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ABSTRACT

A semiautomatic self-leveling lunar gravimeter has been designed for the
Apollo 17 mission. This Traverse Gravimeter,which is complotely self-contained and
powered by an nlernal battery, was used to measure gravity at predetermined stops
along the route of tho Lunar Rover Veicle. The gravity sensor is a vibrating string
accelerometer (VSA) enclosed in a temperature=controlled oven and gimballed
Loveling assembly.

Ehis instrament is capable of resolving gravity differences as small as 0035
milligal (1 mga1 = 0.001 em/h on the moon and yet also is able to measure the
carths gravity field of 980,000 milligals
the moon during the Apollo
varied more than 0.005°C
better than 2 mgal.

Twenty-two measurements were taken on
mission, during which the VSA temperature never

The flight results indicate an instrument accura

-y of

by Sheldon W, Buck, et al.
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SECTION 1

INTRODUCTION

In 2 years, a team of engineers, technicians, and others at the Charles
Stark Draper Laboratory designed, built, tested, and supported the operation of the
Traverse Gravimeter (TG) Experiment. The TG was proposed as a portable auto~
mated instrument to define the underground structure of lunar regions traversed by
a Lunar Rover Vehicle (LRV). This was the first time a series of precise gravity
measurements had been made on the surface of the moon.

1t was hoped that the gravity readings would help solve the puzzle regarding
the geological structure of the Sea of Serenity, which is near the landing site called
“Taurus Littrow." The Sea of Serenity Is represented by a large mascon on a
ravity map and it is hypothesized that this huge positive gravity anomaly is caused
by a dense material such as basalt (lava) flooding a large plain.

The TG was transported to the lunar surface on the Lunar Module (LM)
descent stage of Apollo 17, After the LM landing, the TG was deployed on the lunar
surface and initial measurements were made in the vicinity of the lunar module.
Gravitational measurements were made at various stations where the LRV was
stopped for geological examinations. Upon initiation, the TG automatically levelled,
ned the data to digitally display the measurement to
The results of each measurement were transferred

measured gravity, and condi
the astronaut upon his command.
to carth by way of voice communication.

During the three traverses of Apollo 17, 22 gravity readings were taken at
ten different locations. The direct gravity reading variations covered a range of

49 maal.



SECTION 2

EXPERIMENT PURPOSE

Gravimetry is a major tool of geophysical exploration on carth where
instrumental methods and interpretive techniques have evolved to an advanced state.

Commereial gravimeters are available for use on land, on the sea-surface
and bottom, and in the air. None of these instruments is presently capable of meas-

st an carth-based value. Therefore, this report deseribes

uring lunar gravity agai
the development of a gravimeter designed specifically for this task.
“The first application of gravimetry to the moon was by means of a satellite.

- the discovery of

This provided a most important contribution o linar tectonid
positive gravity anomalics correlated with ringed maria, commonly called lunar mascons.
Future satellite gravity studies will no doubt contribute to further understanding of
large-scale structures (i.c. , greater than 50 km). Only surface gravimetry, however,
can yicld the fine resolution required for exploring such linar features as ridges

edge effects of geological features, thickness variations
lows , and density variations in the valley-highland border
experiment was desiged. Without seriou

surrounding the dark plains .
in the mantle rock or lava fl

and for this purpose the traverse gravimeter
intervention in the astranaut's normal duties, a gravity map was obtained which yielded
information on the "third dimension' of the geological features observed in the course

sense, the gravimeter was one of the most important

of an Apollo mission. In thi

seological tools in lunar exploration.

tions on the moon with a scale of less than 50 ki, the gravimeter
in and evolution.

In detineating the extent of lateral density varia-
provided essential

elues to the question of the moon's ori



SECTION 3

GENERAL INSTRUMENT DESCRIPTION

The traverse gravimeter (Fig. 3-1) consists of an instrument package inclu-
ding a battery-pack assembly, both enclosed in a multilayer insulating blanket
which provides thermal protection. The instrument is lightweight, completely sel(-
contained, and essentially automatic in operation, requiring no external power,
recording devices, or telemetry. The gravimeter is rectangular fn shape with a
cylindrical surface at the front. It stands 20 inches high, 11 inches wide, and 9.75
inches deep, and weighs approximately 28 pounds. A folding handle at the top of the
instrument is used for hand carrying and for securing the instrument to the LRV
(Lunar Roving Vehicle) while three footpads at the base enable lunar-surface opera~
tions. A nine-digit display is found in the top of the case for visual readout of
gravity data. A radiator at the top provides the primary means for heat expulsion.
Both the display and radiator are protected from the dusty lunar environment by
hinged plastic insulating covers.

The inner structure consists of a two-axis gimbal system which contains a
vibrating-string accelerometer (VSA) housed in a thermally protected and evacuated
fwo-stage oven assembly (precision and intermediate ovens). The oven assembly is
enclosed in an clectronic frame
which s pivoted about its axis and supported by a middle gimbal assembly. The
middle gimbal controls the vertical positioning of the inner gimbal over a 30-degree
range, and the middle gimbal assembly is attached through bearings to the base
housing, with capacity to rotate through 210 degrees in order to invert the assembly
for VSA calibration). Stepper motors and a gear train provide the drive and position-
ing of the gimbal assemblics. the motors reacting to signals from pendulums which

frame) assembly of similar structural design

work as level sensors. Heat for thermal protection of the imner (precision) oven is
supplied by a temy system while the oven is thermally
protected by a preset on-off thermostat-heater combination.

The VSA employed as a gravity sensor was manufactured by the American
Bosch Arma Company. Low power, small size, accuracy, and the excellent results
A the best candidate for use

obtained in an experimental sea gravimeter made the VS
in a lunar gravimeter.



When the base of the TG i within & 15 degroes of the horizontal, the control
logic can level the system and permit measurement of the VSA difference frequency

which s stored until the astronaut commands a visual readout. The display consists

of nine digits, the first seven indicating the gravity reading and the last two showing.

the precision oven temperature and the status of temperature alarn

mgal per digit is obtained on a visual read-
y better than 2.0 mgal. This new, self contained instru-

A quantization in excess of 0.035

out with an overall accus

ment, powered by an internal 7.5 volt battery providing up to 375 watt hours of

energy for all modes of operation over a 15-day period, was designed to be light

te.

weight, reliable and simple to ope:

Fig. 841 Traverse gravimeter



SECTION 4

VIBRATING-STRING ACCELEROMETER

Gravity measurement with vibrating-string instruments was first accomplished
about 1950 by R. Gilbert for use on a submarine and for measurements in & borehole.
In the carly sixties, other researchers made use of the vibrating-string accelero-
meter (VSA) in surface-ship gravimeters. In 1967 Dr. Charles Wing, formerly of
the Department of Earth and Planetary Sciences at the Massachusetts Institute of
echnology, perfected a gravimeter for surface ships and deep-sea-bottom experi-
ments using military-surplus VSA's. Several surface-ship gravimeters based on
use today. These later gravimeters use VSA's built

Wing's initial design are
originally by American Bosch Arma for the Atlas program.
The traverse gravimeter makes use of 8-year-old surplus second-generation
VSA's originally built by Arma for the Air Force for military applications. These
i7¢ than the Atlas first- generation instrument and more sui

units are smaller in s
able for a small experimental package. A critical review was made of existing
accelerometers and gravimeters which could be modified for use on the moon.
Fourteen individual devices representing the best from each of four categories
imeters, and were retained

(absolute, quartz, “
for consideration.® As a result of these tests, the VSA appeared the most suitable
candidate for the program. The Arma units were built to withstand shock and
Vibration inputs consistent with use in acrospace systems. The VSA employed in
the traverse gravimeter used less than a microwatt of power, and the drive ampli-
fiers used only 30 millivatts. The difference frequency between two strings in the
VSA was amenable to ultraprecise determination of acceleration. The sum frequency
output could be used s an independent chack on the scale factor of the instrument.

‘There were, however, some disadvantages to the use of a VSA. To obtain
{he VSA required temperature stability of approxi-

The instrument exhibited a drift in both bins and scale factor which

the degree of stability required.
mately 0.01°C

" and Sheldon Buck, Experimental Proposal for Manned Spaceflight

‘Traverse Experi  xperimontsl Proposs - Mammad Space Uit

Note: A complete bibliographical listing of all referenced documents isincluded
in the Ribliography at the end of Part Il.




would need to be calibrated and verified to be repeatable across launch and trans=
Lunar coast. The instrument also had a history of occasional tares (shifts) in bias
and scale factor if subjected to shock and vibration.

41 Principle of Operation”

A schematic diagram showing the VSA cross-section and the instrument
©lectronics is shown in Fig. 4-1. The VSA consists of two equal proof masses
suspended from separate beryllium-copper strings and joined by 4 soft spr
Iach string passes between the poles of 4 permanent magnet and both ar
attached to the support strueture, Cross supports hold the masses riy
transverse direction.

igidy
dly in the

It an alternating current i applied to one of the strings, it will oscillate
\within the field of the permanent magnet at a frequency cqual to that of the exc!
current. As

iting
. 4-1 indicates, the output of each drive amplifier is applicd to a

string and the back ENIF developed by the moving string is used as positive feed-
back to the amplifior. Each string-amplifier loop will thus oscillate as its natural

trequency.

Rayleigh derived the expression for the natural frequency of transverse
Jibration of a string or wire in tension rigidly clamped at both ends.

1/2(
i

(-1

02 gt

e i o i i

T e epeetionofth tving crasecvestion bout s midlne

33 Drervencotonl aren o the e

3+ mosresofslsticity
e term I e brackets acsounts fr abos T corrastion. Ths K.t 1) may b
Crrstimated o

ety @

Next conalder a wire fixed at one end, and a small proof mass with a prostress

attached o the other end. Assume a fine oross=support for the mass and that the

entire system is accelerated. The Eg.(1-2) becomes

Trie dorivation 13 based on previous work by George Bukow reported inCharles Starl
Draper Laboratory Report E=2721
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Fig, 4-1 Schematic diagram VSA and support eleetronics.
(4-3)
where
prestr
acceleration along the string
M = proof mass
Rewriting Eq(4-3) in the form
7 (=1)
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The frequency can thus be represented by a power series of the accelers

. . 2y H
£ty b kyg At kg A% kg, (3-6)

“The usefulness of this device depends on the convergence of this series and its con=
vergence rate.

s taken by American Boseh Arma in
ment already described is added
4-1. Now

A nique approach to improving lincarity w;
designing the VSA for the Atlas ICBM. To the int
a mirror image attached to the ond of a coil spring as was shown in I

instead of one frequency there are two, one for each wire.
stem is accelerated, the original string reads a positive
Equation (1-5

If this second
Jeration while the second string reads a negative acceleration.

)4t

becomes for the second frequency

1/2
: (—LT) .
o

nd Eq.(4-6) becomes.

-1y

(4-8)

. L 2
fy = Kop - Kyp Aty A

The output of the two-string VSA is defined as the difference Letween fy and fy

(1-0)

) A E Gy + k)

Ky = (kg +kgy) (1-10)




where
Ko * bias Qix)
Ky scale factor  (Hz/g)
K, = second-order coeficient izl

Ky © third-order coetficient  (Hz/g")

Eq.(4-9) becomes

b Ky AZs Ry ASH
cob Ky A bRy AT KA L

The even terms in Eq (4-11) would disappear if the two wires wer

(=11)

equal, but in general, no two wire can be made physically equal and kept cqual by

maintaining a perfectly controlled environment. In order to find the acceleration

measured, the coefficients of the power serios must be determined.  (See Appendix

The gravimeter display logic converts Eq.(4-11) to

8
1021 g K
- B R e Ky
Lw8x10" | ke Kg Ky
TR =Kyt Kjl o Kqg r Kag
where.
Dy 7-dist display value for normal (GRAV) measroment
Dy T-digit display value for inverted (BIAS) mensurement
& VSA input-axis gravitational acceleration.
This quantization will be explained in the next section.

(-12)

(=13

identically

B,



SECTION 5

BLECTRONICS

5.1 General De

General DeadHipHon
The electronics for the traverse gravimoter i designed with the goals of

aimplicity. minimum pover consumption, and reliability as prime objectives.

The number of types of components was held (o @ minjmur in order to provide

tandardization and case of testing. Integrated eireults were used for both analog

and digital functions. Analog electronics consist of the VS

A oseillator-amplifiers,
mounted with the VSA in the precision ovens the temperature controller, multi-
plexer, and two pendulum-amplifier modules, which are located on the Electronics
frame ( frame); the power-supply module mounted on the main housing; and the
phase-locked loop mounted on the battery. Digital eloctronics are contained mainly
in the lozic and display module located directly behind the numerical display.

The two basic modes of operation of the TG are determined by the ON/STRY
togle switch on the display panel. In the standby mode (STBY position), used from
Jaunch unti] lunar traverse, power is supplied only to the oven temperature controls
and VSA aseillator-amplif
\VSA. At least 5 o 20 minutes before the gravity icasurements are to be made,

. maintaining a constant thermal environment for the

the system is placed in the operate mode (ON porition of switch). Power is then

4 the mode=control lopic.

supplicd to a crystal oseillator and o a small pa
p

To initiate a gravity measurement, the GRAV pushbutton is depressed,
aupplying power to all systom elements except the GRAVITY /BIAS and TEMP®

displays. The INDICATOR MODE light will then flash, indicating that the lovel
Aa

loops are in operatiod. When the V embly i within 7 arc minutes of the

correct orfentation with respect to gravity. the INDICATOR MODE light will
flluminate steadily; and. after a delay of approximately 60 scconds, the gravity

measurement cycle will begin. The instrament must remain level (within 7 arc
inutes) for approximately 30 seconds or else the levelling and delay will be auto-
matically recyeled. Should a loss of phase lock occur during the mea

the three most significant digits of the GRAVITY /BIAS display will be zero when

uroment cycle,

the operator activate

then be restarted

the display. The levelling and measurcment sequence must

deseribed above. 1 no level

sturbance oceurs, the gravity




mensurement takes an additional minute. When the measurement is complete, the
system automatically returns to the operate mode. Depressing the READ push-
button sctivates the GRAVITY /BIAS and TEMP displays. To conserve power, the
displays go off after 18 seconds, but may be reactivated by again depressing READ.
5.2 Circuit Description

A sehematic of the gravimeter electronics is shown in Appendix B. The
major circuits are discussed below.

The vibrating-string accelerometer (VSA) consists ideally of a pair of
single vibrating strings back to back. Separate, but equal masses, joined by a
soft isolating spring, are suspended by identical beryllium-copper strings. The
difference froquency between the two strings is a nearly linear indication of gravity.
AT =t = tye Kot Kya? e Kge® L (51)
The scale factor., K, is normally about 128 H /g, The bias K will vary
from one accelerometer to another and will vsually lie in the range of 3 to 15 Hz.
The stability of the scale factor is greater than that of the bias and is calibrated
on earth. The bias is updated on the moon at the beginning of EVA-1 and at the
end of EVA-3.
Each vibrating string passes through a magnetic field. The driving force
of the string is furnished by an oscillator amplifier whose output is a current
through the vibrating string and whose input is the back EMF created by the motion
of the string in its magnetic field. The natural frequency of oscillation of each
string i5 nominally about 9.5 kHz. The output voltage signal of each oscillator
amplifier is voltage limited to provide a constant-current source o drive the string.
The VSA amplificrs have a closed-loop gain of about 500 at 9.5 kiiz, (the
The outputs of the VSA amplifiers are

natural frequency of oscillation of the VSA).
fed to the phase=locked-loop module where the two outputs are mixed. The output
of the mixer i¢ filtered to obtain the difference frequency and attenuate the sum
frequency. The difference frequency is the signal to which the phase-locked
is locked. The purpose of the phase-locked loop s o act as a narrow-band filter
to attenvate the possible residual vibrations of the Lunar Roving Vehicle (LRV)

ter

which might oceur when taking a measurement.

5.3 Gravity-Moasurement Technique

The VSA difference frequency is apps. <imately 20 11z on the moon. It is
desired to quantize this signal to approximately one part in 10" ‘0 crossings
of the difference frequency were counted, it would take an extremely long time.

It is much simpler to perform a period measurement. The method for doing this is

explained in the following paragraphs.



“There are really two timing clocks in the data readout. One is the 4-Miz
crystal oscillator; the other is the VSA difference frequency. Binary
from the 1. Mis ascillator provide the timing for the A/D encoder., the molor-drive
electronics, power-supply synchronization, level-light flasher, and, above all, the
fravity measurement itself. The 4-Miiz oscillator is a tamperature-compensated
crystal oseillator (TCXO) with an accuracy of 2.5 parts in 10", Although frequencies
as high as 4 MHz are not used in the gravimeter, 4 MHz was chosen b
superior performance of crystals at that frequency. The VSA difference frequency
acts as a clock to generate the gate during which time gravity is actually measured.
The gate-generator logic selects a fixed number of cycles of the VSA difference at
the appropriate time. The number of cycles selected is chosen to provide a gate
width of approximately 1 minute. In order to keep the gravity measurement time
approximately the same in all measurement modes, the number of cycles selected
aife
gravity-measurement gate width, T, and the difference frequency, AT, is 1536 in
the Moon-Gravity mode, 384 in the Moon-Tias mode, and 9216 in both of the earth=

countdowns

sed on the

¢ in the various modes. As shown in Table 51, the relationship between the

measurement modes.

e Togic that generates the gravity-measurement gate is prevented from

doing 50, however, until the system has levelled in both axes within + 7 arc minutes.
The gate-generator logic tests that the system is not only level but also has stayed
level for at least 10 to 15 seconds. If the system is oscillating and a nonlevel sigmal

is abtained, the gate-generator timing is recycled and a gravity measurement is not

performed. Once this level settling time has passed., the gravimeter goos on to

perform the gravity measurement, The gravity-measurement times will be constant

1 also indicates that the quantization is not
and the full-scaled value. ‘The fact that

for successive measurements. Table
merely a function of the displayed numbe
the displayed number consists of a relatively large bias that is considered constant
¢ taken into con:
be simply g/N where N is the displayed number and i is the full-seale value (980

must deration. I the bias were zero, then the quantization would

fals on earth; 162 gals on the moon).  Since the function being measured consits of

a variabl (K, ) and a constant (i), (e actuel auantiss

N

(0 Awtomntic Levelling S

fon i millijals is:

L e seven-arc-minute level indication that permits a gravity measurement
to be performed comes from the levelling section. There are two pendulums in the

gravimetor. Bach one is a two-axis device. One pendulum i5 used in the normal
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orientation and the other in the bias mode. The pendulums are excited with an ac
supply. The pendulum output signals are first normalized for scale factor. adjusted
for phase shift, and trimmed for quadrature rejection before they are amplified,
demodulated, buffered, and then multiplexed and sent to an A/D encoder. (In addi-
tion to the pendulum signals, the temperature monitor is also fed to the A/D encoder).
“The outputs of the A/D encoder are strobed into storage flip-flops, and then decoded
to provide the information (o the stepper-motor/gear-train assemblies to drive the
gimbals. The A/D encoder provides four states of information about the X and Y.
axes of the pendulums: polarity, which determines the direction to slew the gimbals,
and thresholds at + 32 are minutes, + 7 are minutes, and & 3 arc minutes. The
imbal-gear-train ratio is 2700:1 5o that each 90 degree step command to the stepper
motor drives the gimbal 2 are minutes. Above & 32 arc minutes, the stepper

motors are slewed at a fast lock rate of 122 are minutes per sccond; below + 32

arc minutes, a slow rate of 7.6 arc minutes per second is used. Below & 3 arc
minutes the motors are not slowed at all, and power is removed from the stepper
motors. The &

arc-minute deadband is well within the & 7-minute threshold at

which a gravity reading is enabled. On the moon, the gimbals respond to a 15+
degree step in less than 20 seconds with only one overshoot. (The response to u 1.5

degree step is shown in Fig. 5-1).

oxer and A/D Encoder

The A/D encoder is a 4-bil successive approximation encoder. The pendu-
Ium signals are scaled at 1-arc-

inute-per-bit, o that full-seale output from the
A/D s the £ 7 arc minute information. Polarity is obtained from the sign bit, and
the 4 3-are-minute deadband is determined by
two-arc-minute information for switching between the fast and slow levelling mod

proper combinatorial logic. Thirty-

is obtained by using two level comparators, one at + 32 arc minutes and the other at
- 32 arc minutes. The output of the multiplexer feeds both comparators as well s
the A/D encoder, and the logic strobe,
the information for the two gimbal axes.

the data out at the appropriate time (o separate

The encoder sampling rate is 244 Hz/channel which is higher than the fastest
Slew rate of the gimbal (61 pulses per second). The stepper-motor driver consists
of a two-bit shift register. The elock to this register is cither the fast or slow
elock. Below 3 arc minutes the elock is inhibited. The outputs of the two flip-flops
in the shift register are gated to provide the four phaes for driving the stepper-
motor windings. The stepper motor is driven cither clockwise or counterelockwise ,
depending on the polarity information from the pendulum. The temperature-monitor
signal that also is fed to the A/D encoder is scaled to 0,005°C per bit.
temperature information up to + 0,035°C is obtained. This temperature iformation
is strobed at the time a gravity measurement is made and then transferred to the
display along with the gravity information.

Therefore,






5.6 The Phaso-Locked-Loop

ter.

Possible vibration resonances that might be experienced on the LRV are.
belicved to be at frequencies of one Iz and higher. The VSA difference frequency,
a5 was mentioned before, will be approximately 20 H on the moon and will vary
with gravity. To filter this signal by conventional methods , a very narrow band-
pass filter would have fo be built and its center frequency would have o track the
A difference frequency. Ty using a phase-locked 10op, the problems of a very-
narrow-bandpass tracking filter are eliminated and a low-pass filter in the loop
provides the required filtering. Vibrations applied to the VSA will appear as
frequency modulation on the string frequencies. Most phase-locked loops are

desigmed to track the frequency-modulation components on a fixed carrier signal.
In this case, it is desired that the loop attenuate the modulation and produce only
the carrier. In other words, the average value of the VSA difference frequency
over a period of time i sought. Gravity information is contained in only the very=
low-frequency bandwidth of the phase-locked loop.

Providing a narrow-band low-pass filter in tie loop requires a very low
elosed-Toop gain in order for the loop to be s
small lock-in bandwidth. I order to acquire the signal in a relatively short period
of time, the phase-locked loop was designed with two modes: a wide-band mode for:
acquiring the signal and a narrow-band mode for filtering the VSA sigal. The VSA
string frequencics are mixed and filtered in the phase-locked loop. A ring-diode
demodulator is used as the mixer, and a low-pass filter allows the difference frequency
to pass through, but attentuates the sum frequency (approximately 19 ifz) to below
L mV. The filtered sine wave feeds a zero-crossover detector to provide a square
ix cireuit shown merely scales the

able. A low- gain loop provides a very

wave compatible with logic. (The divide-by-

difterence frequency for carth measurements to be approximately 20 Hz.)
The wideband filter feeds a sample and hold circuit. The narrow-band signal
i summed with the output of the sample and hold circuit into the vol
oscillator (VCO). In the wide-band mode, the gain of the narrow-|
small that is has very little effect on the summation signal to the VCO. Some time
after the gravimeter has levelled, but about 30 seeonds before the gravity measure-
the phase-locked loop i switched from the wide-band mode to the
mpled

controlled

d 1oop s 50

ment begin.
harrow-band mode. At this time, the sample and hold circuit holds the &

Joltage into the VCO. The narrow-band loop aow takes over. The purpose of the
sample and hold circuit is to determine the approximate bias voltage the VCO

requires at the time of a measurement. The narrow=band filter provides the remainder.
of this voltage. The narrow-band loop provides in excess of 40-d13 atienuation at one
Hz. This is achieved by using a two-pole Butterworth filter as the low-pass fiiter.

The closed-loop response of the narrowband loop is that of a third-order system:
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A proportional plus derivative temperature controller maintains the precision
oven to within 0.005°C. The precision inner oven contains the sensors and heaters
as well as the VSA and its amplifiers. The sensors are two thermistors located in
opposite arms of a four-arm bridge. The bridge is excited by a regulated low-
voltage ac supply. The excitation is kept low and regulated to minimize the effects
of self-heating. The bridge provides an output of about 18 mV/°F to the temperature
controller. The bridge signal is amplified in a high-gain preamplifier. By providing
most of the gain ac, the problem of de offset and drift is minimized.

After ac amplification, the bridge error signal is demodulated in a standard
diode-ring phase-sensitive demodulator. The demodulated signal is buffered and
scaled to a sensitivity of 50 mV/0.005°C. The buffered signal is the temperature=
monitor signal that is sent to the multiplexed A/D converter to provide information
on the temperature controller. The demodulated output is also sent to the propor=
tional plus derivative stage which provides the drive for the heaters. The time
constant of this stage is adjusted to match the natural frequency of the whole system.
which in turn s determined by the system gain and the time lag between heater and
sensor..

The output stage consists of four transistors physically located on the pre-
cision oven structure. Thus, the heat of these transistors is utilized to heat the
structure. Heater resistance, half in the collectors and half in the emitters of the
four transistors, is distributed to make gains of the transistors less critical, and
also to provide a uniform heat distribution to minimize temperature gradients.

5.8 Power Supply
In order to minimize power consumption, all analog circuits are operated
from plus and minus five volts. Low-power TTL is used for the logic circuits
operating at +5 volts. The only exceptions are the crystal oseillator which needs
‘s +28 volts, and the LED display which

12 volts, the stepper motor which req
requires +4 volts. The high power consumers which are the stepper motors , and
the display are energized only when required. Thus, the average power is kept
down by minimizing the duty cycle.

In the STBY mode, plus and minus 5-volt supplies are provided for the VSA
oscillator amplifiers and the temperature controller. The heater is supplied with
current from the battery. Therefore, the load on these supplies is essentially
constant throughout the mission. The tight regulation of 0.2% is required to mini-
mize the voltage sensitivity of the VSA amplifiers, es well as to provide a constant
thermal load in the oven. Changes in supply voltage result in phase- shift changes
A change in phase-shift between input and output will result

in the VSA amplifier:
in an apparent frequency change and produce gravity-measurement errors.




To supply the temperature-controller excitation and demodulator reference,
& low-power Colpitts oscillator is provided in the power supply. The oscillator drivos
a reference transformer that supplics the bridge excitation and demodulator refor-
ence, and also the pendulum excitation. Feedback is provided around tho Colpitts
oscillator to regulate the output to within + 1% over temperature excursions and with
battery variations. As with the 5-volt standby supplice, the ac loads are practically
constant. The Colpitts oscillator also feeds a sine-wave amplifier which drives a
flea-power chopper. The chopped signal is rectified and is fed to the -5-volt regu-
lator. The plus and minus 5-volt regulators are similar and use an integrated-

circuit regulator with low internal dissipation.
When switched to the ON mode, the flea-power chopper output is enabled to

& low-level chopper. This chopper contains the eireuitey to supply the unregulated

input to the +12-volt regulator for the crystal oscillator and the =5-volt regulator for

The -5-volt supply is

the analog circuitry used in the gravity-measurement modes.
not provided to these cireuits in the ON mode. In addition, two other 5 volt regulators
are energized in the ON mode. One regulator energizes the voltage-controlled
oscillator (VCO) in the phase-locked loop. The other provides logic power for the
‘mode-control logic and the BCD counter that stores the gravity measurement. The
VCO supply fs kept separate to provide isolation and to minimize the amount of load

variation.

In the GRAV and BIAS measurement modes all the other power supplics are

) display supply. The +5-volt

turned on except for the light-emitting diode (L1
logic supply is enabled to all the logic eircuitry as well as the gimbal electronics and
A/D converter. The -5-volt supply that is generated by the low-level chopper is
supplied to the high-level chopper. This chopper produces 28 volts for the stepper
motors.

The display (READ) mode enables the 4-volt regulator to be turned on. This
In addition, the +5 volts for the logic is provided to

in turn, drives the LED display.

the LED display to energize the integrated-circuit decoders that are integral with

the display units .
ibility of asynchronots noise, the d-kits ac supply is

To minimize the px
cd with a 3.906-kH1z clock from the binary countdown during the measure=

synchron)

ment modes of operation.



SECTION 6

MECHANICAL DESIGN

The mechanical design of the Traverse Gravimeter is illustrated in Figs.
6-1 aud 6-2. The magnesium outer structure of the TG is rectangular in shape with
a eylindrical front. A folding handle at the top of the instrument i used for hand
carrying and for latehing the instrument o the Isoframe assembly on the pallet.
Three feet at the base of the Instrument provide a stable support for lunar-surface
operations. Flight photographs indicate greater soil penetration by these inverted
mushroom feet than was encountered during field-trip operation.

The outer surface of the TG is enclosed in a multilayered insulation blanket
which provides thermal protection for the internal components. This blanket
covers all outer surfaces with the exception of the display panel, radiator cover,
the three feet, and carrying handle already mentioned. Details of the mechanical
design related to thermal protection and temperature control are described in
Section 7. The display and radiator covers are held closed by magnetic latches
during lunar-surface operation and by Velero strips during launch and translunar
flight. The hinges sewn into the outer layer of the blanket were model-airplanes
type pin hinges which have very low friction and no residual stiffness. Neither
cover assembly was mechanically connected to the instrument housing and thereby
did not compromise the thermal protection.

embly mounts (o the rear of the TG and provides vibration

Ta secure the TG to the fsofran e

Tho isoframe
isolation between the instrament and the pallet.
assembly the two rear foet are placed in a cradle in the isoframe and the carrying
handle is folded o a latched position. During the translunar phase of the missior
IG 10 the isoframe which is mounted to the geology
1 lock)

cure the

three shoulder pins &
tool pallet. Each shoulder pin is held in place by a PIP (spring-loaded
PIP pin combinations is removed by a steel-wire

pin, and each of these shoulder
lanyard prior to deployment on the lunar surface. The shoulder pins require a
reasonably close fit to avoid generating higherequency vibrations which would
hegate the low-pass-filter benefits of the isoframe.









The isolators were selected and supplied by Barry Division of Barry Wright
Corporation, who also analyzed the performance of the isoframe system for all
probable input combinations including three-axis vibration, shock, and accelera-
tions.

Space and interface limitation prevented the use of the isolator case supplied
by Barey so special ones were fabricated. The resilient element was a moulded
elastomer called Barry "Hi-Damp. " Figure 6-3 shows the effect of the isoframe
on the VSA response to the LM g-axis flight random vibration levels.
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Effect of rubber isolators,
A comparison of some of the predicted and measured responses can be found in

memo GRV-T-196.



At described in Section 3, the Inner structurc of the TG consists of a two-
axis gimbal system which contains a vibrating string accelerometer (VSA) housed in
and thermally protected by a two-stage oven assembly designed to operate in a
vacuum environment. The oven assembly is enclosed in an electronics frame (i
frame) assembly of similar structural design. The E-frame assembly is pivoted
about its axis and supported by a middle gimbal assembly. The middle gimbal con-
trols the vertical positioning of the inner gimbal over a +15 degree range. The
middle gimbal assembly is coupled through bearings to the base housing and can

rotate from -15 to 4195 degrees. Stepper motors and a gear train provide the drive
and positioning of the gimbal assemblics. The stepper motors react o signals from
pendulums which act as level sensors.

The dip-brazed aluminum gimbal was designed to act dynamically as a com=
pliant spring between the instrument housing and the E-frame assembly. The thin-
shell gimbal structure has a natural frequency of 80 Hz in the LM a direction when
loaded by the mass of the E-frame/oven ussembly. The oven assemblies were
previously shown to have a lowest natural frequency near 180 Hz. Thus the gimbal
acts as a low-pass filter for isolating the VSA input axis from vibration.

“The gear box assemblics (Fig. 6-4) reduce the stepper motor output by 2700
to 1 in four stages. Thus, one pulse to the stepper motor produces a gimbal shaft
rotation of 2 arc minutes. An antibacklash sector gear was attached to the gimbal

shafts in order to reduce angular position uncertainty while allowing for reasonable

manufacturing and assembly tolerances. Boryllium was selected for the gear-box
housing to more closely mateh the thermal espansion of the stainless-
bearings, and shafts. Silicone ol was used for lubrication. These gear-box

assemblies operated under high-vacuum conditions for periods up to 2 weeks and

steel gears,

with temperature excursions of 100°F without difficulty. A teardown inspection of

. the qualification model rebuilt as a spare flight wnit revealed the Y-axis gear
box had lost its antibacklash due to improper operation and running heyond the
sector-gear limits during  BIAS measurement.  However, the gear box assemblies
showed no degradation from thermal-vacuum or vibration testing.  Limit switches
and a cam on the sector gear proteet the gimbal assembly from overtravel while
making normal gravity measurements in case the TG was initially more than 15
degrees from vertical or aceidentally knocked over. However, the lack of a cam
in the inverted position of the Y-axis gear box made the gravimeter vul

when after being initially level during a BIAS measurement, the case was tipped
beyond 15 degrees during the measurement portion of this mode. Tne flight erews

were cautioned about this operational problem and an emergency procedure was

rable;

developed to reengage the gear train without anti-backlash in the event this problem

oceurred on the moon, which thankfully it did not.
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The limited-travel gear box design permitted the use of a flexible wire
harness to be run through the gimbal assembly, thereby climinating the need for.
Slip rings and allowing the use of coaxial shielded cables for the two VSA string
outputs in addition to the multiplexer output. Ball bearings lubricated with silicone
oil were used throughout the gimbal design. These bearings were preloaded to 100
pounds during assembly because of the antieipated 13- peak combined launch loads.
Ninety percent by weight of the mechanical parts were fabricated of mag-
nesium because stiffness rather than stress was the limiting design parameter.
All mechanical parts were machined from bar or tooling stock to reduce total
manufacturing
could be fabricated in a week.

me and tooling costs. As an example, one completed isoframe

A detailed stress analysis of the instrument and isoframe was performed by
Littleton Rescareh and Engineering Corporation. The analysis included static
dynamic, and acoustic Inputs. Summaries of this work may be found in reports
C=207-1 through C-207-5 from this company. Teledyne Materials Research
supported the design and analysis effort with mechanical testing of materials and
components. The results were transmitted in their biweekly letter reports.




SECTION 7

THERMAL DESIGN

The concept for thermal control of the Lunar Traverse Gravimeter Experi-
ment package is that the gravity sensing and other control eloments are thermally
isolated from the outer environment while a discrete path is provided for rejection
of absorbed as well as internally gencrated heat. Inherent in the thermal desim
are mechanical constraints of low weight and volume. This section summarizes
only the key points in the thermal design; many details associated with the thermal
design and its modeling will be found in Appendices C, D, and k.

7.1 Thermal Requirements
The basie requirements of the TG thermal design were the following:

(1) Control the temperature of the Vibrating String Accelerometer (VSA)
and critical measurement eircuitry which is temperature sensitive to
a preseribed temperature with sufficient stability that temperature-
induced gravity errors are a small part of the total error budget of the
instrument. It was determined that the VSA should operate at approxi-
mately 122°F and remain within +0.01°C throughout a lunar extra-
vehicular activity (EVA) while the external environment can vary from
100 to +250°F

(2)  Choose a battery size such that it is adequate for the worst possible
‘mission in terms of electrical power consumption.

(3 Provide an adequate thermal environment in which electronic compo-
nents and modules as well as mechanical equipment can function
reliably.

The thermal environments for which the TG was designed were specified by

two parameters:

(1) The predicted thermal response of the Lunar Module (M) Quad 111
feology pallet during translunar stowage in the hottest and coldest
missions. This information was supplied by Grumman Acrospace
Corporation, the Lunar Module contractor, based on computer model



predictions. Figure -1 is a plot of the worst-case hot, nominal, and
cold pallet temperature histories during translunar stowage and the

post-touchdown thermal soak-back period prior to instrument removal.

i clevation angle with respect to the lunar horizon during the lunar

These angles were specified for each type of mission at the time

of landing as follow:

Hottest Mission: 20.3 degrees
Nominal Mission:  13.3 degrees
Coldest Mission: 6.8 degrees

During the lunar stay, it was required that the TG ride on the rear of the
LRV pallet during periods of extravehicular activity (EVA). An additional degree
of experiment flexibility, however, dictated that the TG be easily removed from
and replaced on the pallet in case it was deemed necessary to make all gravity
measurements on the ground due to excess LRV motion. Therefore, two distinct
mounting configurations were required of the TG; the hard-mounted transhunar
stowage ride which must withstand launch and lunar landing, and a less restrictive

removable mounting for the lunar phase.

Once the LM had landed, initiating the lunar phase of the mis:

on, it was
required that the TG be able to survive the hottest or coldest Quad 11l soakback
temperature history (Fig. 7-1) for a maximum period of 17 hours and function
ing the remaining lunar phase. The 17 hours was predicated on a r
16 hours from landing to astronaut egress followed by an estimated 1-hour period
before the TG was removed from Quad Iil. The subsequent lunar time line was
defined s a 6-hour EVA followed by two T-hour EVA's with 14
after the first and second EVA.

du i of

r rest perids

At no time during the lunar stay could the TG thermal-control requirements
impact the parking attitude of the LRV, Furthermore, it
that the thermal control of the TG require o minimum of el part

of utmost importance

n emphasis ruled heavily against a deployable sun shield
face Reflectors (OSR's) which must be constantly dusted.

1 General Deseription

The thermal design finally chosen for the TG employed two key uniquenesses
of the experiment to full advantage.

First, the fact that the TG was easily rei.ove

able from the LRV pallet for gravity measurements on the lunar surface enabled the
instrument to be pla g rost periods.
Second, the gravity data which wa read in real time from the TG display by the

astronaut could also contain thermal

ced in the shade of the LA for cooling dut

ormation. With sueh information, the






sition of which caused immeasureably small impact to the astronaut's time
line, real-time recommendations could be made by

acq

ound personnel should the

instrument's function becoms

danger for thermal reasons.
Thermal control was obtained from the time of launch to the completion of
During stowage in the LM Quad 111, hard-mount |
the protective outer blanket and yet did not compromise the control capability.

s penetated

During the lunar phase the TG was designed such that therraal control was com=
pletely automatic during
completely enclosed by the thermal blanks

en the hottest or coldest KVA. AL that tire the unit was

. isolating it from the heat and dust of

the lunar environment. During

periods, it was placed in the shade of the LM

and its radiator exposed to outer sp
capabilities afforded by the LM shade during the relatively long (14-hour) rest
the overall instrument thermal design centered on building sufficient
fon into the TG that it could survive the hottest EVA with no cooling
lot, Samples of the TG

 for cooling. With the high radiative cooling

periods

thermal isol

required for up to 7 hours while in the sun on the LRV p:
thermal response are found in Appendix D.

gure 72 will help to deseribe the theemal design and will be referred to
in the following sections. Basically, the desired thermal isolation from the

external environment was derived by a double oven on the inner structure surround-
ing the VSA, both of which contain temperature-control capabil
the complete outer surface of the TG was enveloped by & high-performance multi=
layer thermal insulation system. The details of the whole design will be found in

ot

5. In addit

the following sections .

7.3

Inner Structure Design
The TG inner structure refers (o the Vibrating-String Accelerometer
(VSA), Precision Oven (P, and Intermediate Oven (1).

The precision oven is a thin-walled body of revolution which houses the VSA
and the VSA amplitier. Machined from magnestum stock, displayine fairly good
thermal conductance (5,75 Btu/h-in. ~F), this unit displays negligible circumfer=

th the low heat-flow rates involved, Because the

ential temperature gradients e

VSA dissipates a very low level of constant power (approximately 10°
possible to use the P oven as the primary means for temperature control rather
than the VSA itself.

watts) it is

A .65-watt electrical heater is bonded to each end of the P oven for thermal
control at 122°F & 1°F with an aceuracy of better than + 0.009°F. A temperature
of 122F (50°C) was selected as the minimum sensor temperature which would
permit o heat-rejection temperature-control mode in the hottest enviropment. The
VSA is mounted with the P oven using an aluminum flange for good coupling. It is
estimated that with a vacuum of less than 10 ° torr, the thermal resistance between
the VSA and P oven is approximately 2°F /watt.

£
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Within the P oven, and thermally attached to the P-oven structure, is the
amplifier for the VSA signal. The heat-dissipating transistors (power transistors)
of the P-oven temperature controller are also mounted directly to the P-oven
steucture, The VSA amplificr is housed herein for temperature stability, The
driver transistors are installed here in order to minimize th

Tectrical power
required for temperature control and also to make the temperature-control cir=
cuitey behave in 4 linear manner.

The sensor for the P-oven temperature control is a four-arm ae bridge
employing two thermistors in opposite legs and Vishay reference resistors in the
other legs. The thermistors are imbedded in drilled holes in the lower half of the
P oven. The Vishay resistors are bonded to the outer surface of the lower half of
the oven. The resistance of the thermistors is a nominal 810 ohms at 122°F. The
bridge is powered by only 1.6 volts (rms) in order to minimize self-heating effects.
The resultant bridge output sensitivity is approvimately 18.7 millivolts/°F. Ade

tional details are found in the electronic design section of this report (Section 5).

The surfaces of all ovens are gold plated prior o the installation of heaters
and components. The thermal radiative emissivity of the plating was measured at
0.041. Gold was chosen for its low emissivity and resistance to tarnishing and
degradation by handling.

Immediately outside the precision oven is the cylindrically symmetric I oven,
The P> and I ovens are thermally isolated from each other by three conically oriented
strings like three legs of a tetrahedron.

These strings are tensioned titanium rods
(0.010 inch diameter). C

ntered below the strings is @ high-thermal-rosistance
1g-1oaded hollow titanium ball mount used to tension the ttanium steings. Cal-
culations and test data both indicate that with a pressure of less than 10 o
thermal resistance between 1 and [ ovens is approximately 85°F /watt.

 the

Under certain conditions during laboratory tests it was desirable in order to
simulate outer-space thermal control to have a vacuum within the 1 oven. Therefore,
the covers for the supporting strings and the 1-oven flange are vacuum sealed with
O-rings. In addition, all wires fed into or out of the 1 oven passed through hermotic
feed-throughs. In this manner, @ vacuum pump may be put on an opening in the
bottom of the oven and a good vacuum achieved.

More will be said on this point at
the end of this section.

A 1.5=watt heater is bonded to each end of the outer surface of the 1 oven.
The heaters are activated in an on-off manner by a thermostatic switch when the.
I~oven temperature goes below 60°F.

Because the primary thermal isolation of the VSA from the outer world is

between the P and I ovens, this area is extremely sensitive to many effects. A fow
will be mentioned.



Residual gas pressure within the I oven can lead to molecular conduction and
4 degraded thermal impedance. Detailed mathematical analogs of the thermal paths
between the ovens showed that, at a gas pressure of 1 micron within the ovens, the
thermal resistance s reduced by approximately 17% over the value at zero pressure.
The gas may arise from adsorbed and absorbed molecules as well as evaporation of
volatiles such as adhesives. To minimize this problem, the ovens and all compo-
nents except the VSA are initially vacuum baked at elevated temperatures for
extended periods. In addition, after the VSA is installed the unit is kept under
vacuum as much as possible in order to avoid contamination and continue the
evaporative cleaning process.

A second effect, which caused major control problems, was that of the elee
trical wires between the VSA and the T oven and between the P oven and the I oven.
The wires caused the three following problems:

(1) Wires between the P and [ ovens seriously degraded the overall
thermal impedance.

(2)  The presence of jacketed wires on the outer surface of the P’ oven

contributed to radiative coupling to the I oven.

(8) Wires between the VSA and the I oven were heat paths which made the

VSA temperature respond to shifts in the l-oven temperature, inde-
pendent of the P-oven controller.

The first problem was solved by employing long=length low-conductance
‘manganin wires between the ovens. The second and third problems were solved by
heat stationing to the outer surface of the P oven all wires passing from or through
the P oven. A low-emittance alumirum tape (3M Scotch No. 425) was used wherever
possible to cover and fasten all exposed wires.

A steady-state 36-node thermal mathematical computer model of the inner
structure was created in order to explain and enhance the performance of P-oven
temperature control. The model accurately predicted temperature gradients within
the P oven as a function of the I-oven temperature as measured on a well-instru=
mented lab mockup.

Historically, early in the design phase, an important thermal=design require=
ment for the TG was that following its last earth-based calibration,the VSA should
never cool down from its operating temperature until the lunar mission was complete.
It was feared that large VSA scale-factor changes would result from thermal cycling
if the unit were to cool down and reheat, It was originally planned that the unit
would be kept under laboratory thermal control until 2 days prior to launch, at which
time it would be placed in the rocket. For the 2-day perioz on carth and the remainder



of the mission, the TG would control its temperature by internal battery power.
eve this goal while employing the same battery and heater sizes, it
in & high P-to-I-oven thermal impedance by keeping a

In order to acl

was necessary to maint
vacuum within the I oven while on earth.
break a membrane on the [ ovea in order to use the vacuum of space as a pump.
50 necessary for earth-based laboratory tests

After launch, a puncture device would

The vacuum within the [ oven was
in whick: it was necessary for test purposes to replicate the environment seen by
the VSA in a lunar mission.

A major problem was the achievement and maintenance of a good vacuum
day prelaunch period during which no I-oven pumping

within the [ oven during the
was available. In order to achieve a good I=oven vacuum, the covers for the suppor-
ting strings and the 1-oven mating flange were vacuum sealed with O rings. All
wires fed into or out of the [ oven were sent through hermetically sealed feed-
throughs. A pumping port and removable vacuum valve were designed for the |
oven. As mentioned earlier, all components within the I oven, except the VSA,
were vacuum baked in order to drive off molecules which could later evaporate and
degrade the vacuum. An Indium and rubber O-ring seal in parallel were planned for.
all f-oven O rings in order to combat the gas permeability of rubber. Periodic
titantum flash gettering was also contemplated as & means of enhancing the vacuum.

Due to an extension of the mandatory period on the launch pad to 7 days and
cket during that period, the

the wnavailability of external power to Quad Iil of the
TG battery had to be either enlarged o the thermal mission requirements altered.
In parallel, however, with the TG thexmal design, precise laboratory tests were
being conducted in order to determine the amount of the VSA scale-factor shift due
10 a cooldown from 122°F to 65°F and back again a week later. These tests showed
that the scale-factor shift was less than 5 parts per million; well within the insi
ment error budget. In light of changing requirements and the above test results, a
decision was made to launch the instrument cold and have a pressure-actuated
switeh turn the instrument on to the standby mode when the pressure within the TG
case dropped below approimately 0.2 atmosphere during the rocket ascent. The I
oven would then come under thermal control at 122°F within 3 hours. The long
translunar stowage period (110 hours minimum) would enable the VA to stabilize
Laboratory tests

at its normal operating temperature prior to lunar operations.
had further shown that a 2- or S-day period was required for the VSA to stabilize
after o thermal transient in order to minimize VSA bins drift.



7.4 Gimballed Structures
Enclesing the [ oven is the E frame, another cylindrical magnesium struc-
ture of similar design to the P and I ovens. The & frame is thermally isolated from
the I oven in exactly the same manner as that of the [ oven and the I oven. A
thermal resi
than 10 torr,

tance of approximateiy 47°F /watt was achieved with a pressure of less

Between the [ oven and & frame a thin thermal radiation barrier is placed in
order to enhance the thermal impedance (not shown in Fig. 7-2). The barrier is

vacuum formed from Lexan and subsequently coated with metallic aluminum by

vacuum deposition. The barrier helps to reduce the radiative coupling between

jacketed wires and high-emittance portions of both the | oven and the E frame. The

barrier contained numerous holes owing to the presence of the pendulums on the I
frame and other protuberances on both structures.

As shown in Fig. 7-2, two electronic modules are placed on each end of the
E frame. While in the standby mode of operation, only the temperature-control
module dissipates electrical heat. While the operate and measure mades, all other
E-frame modules are electrical heat sources, Bven though the £ frame is not s

well isolated as the 1 oven, it will u
from those of the outer housing. It is for this reason that the I {rame was chosen

lergo temperature changes much attenuated

for some of the analog electronics: which ineludes the amplifiers for the two, twa

degree-of-freedom pendulums and the P-oven temperature-control cireuitr,
After the analog signals are amplified in order to minimize errors, they are
multiplexed at the E frame. They are then sent to the analog-to-digital converter
on the housing.

External to the E frame is the Middle (M) gimbal, which houses the axis
drive for the E-frame trunnion. The M gimbal is a gold-plated thin- valled
‘ame modules. 1t is a trunnion which is

aluminun sphiere with cutouts for the k-
bearing-pivoted to the side walls of the external housing. The thermal impedance
between the E frame and the M gimbal and between M gimbal and case were both
measured to be approximately 9°F /watt. This value takes into account the parallel
heat paths of radiation and conduetance across the bearings .

7.5 Radiator

A major mode of heat expulsion from the instrument is via an external
surface radiator. The external radiator has a surface area of 12 square inches to
radiate to space. The surface is formed by contigously bonding segments of second-
ca) to a substrate of aluminum. The surfaces,

surface mirror material (fused
wwhen newly manufactured, display an absorption coefficient to solar energy. . of
0.083 and a normal thermal emittance of 0.842. When covered with lunar dust and



subsequently cleaned with a soft bristle brush, tests indicate that the resultant solar
absorptance, o, s less than 0.2,

If the radiator were not covered during times of LRV motion and local astro-
haut activity, it was felt that lunar dust would soon coat its surface and drastically
increase its solar absorptance. Constant radint. = dusting by the astronaut was
deemed too time consuming, Secondly, if « +- « cold mission, in which excessive
internal battery energy was being consumed fo.  icat, an uncovered radiator would
drastically increase this consumption. Therefore, for dust protection and mission
flexibility a dust cover was designed for the radiator. Because the TG could
accept all heat inputs both radiative and electrical during an EVA with no required
cooling, the only time the radiator dust cover would be opened was for cooling
during rest periods in the LM shadow. In the LM shadow, however, the low o of
an OSR is not necessary because there s no solar radiation. For this type of
mission the radiator could be a painted black surface with high values for botha,_
and €. 1t was, however, decided that for contingency purposes only a backup
means of deriving a level of cooling in the open sunlight should be incoryorated.
Thus, the inclusion of the OSR's on the radiator surface.

The 12-square-inch size was selected such that the astronaut could employ
one standard operating procedure for both hot or cold thermal missions. In a cold
mission, though, a larger radiating surface with the instrument in the shade of the
LM could lead to overcaaling and excess battery energy consumption.

A study was made to observe the cffects of the presence of the LM on TG
radiative cooling during rest perods. It was found that for the worst possible TG
location in the LM shadow, the I-oven temperature was 5°F hotter at the end of the
Lunar mission than if the LM presence were neglected. This effect was deemed of
small order.

Part of the design of the radiator involves the transfer of energy from within
the unit to the radiating surface, The design requires that the heat being liberated by
the E frame be radiatively absorbed by the spherical shell which envelopes the upper

surface of the E frame. In order to maximize this coupling, the inner surface of the
hemisphere was painted flat black and the end surface of the E-frame modules was
of @ bluck electronic conformal coating. The heat received by the hemisphere i5
conveyed to the external radiating surface via a hollow rod of aluminum with a
cross-sectional area of approximately 0.1 square inch. At the top surface, this
rod attached to the 12-square-inch rectangular radiating area to which the second
surface mirrors are bonded (see Fig. 7-2).

Considerable design offort was expended in mechanically mounting and yet
thermally isolating the radiator assembly from the case structure such that as the



radiator expels heat it draws a minimum from the outer housing. High-strength
epoxy fiberglass laminate (NEMA G-10) material was used for three hemisphere
mounts and two upper radiator mounts. A net thermal resistance of approximately
39%F /watt was achieved between the radiator assembly and the case.

7.6 Case and Case-Mounted Electronics

The outer case structure is composed of basically two distinet parts: the

buse housing on which all mechanical components are mounted, and the case covers.

Al such parts, fabricated of magnesium, are buffed and gold plated on the inner

surfaces and nonbuifed gold plated on the outer surfaces.

The base housing itself is machined from a solid plece of magnestum and
has an average wall thickness of approximately 0.060 inch. For the heat-flow
involved in the 1., the case was found to be approximately an isothermal boundary.

tes

In order to provide a smooth surface on which the multilaer insulation
thermal protection system or blanket could readily mount, the recessed a
the outer surface of the base housing were filled with a semirigid light-weight foam
and all sorews were flush flat-head screws. ALl mounting holes for external
members such as feet and handles contained flanges that were flush with the outer=
housing dimensions. In general, the inner portions of these penetrations were

case surface.

raised bosses on the inn
The case itself acts as a heat sink for three heat-dissipating electronic
fmodules; the power supply. crystal oscillator, and logle-display analog-to-digital
(A/D) converter. Table 7-1 lists all module powers in different operating modes .
A portion of the power supply contributes heat throughout the mission in the standby
mode in order to provide power for P-oven bridge excitation. In the operate and
measure mode, considerable power-supply heat is dissipated,  Negligible heat is
dissipated at the erystal oscillator during only operate and measures modes of
operation. The logie-display A /D converter dissipates no power in the standby
mode, low power while in operate mode, but considerable power during measi

and display modes.

The nine-digit display employs light-emitting diodes (LED'S) which exhibit
a decreasing light output intensity with increased temperatures. At temperaturc;
of 175%F the output intensity of most LED's is approximately half the value emitted
at 759, Because of the high level of ambient light on tae moon in sunlight, combined
helmet sun filters, it is of utmost

with the visually degrading effects of the astronau’
importance to maintain a high value of LED light output. The large mass of the dis-
play module was used as the immediate LED heat sink. Special LED mounting sur-
faces were machined on a thickened portion of the aluminum display-module housing.
The module was itself well coupled to the TG case as a heat sink. By such action,




TABLE -1

ELECTRICAL POWER DISSIPATIONS (IN WATTS)
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Mode | [Ftandey Monsure | Disploy. Av, of Operate
tovaze. | . 05 sekona
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Phase-Lock Loop R 0.01 R o
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1305
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the modules were kept well within acceptable limits for all types of thermal
missions. More details on the mechanical design of the display are included in
Section 8 where human-factors design considerations are discussed.

A thermal constraint was, however, imposed on the use of the display. Each
© the data was displayed for approximately 13 o 18 seconds the LED's would
dissipate in excess of 11 watts of power very locally, In development tests, It was

found that near the LED location the temperature would rise approsimately 5°I' per
display reading. Right at the LED'S the temperature change was not known but was
folt to be considerably higher, Therefore, for reliability and maximum LED per-
formance, it was recommended that no more than two successive displays be
initiated. 1f a third display was required, a wait of at least 2 minutes is necessary.

7.7 Battery and Phase-Locked Loop
The TG power source is a 45 ampere-hour (nominal 7.5 volts) silver-zinc
secondary (rechargeable) battery. It is placed in the bottom portion of the TG for

mechanical stability. The batt ry size is dictated by the power requirements for

thermal control In the worsi-case cold mission.

Because the battery exhibits a sensitivity to temperature, efforts were
made to control its thermal environment. At high temperatures, self discharge
within the battery posed a problem on overall life expectancy.
design goal of keeping the temperature below 125

easily

achievable

was specified. At low tempera-
tures, the coll voltage decreases, again limiting the amount of energy that can be
derived. More important, however, is the fact that in the TG certain voltage
regulators require a minimum driving voltage in order to function. As a result, a
‘minimum battery temperature of 40°F was specified. To ensure this, a 1-watt heater
controlled in an on-off mode by a thermostat, was installed in the battery. The

maimum duty cyele on the heater, under the coldest conditions, was estimated to

be approximately 2/3rds, leaving a 50% heater power margin. An overly large
heater was not selected for fear of causing large voltage changes at the battery
turmed on. Such changes could potentially
and measucement cireuitey on the fnner st

fuence the sensitive electronic control

cture, This same fear existod on the
heater selection for the [ oven. In selecting the battery heater it was estimat «d that
battery self-heating due to iniernal resistance was negligible. Because the battery
contained a heater it bocame a factor in the system power budget, necessitating
fo0d thermal isolation from the surrounding case structure.

The temperature- «. sitive phase-locked loop filter was mounted to the
upper surface of the battery in order to achieve thermal stability. The phase-locked
loop is sensitive o rates of lemperature change during a measurement and not to
the value of temperature itself. 1t was located on the battery for three reasons:



(1) 1t is too large to put on an inner structure member or E frame.

(2) It could take advantage of the large thermal mass of the battery in
order to minimize its time rate of temperature change.

(#  1t's own electrical power dissipation can augment the battery control
power required in a cold mission, minimizing the total energy
consumed.

A maximum rate of ‘emperature change of 0,02°F /minute was obtained.
The presence of the phase-locked loop further emphasized the desire for the thermal
isolation of the battery from the case. The battery Itself was mounted to the case
with hollow plastic (NEMA G-10) standoffs which exhibited a total thermal conduc-
tance of 0,092 Btu/h, °F. The outer surface of the battery was buffed and gold
plated. The phase-locked loop module was potted within its housing and covered
with low cmittance aluminum tape in order to minimize radiation interchange with

the case. The total radiative view area from battery/phase-locked loop and the
case was approximately 0,0507 square feet; which, when combined with the thermal
mass resulted in a first-order thermal time constant of 75 hours relative to the
TGE case.
7.8 Multilayer Thermal Blanket

Al external surfaces of the TG are covered with a multilayer thermal
protection system or blanket designed jointly with, and fabeicated by, the Arthur D.
Little Company of Cambridge, Massachusetts. The blanke is a critical component
in the thermal performance of the TG because it minin:
of the case to extornal thermal changes and therefore enhances the performance of

zes the thermal response

not only the eritical inner structure, but also the case=mounted modules. In an
instrumented test, the thermal blanket displayed an overall effective emittance
(including covers) of loss than 0,01, This offective emittance can be seen in the
following radiative equation for heat flow rate as a function of temperature diffc
ence:

a0 Ay e T - Tyl

where
o ® lanket effective emittance
A, = blanket surtace area
T, blanket surface tomperature
Tyyse " TG case temperature
o - Stefan-oltzmann constant



The above emittance produced an equivalent linear conductance through the blanket
of approximately 0.07 Btu/h -°F at a 100°F case temperature.

The body of the blanket is 3/8-inch thick and contains 10 layers of double.
aluminized mylar, each layer of which is spaced apart by 2 layers of dacron bridal-
veil material. The outer susface of the blanket is an enclosure of 3. 2-ounceweight
blue dacron cloth for abrasion resistaice and as a container for the blanket itself.

The blanket assembly is basically two separate pieces which mate at a part-
ing line around the lateral surfaces of the TG, In order to assemble the blanket
to the TG, first the top portion of the blanket is installed as a unit. Subsequently
the TG is inverted and the lower portion is interwoven at the parting line layer=
by-layer. The parting line itself s distributed in the form of five staggered steps
of 2 aluminized layers per step over a distance of approximately 1.5 inches. This
means of assembly is simple and yet minimizes radiative leakages at the parting
line. The parting line of the outer dacron cover is sealed by a hand lacing with
nylon cord. Lacing is employed in favor of a zipper because it is less bulky.

An important feature of the blanket is the fact that the three push-buttons in
the display avea are activated by pushing on the outer surface of the blanket in 1=
inch circular spots labelled BIAS, GRAV, and READ, The force for bution depres-
sion s transmitted through the blanket itself. This design feature mini vz s

blanket penetrations and therefore heat leaks.

In order to provide the force for button activation with minimum compression
and damage to the blanket, the button areas contain dises of rigid foam stitched into
the blanket., Good blanket fatigue life with such a design was observed.

anket has four large and eight small penetrations

The main body of the b
The large penetrations are for the display and radiator, over which hinged cov
mbal mounts . over which removeable cups

are sewn; and the two ends of the outer
adiator covers ave fabricated of five layers of

are fastened. The display and
emed vacuum-coated polysulfone plastic spaced apart by a low conductance
The covers overlap the main body of the blanket by approximately one-
half fnch in order to minimi:
covers are pivoted on plastic
The launch-load hold-down for the covers is by a removeable orange

¢ thermal short circuits by the blanket surface. The

inges stitched into the blanket itelf and fastened to

the covers.
Velcro piece which is discarded at the lunar surface. The cover fastening for
Lunar operations is by a soft magnetic latch which provides a latching force of
approximately twice the earth weight of the cover. This latch is not strong enough
is resting on the lunar-

to overturn the TG when the covers are opened while the
held open by an arm which bears o magmet that

surface. The display cover

contaets a pole piece on the top surface of the blanket when the cover is pivoted 90

degroes.



A light is mounted in the top surface of the display cover which indicates
\when the instrument is levelling itself (flashing light) and when a measurement is
being made (solid light). The light is mounted to an aluminum heat sink which
distributes the electrical heat throughout the top of the display cover.

The other large penetrations to the main blanket body are the outer gimbal
mounts. These cup-shaped covers also consist of five layers of vacuum-formed
vacuum-coated polysulfone plastic with each layer separated by two layers of bridal
veil and a layer of double aluminized mylar. The gimbal-mounted covers are
separate portions of the blanket which are installed as the layers of the lower portion
of the blanket are installed.

The eight small blanket penetrations comprise three hard-mount penetrations
two of which are used for soft mounting during lunar operations; two handie pene-
trations, and three bottom penetrations for the feet. The following is a tabular
breakdown of the heat leaks through the blanket due to the small penetrations:

Penetratio Quantity
Hardmount [Softmount 3
Handle 2
Feet 3
Total O

It can be seen that the penetration conductance is small compared to the equivalent
blanket conductance of 0,07 Btu/h- F.

Polysulfone plastic was chosen for all vacuum-formed portions of the blanket
because it exhibits good strength properties up to a temperature of approximately
325°F. Lexan plastic was ruled out because its softening temperature is approxi=
mately 260°F., 1t can be seen by an analysis in Appendix C that thermally black
adiabatic vertical surfaces looking at a flat hot moon can attain temperatures of
close to 280°F when receiving simultaneous solar input and radiation from the moon.
The sun elevation angle at which one would obtain a maximum temperature on a
vertical adiabatic surface much ke that of the blanket is 26.6 degrees. Al TG
missions, whether cold or hot, could have been exposed to this sun elevation angle.
It was feared that either the side cones or the front of the display cover could
soften and distort under such conditions. As a result polysulfone plastic was
adopted for all plastic parts of the blanket,




isual Thermal Performance Indications

Based on the interface information provided by the Grumman Aerospace
Corporation specifying temperature bounds on the Quad 11l LRV pallet (Fig. 7-1)
the thermal design as described was very adequate to achieve the mission require-
ments. It was, however, desirable to receive positive confirmation of thermal
In addition, if the interface temperatures were

performance during a real mission
altered late in the program or in error, the thermal mission could be marginal or
¥ to implement lunar-surface con-

in jeopardy. Furthermore, the real-time ability
tingeney procedures pointed out the need for knowledge of the TGE thermal conditions
and safety margins.

As described earlier, the fact that the astronaut would manually read gravity
data and voice it to earth in real time provided a simple means of simultancously
receiving thermal information. The Last two digits of the nine-digit data display
were chosen as coded thermal information. The coding is given in Table 7-2. The
both the sign of the ninth digit and four gross thermal conditions
None of the cight-digic

eighth digit codes
on the instrument; nominal, cold, warm, and very warm.
indications can alone specify a failure or even a time of failure. They can, however,
give an excellent indication of the goneral thermal health of the instrument. If the
time s known when the indication changes from one condition to another, s will b

scen later, thermal-math models enable the prediction of the safety margin or the
expected time before o thermal failure occurs.
A cold indication is rogistered by a thermostat on the battery which activates

This thermostat is the second one found on the battery.

for temperatures below 47
Using one for control during a cold mission and one for cold-mission indication
ontrol thermo-

eliminates electronic logic which would be associated with the 40°F
stat. The battery was selected for the cold-alarm switeh because in a cold mission
the battery energy output and the control of its own temperature is of major impor=
tance.

The warm indication is dexived from a thermostat mounted on the | oven
1f sueh an indication i scen, it

which closes for temperatures in excess of 0
i5 felt to be a good sign in that the unit is not in danger of overheating and yet

heating.

minimizes battery energy required fo
If the battery temperature 1 above 17°F and the I oven is below 95°F, o
This s the most desirable type of mission

v and is indicated by cither

nominal thermal mission is indicated.
from a battery-power and thermal-control point of vi
a 7ero or one in the eighth display digit. A zero was observed throughout the

Apollo 17 lunar mission.
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The very warm indication (6 or 7) is again derived from a thermostat on the
1 oven which activates when the temperature is nominally above 110°1.
s included primarily to indicate the status of the I oven immediately upon removal
from Quad IIl._If the L-oven temperature is above 110K at the heginning
of the first EVA it was a mission rule that the astronaut place the TG in the shace
of the LM and not take it on the first traverse. At the completion of the first EVA

alarm

of the

and rest (20 hours total),the TG 1 oven should have cooled below 110°F such that
it should be able to complete the remainder of the mission normally.

As seen in Table 7
increments the precision oven temperature has deviated from its
Each digit represents an increment of 0.000°F. The sign of this increment is coded
into the eighth

the 9th digit of the display represents how many

nominal sel point.

who were

During the flight of Apollo 17, personnel from hoth NAS
cognizant of every phase and function of the TG, were present in Mission Control in
Houston. Any anomalous temperature behavior, as shown by the fth and 0th digits

could have been interpreted by these personnel and recommendations made.

10 Apollo 17 Mission - Thermal Results

Yon 7 December

The Apollo 17 mission finally launched at 0:
1072 after a 2-hour-i0-minute hold. ‘The translunar stowage thermal pred
al time, The timeline

4 hours: (i

shown in Fig. 7-1 was supplied by Grumman personnel in
i completely nominal in that time lost during the launch pad hold was made up
1t can be seen that at the time of landing (14:55 hours,

during the translunar phas
EST. 11 December 1072) the LRV pallet temperature was estimated to be 211,
sion (see Fig. 7-1) estimated that

remission thermal predictions for a nominal n

the pallet temperature at 1o

ding should be approximately

wal response

Figure 7-3 is a computerized estimate of the lunar mission th

from the time of landing baged on the initial conditions established by the full ¢

- stowage history. 1t can be seen that approximately 5 hours after landing, the
e in

: was removed from Quad 111, the hardmount pins removed, and the unit pl
the operate mode for EVA 1. At no time during the lunar mission did the 1=oven

temperature reach o

5°F to indicate @ warm mission, nor did the battery temperatur

drop to 47°F to indicate a cold mission. The mission was completely nominal. This

face data reading for which @

fact was borne out by every lunar su
the eighth display digit every time.

jon, always reading a digit one. Thus, it is concluded that Apollo 17

he ant during the

ath digdt was similarly

experienced a slightly colder than nominal mission and the P oven controlled within
0.005°C throughout the lunar mission.
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SECTION 8

HUNMAN FACTORS

ht-crew-operation considerations impacted the gravimeter design in
The two prime

several areus hesides the obvious size and weight constraints.
human-factor-engineering problems were the development of the inetrument display
panel and the lateh for securing the gravimeter to the isoframe on the geoloay pallet.
A ved light-emitting diode (LED) display was selected early i the program
mitting efficiency and for direet-

for low-cleetrical-power requirements for light-
avive compatibility with the digital logie, A display breaduoard wa built and tested
in a brightly sunlighted ambient. This breadboard demonstrated several serious
problems in visibility (readability). These problems consisted of several different
characteristics but could be grouped together as exhibiting poor display "contrast”
The objectionable characteristics observed wore:

under the test conditions.
condary

1) bright first-surface reflections from the faceplate, 2) objectionable
3) poor backgs ound color (white/grey) of the LED background,

(internal) reflection:
and 4) internal light seattering.

Readability of a display can be expressed by measuring the brightness of a

display and the brightness of the background and comparing them as a ratio. This

ratio i called "contrast.” More epecifically. contrast () is

1)

where
B = the brightness of the LED character
B, = apparent brightnees of the hackground

ing the brightness of the

From this equation, contrast can be improved by inc
display or by decreasing the apparent brizhtness of the background.

A red or grey filter is normally used for this type of display to suppress the
However, a filter of this type absorbs 75

undesirable characteristics noted above.
The traverse gravimeter display could not

10 00% of the light emitted by the LED.



tolerate a loss of this magnitude under the brightiy sunlighted ambient of the lunar
surface. A display system was utilized which uses no light absorbing filters.
Figure 8-1 illustrates the design features of the gravimeter display panel.

In order to enhance contrast, B was increased by selecting LED's for maxi-
mum light output (efficiency). This increased the brightness by 50%. The apparent
background brightness, B, was improved by using a dark substrate and coloring
the adjacent microcircuitry black. The first-surface external reflections were
minimized by tilting the display faceplate 20 degrees to the Line of Sigit (LOS).
The reflection of the observer's LOS was thereby directed to a black surface (the
underside of the display cover). The LED display was recessed into the traverse
gravimeter 5o that the observer was looking into a shallow dark well. This limited
the observer o a 20 degrees viewing angle but greatly enhanced the readability.
The stray 1'2ht in the system was trapped in a seven-layer baffle (see Fig. -1).
Finally, the scattered light from the LED was minimized by painting the LED
package ex:erlor black except for a small viewing window.

Field test results indicated the gravimeter display was difficult o re. 4 when
ot shaded from direct sunlight or under bright diffuse lighting conditions. No
trouble was anticipated during lunar operations because there would be no atmos-
phere and shadows would appear black. During the mission debriefings, the crew
was asked for their comments which confirmed our design assumptions. Indeed,

the erew said they would recommend this type of display for future spaceflight
applications. By careful attention to preserving light transmission and enhancing
contrast. a light-emitting diode can be designed for a high ambient-1ight background.
The mounting system which attaches the traverse graviteter 1o the isoframe
has two modes of operation. The first is the launch/boost phase or “hard mount"
and the other is the Lunar Rover phase.
In the first, the traverse gravimeter is rigidly attached (o the isoframe by

means of stainless-steel mounting pi

s secured into stainless steel bushings in the

TG base housing by means of ball-lock (PIP) pins. (The ball-lock pins and mounting
pins are conneeted by a lanyard which is pulled by the astronaut.)

There are three bushings in the base housing; one in each side, and one in
the bottom. No effort was made to thermally isolate the traverse gravimeter from
the pallet in the launch/boost mode, but provisions had to be made in the mounts to
provide this isolation on the moon.

Fastened to each bushing s a thin walled (0.030-inch) tube made of laminated
epoxy glass (NEMA G-10). When the "hard" support pins (concentric with the G=10
tube) are removed by the astronaut, the two side mounts "drop” a small distance
(0. 020 inch) and come to rest on small lips of the support fitting mounted on the







isoframe. These side mounts provide thermal isolation between the traverse
gravimeter and the isoframe, and at the same time provide structural support for
the Lunar Rover environment.

carrying handle is used to secure the traverse gravimeter in pla.
Rover (sec Fig A cam is fastened to the p
free when the handle s vertical
ward)

o on the

ot portion of the handle which is
tated (about 45 depr os for-
e cam comes in contact with a spring (on the isoframe
handle is in contact with the isoframe, the

When the handle is

ting). When the
prir

@ lug on the spring comes in contact with the NEMA G-10 side mount

Thus,
ravimeter is prevented by this attachment. T
e the TG from the Rover, the
1 position

upward metion of the traverse

rele

© this lock, and remo

astronaut must rotate
the handle to the verti




Ta prevent rotation of the traverse gravimeter about the side mounts the two
ned by brackets mounted on the isoframe, System

back feet (of the TG) are
constralr . .ere due to operational, thermal, and volumetric requirements (both

on the Rover and in the LM).
Operationally the requirements were for one-hand operation (by the astronaut)
alling the traverse gravimeter. The release forces of the

handle and pins were subject to astronaut approval.
The design was influenced by thermal consideration because of the thermal

isolation required on the moon, Also, a minimum number of penetra’  though

the thermal blanket was essential. The handle had to be mounted to the '«
of a thin-walled NEMA G

mea 10 cylinder, since it contacted the isoframe.

There was also a volume constraint. The volume in the LM storage area was
bounded by the pallet earrying handles. Thus , the handle on mounts could not
traint was the vlearance

exceed those limitations. On the Rover, another r
required between the traverse gravimeter blanket and the Rover fender, when the
pallet was rotated 90 degrees. Because of this, the TG (and the mounting system)
had t0 be located as close to the pallet as possible.

‘The gravimeter was removed from the Rover six times during the flight.
‘The flight commander commented during EVA 1 that remounting the gravimeter was
a "piece of cake." During EVA 3, Captain Cornan mentioned that the accumulation
(dirt) was making "even the gravimeter more difficult to relatch.

of lunar
The gravimeter attachment proved very reliable as on previous field trips over
rough terrain. When the geology pallet swung open, while the crew was driving the
Rover between Station 9 and the Lunar Module, the traverse gravimeter remained
secure although other tools were lost as the tail gate undoubtedly swung back and
forth against its stops.



SECTION 9

INSTRUMENT ERROR ANALYSIS

The gravimeter error analysis describes the component constribution to
system errors. The analysis takes into account all known major error sources.

9.1 Background Notes

The vibrating-string accelerometers produce a signal (the difference fre-
quency of the two string outputs) that can be expressed as a series in gravity.

ate 1

b K g Kygh e Kog® b -
Kot Ky + Kp® ¥ Ko’ (0-1)

Af = difference frequency

Ky = bias (12)

¢, = scale factor (Hz/g)

2nd order correction term (Hz/g’)

K = 3rd order correction term (iz/g")

For the data reduction, K, and K will be used (higher order terms are
negligible), but for the error analysis, we can consider

at= KoK (0-2)

In the instrument error budget, Ky 15 called the VSA "blas" and K, is the
scale factor. "

9.2 VSA Shock Sensitivity

We can find the VSA sensitivity to mechanical shocks as follows:

ar
]
1
e for K, constant -
- b (8K for K, constant (9-4)




o Lt
ax @ky) - =12 (K for K, constant (9-5)

K,
K7 (1291

To keep the absolute error in @ gravity measurement less than 5 mgal,
therefore, the scale factor shift during launch must be less than 0,012 H /.

fon testing indicated that a worst-case scale-factor shift was 0.0003
/g, so that thi

term can be reasonably ignored.

To keep the same 5-mgal error however, the bias shift would need to be

< than 0.00065 Tz Since vib

fon testing indicated this shift is quite possible,
provision was made for measuring and updating the bias on the moon to correct for.

a launch shift,

(Field tests indicated that Rover vibration and gravimeter de

loyment wer
below the throshold for causing bias shifts, and normal procedures did not plan for
bias updates at each traverse station. Post-flight analysis implied, however, that
Rove

s were the

deployment s eatest error sources although no exact cause

could e found. )

0.3 Alias (vSA)

This is the random portion of the bias term which is not reflected in the
linear bias drift equation. The 10 value of this term is provided by regression

o function of time on actual VSA's which are temperature

cantrolled to about £ 0,001°C. A typical value of the ABias is 0.1 1

for a good

instrument
0.4 Aliins ag 1) (VSA)

This ter

is the chiange in bias due to change in temperature of the VSA.

hat the act ature

1 temperature of the VSA is the indicated ten;

+ 0.01%C and is cqually likely to he anywhere in that range.

002 g s’

" (0
Temp 8l

5 meal/°C fora
0.03

A typical value of the tempe
nt. Therefore, the 10 value for ABias {(T) is (0.006) (5

sitivity of bias

o instr

¢ibuted random varisble between a and -a, the standara dev

For

uniformly




9.5 ASE

Determination of the linear scale factor by a least-squares regre
actual data taken from good, but typical,
for by the rogression equation. The 10 value for SF is 0.04 ppm. The con-
stem measurement error then s a linear function of the value of &
being measured. Therefore, on the moon, the 10 error term should be:

sion to
s leaves a random portion unsccounted

tribution to 5;

(.00 10™% (1.6 1

mgal) = 0.0064 mgal -1

9.6 ASEHT)

Using the same value for the 1o temperature deviation as in8Bias £ (T),
and using the ASF assumptions as before, we can caleulate the measurement error
which i a function of temperature.
ale factor to changes in temperature is typically 35 ppm/°C. On the
moon, the 10 error value it

due to the change in scale facts
tivity of &

(35) (10°%) (0.006) (0.16) (10°

0.035 mgal (0-8)

9.7 Leveling (cos )

This is the error term due to the slight offset of the VSA input axis from
vertical. The pendulums level the gimbal assembly to within & 3 are minutes of
their null. There is, in addition, a slight angular offset of the pendulum null from
the VSA input axi

Appendix F details the derivation of the following error. With the typical
pendulum-VSA angle of 1 are minute and a typical pendulum deadband of + 3 are
minutes, the standard deviation of the gravity measured will be:

7* 0.04 mgal (moon) (9-9)

9.8 Quantization

There s a slight loss of accuracy in the measurement due {o the digital
readout. The quantization (mgal/count) can be considered a range over which cach
count may be. 1f we assume a uniform distribution, then the variance o” i found
by

o 8 (-10)



Q = quantization in mgal
o - standard deviation in mgal

chart in Appendix C)
For typical cases

2+ 0,002 mgar? (moon) (9-11)
9.9 VSA Amplifier Power-Supply Sensitivity

Tests indicate that good but typical VSA amplifiers can show a sensitivity
of approximately 0.4 ppm to changes of 0.
SA amplif
hoise of the power supply is about 0.04% (this would affect short=term repeatability).
Again, taking the most conservative distribution (uniform) the 1o value of power

Q4% . g,10m
12

% in power-supply voltages. The powe:

Supply outer limits on voltage is + 1/4%. The short-term random

Supply changes would be

045109 105) B8 - 0,08 g

9,10 VSA Amplifier Temperature Sensitivity

VSA amplified temperature sensitivity is 2 mgal/C so that the 10 gravity

ervor on the moon is
(21°C) (0.006°C) 5 0.012 mgal @-13)

.11

Slow- Loop ias Uncertainty

The slow-loop uncerta
in the phase-locked loop. Earth tests imply a 10 value for the phasc-locked loop

ty is a shift around any constant lincar bias drift

of 0.5 mpal on earth, which becomes 0.1 mgal on the moon.
0.2 Environment

\We conservatively pick 0.1 mgal as a 10 error due to Rover vibration
(or cquivalent surface motion). although the curves in the appendix show this as
maximum' level. (See Environmental Error Analysis, Appendix G).

.13 Summar

In evaluating the resultant total system error, it should be kept in mind that
the summation in Teble 9-1 implies that all the terms are independent. Obviously.
there will be significant correlations between the three terms which are (unctions



of temperature. However, these terms are all relatively small, and therefore
their correlations should not add significantly to the system error.

Finally, it 16 reasonable to treat the resultant system error as normally
distributed (by Central Limit Theorem) which therefore implies that approximately
68% of the time the system will operate within the + 1 errors derived in Table 01,

TABLE 9-1

SUMMARY OF ERRORS

Moon
Term Source “ B

' Bias o1 | .00

2 ABias (1) 0.03 | 0.0000

3 Gase o.01 | o.0000

4 G ASF () 0.035 | 0.0012

s Leveling 0.04 | 0.0018

6 Jitter 0.10 | o0.0100

7 Environment 0.10 | 0.0100

] Loop Bias 0.10 | 0.0100

a VA Amp£(PS) | 0,04 | 0.0016

10 Quantization < | o.0002

n VSA Amp £ (1) o.012 | 0.0001

Total (0, | 0.0857




The Traverse Gravimeter was designed to be a completely self-contained
instrument for measuring lunar gravity differences of one part in 10 million. 1t
was planned that the unit would operate for 15 days, sealed in a protective blanket,

using the vacuum of space to provide adequate thermal isolation for the prec
oven assembly around the vibrating-string accelerometer (VSA) used as a gravity
sensor. 1t was, therefore a very difficult instrument to test in the one-g air-filled
carth environment.
After the basic des
‘mockeup testing, an engineering model was built to preliminary flight standards.

n was verified by electrical breadboard and mechanical

This model provided the first test of the gravimeter as a working system. The unit
was continually updated, throughout the test program, 1o the latest flight hardware
design, and proved quite useful in test evaluation and concept verification.

10.1  Performance Tests

Provision was made for general performance testing by including a vacuum
fitting in the intermediate oven design, thereby allowing the double-oven tempera-
ture-control system to maintain a stable temperature for the VSA. A different
countdown logic was also incorporated to scale the accelerometer output on earth
for the display format of the lunar mode. Pressure-switch bypasses and an
external power plug completed the te. . ification.

The initial performance tests with the ung tieering model were 6-hour
stability tests made on a large granite slal _solated from the surrounding floor.
These tests checked gravimeter drift and determined the standard deviation
(repeatability) of the displayed output in a constant-gravity environment. Seventy-
two measurements were normally made during this period to maximize the data
sample. Other tests were also run to determine VSA-bias and scale-factor stability,
(sce Fig. 10-1). Accurate logs were kept to follow these values throughout the test
program. These performance tests verified the ability of the gravimeter to con-
sistently measure gravity to the desired accuracy over a period of time approxi-
mating a lunar traverse.
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Pig. 10-1 Seale factor and bias vs. time for prime flight gr

10.2  Thermal Tests

The net step in testing was the verification of the system's ability to
measure gravity in the thermal environment of the moon. The thermal-vacuum
chamber, with a detailed Rover-pallet simulator, was used to produce the environ=
mental inputs of possible lunar missions to the gravimeter. A well-instrumented
but nonfunctional thermal model was used in the early design stages o define
performance parameters, prepare the test apparatus, and develop a mathema
computer model of the gravimeter.

“Thermal testing of individual modules verified their ability to withstand the
temperature extremes expected. It remained for the engincering model, this time
complete with blanket and battery, to ensure that the gravimeter would give accurate.
data under thermal-vacuum conditions simulating those of a real mission. These



ngineering tests also were used to update the computer model of the

The aceuracy of the computer predictions of gravimeter temperature profiles
proved invaluable in evaluating different mission conditions without the

me and
expense of the thrmal-vacuun: facility. (A complete description of the test
apparatus and TG thermal-vacuum tests may be found in another report.)*

10.3 Mechanical Tes

Concern aver the ability of the gravimeter (particularly the VSA) to with-
stand the Saturn V launch motivated considerable vibration testing. A mechanical
model accurately simulating the dynamics of the gravimeter but containing a vibra=
tion accelerometer in place of the VSA was used to evaluate the shock and vibration
environment of the VSA. Although the VSA parameters (bias and seale factor) were
known to be sensitive to shocks, it was felt that the levels experienced at the inner
(precision) oven were low enough to preclude VSA damage.

The engineering model underwent vibration testing in April 1972, using
"workmanship" vibration levels. The test was run for 1 minute, and the gravimeter
was checked afterwards to ensure that no damage was caused. The test was then
continued for 3 more minutes, and the gravimeter was again checked, but this time
there was no VSA output. A teardown inspection”  revealed that one of the VSA
String=mass-cross=tie systems had broken. Further investigation showed that
the VSA mass system had secondary vibration modes at frequencies close to those
of the oven-gimbal structure

Two major design changes were then initiated. First, the wires used to
hold the intermediate-oven to the electronics frame (inner gimbal) were increased

in diameter to chanse the oven resonant frequencies, at a slight decrease in
thermal efficiency. Second, a shock-abosbing Isolation frame was designed to
interface between the Rover pallet and the gravimeter, Later engineering testing
and the Qualification and Acceptance Testing of the flight gravimeters verified the
ability of the improved desian to survive the full flight vibration levels with accep
table bias and scale factor shifts.

Dafnoulelis, C.V., R.T. Martorana, and W.A. Vachon, Thermal-Vacuun T
of the Apollo 17 Lunar Traverse Gravimeter Experiment,
Laboratory Report 2759, April 1973.

ce memos GRV-112-A, GRV-167-T, and Internal Failure Report TG 017,



10,4 Field Tests

Field testing proved to be an invaluable aid in developing procedures for
using the gravimeter during the flight and in giving the flight crew experience with
a working instrument in near-flight configuration. The engineering model was
modified with @ new front foot and a flight-like blanket, The front foot incorporated
an external power-input plug and switch and a temperature-control circuit to enable.
use without a vacuum pump. The front cover and flight-like blanket had a trap-door.
installed to facilitate battery changing between field trips for a faster turn-around
time. This prototype thus resembled a flight unit et would give aceurate data on
carth,

The first field trip was to Kennedy Space Center (KSC) in July 1972. An
electromagnetic interference test was held with all other Rover equipment on
Apoilo 17, and the results indicated no problems for the gravimeter. While at
KSC, a test was made using the training Rover to evaluate the traverse shock
environment of the Rover. The gravimeter experienced two bias shifts, but at the
end of the test it was discovered that the pallet latch was loose and that the pallet
had more free play than usual, (This served to invalidate the Rover test, although
a loose dust-covered latch would plague the flight gravimeter at the end of the
mission. )

It was decided to replace the engineering model VSA with one of better
performance, which had just become available (the two best VSA's were saved for
the primary and spare flight units.) The KSC test was eventually repeated in October
with a better VSA and a latched Rover tailgate, This series of tests demonstrated no
major reaction to Rover rides.

Two field tests were made with the astronauts. One was a trip to Black
Hawk, California, a site which was hoped to be geologically similar to the Taurus
Littrow landing site. The traverse gravimeter not only showed excellent agreement
with a commercial survey gravimeter but also gave valuable insight into the sub-
surface structure of the area. (The techniques used by the Prineipal Investigator in
evaluating the Black Hawk data proved quite useful to him in making real-time,
inputs to the flight plan.)

The second trip with the flight crew was to Flagstaff, Arizona for a full
dress rehearsal with training cquipment, communications links, etc, (See Fig. 10
The gravimeter performed as expected, and valuable experience was gained for the

‘mission support crew.

As the time line became finalized at NASA, some of the geologists became
\worried at the prospect of waiting 3 minutes at the beginning of each stop on the
traverse before being allowed to pan the TV camera. The original constraint was
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imposed for fear of the gravimeter measurements being affected by Rover vibrations
excited by the TV camera. G
Johnson Spacecraft Center
10 off-load 5/6 of the wei

avimeter performance (stability) tests were run at
5C) on a Rover suspended by 90-foot "bungee cords”
and produce lunar dynamic responses.

These tests
were run, with the TV and ather systems running, to search for possible vibration
sources. No other insteument, including the TV, appeared to have any cffect on

gravimeter aceuracy, and the TV cons

raint was relased.

10,5 Flight-Unit Testing

The Might units (primary and spare) went through extensive, quality-control-
withessed tests to qualify the design and accept both units. These tests were largely
repeats of engineering tests run on the prototype, designed to get additional opera-

ting parameters peeuliar to each

t. One exception was the phase-lock-1oop.
warm-up data taken during thermal-vacuum testing on each flight unit. Switching
the gravimeter from STBY to ON produced a noticeable transient in normal gravity
readings (when the phase-lock-loop was used). Tests showed that, within 20
minutes, the loop stabilized, but that the first reading could be especially mislead-
. For this reason the flight procedures called for turning the gravimeter ON at

least § minutes before the first gravity measurement of each EVA. As may be seen
in the flight data, when turned on, only READ is pressed, to get temperature-alarm
data immediately, about 10 minutes before the first GRAV measurement.

After both Tlight units passed acceptance tests, periodic measurements were
made in Cambridge before shipment and at KSC just prior to the flight to update the
scale-factor value and verify the drift rate. Figure 10-3 shows the flight unit after
removal of all of the test connections. After sealing each unit

flight-ready status,
it was checked in a vacuum chamber to verify all connections and pressure-switch
operations. These tests maximized the confidence in the functioning and accuracy
of both units.






SECTION 11

MISSION RESULTS

Final assembly of the prine flight gravimeter began

aring the early hours

v, 27 November 1972, following 4 weeks of testing at the Kennedy

. Daily checks were made on

's scale factor and bias in
order to confirm instrument-drift trends as shown in Fig. 10-1.
was performed with the flight-configured gravimeter
followed by a fit check with the geology pallet. The tra

installed in Quad 11l of the lu

A functional test

alled in a vacuum chamber

avimeter was
odule (LM-12) inside the protective shroud of the




“The flight of Apollo 17 began at 12:33 A.M. ,
ber 1972 following a false start arlier in the evening. As the huge rocket thundered
skyward, the traverse gravimeter eame 1 life at an altitude of 50,000 feet when a

baroswitch completed the circuit to the internal battery.
precision VSA oven reached 122°

. Thursday, 7 Decem=

During the next 4 days, the
and stabilized after the cold start.

In order to understand the flight results, it is necessary to convert the
instrument display readings. The displayed number is a nine-digit number consis
ting of seven gravity digits followed by the temperature digits. At the beginning of
each traverse, readings 1, 10, and 18 on Table 11-1, the display was read upon
turning the STBY /ON switch to ON. For these readings, only the eighth digit is
meaningful; the eighth digit indicates the status of various temperature alarms
(see S

ction 7). The ninth digit is valid during any gravity or bias measurement.

A displayed number less than 7 indicates the VA temperature is in control.
The conversion of the displayed number to gravity in
as follows:

milligals s performed

K at-n

(11-2)

(tn computing Kyg® and Ky, a value of 0.167 g is assumed for ir.)

where
Dy + Displayed value for gravity (normal) measurement
Dy + Displayed value for bias (inverted) measurement
Ko - Bias
K, © VSA scale factor

1
Ky © VSA second-order term
Ky = VSA third-order term

‘or the purpose of these preliminary calculations, the following values are
used based on laboratory tests:

K, = -0.0003 Ha/g®
K, - 0.00900 1/’
Ky - 12014550 Ha /g






The traverse gravimeter functioned throughout all three EVA's. The last

two digits were 0 and 1 for every gravity and bias measurement, indicating excel

Lent temperature contral and that at no time during the EVA's did any of the
temperature alarms activate.

The value of bias computed at the beginning of EVA 1 (readings 3 and 4) was
21592 Hz. A predicted value of bias based on laboratory test was 7.2144 Hz.
‘otal shift during the transhunar phase was 0.0015 Iz
n 11-mgal bias shift, which is considered reasonable as compared to typical bias

This corresponds to about

Shifts experienced during aceeptance and vibration testing. A 141-count (1. 6=mgal)
ved while taking the traverse gravimeter off the Rover at the LM

hock due to handling
VA 1, the fivst displayed reading (reading 3

shift also oce:

site (readings 2 and 3). At this time, it was suspected that a
caused this shift, At the end of B!
0003, indicating loss of lock in the phase=lock loop.  In order to induce this
e, the traverse gravimeter must have been hit, rather.

(especially on the su
severely, during a measurement. The measurement was repeated and a reasonable

reading was obtained. This reading at the LAL site was 1.4 mgal lower than reading 3.

VA 2 went fairly smoothly, A large gravity change was found at Station 2.
This caused the Principal nvestigator to request an additional reading on the way

Station 2A. The closeout

to Station 3. This reading 15 indicated in Table 11-1,
reading at the end of EVA 2 (reading 17) was close to the closeout of EVA 1 (read-
ing 9) or 0.7 mgal different. This EVA was considered most valuable by the
Principal Investigator.

During EVA 3, no reading was taken at Station 7, due t0 time=line consider-
ations. At Stations 8 and 9, readings were taken both on and off the Rover. The
differences off the Rover were 6.9 and 6.2 mgal less than on the Rover for Stations 0
and 9 respectively. This is not mueh different from the 4.5-mgal difference.
nd 3 at the beginning of EVA 1. The fact that the changes
were of the same magnitude and in the same direction, indicated that some type of
face phenomena, may have induced
ich the traverse

obtained at readings 2

Rover motion, or astronaut handling, or su

this. On the way from Station 9 to the LM site, the pallet on w
gravimeter was mounted swung open. Previous experience indicates that the
shock effect that may have resulted from this could cause a bias shift. At the LM
site at the end of EVA 3, both a gravity and bias measurement were obtained on the
surface (readings 25 and 26) to close out the traverse, Figure 11-2 summarizes
the results.

As a result of the shifts on readings 3, 22, and 24, post-mission engincering
tosts were run on the [light spare and engineering prototype gravimeters. (Reference






(GRV-220-T). These tests indicated that repeatable one=way shifts could be induced
by hitting the gravimeter handle supports. The spare (light gravimeter (K'S-2)
recovered from these shifts in about | hour, while the engineering model largely
failed to recover, exhibiting a

taircase" shock reaction.

1t appears that the flight gravimeter had a staircase reaction to being
transferred from the Rover to the ground (sce Fig. 11-3), If we assume that each
neter, if left
alone., would stay at that new value, we get the gravity deviations listed in Table
11-1. The "updated LM Baseline" represents the equivalent reading that the unit
would give if transferred to the LM at that time.

surface deployment resulted in an upward shift, and that the gravi

used to compute the devia~
tions needed for the gravity measurement. The & 2-o column reflects a 95% con-

fidence level, and is shown inereasing since the gravimeter performance appeared
to degrade with the number of shocks
of any readings tak

The new LM baseline is roughly the average

before being mounted on the Rover again. In the case of
readings 22 and 24, the confidence factor i inflated because no accurate eloseout
was made for EVA 3.

The last two readings (25 and 26) are confus
gate flew open during the drive from

g, 1t is known that the tail-
tation 9 back to the LM. This would normally
be a severe shock-inducing environment for the gravimeter. The last two readings
however, imply a bias shift of only 0,000 Hz from the start of EVA 1, and a scale
factor shift of 0.006 Hz/g. This is the opposite relative reaction of bias and scale
factor.  In our harshest vibration testing, the bias changed 0.007 17 and the scale
factor only 0.003 Hz/, (a more typical example). We have never seen a seale
factor shilt of the magnitude implied by the last two measurements without a far.
worse bias shift (sce Fig. 10-1). For this reason the last two readings are con-
sidered inconsistent and were not used in the data reduction. It may be noted that
the BIAS reading alone corresponds to a GRAV reading of 6700541, if we assume

no s

ale-factor change and absorh all of the shift in the bias term (a reasonable
approximation based on past data). This is more consistent with the 6700600 base-
line assumed for Station 9.

The absolute value of gravity may be determined from the data. It is felt
that readings 3 and 4 provide the most-complete least-suspect measurements to
take for the transfer, and they yield a value of 162,694,

5 meals at the LM site.

Figure 11-4
EVA2

shows the gravimeter mounted on the Rover at the start of




e S

1.2 Conelusion

ee BVA's.

The traverse gravimeter porformed well throughout all t

1 was excellent. There is o reason to believe that there were

Temperature contr
any electronic problems. Gravimeter performance appeared to be degraded by

however. First, the Rover-to-surface deployment presented an unantici-

ard. Second, the tailgate's opening at the end of EVA 3 appea

shock:

pated shock ha ed to

imeter data, in particular

stress the instrument. Despite these problems, gra

appeared useful and aceurate.

during the eructal EVA 2,




Fig, 11-4 Traverse gravimeter mounted on geology pallet.

avimeter readings are

The Principal Investigator's findings from the
erence of the American Geo-

summarized in a paper presented at the Annal Cont
hington, D.C. in April 197",

physical Union in W

G. Thompson, B. Bent, H. Kahle, S. Buck, Traverse
esults on Apolio 17, to be published by NASA as part of

the preliminar



APPENDIX A

UM FREQUENCY AND
NS OF VSA QUTPUT

DERIVATION OF
HIGHER-ORDER TE

4.1 Sum Frequency Derivation
manipulation of the power series representing the outputs of the.

A furth
two VSA strings reveals helpful interrelationships between the sum freque

£+ £, and the instrument scale factor. From Eqs (1-5) and (4-7) an expression

1
for £+ £ can bo obtained as
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This series converges very quickly and to a good approximation to

(a-2)

1
Ly,

™ ™

"_)Iﬁ + “;"‘_T-ﬂ)‘ (A-3)

(m




1) one obtains

Comparing Eq.(A=3) to

w (o,
Ll (L 12
o7
e
u
L7 B
1%

w3 (P
T\

The term R will vary only if the lengths of the individual strings vary. R
il be largely insensitive to changes in sensed fnput since the lengths of the strings

nge in opposite directions. R will vary with changes in tempe!

will b :
. changes In the lengths of both strings will be of the

for temperature variation:
same polarity.

A.2 Derivation of Higher-Order Terms

Referring again to the power-series expression for the difference Irequency
similaritics are apparent between the Ko and K, terms and hetween Ky

and K, terms.

Equating the fourth term In Ba.(A=3) to Ky, one obtains

Ky

B2 -

Ihus

(A-8)




Before proceeding further it 15 helpful to write
tions of plus and minus one

:(4-8) for input accelera=

Uty = g * Kot KiBEKy -0
ty)y = B * Ko *-10)
The sum and difference of Eqs.(A-) and (A-10) are
Ayt Al = 2K, 8 ), 8" A1)
Al ™ g " Mot Ko

Equation (A-8) can now be substituted into Eq-(A-11) to give an exprossion
for the in

trument scale factor in terms of the difference frequency counts at plus
and minus one  input and the sum frequency.

oS Beastcp)’

mnu

Then by use of Eq.(A-8), the value for K can be determined.

In an analogous fashion, the interrelationship betwoen the Ko and Ky terms
can be used to determine unique values for Ko and Ky i.¢..
K" B~ Aeg) (425580 -1
2K K,
. (a-15)
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APPENDIX C

CALCULATION OF MAXIMUM TEMPERATURE
ON VERTICAL SURFACE OF MULTILAYER BLANKET

As mentioned In Section 7, a vertical adiabatic surface on a flat moon
receiving both solar and lunar radiation can reach a temperature above that of the
moon. The following is a derivation of the governing relationship. A maximum
blanket temperature and sun angle are calculated based on the assumption of pure
black-body radiation.

First, parameters are defined:

Solar radiation flux constant = 442 Biu/hefi*

Solar absorbiivity

Sun elevation angle

e Infrared emittance

F_ .+ View factor from vertical surface to moon = 0.5

. View factor fram vertical surface to outer space * 0.5
Moon temperature.

« Surface temperature

A steady-state heat balanee can be written for a unit area of an adiabatic
vertical surface perpendicular to the solar planc as follows:

Q= Qu " © (©-1

Sa, cos 0+ e F It

The blanket surface can be assumed to be adiabatic in that on the order of
one percent of the net thermal flux on the blanket is conducted inward to the TGE
case.

If the lunar surface is assumed to be a pure black-body absorber and
radiator the following expression for moon temperature may be substituted:



S0 (©-

which, after including the view factors, Leaves the following equation for the
temperature of a vertical adiabatic surface as a function of sun angl

(©-4)
1f the blanket surface is a pure black-body radiator a_ * ¢y, 1.0, the

cquation simplifies. By taking the derivative with respect to 0 and setting it equal

to zero, it is found that the sun angle for maximum thermal radiation s 26.6
degrees, producing surface temperatures of approximately 274%F



APPENDIX D

THERMAL NODELING AND MISSION PREDICTIONS

The thermal desiga of the TGE relied heavily on computerized predictions
of thermal performance in many different conditions. Initially the computer model
of the thermal analog was created purely from mathematical caleulations of thermal
transport coefficients and thermal masses. The model was then put through a
jalent to a worst-case lunar mission

mathematically simulated environment cqu
(cold and hot) and the performance observed. As design deficiencies or needs
were observed, the desim and the math model were altered. When it became
clear that there was a thermal design that worked mathematically, a thermal mock=
up was built, inst
chamber (see Section 10) and the r
of the tests. The math model was altered where its response did not match that of
the mock-up. Subsequently, the math model was put through a full worst-case
Iunar simulation and design marging observed, The resulting mathematical

mented, and tested. Specifie tests were condueted in a vacuum
ults correlated with mathematical simulations

computer model is deseribed in Appendix &

In order to mathematically model the ins*rument , definite mission assump-
tions were requived. Some involved a definition of the environment (sce Scetion
7.1) and others were somewhat contrived to lend to mathematical analysic. Table
of the busie line assumptions required to model the nominal

D=1 is @ summar
hot, and cold missions.
tions.

The ot aind cold missions represent worst-case assump-

Table D-1 requires a brief explanation. The blanket for the TGE is of
deep, almost cobalt=biue color, selected o be a good optical background for
reading the display. In lab measurements, both the dacron fabric and the painted
plastic exhibited a solar absorptance and infrared emittance of approximately 0.6
and 0.9 respectively. In a cold mission, these real values were retained in the
Aumptions because they represent the worst case. In the hot and nominal
imissions, however, it was nssumed that the blanket was covered with lunar dust.,

approximated by o = €



TABLE -1

TGE THERVAL MISSION ASSUMPTIONS
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It was found in modeling the instrument and later in tests that during the
Quad Il stowage period, during which time the three hard=mount pins were
present, the pallet-to-case conductance through the pins was an important para~
meter i specifying the initial conditions for the lunar mission. If the conductance
was very low, as in the hot and nominal missions , the case is well isolated and its
own internal heat dissipation during the long translunar coast warms the unit well
above the pallet temperature. Therefore, a low conductance is again a worst-case
hot assumption. [n the cold mission, though, the opposite is true. The worst-
case cold assumption is when the unit is well coupled to the cold pallet. The
numbers used were measured during thermal-vacuum tests of the thermal mockup

and ongineering model.
3 is placed in the

As deseribed earlier, during lunar rest periods the
shade of the LM for cooling. While in the shade, though, the instrument can still
receive radiative heat inputs from the LA and nearby warm lunar terrain that has
This could be especially true in a mountainous rej .on

a clear view to the TG.
Rather than spend time constantly accoun-

such as the Apollo 17 Taurus- Littrow sit
was assvmed for modeling purposes that the TGE sits on the

ting for such offects, i
shaded edge of the LM shadow in hot missions and receives no radiative flux from

the LM and hot moon in the nominal and cold missions.
The period of time during which the TG must remain in Quad 111 following
Iunar landing is an important parameter in the hot mission only. If the LM Quad 111
is pointing directly at the sun following landing, the TG should be removed within
20 hours of landing or it runs the risk of overheat later in the mission.
The computer predictions for thermal performance of the TG during hot,
The time lne beging

nominal, and cold missions are shown in Figs. D-1 to D-
at the time of lunar landing and extends through three EVA's. Key points to bserve in

these three figures are the following:

(1) The P oven and VSA temperatures are controlled at 122°F .

(2)  n order to maintain P-oven control, the maximum permissible
L-oven temperature is 117°F .

(3)  The hottest temperatures for the I oven and battery occur approxi=
mately 2 to 3 hours following the first EVA.

(4)  The portions of the TG which are most physically removed from

the case respond progressively less severely (o the case thermal

response.
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Fig. D=3 Cold=mission thermal response,

It should be noted that in a hot mission the temperature change of the |
oven between the beginning of EVA 1 and the hottest temperature is approximately
5°F. This fact graphically explains the 110°F very warm alarm on the [ oven.

This alarm led to the mission rule that if the alarm was seen at the beginning of
EVA 1 the TG would be placed in the LM shade for cooling until EVA 2. 1f only
warm alarm were seen, the hottest the 1 oven could be is 110°F, resulting in a poak
I-oven temperature of approximately 115°F during the subsequent rest period.

With a 117°F red-line limit on the I oven, P-oven control i

The computerized thermal prediction for the cold mission (Fig. D-3) also

enables the computation of the worst-case electrical power consumption. Power is
potentially dissipated for four function
ment and display, P-oven control power, I-oven control power, and battery control
power. The I-oven control power i found o be always zero, even in the coldest
Table D-2

electronics power for gravity measure-

mission, because its minimum temperature is only approximately 62°F .
is a breakdown of the electrical power consumed by cach source during each mission



TABLE D2

COLD-NISSION POWER-BUDGET BREAKDOWN

ASSUMED CONDITIONS:

(1) Prelaunch Temperature - GO°¥ Throughout
(@) 160-Hour Transtunar Stowase Period
() Landing Sun Blevation Angle - 6.5 degroes

) 6-llour Quad 1

Soskback Period

Mot Someso
[ povn | waeryieser | o

Missien Waichoors) | Oatehours) | Watihours) | Watihours)
0= stowrs 0.0 2 o L
Unludod 6ehonr s s w ™
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Lanar Overatins )
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APPENDIX E

THERMAL- COMPUTER MODEL DESCRIPTION

s described in Appendix D, a strong tool for designing and ovaluating the
thermal performance of the TG was a mathematical analog of the thermal desimn

of the complete instrument. The analog model employed most often for analysis
i5 shown in Fig. E-1. The model consists of 14 separate structures or suriaces
which are represented as nodes. The nodes are represented as junction points in
an equivalent resistive and capacitive electronic circuit, The thermal mass, me,
(mass times epecific heat) of each structure is the direet equivalent o electrical
capacitance, nodal temperature the equivalent of voltage, and thermal transfor,
whether by conduction, convection, or radiation i represented by a resistance,
Our modeling was confined o vacuum only, eliminating conveetion transfer. The
resistances in Fig. i1 are only directly equivalent 1o linear clectrical resistors
wwhen thermal conduction is the sole mode of heat transfer between the two nodeis
concerned. In this case, the equivalent resistance is L/KA, where L, 15 the lengih
between nodes, A the average area through which the heat must flow, and K the
thermal conductivity of the material.

.

In addition to conduction resistances there is in gencral a parallel, non-
lincar resistance (not shown in Fig. E-1) which accounts for the radiation heat
transfer. The radiation thermal transfer between nodes is generally of the form
0 Aepo F (T, is an equivalent emittance factor and
the geometricdl view faglor between the surfaces. In the tabulation of reslstances
£ and have the

which will follow, the radiative terms include the product A -
units of area.

slectrical power is put directly into each node as heat. Solar heating when
present is put directly into the TG case node with an attenuation factor of 0,01,
equal to the measured average cffective emittance of the multilayer blanket.
Cyelic or varying power: play-mode power which is present for
only 15 seconds after the display button is pushed, are input as an average heat
over a full EVA, depending on the number of expected display readings.

such as the

Table E-1 is @ list and description of the nodes of the thermal analog model

The thermal mass of each node, me, . is also given. Table 12 is a list of nodal
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TABLE E-1

TGE - 11-NODE MODEL

Node i Thermal Mass
No. LosaHot (Btu/or)

1 vsa 0.001

2 Precision Oven (Isothermal Node at Constant Temp.

temperature of 122°F at all times that
the Intermediate-oven temperature is
less than 117°F

Intermediate Oven

Electronics Frame

Middle Gimbal

Case, Blectronics Power Supply, Logic,
Display. and Crystal Oscillator

External Surface Radiator
Lunar Surface and Lunar Roving Vehicle
(temperature-controlled nodes at same

tomperatures)

Space

Dust Cover for External Surface Radiator
Battery

Phase-Locked Loop

Internal Radiator Hemisphere

Cold Lunar Shade

0.620
0.577
3.328

0.012

Variable-Temp.
Sink

Constant Temp.
(0°R)

0
140

0.219
0.012

Constant Temp.
00°F)

(-100%




TABLE E-2

THERMAL ANALOG NMODEL — NODAL COUPLING

Coupling _ Coeficicnts
Connecting Nodes Radiation Conduction
w? (Btu/n-"F)
3 2 0.00674 17
2 3 0.0101
3 4 0.0138 0.056
4 5 0.03443 0.2
4 3 0.0026 0.050
4 n 0.0053
4 12 0.00055
1 13 0.087
5 [ 0.025 .50
5 1 0.0081
5 12 0.00055
5 13 0.003
6 i 0.007
6 s 0.0318 0.01
6 o o.01762
5 1 0.0535 0.002
6 12 0.0052 0.007
s 13 0.0
s 1 0.01502 0.0t
7 10 0.00072
B 0 0.06086°+
" 13 0.130
9, | 10 o.072%
space
" 12 10

Path 6-14 present only when in LM shade.
Pathe 7-10 and 0-10 present only when radiator dust cover closed.
Path 7-0 present only when radiator dust cover open.



conduction and radiation transfer coefficients for each node during an EVA on the
Rover. It should be noted that for some nodes only one mode of transfer is given
because it was found to dominate. Secondly, the Rover pallet s not given as
separate node because it is assumed to be at the local hot lunar temperature which
is assumed to be a function only of the sun elevation angle.

The multinode model was solved in its most general nonlinear transient form
on a digital computer. The solution technique, developed by the Arthur . Little
Company of Cambridge, Massachusetts, employs backward differencing techniques
which enable relatively large solution time steps to be taken and a stable solution
obtained. The linear portion of the solutio.. is handled by a Gauss-Seidel terative
technique while the nonlinear portion (radiation terms) is handled by a Newton-

Raphicon technique. The transfer coefficients were stored in the computer as ole-
ments of a veetos eliminating the noed for an n x n matrix of coefficients, most

of which are zero, when one solves n simultancous first-order differential cquations .



APPENDIX I

DERIVATION OF LEVELING ERROR

G [i-conog]

Define . win
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2 vy ?
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If we assume that x and y o

e uncorrelated yet have the same distribution function,
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Reasonable, since knowing x gives no information about y, yet both axes
should have the same type of distribution.
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Now, Eq.(F-1) becomes

Bzl 4 e 03 v g o b

-3
o 1 - ]
and £q.(F-2) becomes
(I R R NI w1
Thus, Eq.(A) becomes:
o2 e P - g
Ll - aw
but x can now be represented as o? {dropping the axis-subscript}, so that
©

For a uniform distribution of 0 between a and b,

a<0<h
0 otherwise

pio)
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then

(where a and b are in radians)

rom this we get

Initial Offset a (+3 min) b (~3 niln)

0 i i (rad) il (rad) ()

o =3 (-8.73x1077) 3(8.73x 107 | 0.161 x 10’

1 -2(-5.8x 107" 401,16 x 107%) | 0.262 x 10

3 0 () 6(1.75x 1077) | 0,642 x 10
2(5.8%107") 1,05 x 1070

10 7201 x 1070 2.08x10°°

1 | 2,75 =8 x 1070 | 375 (13,8 % 1071 ‘ 0265100

10° mgat

o
10
x 10 mgal

Tigure T

14 a plot of error due to leveling system bias
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APPENDIX G

ANALYSIS OF ENVIRONMENTAL ERRORS FOR THE TG

The important information in the VSA signal lies in the difference frequency
of the two string outputs. This difference frequency is, basically, proportional to
the measured gravity (125 Hz/g being a typical scale factor). If the input axis of the
VSA is subjected to vibration (primarily from the Rover), the signal will be
frequency-modulated. If we measure this frequency at a point such that the signal
proportional to the gravity at that point is F', then we will measure Z where

Z-F+Asinot (G-1)

where A represents the amplitude (in 12), and o the frequency (in rad/s) of the
vibration disturbance .

If we time average Z for T seconds we get

zat (G-2)

AR .

Let 7 - T be called E since it is, in fact, an error in our measurement.

max " WT 1G4y

This error in frequency measurement can be converted to a gravity error
by the seale factor (125 1iz/g). Amplitude A can also be converted from a frequency

amplitude to an aceeleration amplitude, whence

E,
s )

oA
125+ Bgtoies







16 we want E, to be a maximum of 10™" g, then

(G-6)

where w=2rt (-7

‘This defines a high-frequency error for our measurement. If, instead,
there is a very-low-frequency disturbance, nlurly €y = 1077 is the maximum
that we can tolerate for a measured error of 107"

With these to assymptotes the "60-second TIME AVERAGING' curve in

1 can be generated.

Fig.
The phase-lock loop acts like a frequency filter on a frequency-modulated
sigmal, so that its filtering characteristics (a third-order roll-off with break
frequency equal to 0,14 Hz) (see Fig. G-2) can be interpreted as an increase in
allowable vibration error. With this knowledge, the phase=lock-loop curve in

Fig. G-1 can bo genorated.
T
worsr-case esTaTe
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-
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Fig. G-2 Phase-locked loop - Bode plot.
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w0 |24 -

since we want x (f) in inches where ¥ (f) is in g's,

Tiis, P G-3 o b geneesed oy ndding log U o Pig. 0-1.
¢

eutl

2 Brror

Due to coupling between the verticals and horizontal-vibration modes of the
Rover, there i a rectified error in the gravity measurement. This error can be

o<W W00 = o sin® ot (@-10)
(G-11)
where
i = horizontal acceleration
0 = angle of displacement
From the Rever, we know
(G-12)

vertical acceleration

0.00 ° < 0.01 (@)




b w? N w w
I ey

Fig. G2 Displacement sensitivity.



To keep this error less than 107" then,

107

el

ViGx 10

This is shown as "SCULLING MAXIMUM" in Fig. G-1 (and its corresponding
displacement of 3 x 10”2 inches at 1,23 Hiz).
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PART 1L

FINAL ADMINISTRATIVE REPORT

by,

Ralph Bailey
Robert P. Malieswski



SECTION 1

PURPOSE

The purpose of this part of the report is to provide a record of the tasks
accomplished to design, develop, fabricate, test, and deliver a flight
qualified Traverse Gravimeter Experiment, including associated
hardware and documentation,

This report has been prepared in a logical sequence consideriag all
program tasks as they appear in the contract and Statement of Work

(5. 0. W.). Time sequence and organizational sequence are not
considered relevant,
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SECTION 2

IVERABLE HARDWAT

‘The items to be delivered were as follows:

Delivery

Unit Deseription Reforence hedule

TGE INSTRUMENT
1 Breadboard Unit Pralfluasy Decign Residual
it Fvaluation

2 Engineering Unit Section 1. 4,4 of Residual
Txhibit 1

3 Structural/Thermal  Section 14,6 of Residuat
ock-up Txhibit

Interface Mock-up Section 1,4.7 of 7111
Shibt K <lone cach
for LM and o

5 Training Mock-up Section 14,7 of B1-m1
Fhibit
6 Prototype Unit ection 1.4, of 12-1-11
xhibit 1 To be returned to
Contractor for.

refurblshment

Vlight Uni
7 Qualification Unit ection 1. 4.2 of
Fhibit 1§
8 Ilight Unit 41 ection 14,1 of 4-11-72
hibil
9 Elight Unit 42 Section 14,1 of 5-15-72
efarbiened Prototype  Fanibat B
10 GSE Prototype [ERE
1nooase g Section 1. 2 1 set

Bibit 1
12 ase e

1 set



1 Breadboard Unit

Development of the Breadboard Unit began in January 1971 and was com-
pleted in August 1971, The Breadboard Unit is considere residual
hardware,

The Breadboard Unit verified the gravimeter conceptual design and was
used to demonstrate the functional and operational modes at the Critical
Design Review in September 1971 thereby establishing design baseline.
Thermal testing of the Oven Assemblies for design evaluation was also
accomplished using the Breadboard Unit,

2.2 Engineering Unit
The development of the
assembly was completed in September 1071, The
constdered residual hardware.

gineering Unit began in Janua. 7 1 )71 and the
Enginecring Unit is

The unit was used to verify environmental design goals and instrument
ance. Environmental testing was performed using dummy-mass

pertor
modules to verify design and environmental and functional tests;
actual modules were completed to verify performance, ~Failure of the
VSA during vibration testing initiated the design of a vibration shock
mount (ISOFRAME which was fabricated and successfully tested.

Upon completion of all engineering tests, the Engineering Unit was
retrofitted with a flight spare F Frame/Oven Assembly and was used
for all field tests relative to asteonaut/pallet/Rover Interface verifi-

cation,

Structural Moek-up Unit

The structural mock-up was developed to test the mechanical integ -
rity of the gravimeter design, Fffort began April 1071 and testing
was conducted through March 1972, The structural mock-up is con-

stdered residual hardware,

Vibration tests with the shock mount attached to the structural mock:

verified the design of the Isoframe,
The thermal blanket was installed on the structural mock-up and was
vibrated successfully in the X, ¥ and Z fight axes.



2.4 Thermal Mock-up

The development of a thermal mock-up unit required for simulated-mis-
sion environmental testing verified the calculations obtained from the
computer thermal model,

“The thermal resistances of the gimbal bearings, temperature=controlled-
heater sizes, hot=mission thermal margin, and the cold-mission power.
budget were determined by environmental testing,

“This effort was started June 15, 1971 and comploted November 15, 1971,
The thermal mock-up unit i considesed residunl hardware,

2,5 Astronaut Interface Unit

An astronaut interface model was presented at the Delta Proliminary
Design Review in Houston April 15, 1071 for JSC evaluation. This

unit was requested by JSC, but was not considered contractual hard-

The development of two interface mock-up units required for astronaut,
Iunar vover vehicle, and lunar module stowage pallet interface vs

tion was started April 1071 and completed March 1072,
The Interface mock-up S/N 001 was sold off and hand
March 29, 1072,

arricd to

The Interface mock-up $/N 002 has not been sold off pending JSC
action,

2.7 Training Mock-up Unit

The development of a Training mock-up unit for Interface verification
stronaut training was started in April 1971 and delivered to JSC
October 20, 1071
for October 197

ference GRV-54-L, TGE Monthly Progress leport

A retrofit kit for the training unit was sold off and shipped February 24,
1072,

2.8 Prototype Unit

The requirement for the production prototype was deleted from the

contract by MSC acceptance of Fngineering Change Proposal number
11, The FCP was submitted N

ovember 5, 1971 and approved by JSC
Mareh 2, 1072 (reference CCA Number 4), Where applicable, Class A
parts of the prototype unit were utilized for the flight units,



2.9 Qualification Unit

The requirement for a Qualification unit was deleted from the contract
by Contract Change Amendment number 4, March 2, 1972,

2,10 Flight Unit $/N 1

Flight unit S/N 1 effort started September 1971 and was certified for
aceeptance testing at QTRR, July 20, 1972, The flight unit was tested
successfully, sold off, and shipped to Kennedy Spaceeraft Center.
November 1, 1972,

2,11 Flight Unit S/N 2

Flight Unit §/N 2 was used for formal acceptance and qualification test-
ing. The flight unit was certified at QTRR, July 20, 1072, The flight
unit was then reworked and functionally retested for flight spare status.
This effort started December 1971 and was sold off and shipped to
Kennedy Spacecraft Center November 6, 1072,

2,12 Ground Support Equipment
Development of ground support equipment started in February 1971 and
was completed in October 1972, In July 1972 additional ground support
end items were developed to support the instrument during transporta
tion, handling, and testing at Kennedy Spacecraft Center.

12.1 G

Prototype

Prototype ground support cquipment was used to 5
environmental qualification and acceptance testing performed at the
“arles Stark Draper Laboratory, GSE prototype hardware is considered

pport functional and

r sidual,

2.12.2 GSE #1, GSE 42

N 1 and $/N 2 was sold
26, 1072,

Ground support equipment for flight systems S
off and delivered to Kennedy Spaceeraft Center, Octob




Sk

10N 3

DELIVERABLE DOCUMENTATION

Documentation items were to be delivered as follows:
Fghivit A
octior Document
S S Document voe

1 Monihly Progecas ind Financial i
Management Hepor
2 Interface Information Documentation 11
s End tem specttications '
Prelim - § wke prior to CDI
Final - 2 wks after CDIt
s Fngincering Drawings '
5 Quality Assurance Plan i
6 525 Quality Test Specification '
7 Qualification Test Procedures n
G i Qualification Test Report n
0 Acceptance Test Specification 1
10 Acceptance Test Procedure i
1 Aeceptance Review leports '
12 Reliability Program Plan i
15 sz afety Plan '
8218 Management Plan i
Spares Requirements i
5 Review Minutes '
I e ch Test Requirements n
Package
WS Hordware Support tequirements N



Document

Document
Operation and Instruction Manuals u
Acceptance Data Packages n
Certification Test Specification 1

Other Test Specifications 1
Test Procedures u
Test Reports n

GSE Calibration Data Reports n

Final Report 1

27 2.2 Technical Reports "

3.1 Monthly Progress and Financial Management Reports.

Monthly progress and financial management reports were submitted
to JSC in accordance with the contract schedule, Reports were sub-
mitted as follows:

Month  Year Date Submitted Reference
january 1971 17 February 1971 GRY-14-1
February 25 March 1971 GRV-10-1
March 7 May 1071 GRV-20-1.
April 2 June 1071 GRV-25-1
May 7 July 1971 GRV-30-1.
June. November 1971 GRV-48-L.
Ty 5 November 1971 GRV-48-L
August 5 November 1971

September & November 1

October 24 November 1971 GRV-54-L
November 22 December 1971 GRY-57-L
December 9 Mareh 19

Janvary 1972 0 March 1972 GRV-63-1,
February GRY-63-1.
Mareh GRV-66-1.
Apeil GRV-T1-1
May 28 June 1972 GRV-75-1.




Month  Year Date Submitted Reference

June 1072 14 August 1972 GRV-79-1.
July 20 August 1972 GRV-86-1.
August 2 October 1972 GRY-
September 9 November 1072 GRY-
October 9 November 1972 GRV-95-1.
November December 1072 GRV-00-1

3.2 Interface Information Documentation
MIT/CSDI attended interface meetings and supplied technical inter -
face requirements that were approved by GAEC and JSC, No deliver-
able Type 1 - Interface Information Documentation was generated by
MIT/CSDL. The Traverse Gravimeter Fxperiment complies to the
105 2025000,

Interface requirements as defined in the C}

3.3 End item Specifications

Contract Fnd Item Specifications for the TGE 2025000 and TG/ GSF
2023900 were prepared in aceordance with the requirements of para
fraph 5,2,2 Exhibit 4, 5. 0. W
release the specifications were controlled and maintatned by MIT/CSDI

raverse Gravimetor. After initial

Design Review Hoard tnd Configuration Control Hoard in jance

with the requirements of 1:-2500 NASA Experiments Configuration Plan,

approved by JSC May 4, 1971; reference FG14-T1-87-F11

Revision B to Contract Fnd ltem Detail Specificatior, Part | - Perfor

ance/Design and Qualification Requirements for the Traverse Gra

meter experiment, 2025000 was approved by JSC e May 31, 1972

(FCH 20510), Revisicn B reflects the

inal performance and design v
quirements of the TG

fsion 1) to Conteact 1nd Ttem Detailed Speeification, Part 11 - Product
Gra

Re
Configuration and Acceptance Test Requirements for the Tra
meter Fxperiment, 2023000 was approved by JSC on 14 October 1972

(FCR 20578). Revision D reflects the final configuration of the TGE

Revision ¢ to Contract End ltem Detail Specification, Performance

Design and Qualification Requirements for the Traverse Gravimeter

und Support Fquipment, 2025000 was approved by JSC on
onfigurati

5 October

nof the

1972 (ECR 20610). Revision C reflects the final

Ground Support Fquipment,



3.4 Engincering Drawings
Engincering drawings were prepared to the normal drafting standards
of MIT/CSDL and met the content and format requirements of paragraph
5.2.3, Exhibit A, S, O. W, Traverse Gravimeter Fxperiment. The
following deliverable dravings were prepared:

275 Flight Hardware Mechanical Drawings

75 Flectrical Assomblies

100 Source Control Documents (SCD's)

17 Schematics

130 Ground Support Fquipment drawings
All deliverable drawings were maintained and controlled by Fngineering
Change or Release order and approved by MIT/CSDL Design Review
Foard and Configuration Control Hoard in accordance with the require-
ments of E-2500 NASA Experiments Configuration Plan approved by
JSC May 4, 1971; reference EG14-71-87-E]
3.5 Quality Assurance Plan
The Quality Assurance Plan was prepared in accordance with paragraph
5.2.4, and Appendis 1, Fxhibit A, S. O, W, Traverse Gravimeter
Experiment, The plan was approved by JSC, reference NASA memo
FG 14-71-87-FH, and subsequently

implemented,

3.5.1 Quality Operating Plan

Quality Operating Procedures (QOP) were submitted to JSC to fulfill
requirements for a Quality Operating Plan,

3.5.2 Procoss Speeifications

Process Specifications for welding and soldering were prepared and
tmplemented in accordance with the contractual welding and soldering
requirements; reference TGE Process Specifications 5000, 5006 and
7- 000 - Weld Specification.

GRv Review of 1

3.5.3 Corrosion, Contamination, and JSC Criteria and Standards
The requirements for corrosion prevention, contamination control and
MSC Criterin and Standards, MSC8080, were met and incorporated in
the hardware build documentation; reference GRV-69-L, GRV=72-1,
V-110-A and GRV-T4-1, MSC Criter
Ground Support Fauipment.

and Standards for TG

and




3.6 Quality Test Specification

The Qualification Test Specification 2025808 was prepared in accordance
with the requirements of the TGE Contract End Item Detail Specification
2023000, Part I, The document was initially released May 10, 1972

CR No, 20379 and approved by JSC May 31, 1972; reference I
'

-

=

The following revisions to the document were incorporated through
the approval of Fngincering Change Releases.

Hevision N MSC Approval Date
A 20509 July 7, 1972
B 20536 August 11, 1072
« 20356 September 20, 1972
b 20376 October 4, 1972

st Procedures

The Qualification Test Procedures, 2025810, were prepared and met
the content of paragraph 5.2, Exhibit A, S, 0. W, Traverse Gravi-

meter Fxperiment, The document was initially released and approved

June 1, 1072 reforence ECR No, 20475,

Ihe following vevisions were formally submitted and approved by MIT/
CSDL Design Review Roard and Configuration Control Board and sub-
mitted to JSC.

Revision

/DL Approval Date

A 7, 1072
B August 30, 19
@ October 4, 1972

ification Support Tattery test procedure wa prepared and

approved August 28, 1072; reference GRV 2007, ERR No. P-10187,

3.5 Qulification Test Report

It of qualification tests were documented in Qualification Test

Report 20:
GRV-07-L.

roference

15 and submitted to JSC, November 23, 197

3.9 Acceptance Test Specification

Ihe acceptance test requirements for the Traverse Gravimeter I'xper

iment were incorporated in the Contract nd ltem Detail Specification

Part

18



3.10 Acceptance Test Procedure:

The Acceptance Test Procedure, 2025811, was preparec “ud met the
content of paragraph 5.2.9, E»
Experiment,

hibit A, S, O, W. Traverse Gravimeter

‘The document was initially released and approved July 14, 1972;
reference FCR No. 20513, Revision A was formally submitted and
approved September 9, 1972; reference, ECR No. 20350,

311 Acceptane Review Reports

An Acceptance Review

eport was prepared for the Customer Accept-
October 19, 1972, and met the requirements of
hibit A, S, O. W. Traverse Gravimeter: reference
GRVO4L, Minutes of QAR and CARR, Traverse Gravimeter,

ance Readiness Hevi

paragraph 5.2, 10, I

The Review Item Dispositions and the Open Item List were closed vut
prior to sell off of the equipment: ivference Acceptance Data Packages,

512 Relisbility Documentation
The reliability program documentation was prepared and the reliability

plan was implemented in accordance with paragraph 5.2, 11,
1L, Exbibit A, S, O, W. Traverse Gravimeter Experiment,

nd Appendix

121 Reliability Progeam Plan

The Reliability Program Plan 2025605 was prepared and submitted for
JSC approval March 20, 1971; reference GRV-18-L, Submittal of
Reliability Program Plan, The Reliability Program Plan was approved
May 4, 1971; reference NASA Memo LG14=T1-87F 11

3.12.2 Nonmetallic Materfals

‘he nonmetallic materials used in the Trave

se Grav

mete

Experiment
were identified and a list submitted to JSC September 21, 1072 reference
GRV-00-L,

3.12.3

e Modes and Fffects Analysis

Failure Modes and Fffects Analysie were completed in aceordance with
Quality Operating Procedure Number 18, The Fatlure Modes
Analysis report wa

W Effects

presented at the Critical Design Review. Copies
of the report were submitted to JSC Soptember 27, 19
GRV-02-L, NASA memo EG 0-72-20, GRV-52-L.

72 reference

119



3.12.4 Problem Failure Reporting and Corrections

Problem

ilure Reporting and Corrections were prepared and incor -

porated in the end item data package:

3.12.5 Electrical, Flectronic and Flectromechanical Parts List
The Flectrical, Electronic and Flectromechanical Parts List was pre-
pared and submitted to JSC January, 1972, The Parts List was up-

dated as requested by JSC and resubmitted April 6, 1972 and September 6,
1972; reference GRV-G2-L, GRV-107-A, GRV-09-L, NASA memo
-12-19,

3.12.6 Deviation and Waiver Reports
Deviation and Waiver Reports were formally submitted to JSC and were

shipped as part of the end item acceptance data packages.

%13 Safety Plan

The Safety Plan 2025804 was prepared in accordance with the requirement
12 and Appendix IV, Exhibit A, S, O, W, Traverse Grav-

imeter Experiment,

of Paragraph 5.2

s initially released and submitted July 21, 1971;
JSC approved the document September 27, 1071;

The Safety Plan v
reference GRV32
reference, FGI-T1-161-FIl,

The Management Plan, £2500 "NASA Experiments Configuration Plan”
13, and Appendix

was prepared and met the content of paragrap!

[ Fxhibit A, S. O, W, Traverse Gravimeter Experiment.
The Management Plan was submitted December, 1970 and approved by
JSC May 4, 1971; reference FGL4-T1-67-FHl,

The Spares Requircment document was prepared and met the content
2,14, Fxhibit A, 5. O, W, Traverse Gravimeter Ixper-
ed Fobruary 23, 1971 reference

of paragraph 5

iment. The document was subn
GRVIGL.

ments are identified in the Acceptance Data

Additional spares requi

Packages.




316 Review Minutes

The Review Minutes for the Preliminary Design Review and the Critical
Design Review were prepared and met the requirements of paragraph
5.2.15 Exhibit 4, S. O. W, Traverse Gravimeter Experiment,

The Preliminary Design Review minutes were approved by JSC,

March 8, 1971, reference, GRV-17-L, Minutes of Preliminary Design
Review, Traverse Gravimeter Fxperiment.

The Critical Design Review minutes were approved by JSC, September
20, 1971, reference GRV/DOC 71-25, Minutes of Critical Design Review,
Traverse Gravimeter Fxperiment,

The final disposition of action items (RID's) defined at CDR were submit-
ted to JSC November 9, 1071, reference GRV-50-L, Disposition of RID's
originated at CDR.

3.17 Integration and Pre-Launch Test Package

Pre-Launch Test Requirements 2025806 was initially released and approved
(ECR 20614) by JSC October 27, 1972, The test requirements package
was prepared to describe the TG

test requirements and Pre-Launch Test

Specitications and Procedures, Included in the package were special
handling instructions for the TGE, detatled test procedures o be per-
formed at KSC and operation instructions for the Ground Support Fquip-
ment to be used at KSC,

3.18 Hard

are Support Requirements
A document containing the Hardware Support Requirements for the,
Traverse Gravimeter Experiment was not formally prepared,

Internal MIT/CSDL memos and verbal agreements between JSC, KSC,

GATL, and MIT/CSDL defined the extent of support required,

.19 Operation and Instruetion Manuals

The Traverse Gravimeter Operation and Instruction manual 2025899 was
prepared and met the requirements of paragraph 5.2, 18, Exhibit 4

5. 0. W. Traverse Gravimeter Experiment, The manual was submitied
10 JSC, September 18, 1072; reference GRY=01-L Transmittal of Type Il
Documentation,

Speclal handling for the TGE
Ground Support Equipment @
Requirements document 2025806;  reforence: Customer Acceptance

nd operations and tstructions for the

© contained in the Pre-Launch Test

ess Review (CARR) Review Item Disposition (RID), number four.



3.16 Review Minute
The Review Minutes for the Preliminary Design Review and the Critical
Design Review were prepared and met the requirements of paragraph
5.2.15 Exhibit A, S. 0. W, Traverse Gravimeter Experiment,

‘The Preliminary Design Review minutes were approved by JSC,

March 8, 1971, reference, GRV-17-L, Minutes of Preliminary Design
Review, Traverse Gravimeter Experiment,

‘The Critical Design Review minutes were approved by JSC, September
29, 1971, reference GRV/DOC 71-25, Minutes of Critical Design Review,
Traverse Gravimeter Experiment,

The final disposition of action items (RID's) defined at CDR were submit-
ted to JSC November 9, 1071, reference GRV-50-L, Disposition of RID's
wiginated at CDR.

3.17 Integration and Pre-Launch Test Package

Pro-Launch Test Requirements 2025006 was initially released and approved
(ECR 20614) by JSC October 27, 172, The test requirements package
was prepared to describe the TGE test requirements and Pre-Launch Tost
Ineluded 1n the package were spectal
detatled test procedures to be per-

fons for the Ground Support Faulp-

Specifications and Procedure
handling instructions for the TG
formed at KSC and operation instrug
ment to be used at KSC,

3.1 Hard pport Requirements

A document containing the Hardware Support Requirements for the

Traverse Gravimeter Experiment was not formally prepared,
]nlerv\.v\ MIT/CSDL memos and verbal agreements between JSC,

GAEL, and MIT/CSDL defined the extent of support required.

.10 Operation and Instruction Manuals

The Traverse Gravimeter Operation and Instruction manual 2025509
18, Exhibit A,
W, Traverse Gravimeter Experiment. The manual was submitted

o r<(. Septembor 18, 1072; reference GRV-01-1.

prumrml and met the requirements of paragraph 5

ransmittal of Type 11

Documentation,

Special handling for the TGE and operations and instructions for the
Ground Support Equipment are conts
Requirements document 2025808;  reference: Customer Acceptance

Readiness Review (CARR) Review Iltem Disposition (RID), number four,

d in the Pre-Launch Test

121



3:20%Acceptance/Data Packages|

Acceptance Data Packages for each deliverable end item of flight and
GSE hardware were prepared in accordance with the requirements of
paragraph 5.2, 19 Exhibit 4, S. O, W, Traverse Gravimeter Experiment
and Section 7, Appendix 1, Traverse Gravimeter Experiment-Quality
Program Requirements. Data packages were shipped with each deliver-
able end item.

.21 Test Documentation

3.21.1 Certification Test Specification

The Certification Test Specification 2025807 was prepared in accordance
with the technical requirements of the TGE Contract Fnd item Detail
Speeification, 2025000, The document was released at Revision A and
approved by JSC June 6, 1072; reference EGO-72-53.

The following revi
approval of Engincering Change Releases,

ons to the documents were incorporated through the

R Numb C_Approval Data

20511 /31772
« 20608 10/20/72

The Ground Support Equipment for the TGE is classified as MSE CL
and thereby climinated the need for a GS

s 1
Certification Test Specification,

3.21.2 Other Test Specifications

The Certification Test Specification 2025807, Qualification Test Speciica-
tion 2025608, and the TGE Contract Fnd ltem Detail Specification, 2025000,
Part 11 defined the performance criteria and test requirements for the

verse Gravimeter Experiment,
3.21.3 Test Procedures
i

ments of paragraph 5.2

st procedures were prepared for each type of test and met the require-

0c, Exhibit A, S, O, W, Traverse Gravimeter

Experiment. The following test procedures were prepa
by MIT/CSDL Design Review oard and Configuration Control Board and

submitted to JSC a5 Type 11 documents:

1 and approved



QUALIFICATION TEST PROCEDURES

TITLE

(Traverse Gravimeter)

Launch Depressurization
TG Visual Inspection
TG Workmanship Vibration

TG Performance Test

TG Current Monitor

TG Temperature Test

Baseline Verification Test
TG Level Test

TG Thermal Vacuum

Qualification Vibration
Operational Test During TV

Vibration Verification

Isoframe/ Mechanical
Unit vib,
TG Isoframe Inspection

ACCEPTANCE TES

TITLE

raverse Gravimeter)

Launch Depressurization

TG Welght & CG Inspection
TG Blanket Inspection

TG Workmanship Vibration

NUMBER

25055
25030

20545

25015,

25025

25075,

25020

25035

25080
25036,
25076

(isoframe)

25081

NUMBER

25086
26057
26058
030

REV.

REV.

m
A
m

"
"
A

20821

20542
20528
20351

20331

URE:

ECR No.

20541
20855
20561
20562
2047

APPROVAL
. DATE

5/24/72
5/24/72

5/24/72
9/14/72

/1472
9/14/72

i21/72
812/72

8/17/72
/26/72
9714/

728172

7128/72

8/17/72

APPROVAL
DATE

/1772

14/72
/14772
o/14/72

5/24/72
0/14/72



ACCEPTANCE TEST PROCEDURES (Continued)
APPROVAL
TITLE NUMBER  REV. ECRNo.  DATE
(Traverse Gravimeter)
TG Performance Test 25045 IR 20402 6/9/72
A 20

535 /17/72
B 2053 0/14/72

« 20897 10/17/72
TG Current Monitor. 25015 MW 20475 5/24/72
A 20810 /1472

B 20547 9/14/72

TG Temperature Test 28005 IR 20475 5/24/72
A 20540 0/14/72
Bascline Verification Test 25075 IR 20475 5/24/72
A 20520
B 20851
Level Test 25020  m 20517
A 20848
B 20367
TG Thermal Vacwum Test 25037 IR 20521
A 20852
Operational Test 2503 20520
ing A
Vibration Verification 2507 20531
Assembly of Thermal 25200 IR 20868 10/4/72
Hlanket
TGE Assembly and 25201 | 20581 9/15/72
Disassembly Procedures
(isoframe)
TG Isoframe Inspection 2505 I 20840 8/17/72

(Ground Support Equipment)

Beeakout Box w05 wam
Foven Vocum Fixture 2000 In s/
Pushbutton Acttor ot a2
i it
Level/Mensure Light w0
B
Pover Panel Assembly 2002
arth Moon Adspter s w
B
oo Comeor Assembly 2004 In




3.21.4 Test Reports
The following Test Reports have been prepared for the tests conducted
in accordance with the requirement of the Contract Fnd Item Detail
Specification, 2025000, and meet the content of paragraph 5. 2. 20d.

2 Qualification Unit Test

1. Traverse Gravimeter
Report - 2025814, omiied to J5C Novermber, 1972,
‘Traverae Gravimeter Preclnstallaion Test Report —

5535008, swbmittcd to JSC November

. Caleulated kifective Bmittance of Rudiator Cover Pascd
on Engincering Tests - GRV-190-T. Submitted to JSC,
June

i Wire Test I(cq\nremcn\: of MSCM 8080 Standard 95,

cef Submitted to JSC, December, 1971,

215 Calibration Data Reports.

Ground support equipment *hat required calibration was calibrated and
tagged by MIT/CSDL Calioration Department prior to sell off of the equip-
ment, Calibri (lon Data Reports for each deliverable sct of GSI were not

epared in accordance with paragraph 5.2, 20¢, Fxhibit A, 5. 0. W.

periment,

‘raverse Gravimeter

3.22 Kinal Keport

his two-part document comprises the final report on the Traverse Gravimeter

Experiment.

23 Technical Reports

The following technical reports were prepared and contain the results of
es performed durlng the development phase of the

studies and analys

program;

1

sub

Testing ofa ibrating String Acoclorometor for use i 4
or - E-272 itted 10 JSC December, 1072,

52603, Submitted

imeter for the Lunar Sueface

Traverse G
s, 10T,
rraverse Gravimeter
ive-Day Mission B
Becemude 1075
Iraverse Gravimeter Users Guide.
Apeil, 10

Traverse Gravimeter Training Unit Manal.  Submtied

Mai

Part 1 of this document.
Submitted to JSC

nal Enginecring Repor
wation Report — GR

Submitted to JSC

Imcter Pxperiment-

Interim Test I'V.n
s e ubmitten to 18, Moy, 10

r Gravimeter intertm, Sy Hoport £2535.
it

Submitted

Lun
to JSC, December 15,



SECTION 4

Enginecring Change Proposals were prepared and submitted to JSC in

accordance with Appendix 111, Exhibit A, 5. O, W.

Experiment,

Traverse Gravimeter

Engineering Change Proposals were submitted to JSC resulting in contract

‘modifications or disapproval,

The following list identifics the F

No. Title

1 Fabrication o Human
Factors Model of
ey

2 Lo Biepley Desten

3 \\p:me & Modify Mock-
up for Solar Simulator
Ev

4 Additional Analysis for

e Margin

in Cireuits

5 Fagle Picher Consul-
tation of Battery

6 Power Up Launch

7 Contract specitication
Revisic

Heworkaf Production
i

9 Serconing Tests on
DAE Accelorometers

Date
Submitted
8/10/71
/1570
s/21/71
s/21/71
4/
10/19/71

10/15/71
11/10/71

12/13/71

ot
Docurment
CSDL Pro-
posal No.
20
GRV-68-A

GRV-68-A
GRV-68-A
GRV-63-A
GRY-43-L

GRV-42-L
DSR No.
50-151

GRV-86-4

CSDL Pro-
p

D:
Approved

cea i
11/20/71

Incorpor-
b

ment 5

cca

43

3/2/72

"P's submitted and the resulting CCA's,

Date Dis-
approved

11720071

0/71

1n/20/m

11720071

12/6/71

2/11/72

(uithdrawn
175/72



Date
Title Submitted

Sereening of 1y

Serics lnlcglzlgd

Alternate Contract 3/2/72

Approach

Capantity Retention:  3/9/72

Post Accept

Testing S Oporation-

al Suppos

Vibration Isolation 5/24/72

Astronaut Fiold 5/9/72

Training

Spare E- Frame
Aasembly

Ref.
Document
GRV-94-1.
GRV-101-
A

GRV-102-
A

GRV-112-
A

GRV-118-

Grv-122-
A

ceap &
Date
Approved
A g2
5/72
cea pa
3/30/72
CCA 48
6/20/72
e 5
5/2/72

cen
7ii2/12

cca gy
8l14/72

Date Dis.
approved



SECTION 5

PROGRAM MEETINGS

5.1 Preliminary Design Review (PDR)
‘The preliminary Design Review (PDR) was held at the Charles Stark
Draper Laboratory, Cambridge, Mass. , on February 23 and 24, 1971,
Coples of all presentation material was distributed to all attendees
at the time of presentation, Fach distrubution included:
87 View Graphs
1 TGE Functional Deseription
1 Preliminary Copy of Part 1 of Contruct Fnd item
1 Agenda

pecitication

Additionally, the Spares Kequirements list was submitted for approval s
required by the contract,

Mecting minutes were submitted to JSC and all atte
1072; reference GRV-17-L,

s on February 26,

Elaboration and detailed design information relative to thermal design
was requested by NASA personnel in attendence and was made the sub-
ject of a subsequent meeting.

5.2

elta Pr

i

Design Review (APDR)

‘The Delta Preliminary Design Review was held at Johnson
Center, Houston, Texas on April 15, 1971,

paceeraft

Defal destgn toemition =aiding smacirlesly 5 (14 7O el bl
pallet interface, and astronaut controls and displays was presented, /
Iytical results from a thermal model of the instrument indicated the foasi-
bility of operating on thermal inertia during a traverse with the radiator
closed,

The baste thermal design was approved as were the controls, display and
TGE/pallet interface designs.

The final disposition of action items (RID's) defined at APDR were submit-
ted to JSC June 14, reference GRV-65-T, "RID's from Delta PDIt
115, 1670, "




“DR)

5.3 Critical Design Review (CDR)
The Critical Design Roview (CDR) was held at the Charles
A power-down configuration at

Laboratory on September 1 and 2, 1971,
launeh was presented as the baseline,

The following prescatation material was disteibuted to all attendees:

Agenda (recommended by NASA/JSC)
Coples of Viewgraphs
Technical n.‘m-npuo..
Appen :
AR -Igr ¢
Appendix
ABPSndtx b - BIT Procedure
Certification Test Specification (preliminary)

|. rm u

Intertm Test Plan (Type 111)
TGE Thermal Design for CRI

TGE Therial Design Trade-Offs

GSE Shipping Container Drawing

GSE Test Fisture Drawing

Preliminary Lunar Time Line Operations

The following hardware and documentation was on display during the CDIt
TGE Thermal Blanket Assembly (Thermal Unit)
Base Housing Assembly (Engineering Unit)
Radiator Subassembly (Engineering Unit)
Precision Oven (Engineering Unit)
Middle Gimbal (1!
Flectronic Frame (Encineering Unit)
Gear Box Assembly (Thermal Unit)
Electronic Frame and Marness (Fngineering Unit)
embly (Thermal Unit)

ermal Unit)

Battery Pack A
Battery Pack Cover
Battery Pack Case (Engineering Unit)
Battery Cell - Typical

: Training Mosk-Up Unit

Geology Pallet Mocic-Up Unit

TGE Interface Mock-Up Units (actual earth weight)

Complete Set of TGE Drawings

Copy of each document released through the Design Review Hoard (DR B)
Copy of the TGE Rellability Plan

Copy of the TGI: Documentation Plan

nginessing Uni)




The meeting opened with a presentation of the progeam goals, accomplish-
ments and schedule,  Subsequent presentations de.ined design objectives
and parameters including consteuction and packaging techniques of the
teument.  Development testing was identified and the Interface, Train-
fug and Becadboard Units were domonstrated, Proposed grouad suppor
cquipment, KSC preflight operations
were tdentified.

nd & Lunar Operations Time Line

Fogineering drawings, SCD's and the reliability program were reviewed
in a separate meeting.

Mecting minutes were submitted to V/DOC 7125,
Minutes of Critical Design Review, Traverse Gravimeter Experiment,

reference G

The final disposition of action items (RID's) defined at CDR were sub-
mitted to JSC November 9, 1971; reference GRV-50-L, Disposition
of RID's Originated at CDR.

‘The Qualification Test Readiness Review was held at the Charles
Stark Draper Laboratory on July 18, 19 and 20, 1972,
Gravimeter Serial Number (F§-2) was cextified for qualification test-
iag after MIT/CSDL cloged out the action items (R1D's) generated st
QTRR; reference GRV-133A - Minutes of Traverse Gravimeter QTRR
and FTRR, 18 - 20, July 1972,

The Traverse Gravimeter, serial number (FS-1) was certified for flight
acceptance testing upon completion of the butld cyele,

Program documentation was presented and examined to verify that the
documentation reflected the design presented at CDR in September, 1971
‘The final disposition of action items (RID's) defined at QTRR, and the
meeting minutes were submitted July 25, 1972 and approved by JSC

Tuly 29, 1972; reference GRV-133A. Additional close out of pending
action items was completed via telephone conversations with JSC,

5.5 Customer Acceptance Readiness Revie (CARR)

A Customer Acceptance Readiness Review was held at Charles Stark
Draper Laboratory, October 18, 1972, A Flight Worthiness Certification
$-1 and 1'5-2,

document for the Traverse Gravimeter, serial number,

was issued by ISC.




A Qulitiation Assessment Review wa held to review the qualification
The tost

test data for the Traverse Gravimeter, serial number,
data was approved by JSC resulting in the issuance of @ JSC Certifi=
cation Test Review document,

est Procedure was reviewed.
and tnst

JSC1s request
tlons for the

The Pre-Installation 1
that special handling procedures for the TG!
operation of Ground Support Fquipment be incorporated in the PIT document,
eliminated the need for a separate Operations and Instruction manual for-

the GSE.
The Ground Support Equipment for the Traverse Gravimeter and related
documentation was reviewed and open items were identified by JSC.

The MIT/CSDL Office of Naval Research was directed by the JSC program.
Technical Manager to verify the close out of all open items prior to delivery
of any hardware,

The QAR and CARR meeting minutes were prepared and approved by JSC
L, Minutes of QAR and CARR,

October 19, 1972; reference GRV-S

Traverse Gravimeter,
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