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The purpose of the study undertaken as part of this grant is to conduct
research for a better understanding of the mechanism of heat transfer in the
lunar regolith, We worked on a method to make m~isurements of the thermal
conductivity of lunar core samples in the laboratory. In the period covered
by this proposal, we concentrated our effort o.n the experimental design and
the development of a theory that is necessary to interpret the experimental
data,

After examining several possible methods of measurement, we
concluded that one of the best methods that can be applied to the measurement
of thermal conductivity of lunar core samples is to make the measurements
while the lunar material is still in the core tube. This approach would reduce
the possibility of physical and chemical disturbances to the sample. The
approach we chose is to heat the sample externally by radiation at a known
rate, measure the variation of temperature at the surface of the core sample,
and determine thermal conductivity by comparing the observed temperature
with the theoretically expected one.

We chose to heat the sample by radiation because a direct contact of the
heating element to the sample can be avoided. The thermal conductivity of
lunar regolith material is very sensitive to the interstitial gaseous pressure.
To simulate the lunar surface condition, the measurement must be made at a
pressure below lO-3 torr. At gaseous pressures below 10-3 torr, the heat
transfer due to convective motion of the gas is negligible, so that the rate of
thermal energy transmitted from the heating unit to the samplc can be esti-
mated accurately by the theory of thermal radiation.

“me of the most important tasks of this project was tc obtain a mathe-
matical expression for a surface temperature of core sample changes with
time when it is heated externally at a known rate. The sample of lunar

regolith material is contained in a metallic circular cylinder. Therefore,



the core lan.aple constitutes concentric coruposite cylinders of two
materials. The variation of temperature in this system, subject to the
inflow of heat through the outer surface of the cylinders, should be given.
The solution will be a function of the physical properties of the materials
consisting of the outer and the inner cylinders. Since the physical pro-
perties of the metallic core tube are known, those of the lunar regolith
material vill be obtained by comparing the solution with experimentally
observed temperature,

As far as we know, the mathematical solution to this problem
cannot be found in the literature. We spent a considerable amount of
time to formalize the problem, obtain a solution, and put it in a form
readily applicable to the analysis of data. The details are given in
Appendix ]. Computer programs were constructed so that the least-
square fit to the daia is done by trial and error to yield a best estimate
of the thermal conductivity of the lunar regolith sample.

Two types of lunar core samples are available for our experiment.
One is the Apollo 15 type drive-tube core sample. The other is the Apollo
15 type drill-core sample. To provide radiation to the outer wall of the
core sample, two sets of a heating unit were constructed to fit each type
of core sample. The heating units are coaxial cylinders. Heat transfer
from the heating unit to the core sample is two-dimensional thermal
radiation. The heat flux Q, per unit time, per unit axial length of the

core tube is

Q=A (1)




where ‘I‘c and Th are the surface temperatures of the core tube and the

heater, ¢ =(o /o_)and ¢ = (0, /o,) are the thermal emissivities of
c c b h"'b

h
the core tube and the heater surfaces, Ac is the area of the core tube

surface per unit length of the core tube, & is the ratio of the surface areas

=S

of the core tube and the heater per unit axial length of the cylindrical system.

If the radius of the core tube is rc and the inner radius of the heater r

then

hl

A =27r
C [

and

8= zwrc/zwrh = rc/rh

When the temperature difference between the heater and the core

tube is small, (1) is approximated by

4A T >
Q- e AT (2)
] ]
e g i =
c h b

where AT =T_ - Tc

Since o, and g _ are constants that depend on the surface finish of the

h
materials in a complicated way, the coefficient in (2)
4A T
e ) 1 3)
—— = - =)
o o o,
c h 0

can be determined experimentally. A core tube, not filled with sample
material, is used for this experiment. Let the specific heat, the density
the outer and the inner radii of the core tube bec_, 2, x-z (= rc) and r

2" " 2 1
Then, the heat capacity of the core tube per unjt length of the core tube is



w(r . rz)cz £

metllzand t}ae rate of temperature variation is comparatively small, it can

Since the core tube is made of thermally conductive

be assumed that the temperature of the core tube is uniform and equal to
its surface temperature. Therefore, the rate of heat inflow into the core
tube is given by

dT

2 2 c
Q=W(r, -7 e 5t (4)

which is to be equated to the rate of heat transfer from the heater to the
core tube, Equation (4) combined with (2) allows us to calculate f. The
experimental result showed that a better fit to the data is obtained if an
additional term, proportional to the core tube temperature, is included in

(2), i.e.,

Q=1AT + g Tc (5)
Equating (4) and (5) and integrating with respect to time, we obtain

t t
2 2
T (l'z - T ,CZ’GZTC(” = ijAT (t) dt + 350 Tc(t) dt (6)

Values of f and g are determined from the measured Tc and Th by the

least square criteria,

Comparison of the experimentally determined { with the theoretical
expression (3) yields an estimate of <. The surface of the heater is
painted a non-glossy black. Therefore, ¢ e 1. The estimated A is
0.47 for the Apollo 15 type drive-tube and is 0. 64 for the Apollo 15 type drill-
core tube. The material of the Apollo 15 type drive-tube is an aluminum
alloy 6016-T6 with a surface finish of sulfuric anodize type II, class | per
mil - A - 8625 manufactured by J. T. Ryerson & Co. The surface layer is

less than 0. 001" thick and consists mainly of aluminum oxide. The



The Apollo 15 type drill core-tube is made of a titanium alloy Ti-6A1-4V,
The estimated emissivities are in reasonable agreement with published
emissivities for these materials,

The experimentally determined g has a negative sign. This
implies that the second term on the right-hanci side of (5) represents a
loss of heat from the core tube, probably by conduction along the axial

direction of the core tuk-,

Experimental Setup

Figure | illustrates the heater-sample holder assembly for the
experiment. The heater for the measurement of the Apollo 15-type drive-
tube core sample is 8.0'" long, 2. 135" in inner diameter and 2. 677" in
outer diameter. 'The heater for the measurement of the Apollo 15-type
drill-core' sample is 8.0'" long, 1.40" in inner diameter and 1. 937" in
outer diameter. The sample holders are fabricated in accordance with the
sizes of the core tube, 14.75" Jong and 4. 39 ¢cm in outer diameter for the
Apollo 15-type drive-tube and 16. 75" long and 2. 33 cm in outer diameter
for the Apollo 15-type drill-core. Since the heater and the sample holder
will be in contact with the lunar samples, materials permissible by NASA

standards are used for the fabrication of the assembly. For temperature

measurements on the surface of the core tube, thermocouples sheathed in a

copper disk, 5 mm in diameter and having the same curvature as the outer
surface of the core tube, were tied on the core tube by a polyimide strap
and springs. For the temperature measurement at the surface of the
heater, stainless steel thermocouples, sheathed in a copper strip, were
bolted to the inner surface of the heater,

The heater-sample holder assembly is encased in a vacuum
chamber 36.0" long and 5.90" in inner diameter. There are two reasons
for making the experiment in a vacuum. First, since the thermal conduc-
tivity of the lunar regolith material strongly depends on the interstitial

gaseous pressure, gas pressure in the sample must be kept below 10%%(-3)



torr during the measurement to simulate the lunar, surface condition,
Second, to limpl'ify the theoretical interpretation of heat transfer from
the heater to the core tube, heat transfer due to convective motion of
the gas filling the space between the heater and the core tube must be
eliminated by keeping the gas pressure as low as possible,

Our vacuum systemis schematically shown i.. Figure 2. It is
necessary to control the time rate of evacuation so that a reduction in
pressure does not cause any mechanical disturbance in the sample, A
fine metering valve, illustrated in Figure 2, is used to establish and
control the very slow rate of evacuation. An optimum pumping rate was

sought experimentally, A glass tube of the same dimension as the core

tube was filled with material simulating lunar soil and artificial stratifications

were constructed by intercalating layers of clay of a different color than
the simulated lunar material. ""he adoption of a rate of 760 torr/12 hours
resulted in no disruption in the strata and no leakage of soil particles

through the small hole in the plug inserted in the top end of the core tube.

Test Measurement

A series of test experiments was performed on simulated samples
of lunar regolith material. The result of an experiment with glass beads
and powdered Knippa basalt, in an Apollo 15-type drive tube, is summarized
in Horai et al. (1974)* An experiment with Apollo 12 simulant lunar regolith
material, contained in an Apollo 15-type drill-core tube, also yielded a
satisfactory result. We think that the feasibility of the method developed
under this proposal has been demonstrated.

As a continuation of this study, we plan to make measurements on
lunar core samples. We would like to note that the Lunar Sample Analysis
Planning Team has already approved the usage of one Apollo 15-type drive-
tube core sample and one or two Apollo 15-type drill-core samples

returned by Apollo 16 and 17 missions. The performance of the measure-



L

ments and the interpretation of the results will be undertaken under the
companion contract (NGR33-008-169).
The work performed under this grant is being continued under a

renewal of grant NGR33-008-177,

* Horai, M. Langseth, Jr., A. Wechsler, J. Winkler, D. Colvia and S.
Keihm; (1974) A new technique of thermal ronductivity measure-

ment of lunar core samples; The Moon, v. 9, p 243,
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We wvant to discuss a conduction of heat in composite coaxial circular cylinders.
In cylindrical ooordinato system, the inner nylinder (0 € r £ rl) is of on» substance
wvith thermal oonduntivit} kl’ specific heat ey density fl and thermal diffusivity "
= E;E%;)’ the outer cylinder (rl €rp € rz) is of unother cubstance with thermal con-

k

ductivity k,, specific hea® c,, density , and thermal diffusivity r, (= )e The

iy f
212
cylinders extend to infinity in both positive and negative z-directions. Initially, the
cylinders are at constant temperature zero and for time t > 0 heated externally at a
constant rate Fo per unit time and per unit length of thc cylinders.

4 times more

In the case we are going to discuss, the outer cylinder (metsl) is 10
conductive than the inner cylinder (lunar regolith material under high vacuum), Besides,
we are going to adopt a comparatively small -ate of heating Fo‘ We will assume that the
outer cylinder is a perfect thermal conductor (k2 =o0) and no temperature difference

exists between the outer and the inner surfaces of the outer cylinder.

Therefore, the equation to be solved for the temperature vl(r,t) that is defined

in the ranges of parameters O € r 4’rl and t > 0 is

2w LoV _ 2y, _
ot T 7 Tar x, 2L (1)

with the initial and the boundary conditions

vi(r,o) =0 (2)
and
2 2 L v 2,
R (rp =ry "depfy =] + el 57 =¥y (3)

N r=r,

The temperature in the outer cylinder vé(r,t), defined in the ranges of parameters

€p £ r. and t > 0, is constant as a function of r and is equal to vi(rl,t).

L |



A solution of (1) with the conditions (2) und (3) will be obtained by the
Laplace transformation method (see, for example, Carslaw and Jaeger (195%,chapter 12)).

If we denote the Laplace transformation of v (ryt) by

-~

71(r,p) = | exp(=-pt) vl(r,t.) dt
e
ythe subsidiary equation that is obtained by the Laplace transformstion of (1) becomes

2= -
LI TR T, W S n
P r ar Y 4)
dr
where
2
ql =P/Kl

with the boundary condition

-

gD v )Gpfsp V| o« Jznﬁ.—':—,a; - Fo/,
flf- f.ri (5)

The solution of (/) that satisfies the condition (5) is

FQ I&r) (©)

P z(rl.’ﬂ.)flclflcfynrt)'lnﬂ‘; ju I,(f.!’:)

;i(rap) =

wvhere Io(z) and Il(z) are the zero order and the first order mo/ified Bessel functicas.
The solution of (1) with the conditions (2) and (3) is obtained by the inversion

theorem for the Laplace transformation

re-oe
vl(r,t.) =_2!.“'._1- L™ T, N) A (7)
I-sag

wvhere vl(r,)\) is the function obtained from vl(r,p) by replacing real variable p by

-

complex variable A .
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Since the integrand of (7) has no branch point at A =0, the integrel can be

eveluated by calculating the residues at the poles of the integrand, Inspection of (6)

reveals that the poles exist at A=0 and A = - ~ l’nz vhere . is the n'th positive

root of

(r,"- ry 2) Py
2 J =
. - (ry ¥p) Jolry ¥)) + 3,(ry 0 ) =0 (8)
1 f’1 1
Here, Jo(x) and Jl(x) are the zero order and the first order Bessel functions,
- 2 = 4 _ 2 -
If we put D, =@r)f, ¢, and D, = = (r, -r,") P, €, » the residual at A= 0

is

- — -

}.{ r | _ripc . _Bi(Pir2ps) }
. L, P, “ X, L, v Pa PRz (po'ﬁn)a

(9)

end that st A= - &) 7 2

By R, EOT £ R o AR B S

From (9) and (10) we have

A T R (AL L)
vy(r,t) = ’T'( XY IR AN Y2 2 (o ps)

Jeolr '-) -K'r"'/t

. ® T ]
- L T a ™ : Vi Ko \*
" tnmyt [l (SY ’}”] (1)

The temperature at r = r, is
vz(rz,t) = v, (ry,t)

= }’.l / 2,

Dyv Pa . LAXx (l,n p.)‘,

a
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For numerical calculation of (11) and (12), the series in the formulas must
be computed for su!:fieiantly large n so that the residualp become negligibly small,

From (11) by putting t = 0 we obtain a relationship

/ -y / B,(P+a8,:)
e R -—;,.,;—"}
E JoCrnd Jf s (nis)
Ly (V;f-)‘l' ::{ :‘.(f.;‘..)*' I}-o l] (13)

Since the lefthand side of (13) is a constant, this relationship can be used %o test
the converge \ce of the series. To evaluate the individual terms of the righthand side
of (13), r p Bust be calculated from (8). Since the coefficient in the equation (8) is
positive, the roots rn exist in the intervals where Jo and Jl have opposite signs.
According to the eélementary theory of Bessel function, the signs of JO and Jl are
opposite in the interval between " and fn vhere " and /Bn are,respectively, the

n'th positive roots of JO and J1. Therefore, we have a relationship
Kp< Fpry < /Bn (14)

Since the values of atn and Pn are known and available in the litereture, the relation-
ship (14) provides an effective way of calculating ‘rn by computer. The numerical
evaluation of (13) showed that, for the ranges of values of the physical constants
that are encountered in our problem, a summation of first 20 terms leaves the residuel
less than 0.1 % for any value of r that is in the range u=r= ry. For the analysis of
data, rn's are calculated up to n = 100 and the summation of first 100 terms is used
to fit the formula to the daua.

The formulas (11) and (12) were obtained for a constant heat flux Fo. We want to
extend the formulas to the case when the heat flux changes stepwise as a function of
time. Let the heat flux be a constant Fi in the time intérval between ti1 and t,.

Then, the variation of temperature at time t (> t,) due to the heating is given by



'1("'t"t. = Fi'[’("*"*'i-l) - t(r.t-t.i)} (15)

1-10%

f(r,t) = Vl(r:t)/ro

is a function derived from (11).
The variation of temperature due to the stepwise varying heat flux will be
obtained by superposing (15) for all time intervals,

1
A gnay

e = Eme,
= 'Z- z:"{{‘r.;'}'-'-l)-j(’ll"/t")}
=/
“anas o Al A
= .._r, }-‘, l D v Da

L fn..r‘-'—' Il'.ft.;_
e

-—

/ — - " r“;"‘o- -
£

- —

AR, A (r:r-)‘[';f'{%' !Tr:)' / }‘ "] (16)
) =t. Jelvr.)

max Je (i re)

where t

The temperature at r = r, is

vz(rzit') = vl(rllt)

- ‘i—‘ /—_:.[ /‘-"/La'-'

a'my "" "
' E ALY 2, e By, gt b ]
- — £ =3t
r7 A NPT } ]
(r".)l"{" 2.)" /

(17)

In the case when heat flux F{t) is a continuous function of time, the effect of

heating in the time interval hetween t,

11andt

4 can be approximated by that of constant



heating rate by putting

y 7

F(t) dt = F, (t1 -t
‘-"I

i-l)

!
Therefore, with an approprgate selection of time intervals, (16) and (17) will be

applied to the case when the heat flux varies continuously as a function of time.
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K. Horai, M. Langseth, Jr. , A Wechsler, J. Winkler, D. Colvin, and §. Keihm: A New Techaique of
Thermal Conductivity Measurement of Lunar Core Samples,

A new technique has been developed to measure thermal conductivity ofMlunar core samples returned
by Apollo missions. Since these samples are to be used for various scientific studics, the messurement
must be performed without deteriorating any physical and chemical properties of the samples. The
new technique does not require the extraction of sample materal from the core tube. The lunar
material in the core tube is mounted in a vertical position inside @ vacuum cramber and heat fux s
supplied radially from outside of the core tube. The thermal conductivity i1s determined by analyzing
the time variation of temperature at the surface of the core tube. An experimental setup has been
constructed to fit the Apollo 15 type drive tube core samples. Heat is transmitted to the sample by
radiation from a coaxial cylindrical heater. The heat transmisston cocthicient was determined ex-
perimentally for a given temperature difference between the heater and an empty core tube, The
comparison of the experimentally determined coetlicient with the theory of radiative heat transfer
yielded an estimate of therma emissivity £ = 0,47 which 1s reasonable for an anodized aluminum
surface of the core tube. The solution of the time-dependent heat conduction egqustion for a concentric
composite cylinder (outer cylinder, the core tube; inner cylinder, the sampie ot lunar regolity) was
obtained under the conditions that the initial temperature 1s zero and the influx of heat through the
outer surface of the core tube is a continuous function of time. Since the physical properties of the
core tube are known, a single unknown parameter, either thermal conductinity or difusivity of lunar
regolith, can be determined by comparing the theory with the experimental daty

Test experiments have been performed on powdered Knippa basalt (grain sizes ranging from 74 to
149 y; bulk density, 1,39 gem-%) and glass beads (grain size, 90 u; bulk density, 1,48 gem 9),
Gaseous pressure in the sample was below 0.78 » 10°% torr for powdered Knippa basalt and below
1.0 x 104 torr for glass beads. For both of these samples, the initial temperature was about 300K,
which increased about 7K during the measurement. The values of thermal conductivity obtained by
the present method were 1.10 - 10 % calem~! s~ K for pe sdered Knippa basalt and 0.41 - 10# cal
em-! s~'K for glass beads. These values are consistent with the values obtained by other standard
techniques on these materials. It is considered that the new technique is particularly suitable for the
measurement of thermal conductivity of lunar core samples for the following reasons: (1) The
measuiement 1 mace without disturbing the sample mechamicallv. It 18 not necessary to dissect the
core tube and extract the lunar matenial for the experiment. (2) The sample is heated 1n an indirect
manner. Heat is transmitted to the core tube by radiation to avoid a direct contact to the heat source.
The sample temperature need not be raised more than 10K 1o obtain reiable data. (3) The attachment
of a temperature sensor to the outer suilace of the core tube is the only mechanical contact required
for the measurement. This will greatly reduce possible chances of chemical contamination to the
sample during the measuremen’,

This work was supported by NASA grant NGR 33-008-169,
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