LUNAR THERMAL MEASUREMENTS IN CONMJUNCTION WITH
PROJECT APOLLO

by

Sydney P. Clark, Jr.

Final Report

September 1973

Grant No. NGR-07-004-039
Yale University
New Haven, Connecticut 06520

N74=-10769
A=CE~=136035) LUNAK ’IHEEHEL A
!‘!gggﬂﬂEﬂEN‘IS IN CONJUNCTICN H.xTH PP.C.;?UI
APCLLC Final Report {Yale Univ.) gsc19038 snclas
ue $10.25 63730 15736

The information presented herein was developed from NASA-fundad

work. Since the report preparaiion was nui under LASA conirol.

al> responsibility for the material in this document must neces-
sarily reside in thc auther.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

ar R

ot
£
¥
3
¥
g
$

C ey



. ,.;..L,l"_ R O
P~ " . P
P I A . . FEAA T
R O

L3S SBN LN

P R N LR 2L

3 ,§-Wl’wl L7

This grant fundad feasibility studies and development work on the
lunar heat flow experiment (HFE). The first task was performed under a
previous grant (NSG-400), and it consisted, among other things, of the
fnvestigation of a novel method of measuring heat flow which has the
advantage of not requiring a drilled hole. The method was found noi o
be feasible, however, and the requirement that a drill be developed for
Tunar us2 was established. These early results are incorporated in
Appendix I for convenience.

Once the necessity of drilling a hole in the moon became clear, it
became desirable to develop an in situ method of measuring lunar thermal
conductivity. The alternative. to measure conductivity on a returned
core, suffers from the disadvantages that the volume available for inves-
tigation is much smaller than tha{ sampled by the in situ methcd and the
physical properties of the Tunar material may be permanently altered by
the coring operation. The temperature field surrounding a heater with
the geometry of a cylinder of finite length was therefore investigated.
The results were presented in an interim report dated January, 1967
(Appendix Il1). The calculations reported there formed the basis of the
design ¢f the downhole part of the HFE, which was developed and fabricated
by A. D. Little, Inc,

During the final six years of the grant's duration the main activity
was travel and consultation with colleagues associated with pianning and
fabricating the HFE. Places mest frequently visited were Lamont-Doherty
Ceological Observatory and A. D. Little, Inc.

Probably the best measure of the success of a research prograrm is its

results. Four MFE's have bzen flown a2nd two of these are in place on the
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moon and returning data of high quality. They have achieved and even sur-
passed their design objectives, and they have proven themselves to be
rugged, reliable instruments. They are described in the Apollo 15 and
Apcllo 17 Preliminary Scierce Reports, attached as Appendix III. The two
instruments that failed to return data were victimized by circumstances
that were unrelated to the HFE itself. One was lost as a consequence of
the abort of the Apollo 13 landing. On the Apollo 16 mission, the YFE
was successfully emplaced, but it was silenced when an astronaut inad-

vertently tripped and broke the cable connecting it to ALSEP.
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APPENDIX I

Some Early Feasibility Studies
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ABSTRACT

A mumber of prolems related to the feasibility of measuriag lunar
heat flow at the lurar surface or in a shallow hole have been investigated
with the following results. Study of the steady periodic temperatures
in the lunar material will give unambiguous information about its
properties only if the surface material alone has an appreciasble effect
on the amplitude and rhase of the thermal wave. Layering tends to reduce
the amplitude of the fluctuation at a given depth. High-amplitude
fluctuations near a place where the poorly conductag surface layer is
missing do not penetrate far and pose no difficulty. Large terturbatiocs
of heat flow may be caused by irregular? :ies in thickness of the surface
layer, and a number of closely spaced measurements at a given landing
site will be required to minimize this source of error. The ''blanket"
method of measuring lunar heat flow is not considered feasible tecause
of the necessity of very closely matching the local albedo with the
blanket, and because a blanket with properties such that an easily
megsured gradient free from periodic fluctuations can be set up by the
lunar flux requires a prohibitively long time to come to thermal
equilibrium. Conversely a blanket with a suitable time constant will
yield only a small, seriously disturbed gradient that will be difficult

to measure,
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1. INTRODUCTION

A measurement of lunar heat flow will be interesting for a number of
scientific reasons. Heat flow gives more direct evidence about the
internal thermal regime of a planet than any other measurement that can
be made at the surface. Limits to the total amount of radioactive
elements in the planet's interior can be set, as well as limits to its
initial temperature, In the case of the moon, a determination of heat
flow will help to decide just how "dead"” it is, since the source of
volcanism and mountain building must ultimately be thermal energy, most
of which is leaked to the surface to appear as heat flow. The small size
of the moon makes it especially interesting from the thermal point of
view. Cooling from the surface has affected some 707 of the volume of
the moon compared with about 207 of the earth, assuming the two bodies
are of the same age. As a coasequence the relative importance of initial
hest and radiogenic heat may be very different on the moon as ccompared
with the earth, a possibility which makes a comparison of heat flow from
the two bodies all the more interesting.

But granting the desirability of a measurement of lunar heat flow,

a number of obstacles remain in the way. On the terrest:ial land surface
heat flow is measured in borcholes, minee or tunnels reaching depths up
to several thousand feet, Considerable depths are necessary in order to
avoid disturbances which occur iear the surface. There is no proipect o.
drilling a deep hole in the moon in the foreseeable future, and any
measurement of heat flow must be made at the surface or in a shallow hole.
The temperatures near the lunar Ssurface are in the first place affected

by the large monthly variation in surface temperature, and secondly by

1.
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thermal refraction due to variability in the thickness of the lunar
surface materisl, which is known to be of very low thermal conductivity
compared to solid rock. The goal cf the present study is to assess the
seriousness of these difficulties,

In the calcula.ions which follow, the assumption that the lunar
situation can be adequately represented by a linear model, i.e. a model
in which the thermal properties of the lunar wmaterial arc treated as
independent of temperature, is made. This assumption i. prohably very
wrong for materials near the lunar surface under ambient lunar conditions.
Temperatures are below the Debye temperatures of common rock-forming
minerals, implying a temperature-dependent specific heat. Radiative
transfer is presumably an important contributor to the thermal conductivity
of the porous surface material, and it is strongly dependent on temperature.
Both factors argue for trestment of nonlinear models, but the additional
complication is hardly warranted in view of the remaining uncertainties
ir. the details of the properties of the lunar surface material. Thus the
pres.at study represents a first approach to the problem, aimed more at
recognizing difficulties than at removing them,

Four problems are considered in detail in the following sections.
The first is the cas. of one-dimensional steady periodic heat flow ir a
stratified medium consisting of two layers of differing thermal propevties,
resting on a substratum of infinite thickness which has a third set of
thermal constants. An exact solution is obtained for the case of
semigoidally varying surface temperature.

A second problem again concerns steady periodic temperatures, this

time in a two-layered medium with the upper layer absent withia a circular
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3.
region. Numer‘cal results are obtained for this model of a hole in the
moon's poorly conducting surface layer. Perturbations of heat flow due
to variable thickness of the surface layer are investigated under stecady-
state conditions, and finally result: are extended to calculations of the
disturbances associatcd with the emplaccment of a blanket-type thermal

fluxmeter on the lunar surface,
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2. STEADY PERIODIC TEMEERATURES IN A 3-LAYERED MEDIUM

A, Theory

Mathematically the problem can be expressed In the following way,

The region 0 < x < X, contains material with properties K,, , o etc.

*

(see table 1 for notatiom), the region 51 <x §.§3 contaiu. mat-ria. sith

properties 52, etc,, and the region x 2'33 contains material with

properties K4s etc. At the boundaries X, and X, both temperature and
thermal flux (= X %ﬁ) are continuous, T -+ 0 as x =?» @, and T = éo sin (it

when x = 0, where Ao is the constant surface amplitude., Within each

2
region T must satisfy the equation of heat conduction, -?-% = ?11%1‘
x

This problem is most ccnveniently solved by the Laplace transform
method described >y Carslaw and Jaeger (1959)., Further details about
this particular problem are given by Lachenbruch (1959), who obtained the
solution for the special case x = X3 If we write E for the Laplace

transform of T, and use subscripts to identify the three regions, we have

(Lachenbruch, 195¢):

El = Fexp(qlx) + Gexp(-qlx), ¢
TZ = Hexp(qzx) + Jexp(-qzx), 2)
53 = Rexp (-g,x), 3

where F, G, H, J, and R are constants, independent of X. The two boundary

conditions it each interface, x =~§1 and x = §3, plus the condition at

X = 0, provide 5 equations which determine the 5 unknown quantities

F, G, H, J, and R,
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Table 1, Definitions of Symbols

Temperature

Time

Depth variable

Depth to base of upper layer

Derth beneath base of upper layer

14 %

Angular frequency, = ?.66 x 10-6 secl for 1 lurf day

Depth to top of substratum, =X

Thermal conductivity of the ith layer

Dengity of the ith layer

Heat cevacity of the ith layer

Thermal diffusivity of the ith layer, = Ki/pici
Thermal inertia of the ith layer, = (Kipici)%
Parameter of the Laplace Transform, T = !:Exp(-pt)T de
(v/x,)*

Heat flow

Thickness of blanket

Subscript denoting properties of blanket
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6.
Th: transforms of equations (1)-(3) can b inverted by the contour integration
method. Lachenbruch (1959) has alrcady shown that the line integrals involved in
the inversion contribute only to the initial transicnt state and have nothing to do
with steady rerliodic temperatures. Hence for presen: purposes wc neced consider
only the residucs at the poles of the transforms. 7?cles are located at
. =‘tiw, following Lachenbruch, we assume that the quantity 8 (equation 9) has no
zeros in the com;lex plane. It can be shown that the solution given below does
indeed satisfy all of the copnditions of the roblem, which constitutes proof that
either « has no zeros or that the residues at the resul’ing poles contribute
nothing to the steady ;eriodic part of the solutior.

The tesidues at [ = tiw lead to the following expressions for the temperatures.

A
Tl = B-P'{ex; (-Ju/Zle)sin(u)t-Juq/Zalx)-F

+ P, Lex; ( 'Z-Ju;/Zalxl-2Jw/2a2x2+JW2alx)sin(ux -ZJWZalxloZJWZQszwWZQI x)+

+ ex, (—Nw/2a1x1-2«/u72a2x2-w2a1g)sm (ut-bZJuVZalxl+2qu2azxz -JWT({ x)
+ P3[ex1. (-Z«’WZalxlﬁ/whalx)sin(m-lmlma_lx)-k

+ ex;(-ZJm/Zalxlwa7§alx)s1n(um+2vﬁy2alxlﬂ¢Q/201,)]+
+ Pa[ex;(-2yﬂ7ia;x2wa7zaix)sin(ut-ZvGVQGEXZ-VQ/TEIx)+
+ exp(-2Jw/ 2(12){2 ~Ja/ falx) sin (wt+L/§755—2X2 —mx) b
+ p2r3[ exp (-4/uw/2 oil"x1 -2./577&2' x2+JE>7Ta'1’x)s in (wﬁWTQ;XZW' 2a -1x)+

+ oxp (-al/2a, X, -2./5/20, X, w/w/2G, x) s 1n (ut -2/0/20, X, w/20, x) F

+ PzPa[ex;(-thVZlel-4vﬁy20ix?+th2a1x)sin(wt-ZJm/2a1x1+vﬁV2alx)+

+ exp (-2J/2, X, -4/0/20, X, -vi/2G) x)81n (we+2./0/2a, X, ~V/2a x) +

+ PyP LLexp (-2Jw/2a1x l—u«q/zazxz+ﬁ /2y x)s in(wt-2/w/2a, X, +2/0/20, X, h/w/2a, x )+

+ exi(- w/2alxl°2/w/zazxzw‘l—/Zalx)sin(w&Z\M(zl'xl-&/—Tw a,X, -va&/Za, x) I+
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+ p22 Cext (-4/720,X, -4/ 200, %, 0/ 200, x)sin (wt /iy 20 x) T+

+ P32[exk (-W2a1x1+ JuVZalx)sin(um-tha{x)B

+ 2, Lexp (-2, X, /0728, x)s1n (w72 x) ]} (10)

A
T,= 32("2'"’ oexe(~//20, X, ~/w/2a, (X, +X4-x) J{sin[wt-/oy/20, X Viy20, (R, +X,-x) H

+PB, expf-MVZlel-ZJu;'Zazxz }-tn[uxWZulxl-Jm/mz (X, -x) =

+ Py ext [ -N’Jy'i'&lx: 1s 1n[wt-l\/w€d1xl -Jm/Z(:!2 (X,+X,-x) B

+P, exp[-Nw/Zazxz]ain[wt-—-/u;l?.alxquw/za.z (Xl-x)J}"

A

+ 3-‘-’(1+p 3)exel~M720 X, /20, (&, -x) I sinlwt V20 X /20, (X, -x }
+ P, expl -W&;xl-wmzxz Jsin (wtﬁ/ﬁ?k!lxlimaz_ (R, +X5x) 13
+ Py exp[-zv’uVZalxl]s in[wtma;xl-im @ -0+

+ ?, exi[-2/0/2,X, Jsta{wt-Vay2a X /ey 2a, (X,4%,-x) 1} 1)

AY
1
T,= ; exp[-JWZEle-./w/mzxzwuvz% (13-::)]{sin(mlexl-Jw?mzxz-er?iaa

(x3 -x) }"

+p, expl -2/u/2a,X, -2/0/20,% . ls 1::[wt~h/—w/2—al e 2'a2" xzww/fog (®y-x)
+ P, expl-2/u/2a,X, Jsin[wt-h/2G X, -vi/20, X, wa/ 20, (R -x) I
+P, exp[-Zmaz-xz Is in[wt-:fumxl"m%-xzwm (X4-x) 1} 12)

where

D = 142P,exp (-Wfoile-&miz’xz )cos (W!'oi;xl«l-wmz‘xz )+
+ 2P3 exp (- w/2a1x1)coa (2«/'(3/2(1,}1 Y+2P ex; ( -2./u;/2(7.lx2 Jcos (2«,’«.\/2(12x2 )

. 21’2!'3 exg (- u/Zalxl-ZJu.VZ(zzxz )cos (ZJWZGZXZ)-I-
+ ZPZP 4§ &% ( -NWZalxl-AJWZazxz )cos (zJuﬂalxl)-l-

+2P,P, exi(-2/u/20,X, -2/u/20,X, Ycos (/20 X, - 2/u/ 20X, )
+ B, enp (WX, ST, Y40 exy (-TTEK 142, exp (-WTTX,)  (13)



>

¢
%}}‘
:é A
=
i
2

iy .

and
449
Pl b ﬁ 2
Baratifoti g HyMs
2
> “2P31P1PyEy Byfy
2 - 2
2
’ “Eofq18.F,By ¥8484
3" ' 2
EoPa¥EE 4Py 4P,
2
B, HE 4P R, =B R
P, - 27 17 Ry “Fyf3 1)

- 7
BorgtEPytt, 18.P,

The temperature is a Sinusoidal function of time at all depths. It is useful to
have the solutions in the form T = A sin (wt+ ), i.e. in terms of the amplitude

and phase of the fluctuationc. We write A =_A_.°. J312+ciz and = -tan-l(Bi/Ci).
D

and find that the B1 and Ci are given by the following expressions.

B 1 = exi (-',/w/Zalx) sin (mx)ﬂ’z [exp (-ZJWZGIXI’ZJWZQZXZHWZGI::) -
~exp ( -2v’w/2a1x1 -ZJoﬂalxz - uﬁ-a-l'x )]sin (2J&7231‘x1+W2?'¢;x2 -Ju/20 P

+2,lexp (-2vw/2a.X 1+v’f»/2alx) -exp (-2/0720 X, -v/20,; x) Js1n (2/io/20, X, 0720, x)+

+2P4exp (-2'/0.»/2(12)(2 w@/Zalx)cos (2,\/w/2a2x2 )sinJ(v/Za.lx .

-2P,P,exp (-6Jc5/2alx1-2Jw/2a2x2+Jw/2a1x)cos (24/5/2(12)(2 )stm/zalx

+P, P 4[ex; ( -mel NV 20, X, h/w/2a, %) -ex) (-Nw??alxl ~bafw/ 20,X, -/ 2a, %) Ix

xsfn(Zv@,/Zalxl-Jw/Zalx)+P3P 4[ex; (-z./m/zalxl-2Jm/2a2x2+Jw/2alx) -

-exp (°2l/w/201X1-2Jw/2a2 -qf_w/Zalx) Jein(2Vw/ 2, a X, -W’ia';xz -Walx)

-Pzzexp ( -Ww/Zalxl N 2a2x24\/w/2a1 x)sin/w/ Qyx

2, ey (- 7200, % W 25 x) s T+, e (-7 B0, /T, )T TT e (15)
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C, = exi (v 2a1x)cosJuV 2y x+P2[exp (-mxl-mazxszZQIx Y+
+exp (-2//20, X, -2//20,,X, ~Ju/2a;x) Jeos (zﬁ/zalxlnﬁn?i@xz Y 2a1' LX)+
+P 3 {exp (-LJw/ 2(!1](1-’1.}!9/ Zalx)-l'exp (-2vw/ 2(11X1-Ju;/ 2a1x) Jeos (2 2a1x1-Jm/ 2a1x)+
+2P L&XP -2/ 202)(2 -~/ Zalx)cos (sz/zazxz )cost/ 2a1x
+2P,P exp (- WZalxl-zJu;/Zszz-h]u;/Z(;,: x)cos (2/e/20,X, )cosfuy/2a;
+P,P ylexp (-?.Jm/2alxl-N‘q/Zszz-h/u;/Zalx)-i-exp (-2JW20111-W202){2 -Ju?Zalx) Ix
xco8 (sz/zalxl-ﬁ»/zalx HE,P a[ exp (- z.ﬁu/zalx,_ -uny'Zazszzalx»
+exp (-2Juy2alx i -ZJuT/Zazxz-./W2a1x) lcos (chE/'zcxlxl-7,./«)/2012112 -ﬁyzalx)
+P22 exp (-AJ&)/EE;XI ~bjuy ZQZXZW/ 2a1x)coa\/m/ Zalx
+P 32 exg (-szalxlﬁwﬁalx)coamaiﬂl’ 42 exf - ("‘/“’72“2)(2 -/ Zalx)coWI&_{x
(16)

B, = (PZ+P4)ex‘,[-Jw7".alxl-J@/2a2 (X, #X4-x) H{sinly/20,X H/e/20, (®,+%4-x)]
-, exp (-2/w/ Zalxl-ZJw/202X2 ysinlJuy/ ZQIXI-JGJTZCIZ (Xl-x)]
-P.ext ( -2~/w72a'1x1)s in[J0/2 '1x1-Jw' /20t A (x2+x3-x) ]
+P, exy (-L/uyzazxz )sinfyﬁ/2alxlvw202 X, -x) 1}
+ (1P )exy (-vo/2a, 1(1-!«/6/2412 (xl-x)]{s1:1[[(»,/20:1)(1-.ﬁq/Zoz2 (X,-x)1-
-P,ex; ('?4/“*/20111'”%0222) st V&/20, X e/ 20, (%, 4%, -x)]
-P3exp -2/ Zlel)s inlJo/ 2a1X1+»,/w/ 2a2 (Xl-x)J
+B exp (-Nu/'ZCthz Yainl o/ Zalxl-ﬁu/ 2a, (X2+X3-x) 13 17)

C, = (P*P 4) exi [~/ 2a1x1-Ju;/ 2a, X, X, ~x) }{ cos [/ Zalxlwmaz (x2+:(3-x) ]

+2, exy (-2,0/20, X, ~2/uw/20,X, YeaslVu/ 20X, v/ 20, &,-x)]

+Pjexp (-2/4/2a X, )cos (V720 X, e/ 2, (%, +X3-X) ]
4P exp (-2/A7ZTX, ) 0a Ve 2o X h 722 (8 -x) 1]
+ (142 expl 720, K W72, (%, -x) M cosofo/20y X -4y 23, %, -x) )
4P exp (--2.‘/‘7;775@1-2.,/67'2'3:2"x2 Yeos[Vi/2a, X /w2, (X, +X4-X) ]
4P yexp (-2/FTEX,) ) cos VA ZG, X W 7T, (X, %) ]
+p exp (-2//T0, Xy )coslJB720 X VT (p3y-x))) oY 18)

(18)
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By = P expl ~VATEK, VILX, VAT, (X -x) o 10l 7T X, /a2 Ky 7By (3 -x) ]

-, exp (-2//204X, -2/0/7%,X,, )5 1n{/u/ 26, X, h/a/ 20, X, h/a/ 20, (X3-x) ]

-P3exp (-2 201X1 Ysin[Jay ZGIXI -/ ZGIXZ-NWZG:, (X3 -x)]

+P exp (-2 2a X, )smw—u/z'al' X, -J&?'_'zazxz -J‘«y'z‘a3 (X4-x) 1} (19)

¢y = Pyexp[~vay2a; X, -Juy2a, X, ~/u/2a, (X -x) H cos [Viy2a, X +/w/20, X, V20, (X -x) ]

+P, exp (-2/w/20, X, -2/a/20,X, ) cos L/ 2'a1'x14»ﬁ7§a‘2x2+../u;/2a3 Xy-x)]

+P3exp(-ZJq/Zalxl)cos[thQlel-4@??Q5X2+u5775;(x3—x)]
+2,,exE (-2V/20, X, Y cos (Va2 X, -Va/20, X, -/ 203 (X3 -x) 1] (20)

An alternative vay of exjressing the solutions in the middle layer and in
the substratum leads to results which are simpler in aj;earance. In the first
case, one magy use Lachenbruch's (1559) solution for the two-layer problem, with
am; litude and phase at the surface calculated from equations (17) and (18) at
X = xl. In the substratum one may use the simple solution for a uniform half

srace (Carslaw and Jaeger, 1959, p. 65), with surface amplitude and rhase

calculated from (1S) and (20) at x = X The apparent simplification achieved

53¢
sn this way proves to be of little value for gractical calculation, however.

A number of terms which are independent of x, such as those on the right side

of (13), must be evaluated in order to obtain numerical results in the upper
layer and at the interfaces. Once this is done it seems simgler to continue

t 13e the three-layer theory rather than evaluating new exiressions which
acpear in the two-layer theory, and which differ from those already evaluated.
The extreme simplicity of the expression for temperature in a homogeneous medium,

however, makes the alternative procedure more attractive than the use of

equition (12) in the substratum,



11.
The three-layer theory leads to expressions which are far too cumbersome
for hand calculation. Numerical results are easily and rapidly obtained by
a digital computer, however. Use of the exact theory insures that no unwanted
initial transients affect the results. If finite difference methods are used,
assurance of freedom from transients is secured only by repeatedly cycling the
calculation, a procedure which is far more costly in machine time than is

evaluating the exact theory.
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B. Applications

In order to apply the theory developed above to the lunar surface,
the parameters of the problem must either be fixed, or their ranges must
be restricted by estimate or by lunar observations. There are eight
independent parameters (two thermal constants for each layer plus the
thickness of the upper two layers), since density and heat capacity always
occur in the equations as the product D ¢ and can te considered a single
parameter. Nevertheless a very large number of permutations of values
remains, and it is important to fix as many parameters as possible,

We shall take ¢ equal to 0.2 cal/gm °C irn all models; this value is
appropriate to all common silicate materials under lunar surface conditions.
Fixing ¢ does not of course reduce the number of parameters unless P is
also fixed. Perhaps the best-known lunar parameter is the thermal inertia,
B, of the surface layer, which is known from infrared temperature measure-

%

ments during a lunation to be about 0.0023 cal/cm2 °C sec? (see for

example, Sinton, 1961, p. 411). From this result we take the product

6 calz/cma °C“sec.

K p c for the lunar surface to be, nearly enough, 5 x 10”
The very low value of the thermal inertia is the principal evidence that
the lunar surface is composed of granular material.

Analyeis of radar echoes from the moon leads eventually to a determination

of the product of density and dielectic constant. Since the latter quantity

*

varies little among common silicates, the density may be inferred from
these results. According to Evans' (1961) summary, material with the
properties of loose sand would fit the radar data, f.e. a density between

1 and 2 gmycm3 would be expected. On the other hand, the radar reflections

may originate from a level beneath the optically defined surface. Lower
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surface densitics would then be possible and weculd > the automatic
consequenczes8 of several postulated models of luna. surtace structure
(Hibbs, 1963; Warren, 1963; Hapke, 1964). We shall cousider modeis
with p ranging from 0.1 te 2,0 gq/cm3. Since ¢ and B are regarded as
iixed by other considerations, a choice of p alko fixes K for the particular
model of the surface layer.

We have no direct information about the properties of the subsurface
layers. We shall assume that the substratum consists of unfractured
basic rock; appropriate properties are shown in table 2, The intermediate
layer is presumably made up of rubble, with properties between those of
the surface layer and the substratum. Three possibilities have been
considered in order to indicate the effects to be expected from such a
layer. They do not exhaust the possible range of properties; models
with the surface layer resting directly on a solid substratum or with an
infinite thickness of surface material may be considered limiting cases,
The thermal properties that have been considered ir che following numerical
calculations are collected in table 2.

It is useful at the outset to recognize two limiting types of
amplitude - depth relations. In a homogeneous medium the amplitude of
the temperature oscillation decreases with depth according to the relation
A = Ao exp(-./®/20 x). The exponential damping law is obeyed far from
the lower contact of a thick surface layer of low thermal diffusivity., A
different extreme is encountered if the density of the material becomes
very small. The term in the equation of heat conduction containing the
time derivative then becomes negligible, and the amplitude is found to
decrease linearly with depth. The numerical results which follow contain

examples of both types of behavior.
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K
cal/cm sec®

I. Surface layer,

1. 2.5x107%
2. 5x107°
3. 2.5x10°
4. 1.25x10°

5

c

5

Table 2.

o
g/ cu’

0.1
0.5
1.0
2.0

II. Intermediate layer.

A ixi0™>
B 1x10™3
Cc 2:(10-3

I7I. Substratum,

5x10™°

1.0
2.0
2.5

3.0

IV. Blanket materials.

SI-10 2.69x10°
ST-91 4.14x10°
Plastic 1.0x10

7
8
4

0.032
0.120
1.3

Properties of layers.

c
cal/gm°C

0.2
0.2
0.2
0.2

0.2
0.2
0.2

0.2

0.2
0.2
0.2

a
cmz/sec

1.25x10°
5.0x107%
1.25x10°
3.12x10°

5.0x10°
2.5x10
4.,0x10”

8.33x10

4,20x10°
1.72x10°
3.85x10

2

4
5

3

5
6
4

25
cal/cm*°C

2.24x10
2.24x10
2,24x10
2.24x10

1.41x10°
2.00x10”
3.16x10°

5.48x10°

)

SCC§

3
3
3
3

2
2
2

2

-5

4,15x10
3.15x10°
5.10x10°

5
3
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In the calculations Ao was given the value 314°C. This is not
the amplitude of the temperature fluctuation at the lunar surface, but
rather is twice the amplitude of the fundamental mode in the Fourier
anal,sis of lunar surfacc temperaturec given by Sinton (i961). This term
is morc interesting thaa the higher harmonics because it is about 5 times
as large and because it pcnetrates the most deeply. Doubling the amplitude
gives the total range of temperature directly.

Some typica. results arc shown in figs. 1 through 6. The curves of
amplitude and phase vs., depth have characteristic shapes; the sharp
drops in the curves as interfaces are approached are particularly note-
worthy., Study of both amplitude and phase seems to give little more
infomation than study of amplitude alone, although any program of
temperature measurement would automatically yield both quantities.

The amplitudes decrease exponentially near the tops of layers about
a meter or more in thickness. The law of decrease is the same as in a
semi-infinite region, and the thermal diffusivity of the layer can be
obtained from the damping observed, Where the exponential law is not
obeyed, the properties of more than one layer are involved and it is
doubtful whether they can ever be uniquely untangled. In the situations
where a lincar law applies (cf., figs. 1 and 2), the properties of the
lowver layers assume special importance relative to the upper layer in
which the linear damping occurs.

In a case in which mcasurements of temperature cannot be made throughout
the thickness of a layer, the proximity of an interface could be detected,
i1f indeed one were near. No more than this qualitative result cam be

obtained unless the depth of the interface is also known (c.f. figs. 4, 5,
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and 6). Temperatures must be measured at the interface in order to determine
the propertics of the underlying laver reliably, and little more than its
thermal inertia can be deduccd unless some penetration of the underlying
layer is possible.

It is worthwhile remarking again that tic above conclusions are
correct only if lipsgrizetion of the conduction equation iz valid, This
will certainly not be true close to the surface, and will only become
valid at depths where the oscillations in temperature are severely damped.
This depth is critically dependent or the surface material. In a homogencous
region of material 4 of table 2(I), the amplitudc reaches 1 degree at a
depth of 30 cm. In a homogeneous region of solid rock (substratum of
Table 2) an amplitude of 1 degree occurs at a depth of 450 cm. In both
cases the surface amplitude was taken to be 314 degrees, as before. The
presence of layering would reduce thosc depths, 1In practice, the linear
theory will probably be valid if the amplitudes are less than 10 degrees,

but should be regarded with suspicion in cases of higher amplitudes.
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STEADY PERIODIC TEMPERATURES NEAR A HOLE IN
THE SURFACE LAYER

The poorly conductin, lunar surface layer may locally be absent,
and the substratum of higher conductivity may be exposed to high-
amplitude fluctuations in temperature at the surface. Damping near such
outcrops will be comparatively inefficient, and large emplitudes of the
thermal wave many penetrate the substratum both laterally and vertically.
We require an estimate of the extent of sericus disturbance,

A simple geometrical model of an outcrop is obtained as follows.
Imagine first a two-layer structure of the sort cescribed in the last
section, i.c. a uniform layer with one set of properties separated by a
plane boundary from a substratum of different properties. We then remove
a piece of the upper layer having the shape of a right circular cylinder,
and fill the resulting hole with msterial of the substratum, The result
is a cylindrical protuberance on the substratum extending to the original
plane surface.

Analytical solutions to heat flow problems in heterogeneous regions
of this degree of complexity are unknown, and recourse to numerical
methods must be had, The following calculations were made from the
simplest form of finite-difference approximation to the equation of heat
conduction in cylindrical coordinates (see for example Carslaw and
Jaeger, 1557, p, 468,470). The program written for the computer took
account of different conductivities in the two layers, but did not allow
for different densities and heat capacities. This simplification does
not affect the qualitative conclusions drawn from the calculations. A

second sirplification was to assume that the surface temperature was



Ki

- R »
“H.r

17.

independent of position and varied with time in the manner shown by
Sinton (19€1, fig. 3). Actually the amplitude of the variation would
be smaller in the hole, because of the better connection between the
surface and the lunar interior there, and the extent of the perturbation
of amplitudes is therefore slightly overestimated because of neglect
of this effect,

Results of the calculations are shown in fig, 7 as contours of equal

amplitudes, The conductivity of the surface lev.r iz taken to be 1/10th

that of the substratum. It is evident from : .gure that the effect of
the hole is negligible at a distance from the . aqual to iis diameter,

and that serious perturbations do not extend further than sbout half this
distance. The amplitudes decrease monotonically with depth everywhere,
as is shown by the fact that no contour can be intersected more than once
by any vertical line, Thus there is no tendency for high-amplitude
fluctuations originating in the hole to "run under" the surface layer,

It may be concluded from thesc results that the influence of an outcrop

on amplitudes does not persist for a distance greater than its diameter.
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4. STEADY-STATE PERTURBATIONS OF FLUX DUE TO
IRREGULARITIES IN THE THICKNESS OF THE
SURFACE LAYER

If the thickness of the poorly conducting surface layer is wvariable,
heat tends to be funncled towards thin spots in the layer and away from
thick spots, a pheiomenon sometir :8 termed thermal r fraction, Refraction
causes the flux observed at the surface to be high where the insulating
layer is thin and low where it is thick, Some studies of terrestrial heat
flow have revealed irregularities which may be attributable to thermal
refraction, Errors arising from this effaoct may be large in cases where
the conductivity contrasts are largc; a good terrestrial example would
be near a salt dome in poorly consolidated, fine-gra.ned sediments,

The contrast in conductivity near the lunar surface may exceed a
factor of 10 (tablec 2), & contrast that is considerably larger than omne
would expect to encounter on earth. The proportional change in flux
scales according to the ratio of the conductivity of the substratum to the
conductivity of the surface layer, and hence large perturbations may be
expected near the lunar surface. The question was investigated
quantitetively by studying the steady-state temperature distribution
around cylindrical protuberances on the interfacc between an upper poorly
conducting lajer and a better conducting substratum, The problem is
analogous to the investigation of amplitudes near an outcrop discussed in
the last section, but with constant surface tempevature. The same machine
program was uscd, stcady-state conditions being achieved by allowing the
calculation to iterate until the temperatures stopped changing.

In the application of a steady-state theory to the lunar surface,

it must be  assumed *hat the periodic transients either have been avoided

M v
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by measuring heat flow in a sufficiently deep hole or have becen removed
by observing temperatures over at least ore cycle and calculating
undisturbed steady-state mears. The results of “his section show that
even if one of these ways of removing transient effects can be followed
(neither will necessarily 5: =837 to carry out), perturbations leading
to erroncous measurcsments of ,unar heat flow may still remain.

A number of typical results are shown in fig. 8., Cases (d) and (e),
in which the substratum crops out at the surface, lead to the largest
perturbations, but such localities are obviously atypical and could easily
bc avoided. The perturbations are grestly rcduced if the irregularities
in the interface are complctely buried as in the other cases shown, but
nevertheless they are appreciable. Local variations up to about 50% may
be found in all of the cases examined. The results shown in fig. 8 were
calculated for a ratio of conductivities of 10; reference to table 2
shows that this value is, if anything, too low. a conductivity ratio of
20 wou d lead to perturbations of a factor of 2 or more, dependiAg on
whether one considers enhancement or reduction of the undisturbed flux.

In order to be useful, a mecasurement of lunar heat flow must lead to
an estimate of mean flux in a region with dimensions measured in kilometers
which is accurate to better than 20%. If the error is much greater than
this thc aumbers will have little significance for geophysical or cosmological
theory. The mean value of 10 fairly closcly spaced measurements would have
the required accuracy, assuming that the individual values are disturbed
by no more than 50% end that the disturbances are normally distributed
with zero mean value. This latter rcequirement implies that the probability

of finding a given pesitive disturbance must be the same as finding a
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negative disturbance of the sam¢ amouant. It is not at all clear that a
system of rardomly distributed, small, buricd craters would have this
property. Furthermorc systematic error would invalidate this statistical
method of achieving accuracy if, for example, all of the measuremcnts
were made within a large buried crater so that all werc affected by a
negative disturbance.

An alternative approach is to escape the ncar-surface perturbations
by drilling deeply cnough to make the measurement beneath them, It
should be possible to do this, because porosity will be climinated or

greatly reduced by the weight of overburden, and very large contrasts in

conductivity will no longer be possible. Considerable depths of penetration

mov b reguirced, however, si d temperaturas extend to a distance

bencath the bottom of the anomalous region roughly equal to its diameter.
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5. THE BLANKET METHOD OF MEASURING LUNAR HEAT FLOW

A. Introduction.

If a sheet of material of known thermal conductivity is placed on
the lunar surface and allowed to come into thermal equilibrium, the heat
flow through the surface can be determined from t asuiements of the
thermal gradient in the sheet A device consisting of a suitable insulating
material and temperature sensors for the determination of the gradient
is known as a fluxmeter, or blanket. Such devices have found meteorological
application in the study of heat exchange between the ground and the
atmosphere, but they have never been successfully used in the measurement
of terrestrial heat flow except in thermal regions where the hest flow is
orders of magnitude higher than normal.

The extreme simplicity of the blanke¢t method makes it appear attractive
as a tool for determination of lunar heat flow. Associated difficulties

seem to outweigh this advantage, however, as is discussed below.

B. Simple steady-state blanket theory.

Since one has complete control over thc geometry of the blanket, it
is possible to select a shape that is amenable to simple theorctical
treatment. A circular disc with a‘ameter greatly exceeding thickness
proves to be a convenient choice. An approximate method of treating this
problem has becen suggested privately by A. H. Lachenbruch, and much of
the following discussion is due to him.

Consider a half space with zero !nitiel temperature, If, starting
at t=0, the temperature of the surface is maintained at a constant value

£ T within a circle of radius R and zero outside the circle, then beneath

fer

B,
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ti e center of the circle (Lachenbruch, 15657)

T = 8T(erfe x/fbat -{x//x2+R2 Jerfoy/xZtR2/JAGE ] @1)
where x is derth. Beneath the center, as the ¢-:;th aj}roaches zer», the
verticsgl gradient a,  roaches

0T = -AT[1/R erfc RAMGQt + 1/ /0K ) (22)
and the heat flow approaches

49 = AT[K/R erfc R/VEQE + £//mt ] 23)
(See table 1 for definitions of symbols.) In the stealy state (23) ~educes te

A0 = K AT/R (24)

As an illustration of the application of these results, consider
the case of a blanket placed on the plane lunar surface. The upper
surface of the blanket is surjosed to be at zero, as is the lunar
surface outside the blanketed area. The assumption that the steady
teriodic transient has somehow been removed is implicit, ¥f the lunar
flux is everywhere Q, then AT in (24) becomes equal :o.gzbzgg, where
zb is the thickness of the blanket and the subscri.t b denotes blanket

properties, From (24) we find a perturbation of flux

80/ = 1~q /¢ = 25 @5)

Rk,
due to the blanket. This result is a,.roximate rirst because the
undisturbed flux ¢ was used to calculate AT, and secondly because
AT is assumed constant when in fact it varies with radius in an
unknown way. The first objection can be overcome by substituting
gb for 3 in the expression for AT, calculating the new disturbance,
a;a iterating the ;rocess until it converges. For exam;le, if
K/K, = 10 and R/X; = 50, we find AQ/0 = 0.2 and Ob/Q = 0.8.
Substituting Azb = 0,3 AT for AT leads to Qb(g = 0,84, and a8 second
iteration gives gb[g = 0,842, The process ;vidently converges
raiidly. The se;;nd cbjection mentioned above is inherent in the

method, since edge effects are neglected. The error is small if

i f
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B/Zb is large enough.

In order to get a quantitative idea of the meaning of 'large enough”
consider a second ifllustration of the method. A blanket is now supposed
to be buried so that its upger surface coincides with the init.al gloue
surface. The geometry is identical to that shown in figuve 8(e). Again
we assume uniforr flux as a first a,proximgtion. The thermal gradient
in the blanket is thin 0/K,, and elsewhere it is Q/K; the ccrres,onding
tem, cratures at the level of the base of the blanket are ggb(gb and

qu(g respectively. Equation (24) thea ziwes
8¢/ = 1-0, /¢ = S K/K -1] (26)

in this case. Iteration again may be used to imjrove the result. This
rroblem can also be solved by the finite-difference method used above in
section 3, and a comarison of the results gives some idea of the range
of aptlicatility of the approximate method (figure 9). The finite-difference
calculations agree well with equation (26) for B/zb gr. ater than about 20,
but iteration does not improve the agreement. The iteration process becomes
unstable for B/zb equal to 10 or less., It apiears that some compensation
betwcen the errors arising from neglected edge effects and those due to
other ap;roximations in the derivation of (26) takes ;lace, and the use
of (26) without iteration appears to give the more reliable results.
Since the finite-difference calculations are probably not accurate to
better than 5 per cent, the results given by the simple approach outlined
here are satisfactory.

There i3 a second type of disturbance arising from the presence of
a blanket on the lunar surface which may be trec¢ated exactly by the rresent
method. If the albedo of the blanket does not match that of the lunar
surface, the mean temperature of the top of the blanket will differ from
the mean surface temjerature., The disturbance of flux can be estimated

directly from (23) and (24). For exam.le, if a blanket 100 cm in radius
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rests on material of ccniductivity 5 x 10'5 {(material I(2) of table 2),
then a difference in tem;erature of only 0.2°% produces a steady-state
disturbance in flux of 0.1 x 10-6 cal/cm2 sec. Such a disturbance may
already be intolerably large; it becomes worse if the surface material
is a better conductor or if the radius of the blanket is reduced to a
more manageable figure. It will be difficult to measure the mean

temj erature of the lunar surface to better than 1°C, so that a serious

disturbance due to mismatching albedo may go com, letely undetected.

C. Time-dependent roblems associated with the blanket melhod.

It is convenient to consider separately two causes of time-dependent
temjeratures. One is the steady periodic regime ;revailing near the
lunar surface, and the other is the transient disturbance arising from
the emplacement of the blanket. The latter has two sources. The
blanket may not be at the same initisl tem erature as the lunar surface,
and after em, lacement the establishment of the lunar thermal gradient
within the blanket changes both its temjerature and that of the luner
material. The first source of disturbance can be avoided by careful
tlanning, but the second cannot.

Steady .eriodic temperatures in the blanket were investigated by the
methods of section 2, The blanket, taken to be 5 cm thick, was assumed
to rest on a thick layer having the properties of layer 2 of table 2(I),
on 50 cm of such material which rested in turn on the substratum of
table 2(III), or directly on the substratum., Three kinds of blanket
materials were considered (table 2(IV). 7Two of them, SI-10 and
SI-%1, are "sujerinsulators' developed by Linde for the storage of
cryogenic fluids., The thermal conductivity of these materials is
extraordinarily low, as is shown in the table. A third blanket material
was assumed to have properties corres;onding roughly to those of ordinary

plastics (e.g. bakelite or plexiglass).
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Am_litudes and _hases of the temyerature variations at the bottom
of the blanket are shown in table 3 for the various combinations of
blanket materials and assumed lunar configurations. The amplitude-
depth curve in the blanket has the same shape as the curves for the
uyrer layer shown in figure la; that is, the am,litude at the center
of the blanket exceeds the geometric mean of the surface amplitude
(314°C) and the amplitude shown in the table. Clearly only tue
superinsulators are capable of reducing the fluctua or to manageable
proportionus (order of tens of degrees or less) in the lower half of the
blanket. It is doubtful whether the mean tem;erature can be determined
in the 'plastic’ blanket to sufficient accuracy. The situation is made
worse by the fact that the ex;ected gradient is irversely jroportional
to the conductivity of the blanket. In the sujperinsulators the exjected
gradient is on the order of 1-10°C/cm, whereas in the "plastic" a
gradient of 10-2-10-3qq/cm seems likely.

Hence we find that the use of superinsulators is indicated in
order to eliminate the steady .eriodic fluctuations nost effectively
and to raise the mean thermal gradiert to an easily measured value.

But now we must consider the transient associated with blanket emplace-
mext. We assume that the lateral dimensions of the blanket are great
comiared with its thickness, so that the ,robica can be treated as one

of l-dimensional heat tiow. The blanket, occupying the region -L < X < 0,
is assumed to have initial temperature To, and thermal properties
iniicated by the subscript b, The lunar material (assumed uniform) has
initial temperature mx, where x %0 equals depth, and unsubscripted
properties.

Writing T for the La;lace transform of T, as before, we find

Eb = To/; + A sinp Q% + B cosh q X @27

and

T = mx/p + C ex; (-qx) (28)



Table 3. Amplitude and phaces at
basec of blanket 5 e¢m thick.

Blanket material Substratum Amplitude Phase
(table 2) °C
S1-10 I-2, 111 4.5 -60
SI-10 I-2 4.5 -60
2 SI-10 I1I 0.2 -60
;: SI-91 1-2, III 0.1 =253
:g SI-91 I.2 0.1 -252
§
t 51-91 I1I 0.004 -252
.i Plastic 1-2, II1 274 -11
T Plastic 1-2 274 -11
E‘ Plastirc 111 60 -39
\
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where A, B, C are constants independent of x. Application of initial

conditions Eb = Eo and T = mx, and the conditions of continuity of

temperature and flux at x = 0o lead to

A= [KqTo(cosh q L-1) - Km cosh qu]/pD (29)

B = [Kq'ro sinh q. L + K, q T - Km sinh qu]/pD (30)

C = [-Kbquo(cosh q L-1) - Ka sinh q,L1/pD 31)
where

D =-Kq sinh qu - Kbqb cosh qu (32)

Conversion of the hyperbolic functions in (29) through (32) to
exponentials, and expansion of D by the binomial theorem then leads to

the following expressions for the temperatures

T To{l-—L——[z )™ (erfe ZPLX 22 1‘_‘*“]
]

b B4, —@'

x o ]
n (2otl)L-x n 2l )L4x
+m§ )" erfc Tt -f- ™" erfc Tt }

4 2Kt 7 (lerte L2 20L-x Lix 1 (33)
BHE, -

Py
(2otl)L
E+Bb§ (M) [2 erfe( J—+m)

- erfc(ﬁ + ﬁ) - erfc( o+2)L +#)]

T = To

+.2_5E[§ 2 M) [1erfc(—2n1‘-

T S E
n2)L X
- ierfc (%Tab% m)] + mx (34)

Here M = (B-sb)/(g-fab) and the other symbois are defined in table 1.
Equations (33) and (34) are most convenient to use for small values of
time, but they converge .or all times., Numerical values of the flux in the

blanket divided by the undisturbed 'unar flux are shown in figure 10 for
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blankets of material SI-10 and SI-91 on dust (table 2(I)2) and substratum
(table 2 (III)). In the most favorable case the flux in the blanket is
less than 15% of the equilibrium flux after 1 year. This result is
virtually indejendent of the To term; it arises mainly from the m term.
Hence no matter how carefully the initial tem,erature of the blanket is
matched to the mean temperature of the lunar surface, a major disturbance
is caused by em; lacement of the blanket, and it persists for years if
the blanket is made of superinsulating material, The higher the
conductivity of the substratum, the longer is the time required to reach
equilibrium. The " lastic'" blanket, on the other hand, achieves equilibrium
within a year.

Thus we see that the two classes of time-dejpendent temperatures ;ose
difficulties that agpear *to require mutually incompatible sets of blanket
iroperties for their solution. In the examples given one must face
either a large periodic fluctuation throughout the blanket, or a
rrohibitively long time for equilibrium to be established. It does not
appear that the use of a blanket material with intermediate properties
would solve the problem. One would then be confronted with both a large
periodic fluctuation and a long time constant. The thickness of the
b anket affects its thermal behavior in much the same way as its thermal
diffusivity, so that no escape can be found by changing this parameter.

A final consideration about the blanket ty;e of flux meter
concerns its contact with the lunar surface. In all of the foregoing
calculations it has been assumed that therc is no contact resistance
between the blanket and the lunar surface, a situation that is difficult
to achieve in practice. The effect of uniform contact resistance is to
reduce the effectiveness with which the periodic fluctuation is damped
out in the blanket and to increase the time recuired to equilibrate with
the lunar surface. Nonuniform contact resistance, which is likely to be

encountered duz to irregularities on the lunar surface, will in addition
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cause thermal refraction within the dimensions of the blanket. This
will cause the flux in the blanket to differ from point to point,
necessitating a large number of temperature sensors to glve a proper
mean gradient. Readout is not necessarily comjlicated by such a
requirement, since a single rcadout of many resistance elements in
series and/or ; arallel to give an ajprepriate mean value would in all

rrobability be feasible.

prTTES
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6. CO..CLUSIONS
A. Ore-dimensional steady perindic temperatures.
A lim ted amount of information about the thermal properties of a
layer can Le obtained from a cstudy of amplitude or phase of the thermal
wave as a function of depth, if the effect of other layers is small. The

latter concition can be recognized by the exponential decrease in amplitude

with depth. Study of both amplitude and phase gives little or no

f‘.f"*.': e ” j

> information in addition to that provided by study of amplitude alone.

{§ When the properties of more than one layer influence the temperatures to
%‘ an important degree, it may be possible to determine t' > properties of
g those layers peretrated completely by a hole. Extrapolation beyond the
% deepest observation of temperature is not reliable unless the depth to
i. the next interfacc is accurately known independently.

B. Propagation of the thermal wave ncar a hole in the surface layer.

A hole or thin spot in the surface layer will let high-amplitude
fluctuation: leak into the substratum, where they may propagate laterally
to some distance. This effect does not appear to be serious, however.

The amplitudes are essentially unaffected by the presence of the hole a

few meters away.

C. Therma! refraction due tc irregular thickness of the surface layer.
This steady-state phcnomenon is far more serious than the periodic
disturbance discussed under B, Conditions very probably exist near the
lunar surface which cause differences in flux of 50% or more because of
thermal refraction. Such anomalies can be avoided by meesuring heat flow

at dcpths below regions causing reofraction. Errors due to this effect can
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largely be romoved by taking the meens of scveral closely spaced obscrvatioms.
It scems best to try tc take advantege of both techniques, and .o measure
temperaturces in the deepest holes practiceble at several pointc at a given

lunar site.

D. The blaakct method of measuring lunar heat flow.

The following difficulties are recognized as standing in the way of a
measurement of lunar heat flow by a blanket-type fluxmeter.

1. The flux is disturbed by thermal refraction due to the presence of thc
blanket. This effect can be kept small by choice of proper geometry
for the blanket, and the correction is calculable.

2. The flux is Jisturbed 1if thc albede of the blanket does not match that
of the lunar surface and a difference in wmean temperature between the
blanket ana the surface is thereby crcated. This disturbance is secrious
if the mismatch in temperature excecds a few tenths of degrees.

3. The blanket must be made of poorly conducting material in order to
damp out the steady periodic temperature fluctuation in a rcasonable
thickness, and also to have a rcadily meacgurablc thermal gradieat set
up by tne lunar flux. But a blanket satisfying these requirements
takes ycars to come into equilibrium with the lunar flux. A blanket
having a manageable time constant associated with its emplacem nt
does not satisfy tue requirements imposed by the steady periodic

fluctuations and the small value of flux to be measured.

4. The flux through the blanket may vary from point to point because of
variable contact resistance with the lunar surface. A large number of

temperature sensors would be necessary to measure a meaningful average flu:.
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Difficulties (2) and (3) in particular seem insuperable and make tne

blanket method unastractive for the measuaremeni of lunar heat flow.
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Introduction

The measurement of heat flow at a lunar site requires knowledge of both
the vertical thermal gradient and the local thermal conductivity. The former
quantity can be measured more or less straight forwardly by a suitably
instrumented probe emplaced in a drilled hole, but the latter presents
special complications. In normal determinations of terrestrial heat flow,
the conductivities of samples cored from the hole are measured in the
laboratory. It is undesirable, and may even be impossible, to rely solely on
this technique for lunar heat flow, since the sample may either be destroyed
or may have its thermal properties seriously altered by the operations of
collection and return to earth. Hence the determination of thermal con-
ductivity in situ on the moon is clearly desirable and perhaps essential.
This report deals with a preliminary study of & method of making this measure-
ment which utilizes a cylindrical ring source. The results presented here
form some of the fundamental criteris used ia the design of a subsurface

thermal probe for ALSEP by Arthur D. Little, Inc.

Theory

Consider a cylindrical hole of radijus R, infinite in length, cortaining
a cylindrical probe, also of radius R. Between -Z and Z the probe consists

of a heater of thermsl conductivity 31, density pl, and hzat capacity <

For ‘5’ > Z the probe has thermal properties 52, Pys and c,, and there is

no thermal resistance at z =+ Z. The lunar material surrounding the hole

has thermal properties 33, Pys and () and there is contact resistance at

k JT
r =R such that a temperature drop AT occurs, given by AT -‘Eﬂsg (the

so-called radiation boundary condition). gn would be kl at the outer

surface of the heater, 32 at the outer surface of the probe, and 53 at the

4:__; A
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inner surface of the hole. The temperature is initially zero everywhere,
and heat is supplied uniformly over the surface of the heater at rate
Q for time o < t < t,e We must find the temperature as a function of r,
2z, 8nd t.

The conditions set forth in the preceding paragraph completely specify
a boui.dary value problem in heat conduction, but since they involve both
radial and axial flow in a8 heterogeneous medium, they are intractable
analytically. The problem was solved by finite differences in the following
way. Consider intervals in space and time 6r, 6z, 6t, and intergers i, j,

and k st.ch that z = j6z, t = két, and r = i6r for 1 < I, and r = (4 - 1)6r

1
for 1 2»;2 =.£1 + 1. The temperature may be regarded as a function of
i, §, and k. I, 6t = 5265 = R, the radius of the hole. However
_I(Il, j» k) #T(L, ], k) because of the contact resistance, although
the two points are only infinitesimaliy separated in space. On the other
hand at z = Z = Jbz, the temperature it continmuous. Since the temperatures
are symmetric about the axis of the cylinder and also about the plane
z = o, we need consider only positive values of r and z.

The equations used in the finite-difference calculation depend on
the points at which the temperature is to be obtained. Referriag to the
schematic space grid shown in Figure 1, let C

1

diffusivity in region 1, the heatet;ab be the diffusivity in region 2, etc.

Also, let g; = ahﬁg/bsz and H: = anQE/QEZ, where n = 1, 2, 3. Then we have

= El/plc1 be the thermal

on the axis

T(o, §, k+ 1) =T(o, 3, k) (1 - 4 ~ 2M2) + T(L, §, k) * M

+ [T, 1+ 1, k) + T(o, § - 1, k)]H: JAJ.n=1,2, (1)
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~

W

'y

k, + k

T(o, 3, k+ 1) =T, 3, k) [1 - @35, + 228 L2
6z

eme——) ] + T(1, J, k) *
5r P11t Pr%y

k, + k k
6t 1 2 ot 2

C b, === + T(o, J+ 1, k) * 2=, ——T——
se2 P15+ Pac 822 P161 ¥ P2%)

+
5 k)
+

+ 1:((’, J - l.’ l‘) * 2"'-' -
522 P11 ¥ P2

)

In the interiors of regicns 1 and 2

T(4, §, k+ 1) =T(4, 3, k) (1 - zn»:fl - zu:‘) +[T¢t, §+1, k) +Td, § - 1, k)]M:

+[a - ;_l-i-) TA -1, 5, K+ (L+3D) T+ 1, 3, M Q)

n=1,2 0<L<I, A

and in region 3
TG, J k+ 1) =T(, ok -2 - 28) + [T, 1+ L, K+ T, - L DG
+[q - ﬁl-_-i)'r(i -1, 5, k) + Q1 +§-il-_-2-)r(1 +1, 3, O,

131, ()

21
Aloug the outer skin of the heater and probe, we have, setting f . M:
n I1 - /4
211116:
g = o ’
n (I1 l/h)pncnér

T(, 3 k4 1) = T(, 4, &) (-2 - £ -g)

+[Tp 3 - 1, K+ T, 3+ 1, KM

+ T(Il -1, i k)fn+ T(Il +1, §, k)sn' n=1, 2, ) / J (5)
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and

2(g, + K, )6t 21, -1 K, +K

41 hét 2516t

1
T - R Gpe, ¥ ppepyee) Y TUp T LK)

2
(plc1 + pzcz)éz

256t

2
(plc1 + pzcz)éz

+ T(Ila J+ 1, k)

2I, -1 +

1 1" 2 5t
+T(, - 1, 3, k) v
1 I1 1/4 plcl + p2c2 5:2

41, qot

. 1
+ T(I,, J, k) (I, - 1/8)(p,c; + pyc,)or ©

At times when the heater is on, terms accounting for its effect must be added
to the right sides of (5) in region 1 and (6). We write

nét

()

a= 2 ——
26.2896r 6zJ(I1 - 1/4)
where the numerical factor includes the conversion from total power input,
4, in watts to the units of c.g.s. and calories in which the thermal properties
were expressed. Then a8 term 3/p1£1 must be added in (5) snd a term
3/(p131 + ngz) must be added in (6) to account for the heat input.

Along the wall of the hole in the lunar materisl we have, setting

S A S 21,88t
SR A Ve B s R VO TN Tl
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T(Ly b k+ 1) =T(%, 3, A - 24 - £'-g") + [T(T,, §+ 1, k) +

FT(A,, - L DG T, 41, 4 E AT, ) Kz @)

Finally, along the junction between the heater and the rest of the probe

?.(1(1 + xz)ét 2(1{,l + x.z)a:

¢4, J, k+ 1) =T, J, k) [1 - 3 2
(plcl + pzcz)br (plcl + p2c2)6z

2x26t 2K16t

+ T(, J+ 1, k) 5+ T(1, J-1, k) 2
(pycy * Pyc))02 (pyey + Pyey)le

+[rd -1, 3, ©)Q - -231-) + T+ 1, J, k)1 +§L{)]

&, + K, )t
1 2 - s 0< L <1, (9)
(plc1 + p2c2)6r

Numerical stability proved to be & serious problem., In the interiors

cf the three regions, the stability criterion is
1-2 -2 >0, ne=1l,2, 3. (10)

Depending on the relative thermal properties of probe, heater, and moon,
a more stringent requirement may occur along the axis i = o, since here the

criterion is

I'ZH:-QH:>o,n-1,2 (11)

3ut even with (10) and (11) satisfied, instability, which always originated
at —‘;1 and EZ’ was sometimes encountered, particularly for relatively

large values of H. Imposing the additional constraints that

1-2!‘{:-£n-gn>o, ne=l, 2
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and
1 - 2M§ -f"-g">o,
did not remove the difficulty. This instability may result from the fact

that the space step 4r 1s effectively halved at i = I  and ;2, but the

1
matter remains unresolved. The time step, §t, was simply reduced until the
calculation became stable.

A second form of numerical difficulty, which may be termed semistability,
was also encountered occasionally. Immediately after the heater was turned
on or off, thus disturbing the system, the calculations oscillated, sometimes
rather violently. The oscillations were damped, however, and the results
gradually returned to a smooth trend with further cycles of iteration. This

semistability could also be eliminated by reducing 6t, thus approximating

more closely a smooth input of heat.

Models

A number of models of probes and of the lunar material have been
subjected to numerical snalysis. The results are extensive and only the
more relevant ones have been selected for inclusion here. Thermal properties
of 3 of the probes are shown in Table 1. The thermal conductivity of
Probe 1 is too low to be practical from an engineering standpoint, but the
lunar probe is expected to have properties in the range of Probes 5 and 6.
Further calculations will be necessary when the final configuration of the

lunar probe is established and its properties are measured.
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Table 1. Thermal characteristics of probes.

No. C 1 5 6
Heater
k, cal/cm sec°C 0 3 x 1077 1074 1073
P, gm/cm3 - 4 x 107 0.5 v.5
¢, cal/gm°C - 0.2 0.2 0.2
Probe body
k, cal/cm sec°C 0 3 x 107 1074 1073
0, gw/em - 4 x 107 0.5 0.5
¢, cal/gm°C - 0.2 0.2 0.2

Moon models are shown in Table 2. Three different thermal conductivities
differing by factors of 10 were used, and for the lower conductivities, densities,
and hence diffusivities, differing by o factor of 4 were considered. These
models cover the range of values considered likely for material close to the
lunar surface. The ability of a probe to discriminate betweer them is thea

a measure of its suitability.

Table 2. Thermal models of moon.

No. k, cal/cm sec°C P grq/cm3 ¢, cal/gm°C
1 1073 0.5 0.2
2 107 2.0 c.2
6 1073 1.6 0.2
7 1074 0.5 c.2
8 1074 2.¢ 0.2



i Another parameter entering the calculations is the contact resilstance,

s 1

measured by the quantity H. For purely radiative contact H = 5.5 x 10 3

‘er’,
where E is the emissivity. With blackbody conditions H = 4.4 x 10-5 at
200°K which is close to the mean lunar temperature. This is about the lowest
value that H can attain, and it is an interesting case to consider because
the probe may be designed to assure purely radiative coupling. H can then
be calculated with confidence, whereas it otherwise remains an unknown
parameter the value of which must somehow be extracted from the temperature-
time curve. The effect of varying H was examined by making some runs with
it set at 10 times the radiative value.

The lunar probes are to be about 1.9 cm in diameter. The quantity &r
was taken to be 0.475 cm, which places the probe skin at i = 2, and 6z was
taken equal to 8r. This is a rather coarse grid, but no refinement of it

. was made in these preliminary studies. The simulation of a l4-hour lunar
expeciment required over 3C minutes on a 7094 in unfavorable cases, and it
is not worthwhile to choose smaller space steps (which requires reduction
of the time step as well to maintain stability) until more than hypothetical
values of the probe parameters are available.

The length of the hea*er was taken equal to its diameter, 1.9 cm. In
rough design calculations it may be desirable to approximate the probe
configuration using the exact solution for radial flow frow a spherical
heat source, and the '""scuare shape chosen f{or the heater gives the closest
possible approximation to a rphere. Thus the results of this work may be
compared directly with those obtained from the spherical approximation. It
should be noted that in the latter approximation nc account of different
thermal properties between the body of the probe and the lunar material

can be taken.

e -
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Numerical results

It is helpful at the outset to consider the solution for an infinite
cylindrical suurce of heat in an infinite medium. In tlis case the
temperatures depend on the thermal conductivity and thermal diffusivity
of the medium, and on the contact resistance. One could hope that the
dependence on diffusivity couid be removed by heating uin.ll the temperatures
became steady, but with this geometry there is no steady state. The
temperature of the sourca continues to rise indefinitely. With a heater of
tinite length a steady state is reaci.ed; this was an inif 'al reeson to
prefer the geomztry adopted here to the "line source'! geoumetvy, bec3use
the poscibility exists of eliminating the diffusivity as a fa:tor upon which
the teuperature depends. Another attractive feature of th- present
configuration is its relatively low power requirement. A line source
demands a certain amount of power per unit length to produce a given
temperature rise. Hence a long source requires high power. In the present
case, it was found that 2 milliwatts input power gave adequate temperature
rises at the heater, and this value for the heat input was ueged in all the
calculations.

The first calculations were aimed at investigating the possibility of
achieving a steady state. Resuits are shown ir Figure 2. In this figure
and those following, the temperatures are thcese of the outer surface of
the probe. In actual lunar probes the temrerature sensors will be lccated
on the axis, but the temperature difference between these 2 points is
insignificant for present purposes, It is clear from the figure that for
the lower values of ¥ the steady state is not achieved after 14 hours,
and several days of ieating may be required to attain it 1f K 1is less

than 10~b. IfK = 10.3 a fev hours suffice. The probe is evidently

M—w——w“ ) %
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capable of discrininating between various values of K, particularly if the
heater is operated at low power levels for a long time. The discrimination
is best at low £, and heating should last for the order of & day or more
fcr optimum results.

Similar curves for the case of 1/10 as wuch coatact resistance are
shown in Figure 3. The discrimination is somewhat better than in Figure 2,
and the curves have a different shape. The sharp initial rise in
temperu.ure is much reduced. In Figure 4 rhe results for a probe of
higher conduc* vity are shown; the disc-.mination 1s not as good as in
Figure 2. Clearly the thermal conductivity of the probe should be kept as
low as possible.

These results show that it is likely that the temperature rise recorded
during the lunar experiment will depend or the 3 quantities K, @, and H.
Some process of curve fitting aust be used to determine their values. This
may be unsatisfactory s.nce many combinations of parameters iay give virtually

identical results. It is therefore importsnt to try to extract more information

N
from the experiment, and an obvious way to do this is t record the temperatures
at more than une pouint along the probe. The temperature ris2 at a point on
the surface of the probe 8 c¢m from the center of the heater is shown in
€3

Figures 5 and 6. Figure 5 is for e probe of unrealistically low K, but it
shows :he large differences in rise time that result from the different moon
models. Intuitively one would expect the curves to be highly sensitive to

a and this is born out by the difference between curves 1 and 2 of Figure 6.
The rise times are about the same for the cases shown there, in which the
conductivity of the probe is realistic. Bt if the moon i8 a better conductoc:
than the probe discrimination still exists at short timee, although it is

not well-shown on a plot to the scale of Figure 6. Sirce this is jfust the

S A
; L}
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s range of conductivity at which the tewperatures at the center of the heater
lose discrimination, complementary information can be obtained from the
second sensor.

So far we have confined the discussion to times when the heater vas
turned cn. But a number of short-term numerical experiments have been done
in which the heater was turmed on for only half the time. The durations of
tue tests were about ¥ hour. The results were that the appearances of the
cooling curves were virtually identical to the heeting curves, but of course
inverted and displaced in time. Thus thcre is no new information to be
obtained from the cooling curves. On the other hand, following the cooling
curve in effect constitutes repeating the heating experiment, but without
the aecessity of expending heater power. It is always desirable to repeat

experiments if only to get better statistical control.

Operations on the moon

All lupar experiments must wait until drilling disturbarces have died
out near the hole. The therwal gradient will be determined neca.t and thea the
heater will be turned on at low power (~ 2 millivatts). The duration of the
heating cycle will be determined by the conductivity encountered. Tie heater
will then be turned off and *he cooling curve folle:-xd until ambient conditions
have essentially reestablished themselves. Then, especially if & high lumar
thermal conductivity is indicated by this experimecrt, a second heating period
will be initiated. ~ e heater pcwar will be higher (20 milliwatts or more)
so that the secont esensor, dispilaced along the probe from the heater, will
record a readily measured temperature rise. By a process of curve fitting,
whicn is not compleiely thought out as yet, the quantities K, a, and H will

be determined. The first 2 of these automatically yield a value of pc, which

\
%n—km r -
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can be Ccompared with the value measured on returned material to give a

rough check on the internal conristency of the results. An alternative scheme
would be to assure that H 1is kunown independently e.g. by making certain of
radiative coupling alune; themn only R and 0 need be obtained from the

= temperature curves and the accuracy of the measurements will be increased.

Conclusions

1. It appears feasible to measure lumar thermal conductivity using a
cyiindricsi :ia2 saurce of Lial.

2. It 1s desirable t~ have 2 heating cycles, the first at a power level of
a few milliwatts and the second at 10 o more times that power.

3. The duration of each heating will range from a few hours to a few days,
depending on the lunar conductivity. The use of 2 sensors and 2 power
levels could materially reduce the amount of heating time required.

4. There is something to be said for assuring radiative coupling to the moon
so that thke coutact resistance can be calculated with confidence. Otler-
wise it represents a third unknown parzmeter to be determined from the
temporature curves. Some discrimination of luner conductivity is lo=t
by this procedure, but nevertheless more accurate results will probably
be obtained.

5. Tne best way of reducing the lunar data remains to be determined.
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11. Heat-Flow Experiment

Marcus G. Langscth, Jr.>t Sydney P, Clark, 2P Jokn L. Chute, Jr.?
. Stephen J. Keitun,* aid Alfired E. Wechsler*

The purpose of the hcat-flow experiment is to
dotermine the rate ol heat flow from the lunar
nterior by temvpersture and thermal-property mea-
surements in the lunar subsurface. [eat loss is
directly rclated to the internal temperatwe and the
rate of internal heat production; therefore, measurs-
ments of these quantities enable limits to be set on
long-lived radioisotopic abundances (the chief scurce
of interior Leating). the internal temperature, and the
thermal cvolution of the Moon.

Preliminary analysis of the data from one heat-
flow probe indwates that the heat flow from depth
below the Hadley Kille site is 33 X 107 Wiem?
{£15 percen?). This value is approximately cre-half
the averuge heat flow of the Farth. Further analysis

-of data over several lunations is rcquired to demon-
etrate that this value is reoresentative of the hert 1low
at the Hadizy Rille site. Subsurtace temperature at a
decth of 1T m below the surface is approximately
2524 K at one probe site and 250.7 K at the other
site. These temperatures a2re approximately 35 K
above thiz mcan surface temnerarure and indicate that
the therma! conductivity in the surficnal layer of the
Mcon is highly temperature dependent. Between |
and 1.5 m. the ratc of temperature imcrease as J
function of depth is 1.75 K/m (22 percent) it the
piobe 1 site. In situ messurements indicate that the
theniaal conductivity of the regolith increuses with
depth. Thermal-conductivity vaiues between 14 X

deduced from temperatures of thermocoupics above
and on the lunar surface. The coolduwn histusy after
sunset suppests that a substantial increase in conduce-
tivity occurs at a depth on the order of seveual
centimeters. Temperature mieasiemenis werc aisu
recorded Juzing the total eclipse on August 6, 1971,

EXPERIMENT CONCEPT AND DESIGN

Heat Budget in the Surface Layer of the Moon

The temperature and the heat flux ac the surface
of the Moon are determined mainly by the solar
energy impinging on the surfacc during one-hait’ of
the 29.5-day lunation cvele. During the * snar day. the
surface lemgperature rises to cyproximn v 380 X
which results in hear flow into the subsurface. After
lunar sunset, the surface temperatire drops to neaiy
100 K, and heat flows out of the sudsurface ang 15
lost by radiation into space.. These very large t2mpeta-
ture excursions, in part, are a result of the extranciv
low thermal conductivity and voiemetric hicar ca-
pacity of the fine rock powders that mantle most of
the lunar surface (ref. 11-1) and, in part, are a rosult
of the very tenuous atmosphere of the Mcon. The
lows therma! conductivity of the butk ot the regolith
(ref. 11.2) strongly inkibus the fQow of enecey inio

and out of the subsurface. At 2 depth of approsi
matelv 50 cm, the Jarge susface veriation of 280 K n
attenuatad to a nearly undetectabic amplitude,

At low lunar latitudes, the suface témpenapn.e,
averaged cver one lunation, 1s approximately 220 K.
o . This mean surface temperature is deierniined by the
balance of solar eneroy flowing Mo and encoy
tadiated vut of the surfuce diing 3 cop ot
upation. The mean iemperaiue o iie s Ssurii. 2 (o
decimetee depthis) may be higher tinn e mwan

-

.
i

2

P

10 and 2.5 X 107" W/em-K were detenuined: thess
valuas are o fyctor of 7 to 10 greates than the valuo
of the sucfuce conductivity. Lunar-sustace brightaess
temperatures during the first lunar night have been
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sulface temperature by a few tens of degrees, As will
be shown in more detatl ater in this section, the
meait subsurface temperature at the Hadley Rille site
is considerably higher than the mean surface tempera-

. ture. This increase in mean temperature is a result of

the important role of heat transfer by radiation in the
finc powders on the surface. The efficiency of
radiative heat transfer between particles varies in
proportion to the cube of the absolute temperature
(ref. 11-3); conscquently, during the lunar day, heat
flows more readily into the Moon than 1t flows out
during the night. The subsurface heat balance, over
one lupation, requires that a substantial steady-state
heat loss be maintained in the upper several centi-
meters of lunar material to eliminate the excess heat
that penetrates during the day (ref. 11-4). This
outward heat flow causes a steep downward increass
in mean temperature that extends to a depth of a few
decimeters, the depth to which diurnal waves pene-
trate.

At depths greater than those to which diurnal
waves penetrate, the thermal resime is dominated by
heat fiow from the junar intenor. This tlow results
from high interior temperatures and, in the subsusr-
face, is directly proportional o the increase of
temperature with depth (the vertical temperature
gradient) and to the thermal conductivity. These
guantities are related by the equation

F, = -k %L (11-1)

where F, is the vertical component cf the heat flow,
k is the thermal ¢onductivity, T is the temperature,
and ¢ is the deptii. The average heat flow of the Easth
has been Getermined to be 6.2 X 107 W/im? bv
numerous measurements {(ref. 11-5). Esumates of the
lunar heat flow, based on microwave emission from
the Moon, have ranged from i.0 X 10~* W/cm? (ref.
1i-6) to 3.3 X 107 W/em? (ref. 11.7), or one-sixih
to onc-half the Lurth heat Now. Thermal-history
calculations, based on chrondiitic- and terrestrial-
isotope abundinces fur the Moon (ref, 11-8), result in
heat-tTow estimates of 1 X 107 1w 2.5 ¥ 10°¢
W/ain? for this period in the lunar history. Because of
the exttemely low conductivity of the regolith, even
these very low heat tlows would result in pradients
ranging from a few tenths of a degree per meter to g
fow degrees per meter.,

Instrument Design

The essential incasurements for determining heat
flow are made by two slender temperature-sensing
probes that are placed in predrilled holes in the
subsurface, spaced approximately 10 m apart. Two
probes cnable two independent measuremants of the
heat flow to be made in order to gain some
knowledge of the Lcral varizte :: of heat flow at the

-Hadley Rille site. Z.ch probe cunsists of two nearly

identical 50-cm-long sections (tig. 11-1). Each section
of each heat-flow probe has two accurate (20.001 XK)
differential thennometers that measure temperature
differences betw2en points separated by 2pproxi-
mately 47 and 28 cm. With these thermometers, a
mex urement (with an accuracy of 10.05 K) of
ausolute temperature at four puints on each probe
section also can be made.

Additional temperature measurements are pro-
vided by fowr thermocouple juricticns in the cables
that conncct each probe to tie clectronics unit. The
thermocouple junctions are located at distances of
approximately 0, 0.65, 1.1, and 1.65 m from the
topmost gradient sensors (fig. 11-1). The reference
junctioh for these thermocouples is thermally joine
to a platinum-resistance referencz  thenmome:er,
which is mounted on the radiator plate of the
electronics unit. The temperature measurements ob-
tained from the heat Jow expetiment are summarized
in table 11-1. '

The differential thermometers consist of four
platinum resistance clements wired in a bridge con-
figuration (fig. 11.2). The bridge is excitad by
successive 2.6-msec, 8-V pulses, first of one polarity
and then of the other. The output voltage, the
excitation voltage. and the bridge current arc mea-
sured and uscd to determine the absoiute temperature
and the temperarure difference. The ratio of bridge
output voltage to excitation voltage and the bridge
resistance are calibrated for 42 different pairs of
temperature and temperature-dilference vatues. The
accuracy of tiese calibrations is betier than the
accuracies specitied in tabie 111 The thermocouples
aze calibrated at four temperatre points, and the
reference bridge s calibrated ot five tempersture
points. :

. Conductivity measuienmznts are made by means of
heaters that swereend cach of the eht gradient-
bridues sensors, The eaperiment is desipned to measine
conductivity in two ranges: a lower rnge of | X
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-FIGURE 1}-1 ~tleat-flow experiment and dual-purpose hear- Gragient
flow probe. (3) Heat-flow-experiment equipment. (b) bridge 1 upper
Schematic of heat-fow probe. . Ring 1. cection
- - bridge .

10~% to 5 X 10~ W/cin-K and a higher range of 2 X !
10 to 4 X 10~ W/cni-K. To enable measurements
in the Jower range to be made. a heater is energized at
0.002 W. and the temperature rise of the underlying
gradient sensor is recorded as a {unction of time fora
veriod of 36 hr. The temperaure rise and the rate of
temperature rise can be interpreted in terms of the
conductivity of the surrcunding Junar material. Mea-
suremepts in the higher range of conductivities are
made by energiind the same heater at 0.5 W and
monitoring the temperature rise a the ring sensor 10 ——
cm away for a period of approximately 8 hr.

=} 2 S

v
- e- Thermocoupie 4
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Heater 2

Scate, ¢m
2
1
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Healer 3

-- haf -

Operation of the Experiment R (._

S~ During normal oper: tion of the experiment (mode
3 1 operaiion), temperutures of all gradient brida. .,
. thermocouples, and the reference bridge (as well as Gradient
e temiperature differences of all gradient bridges) are bridge %

' K sampled every 7.2 min. When a heater is turned on at b,:::,
. 0.002 W 10 enubie measurements to be made in the ‘
S lower cond.uc:ivity ronge, the experiment is said to b.e L . - - Thermotouple 3
e ercwating in mode 2. The mode 3 operation is a e

¢ red for the measurement of eonductivity in the
ki hier range. In this mode, tempera ure and tempera- ST
tuie difference at aseiccted 'ng bridye are read every
54 sec. These modes of operction and hauter turnon

arc controlled by commands transmitted from Earth, ' <} Heater 4

The detection circuitey for messuring tridge volt- ] u

ages ard thennoecouple outpuls is contiined in a 0 ?

housing scparate  from  the Aputlo lunar surface

experiments pachage (ALSEP) cenual stavion (fig.

1i-1€a)) amd is designed to compensate for amplificr

offset and gain charge. Tius compensation is achicved
l . \

Lower Thermo-
section |l coupte 2.
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TABLE 11-1. - Summary of the Heat-Flow-Experiment Temperature Measurements

Temperature difjercnce Ky A bsolute temperatitee, K

Thenmometer Number Location " Range | “Acenracy T T kange ™ T .iciuracy
—_— —_— e

Gradient bridge” 1 per scetion Sensors scparated by Y ) 20,001 190 to 270 10.05
47¢cm 220 10.01 ’

Ring bridge 1 per section Sensors separated by 22 £0.002 190 10 270 $0.05
28 ¢

Thennocouple 4 per probe Spaced 65 cin apart in the -- .- 70 to 400 £0.07

- first 2.5 m of the cable : ’

above the probe

Thermocouple reference | 1 per experiment | Mounted on the radiation .- . 253 t0 363 10.01

bridge plate of the '

electro nics box

|

aGmdient-bridgc: agasur..isnts of tempeiature difference are mude at 2 sensitivatics, v *h  ratioof 10 to .

by making all bridge measurements with bipolar
excitation and by measuring the ratio of the output
vohtage 10 the excitation voltage (fig. 11-2).

EMPLACEMENT OF THE EXPERIMENT
AT THE HADLEY RILLE SITE

Drilling of the lLoles to emplace the heat-flow
proves was mote duticult than had becn expected.
The resistant nature of the subsurface at the Hadley
Rille sitc prevenied penetration to the planned depth
of 2 m. lnstead, at the probe 1 site, the borestem
penctrated 1:62 m (fig. 11-3); and, at the probe 2
site. the borestem g.eactiated apnozimately 1.60 m.

. The configuration of the probe in euch hole is shown

in figure 11-3. Au obstruciion, which was prob-
ably & break in the stem at a deptiv of approxi-
mately 1 m, prevented probe 2 from passing to
the bottoin of the borestem. Because of the very
large temprratute differences ovr the upper section,
which exiends above the surface, no valid tempera-
ture rcasusements were obtamed by the sing and
gradient bridges on the probe 2 upper scction during
most of the lunation cycle, :

The shaliow emplaceinent of the piobes resulted in
five ¢f the cable thermocouples lying on, or just
above, th lunar surface. These cable thenmocouples
come into radisiive balunce with the Tunn surface
and space, and the measured temperatures can be
inmerpreted in tenms of Tanarsuface brightness em.
peratures, A sisth thern couple is in the horestem

projecting above the Junar susface at the probe 1 site.

When this section was written. surface-temperature
and subsurface-temn rature data had been recorded
Yor nearly one and a hi.[ lunuiion cycles. During the
first lunar noon (August 6). a full cclipsc of the Sun
by the Earth occurred. The thermocoupics recorded
surface-temperature data at S4-sec intervals during
this eclipse. Six in situ conductivity measurements for
the low range of values alsu hzve been conducted.
Only three of thesc measutrements are reported
herein.

SUBSURFACE TEMPE RATURES

The surface-temperature measurcments during the
lunar night and during the August 6 eclipsc indicate
that the surface layer surrounding the probes has an
extremely low thennal conductivity. The subsurface
weasurements  reveal that  the conductivity must
increase  substantially with depth, and values of
approximately 1.5 X 107 W/em-K are found at a
depth of | ni. With these values of conductivity, it is
unbikely that any n.casurable time variation of tem-
perature as a result of the divaal cyde existed ot
depths below 50 cm before the borestem and the heat
probe were emplaced. However, after emplacemient,
the relatively high thermal conductance of the bore-
stem and the radwative tuansfer alung the inside of the
stem allowed surface-temperature varitions to pene-
e to greater depthis. After several lnations, a new
periodic steadystate condtiva will be establisher’

.
.

-

K

i

——



ol

A 4 o
i

S 54

- o e o
I ﬁ"""'.,‘:ﬁ:"’f%’;ﬂw{“f';’!r B

Aﬁyt 5

.

LRI

HEAT-FLOW INPERINMENT

ledd”
resistance.

Current serse

11-5

|

|

L

A

: -
g
v

£xeitation-

Upper .
sef.507 Lower “leao “Vollare- ‘ﬁ::'
/. -Platinum senser resisiance mor.ler
resistance  #77 . line
elements .--”
_..-Phtinum
T resistance .
elerrents--.
Leat Voltage-
e
tower Upper resiitance.. m:i:':m Excitetion-
sensor sensor JV\ f power
v {ine
..... - =W~
tesistance resistance «__ esistance
,~'°“""“;' Output-
manitor menitor
line line--*
l‘i
Stuft T Data geriand
— Coded
u:w-le-el Multiol Data Ar.atog-to-¢igita; + oipt | data .
nputs ultipiexer amptiher conyzrter st
from prodes revister
l - ¥ To ALSEP
Groung fFrame mark t central
comm2nds stahion
o LA M || —t 4 t -1
=*1 Measuremen \earuremen
90-frame mark ¢ sequence $Quence r—‘ s:::g?aur::rc ‘
- O roqram e r
{Timing signal frogramer decode
o~ , -
Ground cammands (] o 3) Temperature <
Excitstion Excitation Puise regulator ~
outpuls  em————— setect power . Jotodc ] —_
to protes switch Supply 5"“99‘\! g power
voftages converter jm de peaer .
Heater 1 Probe heater i frem ALSER
103 ¢ CEMMy
(e, extitation le-|  current ‘—’ei L‘i’ﬂ‘ﬂq) c*.. .
&':‘:::d sequencer supply station
Heater = — 10 hsters
eviteion T T T T,. I pranes
H Sentche — s

FIGURE 11:2, - Hle. -flow enpeziment, (a} Circuit diagrem of the daff *te2 . theamometer. () Blnck
ditagrom of the evperiment eheetronws,

R

;
!




R I —— L

= 7

WA |
-

%

' 4*';‘!““: & "'

i

AP 1, GO A TOAT A DT W B A

116

APOLLO i35 PRE" IMINARY SCIENCE REPORT
B TN S ATy ——T -r Lo -',.?',' v - = : - — w.-.,:t .'-'_:‘.:'i ..J._.,.“. oru ,,""-'-T' -
, pama = % E, ’
1‘\' . .'—u'l....-—-" - - = e 4 2 _0.‘ T‘ = -‘ p : ‘- w-_. 5
AT o : 2 T, P ="z . B
7 v - rm - =285 e g o " - i - P .‘: e
‘t\'}. ' RN i Mo - = a7 ;.‘.::‘?_3‘{7"_}‘5_.:?,:.}..-: 2!
673 --Thm*-acq oles. - “'":"‘s NS oo Ree = I s, Sra g e
--—J i PRI\ Bl *‘-";“'”“' AN EIR e et i.""‘r‘u-"‘é‘
- W W SRR Haanr " o9 o Chandt 'h..'-'-,_ e ' b
- " ~ -\v ". - —-";;:_. W .’_':.‘ '*-_‘_ ‘: a !: >
. oatt N;:_ b el o SRRl ~. 3 i E
= Bl ey =3
: =S Heat-floa~p - < 40 cm 3
prode sections?_ [ I;
H i
: :
3 \ "ot bt
=5 .
FIGURE 11-3.-Fanciara of the heat-flow-experimient emplacereen: <ite (composite . photographs

ASi5- 711847 and AS1S-87-11848) 2ra » cutaway drswiaz of the heat-piobe and thermocoupie

lcoations,

arcund the devestem; imn:ztly, . owever, the borestem
and probes will equitidrate towa-d tempenatures that
exited in the subswiface bziore emplacemcnt. By
applying the thecry of the cooiing of a cylinder,
which is discussed in the appeadix of this section, it is
postitle o dedu.c the unuisturbed auperature
profile at depths wiiere diurnal varations are neg-
kgible and to obiain some csiimate of the thermal
propertics of ihe 1egolith from the first few hundred
hours of equilisration,

The temperature histories of all subsurface ther-
mometers and the evolution of the profiles of
tempeiature as a function of é=pth for probes 1 and 2
are shewn in figures 11-8 and 11-5, resr~ctively. All
sensors  ivitially  cooled very rapidly, and those
sensois at depths greater kan 0.7 m coniinued to
cool monotonically with time and were still cool’ .g
srter 300 he. The thermometers at depths less than
C.7 m resporded 10 the high temperatures of the
borestert progecting above the suiface. The tempera-
tre in the top of the probe 1 borestem, which is
projecting abuve the svrface, was 343 K 2t hunar
noon. As shown in figure 115, an obstruction
prevented heat-fiow probe 2 fiom pussing i the
bettinn of the hole; consequently, the platinume
resistance (nermumetcrs 1 the Top section are not on
sei. T widown du stiva af probe 2 s longer
than hat u; prove 1, prob:ily because of the lower

corductivity material surrounding the horestem ard

the higher initial heat input that resulted from
extended drilling.

Extrapolaticr. to Eqesitihrium Values

To cxtrapoisie the sensor wwwnerstuis to eGuiiid-
ricm values, the first-ordec approximation of the
long-term soluticn of tk2 cooling-cyiinder problein

T-T -1
T P (11-2)
To % Tﬂ Sl T Sg
is used, wirie T is the absoli.ic temperaruce of the

probe in K. T, i the tre2 equilib.cam reimperatnee of
the probe. aild Ty is the probe initial wmoerature;
and where S, and §, are the theanal heat capacities
per urit length of the funer wnd vuter cyiinders,
respectively, i Weseosemi-K. and 7 is time in seconds,
A more comgplele discussion of the desivativg o
equat-on (11-2) and definitions of the vanablos can
be found in ihe appendix o ths section.

W an mtial estimate 0. the equeibium wmpia-

e 7', i made, it can be shown ti-at the erzor i tae
<-iimate & is giv: n by
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where vy =7, T .vy =T; ~T_and T, and T
are two temperatures sclected from the for g-torm
cooling history at tines 7, and 7,. respectinely . Thea
the trwe equitibrivry temperatuee is simply 72 + 8.
The equilibrium temperatnre determined in this way
is independent of the initial-temperature estimate.
The equilibium temperaturss for alt sensars not
3ffected by e diumal vanation are shewn i table
A1 The values also e piotted as funcivas of
depth in figurcs ! 13 and 11-5. The accuracy of these
equilibiium temperatures is 2005 K.

At the probe 1 siie, the subsurface wemperature,
which increases reguladdy with depth. is approxi-
matcly 2520 K at a depth of 30 cm. The acrease
aloag the lower 60 cm of p.obe | is approximately 1
K. For prube 2, the temperature at a depth of 80 cm
is approximately 250.5 K. The two probe 2 sensors
that are unatfected by the dizmal vanations indicate
an increase in temperaiure with depth a: a nate
comparzbic to the czie dewecied by the probe |
sensors. This gradicat in 1 aperzture is a resuit of the
outward flow of heat from the Moon.

Equilibrium Temperature Differences Alonig
the Heat-Ficw Probes

The gradient and viug bridges enable measurement

of temperature differences between points 47 cny and
28 cm apart on the probe with an accuiacy et 20001
K. which is fr greater than the accuracy ol the
absolute-temperature measurements. An analyss simi-
lar to that uscd for the cguilibstion of the individual
sensors can be used to extrapolate the temperatuie
differences te equilibrium values. By vsing the tirst
ferm of ecquation (11-13) in the appendix. the
equiiibrivm temperature ditfesence AT beiween two
puints on the probes is given by the expression

. . ty
AT, - AT, o

AT, = _ 1 (i149)

where AT, and AT, are temperatuse diifercnces
measured at tivres 7, and ¢, respectively. Fouvation

114 is vilid ocly for very long times (¢ > 300 br);
cons>quently, only those differential therromerers
th=t have not been affccted by the diumal variations
in the first f>w hundred Lours of observaiion czn be
used in this analysis.

« The only Jifferential thermometers that have not
beci: affected by the dirrnal variations are those on
the bottem section of probe 1. The calkculicd
equilivrivm-temperzture difference 2cross the eradi
ent bridge on the baottom section of probe 1 50.779
K and, actoss the ring bridge, 0.483 K. These resul's
can be intcipreted in terms of the 1emperature

diffcrence between adjacent peints on the borestem
wall by taking into account the effect of radiative

TABLE 11-IL.—Lunar Conductivities Dctermince From Hect-Probe and Cooldoven Histories

| tEqm‘h’bdwn l Minimnn: condecrivier case Maxcimum-condus ity cose

Scnsor Depek. semperetzve. | Iratial temperc nire, | Dodaced congec ivity, | Taital tcn_peraturc. | Deduced conductiary.
o [ 4 ' K Wiem-X K i Wicm-X
H ]

TG1IB l 8 | 1% 31$ 0.8 10 | 319 1S ¥ 107
TR2A ;& {25053 30 R] -- .-
TCI2A 9 ' 25228 | 1Y) 12 . 349 1.7
16228 5 % , 25070 323 1.2 - .
TRIZA | 100 | 25240 3 1.2 349 1.7
TRI2B ~ 12 | 25287 . 33 19 349 29
TGV i 138 | 25300 j 31 21 _ 349 3

31he borsstert at the probe 2 site was diilled duwn 2pproximately | m dwring the first extraschicular activity (EVAY. Prrag
EVA-2, 22 i later, the borestem was driltcd an additional 3 misn o a depd of approxinstely 1.5 m, The initod tompar = L2 was
estimated by calculatmz t : cnuldawn ffom the precmplacement tcmapedaisie for 22 he totween the EVA peticds aad adidin; the
asdditior.. beat of Jolling duting EVA-2. This privedute resuited in an cstimate of initiat temperature {323 K) vety close te: the
value determined by eatsapolation of tcmpurature data n the 13t hour alicr inserton.
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oke: The uppermest sensors, TRITA wd TRIIA,

: X inds 2 Calculated ecipstbii sralure respandid 1o the temperaure var e gt the b
- :mmw: unaltxtod h,mw' ¢ of the borester, ahtic the clter senxan;
Gurnat variations dunng the first lunatien, & el seem to te Jifected.

. 86
o Lunar surface

unw @ RN D

X io S o Aug. § eclinie degins
f -~
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Tempersturs, °R

150 0w, .
a2 Fo3 4 55
Temperature, K

FIGURE 114.-Temperature historics of the sensors on beat probe | during the first 300 hr after
emplacement. The subsurface ccometry ol the probe =02 tigeriuic 25 2 funclivn of Jepth are
shown on the lcft. Temperatuse as a function of time is shoun on the right.
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Wote: X indicates & catculated equilidrium " Mote: The upperoost sensors, TG22A anc TRZZA,

) of the tno bot2om sensors, which respanged 10 the temasralure variaticn at the Wp
} were unailected by the ¢ rnal veriations of the borestem_ white the other sensors
R Guring tht iirst lunation. »a, 9 wtsces b te affecial.
z e Lunar surface

Jt 4
/\
Temperature, *K
3

P
Wi Dim Sine i
A L J w 1 ] I |
&0 » 52 D3 J W - 20 X0
Tenperature, °K Fise after emplacement, nir

U o JRE 1S ~Temperatur: histores of the sewsurs on heat probe 2 during the fisst 300 hr a. e
cmplacement. The subrusflace prorwtsy of the prodae and emperature as 3 function of depth are
shown on the kfi. Tanperature 4. 3 lumction of tine is Yioun on U right,
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;> REPRODUICIBILITY OF THE ORIGINAL PAGE IS POOR ?
HEAT-FLOW EXPERIMINY - SN

TABLE VLAWY, Susmnetry of Faudlibrium-
Temyperature-Iifference Moasarements
and Subsurlace-Tempweroture Gradients

Equitibrisn Luner
IXfferentiel tempoereture Jiffercace, K tempergtuie
shermor:eicr - gradiens,
Frobe Rurcstem K fonr
Guadicnt bridze 07 0.519 1.74
Ring bridye 483 .502 1.77

coupling between the walls and the probe and the
finite axial conductance of the probe. The tewpena-
ture difference over the probe is always dightly iess
than the tempenature ditference between the adjacent
points on tiw burestem. The ratio of the two, which
is called the shorting ratic, was determined exper-
meut2lly in the laboratory for each seclion of the
probes. The 1emperatare difterences at points in the
borestem adjaceni to the ditterential thermomet2rs
after the shiorting ratic has been applied are listed in
table 11-10L.

The relatively high axial conductance of ihe
borostem results w1 some avxial shunting of the
steadv-statc heat flow; therefore, to detenmine the
vadisiurked gradicni (i.e.. the gradicat at large radial
distances from the borestem), some correction nwist
be made. Ti. shen.ing effect can be estimated by
modeling the bor~stem as a prolate splicroid sur-
rounded by 3 wmedium with a lower conductivity. By
usirg 21 effective axi2] conductivity of 2.3 X 107
W/em-X for the borestem and a lunar conductivity of
1.7 X 107 W,em-K, the model indicates that a
plus-1-percent  correction shoull be applied to the
borestein temperature gradients. This correction has
been arplied to (he temperaturc gradients listed in
table 3 101 | )

Diumal Temperature Variations

Variations in tcmperature synchronous with the
solar phasc were observed at depihs as great as 7¢ cm
during the first one and a hLalf lunations afier
emplacemienit. The tempersture variations measured
by prches 1and 2 ore shown in figures 116 ond V1.7,
respectively. The  peak-to-peak amplitude  of the
variation at the top of probe | is approxinuteiy 6 K.
2 4310l atienuation of the 260 K temperature
excunion messured i the past of the borestem that
projects above the lunar surtace. The ring sensor
TRIIA, which is hovated 9 an helow the wp o the

probe, nteasured variations wivhi a 2 K ampiitude. The
sensons o the Juwer seciion of probe 2 that detected
vatatwns are semowhat deeper (49 and 58 on) end
reconded corzespondingly smaller amplitudes. Thee
are two interesting coatures of the obwenved voria-
tions. The phase shift of the peaks is exaealy sall,
in view of the lrge aiteauwation Tactors. znd 2
considerable  pottion of the iugh-frequeacy  com-
poncnt of the solar radiation penetrates to tese
depths, as indicated by the rapid rates of temprizture
chang: at dawn and sunscs. These features sugzot
that much of the heat transfer 1a the probe occurs by
direet radiativé exchange with the upper part of the
borestes. The thin, sluminized Mylar disk thae is
located on top of exch prebe as a radiation shicld

- apparently does not prevent significant radistive

exchizage between the top of the probe and the lunar
surface. )

The heat exchange during a lunation cycle is very
complex, because the borcstem conducts heat from
and toward the lunar surfuce more efficicntly than
the regolith material. Thus, the low nighttime tem-
peraturcs ponctrate downward along the borestem.
which ciluges the low-termjpenature acea viewad by
the top of the probe and, hence, increases the heat
loss from the probe to the surface. A simitar, but
oppasite, effect occurs during the day. This phenom-
enon nay. in part, explin the asymmet: v of the
plots of temparatuic as a function of tir.e.

Diurnal tempcrature variations that propazzte
along the borestem have an important effect on the
me- temperature in the borestem. Because the
conductivity of the borestem is not as ter:porature
dependent s the adjacent lunar material, heat wil! ic
lost mose ccadily along the borestem at nighi.
Consequently, the heat baiance over 2 full lunatiun
will require that the borestem, to depths that diurnal
variations penetrate, have 2 lower mean temperatuse
at a given depth than the regolith. Thus, a net coelns
of the borestem in the upper meter can be antici-
pated, which is an cffect that is 2lrcady apparcnt &
the substaniial decrease in peak temperature during
the scennd lunation. Comparisons with the (oaling
curves of decper sensuts show that this ditference
cannot be exjdained by cooling from initial tempea-
tures alone. This cooling cifect results in a pradican it
mean temperature in the upper meter of the bor-stem
that i» unsclated to the Feat low from the hudorior,

It is cssential 1o note that the moan tempeiatures
and temmner.ure differences in those sections of the

o s pldry
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Temperature, °K

&

1 1 1 } g 1 L 1 1 1 3
X © T @ 10 w0 2@ 2 X0 W %
Solar phase angle, deg
L 1 1 X ] - 1 .
Juy 9 Aug. 3 Auvg. 3 Auvg. 13 Aug. 18 Awg. 23 - Aug. 28
Time (first tunalion), day
L ' 1 1 -
Awg. Sept. 2 Sept. 7 Sepl. 12 Sept. 17
Time (second lunation), day

FIGURE 116.—Temperature as a function of solar phase angle for probe 1sensors TRIIA and
TGI1A (the sensors that detect diurnal vamations) for the first ons and a hall lunations after

cmplacementL.

borestem that see diumal variations cannot be uscd to
determine gradients zelated to the hicat flow from the
iumar interior until the effect of temperature-
dependent  conduction in the borestem and the
suricundir 3 lunar material is analyzed and the effect
quantitatively determined. Such an anzlysis is beyond
the scr=> of this p.climinary report, but the analysis
will be made cr. frture subsurface-temperatare data
afier the vpper pan of 1he horestemn has equilibrated
nearer to the mean periodic steady-state temperature,
This analysis will add two indzpendent measurements
of heat flow 1o the iesult already reported here.

Implications of the Larg> Mean-Temperature
Gradients in the Upper 59 cm at the Hadley
Rille Site

By using a finitcifference model to pencrate
daytime lunarsineface temperatures (which depend

almost exclusively on the solar flux) and by using the
reduced thermocouple temperatures to obtain luna-
tion nighttime surface tempenatures, a mican lunar-
surface temperature of 217 K (22 X) was obtained.
This result indicates an increase in mcan temperature
(35 K higher than the mean surface temperatuie) at
depihs beyond which the diurnal vatiation penetrates.
This phenomenon can be explained in terms of a
strong tempcerature dependence cof the theimal con-
ductivity, which previously has been invesiigated by
Linsky (ref 114) and others. Bacauss of the near
lack of an atmosphere on the Moon, madistive transfer
of heat between and through particles of the lunar
fines can contribute sivniicantly 1w JQie effzcuve
thermal .« onductivity. This temperateredopendent
conductivity has been found to obey a relation of the
form (ref. 11-3)

KMT) = &k, + kT3 (11-5)
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Temperature, *X
2 %X ¥ oo
| ] L4 L}
=

O TRZA

.. O 1G22
1t First funatien
2 Second lunation

Note: The brief rise in t2mperature of sensor
1G22A at 310* soler phase angle is the
result of 2 conductivily experiment.

- 850
wm
“ —
247 1 1 1 1 1 ' 1 1 1 | 1 .|
0 » 0 % 120 150 180 20 20 20 300 30 360
Solar phase angle, deg
[ - 1 i = 1 _ L ]
Juy Aug. 3 Auvg. 8 Aug. 13 Avg. 18 Avg. 23 Avg. 28
Time first lunation), day
L 1 1 1 |
Aug. 28 Sepl. ¢ Sept. 7 Sept. 12 Sept. 17

Time (secon¢ lunatian), day

FIGURE 1]-7.-Tempcratuse as a function of solar phase angle for probe 2 sensors TR22A and
TG22A (the sensors that detect diurnal variations) for the first one and 2 balf junations after

emplacement.

where k_ is the contributioa from conduction and
k,T2 represents the radiative exchange between 2nd
through particles. Linsky (ref. 11-4) has used com-
puter models ol the lunar surface to evaluate this
effect in the abserce of a steady-state heat flow. By
interpolating from these models, the relative contri-
butions of the conductive and radiative terms can be
estimated. For a diffcrence of 35 K in mwean
temperature between the surface and depths at which
no significant time variations of temperature exist,
the ratio of radiatie to conductive tenms is approxi-
mately 2 at a teinperature of 350 K. The relatively
small steady-state gradient (1.75 K/m) produced by
the measured steadystate heat flow will have only a
siight effect on this ratio. Conductivity messurcments
have been performed for a wide range of tempera-

rues on returned lunar sumples from the Apello 11

and 12 mizsions (ref. 119). The resulis also indicate
the significant temperature dependence of conduc-
tivity. For Apollo 11 and 12 sumples, the data cited

in reference 1i-9 indicatea ;. . the ratios are 0.5 and
1.5, respectively. The coaductivity of the moie highly
tempcrature-depeadent lunc: fines from the Apollo
12 site seccm to be more comparable to ths upjpear
regolith conductivity at the Hidley Rille site Further
refinement of surface-thermocouple data, combined
with a more accurate determination of conductivity
as a function of depth and dircct measwements of
the conductivily of returned Apollo 15 samples, wiii
resttlt in the fist directly mcasured profile of regolith
conductivity to 3 depth ot 1.5 m.

CONDUCTIVITY OF THE REGOLITH

Preliminary Deductions from the
Heat-Flow-Piobe Histories

The rate of equilibratior ¢f the probes depends on
the thermal diffusivity x of ihe surrounding ju..az
material, the ratio a of heat capacity per anit volime
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of the lunar material te the heat capacity per umit
volume of the hcat probe, znd the cearact con-
ductances /, and H; , where

a=2rblec/(S, +5;)
¢ = hcat capacity per unit mass ot the surround-
ing lunar material, W-sec/em-K
p =density of tne surrounding lunar material
g/em?
H, }{{; = contact conductances of the inner- and
outerylinder boundaries, respectively,
W/em? K
A more complete discussion can be found in the
appendix of this section. By using an estimate of the
volumetric heat capacity of the lunar material pe, a
value fur @ can be determined, because the thennal
properties of the prot~ and the borestem are known.
From an analysis of the cooling hisiory of the probes,

an sstinaate of the diffusivity, and, thus, the conduc- -

tivity, can be madc. Meusuremenis of the heat
capacity of samples that represent a3 wide range of
lunar rock tvpes result in very uniform values (ref.
i1-10). The density of the regolith material is quite
variable; preliminary measurements of samples taken
by core tubes at the Hadley Rulle site result in vaiues
that range from 1.3£ to 1.21 g/em®. At the depth of
tne probes, the densities are probably n»  the high
end of this range and not so variable. For ti . . alysis
described in this section. a density of 1.3 ;. cm® and 2
heat capacity of 0.66 W-sec/g-K have been assumed.

It is not possible 1o determine a value of a from
the ratios of temperatures at various times during the
cooldown, because, as the long-term solution indi-
cates, the temperature ratios '<ocnd solely on the
ratio of the times. Bullard (ref. 11-11) has pointed
out this property of cooling cylinders in his dis-
cussion of sea-floor heat-flow measurements. To
ostimate a value for x, the imntial temperature must be
known. E:‘imates of the initial temperature can be
made by extrapolating data recorded soon after the
probes weie inserted to the time the borestem was
emplaced. This estimate is considered to be a mini-
mum value, because cooling during the first several
minules is fasier as a result of enhanced radiative
transfer at high temperatures. Aliernately, the as.
sumplion can be made that the initial temperatine ‘s
the temperature of the borestem before emplace-
ment, plus some estimated femperature rise as a result
of the heat produced during Jdrilling. Temperatures
recorded belore,emplacement by probe 2, which wes

stored temporarily in the drill rack between EVA-I
and EVA-2, war  used as estimates of the borestetn
temperatere before emplacement. The temperature
risc that resulted from Jdelling is estimated to be 15
K/min, based on estimated torque levels. The imtial-
temperatuze estimates based on these assumptions are
considered to be maximum estimates.

The cooling histories of all subsucface sensors that
ars not affected by diurnal variations were analyzed
to determins the conductivity of the surrounding
luna: material for the two limiting estimates of initial
temperature. By using the equilibrium tewnerature
T, for each sensor. the ratio (T-T_)/(7o- T )was
determined for the first few hundred houss cf
equilibration. A typica! plot of this ratio as a function
of time is shown in figure 11-8. The procedure for
determining conductivity is to make an inital est-
mate of the parameters /1 and A, where

h=k[bH,

A =S [b*(S) +5;)

Y= 5,/2nal,

@ = radius of the inner cylinder (heat-fiow probe)
in centimeters
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FIGURL 11-8.-Rativ of temperatures measured by sensos
TGI2A dunng the initid equitibration of heat probe 1
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Then, by equating observed temperature ratios for
several times e the cooling history with the ratios
compuied from equation (11-12) in the appendix, a
value for the dimemsionless parameter 7 can be found
that coniespeads te cach time. Once a value for 7 is
known, & can be dctermined from the relation r =
kt/pch?. The conductivity value determined for a
larg2 value of r will be the most accurate, because, at
long titaes, f(A4,h,a,7) is neaily independent of & and
A, where f{4,ha 1) dusignates the right-hand side of
equation (11-12) in the appendix. By using this initial
long-timw estimate and comparisons of observed and
computed ratios at early times, a best value of k and
!, can be determined with two or three repetitions
of the procedure.

Theoretical curves fitted to the data obtained frcn
sensor TG12A by this procedure and ratios for both
limiting initial-temperaiure esiimates are shown in
figure 11-8. The patameters & and 4 have been
ciosen to Iit data for times greater than 6 o 8 hr.
The theoretical curve at earlier times lies well above
the observed data; however, it is not possible to find u
value for 1, to fit data obtained at times earlier than
6 hr withvut degrading the fit at later times. To
obtain the most accurate value of &, the curve must
be fit {6 the data for jarge values of 7.

In teble 11-11, the maximum and minimum con-
ducuvity values deicrmined by the procedure are
shown arranged in order of increasing depth. The
conductivities that were determined for minimum
and maxirum initial-temperature estimates differ, on
the average, by S0 percent. The more accurate
conductivity measmements, which were made by
using the Licaters that surround the gradizni sensors,
resulted in values that lie within the ranges listed in
table 11-1l. The deduced conductivity values are
considerably higher than the value obtained irom
measurcments on returned funar fines. The value [or
the returned lunar fires is approximately 2.2 X 107*
Wiem-X at 250 X (rcf. 11-12). The higher con-
duclivity vulugs ' t were obteined may be represent-
ative of frogn regoiith matenal in a2 more dense
and cumpressea saite than the surface fines.

in Situ Measurements

Six in situ conductvity nesswmements in mode 2,
which 1s the low-erdictivity mode, were conducted
21 the end of the first lunar night and during the first
half of the sccond lunar day. The two hicarers on the

upper section of probe 2 were not turned on becanse
the eradiont bridees were off scale. The made 2
measuremenis indicated the subsurluce conductivity
to be ir the lowsr range of messurement and, n
addition, showed that a substantial contact resistance
exists between the borestemn and the lunar material. A
dcaision was made, therefore, not to run the mode 3
(high-conductivity mode) measui~ments at this time
because of the possibility that the gradient sensers
might reach tempearatuies potentially daneerous in
the sensor calibiation. Mode 3 measuremer:!s ure
planned at some future time after the effccts of
heater tumon are examined by using the conduc-
uviiies determined from the mode 2 results.

Three ol the conductivity :ncasimements have been
analyzed. Two of these measurements were obtained
by the usc of heaters en the lower section eof probe 1,
the section across which the best temperature gradi-
ent was detenmined. The ihird masurcinent was
obtained by the use of the upper hzater on the lower
section of probe 2.

The interpretation of the response of the tempera-
ture-eradicnt sensor Lo heater turnor, in terms of the
lunar conductivity, is accomplished by using a de-
tailed finite-difference model (ef. 11-13). A .imple
analytical modcl of the gradient sensor long-teria (1 >
20 hr) performance deduced fiom tic enperimental
data and the finitediffeience models wili be brietly
discussed in the following paragraphs.

The temperature increase as a function of tinwe ata
given hcatersensor location upon heater turaon
depends on ihe quantity of heat generated and the
rate at which the generated heat can diffuse outward
from the heater source. This rate witl depend o the
thermal pioperties of the materiel that surrounds the
source. The heat will propagate axizlly along ihe
probe and radially from the probe to the dnilt casing,
across the contact-resistance layer outside the casinz,
and into the Junar mediom. Both radiative troisicr
and conductive transfer are involved in the dissipation
of heat. Shortly after heater turnon, the rate of
temperature increase at the gradient sensor will
depend primarily on the thermal praperties of the
probe and ilie borestem in the immediag vianity of
the heater and on the resistive gops between the
probc and the boresiem and between the borestem
and the funar material. As the near-sensor probe puarts
and the borestem temperature incicases, & 1€mper-
ture drop is established across the resistive gaps. Whien
this empaizture difference builds to a relatively large
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value, heat wil flow out (rom the borestern, across

the contactreaistance pap, and into the medivm; and

the ratc of temperature increase at the sensor will

level off. At loiig times (tunes greaier than 1000 min

in this experiment). the temperature increase Av(r),
: measured au the sensor, closely fits a relation of the
i form

AvD) = CyInin) + C, (116)

where C; and C; are constants that depend on the
contact conductances M, and //, and the properties
of the lunar maierial. The finitedifference thermal
model of the probe in tlw tunar material shows the
same long-term characteristics. This relationship has
~the same form as the long-tcrm solution to the
problem cf a uniformly hezted finite cylinder (ref.
11-14). As in the case of the long-term solution for a
cylinder, it has been determined from the finite-
difference modzls that, at lorz times after heater
turnon, the constant C, is almost solely a function of
the conductivity of the surrounding material and the
heat input. Thus, the slope [Ax(22)= A(r)] in(22/1),
for times greater than 1000 min, is a semsitive
measure of the conductivity cf the s rounding
materizl for a constant heat input. Plots of ten:pera-
ture increase as a functicn of time for the three
conductivity measurements zre shows in figure 119
and compared with best-fittad theoretical models.

The magnitude of temperature increass at any
time greater than 0.5 hr after heater turnon is very
sesitive to the magnitude of the contac. con-
ductance i7,. The value of the contact conductance,
however, lus no detectasie effect on the slope of the
curve of Ar as a funciion of In(s) at long times;
therefor2, the determination of a value for X can be
made independ=ntly of //; by matching slopes at
times greater than 1000 rvin. By using this value of &,
a value for /f; was deteunined by vatyin.g 113 in the
finitedific.ence models until the experimental curves
of Av as a function of r were bracketed within a small
toleiance. Examples of models that bracket the
expeiimental curves of tl ¢ three in situ experiments.
are shown in figurz 119, '

A nather accurate dewrmination of the conduc-
tivity of the lunar subsurfiice inaterial that sirrounds
cuch heater location can be made. For example, at

| heater location 1123 (the focetion of sensor TG22A),
the long-time slupe data could be bracketed by
models of £ =13 X107 und k=14 X 10~ W/em-

K. A lincar intarpolation between t. .¢ models
resulted in a value k = 1.37(20.02) X 16 W/ i <.
However, the assumption cannot be made that the
models represent the physical situation this accu-
ratewy; a value & = 1. 4(2C.1) X 10~* W/em-K would
be more realistic. Further examination of the cffects
of the errors introdiuced by the assumptions about
the model parameters (probe propertics, heattransfer
linkages, ctc.) must be made so the actual praeision of
the k values can be determined. Frwn previous
limited parametric studics, a range of *]10 percent
she ild represent a2 maximum bound in the eror of
the k-valuc determinations.

The best determinations of conductivity valucs are
listed in table 1]-IV. ‘As shown in the table, the
conductivity determinations from the heater experi-
ments fall within the range of ihe k predictions of *!.2
initial probe cooldown analyses and indicate a sig-
nificant increase of conducuvity with depth.

The contact-conductance valu:s determined from
the in situ mcasurements vary. The contact con-
ductance probably corresponds to a thin zone arourd
the borestem that is filled with iunar fines. If the
assumption is made that these fines have a conduc-
tivity of 2 X 10~* W/em-K, which is similar to the
conductivity of the swiface fines, the widths of the
disturbed zones would be 2.7, 20, and 13 mm for
the locations of sensors TG22A. TGI2A, and TG12B.
respectively. The larger value of /; at the location of
sensor TG12B might resuit from greater compaction
of the fines, rather than a thinner zone. The thicker
disrupted zone around probe 2 may have resulted
from the longer period of drilling.

STEADY-STATE HEAT FLOW FROM THE
LUNAR INTERIOR BELOW THE
HADLEY RILLE SITE

The conductivity of the regolith is shown by the
measurements returned from the experiment to be
significantly vaiable with depth over the lower
section of prove 1. To compute the heat flow from
temperature ditferences over a finite depth interval,
“he thermal rasistance must be known. The thermal
resistance can be culculated from the equation

dx
X -x

1% k(x)
)

"2
R n (11-7)

where x, and x; are the end points of the interval.
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FIGURE 11-9.-Temperatur. ircrease as a function of tme aftsr heater turnon for heaters located at
sensors TG22A, TG12A, and TG12B. Two computed models that closely bracket the data are
shown for each of the three heater locations. Temperature incrcase as a function of tme after 1000

" min is shown in the insct on an expanded scale. The solid hines in the inset arc besi fitting
computer madels.

TABLE 11.IV..—Conductivity Deierminations From applied on the variation with depth fron. the ratio of

in Situ Experiments the temperature differences measured by the ring
_ bridge and the gradient bridge. IF the heat flow is
Heater | Depah. | Trierruit conductivity, | €55 Gomduetance uniform with deyth, the constraint re juired by he
sensor | cm k. Wiem-K H,, Wiem®-K ratio of temperatu:e differences is
TG22A| 49 [ 1.80:0.19) % 10~ 0.7x 10
TGI2A| 91 | 1.70¢:0.17 10 129
TG12B| 138 | 2.50(-0.25) 15 ' ;(dj_
B} : - ; x)
) 100 ) A ne 0613 (1)
Thus, for the flux to be determined, k-value variation 138 AT adicn
in the interval between the gradiens sensors, which dx
are located at depths of 91 and 138 ¢, must be - k(x)

known. Accurate measurements of A were made only
at the end -points; however, a constigint can be Three possible conductivity profiles are shown ia
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figure 11-10. Profile B is based on the trend of
conductivitics frem the couldown curves and obeys
the constraint of cquation (118). Profile A also
obeys the constraint of equation (11 8) but includes a
uniform conductivity of 1.7 Wem-K to a depth of
136 cm and, then, a thin layer with a conductivity of
25 X 107 WiemK in which the bottom sensor is
embedded. Profile A would result in a lower limit for
the heat Now; profile C indicates a uniform increase
in conductivity over the probe section. Profile C does
not obey the constraint of equation (11-8), but
defines an upper limit for the heat-flow value. The
trend of conductivity up to a depth of 50 ¢m that is
indicated by the probe 2 measurement makes cases
with higher conductivity than shown in profile C
unreasonable. Based on these three profiles shown in
figure 11-10, the temperature difference over the
lower section of probe 1 results in the heat-flow
values listed in table 11.V. The uncertainiy of the
conductivity measurements (£10 percent) should be
considercd as error bounds on each of the heat-flow
values listed in tabie 11-V.

Analysis of data obtuined during a full year will
enable the previous determinations to be refined
considerably. In addition, a comparison of the value
obtained from the bottom section of probe 1 wiih
the values obtained from the upper section of probe 1
and the lower section of probe 2 can be made ouce an
analysis of the effects of the diurnal variaticns has
been completed.

© Values deterinined by the
in silu experiment

P B Values deduced from
. cooling curves with
sol- ~ = minimum estimates of
\‘ inilial temperature
4 O Values deduced Irem
L5 \ cooling curves with
S ™ o t‘ maximum estimates of
£ ok g initial tempeTatu-e
E # :
o} W\ :
A NEX
10} a NN o $
% o
15081 - L LN
0_‘\ ! 2 3 4x10™

Conductivity, Wicm-*K

FIGURE 11-10.-Conductivity as a function of dunth, with
three posiible conductivity profiles (A, B, and ) (rable
11-V),

TABLE 11-V.- Heat-Flow Data Chtained
From the Lower Scction of Probe 1

Profile "1;'.:“:? :;"'" Camment
A 299 % 10-¢ Lower linit
B 331 Best value
c 3.59 Upper limit

SURFACE TEMPERATURES DEDUCED
FROM THE CABLE THERRMOCOUPLES

Of the eight thermocouples desisncd to measure
the temperature profile in the upper 1.5 m of the
heat-flow borehole, six presently imeasure tempera-
tures that may be used to deduce the variation of
iinar-surface brightness temperature thioughout the
lunation period. Of particular intcrest is the determi-
nation of temperature during total eclipses and lunar
nights, which are measuremen.s difficult to obtain by
Earth-based telescopic observat:an. The thermo-
couples in the cable of the heat-fiow experiment,
lying on or just above the lunar surface, provide u

reans by vrhich thess tcasurenenis can be ublained
at a sampling rate previously unattainable (one
measuresnent set ¢ach 54 sac),

During the lunar night, the thenncsouples come
into radiative balance with the lunar surface and
space. To determinc the relationship between the
cable temperature and the lunar-surface brightness
temperature, the heat balance for a simall cylindrical
cable element of radius @ and length d/ can be
considezed. The heat balance for such an clement
arbitrarily oriented above the lunar surf.ze during the
lunar night can be represcnted by

4 a. Ne
Fe-y2madlacycyo Ty - Zeadlice T - Vpe = 0 (119

where the first term is the encrgy received by the
cable element from the Moon per wait time, the
second term is the energy lost from the cuble element
per unit time, and the third term is the energy
required to change the tempermnre of the cable
clement per unit time; and where

Fe.p = view tactor of the cab's clement 1o the
lunur surface
. 0 = Stefun-Boltzmar 1 constant (5.67 X 1072
Wsec/m? ',
€0 =lunar-suil’ ¢ emittance
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€c = cableclement emittance
ac,r = cable-element infrared absorptance
/= cable-clement volume
pc = volumetric heat capacity of the cable cle-
ment
T,, =lunar-surface brightness temperatuie

T = able-clement temperature

For €,, = 1 and a flat lunar surface, equation (11-9)
raduces to

a7
T - u‘ (?"m’i* 2 Td ) (11-10)
CIR

= e 07, '
The termf,;&: ﬁc.ulu‘cl! accounts for the thermal

time constant of the cylinder, is retained only for
eclipse calculations, berause the constant is on the
oider of minutes.

The crientations of the thermocouples that are
outside the borestems are unknown. The time at
which a given dietmocouple reaches the maximum
temperature and the value of that maximum are
strong functions of the o 'antation of the cable
section in which the thermociuple is embedded. This
effect, whick is shown in figure 11-11, is a result
primarily of the variation in the incidence angle of
the solar radiation; therefore, lunar-surface brightness
temperatures deduced during the lunar day are

“subject to error that results from the orientation

uncertaintics,

For the calculation of the lunar-surface brightness
tempcratures, the assumption vas made that the view
factors from the cable to spsce and from the cable to
the surface are identical. The irregular horizon
formed by thc Apennine Mountains increases the
effective view factor to the lunar surface, and the
view factor to space is reduced correspordingly.
Some of the thermocouples may be close eraugh to
the surface so that local topographic irregularitics
affect the horizon seen by the cable. Fora 10-percent
increase in the efiective view area to the topographic
surfaces, the caleulated suiface brightness tempera-
tures would be reduced by 2.25 percent during the
lunar night.

A more serious error in lunar-night caleulations
results from the uncertuinty in the vaiues of the cable
absorptance anJ emittunce. For the temperatuies
given in figure 11 12, the emittance-to-absorprance
ratio was assumed 1o be unity. A 20-percent increase

in this rativ would result in an incicase of 4.5 pereent
in the calculated value of the surface brightness
temperature. A value o 0.97 was chosen tor buth the
cable infrared emittance and avsoiptance, where the
assumption was made that the sections of cable in
which the thermocouples are embedded are covered
by a significant amount of lunar-surface material.
Photogiaphs show that most of the cable arcas are
coated with Junar material.

The surface-brightness-temperature history for the
fist iunar night, .s deduced froim thermocouple
temperatures, is shown in figure 11-12. A very rapid
cooling of the surface is indicated for the first 80 he
after sunset; subscquently, the rate of cooling slows
significantly. A cooling curve (ref. 11-15) based on
astronomical observations at two different latitudes is
shown for comparison. Two theoretical curves based
on finite-difference calculations of thermal models of
the lunar surface and subsurface are also shown.
Curve A, which is derived from a model with a lincar
conductivity increase starting 2t a depth of 8 cm
(inset, fig. 11-12), duplicates the rate of cooling for
tumes greater than 80 hr, whereas curve B, which is
based on a temperature-dependent-conductivity
model (ref. 11-12), duplicates the earlier part of the
observed curve. For both mwodels, the heat capacity
was defined by the following equation (from ref.
11-16)

o(T) = -0.034T"2 4+ 0.008T - 0.000273/2
(11-11)

The assumed aensities are 1.2 g/cm® for curve A and
1.C g/em® for curve B. The flattening of the obscrved
curve could, in part, be a result of a significant
increase in density in the upper several centimelers.

The temperature dependence of conductiviiy that
is indicated by the cooling curves is in agree it with
the large increase in incan teniperature :sscnbed
previously. The substantial increase in ¢ nductivity
and density with depth that is suggesicd by
Haiis ~'»- of the ccoling curves is in agiecmen
earlie. ..nclusions that were based va asicor .
obseivations (z.g., ref. 11-16). The mechuaical prop-
ertics ol the svii measured near the Apollo 15 ALSEP
site revealed that the shear trength increased rapidiy
with depth in the upper 20 ¢m (sec. 7). This increase
in shear strength probably is related to 2 near-surface
Jensity gradieat,

Sutface brizhiness temperatures during the umbral
stage of the August 6 eclipse were dedu  * from 3 .

\
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FIGURE 11-11.-Thermo-ouple lemperatures as functions of time for the second lunar day.
Thermocouples TC12 and TC13 n easure the probe 1 cable temperatures; TC22, TC23, a~d TC24
incasure the probe 2 cuble teinpuratures; and TC14 measurcs the probe 1 boresten temif “rature.

thermocouple temperatures. For these calculations,
the thermal time constant of the cable must be
considered. The thermal mass of ths cable per unit
length in which the themlo..ouw!c is cmbedded was

_estimated by summing the picperties of the 35

conductors. Uncertainties result from the fact that
noise in the thermocouple measurements makes an
accurate determination of the slope difficult.

sample of thermocoupls data for the later part of lhc
umbra was reduced vy determining tiie rate of change

. of the cooling curve by graphical technigiies. These

very preliminary results indicate that the umbral
temperatures reached at the lunar surface correspond
well with the temperateres predicied by the theoreti-

- cal curve based on the relytionship between conduc-

tivity and temperatere for lunar fines (ref. 11-12),

In summary, the surface-temperature data for
lunar night and the umbral part of the August 6
eclipse support the conclusion that the upper fow
centimeters of the lunar-surface mai:rial have

thermal conductivity-versus-temperatura relationship
similar to that found for samples of lunar fincs
measured in the laboratory. The lunar nighttime
observations revea! 1 substantial conductivity gradient
with depth that probably results from increasing
material density with depth.

DISCUSSION OF HEAT-FLOW-
EXPERIMENT RESULTS

Local Topogre, :hic E ffects

The heat-flow determinations at the Hadley Rille
sit* arc susceptible to o number of disturhances.
Corrections for so.ne of these distubances (such as
the *hevmal perturbations caused by visible topo-
graphic leatures) can readily be mads with suificient
accuracy, but other disnnliences may result from
refr :etion associated with sloping inte.fuces between
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© Temperature deduced from
thermacou)le data
O Data fror, Murray and Wildey

Curven
Conductiviy » KT)
« (0159 x10 + 0.22x 10”21 wicm-
= 9

! =

180 W 300 %0
Solar phase engle, deg

FIGURE 11-12.--Surface cooling as a function of time for
the firt lunar night, as deuuced fiom thermosoupl.
measiremean, Two theerstical curves are given as refer-
ences. Cuive A is the r nected curve for a conduclivity
increase with depth, sia: ““ng a1 = dupth of 8 cm; curve Dis
the theoreiical cunve for a 1y 3 oture-gependent con:
ductivity. “he data from referuc: 11:16 are included for
comparison. Conductivity as a fuaction of depth for th:
curve A datais shown in the insel,

materials of diliering thermal conductivitv. Suca
interfaces, if present at all, a2 hidden in the luna
interior, and only a qualitative discussion of the
effects can be given.

Probe 1, from which data were used for the
preliminary dete, amation of heat flow, is located in
a small crater that has been ale . tilled and nearly
obliterated by luter bumburdmert. The topography
associated with this old crater is o suhdued that no
correct.on for the topugiaphy is required. [lowever,
the possibility remains that the cveni that produced
tiis crater also Jocally altered boih e thickness and

the physical propertics of the regolith. The truth of
this hy pothesis cannot be venfied because no observa-
tional evidence is avail'ble; however, after the data
from prabe 2 have been amalyzed, a comparison of
the two heat-flow values may provide iore informa-
tion,

* The two most conspicuous and important topo-
graphic features near the heat-flow-experiment site

“are Hadley Rille and the Apennine Fiont. The

topographic effece of the riile was calenlated by
fitting the rille profile with a wwo-iinensional Lees-
type valley (refs. 11-17 and 11(-18). 1his procedure
results in a correction of 4.3 percent, ard further
afowaace jur the Elbow, where the rille abruptly
charges direction, reduces the correction to 3.5
aercend,

A second effect of the topograpliy around the
Hadley Rille site is that the surface in tie arca is
shaded during part of thie day; cc jgueatly, rhe
average surface temperature is low.. e flut por-
tions of the lunar surface. This local cold-spot eft=ct
has been estimated quantitatively in two ways. The
radiation balance for a poi..! halfway down the rillz
wall (including factors for incoming solar radiation
and radiation fromi the oppusite wall), at approprists
tumes of th. lunar day, was caleulzwd and used io
derive tiic mean tempeiature in the rille. Alterna-
tively, the tempcrature at the vertex of the rille.
which was assumed to have a symunetrical V-shape,
was calculatad from the solar input alone; for this
geometry, the vzrtex sees neither wall. The tempera-
ture was assulaed (o vary lincarly from the vertex 1o
the top of the rille. The radiation-cals .e methou
tesulted in a correction of 3 to 10 percent, and the
vertex method resulicd in a correction of 10 to 20
percent. The formes vaae is considered to be the
more - ~liabi* mainly because the profile ot the niie
does not puticulatly resemble a V-shape. A ceornec:
tion of 10 percent is considered to be reasonably
close 10 the upper limit of th. effec thot results from
the coid rilic wall.

The thermal effect of the Ap nnine Front was
estimated in a preluninary way from the two-diuen-
sional-slope meihod of Lachenbruch (rel 11-19). By
axsutaing two-dimensivnal symmetty, e carves give 1
by 1 acherbruch indicate that the e srection. < hich is
negative g this case, is 10 per enn 1 2 v imuem.
A-vally, e heat-llow-experit *ont site is in an
emba; aent in the Apentine Vaont, which invalidares
the *wo-dusersional approximation end rcduces the

—— P
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correction. A correction of § percent would be mere
rcalistic.

In summuay, the topographic effect of Hadley
Rille is approxinately canceled by the eftect of the
Apcunine Front, which leaves only the cold-spot
effect of the nlle as a remzining correction resulting
fror the visible wpography. This latter correction is
the largest Correction, in any case, and seems most
likely “to approximate 10 percent of the measured
heat flow.

Implications of the Results

In this section, the visw was adepted that the heat
flow obsecrved at the Iadiey Rille site is representa-
tive of the moonwide vuluc,.in spite of the possibili-
ties of loca! and regionzl disturbances and large-scule
variations in the 'unar heat flow. Thus, the measure-
ment is considered at face value, with full realization
that future measurements may produce major
changes in the conclusions. Because of the prelimi-
nary nature of the resulis, simple models were used
for this -eport. Only the linear equation of heat
conduction was considered, for which the thermal
diffusivity was constant.

The value thar is considered to be an upper limit
to the heat flow résuiting from the initial heat is
calculated by assuming that, at the end of a convec-
tive siage in the early history of the Moon, tempera-
tures throughcet the Moon lay along the solidus tor
lunar basalt (ref. 11-20). After 3 X 10% yr, the heat
flow resulting from these very high initial tempera-
tures is in the range of 0.2 X 10~° to 0.4 X 10~

jjem?. If, as sugsested by the greater ages of all
known lunar rocks. partial melting throughout the
Moon tock place eatlicr, still lower valucs of heat
fiow would be associated with the initia! heat. It is
likely tha: the assumed initial temperatures are too
high; however, by revising the assumed temperaiures
downward, the flux fron (ke initial heat is further
reduced. The initial heat contributes little to the

present lunar heat flow, and the contiibution can he
neglected for present purposes.

The major portion of the heat flow from the Moon
probably results from radioactive heat generation in
the interier. It is possible to construct an infinitc
number of models based on nonuniform distributions
of radiouactivity; however, in this report, the discus-
sion was confined to consideration ol the Moon as a
sphere  with uniform and constant internal heat
gencration. The ratio of the surface heat tlow g
(expressed in 107 W/cm?®) and the heat preduction
Q (expressed in 107'2 W/jem?®) is shown for several
times in the following list.

Time, yr q/Q. cm
3x 10° 322 % 10"
4 3.58
5 389
Infinite 5.78

With a lunar heat flow of 3.3 X 107 W/cm?, the

value of @ must be in the range of 0.57 X 107'2 to
10 X 10" B W/em?®. This number:s far lower than the heat
production of lunar basalt, which has a vzlue of
approximately 3.5 X 107'? Wicm®. towever, the
basaltic rocks aie presumably differentiates that are
far more radicactive than the parent material. On the
uther hand, ordinary chondrite and type 1 carbona-
veuus chondrites gencrate heat at rates of approxi-
mately 0.17 X 107'? and 9.22 X 10~"® W/em?,
respectively. The respective average rates of heat
generation over the last 4.5 X 107 yr are 0.61 X
10~'2 and 0.67 X 10™"? W/cm®. Even these last

figures are barely sulficient to previde the necessary -

Mux. The conclusion is that, if the observed lunar
heat tlow originates from radivactivity, then the
Moon must be more radioactive than ihe classes of
meteorites that have forimed the basis of Earth and
Moon mode!s in the past.
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APPENDIX

Equilibration of an Infinitely Long Cylinder
in a Homogenecus Medium by Conduction

In this appendix. the theory of the cooling of a
cylinder by cenduction is reviewed and applicd to the
heat-flow probe. Cylindrically shaped probes are
commonly used in making geothermal measurements,
and, as a consequence, the theory of heat flow in
cylindrical coordinates has been thoroughly investi-
gated (refs. 11-11, 11-14, and 11-21). The investiga-
tion of the eflect of a finite contact iesistance
between a cylinder and the surrounding medium (ref.
11-14) is narticularly applicable to problems of the
cooling of the lunar probes. In this appendix, the
solution (ref. 11-14) has been extended to a some-
what more complex model that includes a solid
cylinder inside a thin-walled cencentric cylinder
which, in turn, is surrouaded by an infinitec medium
with a conductivity k. The cylinders are assumed to
be perfect conducters: that is. each cylinder is
isothermal, which is very n2arly true in the case of
the heat-flow probe. Ceniact resistances exist at the
two cylindrical boundaries. In this model, the inner
cylinder is an idealization of the heat-flow probe,
which is radiatively couplcd to the borestem (the
conceniric cylinder). The berestem. in turn, loses
heat by conduction to the surrounding regolith, of
conductivity A, through a thin zone of lunar matenial
that has heen disterbed by drilling and. hence, has a
differsnt conductivicy. The initial temperature of the
surrounding infinite medium is zero; and, initially,
the two inaer cylinders have a temperature ¥o.

By defining the dimensionless parameter 7 as xr/b?
(where 2 is the thermal ditiusivity of the surrounding
infinite medium, ¢ is time in scconds, and b is the
radius of the outermost cylinder), the ratio of ihe
innez-cylinder temperature ¥(7) to the innercylinder
initial tempeiature ¥y is given by

I

e . (- ) e (o)ua

where

a=2mb?pc/(S, +S;)

h= k’bﬂg

A =S;7x/b* (S, +5,)

B = /[b?

v=8,/2nail,

a = radius of the inner cylinder (heat-flow probe)
in centimeters

b = outer radius of the conc2ntric outer cylinder
(borestem) in centimeters
S5,.5, = thermal heat capacities per unit Jength of the
inner and outer cylinders, respectively,
W-sec/cm-K
H, ,H, = contact conductances =t the inner- and outer-
cylinder boundaries, respectively, Wiem? K
p = density of the surrounding material, gfem’®
¢ = heat capacity per unit mass of the surround-
ing material, W-sec/g-K
k = thermal conductivity of the surrounding ma-
terial, W/em-K
x = thermal diffusivity (k/pc) of the surrounding
material, cm? [sec

Also, Jo(1e), Jy (1), Yo (u). and Y (i) are the zero- and
first-order Bessel functions of the first and second
kinds.

By following the method described in reference
11-11, the expression on the right-hand side of
equation (11-12) can be redesignated j(A4,1,0.7);
therefore, equation (11-12) can be written as v(7)/vy
= fidha7r). A more complete derivation of eqita-
tion (11-12) and the resulting tabulated values will bhe
published at a later date. Two typical pluts of
JIA ha.1) are shown in figure 11-8. The values of A

w ) ;'(':il 2) Jgw - [Ma2(1 - a?) - a(l - sd)] ) - O )V - (M- A?) - (1 B3V, 2

2)
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and /f, that were used for computing the theoretical
curves are given in table 11-1. Othicr parameters arca
=333, H, =325 %X 10™ Woem?- K, y = 345 sec,
and @ and b are 0.95 and 1.259 cm, respectively.

By using asymptotic values of the Besse! functions
for large values of 7 (after i method outlined in ref.
11-21). a solution that s valid for long times can be
derived as follows.

CRE R e ) R & M UIREY

where In (5) = 0.5772 (Euler’s constant). The
long-term sclution exhibits some nteresting teatures
of the function f{A,h,a.r). At long times (7 > 20), the
function becomes nearly equal to (2ar)™, or
(4k=t/S, + S;Y*, which is independent of pc. A
log-log g!nt of f4,k,a,7) is shown in figure 11-; (or
long times, the function describes a straight line with
a slope of very nearly -1. This property of the
function enables the tempcrature hisiories to be
extrapolated to equilibrium vaiues by the procedure
described in the text of this section and a value for k
to be determined independently of pc from long-time
portions of the cquilibration curves. In addition, as
shown by equation (d 1-13), the contact conductances
H, and I1,, which are contained in the constants y
and h, become less important with time (because they
are multiplied by 1)
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HEAT FLOW EXPERIMENT

Introduction and Rackground

The objective of the Heat Flow Experiment (HFE) is tc make a direct
measurement of the vertical component of heat flow from the lunar interior
through the suiface.. A second important objective ., to

determine the thermal properties of the upper 3 m of the lunar regolith.

The age of the Moon is placed at 4.€ AE. For a planetary bouy as small
as the Moon, much of its initial heat erergy has been l¢st to space since
formation. Even if the Moon were initially at molten temperatures, the present
flux at the surface would be small. The major contribution Lo the surface
heat flow comes from heat generated by the disintegration of long-lived radio
isotenes of 235y, €38y, 40k and 232Th.  Thus the present surfece heat flux
reflects the abundance of these isotopes to a depth ¢ about 300 km, or 43%

of the volume ot the Moon. It is now certain that extensive differéntiation

. occurred during the early history of the Moon which would concentrate these

isotopes in its outer shells. In this case the present surface heat flow would

very nearly indicate the total abundance of these isotopes.

Over 5000 heat flow determinaticns have been made on Earth and they
show the average global flux is 6.3 x 10°6 W/em? (ref. 1). (Throughout this
report we will use W-sec as the unit of heat energy. Other commenly used units

are the calorie which equals 4.18 W-sec, and the erg which equals 10'7 W-sec.

The average Earth heat flow is 1.5 x ]0'6 ca]/cmz-sec and 63 ergs/cm2~sec.)

) rate.of
Urey (ref. 2) pointed out that the toctal heat flow from the Earth is essentially

rate of . _
equal to the total/heat production in the Earth if it were constituted of materials

with chondritic abundants of U, K and Th. However, Gast (ref. 3) showed that




Earth rocks were strongly depleted in potassium relative to solar and chondritic
abundances, which led Wasserburg et al. (ref. 4 ) to propose that to explain
the Earth's heat flow, a higher abundance of uranium, nearly 3 times that of

chondrites, is needed. He estimated a uranium abundance of about 30 ppb for

the Earth.

Large variations of heat flow are observed over the surface of the Earth.
These variations are principally reiated to the present tectonism of the Earth's
lithosphere (ref. 5}. The largest variations are observed at extensional and
compressional boundaries of vast 1itho pheric plates that are moving relative
to each other. Seismic observations (ref.6 ) and the preservation of ancient
surface features on tha Moon demonstrate that no comparable tectonic movements

have occurred on the Moon for the past 3 AE. The Moon is tectenically dead

compared to the Earth and therefore any variations in surface heat flow over the
surface should reflect either desp-seated changes in abundances of radic isotopes or
convective patterns in the Moon. The static nature of the Moon's outer crust

makes it an attractive planet for heat flow measurements, since determinations

4 : ’ o> S 3 .;".‘, - r
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at a single location might be quite representative of a very large region of
the Moon if local surficial effects such as refraction by conductive inhomo-

geneities and topography are properly accounted for.

Numerous attempts have been made to determine the surface heat flow
from the Moon by detecting thermal radiation from the Moon in the micrcwave

band. Due to the partial transparency of lunar surface material, energy with

wavelengths greater than 1 mm received at earth-based antennas originates
in the subsurface and contains information on subsuriace temperatures. By

making estimatesof thermal and electrical properties the heat flow can be

<
4
%
B
£
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determined from the change of brightness temperature with wavelength., The

earliest heat-flow determination was that of Baldwin (ref. 7) who estimated




an upper limt of 1 x ]O'6 w1cm2. Russian investigators estimated the heat flow
to be very nearly equal to that of the Earth based on a very careful set ¢f
radio telescope observations in the wave length band 3-50 cm (ref.8 ). These
same measurenents were later revised to give heat flows in the range 3 to 4

X 10'6 w/cm2 using different thermal properties and a layered model (ref.9).

On Apollo 15 the first direct measurement of heat flow through the
lunar surface was made at Hadley Rille (26°06'N and 2°39'E). Now a second
measurement has been made on Apollo 17 at the Taurus Littrow site (20°09'N and
30°45'E). At Taurus Littrow two prcbes to determine heat flow were emplanted about

11 m apart. Analysis of data taken during the first 45 days after emplace-

ment indicates that the heat flow from one probe location is 2.8 x 10°C /cm?

(0.67 ucal/cm2-sec) and 2.5 x 107€ W/em? (0.60 ncal/cm2-sec) at the second

. . -6
probe location. For comparison the value measured at Hadley Rille is 3.1 x 10

2

W/en©. The Hadley Rille measurement and the Taurus iLittrow probe #1 meacuremeit

. . ) - “ o,
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have an estimated error of +20%. The probe #2 measurement at Taurus Littrow has

a slightly larger uncertainty because the heat flow appears to be locally disturbec

Experiment Concept and Design

The concept upon which the Heat Flow Experiment is based is to measure
directly the vertical flow of heat through the regolith. The measurement
should be made far enough below the surface so that the time varying heat flow
resulting from the very large diurnal variations of surface tenperature is small
compared to the flow from the interior. At Taurus Littrow this depth is about
100 cm. Below this depth the increase in temperature with depth principally
results from thé hotter Tunar interior. The.outward flow of heat, F_, is

z
directly proportional to the rate of temperature increase with depth, dT/dz:

¥
3




FZ = -km% : - (Eq'])

The constant km is the thermal conductivity. The negative sign simply in-

dicates that heat flows in a direction opposite to the increase of tempera-
ture.

The experiment is designed to accurately measure the veriical tempera-

ture gradient in the lunar soil to a depth of 2.3 m. Surface temperature

measurements are also made which can be used to deduce the thermal properties

of the upper 10 to 15 cm of the regolith. In situ measurements of thermal

conductivity of the regolith at depths where the gradient is measured are

also carried out. Two measurementsof heat flow at locations scparated by

about 10 m are made to detect possibie lateral variations.

Instrument Design: The essential parts of the heat flow instrument are two

identical temperature sensing probes. (A drawing of a probe is shown in

figure 1.) Each probe consists of two sections about 50 cm tong. In each 4

probe section therc are two platinum resistance bridges. Each bridge con-

sists of four 500-ohm filamentary platinum elements interconncctec Ly evan-
ohm wire. (A diagram cf the bridge is also shown in figure 1.) Opposing :
arms of a bridge are wound together i1 a single sensor housing, and two sensor

housings, comprising a complete bridge, are mounted at opposite ends of a
probe section, |

Voltage measurements on & bridge can be interpreted in terms of
average bridge temperature, Ta’ and temperature difference, aT, between sensors,

4
by means of accurate calibrations. The temperature at each sensor can be H




determined simply by T, + 1/2 AT. The accurades of the heat flow experiment

temperature measurements are given in Table 1.

The cable thermocouples consist of a string of 4 chromel-constantan
junctions embedded in each probe cable. The lowermost junction is positioned
inside the gradient sensor housing at the top of the probe. The reference
junction for each cable is inside the electronics housing and is mounted in an
isothermal block with a platinum resistance thermometer (the reference

thermometer). The thermocouple circuit is diagramatically shown in figure 1.

The accuracy of the thermocouple measurements has special signifi-

cance for interpreting the subsurface temperature profiles at the Apollo 17

site. Therefore certain features of the thermocouple measurement, which

affect the accuracy, should be described. Firstly only the chromel - con-

stantan junction TC1 inside the topmost gradient is coupled with the ref-

erence junction during a measurement sequence. The other junctions TCZ,

TC3 and-TC4‘are coupled with TC1 so that, in effcct, TC1 becomes the reference
. Jjunction and the top gradient sensor becomes the reference thermometer.. Since

the temperatures of TC3 and TC4 ure much closer to that of TC1 than to that of

the thermometer 1in the electronics box the calibration errors are reduced by ’

this technique. Secondly, the placement of junctior TC1 inside the gradient

sensor permits a direct comparison between the two sensors on the Moon. Thug

an in situ calibration of the thermocouple circuit against the much more ac-

curate gradient sensor is carried out.

Conductivity experiments are made using 1000-ohm heaters that surround
each_of the gradient sensor housings. The cxperiments can be operated in
eithgr of two modes by energizing the heaters at 0.002 W or 0.5 W depending on

the conductlivity of the surrounding regolith.' Because of the low conductivity
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of lunar material at Taurus Littrow, only cxperiments using the lower power
have been Tade on the Apollo 17 experiment, After initiation, power is left
on for 36 or more hours and the temperature rise of the sen~~r beneath the

heater is preciscly measured by the appropriate br%dge. » more " tailed

description of the operation of the heat flow experiment can bte found in ref.11.

Deployment of the Experiment at Taurus Littrow

The heat flow experiment is deployed as part of the Apollo Lunar Surfice

Experiments Package (ALSEP) and is located about 200 m west of the LM landing

site. The electronics housing is located about 9 m north of the ALSEP central

station and the two probes are emplanted approximately 5.5 m on either side of

the electronics housing on approximately an E - ¥ line. The

ALSEP site is on a local topegraphic high, perhaps an inter-crater ridge

between two wide but shallow depressions north and southeast of the site. The

two probes are emplanted ncar the rim of the shallow northern depression.

The borehole far prebe #1 was drilled east of the elecironics housing to

a depth of 2.54 m, and the probe was inserted to the maximum possible depth,

2.36 . The rim of a small, relatively recent crater about 2 m in diameter

and 0.3 m deep lies about 1 m northwest of this boreiinle. One of the thermo-

couples, TC12, is in a portion of the cable exposed above the surface.

This portion of the cable, which is covered by a black sleeve, is

oriented nearly N - S and is tipped up toward the south about 15° relative
to the surface.

Probe #2 is buried in a borehole drilled west of the electronics

housing to a depth of 2.55 m. The rim of a 3 m crater is about 2 m north-
west of this probe site. Thermocouple TC22 is cxposed above the surface,

aligned nearly %-5 and is almost level relative to the surface.

iy o
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Summary of thc Thcory Relevant to the Lunar Heal Flow Measurement

In this section we will review the important aspects of hest transfer

g that are essential to interpretaticn of our temperature and conductivity

;“ measurements. For the reader primarily interested in the experiment's results
3 this section may be skipped and used for reference only. The discussion w113
é be summary in nature and for more detailed description, the reader is referred
§ to references 10 »nd 12.

g;

3 The Initial Cool Down of the Probe; Estimates of Thermal Conductivity of

®,

the Regolith and Equilibrium Temperatures

%y
o

When the borestem is drilled into the scil and the probe inserted,

%5 they are at temperatures considerably higher than their subsurface sur-

X roundings. These higher temperatures result from the temperature of thesc
% comporients above the surface before emplacement snd heat cenerated during
j; darilling. Bgcause of the complexity of the drilling process, it ic ¥
.i difficult to estimate the amount of heat dissipated and its distri. .. ion
§~ ‘along the borestem.  We know from measurements made within minutes after
% the probes were inserted that the prote is about 40 to 50K warmer than

é the surrounding undisturbed lunar soil. Because of the very low thermal

2y
e

conductivity of the Junar soil, this heat is dissipated very slowly. Even

after 45 days some of the thermometers indicate continued ccoling.

R T R T
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In general, the rate of equilibration of each probe sensor to the ;
surrounding lunar medium deﬁends on a number of different parameters, including
thermal and geometrical properties of the probe - borestem system, thermal
properties of the adjacent lunar mediua, the thermal contact between {he borestem
and adjacent zone of disrupted lunar materal and the total heat energy excess

of the system upon completion of drilling. For long times (t » 20 hr) after ihz



probes are inserted, however, the nrobe sensor temperatures above equilibrium
depend essentially on just two quantities, the total initial energy excess
per unit length of the system, AE, and the thermal conductivity of the adjacent

regolith, Ky

To() - T, - aE/amKt (Eq. 2)

»

where Tp(t) a probe sensor temperature at time t since emplacement

and T = the equilibrium sensor temperature.

«©

The form ot equation 2 has been verified by finite difference models
as well as an analytical solution appropriate to a simplified distribution of
AE between the probe and borestem. The analytical solution, which tckes the

form of eqguation 2 for lang times, is described in detail in the appendix of

«2

section 11 of the Apollo 15 ®reliminary ocicnce Report {ref. 10).

Estimates of the regolith conductivity, Ky can be made from the long
time cool-down data using /equatgggeza value for OE is assumed. Because of the
uncertainties of the contribution of the drilling process to the total excess
heat energy, two different assumptions have Leen made jn regard to .he AE term:
first, that drill-heating effects are negligible and that all excess heat energy
initially resides in the probe and borestem. The probe and borestem are
assumed to be at the same initial temperature, 1,, following drilling, as measurcd

by the probe sensors. For this assumption the initial energy excess can then

be expressed simply as:

6 = (Sp + Sp) (To - T) | (Eq. 3)

im it st e



where Sp and Sb are the heat capacifies per unit iength of the probe and bcre-
stem respectively. The resultant problem has an analytical solution which is
used to determine regolith conductivity estimates from the cool-down data. The

above assumptions constitute the "minimum initial energy" case.

As a maximum 1nitia! enerqgy estimate, it wuas assumed that a 2.2 mm
thickness of disrupted lurar material had received enough heat during
the drilling process to attain an initial temperature equal to that of
the probe and borestem. The 2.2 mm contact zone thickness was chosen
to correlate with the difference in Jdrill-bit radius and borestem radius.
The subscgucnt cool-down problem was then solved, assuming radial heat
dissipation, using a finite difference model. The curve matching proce-
dure was carried out vor times > 20 hr when ail paremeier efiects, with

the exception of kKp,are negligible; i.e., when equation 2 is valid.

Because of thz form of equation 2, the probe equilibrium tempera-
tures can be estimated quite accuratc.y independent of initial conditions
and ke By considering sensor temperatvres'F] and sz for times ty and
t2 >.50 hi, we may eliminate the unknow:. factor aE/4xk. from equation 2

to obtain:

T2 " t-Th Yy
] (Eq. 4)

T. = to-t
-

Equilibrium temperatures differences, measured by the platinum resistance

bridges, can be calculated in a similar manner.

i heliedeotn
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Heat-Activated Conductivity Measurerents

Since all eight conductivity measurements werc made with a heater
power of .002 W, this discussion will be confined to this mode of experi-
ment, After the heater is energized, the temperature rise at the gradient
sensor it encloses depends in a complex way on the thermal properties of
nearby probe components, borestem and lunar material, as well as the
contact zones between these elements. A detailed finite difference model
of theﬁgaﬁggﬁkxﬁgét each heater location is used to interpret the tempera-
ture history of the gradient sensor in terms of the conductivity of
material external to the borestem. MNumerical model computations, labora-

tory experiments and lunar experiments indicate that for times > 20 hrs

the temperature rise, aT(t), is well defined by the simple relation:
AT(t) = c;In{t) + ¢y (Eq.5 )

where cj and cp are constants. The form of equation 5 is the same as
that for a heated infinite cylinder in an infinite homogeneous medium
at long times; i.e. > 20 hr for a cylindrical scurce with a radius and

heat capacity per unit length of the HFE probe - borestem system (ref.13). :

For an infinite cylindrical source
i

where Q is the power per unit length in W/cn. Thus <y depends ¢« .ely on

the heater power perunit length and conductivity. The constant ¢y can be

easily delermined since it is the slope of the temperature rise curve when
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plotted versus In t; therefore cylindrical sources are often used as a

practical technique for measuring conductivity.

Conductivity is determined from lunar experiments by comparing ob-
served slopes on a logarithmic time scale with values of 9 calculated
with the finite difference models. Parametric studies, in which certain
thermal properties are varied singly in the numericcl model, show that for
times > 20 hr S is very nearly insensitive to: changes in pc of the
surrounding medium, changes in borestem conductance and changes in thc ther-
mal lirks between the probe and borestem and the borestem and lunar medium.
However, c] js sensitive to changes in conductance in the probe body which
can alter the flow of heat from the heater axially along the prebe. As-
sumptions of thermal properties in the numerical models that influence
axial heat transier along the probe are prebably the largest source of error

in the conductivity determinations.

The similarity in performence of the lunar conductivity experiment
and an infinite cylindrical source is principally due to the relatively
efficient flow of heat axially along the borestem. Even though the probe

heater is very short, 1.9 cm, it heats a section of borestem that is long

' compared to the borestem diameter. For times > 20 hr the isotherms in the

surrounding medium are roughly cylindrical in the vicinity of the heater
as is shown in figure 2. The numerical computations also show that the

experiment is most sensitive to lunar material within about 5 cm of the

borestem wall.

The effective conductance of the contact zone has a very pronounced

effect on the magnitude of the sensor tewperature rise at any given time.

BRI G b DAL a el



Since k, can be determined indcpendently the conductance of the contact

zone is the principal remaining unknown parameter, and can be determined

by matching cbserved and theoretical temperature curves for timcs > 0.5 hr.

Variations in Surface Temperature and its Effect at Depth

Lunar surface temperatures vary nearly 300K from just before lunar
aawn to lun.. noon. This variation induces subsurface variations that
propagate dewnward as thermal waves. For a homogeneous medium of diffusiv-
ity o with a sinusoidal variation, Agcos wt at the surface, the temperature

at a given depth, 2z, is given by

T(t, 2) = Age~%Zcos (ut - 62) (Eq. 7')

where Ao is the amplitude of the surface variation {devices), w ihe angular

frequency (rad/sec) (2.5 x 10~6 for the diurnal variation and 2 x 107 for

the annual variation), and 6 = /[ {em-1). (Eq. 8)
2a

Equation 7 indicates that the variation decreases in amplitude by a
factor e~! and is delayed in phase one radian for every &~ centimeters of

depth.

Fropagation of surface temperature variations into the lunar reqolith
is more complex for a number of reasons. Firstly, the surface variation
is not a simple sinusoid but contains significant higher harmonics. Sec-
onily, thermal properties vary significantlx with depth; and thirdly,
radiative transfer, which depends on T3, plays an important role in the
upper few centimeters of the lunar soil. It is neceséary to resort to

numerical calculations which include these complications to determine the

12
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expected temperature variations in the subsurface. In figure 3 the peak-
to-peak attenuation and phase lag of the diurnal variation is shown as a
function of depth for the conductivity profile at the Apollo 17 heat flow
site. The upper part of the conductivity profile is derived from surface
temperature measurements which are described in a later section of
this report. Notice that tor depths greater than a few centimeters the
amplitude decreases in a simple exponential fashion as evidenced by the
nearly straight line on a semilog scale. Similarly the phase lag shows a
nearly linear increase with depth below a few centimeters. Thus the

simple relation of equation 7 would ncarly apply beiow these depths.

The temperature at lunar noon varies throughout the year due te the
varying distance of the Earth - Moon system from the Sun. The noon tem-
peraiure iucreases about 6K from aphelion to periheiion. The mean temper-
ature, 1.e., surface temperature averaged over a lunation, varies abocut
3K throughout a year. Although the amplitude of the annual cycle is a
hundredth of the diurnal variation, the decay constant & is /12 times
smalier; consequently, annual variations penetrate deeper and induce
significant heat flows to depths of a few meters and must be considered
ir. interpretation of the experiment's results. The attenuation of ampli-
tude and increase in phase lag for the annual wave is shown in figure 3 as
a function of depth. Annual wave effects shown in figure 3 are based on

the conductivity profile at Hadley Rille.

From figure 3 it can be seen that temperature fluctuations due to the
diurnal cyc]e'become virtually undetectablé at depths > 100 cm and would
have had Tittle effect on heat flow below this depth before the probe and

borestem were emplaced. Once the borestem is emplanted in the regolith,




its higher conductivity and radiative transfer inside the borestem wijl en-
hance the propagation of thermal waves downward. However, thermomelers at
130 cm belo the surface do not detect any temperature variation during a

lunation cycle.

Corrections for the Shunting Effects of the Borestem and Probe

The axial conductance of the epoxy borestem is consideiably higher
than a vertical column of lunar soil of equal cross section. This fact,
combined with the finite length of the borestem, results in some shunting
of the steady-state heat flow through the borestem to the surface. Certain
short sections of the borestem such as the bit anc joints are made of
titanium or steel and sizable disturbances occur near these parts. A
second related effect resuits from the fact that the probes are radiatively
coupled to the borestem walls and have a small axial conductance. This
causes the probe bridges (o read siigntiy smaiier temperature diTterences

than points on the borestem immediately adjacent tc sensors.

These effects can be estimated by simplified analytical models and by
laboratory experiments; both methods were used in our earlier analysis of
Apoilo 15 results. However, for the Apollo 17 analysis and the refined
Apollo 15 results presentéd in this report, we have resorted to a numericel
model of the probe in a medium in which heat is flowing parallel to the
probe axis. The numerical model besides being more detailed also allows
examination of certain combined effects that are hard to estimate with

analytical models.

The numerical model computations show-that the borestem and probe dis-
turbances to the sleaiy-state heat flow are small. In the extreme case the

temperature difference across a pirobe section is 7% Tcwer than the tempera-
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ture difference across the same vertical distance interval far from the

borestem. The numerical wodel has been used to apply corrections to ali

probe cbservations,

RESULTS

Subsurface Temperatures

The heat flow experiment was turned on while probe #2 was being in-
serted into the borestem and temperatures were recorded only minutes after
drilling was complete. These temperatures ranged from 295K to 301K. The
early cooling histories of probe #1 indicate similar initial temperatures.
Subsequent to erplacement the probes cool toward the undisturbed rego-
lith temperatures. Figure 4 shows the temperature histories of all sensors

deeper than 65 cm for the first 45 days. After 45 days some sensors are
ceintinuing to cool; however, the expected future decrease is probabiy less

than the error of absolute temperature measurement.

The equilibrium temperature differences and absolute termperatures of
each sensor are listed in Table 2. The correction for the steady-state
disturbance of the heat flow by the borestem and probe system is applied
to temperature data listed under the headings "corrected temperature diff-
erence” and "corrected temperature." The appropriate corrections of the
temperature difference due to the annual thermal wave during January 1973 are
listed in the far right-hand column, but they have not been applied be-
cause they are based on the conductivity profile at Hadley Rille. Note

that the largest correction is about -4%.

Temperature measurements of the thermocouples TC14 and TC24 are also

shown in figure 4. Some randomiy sampled representative points are
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shown and the solid curve is fitted by eye to show the trend. The
standard deviation of the points around the smoothed curve is about
0.3°C during the day and about half that value during the night. The

values shown are calculated by subtracting the temperature at TCl

from that at TC4 and adding the result to the temperature at the top

gradient sensor.

Comparison of the temperatures measured by T11 and TC21 with
those at the top gradient sensors show reiatively lam: errors in abso-
lute temperature measurement. The errors are shown in Table 3 below.
The source of these errors has been traced to copper - kovar (Cu/Ko)
junctions in each thermocouple circuit ihat are mounted on circuit
boards in the electronics housing. The ervors are proportional to
temperature differences between the Cu/Ko junctions, <o that the errors
in T7C11 and TCZ71 are direci measures of ihis temperaiure difierence and
can be used to estimate errors at all junctions. The larger errors dur-
ing the night result from larger temperature gradier.s across the Cu/Ko
junctions at night, and the larger errors at probe #2 junctions are
caused by a greater distance between the Cu/Ko juntions in the probe #2
circuit. A preliminary analysis of EMF's produced by Cu/Ko junctions
was used to calculate the corrections that should be applied to the
data in figure 4. These corrections virtually erase the apparent varia-
tion between night and day. The corrections have been applied to the
data compiled in Table 2. The uncertainty of determining these correc-
tions is estimated as +0.4°C. Studies of the accuracies of the thermo-

couple measurements are continuing.

The values given in Table 2 represent the mean of the last 30 days

of observation. The amplitude of the diurnal variation at this depth
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cannot be determinnd with the present accuracy of the data, +0.5 K.

In figure 5 the equilibrium temperatures are plotted as a function of
depth. Temperatures along the body of probe #1 show a steady decrease in
gradient with depth. The gradient decreases from .016 in the depth range
130 to 177 cm to .012 K/cm in the range 185 to 233 cm. This decrease is
principally due to a general increase in conductivity of the regolith over
the interval of measurement. The thermocouple temperature indicates a
gradient of .013 K/cm from 66 to 130 cm; however the accuracy of this

measurement is pour.

At probe #2 the probe thermometers (131 to 234 cm) indicate a
rather uniform gradient of 0.0078 ./cm, whereas the gradient botween 67
and 131 cm is 0.021 K/cm, a change by a factor of abhout 3. This larage
variation of gradient can only be partially accounted for by the variation

of conductivity of the regolith immediately surrounding the borestem.

Apollo 15 Subsurface Temperatures

Subsurface temperatures measured at Hadley Rille below the depth
disturbed by diurnal variations were reported in the "Apollo15 Preliminary
Science Report" without correction for the annual wave. In addition,
corrections for the borestem and probe disturbance were derived from
much simpler models than those discussed in this report, Temperatures
measured at ‘-nger times after probe insertion are now available and they
allow a more accurate determination of equilibrium temperatures. The tem-

peratures and temperature differences at four sensors on probe #1 at Hadley
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Ri1lle arc presented in Table 4. More accurate corrections for the bore-

stem disturbance and a correction for the annual wave effect have been

applied. These neasurcments will be the basis for a slightly revised

heat flow value.

Conductivity Estimates from Cool-Down Analysis

Because of the uncertaintics in the total heat energy associated
with drilling, .wo cases assuming different initial conditions have been
examined. These cases have been described in the preceding section on
theory. Results derived assuming initial borestem and contact zone
temperatures equal to the initial probe sensor temperature are listed in
Table 5 under the heading "With Drill Heating Effects." Conductivity
estimates derived assuming that only the borestem and probe were initially
at elevated temperatures are licted under the heading "Without Drill
Heating Effects." The two cases are considered to be bracketing assump-

tions of the actual initial conditions. Cool-down ccnductivity esti-

mates were made for each of the eight sensors along each probe. Addi-
tionally, cool-down analyses were performed assuming drill heating

effects for the thermocouples located 65 cm above each probe.

The large noise on the thermocouple data 1imits the accuracy of con-
ductivities deduced from their cooling history. Deductions of the conduc-
tivity at depths from 3 to 15 cm below the surface, which will be discussed
later in this report, give values of about 1.2 x 10'4 W/em-k. Based on
these results at shallow depths we estimate the conductivity lies in the
range 1.0 to 1.6 x 10" W/em-k at 66 cm. .  This range is indicated in
figure 5.
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It can be seen by comparison with the more accurate heater-activated
conductivity determinations discussed in the next section that drill
heating effects cannot be neglected if reliable conductivity information
is to be extracted from the cool-down data. When substantial drill
heating effects are included in the cool-down analyses, conductivity
determinations as well as variations with depth agree well with the
heater-activated conductivity experiment results. The ccol-down con-
ductivity estimates are particularly valuable in interpolating between

the more accurate heater-activated conductivity determinaticns.

Heater-Activated Conductivity Experiments

Conductivity experiment at each of the eight heater locations have
been carried out. Figure 6 shows the sensor temperature rise history to-
gether Qith theoretical curves for one such experiment. The conductivities
kp and contact conductances H, «re given in Table 6. These results are
shown in figure 5 together with the cool-down estimates with drill heating
effects. It is clear that the conductivity does not vary in any simple

way with depth.

There is a rough correlation between drill penetration rate during bore-
stem drilling and the measured conductivity. The more resistant layers where
the drill penetrated slowly correspond to depths where higher conductivity is
observed. The more resistant layers likely corresbond to more compacted rego-
lith materials or possibly to a higher concentration of centimeter size rock

fragments, Either of these phenomenon can increase the bulk conductivity.
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The relatively high cond: tivity measured at 130 cm on probe #1 lies within

a zone from 80 to 130 cin where penetration was slow. Directly below this
layer, drilling rates were relatively high and the conductivity values are
correspondingly lower. These correlations are used to interpoiate values
between discrete measurements. In figure 5 the solid line which passes

through the heater-activated conductivity values represents a layered model of
conductivity in the regolith based in part on penetration rates and in part on
cool-down estimates. At probe #2, some of the drilling operation was not
visually monitored so that corrclations with conductivity cannot be made during
the unmonitored period which includes about half the depth range where the

probes are emplaced.

One interesting feature of these conductivity results is a rather large
difference between the conductivity profiies at proube #1 and probe #2. It is
possible that layers as defined by conductivity have some dip relative to the

surface. For example, the high cenductivity layer at 100 cm at probe #1 could

correspond to the high conductivity layer between 170 and 230 cm at
probe #2.

The contact conductance, H2, arises from low conductivity material
lying in a disturbed zone just outside the borestem. We estimate this
zone to be 2.2 mm thick. The conductivity, Kc» of material in the con-

tact zone is given by

Ke =Mz o Db+ 12ar)an (Etar,) (Eq.9)
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figure 5. Over each depth interval zl’to z
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See figuré 2 for definition of parameters in this equation., As an example

for H, = 1.4 x 10~% W/en?-x, K. = 3.0 X 107 W/em-K. This value of con-

2
ductivity is about a factor of 6 less than the surrounding regolith. -

Apollo 15 Results

Six conductivity experiments using a heater power of 0.002 W were
run on Apollo 15 probes. The analyses of three of these measurements
were not described in the "Apollo 15 Prelimin Science Report" because
it was very difficult to separate changes duc - »=cter turn-on from
larce diurnal variations in temperature. Subsequently, two of the meas-
urements have been repeated &t times in the lunation wher the rate of
temperaiure change at the heater location was minimal. In addition,
diurnal temperature variation from preceding and succeeding lunations
to halp intorpslate tronds during the time that the heater

it i o 1 IR A=A |

are availabl

[0

is on. 1lastly, some refinements have been made in the finite difference
models of the conductivity experiments. The newer niodels indicate small
adjustments in our previously published values. The revised Apolio 15

conductivity values at each heater locationare given in Table 6.

The magnitude of the vertical component of heat flow in the regolith

can be calculated from the temperature and conductivity profiles in !

2
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where ATZI_22 is the corrected temperature difference listed ir: Tables 2
and 4, and Kaye is the average conductivity in the depth interval z,-z,

calculated from the layered models in fiqure 5.

Gradients, average conductivities and heat flows calculated fron
Apollo 15 and Apcllo 17 results are presented in Table 7. Notice tha* the
bottom line of Table 7 for Apollo 17 probes #1 and #2 presents heat flow
data over the entire depth range of temperature measurement. At probe #1
the most representative value of heat flow is thought to be that determined
by the probe data,2.8 x 10°° W/cmz. At probe #2 the measuremert is pos-
sibly disturbed as will be discussed below and the most representative
value is that calculated using data between 67 and 234 cm, 2.5 x 10'6 N/cmz.
The heat flow calculated over the interval 91-138 cm is felt to be the best

value Trom the Apollo 15 measurements.

At the Apcllo 17 probe #1 site the heat flow is quite uniform over the
entire depth range. The variation falls well within the estimated error of
measurement. Probe #2 results show a uniform heat flow along the length of
the probe but heat flow between 67 and 131 cm is 70% greater. The large

change in gradient is only partly compensated for by an increase in con-

~ ductivity with depth. The overall heat flow, 2.5 x 10'6 W/cm2 , is in fair

agreement with the probe #1 value 2.8 x 1076 w/cmz.

DISCUSSION OF HEAT FLOW RESULTS

The Probe #2 leasurement

The change in heat flow ai probe #2 by a facter slightly less than 2
over the depth range 67 to 234 cm is most reasonably explained by refrac-

tion of heat flow in the vicinity of 2 large buried boulder. A
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relatively large number of rocks are strewn over the ALSEP area. Lunar
basalts have conductivities of about 1.2 to 1.8 x 10-2 V/cm-K at 250K

(ref.15). These values are 60 to 90 times the conductivity of the fine-
grained regolith materia!. ‘thus large blocks of solid rock in the sub-

surface can result in significant shunting of heat flow.

To illustrate the shunting effect, the distortion of heat flow lines

-n'm'mﬁ, j
s

and isotherns around and through a square of meterial having 60X the con-
ductivity of a surrounding infinite medium is shown in figure 7. The
model is tio-dimensional and symmetric about the left-hand margin of the

figure. Ore significant feature of the model is that very little effect

~ %y "L’-'{'.;._-.H»fﬁ#»: oy
Y

is felt at distances > 1/2 the width of the rock. Thus heat flow reasure-
ments would have to be maede quite close to a rock, < 1/4 the width, to
detect a disturbance as large as that at probe #2. On the othar hand,
probe #2 must be more than 5 cm from a rock in order for the rock not to

have a detectable effect on the heater-activated conductivity experiments.

If probe #2 were located relative to a large subsurface boulder in ;
a zone defined by the dashed rectangle in figure 7, a temperature profile :
similar to that observed wculd result. Other features such as the slight-
ly higher absolute temperatures measured by probe #2 relative to probe #1 :
at all depths would alsc be explained. It should be noted that to ex- ]
plain the rather sudden change in gradient shown in figure 5, a rather ‘

sharp cornered rock is required. : 3

If the vertical gradient were calaulated using the temperature ditf-
erence betwe:n poi (a) and (b) in figure 7, the result would rot be

much different from the vertical gradient far from the rock. This is be-
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cause the measurcment interval is large enough to span the zone of dila-

tion of isotherms adjacent to the rock and the compensating zone of com-
pression of isotherms above it. If the same is true for prove #2, then
the gradient determined by using temperature pcints at 67 and 234 cm
should be close to the regional value. The fact that the average graci-
ent at probe #2 is in close agreement wiih results of probe #1, which is
thought to be free of such disturbances, supports this possibility. The
results of probe #1 should be recarded as the more representative value

of heat flow at Taurus Litcrow.

The Effecis of Topography:

Detailed assessment of tiie effects of topouraphy on the Taurus ;
Littrov measurement have not been completed in time for this report. How-
ever, some idea of the magnitude of exvected disturbaires can be made
based on very simplified terrain models. On the Moon there are two im-
portant éffeccs of topography: 1) Surface relief causes a distortion of
subsurface isotherms to conform to the surface temperature distribution.
Consequently a lowering of regional hea: flow is generally found over
features that are convex up and an augmentation of heat flow over concave
up features. 2) Because the mean surface temperature depends on a
radiative balance of sular flux, radiation to space and reradiation from

the surrounding lunar surface, lunar topography has a significant effect

on the surface temperature distribution, In general, depressions such as
craters will have slightly elevated mean temperature.because of the de-
creased view of the crater floor to space and reradiation from other parts
of the crater (ref. 1g). On the other hand a north-facing slope such as

that of the South Massif would have a lower mean temperaturc because of
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the relatively large angle of incidence of solar rays throughout the lunar

day.

Craters of all sizes greater than 1 m in diameter that are within a
distance of one crater diameter could have a measurable effect on the
heat flow measurement. For example, the small craters near probes #1

and #2 must be considered as well as the 500 m crater cailed

Cameiot about 600 m tc the east of the ALSEP site. Most of these craters
have an aspect ratio, diameter over depth, of about 6 to 1. The dominant
effect of such craters is to increase hzat fiow in areas just outside the rim
due to the slightly higher mean surface temperature insid~. Finite differcnce

wmodels show that the excess heat flow falls off very rapidiy with distance from

the crater rim. At one crater radius from the rim cf a crater whese floor

1S warwar by 3K than the survounding {lat suiface, heat fiow 15 Increased

- .1 H/cm®. Since the heat flow probes are one or more radii away from

the rims of all craters of interest, the combined effect of ali craters

would be small. An estimate of .3 W/cm2 or 10% would be conservative.

The important result is that a negative correction must be applied to the ‘s

observed values to compensate for nearby craters.

The valley floor at Taurus Littrow aside from craters is relatively
smooth and only the mountain ranges north and south of the site would i

have significant effects. The effect »f the massifs can be estimated

using a method developed by Lachenbruch (ref. 17). The valley at Taurus
Littrow is modeled as a flat-floored trough in an otherwise flat surface.
The walls of the trough have uniform slopes equal to the average slopes of -
the rorth and south massifs measured from topograpﬁic maps. |} achenbruch

has published tables which permit an estimate of the effect on heat flow of
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such sloping surfaces intersecting horizontal planes. Based on this mudel the

topographic effect of the massifs will causc a +20% increase i heat flow

at the ALSEP site. This estimate is maximal since it assumes trat the trend
of the ridges extends infinitely at their maximum elevation. The effect
of the South Massif in particular is overestimated because the ridce does not

extend very far to the southeast of the ALSEP site.

Lastly, the valley at Taurus Littrow would have a slightly agreater
mean temperature (- 1 - 2K) than the surrounding regions because it behaves
radiatiQely like a crater. The flow of heat from the warmer valley floor
to the surface outside the bounding massifs would tend to decrcase the
heat flow in the valley. This effect has not been quantitatively estinated
at this time. It may be significant and would tend to counterbalance the

positive eifects already described.

In sunmary, our preliminary analysis of the effect of topography on
the Apollo 17 meazsurement indicates that a negative corvectien estitated
at 15 to 25%, should be applied to this observation. liowever, we icci
that we should await a more detailed and careful anmalysis before assuming
that effects of topography result in a significant difference between the

heat flow measurcments at the Taurus Littrow and Hadley Rille sites.

Possible correlation with surface radioac tivity

As described above, a correction for the gross effects of topography f
of about -20% might be applicable to observed heat flow at Taurus Li*trow,
which would result in a value about 25% less than that measured at Hadley

Rille. Because the difference depends on the topographic correction, its

[ B | -
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significance ray be questionable. However, taken at face value there is

a correlation beiween the heat flow at the two sites and the surface radio-
activity, as measured by the Apollo 15 gamma ray spectrometer (ref. 18).
Relatively high thorium abundances were observed over the southeast corner
of Mare Imbrium and appreciably smaller abundances over the scutheast
corner of Serenitatis. The gamma ray spectrometer is sensitive only to
isotopes in the most superficial layer. This ter*-tive correlation with
the heat flow measurement, which uctects the integrated effects of radio-
genic heating to depths on the order of - 300 km, indicates the surficial
variations may extcnd to depth. 1t further suggests that the variation

of surface radioactivity may be the best available indicator of the varia-
tion of heat flow over the lunar surface. We want to reemphasize these

conclusions must await a more thorouglh analysis of topographic effects.

Comparison with Earth-Based Microwave Measurements

Prior to the in situ measurements of Apollo 15 and 17, estimates of
the lunar heat flow have been made based on centimeter wavelength cbser-
vations of the Moon's natural emission. (See, for example, references
7-9). As is well-known, beyond the infrared, the
lunar regolith becomes increasingly transparent at longer wavelenyths.

Thus, observations at longer wavelengths yield temperature information at
increasing depths into the lunar regolith. For waveiengths greater than

about 5 cm, the effective emitting layer is far enough below the lunar
surface that no variation in apparent brightness temperature over a luna-
tion can be detected. However, an increage in birightness temperature
with increasing wavelength has been observed. A plot of these measure-

ments is given in ref. 9. Between 5 and 20 c¢m, a nearly linear increase
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of Drightness temperature, Tb(x),with wavelength, x, yields an avcrage

spectral gradient of 3T /3 = 0.8K/cm. To interpret the spectral tempera-
ture gradient in terms of a heat flow, one must estimate the electrical
properties, as well as the thermal conductivity, k, of the effective '
emitting layer for the 5 - 20 cm waves. In particular, the characteristic
peretration depth of an electromagnetic wave, ze(x), must be known as a

function of wavelength.
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Tikhonova and Troitskii (ref.9) used simplified wodels of thermal and
electrical property profiles to explain the microwave data over the spec- '
tral vange 5 - 50 cm. Their resultant inferred heat flow values of

2.9 - 4,0 x 10°% U/cm are in remarkable accord with the in situ Apcllo
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measurements, considering the approximations and assumptions necessary to
the remote determination. 1in particular, the electrical and therimal para-
meters were estimated from observations only applicable to depths char-
acterized'by diurnal temperature variations. The assumption that near
surface parameter values apply to meter depths could lead to significant
errors in the interpretation of the observed spectral gradient. Electri-
cal property determinations based on remote radar measurements as well as
measurements on returned lunar samples must be used to interpret the
measured spectral gradient in terms of a thermal gradient. If the elec-

trical and thermal properties of the regolith are considered homogeneous
for depths greater than about 70 cm, and extend at least 5 - 10 m, the

thermal temperature gradient can be expressed in terms of the spectral

gradient bv the following equation:

z
az = (T-R)z, i
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where R is the appropriate centimeter wave reflection coefficient for

the lunar surface - space interface.

For very low electrical conductivities as are found in the lunar
regolith, the electromagnetic penetration depth, 1e(A), may be written

for the centimeter wave spectral region as:
te(1) = 2/(2n/¢ tan a) (Eq. 12}

where € is the dielectric constant and tan A the loss tangent at centi-

meter wavelengths.

The average temperature gradient measured in situ at the Apollo 15
and 17 sites, 0.017 K/m, would produce the observed spectral gradient if
Ve tan 4 Z .003, assuming R = 0.05. The fcasibility of such a value for
/e tan A {s supported by direct surface observations of Weaver in the
0.4 to 3 cm wavelength range (ref. 19). Direct measurements of returned

Apollo samples over a wide range of frequencies indicate a dielectric

constant for the regolith material in the range 2.2 - 3.2 that is nearly
frequency independent. However, loss tangent measurements yield values
in the range 0.0004 - 0.01, and are frequency dependent (ref. 20,

21, 22). Additional electrical property measurements and refined analysis

of the existing data on regolith samples must be made before the thermal
gradient measured in situ can be supported on a Moon-wide basis by the

spectral gradient observations. ;
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The Representativeness of the Two Heat Flow Measurenents

The regionai geological setting of ladley Rille and Taurus Littrow
are quite similar. Both are located on lava-flooded embayments at the
edge of mascun basins. I¥ the heat tlow is influenced by structural or
compositional anomalies unique_ to this type of region, they would affect

both measurements. To that extent they would not be representative of

global flux from the moor. On the cther hand, the possible compatibility

vE e v
UL LT N O S e R T2

of our results with the microwave emission spectral gradient between 5
and 20 cm wavelength lenus support to the possibility that local anomalies

at the two sites are not larce.

Despite the reservations set down in the previous paragraphs, the
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existing data concerning heat flow from the lunar interior indicates that

k a significant area of the Moon is characterized by a flux of between 2.5 and

T

3.0 pw/cmé, Numerou§ thermal history calculations have shown that the
contribution of initial heat (e.g. that gained during accretion) to the
present surface flux is relatively small (ref.10,23 } even if the Voon
were molten throughout initially. Some scientists have suggested that
at the present time the Moon is thermally atsteady state (e.g. ref.24 ).
In either case, it follows that a predominant part of the surface flux,
2.0 to 3.0 pw/cm2, must result from radioactive isotopes in the Moon.

The geochemical data is convincing that most of these isotopes are con-

centrated in the outer layers of the Moon. In addition, the abundances
indicated by the heat flow values would require that the heat sources be
near the surface to prevent melting in the outer several hundred kilo-

meters.

The radiogenic heat production per cm3 of rock can be expressed in

¥
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e
4

terms of the abundance of uranium since the ratios of the other two im-
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qu and 232Th, to uranium is

portant long-lived, heat-generating isotopes,
well established and quite uniform in the lunar samples. The heat prcduction
per unit volume at the present time in W/cm3 is about 0.71 times the

uranium abundance in ppm (e.g. ref. 23 and 25). If most of the uranium

is concentrated within 300 km of the surface, so that it contributes to

the present flux, then the total lunar uranium abundances required io
contribute 2.0 te 3.0 uN/cm? to the heat flow is about .05 to .075 ppm.

These abundances are much higher than those of chondrites and significantly

higher than estimates of the Earth's total abundance of about .03 ppm

(ref. 4).

SURFACE TEMPERATURES DEDUCED FROM THERMOCOUPLE MEASUREMENTS
At each of the two heat flow holes, one of the thermocouplcs is em-
bedded in a section of the cabie which i$ approximateiy 15 cm from ihe
top of the borestem and suspended above the lunar surface (see fig. 8).
These thermocouples are in radiative balance with the lunar surface, the
solar flux and space and hence provide a measurement of the surface bright-
ness temperature throughout the luration. The flux balance equation gov- ’

erning the thermocouple temperature is:

4
oTacdlé 0_-124 = 2Tacd] Feom €m Kerr o Tm
+2acd] 8 e¢cs V1-pR

+ 27 acd] SA xcg Fom cosASING (Eq. 13)
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where: TC

Tm
Oc
dl

HKr
Acs

Fe-m

o

thermocouple temperature

lunar surface brightness temperature

radius of thermocouple cable

elemental length of cable

infrared emissivity of cable

infrared absorptivity of cable

absorptivity of cable to solar flux

view factor of cable to the lunar surtace, including
the surrounding mountains

cosine of the angle between the sun line and the cable
axis, a function of cable orientation and lunar phase
angle

selenngraphic latitude at Taurus Littrow

lunar phase angle measured from local sunrise

infrared emissivity of the lunar surface ¥1.0

the mean solar constant = .1352 ¥/cm?
the lunar albedo = 0.08

the Stefan-Boltzmann constant

The first term on the right-hand side of equation 13 represents

flux into the cable element from the lunar surface; the second term

represents direct flux from the sun; the third term represents solar

energy reflected diffusely from the lunar surface and impinging on the

cable,

32
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The radiative properties of the cable, €, Aejr |, X g were
determined by laboratory measurement prior to the Apcllo 17 mission.
The cable orientations for both probe locations were determined from

ALSEP photographs.

Solving equation 13 for the surface brightness temperature yields:

-
T. = € To = (5/m)o¢cs VITPE —SAFom COSA S G ] (Eq. 1a)
t —
Fe-m €m%lcir O

During the lunar night, using €m=1 and €, :0¢,, equation 14 reduces to

4 1%
T ® *;Z:;;] (Eq. 15)

Equations 14 and 15 assume that the surrounding mountains at Taurus
Littrow are at the same temperature as the surface throughout the luna-
tion. The deviation from this assumption, especially during the lunar

day, may be quite large. However, both of the thermocouples hcve view

factors to the mountains about 1/12 of their view to the surface. Thus,
even large anomalous temperatures on the slopes of surrounding mountains
will produce only negligible errors in the surface temperature determina-

tion.

Shown in figure 9 1is a full Junation plot of deduced lunar surface
brightness temperatures at Taurus Littrow. Vertical bars represent
. estimated error bounds. The daytime temgeratures were determined solely
from the temperature data of the exposed probe #2 thermocouple for two
reasons. First, the orientation of the thermocouple at probe #1 was

much more difficult to obtain from the photographs; second, the probe #1

33
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thermocouple appearcd to have a wore substantial view of the radiaticn
shield atop the borestem; the radiation shield is a highly reflective
square of aluminized mylar which could add a substantial unknown factor

~

to rquation 14,

The nighttime temperatures are not subject to the errors due to
uncertainties of the cable orientations and the data shown is an aver-
age of the two thermocouple reductions. Nighttime surface temperatures
deduced from each of the two above-surface thermocourles differed by no
more than 2K throughout the lunar night. The dat» gaps near sunset and
inmediately follewiny sunrise correspond to times of rapid temnersture
changes. During chese periods, equation 14 loses its validity as the
finite time constant of the thermocouple cable must be taken into

account.

From the data of figure 9, a mean surface temperature of 216K

(+5K) was calculated for the Taurus Littrow site, indicating a mean
temperature rise of - 39K between the surface and the top probe sensors.

Only a small part of this mean temperature rise (no more than 5K ) can

be accounted for by the mcasured heat flow. The mean temperature gradient
is due mainly to the contribution of radiative heat transfer within the
highly porous dust layer about 2 - 3 cm thick at the surface. During

the warm lunar day heat is transferred more effectively into the lunmar
surface than it can be transferred out during the cold lunar night.

To conserve net flux over a lunation, a mean temperature gracdient is
established, mainly confined to the porous surface layer. A similar
phenomenon was observed at the Apollo 15 site, where a mean temperature

rise of 45K was measured hetween the surface and the top probe sensor.
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(The value of 35X reported esrlier (ref. 10 has been revised to include the
effect of the occlusion of the early morning sun at Hadley Kiile due to
Tocal tupography as well as refinements in the thermocouple-to-surface
temperature reduction calculation.) The total rise in mean temperature

actually takes place almost entirely over the first few centimeters.

The temperature dependence of the diurnal heat transfer in the
near surface layer can be examined quantitatively by postulating an

effective thermal conductivity which is a function of temperature:

e ke, 4 Koo T3 (Eq. 16)
The functional form of /equatiﬁgglégen verified experimentally for silicate
powders in vacuum (ref.26 ). Cremers and Birkebak have also found the
conductivity of returned lunar fines te fit a functional relationship of
the form of eqaton 16(ret.27),  The parameter Rarq which equals Kp+3503/K,
first used by Linsky in examining this phenomenon (ref.28 ),represents
a measure of the radiative contribution to the heat transfer in the
upper few centimeters. By using one-dimensional wodels of the lunar
regolith, one finds that R350 must be within the range 1.7 - 2.2 for
the Apollo 17 site and between 2.5 and 3,0 for the Apollo 15 site to
produce the observed mean temperature gradients. The range of values
for the Apollo 17 site correspund closely to the value of 1.48
obtained by Cremers and Birkebak for returned Apollo 12 samples (ref.27).
Similar measurements on Apollo 11 samples yielded R35g values approximately
equal to 0.5. It is important to note, hc&cvcr. that even very slight

disturbances to the in situ configuration of the porous lunar fines
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may have larqgn eftects on their thermal properties. In any case, the
fact that a Jarce mean temperaturc gradicnt has been observed at both
lunar heat flow sites, separated by 700 km , strongly i.dicates that
a porous layer in which radiative heatl transfer plays a cdominant role
is a prevalent feature of the lunar surfice, at least in the mare
regions.

1t is fortunate that our more accurate surface temperature determina-
tions arc made during the lunar night for it is the post-sunset surface
cool-down data which is most strongly constrained by the ihermal
properties within the top 5 - 10 cm of the surface. Figure 10 shovs
on expanded ccale the reduced lunar surface nighttime temperatures at
the Apollo 15 and Apollo 17 sites. The solid curves represent best
fitting comuter models of the thermal properties of the upper 15 ¢n
of regolith at each site. The densitv :ud mz2an conductivity profiles
used to broduce the theoretical «. = ... curves are shown in the insct
Tigure. (Mean conductivity is the effective condustivity at a given
depth at ihe mean temperature of that depth.) The density profile used
for the Apollo 15 site is based on inferences drawn from drill core
penetraticn rates and surface disturbance due to astronaut activity reported
by J. Mitcheil (personal comnunication) of the Apollo 15 soil mechanirs
team. The density prcfile for the Apcilo 17 site was determined from prelimi- ‘ R
nary oxamination of returned core tube samples (D. Carrier, personal comiunication).
In both the Apollc 15 and 17 models the heat caparcity as a function of
temperature was taken from Robie ct al. (ref. 22) data.on returned Apollo 11
samples. In both models, a low conducti&ity layer of about 2 cm

thickness is required to fit the steep drop in surface temperature .
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inmediately following sunset. The Apollo 15 model then requires a stcep,
hut not discontinuous, rise in conductivity with depth dowun to 5 cm to
produce the increased flattening of the cool-dovwin curve through the Tunar
night. The Apollo 17 model, however, requires a very sharp rise in
conductivity at a depth of about 2 cm to produce the abrupt flattening

of the cool-down curve at about 190° phase angle. The subsc .ent in-
crease in conductivity with depth is slight enough so that the Apollo 17
model may be considered essentially a 2-layer model. The large jump in
conductivily at 2 cm is 2lso supported by the preliminary density pro-
file which indicates a fairly high density quite close to the surface.
The Apollo 15 density provile, on the other hand, supports the possibiiity
that a substantial conductivity gradient exists over the upper 30 cm

of the recolith.

It is important to cmphasize that the most critical surface tempera-
ture data required for the purpose of determining theimal regolith pro-
files is that during the 10 - 30 hours immediately following sunset.
Surface temperature data during this period have been the most difficult
to obtain from remote infrared brightness scans. The level and steep-
nass of the cool-down data immediately following sunset is controlled
almost entirely by the thermal properties of the upper 2 cn. If the
very earlyv nichttime data is not sufficiently accurate to constrain the
thermal properties of the upper 2 - 3 cm of dust layer within +30%,
then subsequent attempts to determine deeper conductivity values unambigu-
ously from the flattened part of the cool;down curve will not be possible.
For example, the broken line curve of figure 10 fits the nighttime data

after 192° phase well within the error bands of the data. However,
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discrepancics in the early post-sunset fit produced by different
conductivities within the upp2r 2 cm lead to discrepancies up to . factor
of 2 in conductivity determinations i~ depths below 2 cm. (See curve

17a  in inset of fig. 10.)

CONCLUSIONS

With this last Apollo mission two heat flow measurements have beenr
successfully made on the lunar surface. Both measuremcnt sites are in
similar regional settings in the northeast quadrant of the Moon.

Taurus Littrow and Hadley Rille sites are located in embayments in the
meuntainous rims of the Imbrium and Serenétatis mascon basins which have

been flooded by mare-type basalts.

Surface brightness temperatures were calculated from the temperature of

centimgters
a

thermocouples suspended several/ ove the lunar surface. The m=2an

surface temperature at Hadley Rille throughout a2 lunaticn cycle is 207 K.
The mean temperature increases with depth very rapidly in the upper few
centineters and is about 252 K at a depth of 90 cm. The main reason for
this increase of 45 K is the predominant role of radiative heat transfer
in the loosely packed upper layer, During the lunar night the surface
temperature at Hadley Rille falls to 93 K. From the cool-down history
after sunset we have deduced that the upper 2 cm of the regolith is char-
acterized by a conductivity of 1.5 x ]0'5 H/cm-°K. Below this depth the
conductivity increases rapidly and probably in a continuous manner until

it reaches values of about 1.5 «x 1074 H/cm®K at depths where the probes

are emplaced.
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At Taurus Littrow the mean surface temperature is 216 K and, as in the
case of Hadley Rille, increases a few tens of degrees in the upper 2 cmso
that at a depth of 67 cm a mean temperature of 254 K is measured. The
minimum temperature just before lunar dawn is 103 ¥, 10°K higher than Hadley
Rille. This higher temperature is priﬁari]y due to the existence of a
relatively high conductivity layer at a depth 2 cm below the surface. From
the point of view of thermal properties the regolith at Taurus Littrow can
be described as two layers: an upper 2 cm loosely-packed layer of very low
conductivity( 1.5 x 10'5 W/cm-K} in which heat transfer by radiation pre-
dominates and a lower layer with much higher conductivity (>1.2 x ]0’4 W/cm-K)

3
and higher density (1.8 - 2.0 grn/cm ).

Subsurface temperature and conductivity measurements at depths below
5C am, wiere ithe Tarve diurnal variations are negirqibly small, indicate
a steady state heat flow through the surface at Hadley Rille of
3.1 x 1078 wn® and 2.8 x 107 W/en®  at Taurus Littrow with an estimated
error of +20%. These fluxes are deduced from average temperature gradients
in the regolith between 1.3 and 1.7 K/m and an average conductivity in the
range 1.7 x 10'4 to 2.0 x 10°% W/cm-K. Conductivity generally increases
with depth in the regolith eithough some layering, with high conductivity
materials overlying iower conductivity materials, is found at both sites
(see Table 6). A conductivity value of nearly 3 x 10'4 H/cm-K was measured
at the bottom of probe #1 at the Apollo 17 site. Thermal gradients de-
crease with depth in some cases in response to the in;rease in conductivity.
At Taurus Littrow probe site #2 a large decrease in gradient with depth is

pcssibly attributable to a large subsurface boulder in close proximity to

the praobe.

WW*MWK\.«&WQGW- v



40

The heat flews at both sites are to some extent affected by local
topography. Preliminary estinatos indicate a correction of -15 to -25%
may be applicable to the Taurus Littrow values as a result of the adjacent

massifs., However, a more refined analysis is required.

The heat flow measured at the two sites is approximately 1/2 of the
Earth's average heat flow (6.3 x 10'6 N/cmz). If these two values are
representative of the iloon as a whole, then a heat flow of 1/2 the
Earth's requives a heat production per unit mass
for the Hoon's interior over twice that of the Earth. This statement assures
both planetary bedies are near steady state sc that total surface heat loss

is nearly equal to the present interior heat production.
-

235, 23

8
Since the long-lived radio isotopes of 40K, U, U and 232

Th are

the principal source of heat in the Earth and Moon, the heat flow results
imply a two to three fcld enrichment of uranium in the Moon relative to the
Eartn. Lﬁnar samp]és show that the abundance of potassium relative to uranium
is 1/3 to 1/4 that of the Earth so that in the Moon uranium is the main
contributor to internal heating. These isotopes must be concentrated in the
outer 100 to 200 km of the Mocn to avoid extensive melting at shallow depth

’

at present.

Re-interpretation of Earth-based measurements of micrewave brightness
temperatures using the new data bn regolith thermal and electrical properties
will be important in determining the representativeness of the in situ lunar
heat flow measurements. Further more-refined microwave observations of the
Moon, especially narrower beamed measurements over discrete portions of the
lunar disc, would be valuable in determining possible variations of heat

flow over the lunar surface,
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TABLE 2: APOLLC 17 HIF SUI'SURFACE TEMPTRATURE DATA 47

TEMPERATURE DITFFERENCE MEASUREMENTS

BRIDGE  INTFRVAL EQUIL. TLNP, DIFF.?! CORR. TEL®P. DIFT.2 WNUAL WAVY
(cm) (K) (k) CORRECTTON (1)
~ DIGL1 130-177 0.707 0.755 - =0,027
© DIRLL 139-168 0.435 0.467 -0.018
S DIGl2 185-233 0.533 0.559 -0.001
fi DTRI2  194-22k 0.322 0.326 <.001
o DTG21 131-178 0.370 0.390 -.027 K
i DTR21 140-169 . 0.218 0.223 -0.018 :
8 bpreez  186-234 0.33€ 0.359 -0.001
B DprR22  195-u%5 0.206 0.212 <.001 .
1 The error associated with extrapolating to equilibrium temperature !
differences is %* ,003XK, :
2  The uncertainty introduced by these corrections is estimated to be :
+ 249,
ABSOLUTE TEMPERATURE MEASUREMENTS
SENSOR TYFE DEPIH FQUIL. TEHP,3 CORR, TEMP.4
cm () (x) .
THERLOCOUPLY TC4 66 254.2 254.2
PLAPTNIRS PRSTST, 130 255.06 255,02
- " " 139 255.19 255.17
e v " 163 255.62 255.64 P
[ " " 177 255.76 255.76
& " " 185 255.91 255,91
" " 194 256.03 256,04 H
" u 2c., 256.36 256.37 {
" " 233 256.44 256.47 Lo
THERMOCOUPLE TC4 67 254.7 254.7 i
PLATINUM RESIST. 131 256,07 256,05
™ " " 140 256.09 256.09 .
& " " 169 256.31° 256.31 ;
&5 " " 178 2564k 2564k
& " " 186 256.48 256.48 \
" " 195 256.52 256.51. :
wooooo 225 256.73 256.'(3
oo 234 256.82 256,84 :

3 The accuracy of extrapolated absolute temperatures is #0,05 K.

4 The correction for the annual wave to be applied to the thermocouple
is + 0.04 K.
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TABLE 3: THERMOCOUPLE ERRORS AND CORRECTIONS

ERROR (TC1 - TOP GRADIENT SENSOR), K

SENSOR - 'LUNAR DAY LUNAR NIGHT
TcH : +1.1 +1.9
TC21 +1.4 +2.5

ESTIMATED CORRECTIONS

: o - - LS
o b R S R,
- ; . " R il o

SENSOR LUNAR DAY . LUNAR NIGHT
o TC14 +0.4 +0.7
TC24 10.6 +1.2

s
.

x ,
The uncertainty in determining these corrections is estimated as +0.4°K.
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TABLL 5: CONDUCTIVIJIES FROM COOL-DOWN MISTORIES
CC ™ICTIVITY (W x 10™"/cm-K)
SENSOR DEPTH HEATER LOCATION WITH DRITL WITHOUT DRILL
HEATING ETFECIS HEATING EFFECTS
PROBE 1
66 ' 1.0 -
130 "H11 2.3 1.3 1
139 1.9 1.1 ‘
168 1.9 1.1 ¢
177 H12 2.0 1.0
185 H13 1.9 1.1
194 2.1 1.1
< 224 2.8 1.4
~ 233 . Hl4 2.7 1.6
e
i PROBE 2
i\ . .
g 67 1.0 - 2
- 131 H21 2.0 1.2 '
s |
L 140 2.0 1.1 ;
, 169 2.4 1.3
" }
T 178 H22 ‘ 2.7 1.7 !
T 186 H23 - 2.9 1.7 }
P 195 2.7 1.5
::.". ’T‘ﬂ 225 208 \;-05 %
R 234 ’ H24 2.5 : 1,5
i
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TABLE 6: RESULTS OF HYE COXDUCTIVLITY LXPERIMENTS

APOLLO 17
HLATER DEPTH CONDUCTIVITYl CONTACT CONDUCTANCE2 .
LOCATION (cm) (W x 10™"/cm-K) (W x 107"/cm?-K)
PROBE 1

H1l 130 2.50 1.4

H12 177 1.72 1.6

H13 185 L9 1.4

H14 T 233 2.95 1.2

PROBE 2

H21 131 2.06 1.6

H22 178 2.36 1.1

H23 186 2.64 1.5

H24 234 2.24 2.3

APOLLO 15
HEATER DEPTH CONDUCTIVITY CONTACT CONDUCTANCE
LOCATION (cm) . (W x 107%/em—K) (W x 10™"*/cm2-K)
PROBE 1

H11 " 35 1.41 0.8

H12 83 2.11 0.8

H13 91 1.60 0.9

H14 138 2.50 1.0

PRORE 2
K23 49 1.46 ) 0.5
H243 9 2.43 0.6

The estimated error of conductivity measurement is +15Z.

2 gstimated error is 420%. 1In the theoretica’ model the thickncss
of the contact zone is 2 mm.

It is very probable that a section of broken borestem lies jus:
outside this location so that the uncertainty of this measure-
ment is very large.
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1ABLE 7: HEAT FLOW DATA

DEPTH TEMPERATURL AVERAGE
INJERVAL GRADTENT CONDUCTIVITY
(cm) (K/cm) (W x 107" /cm-K)
APOLLO 17
PROBE 1
66-130 0.013 1.6
130-177 0.06158 1.79
139-168 0.0163 1.72
185-233 0.0118 2.39
194-224 0.0113 2,48
66-224 0.014 1.8
PROBE 2
67-131 . 0.021 1.5
131-178 0.0082 2.26
140-169 0.0078§ 2.30
186~-234 . C.0076 2,50
195-225 0.C074 2.53
67-225 0.013 2.0
APOLLO 15
PROBE 1
91-138 0.0175 1.78

100-129 0.0166 1.68

HEAT FLOW
W x 107%/cm?)

2.1

2.83
2.8¢C
2.81
2.81

2.5
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FIGURE CAPTIONS

At top is a drawing of a heat flow probe. At left bottom is a
simplified schowatic of a typical platinum resistance bridge circuit

and on the right the thermocouple circuit.

The geometry of the probe, borestem, contact zone and lunar regolith
in the vicinity of a conductivity exseriment. The dashed lines show
surfaces of equal tomperature rise in degrees K after the heater has
been on for 36 hours. The model perameters are Km = 2.4 x 107% W/cm-K
and H, = 1.5 x 10-* W/cm?-K.

The attenuation of the peak-to-peak amplitude of the diurnal and
annual temperature with depth in the regelith is shown at the left.
The &'s are the effective decay constants deeper than 20 cm. At the
right the phase lag with depth is showm. The values of A are the
wavelengths of the thermal wave beiow 20 cm. The mode! used for the
diurnal variation is from Rpollo 17 data. See the last section of
this péper. The annual curves are calculated from a Hadliey Rille

thermal properties model (ref. 14).

Temperature histories of all sensors 65 cm or deeper at probes #1 and

#2. The short pulses appearing on sone of the sensor traces result

from heater initiation for conductivity experiments. The numbers on

each curve refer to the depths below the surface. The lowermost

curveson each plot are TC4 thermocoupie measurements. .Some representa-
tive data points from the thermocouples are shown to indicate the

scatter of thege measurements. Temperatures shown are célculated.by sub-.
tracting TC1 values trom those of TC4 and adding them to the top gradient

sensor temperature. Correcticns given in Tab]é 3 have not been added.
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Equilibrium temperatures, conductivitices and heat flows measured by
the Apollo 17 probes. The open circles on the conductivity plot are
calculated from cool-down curves assuriing maximum dril]ing'energy
and the solid circles are heater-activated experiment results. The
solid line represents a layered model used for calculating heat flow.
In the heat flow figure the solid lines give heat flow over the

three largest intervals. The dashad line is the average heat flow
between 66 and 234 cm. At the far left the geometry of the preobe in

the subsurface is shown.

Temperature rise during a conductivity experiment (solic¢ dots) is
compared with a theoretical curve derived from a model with kp =

2.7 x 10~* W/cm-K and Hy = 1.5 x 10~* W/cm2-K. In the inset the
temperature rise for times greater than 1000 miputes is shown on an
expanced scale plotted against the logarithm of time. The cobserved
data jé compared with two bracketing theoretical curves. The reduced

conductivity is 2.64 ¥/cm-K.

The effect of a square of material on vertical heat flow (shaded
area) which has a conductivity 60 times that of the surrounding
material, shown by the distortion of isotherms and flow lires.

These results are based on a finite difference model computation.

Photograph of probe #2 borestem protruding from the luna. surface.
The Heat Flow Experiment housing is in the backgroﬁnd. The thermo-
couple is in the black ﬁortion of cab?e.about 10 cm from the top of
the stem.

Surface temperatures determined from thermocouple measur- ...

Vertical bars are estimates of the error limits.
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Temperatures during the lunar night at Apcllo 17 (solid dots) and
Apollc 15 (open circles). Vertical bars are estimated orivors.
The continuous curves are theoretical curves derived from the

thermal property modeis shown in the inset.
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