 - 590 u
. 456 " 350 - 250 p
" 1217 8 125 - 88
" 2027 " 74 - 53 p
" 4000 4 <37
CRD BEADS crushed glass spheres 74 - 44
CRD QTZ crushed quartz 74 - 44
CRD QTZ* " " <74 u
CRD HRNB* " hornblende < 74 n

CRD HRNB*$ " " "

CRD OLV*$ " olivine < T4

Note: $ used to indicate samples which were cantained in a leucite

cylinder to provide a thicker sample.
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Part 2

The experimental results are -computed as described in Section 6,
The units are: B in ergs/cm/sec/deg and A in ergs/cm/sec/deg4. The
errors which are indicated by the +/- are computed from the standard
deviation. A second set of errors are computed for B and A due
to the standard de\;iation of the mean value of IB/A. The expressions,
mean and brightness emissivify, refer to the mean and effictive 8 - 14

emissivities computed in Appendix 3,
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CRUSHED HORNBLENDE LESS 74 M

BRIGHTNESS EMISSIVITY = 1.00

MEAN EMISSIVITY = 1.60

THICKNESS DENSITY BATH TEMP

KINETIC TEMP BRIGHTNESS TEMP

3
CHS G/CMS
0.60 1.50 296.0 18%9.45
344.6 208.05
277.3 178.95
0.20 1.11 297.0 180.90
340.6 197.10
277.17 171.10
{B/A) = 9468714. +/~ 432043,
HEAN
A = 0.000009716 +/~ 0.000006251 +/-
B = G2.0 +/- 55.2 +/- 5.8

MEAN ABSORPTION COCFICIENT =

31.14 +/-

189.45
208.05
178.95
180.90
197.10
171.10

Q.00000016%4

EFFECTIVE TEHMP

189.45
208.05
178.95
180.99
197.10
171.10

0.000016287
0.000014335
0.000015557
0.000004202
0.006003830
0.000004053

154.3
135.8
147. 4
33.8
36.3
38.4
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Part 3

The experimental results are recomputed using a mean emis-
sivity of 0.95 and an effective 8 - 14 p emissivity of 0,88 as described
in Appendix 3. The experimental errors are clearly much greater

than the small changes in the values of B/A, B and A,
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Appendix 5

CONTACT CONDUCTION

The radius of the circle of contact formed between two elastic
spheres under a compressive force was derived by Hertz (1895). He
assumed that the radius of the spheres was very large compared with
the contact radius and that the deformation was purely elastic and com-
pressional, If a is the radius of the contact and v and E, Poisson's
ratio and Young's modulus for the material, then the equation for the
radius of the circle of contact between two spheres of radii b undexr a

compression force P 1is

3

3—3M
T2

o
For silica glass (Birch, 1942)

7 X 1011 dyncs/{:rn2

0!
]

v = 0,18

= 1.0 X102 py

[
§

If the compressive force P is due to the weight of m spheres
above the contact then

P =mp%wb3g

whe re

p =2.5 gms/c:m3 (glass density)

g = 980 dynes/gm
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Hence

a3=1x1o'8 mb4
m

Now the contact resistance between two bodies of material resist-
ivity 7 with a contact area rrcf2 is T/2¢c provided that the contact
is weldefl.

" It was shown previously that the solid conduction term for powders
cannot be explained by assuming that the reduction in conductivity from
that of the solid is due to the lower density. This discussion will now
proceed on the assumption that the low conductivity is due primarily to
the high resistance of the contacts., It will also be assumed for the
purposes of discussion that the powder can be idealized by cubic packing.

Consider a three-dimensional mesh of resistances whose individual
resistances are constant at any level but increase in depth, Suppose
that there are m resistances in a column and n® resistances in a
layer, .

The resistance of a single layer K is due to n2 resistances of

equal value r_, in parallel,

K

2
n_

1
dRK iy

The total resistance of the mesh is the sum of m levels in series.,

m m
1
RT~ZdRK=~zZ TR
K=1 R 7]

. The contact resistance rK is chosen as the contact resistance

between spheres of radius b and contact area vaf{ where are is
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derived for a compressive force due to K spheres.
ST = 'r/ZaK

Let n = 1/2b and m = L/2b where L is the sample thickness,

, T./2b
. R = 4b7T _}_
' T 2 ay
K=1 >
and
o 10-B/3KI/34/3
K
thus 1./2b
RT = 2b2/3108/3'r Z K-I/3
K=]

Now the resistance of a block with unit cross-sectional area,

thickness L and resistivity T 1is

RB =TL
L/2b
Rp 22/3168/3 N -1/3
v g = - K
B K=1

Since the conductivity of glass is approximately 105 ergs/cm/sec/

deg then the theorctical powder conductivity should be given by

« Ry 105 - 107/31-2/3
2 720
5 Z )-1/3

K=1
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Numerical Results

Grain Size . ' K (ergs/cm/sec/deg)
(Microns) L=0,2cm L=0,5cm L=1.0cm
1000 89 107 128
200 75 97 119
100 T2 94 117
50 70 93 116

Essentially then,the welded elastic contact theory implies that the
conductivity of th; powder should he reasonably insensitive to grain
sizes over the range of powders examined in this study, The fact that
this is not confirmed by the experimental results for the uncrushed

olnae anha
BiaAO O OPLIC Lire

1f we assume that Ty is independent of the compreséive load

and the grain size then

. a 5
KP“ -b-><10

where waz is an effective contact area. A crude fit to the contact

conduction of the glass spheres is KP = 3000/2b, where KP is in

,ergs/cmz/sec and b is in microns,
-2 .
#a~1,5X10 " microns

Recall from Hertz' theory that for a sample thickness of 0,2 cm above
a sphere~-sphere contact

3

as ~ 10" 73

b

3 if b=100p, a=0,1u
& a ™10 7b
bx50yu, a=0,05n
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It is clear that agreement between the magnitude of the conductivity
for tHe welded elastic contact model and the glass spheres probably
should not be expected, However the differences in the grain size
dependence are surprising, The results suggest that the thermal
contact may be unrelated in any simple sense to the elastic contact,

The microscopic roughness of the contacting surfaces and the possible
presence of a thin surface film on the glass spheres will cause depar-

tures from the welded contact model,
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Appendix 6

THE SOLUTION WITH CONSTANT THERMAL PROPERTIES

1) Wesselink's Solution (Wesselink, 1948)

Consider a half space which satisfies the assumptions of the
models (infinite optical depth below the surface, unit emissivity, and
constant thermal properties).

82

1, 8T _
K ’é’t’"az
X

H

Subject to the radiation boundary condition

!
=- A+ oT?
o]

oT

k3%

a=0

where A 1is the insolation.

I{ x is replaced by the parameter € which is defined:

€ =x /!

whe re
2 =2VwKT heat wavelength
T = period of the insolation,

and the partial derivatives are replaced by first order finite differences,
then the solution is relatively simple if QA€ -and At are chosen in the

following manner
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where
T" = T{e = mbde + €, t = ndt)
m o
The boundary condition is reduced to a simple form by setting
€, = - % A€ and defining a fictitious temperature at m = 0, The surface

tempcrature is then taken as the mean between m =0 and m =1, Thus

the surface boundary condition can be written

+ + +
nl)‘l=A+ 1 (T;l-Snl)

Pbe vynr

oS

where Snﬂ represents the surface temperature and P = (kpc)’l/2 is
called the thermal inertia.

The solution for the surface temperature is completely specified
by the period 7, the thermal inertia P, and the insolation A, When
the thermal properties are not independent of temperature then P can-
not be regarded as a useful parameter since the surface temperature

depends on specifying both the specific heat and the thermal conductivity,

2) Jaeger's Solution (1953 b)

The solution is constructed by assuming a periodic step function
for the surface temperature and computing the average flux into the
solid in each-interval, This flux is computed for steady conditions using

the method of Laplace Transforms,
' N
¥

1/1“' Z
= T ¢ .
n Py T ~ s ' n-g+l

whe re Fn is the flux into the solid in the nth interval and the coefficients
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2 2 2
o = 2vN - 2N g‘” (1 - e XNy U /N -xTy g
} Vr Jo » —

x(1-e )

¢, = 2[vn +Vn-2 - 2vn-1 ]VN

2 2 2 2
2N Soo -1 /N(1 X /N)(e—(N-l)x /N e *) dx
.2
\/’Tr o] Xz(l - e"x )

The boundary condition is

F = A *0‘T4

n n n

whe re An is the insolation.

An initial guess is made of the surface temperature, and the re-
sulting flux is computed, A new set of surface temperatures are then
determined from the boundary condition,

Jaeger has computed the solution for N = 20, which was adequate
for his comparison with the subsolar and midnight temperatures observed
by Pettit and Nicholson, A solution for N x 200 was computed by this
author to provide a comparison with the Schmidt method solution used
by Wesselink and the author's solution. No difference between the sur-

face tempeceratures of the three models exceeded 0,5°K for P = 1000,



