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11. Heat-Flow Experiment

Marcus G. Langseth, Jr. 2t Sydney P. Clark, Jr.,b John L. Chute, Jr.,2
Stephen J. Keihm,* and Alfred E. Wechsler®

The purpose of the heat-flow experiment is to
determine the rate of heat flow from the lunar
interior by temperature and thermal-property mea-
surements in the lunar subsurface. Heat loss is
directly related to the internal temperature and the
rate of internal heat production; therefore, measure-
ments of these quantities enable limits to be set on
long-lived radioisotopic abundances (the chief source
of interior heating), the internal temperature, and the
thermal evolution of the Moon.

Preliminary analysis of the data from one heat-
flow probe indicates that the heat flow from depth
below the Hadley Rille site is 3.3 X 10™° W/cm?
(15 percent). This value is approximately one-half
the average heat flow of the Earth. Further analysis
of data over several lunations is required to demon-
strate that this value is representative of the heat flow
at the Hadley Rille site. Subsurface temperature at a
depth of 1 m below the surface is approximately
252.4 K at one probe site and 250.7 K at the other
site. These temperatures are approximately 35 K
above the mean surface temperature and indicate that
the thermal conductivity in the surficial layer of the
Moon is highly temperature dependent. Between 1
and 1.5 m, the rate of temperature increase as a
function of depth is 1.75 K/m (£2 percent) at the
probe 1 site. In situ measurements indicate that the
thermal conductivity of the regolith increases with
depth. Thermal-conductivity values between 1.4 X
107 and 2.5 X 107* W/ecm-K were determined; these
values are a factor of 7 to 10 greater than the values
of the surface conductivity. Lunar-surface brightness
temperatures during the first lunar night have been
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deduced from temperatures of thermocouples above
and on the lunar surface. The cooldown history after
sunset suggests that a substantial increase in conduc-
tivity occurs at a depth on the order of several
centimeters. Temperature measurements were also
recorded during 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 at the surface
of the Moon are determined mainly by the solar
energy impinging on the surface during one-half of
the 29.5-day lunation cycle. During the lunar day, the
surface temperature rises to approximately 380 K,
which results in heat flow into the subsurface. After
lunar sunset, the surface temperature drops to nearly
100 K, and heat flows out of the subsurface and is
lost by radiation into space. These very large tempera-
ture excursions, in part, are a result of the extremely
low thermal conductivity and volumetric heat ca-
pacity of the fine rock powders that mantle most of
the lunar surface (ref. 11-1) and, in part, are a result
of the very tenuous atmosphere of the Moon. The
low thermal conductivity of the bulk of the regolith
(ref. 11-2) strongly inhibits the flow of energy into
and out of the subsurface. At a depth of approxi-
mately 50 cm, the large surface variaticn of 280 K is
attenuated to a nearly undetectable amplitude.

At low lunar latitudes, the surface temperature,
averaged over one lunation, is approximately 220 X.
This mean surface temperature is determined by the
balance of solar energy flowing into and energy
radiated out of the surface during a complete
lunation. The mean temperature in the subsurface (at
decimeter depths) may be higher than the mean
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surface temperature by a few tens of degrees. As will
be shown in more detail later in this section, the
mean 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
fine 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); consequently, during the lunar day, heat
flows more readily into the Moon than it flows out
during the night. The subsurface heat balance, over
one lunation, 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 increase
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 regime is dominated by
heat flow from the lunar interior. This flow results
from high interior temperatures and, in the subsur-
face, is directly proportional to the increase of
temperature with depth (the vertical temperature
gradient) and to the thermal conductivity. These
quantities are related by the equation

dT
F, = -k = (11-1)
where F, is the vertical component of the heat flow,
k is the thermal conductivity, T is the temperature,
and z is the depth. The average heat flow of the Earth
has been determined to be 6.2 X 107% W/cm? by
numerous measurements (ref. 11-5). Estimates of the
lunar heat flow, based on microwave emission from
the Moon, have ranged from 1.0 X 10™° W/cm? (ref.
11-6) to 3.3 X 107° W/em? (ref. 11-7), or one-sixth
to one-half the Earth heat flow. Thermal-history
calculations, based on chrondritic- and terrestrial-
isotope abundances for the Moon (ref. 11-8), result in
heat-flow estimates of 1 X 107® to 2.5 X 107°
W/cm? for this period in the lunar history. Because of
the extremely low conductivity of the regolith, even
these very low heat flows would result in gradients
ranging from a few tenths of a degree per meter to a
few degrees per meter.

Instrument Design

The essential measurements for determining heat
flow are made by two slender termperature-sensing
probes that are placed in predrilled holes in the
subsurface, spaced approximately 10 m apart. Two
probes enable two independent measurements of the
heat flow to be made in order to gain some
knowledge of the lateral variation of heat flow at the
Hadley Rille site. Each probe consists of two nearly
identical 50-cm-long sections (fig. 11-1). Each section
of each heat-flow probe has two accurate (£0.001 K)
differential thermometers that measure temperature
differences between points separated by approxi-
mately 47 and 28 cm. With these thermometers, a
measurement (with an accuracy of =0.05 K) of
absolute temperature at four points on each probe
section also can be made.

Additional temperature measurements are pro-
vided by four thermocouple junctions in the cables
that connect each probe to the electronics unit. The
thermocouple junctions are located at distances of
approximately 0, 0.65, 1.15, and 1.65 m from the
topmost gradient sensors (fig. 11-1). The reference
junction for these thermocouples is thermally joined
to a platinum-resistance reference thermometer,
which is mounted on the radiator plate of the
electronics unit. The temperature measurements ob-
tained from the heat-flow experiment are summarized
in table 11-I.

The differential thermometers consist of four
platinum resistance elements wired in a bridge con-
figuration (fig. 11-2). The bridge is excited 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 are mea-
sured and used to determine the absolute temperature
and the temperature difference. The ratio of bridge
output voltage to excitation voltage and the bridge
resistance are calibrated for 42 different pairs of
temperature and temperature-difference values. The
accuracy of these calibrations is better than the
accuracies specified in table 11-1. The thermocouples
are calibrated at four temperature points, and the
reference bridge is calibrated at five temperature
points.

Conductivity measurements are made by means of
heaters that surround each of the eight gradient-
bridge sensors. The experiment is designed to measure
conductivity in two ranges: a lower range of 1 X
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FIGURE 11-1.—Heat-flow experiment and dual-purpose heat-
flow probe. (a) Heat-flow-experiment equipment. (b)
Schematic of heat-flow probe.

1075 to 5 X 10~* W/cm-K and a higher range of 2 X
107 to 4 X 10~ W/cm-K. To enable measurements
in the lower 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 function of time for a
period of 36 hr. The temperature rise and the rate of
temperature rise can be interpreted in terms of the
conductivity of the surrounding lunar material. Mea-
surements in the higher range of conductivities are
made by energizing the same heater at 0.5 W and
monitoring the temperature rise at the ring sensor 10
cm away for a period of approximately 8 hr.

Operation of the Experiment

During normal operation of the experiment (mode
1 operation), temperatures of all gradient bridges,
thermocouples, and the reference bridge (as well as
temperature differences of all gradient bridges) are
sampled every 7.2 min. When a heater is turned on at
0.002 W to enable measurements to be made in the
lower conductivity range, the experiment is said to be
operating in mode 2. The mode 3 operation is
designed for the measurement of conductivity in the
higher range. In this mode, temperature and tempera-
ture difference at a selected ring bridge are read every
54 sec. These modes of operation and heater turnon
are controlled by commands transmitted from Earth.

The detection circuitry for measuring bridge volt-
ages and thermocouple outputs is contained in a
housing separate from the Apollo lunar surface
experiments package (ALSEP) central station (fig.
11-1(a)) and is designed to compensate for amplifier
offset and gain change. This compensation is achieved
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TABLE 11-1. —Summary of the Heat-Flow-Experiment Temperature Measurements

Thermometer Number Location Temperature difference, K| Absolute temperature, K
Range Accuracy Range Accuracy

Gradient bridgea 1 per section Sensors separated by 2 I £0.001 190 to 270 +0.05
47 cm £20 £0.01 [

Ring bridge 1 per section | Sensors separated by 2 +0.002 190 to 270 £0.05

28 cm

]

Thermocouple 4 per probe | Spaced 65 cm apart in the -- i -- 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 to 363 £0.01

bridge | plate of the

electronics box

|
S

aGradiem-bridge measurements of temperature difference are made at 2 sensitivities, with a ratio of 10 to 1.

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

EMPLACEMENT OF THE EXPERIMENT
AT THE HADLEY RILLE SITE

Drilling of the holes to emplace the heat-flow
probes was more difficult than had been expected.
The resistant nature of the subsurface at the Hadley
Rille site prevented penetration to the planned depth
of 3 m. Instead, at the probe 1 site, the borestem
penetrated 1.62 m (fig. 11-3); and, at the probe 2
site, the borestem penetrated approximately 1.60 m.
The configuration of the probe in each hole is shown
in figure 11-3. An obstruction, which was prob-
ably a break in the stem at a depth of approxi-
mately 1 m, prevented probe 2 from passing to
the bottom of the borestem. Because of the very
large temperature differences over the upper section,
which extends above the surface, no valid tempera-
ture measurements were obtained by the ring and
gradient bridges on the probe 2 upper section during
most of the lunation cycle.

The shallow emplacement of the probes resulted in
five of the cable thermocouples lying on, or just
above, the lunar surface. These cable thermocouples
come into radiative balance with the lunar surface
and space, and the measured temperatures can be
interpreted in terms of lunar-surface brightness tem-
peratures. A sixth thermocouple is in the borestem

projecting above the lunar surface at the probe 1 site.

When this section was written, surface-temperature
and subsurface-temperature data had been recorded
for nearly one and a half lunation cycles. During the
first lunar noon (August 6), a full eclipse of the Sun
by the Earth occurred. The thermocouples recorded
surface-temperature data at 54-sec intervals during
this eclipse. Six in situ conductivity measurements for
the low range of values also have been conducted.
Only three of these measurements are reported
herein.

SUBSURFACE TEMPERATURES

The surface-temperature measurements during the
lunar night and during the August 6 eclipse indicate
that the surface layer surrounding the probes has an
extremely low thermal conductivity. The subsurface
measurements reveal that the conductivity must
increase substantially with depth, and values of
approximately 1.5 X 10~ W/cm-K are found at a
depth of 1 m. With these values of conductivity, it is
unlikely that any measurable time variation of tem-
perature as a result of the diurnal cycle existed at
depths below 50 ¢cm before the borestem and the heat
probe were emplaced. However, after emplacement,
the relatively high thermal conductance of the bore-
stem and the radiative transfer along the inside of the
stem allowed surface-temperature varitions to pene-
trate to greater depths. After several lunations, a new
periodic steady-state condition will be established
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FIGURE 11-2.—Heat-flow experiment. (a) Circuit diagram of the differential thermometer. (b) Block

diagram of the experiment electronics.
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FIGURE 11-3.-Panorama of the heat-flow-experiment emplacement site (composite of photographs
AS15-87-11847 and AS15-87-11848) and a cutaway drawing of the heat-probe and thermocouple

locations.

around the borestem; initially, however, the borestem
and probes will equilibrate toward temperatures that
existed in the subsurface before emplacement. By
applying the theory of the cooling of a cylinder,
which is discussed in the appendix of this section, it is
possible to deduce the undisturbed temperature
profile at depths where diurnal variations are neg-
ligible and to obtain some estimate of the thermal
properties of the regolith from the first few hundred
hours of equilibration.

The temperature histories of all subsurface ther-
mometers and the evolution of the profiles of
temperature as a function of depth for probes 1 and 2
are shown in figures 11-4 and 11-5, respectively. All
sensors initially cooled very rapidly, and those
sensors at depths greater than 0.7 m continued to
cool monotonically with time and were still cooling
after 300 hr. The thermometers at depths less than
0.7 m responded to the high temperatures of the
borestem projecting above the surface. The tempera-
ture in the top of the probe 1 borestem, which is
projecting above the surface, was 348 K at lunar
noon. As shown in figure 11-5, an obstruction
prevented heat-flow probe 2 from passing to the
bottom of the hole; consequently, the platinum-
resistance thermometers in the top section are not on
scale. The cooldown duration of probe 2 is longer
than that of probe 1, probably because of the lower

conductivity material surrounding the borestem and
the higher initial heat input that resulted from
extended drilling.

Extrapolation to Equilibrium Values

To extrapolate the sensor temperatures to equilib-
rium values, the first-order approximation of the
long-term solution of the cooling-cylinder problem

T-Ts 4kt \L

- (11-2)

is used, where T is the absolute temperature of the
probe in K, T, is the true equilibrium temperature of
the probe, and T, is the probe initial temperature;
and where S, and S, are the thermal heat capacities
per unit length of the inner and outer cylinders,
respectively, in W-sec/cm-K, and 7 is time in seconds.
A more complete discussion of the derivation of
equation (11-2) and definitions of the variables can
be found in the appendix of this section.

If an initial estimate of the equilibrium tempera-
ture T_ is made, it can be shown that the error in the
estimate & is given by
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ty
V] - Vg —
b
R (11-3)
t
2
Z
b
where v, =T, =T ,vy =T, - T and T, and T,

are two temperatures selected from the long-term
cooling history at times #; and ¢, , respectively. Then
the true equilibrium temperature is simply 7 + 6.
The equilibrium temperature determined in this way
is independent of the initial-temperature estimate.
The equilibrium temperatures for all sensors not
affected by the diurnal variation are shown in table

11-1I. The values also are plotted as functions of
depth in figures 11-4 and 11-5. The accuracy of these

equilibrium temperatures is £0.05 K.

At the probe 1 site, the subsurface temperature,
which increases regularly with depth, is approxi-
mately 252.0 K at a depth of 80 cm. The increase
along the lower 60 cm of probe 1 is approximately 1
K. For probe 2, the temperature at a depth of 80 cm
is approximately 250.5 K. The two probe 2 sensors
that are unaffected by the diurnal variations indicate
an increase in temperature with depth at a rate
comparable to the rate detected by the probe 1
sensors. This gradient in temperature is a result of the
outward flow of heat from the Moon.

Equilibrium Temperature Differences Along
the Heat-Flow Probes

The gradient and ring bridges enable measurement

of temperature differences between points 47 ¢m and
28 cm apart on the probe with an accuracy of £0.001
K, which is far greater than the accuracy of the
absolute-temperature measurements. An analysis simi-
lar to that used for the equilibration of the individual
sensors can be used to extrapolate the temperature
differences to equilibrium values. By using the first
term of equation (11-13) in the appendix, the
equilibrium temperature difference AT__ between two
points on the probes is given by the expression

ty
ATy - ATy =
1
ATy = ————= (11-4)
1. 2
ty

where AT, and AT, are temperature differences
measured at times ¢, and 5, respectively. Equation
11-4 is valid only for very long times (¢ > 300 hr);
consequently, only those differential thermometers
that have not been affected by the diurnal variations
in the first few hundred hours of observation can be
used in this analysis.

The only differential thermometers that have not
been affected by the diurnal variations are those on
the bottom section of probe 1. The calculated
equilibrium-temperature difference across the gradi-
ent bridge on the bottom section of probe 1 is 0.779
K and, across the ring bridge, 0.483 K. These results
can be interpreted in terms of the temperature

difference between adjacent points on the borestem
wall by taking into account the effect of radiative

TABLE 11-11.—Lunar Conductivities Determined From Heat-Probe and Cooldown Histories

Depth T Equilibrium 1 Minimum-conductivity case Maximum-conductivity case
Sensor ’ temperature, | Initial temperature, | Deduced conductivity, | Initial temperature, | Deduced conductivity,
am K ‘ K W/em-K K Wiem-K
TG11B 83 251.96 ; 315 0.8%X 10~ 349 1.5x 10~
TR22A 87 250.53 4323 1.1 - ..
TG12A 91 252.28 | 317 1.2 349 1.7
TG22B 96 25070 | 4323 1.2 .- .-
TRI2A 100 25240 i 317 1.2 349 1.7
TRI2B = 129 252.87 313 1.9 349 2.9
TG12B 138 253.00 L 313 2.1 i 349 33

8The borestem at the probe 2 site was drilled down approximately 1 m during the first extravehicular activity (EVA). During
EVA-2, 22 hr later, the borestem was drilled an additional 3 min to a depth of approximately 1.5 m. The initial temperature was
estimated by calculating the cooldown from the preemplacement temperature for 22 hr between the EVA periods and adding the
additional heat of drilling during EVA-2. This procedure resulted in an estimate of initial temperature (323 K) very close to the
value determined by extrapolation of temperature data in the 1st hour after insertion.
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Note: The uppermost sensors, TG11A and TR11A,
Note: X indicates a calculated equilibrium temperature responded to the temperature variation at the top
of the five sensors unaffected by the of the borestem, while the other sensors
diurnal variations during the first lunation. did not seem to be affected.
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FIGURE 11-4.-Temperature histories of the sensors on heat probe 1 during the first 300 hr after
emplacement. The subsurface geometry of the probe and temperature as a function of depth are
shown on the left. Temperature as a function of time is shown on the right.

Note: X indicates a calculated equilibrium Note: The uppermost sensors, TG22A and TR22A,
of the two bottom sensors, which responded to the temperature variation at the top
were unaffected by the diurnal variations of the borestem, while the other sensors
during the first lunation. 254 did not seem to be affected.
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FIGURE 11-5.—Temperature histories of the sensors on heat probe 2 during the first 300 hr after
emplacement. The subsurface geometry of the probe and temperature as a function of depth are
shown on the left, Temperature as a function of time is shown on the right.
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TABLE 11-1Il. Summary of Equilibrium-
Temperature-Difference Measurements
and Subsurface-Temperature Gradients

Equilibrium Lunar
Differential temperature difference, K temperature
thermometer gradient,
Probe Borestem K/m
Gradient bridge 0.779 0.819 1.74
Ring bridge 483 .502 1.77

coupling between the walls and the probe and the
finite axial conductance of the probe. The tempera-
ture difference over the probe is always slightly less
than the temperature difference between the adjacent
points on the borestem. The ratio of the two, which
is called the shorting ratio, was determined experi-
mentally in the laboratory for each section of the
probes. The temperature differences at points in the
borestem adjacent to the differential thermometers
after the shorting ratio has been applied are listed in
table 1 1-I11.

The relatively high axial conductance of the
borestem results in some axial shunting of the
steady-state heat flow; therefore, to determine the
undisturbed gradient (i.e., the gradient at large radial
distances from the borestem), some correction must
be made. The shunting effect can be estimated by
modeling the borestem as a prolate spheroid sur-
rounded by a medium with a lower conductivity. By
using an effective axial conductivity of 2.3 X 107>
W/cm-K for the borestem and a lunar conductivity of
1.7 X 107 W/em-K, the model indicates that a
plus-1-percent correction should be applied to the
borestem temperature gradients. This correction has
been applied to the temperature gradients listed in
table 11-HI.

Diurnal Temperature Variations

Variations in temperature synchronous with the
solar phase were observed at depths as great as 70 cm
during the first one and a half lunations after
emplacement. The temperature variations measured
by probes 1 and 2 are shown in figures 11-6 and 11-7,
respectively. The peak-to-peak amplitude of the
variation at the top of probe 1 is approximately 6 K,
a 43-to-1 attenuation of the 260 K temperature
excursion measured in the part of the borestem that
projects above the lunar surface. The ring sensor
TR11A, which is located 9 cm below the top of the

probe, measured variations with a 2 K amplitude. The
sensors on the lower section of probe 2 that detected
variations are somewhat deeper (49 and 58 c¢cm) and
recorded correspondingly smaller amplitudes. There
are two interesting features of the observed varia-
tions. The phase shift of the peaks is extremely small,
in view of the large attenuation factors, and a
considerable portion of the high-frequency com-
ponent of the solar radiation penetrates to these
depths, as indicated by the rapid rates of temperature
change at dawn and sunset. These features suggest
that much of the heat transfer to the probe occurs by
direct radiative exchange with the upper part of the
borestem. The thin, aluminized Mylar disk that is
located on top of each probe as a radiation shield
apparently does not prevent significant radiative
exchange between the top of the probe and the lunar
surface.

The heat exchange during a lunation cycle is very
complex, because the borestem conducts heat from
and toward the lunar surface more efficiently than
the regolith material. Thus, the low nighttime tem-
peratures penetrate downward along the borestem,
which enlarges the low-temperature area viewed by
the top of the probe and, hence, increases the heat
loss from the probe to the surface. A similar, but
opposite, effect occurs during the day. This phenom-
enon may, in part, explain the asymmetry of the
plots of temperature as a function of time.

Diurnal temperature variations that propagate
along the borestem have an important effect on the
mean temperature in the borestem. Because the
conductivity of the borestem is not as temperature
dependent as the adjacent lunar material, heat will be
lost more readily along the borestem at night.
Consequently, the heat balance over a full lunation
will require that the borestem, to depths that diurnal
variations penetrate, have a lower mean temperature
at a given depth than the regolith. Thus, a net cooling
of the borestem in the upper meter can be antici-
pated, which is an effect that is already apparent in
the substantial decrease in peak temperature during
the second lunation. Comparisons with the cooling
curves of deeper sensors show that this difference
cannot be explained by cooling from initial tempera-
tures alone. This cooling effect results in a gradient in
mean temperature in the upper meter of the borestem
that is unrelated to the heat flow from the interior.

It is essential to note that the mean temperatures
and temperature differences in those sections of the
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FIGURE 11-6.-Temperature as a function of solar phase angle for probe 1sensors TRI11A and
TG11A (the sensors that detect diurnal variations) for the first one and a half lunations after

emplacement.

borestem that see diurnal variations cannot be used to
determine gradients related to the heat flow from the
lunar interior until the effect of temperature-
dependent conduction in the borestem and the
surrounding lunar material is analyzed and the effect
quantitatively determined. Such an analysis is beyond
the scope of this preliminary report, but the analysis
will be made on future subsurface-temperature data
after the upper part of the borestem has equilibrated
nearer to the mean periodic steady-state temperature.
This analysis will add two independent measurements
of heat flow to the result already reported here.

Implications of the Large Mean-Temperature
Gradients in the Upper 50 cm at the Hadley
Rille Site

By using a finite-difference model to generate
daytime lunar-surface temperatures (which depend

almost exclusively on the solar flux) and by using the
reduced thermocouple temperatures to obtain luna-
tion nighttime surface temperatures, a mean lunar-
surface temperature of 217 K (3 K) was obtained.
This result indicates an increase in mean temperature
(35 K higher than the mean surface temperature) at
depths beyond which the diurnal variation penetrates.
This phenomenon can be explained in terms of a
strong temperature dependence of the thermal con-
ductivity, which previously has been investigated by
Linsky (ref. 114) and others. Because of the near
lack of an atmosphere on the Moon, radiative transfer
of heat between and through particles of the lunar
fines can contribute significantly to the effective
thermal conductivity. This temperature-dependent
conductivity has been found to obey a relation of the
form (ref. 11-3)

KT) = k, + kT3 (11-5)
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FIGURE 11-7.—Temperature 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 a half lunations after

emplacement.

where k, is the contribution from conduction and
krT3 represents the radiative exchange between and
through particles. Linsky (ref. 114) has used com-
puter models of the lunar surface to evaluate this
effect in the absence 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 difference of 35 K in mean
temperature between the surface and depths at which
no significant time variations of temperature exist,
the ratio of radiative to conductive terms is approxi-
mately 2 at a temperature of 350 K. The relatively
small steady-state gradient (1.75 K/m) produced by
the measured steady-state heat flow will have only a
slight effect on this ratio. Conductivity measurements
have been performed for a wide range of tempera-
tures on returned lunar samples from the Apollo 11
and 12 missions (ref. 11-9). The results also indicate
the significant temperature dependence of conduc-
tivity. For Apollo 11 and 12 samples, the data cited

in reference 11-9 indicated that the ratios are 0.5 and
1.5, respectively. The conductivity of the more highly
temperature-dependent lunar fines from the Apollo
12 site seem to be more comparable to the upper
regolith conductivity at the Hadley Rille site. Further
refinement of surface-thermocouple data, combined
with a more accurate determination of conductivity
as a function of depth and direct measurements of
the conductivity of returned Apollo 15 samples, will
result in the first directly measured profile of regolith
conductivity to a depth of 1.5 m.

CONDUCTIVITY OF THE REGOLITH

Preliminary Deductions from the
Heat-Flow-Probe Histories

The rate of equilibration of the probes depends on
the thermal diffusivity k of the surrounding lunar
material, the ratio « of heat capacity per unit volume
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of the lunar material to the heat capacity per unit
volume of the heat probe, and the cocntact con-
ductances H, and H,, where

a=2mb%0c/(S, +S,)

¢ = heat capacity per unit mass of the surround-
ing lunar material, W-sec/cm-K

p =density of the surrounding lunar material
g/em®

contact conductances of the inner- and
outer-cylinder 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 pc, a
value for « can be determined, because the thermal
properties of the probe and the borestem are known.
From an analysis of the cooling history of the probes,
an estimate of the diffusivity, and, thus, the conduc-
tivity, can be made. Measurements of the heat
capacity of samples that represent a wide range of
lunar rock types result in very uniform values (ref.
11-10). The density of the regolith material is quite
variable; preliminary measurements of samples taken
by core tubes at the Hadley Rille site result in values
that range from 1.35 to 1.91 g/cm®. At the depth of
the probes, the densities are probably near the high
end of this range and not so variable. For the analysis
described in this section, a density of 1.8 g/cm® and a
heat capacity of 0.66 W-sec/g-K have been assumed.
It is not possible to determine a value of k from
the ratios of temperatures at various times during the
cooldown, because, as the long-term solution indi-
cates, the temperature ratios depend 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
estimate a value for k, the initial temperature must be
known. Estimates of the initial temperature can be
made by extrapolating data recorded soon after the
probes were inserted to the time the borestem was
emplaced. This estimate is considered to be a mini-
mum value, because cooling during the first several
minutes is faster as a result of enhanced radiative
transfer at high temperatures. Alternately, the as-
sumption can be made that the initial temperature is
the temperature of the borestem before emplace-
ment, plus some estimated temperature rise as a result
of the heat produced during drilling. Temperatures
recorded before emplacement by probe 2, which was

H, H, =
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stored temporarily in the drill rack between EVA-1
and EVA-2, were used as estimates of the borestem
temperature before emplacement. The temperature
rise that resulted from drilling is estimated to be 15
K/min, based on estimated torque levels. The initial-
temperature estimates based on these assumptions are
considered to be maximum estimates.

The cooling histories of all subsurface sensors that
are not affected by diurnal variations were analyzed
to determine the conductivity of the surrounding
lunar material for the two limiting estimates of initial
temperature. By using the equilibrium temperature
T, for each sensor, the ratio (T-T,.)/(To—T.,) was
determined for the first few hundred hours of
equilibration. A typical plot of this ratio as a function
of time is shown in figure 11-8. The procedure for
determining conductivity is to make an initial esti-
mate of the parameters 4 and 4, where

h=k/bH,
A=8,v/b*(S; +S,)
v =81 /2naH,

a = radius of the inner cylinder (heat-flow probe)
in centimeters
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FIGURE 11-8.—Ratio of temperatures measured by sensor
TG12A during the initial equilibration of heat probe 1
with the lunar subsurface compared with the theoretical
cooldown curves computed from equation (11-12)
(dashed lines).
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Then, by equating observed temperature ratios for
several times in the cooling history with the ratios
computed from equation (11-12) in the appendix, a
value for the dimensionless parameter 7 can be found
that corresponds to each time. Once a value for 7 is
known, k can be determined from the relation 7 =
kt/och?. The conductivity value determined for a
large value of 7 will be the most accurate, because, at
long times, f(4,h,a,7) is nearly independent of 4 and
A, where f(4,h,o,7) designates the right-hand side of
equation (11-12) in the appendix. By using this initial
long-time estimate and comparisons of observed and
computed ratios at early times, a best value of k and
H, can be determined with two or three repetitions
of the procedure.

Theoretical curves fitted to the data obtained from
sensor TG12A by this procedure and ratios for both
limiting initial-temperature estimates are shown in
figure 11-8. The parameters 2 and A have been
chosen to fit data for times greater than 6 to 8 hr.
The theoretical curve at earlier times lies well above
the observed data; however, it is not possible to find a
value for H, to fit data obtained at times earlier than
6 hr without degrading the fit at later times. To
obtain the most accurate value of k, the curve must
be fit to the data for large values of 7.

In table 11-II, the maximum and minimum con-
ductivity values determined by the procedure are
shown arranged in order of increasing depth. The
conductivities that were determined for minimum
and maximum initial-temperature estimates differ, on
the average, by 50 percent. The more accurate
conductivity measurements, which were made by
using the heaters that surround the gradient sensors,
resulted in values that lie within the ranges listed in
table 11-II1. The deduced conductivity values are
considerably higher than the value obtained from
measurements on returned lunar fines. The value for
the returned lunar fines is approximately 2.2 X 107
W/ecm-K at 250 K (ref. 11-12). The higher con-
ductivity values that were obtained may be represent-
ative of fragmental regolith material in a more dense
and compressed state than the surface fines.

In Situ Measurements

Six in situ conductivity measurements in mode 2,
which is the low-conductivity mode, were conducted
at the end of the first lunar night and during the first
half of the second lunar day. The two heaters on the
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upper section of probe 2 were not turned on because
the gradient bridges were off scale. The mode 2
measurements indicated the subsurface conductivity
to be in the lower range of measurement and, in
addition, showed that a substantial contact resistance
exists between the borestem and the lunar material. A
decision was made, therefore, not to run the mode 3
(high-conductivity mode) measurements at this time
because of the possibility that the gradient sensors
might reach temperatures potentially dangerous to
the sensor calibration. Mode 3 measurements are
planned at some future time after the effects of
heater turnon are examined by using the conduc-
tivities determined from the mode 2 results.

Three of the conductivity measurements have been
analyzed. Two of these measurements were obtained
by the use of heaters on the lower section of probe 1,
the section across which the best temperature gradi-
ent was determined. The third measurement was
obtained by the use of the upper heater on the lower
section of probe 2.

The interpretation of the response of the tempera-
ture-gradient sensor to heater turnon, in terms of the
lunar conductivity, is accomplished by using a de-
tailed finite-difference model (ref. 11-13). A simple
analytical model of the gradient-sensor long-term (¢ >
20 hr) performance deduced from the experimental
data and the finite-difference models will be briefly
discussed in the following paragraphs.

The temperature increase as a function of time at a
given heater-sensor location upon heater turnon
depends on the quantity of heat generated and the
rate at which the generated heat can diffuse outward
from the heater source. This rate will depend on the
thermal properties of the material that surrounds the
source. The heat will propagate axially along the
probe and radially from the probe to the drill casing,
across the contact-resistance layer outside the casing,
and into the lunar medium. Both radiative transfer
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 properties of the
probe and the borestem in the immediate vicinity of
the heater and on the resistive gaps between the
probe and the borestem and between the borestem
and the lunar material. As the near-sensor probe parts
and the borestem temperature increases, a tempera-
ture drop is established across the resistive gaps. When
this temperature difference builds to a relatively large
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value, heat will flow out from the borestem, across
the contact-resistance gap, and into the medium; and
the rate of temperature increase at the sensor will
level off. At long times (times greater than 1000 min
in this experiment), the temperature increase Av(r),
measured at the sensor, closely fits a relation of the
form

Av(t) = Ciln(@®) + C,y (11-6)
where C, and C, are constants that depend on the
contact conductances H; and H, and the properties
of the lunar material. The finite-difference thermal
model of the probe in the lunar material shows the
same long-term characteristics. This relationship has
the same form as the long-term solution to the
problem of a uniformly heated infinite cylinder (ref.
11-14). As in the case of the long-term solution for a
cylinder, it has been determined from the finite-
difference models that, at long 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 [Av(f;)~A(#1)] /In(%2/t1),
for times greater than 1000 min, is a sensitive
measure of the conductivity of the surrounding
material for a constant heat input. Plots of tempera-
ture increase as a function of time for the three
conductivity measurements are shown in figure 11-9
and compared with best-fitted theoretical models.

The magnitude of temperature increase at any
time greater than 0.5 hr after heater turnon is very
sensitive to the magnitude of the contact con-
ductance H,. The value of the contact conductance,
however, has no detectable effect on the slope of the
curve of Av as a function of In(r) at long times;
therefore, the determination of a value for k can be
made independently of H, by matching slopes at
times greater than 1000 min. By using this value of k,
a value for H, was determined by varying H, in the
finite-difference models until the experimental curves
of Av as a function of  were bracketed within a small
tolerance. Examples of models that bracket the
experimental curves of the three in situ experiments
are shown in figure 119,

A rather accurate determination of the conduc-
tivity of the lunar subsurface material that surrounds
each heater location can be made. For example, at
heater location H23 (the location of sensor TG22A),
the long-time slope data could be bracketed by
models of k =13 X 10* and k=14 X 107 W/cm-
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K. A linear interpolation between these models
resulted in a value £ = 1.37(20.02) X 10~* W/cm-XK.
However, the assumption cannot be made that the
models represent the physical situation this accu-
rately; a value k = 1.4(x0.1) X 107 W/cm-K would
be more realistic. Further examination of the effects
of the errors introduced by the assumptions about
the model parameters (probe properties, heat-transfer
linkages, etc.) must be made so the actual precision of
the k values can be determined. From previous
limited parametric studies, a range of 10 percent
should represent a maximum bound in the error of
the k-value determinations.

The best determinations of conductivity values are
listed in table 11-IV. As shown in the table, the
conductivity determinations from the heater experi-
ments fall within the range of the k predictions of the
initial probe cooldown analyses and indicate a sig-
nificant increase of conductivity with depth.

The contact-conductance values determined from
the in situ measurements vary. The contact con-
ductance probably corresponds to a thin zone around
the borestem that is filled with lunar fines. If the
assumption is made that these fines have a conduc-
tivity of 2 X 10™% W/cm-K, which is similar to the
conductivity of the surface fines, the widths of the
disturbed zones would be 2.7, 2.0, and 1.3 mm for
the locations of sensors TG22A, TG12A, and TG12B,
respectively. The larger value of H, at the location of
sensor TG12B might result 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 variable with depth over the lower
section of probe 1. To compute the heat flow from
temperature differences over a finite depth interval,
the thermal resistance must be known. The thermal
resistance can be calculated from the equation

x2

dx

R = —

*17%, k(x)
x]

(11-7)

where x; and x, are the end points of the interval.
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TABLE 11-IV.—Conductivity Determinations From applied on the variation with depth from the ratio of
in Situ Experiments the temperature differences measured by the ring
bridge and the gradient bridge. If the heat flow is
Heater | Depth, | Thermal conductivity, Cogﬁffecboonr‘i?feﬁme uniform with derth, the constraint required by the
sensor ) cm k, Wjem-K H,, Wiem® K ratio of temperatuse differences is
TG22A 49 | 1.40(£0.14) x 10~ 0.7 % 10~ "
TG12A| 91 | 170(zx0.17) 1.0 9
TG12B| 138 | 2.50(x025) 1.5 dx_
k(x)
ATring
= = 0.613 (11-8)
Thus, for the flux to be determined, k-value variation 138 AT gradient
in the interval between the gradient sensors, which _d_x_
are located at depths of 91 and 138 cm, must be o k(x)
known. Accurate measurements of k¥ were made only
at the end points; however, a constraint can be Three possible conductivity profiles are shown in
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figure 11-10. Profile B is based on the trend of
conductivities from the cooldown curves and obeys
the constraint of equation (11-8). Profile A also
obeys the constraint of equation (11-8) but includes a
uniform conductivity of 1.7 W/cm-K to a depth of
136 cm and, then, a thin layer with a conductivity of
2.5 X 107 W/em-K in which the bottom sensor is
embedded. Profile A would result in a lower limit for
the heat flow; 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 c¢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 uncertainty of the
conductivity measurements (10 percent) should be
considered as error bounds on each of the heat-flow
values listed in table 11-V.

Analysis of data obtained 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 with
the values obtained from the upper section of probe 1
and the lower section of probe 2 can be made once an
analysis of the effects of the diurnal variations has
been completed.

® Values determined by the
in situ experiment
0 B Values deduced from
cooling curves with

50% { minimum estimates of
\\ initial temperature
\ O Values deduced from
0+ ‘\ cooling curves with
g \ maximum estimates of
[ | a e
£ 0 L initial temperature
g |
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Conductivity, Wicm-°K

FIGURE 11-10.—Conductivity as a function of depth, with
three possible conductivity profiles (A, B, and C) (table
11-V).

TABLE 11-V.—Heat-Flow Data Obtained
From the Lower Section of Probe 1

Profile Hepf/;cﬂnfzw’ Comment
A 299X 10° Lower limit
B 3.31 Best value
C 3.59 Upper limit

SURFACE TEMPERATURES DEDUCED
FROM THE CABLE THERMOCOUPLES

Of the eight thermocouples designed to measure
the temperature profile in the upper 1.5 m of the
heat-flow borehole, six presently measure tempera-
tures that may be used to deduce the variation of
lunar-surface brightness temperature throughout the
lunation period. Of particular interest is the determi-
nation of temperature during total eclipses and lunar
nights, which are measurements difficult to obtain by
Earth-based telescopic observation. The thermo-
couples in the cable of the heat-flow experiment,
lying on or just above the lunar surface, provide a
means by which these measurements can be obtained
at a sampling rate previously unattainable (one
measurement set each 54 sec).

During the lunar night, the thermocouples come
into radiative balance with the lunar surface and
space. To determine the relationship between the
cable temperature and the lunar-surface brightness
temperature, the heat balance for a small cylindrical
cable element of radius « and length dl can be
considered. The heat balance for such an element
arbitrarily oriented above the lunar surface during the
lunar night can be represented by

a7~
4 _ 4 C
Fooy2madlagipeyo Ty - 2nadle ;o Ts - Vpc = - 0 (1 1_9)

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

FC-M = view factor of the cable element to the
lunar surface

o = Stefan-Boltzmann constant (5.67 X 10~%
W-sec/m? -K)
€, = lunarsurface emittance
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€. = cable-element emittance
&z = cable-element infrared absorptance
V' = cable-element volume
pc  =volumetric heat capacity of the cable ele-
ment
T = lunar-surface brightness temperature
T,  =cable-element temperature
Fore,, =1 and a flat lunar surface, equation (11-9)
reduces to

JoT
T4 - _-1_<9E _atﬁ 2, T04> (11-10)
’ ¢cir \ @

oT,
The termg-g—g é—tg,which accounts for the thermal

time constant of the cylinder, is retained only for
eclipse calculations, because the constant is on the
order of minutes.

The orientations of the thermocouples that are
outside the borestems are unknown. The time at
which a given thermocouple reaches the maximum
temperature and the value of that maximum are
strong functions of the orientation of the cable
section in which the thermocouple is embedded. This
effect, which 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
uncertainties.

For the calculation of the lunar-surface brightness
temperatures, the assumption was made that the view
factors from the cable to space and from the cable to
the surface are identical. The irregular horizon
formed by the Apennine Mountains increases the
effective view factor to the lunar surface, and the
view factor to space is reduced correspondingly.
Some of the thermocouples may be close enough to
the surface so that local topographic irregularities
affect the horizon seen by the cable. For a 10-percent
increase in the effective view area to the topographic
surfaces, the calculated surface brightness tempera-
tures would be reduced by 2.25 percent during the
lunar night.

A more serious error in lunar-night calculations
results from the uncertainty in the values of the cable
absorptance and emittance. For the temperatures
given in figure 11-12, the emittance-to-absorptance
ratio was assumed to be unity. A 20-percent increase
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in this ratio would result in an increase of 4.5 percent
in the calculated value of the surface brightness
temperature. A value of 0.97 was chosen for both the
cable infrared emittance and absorptance, 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,
Photographs show that most of the cable areas are
coated with lunar material.

The surface-brightness-temperature history for the
first lunar night, as deduced from thermocouple
temperatures, is shown in figure 11-12. A very rapid
cooling of the surface is indicated for the first 80 hr
after sunset; subsequently, 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 linear
conductivity increase starting at a depth of 8 cm
(inset, fig. 11-12), duplicates the rate of cooling for
times 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 models, the heat capacity
was defined by the following equation (from ref.
11-16)

o(T) = —0.034TY2 + 0.008T — 0.00027372
(11-11)

The assumed densities are 1.2 g/cm® for curve A and
1.0 g/cm?® for curve B. The flattening of the observed
curve could, in part, be a result of a significant
increase in density in the upper several centimeters.

The temperature dependence of conductivity that
is indicated by the cooling curves is in agreement with
the large increase in mean temperature described
previously. The substantial increase in conductivity
and density with depth that is suggested by the
flattening of the cooling curves is in agreement with
earlier conclusions that were based on astronomical
observations (e.g., ref. 11-16). The mechanical prop-
erties of the soil measured near the Apollo 15 ALSEP
site revealed that the shear strength increased rapidly
with depth in the upper 20 cm (sec. 7). This increase
in shear strength probably is related to a near-surface
density gradient.

Surface brightness temperatures during the umbral
stage of the August 6 eclipse were deduced from the
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FIGURE 11-11.—-Thermocouple temperatures as functions of time for the second lunar day.

Thermocouples TC12 and TC13 measure the probe 1 cable temperatures; TC22, TC23, and TC24
measure the probe 2 cable temperatures; and TC14 measures the probe 1 borestem temperature.

thermocouple temperatures. For these calculations,
the thermal time constant of the cable must be
considered. The thermal mass of the cable per unit
length in which the thermocouple is embedded was
estimated by summing the properties of the 35
conductors. Uncertainties result from the fact that
noise in the thermocouple measurements makes an
accurate determination of the slope difficult. A
sample of thermocouple data for the later part of the
umbra was reduced by determining the rate of change
of the cooling curve by graphical techniques. These
very preliminary results indicate that the umbral
temperatures reached at the lunar surface correspond
well with the temperatures predicted by the theoreti-
cal curve based on the relationship between conduc-
tivity and temperature 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 few
centimeters of the lunar-surface material have a

thermal conductivity-versus-temperature relationship
similar to that found for samples of lunar fines
measured in the laboratory. The lunar nighttime
observations reveal a substantial conductivity gradient
with depth that probably results from increasing
material density with depth.

DISCUSSION OF HEAT-FLOW-
EXPERIMENT RESULTS

Local Topographic Effects

The heat-flow determinations at the Hadley Rille
site are susceptible to a number of disturbances.
Corrections for some of these disturbances (such as
the thermal perturbations caused by visible topo-
graphic features) can readily be made with sufficient
accuracy, but other disturbances may result from
refraction associated with sloping interfaces between

Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1972NASSP.289......

HEAT-FLOW EXPERIMENT 11-19

130
s Curve A
=}
= 1.4
€12
o |
S 10
120+ g
=
= .6
g
AN
2 AV 5 10
= Depth, cm
¥ nok
e
=
£
&
100}
%
O Temperature deduced from
thermocouple data
D Data from Murray and Wildey
90
Curve B
Conductivity = k(T)
- (0.189 x 107 + 0.22x 1071273) Wiem-
! ! )|
80180 240 300 360

Solar phase angle, deg

FIGURE 11-12.—Surface cooling as a function of time for
the first lunar night, as deduced from thermocouple
measurements. Two theoretical curves are given as refer-
ences. Curve A is the expected curve for a conductivity
increase with depth, starting at a depth of 8 cm; curve B is
the theoretical curve for a temperature-dependent con-
ductivity. The data from reference 11-16 are included for
comparison. Conductivity as a function of depth for the
curve A datais shown in the inset.

materials of differing thermal conductivity. Such
interfaces, if present at all, are hidden in the lunar
interior, and only a qualitative discussion of the
effects can be given.

Probe 1, from which data were used for the
preliminary determination of heat flow, is located in
a small crater that has been almost filled and nearly
obliterated by later bombardment. The topography
associated with this old crater is so subdued that no
correction for the topography is required. However,
the possibility remains that the event that produced
this crater also locally altered both the thickness and

the physical properties of the regolith. The truth of
this hypothesis cannot be verified because no observa-
tional evidence is available; however, after the data
from probe 2 have been analyzed, a comparison of
the two heat-flow values may provide more informa-
tion.

The two most conspicuous and important topo-
graphic features near the heat-flow-experiment site
are Hadley Rille and the Apennine Front. The

topographic effect of the rille was calculated by
fitting the rille profile with a two-dimensional Lees-

type valley (refs. 11-17 and 11-18). This procedure
results in a correction of 4.5 percent, and further
allowance for the Elbow, where the rille abruptly
changes direction, reduces the correction to 3.5
percent.

A second effect of the topography around the
Hadley Rille site is that the surface in the area is
shaded during part of the day; consequently, the
average surface temperature is lower than flat por-
tions of the lunar surface. This local cold-spot effect
has been estimated quantitatively in two ways. The
radiation balance for a point halfway down the rille
wall (including factors for incoming solar radiation
and radiation from the opposite wall), at appropriate
times of the lunar day, was calculated and used to
derive the mean temperature in the rille. Alterna-
tively, the temperature at the vertex of the rille,
which was assumed to have a symmetrical V-shape,
was calculated from the solar input alone; for this
geometry, the vertex sees neither wall, The tempera-
ture was assumed to var; linearly from the vertex to
the top of the rille. The radiation-balance method
resulted in a correction of 5 to 10 percent, and the
vertex method resulted in a correction of 10 to 20
percent. The former value is considered to be the
more reliable, mainly because the profile of the rille
does not particularly resemble a V-shape. A correc-
tion of 10 percent is considered to be reasonably
close to the upper limit of the effect that results from
the cold rille wall.

The thermal effect of the Apennine Front was
estimated in a preliminary way from the two-dimen-
sional-slope method of Lachenbruch (ref. 11-19). By
assuming two-dimensional symmetry, the curves given
by Lachenbruch indicate that the correction, which is
negative in this case, is 10 percent at a maximum.
Actually, the heat-flow-experiment site is in an
embayment in the Apennine Front, which invalidates
the two-dimensional approximation and reduces the
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correction. A correction of 5 percent would be more
realistic.

In summary, the topographic effect of Hadley
Rille is approximately canceled by the effect of the
Apennine Front, which leaves only the cold-spot
effect of the rille as a remaining correction resulting
from the visible topography. 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 view was adopted that the heat
flow observed at the Hadley Rille site is representa-
tive of the moonwide value, in spite of the possibili-
ties of local and regional disturbances and large-scale
variations in the lunar 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 results, simple models were used
for this report. Only the linear equation of heat
conduction was considered, for which the thermal
diffusivity was constant.

The value that is considered to be an upper limit
to the heat flow resulting from the initial heat is
calculated by assuming that, at the end of a convec-
tive stage in the early history of the Mcon, tempera-
tures throughout the Moon lay along the solidus for
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 107° to 0.4 X 107
W/em?. If, as suggested by the greater ages of all
known lunar rocks, partial melting throughout the
Moon took place earlier, still lower values of heat
flow would be associated with the initial heat. It is
likely that the assumed initial temperatures are too
high; however, by revising the assumed temperatures
downward, the flux from the initial heat is further
reduced. The initial heat contributes little to the
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present lunar heat flow, and the contribution can be
neglected for present purposes.

The major portion of the heat flow from the Moon
probably results from radioactive heat generation in
the interior. It is possible to construct an infinite
number of models based on nonuniform distributions
of radioactivity; however, in this report, the discus-
sion was confined to consideration of the Moon as a
sphere with uniform and constant internal heat
generation. The ratio of the surface heat flow ¢
(expressed in 107® W/cm?) and the heat production
Q (expressed in 10713 W/cm?) is shown for several
times in the following list.

Time, yr q/Q, cm
3 X 10° 322 X 107
4 3.58
5 3.89
Infinite 5.78

With a lunar heat flow of 3.3 X 107° W/cm?, the
value of Q must be in the range of 0.57 X 1073 to
10 X 1078 W/cm?. This numberis far lower than the heat
production of lunar basalt, which has a value of
approximately 3.5 X 1073 W/cm?®. However, the
basaltic rocks are presumably differentiates that are
far more radioactive than the parent material. On the
other hand, ordinary chondrite and type 1 carbona-
ceous chondrites generate heat at rates of approxi-
mately 0.17 X 107'3 and 0.22 X 107'® W/cm?,
respectively. The respective average rates of heat
generation over the last 4.5 X 10° yr are 0.61 X
107'% and 0.67 X 107'* W/cm®. Even these last
figures are barely sufficient to provide the necessary
flux. The conclusion is that, if the observed lunar
heat flow originates from radioactivity, then the
Moon must be more radioactive than the classes of
meteorites that have formed the basis of Earth and
Moon models in the past.
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APPENDIX

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

In this appendix, the theory of the cooling of a
cylinder by conduction is reviewed and applied 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 effect of a finite contact resistance
between a cylinder and the surrounding medium (ref.
11-14) is particularly 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 concentric cylinder
which, in turn, is surrounded by an infinite medium
with a conductivity k. The cylinders are assumed to
be perfect conductors; that is, each cylinder is
isothermal, which is very nearly true in the case of
the heat-flow probe. Contact resistances exist at the
two cylindrical boundaries. In this model, the inner
cylinder is an idealization of the heat-flow probe,
which is radiatively coupled to the borestem (the

concentric cylinder). The borestem, in turn, loses
heat by conduction to the surrounding regolith, of

conductivity k, through a thin zone of lunar material
that has been disturbed by drilling and, hence, has a
different conductivity. The initial temperature of the
surrounding infinite medium is zero; and, initially,
the two inner cylinders have a temperature vy .

By defining the dimensionless parameter 7 as Kt/b?
(where « is the thermal diffusivity of the surrounding
infinite medium, ¢ is time in seconds, and b is the
radius of the outermost cylinder), the ratio of the
inner-cylinder temperature v(7) to the inner-cylinder
initial temperature v, is given by

u(r)

where

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

h = k/bH,

A= S,7k/b*(S) +S2)
B = yk/b?

v =Sy/2nal,

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

in centimeters

outer radius of the concentric outer cylinder

(borestem) in centimeters

S,,S, = thermal heat capacities per unit length of the
inner and outer cylinders, respectively,
W-sec/cm-K

H, H, = contact conductances at the inner- and outer-

cylinder boundaries, respectively, W/cm?-K
density of the surrounding material, g/em?

b

p=

¢ = heat capacity per unit mass of the surround-
ing material, W-sec/g-K

k = thermal conductivity of the surrounding ma-
terial, W/cm-K

k = thermal diffusivity (k/pc) of the surrounding

material, cm? /sec

Also, Jo(u), J1 (1), Yo(u), and Y, (u) 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 f(4,h,a.7);
therefore, equation (11-12) can be written asv(r)/vo
= f(4,h,0,7). A more complete derivation of equa-
tion (11-12) and the resulting tabulated values will be
published at a later date. Two typical plots of
f{A,h,a,7) are shown in figure 11-8. The values of k

(1 - Auz) exp (— uzr)du

@©
TO ) /o u ({ u(l - AHQ)JO(U) - [th(] - r\ll2> - a(l - Buz)}}l(u)

}2 + {u(l - Auz)YO(u) + |:hu2 (1 - Au2> - a(] - Buz)]Yl(u‘)}z)

(11-12)
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and H, that were used for computing the theoretical
curves are given in table 11-II. Other parameters are @
=333, H; =325 X 107 W/em?- K, v = 445 sec,
and g and b are 0.95 and 1.259 cm, respectively.

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

u

: 25, - 5 .
- =i+ﬁ[4wyk{(—%—52)z}+4h-2-<a-2>ln<4§)} (11-13)

where In (S) = 0.5772 (Euler’s constant). The
long-term solution exhibits some interesting features
of the functionf(4,h,a,7). At long times (7 > 20), the
function becomes nearly equal to (2ar)™', or
(4kmt/S; + S,)~', which is independent of pc. A
log-log plot of f(4,h,a,r) is shown in figure 11-8; for
long times, the function describes a straight line with
a slope of very nearly —1. This property of the
function enables the temperature histories to be
extrapolated to equilibrium values 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 equilibration curves. In addition, as
shown by equation (11-13), the contact conductances
H, and H,, which are contained in the constants 7y
and &, become less important with time (because they
are multiplied by #72).
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