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Revised Lunar Surface Thermal Characteristics Obtained from

the Surveyor V Spacecraft
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Jet Propulsion Laboratory, Pasadena, Calif.

Higher lunar surface temperatures have been obtained from Surveyor data than from Earth-
based telescope measurements. In addition, temperatures derived from different sensors

located on the Surveyor spacecraft were not entirely compatible. This paper presents the re-
sults of error analyses on the Surveyor V thermal data. In the compartments, heat con-
ducted from the other faces is significant and is included in the latest calculations. Derived
postsunset temperatures from solar panel data have total errors similar to those from the com-
partment thermal-sensor data. The actual temperature-sensor measurement inaccuracies,
uncertainties in view factors, and conduction effects are the most significant sources of error.
Other sources are uncertainties in internal heat loss, solar absorptance, and emissivity.
Error bands for these factors are described. The overlapping of these error bands with each
other and with the Earth-based results illustrates the degree of agreement of the data from
the different sources. For postsunset, Surveyor V data previously had inferred a thermal
parameter (y), of about 400, whereas Earth-based measurements indicated v ~ 850. The
latest compartment-based ¥ from Surveyor V is near 600 and from solar panel data it is near 1000.

Nomenclature

mep/A = heat capacity coefficient, w-hr/°K-m?

view factor from surface ¢ to surface j

kA./LA; = conductivity coefficient, w/°K-m?

conduction heat flux from inside of the compartment
to the outboard face = 3.5 w/m?

solar radiation = 1375 w/m?

temperature, °K

solar absorptance

orientation angles

i

N RrEREQ

R

[T [ T

o8y,

Presented as Paper 69-594 at the ATAA 4th Thermophysics
Conference, San Francisco, Calif., June 16-18, 1969; submitted
January 22, 1970; revision received August 12, 1970. This
paper presents the results of one phase of research carried out at
the Jet Propulsion Laboratory, California Institute of Technol-
ogy, under Contract NAS 7-100, sponsored by NASA.

* Member of the Technical Staff. Member ATAA.

t Manager for Research and Planetary Quarantine. Associate
Fellow ATAA.

B = angle between direction of sun and normal to panel

v = (kpc)7V2 cm? sec? °K/gm-cal

e = emittance

¢ = Stefan-Boltzmann constant = 5.675 X 1078 w/m2-°K

p1 = lunar albedo, lunar reflectance to solar irradiation = 0.077
(Earth-based)

¢ = sun elevation angle above lunar horizon, deg

Subscripts

0 = compartment surface containing thermal sensor (inor-
ganic white); wes = 0.20, ¢ = 0.87

1 = sunlit lunar surface; e = 1 (brightness assumption)

1’ = ghaded lunar surface

2,3 = vertical sides of compartment (inorganic white)

4 = inboard surface (polished aluminum); ey = 0.10, & =
0.04

5 = bottom (polished aluminum)



1318 L. D. STIMPSON AND J. W. LUCAS

>
|

= top (inorganic white; exclusive of thermally isolated mir-
© rors)

compartment mirror surfaces; e’ = 0.79

sunlit solar panel sides; ¢ = 0.8 (solar cells)

shaded solar panel sides; ¢’ = 0.84 (organic white)

planar array antenna; e = 0.88 (black)

solar stepping motor; e = 0.86 (organic white, 3M)

COWIN®
L T T

Introduction

F the five Surveyor spacecraft that landed on the lunar
surface, Surveyor V (Fig. 1) was of most interest from a
thermophysical standpoint. Surveyor V landed inside a small
crater (Fig. 2). It transmitted data during the first lunar day,
for five Earth days into the first night, during the second lunar
day starting shortly before noon, and for nine Earth days into
the second lunar night. The spacecraft had a different tilt
orientation during each of these periods as a result of two-leg
shock absorbers compressing at the first sunset, recovering
partially on the second lunar day, and then with only one leg
compressing during the second sunset. Also, an eclipse of the
Surveyor V site occurred during the second lunar day.

Surveyor V had 75 thermal sensors located primarily inter-
nal to the spacecraft to monitor the performance of its subsys-
tems. There was no science instrumentation specifically for
measurement of the lunar surface temperature. Fortunately,
there were several thermal sensors located on panels which
viewed the lunar surface. The solar panel and planar-array
antenna each had a thermal sensor, two other sensors were on
the upper part of the mast, and there was one each on elec-
tronic compartments A and B. The compartments were insu-
lated outside with multilayer superinsulation. Heat was re-
jected during the hot lunar day through bimetal-actuated
(semiactive) thermal switches connected to highly polished
Vycor mirrors on the top of each compartment. At sunset the
thermal switches opened to isolate the interior from the ex-
terior. Internal electrical heaters were available to warm the
compartments.

Surveyor V landed in a small @ X 12 m crater in the Sea of
Tranquility (Fig. 2). The spacecraft was on a considerable
slope with leg 1 on the upper rim of the crater. The compart-
ments were tilted back and were above the local plane; thus
the outboard faces also viewed over the edgeof the small crater,
with compartment A viewing southeast and compartment B
viewing west. On each compartment, a temperature sensor
was located on the inside surface of the outer aluminum cover.
Early determinations of the lunar surface temperature as-
sumed a model in which this outer aluminum cover was es-
sentially isolated from the rest of the compartment except for
a small heat loss from inside. Later efforts described
herein take into account a small but significant heat flow from
the other aluminum side covers.
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ANTENNA
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(TEMPERATURE SENSOR
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LEG 1

Fig. 1 Surveyor spacecraft configuration.
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1t would not be too surprising to find discrepancies between
Surveyor and Earth-based measurements because of the great
difference in sample sizes—Earth-based resolution is ~18 km.
Some of the discrepancies found among the compartment,
solar panel, and Earth-based lunar surface temperatures from
earlier work!~? are highlighted in Fig. 3. During the morning,
the lunar surface temperature derived from eompartment
B was higher than from Lambertian theory. The peak could
be explained by the presence of directional thermal emission
from the lunar surface. The compartment was viewing west
and would expect to detect a greater thermal emission from
the lunar surface with the morning sun over its “shoulder.”
The agreement with Lambertian theory during the afternoon
was good.

After sunset the lunar soil cooling behavior is dependent
upon the lunar soil characteristics. This is represented theo-
retically by the two different vy curves shown in Fig. 3; v =
(kpc)~V? serves as a convenient thermophysical reference for
soil. The early results from Surveyor V compartment data
suggested a v of about 400, whereas some preliminary results
derived from solar panel data suggested a value greater than
800. Further confusion has existed because the Earth-based
postsunset measurements indicated a vy of ~850, whereas the
Earth-based eclipse measurements indicated ~1370.

The largest discrepancy between Surveyor and Earth-based
temperature measurements is from eclipse measurements,
which will be reported later. The lunar surface temperatures
obtained from the Surveyor V compartment data during an
eclipse on the second lunar day were about 100°F higher than
those from Earth-based eclipse measurements. A preliminary
check using solar panel data resulted in lunar surface tempera-
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Fig. 3 Preliminary lunar surface temperature from Sur-
veyor V compartment B and solar panel data.
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tures nearer the Earth-based values. The same peculiar trend
occurred on Surveyor II1, which had experienced an eclipse on
the first lunar day. In this paper, we only analyzed Surveyor
V daytime and postsunset data, and obtained an improved
correlation.

Analytical Techniques

Earlier calculations!=? of the lunar surface temperatures
from Surveyor V compartment thermal sensor data were based
upon the simplified radiation heat-balance equation depicted
in Fig. 4. An outboard compartment face was assumed to be
thermally isolated from the remainder of the spacecraft except
for a small conductive heat loss ¢ from the interior of a com-
partment.

The error analyses (discussed below) indicated that a signif-
icant amount of heat also was conducted from the other faces
of the compartment. The calculations in this paper have in-
cluded this effect.

Equation (1) is a representation heat-balance equation for a
compartment face and in particular for the outboard face that
contains the thermal sensor. The terms in Eq. (1) in sequence
from left to right are as follows. The energy radiated by the
outboard compartment face is equal to nine energy inputs:
infrared (IR) radiation from the sunlit lunar surface, IR from
the shaded lunar surface, direct solar radiation, indirect solar
radiation (albedo) from the lunar surface, heat flux from inside
the compartment, and heat conducted from the other faces
of the compartment (the last four terms);

&oTo! = eeFuoTi* + eaForaTi? + cosS (cosf +
pF o sing) + ¢ + Ko(T: — Ty) +
Kso(Ts — To) + K5o(Ts — To) + Keo(Ts — To) (1)

The equations for the remaining five sides are similar in form
to Eq. (1).

An assumed value of 200°K (—100°F) was used for the
shaded lunar surface. This assumed value is adequate, since
the shadow heat input term was only of minor significance due
to small view factor values involved, and then only during a
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small part of the lunar day. An approximate value of 3.5
w/m?, found from cold chamber tests, is used for the heat flux
¢ from the inside. This heat conduction term was important
after sunset and during the totality of the eclipse.

A predominantly radiative heat-balance equation was used
for determining the lunar surface temperature from Surveyor
solar panel thermal sensor data depicted in Fig. 5. The ther-
mal sensor was centrally located on the underside of the panel.
Both sides of the solar panel emitted heat and also viewed the
lunar surface, space, and other spacecraft components. Those
components of primary influence were the planar array, the
mast and the mirror surfaces on top of the compartments.
Also included was the heat conduction through the mast.
The heat flux density balance equation for the solar panel is

(67 + 67')0'T7‘l = (€7F71 + 6-1'1’17'1)610'7"14 +
(eF s + erFis)esaTst 4+ eresFreTer +
Ka(Ts — T7) — CT7 (2)

A similar equation exists for the planar-array antenna.

Certain coordinate transformations were required to deter-
mine the view factors and sun angles for each of the compart-
ment faces, the solar panel, and the planar-array antenna.
Each view factor required a vectorial description of the normal
to the face or panel and to the local lunar surface. In the sim-
plest case, the view factor was obtained (see Fig. 4) by the
equation

Fi; = 3(1 4 cosb) (3)

To find the angle 6, the local lunar surface slope and the tilt of
the face or panel from the local horizon were required. The
cosine of the sun angle on a face was the scalar (dot) produet of
the normal vector and the sun vector, which varied with the
lunar day.

It was easier to express the vectors for the fa.ce normals first
in terms of spacecraft coordinates (Fig. 2). The normals to
the compartment A faces (r;) are outboard: ro = 0.813is¢ +
0.470jsc — 0.342kgsc; side: 1y = 0.500is¢ — 0.866jsc =
—13; inboard: 1, = —1g; bottom: r; = 0.295is¢c + 0.171js¢
+ 0.94:01{50; and tOp: I's = —kSC.

The normals to the compartment B faces are identical except
that the signs are reversed on the first term of ry, the second
term of r,, and the first term of r;.

The normal to the sunlit side of the solar panel was ex-
pressed in terms of four angles which were the solar (85), polar
(6p), elevation (0g), and roll (8z) angles shown in Fig. 6. The
solar panel normal in spacecraft coordinates is

1; = [cos(8s 4 Op) cosOr — sin(fs + Op) sinbg sinbzlisc +
[cos(8s + 8p) sinfr + sin(fs + 0p) sinfz cosbrljsc +
[sin(f@s + 0p) cosbrlkse (4)
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Fig. 6 Solar panel coordinate system.



1320 L. D. STIMPSON AND J. W. LUCAS

Table 1 Surveyor V local lunar horizon orientation

o, deg 8’y deg v, deg &', deg
First day 97.6 —24.5 —16.9 19.5
First night 101 —25 —14 245
Second day 103.8 —25.4 —11.6 19.2
Second night 100.2 —25.6 —15.4 21.8

The coordinate transformation required to change the pre-
vious vectors into local coordinates (i,jk) corresponding to
east, north, and local zenith is

a = (ase sina’ + bse cosa’) cosy’ +
[(—asc cosa’ + bge sina’) cosd’ +
cse siné’] siny’  (5a)
b = (as¢ sina’ 4 bge cosa’) siny’ —
[(—asc cosa’ 4+ bse sina’) cosd’ +
ese sind’] cosy’  (Bb)
¢ = (—asc cosa’ + bse sina’) sind’ — ¢s¢ cosd’ (50)

where (asc, bse, ¢sc) and (a,b,c) are coefficients of the face
normal vectors expressed alternatively as, for example

I; = aseise + bscjsc + csckse = ai + bj 4+ ¢k (6)
and the spacecraft orientation angles a’, 8’, and 8’ are shown
in Fig. 2; and

¥ =a + 6 -9 )

Surveyor V had four known different orientations with re-
spect to the local lunar horizon; first lunar day, first lunar
night after two legs compressed, second lunar day when they
nearly recovered, and second lunar night after one leg com-
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pressed. These different orientationsi were as shown in
Table 1.

A JPL steady-state thermal analyzer program, TAS-1B,
was used to determine the lunar day and postsunset results
from both compartment and solar panel thermal-sensor data.
This is a relaxation program that computes the heat flow at
each node except where specified as constant, and includes
conductive, and radiosity (interreflection) effects. The lunar
surface, solar flux, and space normally dominate the situation
compared with the relatively small spacecraft. Telemetered
thermal-sensor data from the spacecraft were used as radio-
metric measures of the lunar surface temperature. The man-
ner in which this was accomplished on the computer was to as-
sume different values of lunar surface temperature at selected
time points and to calculate the sensor measurements that
would have been obtained. By comparison with the actual
telemetered data at these same time points, convergence to
the appropriate lunar surface temperature was achieved.

A North American Aviation computer program, CONFAC
II, was used to obtain the view factors F,;. The coordinate
transformations described previously were readily solved by
using a Tymshare computer.

Error Analyses

Error analyses were performed on the Surveyor-based data
because of the discrepancies found among the results obtained
from compartment, solar panel, and Earth-based measure-
ments. In the first error analysis, Eq. (1) was investigated
analytically for errors contributing to the uncertainty of lunar
surface temperature T;. The main contributors were found to
be the inaccuracy in view factor Fy, the uncertainty in ther-
mally-sensed temperature T, and the uncertainty in internal
heat loss ¢ after sunset. Others which contributed to a lesser
extent were ay,, €, S, and 8. A similar analytical study of the
solar panel [Eq. (2)] also showed the view factors and the tele-
metered temperature data to be the principal error con-
tributors for the solar panel source.

Heat conducted around the outside of the compartments
from the other faces creates an upward bias in the lunar sur-
face temperature. This was mainly due to the two side faces
that were vertical and viewed more warm lunar surface than
did the outboard face which was tilted back 20°. Note also
that one of the sides is almost always illuminated by the sun
during the day. Insome missions, either early in the morning
or late in the afternoon, the sun also heated the inboard face
to rather high temperatures, since it was a polished aluminum
(low emissivity) surface. These effects have been included in
Eq. (1).

Figure 7 shows the results obtained from a subsequent error
analysis performed by using a computer. Figure 7a shows the
individual contributing-error sources from compartment A
data and Fig. 7b from compartment B on Surveyor V. These
are reflected in subsequent figures as error bands placed about
the results obtained. Note that the errors become magnified
near sunset. The total errors, assumed to be independent
from each other, were obtained by taking a root-sum-square of
individual errors.

Error sources from the solar panel postsunset data are
shown in Fig. 7e. The total error is similar to that obtained
from the compartments. The temperature sensor error is the
predominant source in the three figures, especially after sunset.
The mast conduction error shown in Fig. 7c¢ is primarily due
to uncertainties in femperature sensor measurements on the
mast.

Use of the solar panel data to predict daytime lunar surface
temperatures would result in rather large errors. This is due
to the higher sensitivity of the solar panel to the direct solar

1 Data were derived during lunar operations from engineering
measurements of solar panel and planar-array antenna orienta-
tions.
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input (and less sensitivity to the lunar surface) and the uncer-
tainty in temperature due to variable electrical power loading.

A good correlation exists between the error analysis results
obtained from the computer and those obtained analytically
from Egs. (1) and (2). Thus, error sources previously found
to have insignificant effects upon the total error have been
omitted from Fig. 7.

The individually assumed errors for these analyses were

AT; = £7.2°F (£4°C) AF;; = £10%,
Ae; = =£0.02 for painted surfaces,

+0.02, —0.01 for polished aluminum

Aa; = £0.02  Ag = +209%  AKy = =109

Comparison of Results

The lunar surface daytime temperatures obtained from
Surveyor V compartment data are compared in Fig. 8 with the
Lambertian prediction based upon Earth measurements.
Note that the revised results using Eq. (1), which included side
conduction effects, compares more favorably with the Lam-
bertian curve. There still is some evidence of directionality,
particularly in Fig. 8b. Figure 2 indicated that the outboard
face of compartment B viewed the west, so that a directional
effect (temperature increase) would be expected during the
lunar morning, which is evident. The error band in the morn-
ing for compartment B suggests rather clearly that a direc-
tional trend exists. The trend is not clear in Fig. 8a. How-
ever, compartment A viewed southeast rather than directly
east or west and would not be expected to show a directionality
effect in the lunar afternoon. Also indicated in Fig. 8 is that
the earlier predicted directionality trend has been reduced to
about one-half in intensity.

Figure 9a compares the postsunset lunar surface tempera-
tures from the original compartment model with the original
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Earth-based eclipse measurements, and with theoretical ~y
curves. In Fig. 9b the revised v from compartment data has
changed to 600. Taking the geometry changes into account
for both lunar postsunset periods results in the same lunar sur-
face temperatures, evident by the narrow band.

The «y curves assume a lunar surface having thermal charac-
teristics that are constant. Actually, the lunar surface
properties are expected to vary with depth of soil and with
temperature.#s Thus a difference in behavior between the-
constant vy curves and the compartment band is to be ex-
pected.

In Fig. 9b, the solar panel band was derived from the first
and second lunar nights on Surveyor V, and it has a decreasing
behavior similar to the compartment band but with y ~ 1000.
The Earth-based postsunset measurements by Wildey,
Murray, and Westphal® are shown for comparison, however,
with an unspecified error band.

Error bands are shown in Fig. 9b for the compartment and
solar panel-based results. These were presented in more de-
tailin Fig. 7. Some over-lap between compartment and solar-
panel based results is evident.

Theoretical curves are included on the right-hand side in
Fig. 9b for values of v equal to 600, 800, and 1000. Note that
the compartment based trend fits a v of about 600, the Earth-
based fits an average v of about 850, and the solar panel based
trend fits a v of about 1000.

Conclusions

The revised daytime lunar surface temperatures from Sur-
veyor compartment data still show the presence of directional-
ity but with about one-half the intensity previously given.

The correlation of postsunset results from compartment data
with Earth-based data has been improved. The revised com-
partment model has resulted in lower surface temperatures.
Further, the use of HEarth-based postsunset, rather than
eclipse data, has increased the lunar surface temperature.
In addition to the revision of the compartment data, the inclu-
sion of the solar panel results provides an average lunar sur-
face temperature from Surveyor, which coincides with Earth-
based results.

It is suggested that the difference between the compartment
and solar panel temperatures is due to the compartments hav-
ing viewed lunar surface nearer the spacecraft than the solar
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panel. The vernier rocket exhaust upon landing may have
compacted or blown the upper fluff away nearest the space-
craft.

Subsequent effort was directed toward analyzing the eclipse
data, and data from the other Surveyor missions. These re-
sults are given in Ref. 7.
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Waffle Plates with Multiple Rib Sizes: 1. Stability Analysis
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A method is presented for the gross buckling analysis of waffle plates having multiple sizes
of ribs in each stiffening direction. Rectangular plates having two distinct size ribs arranged
in orthogonal and equilateral configurations are investigated in detail. General biaxial in-
plane load conditions are considered. The stability criterion is developed by minimizing the
total potential energy of the systems. Several examples are presented to illustrate applica-
tions of the formulations to plates with discrete ribs, closely spaced ribs, and combinations
of the two. Where possible, results are compared to solutions obtained from other sources

with good agreement.

Nomenclature
A,Z,1 = geometric parameters
a,b = plate dimensions
¢y = coordinates of orthogonal stiffeners
= primary rib spacing
E,E,E; = moduli of elasticity of skin, primary, and second-
ary ribs, respectively
CxyyyCry = load eccentricities with respect to middle surface
= vector of generalized forces
K = stiffness matrix
L = number of displacement functions
Ny = critical load
N4 NyNzy = applied loads
P; = distributed forces in primary ribs
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S2,54,8:4,S;

Umn, an, Wmn

stability matrices
displacement amplitudes
vector of unknown displacements

LI T

hayhe height of primary and secondary ribs, respec-
tively

ke = constants in stress-strain relations

m,n,k = integers

Lyt = thickness of plate skin, primary, and secondary
ribs, respectively

Bi,k; = equivalent thickness

U0, = displacements

I = strain energy

a;y75,B5 = N./Nij, Ny/Nyj, and Ny /Ny, respectively

€0 = strain and stress, respectively

Vs = Poisson’s ratio

Subscripts

s = plate skin

Uz, W, 2z = du/dx, dw/dx?, respectively, ete.

Introduction

IN a previous paper! the behavior and design of integrally
stiffened waffle plates having two distinet sizes of or-
thogonal ribs (see Fig. 1) were investigated for the case of uni-



