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PREFACE

There are several ways to approach a design course. The student can
choose to design some mechanical system of his own choice or an assigned
project. In this design project, the student actually takes his engineering
background, studies the design problem, and formulates a final solution to
that problem, making his own decisions along the way.

Another approach is to study the development of a design project in
industry. 1In this case, the student must follow the steps professional en-
'gineers take to complete their design. He is able to learn the technical
aspects of the design as well as the decision-making processes of a corpora-
tion. The problem may be more complicated and involved, as time-consuming
research and development have been carried out. This second approach is
presented here in the form of a case study. The authors present a design
problem faced by the Bendix Aerospace Systems Division of the Bendix Corpora-
tion at Ann Arbor, Michigan, in connection with the Apollo Space Program..

We would like to acknowledge the complete cooperation of the staff at
Bendix Aerospace in providing the necessary informétion and personnel for our
study. Particular thanks are due to William Durrant, who volunteered his
time for our interviews, providing us with most of the technical information
for the study, and to Professor Paul F. Youngdahl for his guidance and assis-

tance throughout the project.
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1. INTRODUCTION

1.1 ALSEP PACKAGE

The Aerospace Systems Division of The Bendix Corporation (BxA), Ann
Arbor, Michigan, was awarded a contract by the National Aeronautics and Space
Administration (NASA) to design an experiment package for the Apollo 12 moon
flight. This package inciuded a passive and active seismic experiment, a
super thermal ion detector, a magnetometer, a heat flow experiment, a dust
detector, a gauge to measure the electronic particles of the solar wind, and
a machine to measure the ionosphere encircling the moon near the ground. To
transmit the data from the experiments to the earth and provide power for
the experiments, a central station was used. Power for the central station
was supplied by a radioisotope thermoelectric generator (RTG). The fuel
capsule for the RTG was radiocactive and had a temperature of 1400° F. NASA
felt that under these conditions, it was necessary to place the element in a
protective container, somewhere on the outside of the Lunar Module (IM).

Although Generai Electric (GE) developed the radioactive fuel element
and was responsible for designing the containment cask, the task of designing
the support structure to attach the cask to the IM was awarded to BxA in the
early part of 1966, as an extension of the total Apollo Lunar Surface Experi-
ments Package (ALSEP) program. In addition, BxA was responsible for the re-
moval of the fuel element from its container and deployment in the RTG. This
case study deals with the overall design problem faced by BxA of attaching

the cask to the outside of the IM.



1.2 DESIGN CRiTERIA
Of primary importance to NASA was the safe reentry of the radioactive
fuel element through the earth's atmosphere in case of an aborted mission.
Should that possibility occur, the containment cask would have to withstand
high reentry temperatures. NASA felt that the cask would have a better
chance of doing this if it separated from the LM during reentry. GE first
considered a berylium cask, but it was felt berylium would melt away com-
pletely at the high reentry temperature. GE then decided to use graphite
with its higher melting temperature for the cask. This meant that BxA had
to design some means of holding the graphite cask so as not to crush it, and
yet allow enough surface area exposed for adequate cooling both on the
launching pad and in space. On the launching pad, the cask surface tempera-
ture could not exceed the self-ignition temperature of the rocket fuel; while
“in space, the cask could not leak more than 100 Btu/hr into the IM to keep
from damaging any of its components.
The cask support structure had to withstand the loadings and vibrations

-during launch and while landing on the moon. Once on the moon, the support
structure had to provide safe and easy access to the fuel element, to allow
the astronaut to remove it and place it in the RTG. With only radiative
cooling the support structure temperature on the moon would be higher. This
meant that BxA had to consider the increased thermal expansion of the support

structure and insure adequate clamping of the containment cask.



1.3 SECTION ASSIGNMENTS

After NASA awarded the support structure contract to BxA, the project
was sent to the Department of Mechanical Engineering. Here, it was divided
into sections and assigned to Project Engineers. William H. Durrant was as-
signed to the mechanical design section, and most of our interviewing and
research efforts were with him. He received his primary and secondary edu-
cation in Great Britain. After completing his education, he became an air-
craft design draughtsman, and then moved into guided weapon systems, followed
by satellite design. 1In 1966, Mr. Durrant came to the United States and
began working for BxA. Other sections with their respective Project Engineer
were:

(1) stress analysis (thermal and static), Dr. D. Dewhirst;
(2) dynamic analysis, Dr. H. P. Lee; and
(3) thermal analysis, J. McNaughton.

In the remainder of the paper, we will present a study of the design
developments and problems associated with each of the above sections. A
chronological development of the total project is presented after the main
body of the paper as a summary.

Appendix I contains several photographs showing the cask and support
structure, both before the lunar mission and during the deployment of the

ALSEP package on the Apollo 12 moon landing.



2. MECHANICAL DESIGN

2.1 CASK ROTATION
Cask Position

From the beginning there were certain conditions governing the position-
ing of the fuel cask with which Bendix had to comply. First, because of the
high temperature of the cask itself and its need for adequate heat transfer
and its ready disposability in case of emergency, the cask had to be mounted
on the outside of the IM vehicle. Secondly, there was a limitation of the
cask's position due to the presence of a cone-shaped physical shroud which.
covered and protected the IM during launch and the exit through the atmos-
phere. This shroud, or SLA (Spacecraft IM Adaptor), so closely surrounded
the LM that the longitudinal axis of the cask was forced to lie vertically
and parallel to the IM's longitudinal surface. In this vertical position
the caskwas not readily accessible to a man standing on the lunar surface.
Consequently, a releasing and rotating system had to be devised so that the
radiocactive capsule could be removed from the cask to furnish the power for
the ALSEP experiments.

The removal of the fuel capsule from the graphite cask was the most
dangerous task facing the astronaut. Because the astronauts' suits were
designed to withstant a maximum temperature of 280°F, inadvertent contact
with either the 800°F cask or the 1400°F capsule would probably result in
death. To make the capsule's removal as safe as possible, NASA and the

human-factors engineers suggested that the cask be rotated from its near-



vertical attitude at or above the astronauts' eye-level both downward and
outward away from the IM. 1In its final position the cask-top would be toward
the astronaut so that he could sight directly down the cask axis. The cask
base would be supported by the lower trunnion of the original support struc-
ture around which it had been rotated.

The rotation mechanism had to take three factors into account. First,
it had been anticipated that the longitudinal IM-axis could vary from the
true-vertical a maximum of #15° due to the uneven lunar terrain. This meant
that the rotation mechanism had to be variable. Secondary, the rotation
mechanism had to provide a means of locking the cask in its rotated position
for stability during capsule-removal. Finally, the rotation had to be both

mentally and physically simple for the astronaut.

Original Rotation Mechanism

A motor, or electrical actuator, was initially eliminated for several
reasons. (1) The motor would have to withstand the high temperature of the
cask and its structure. (2) It would have to run in a vacuum. However,
since no "space-application-approved" motor was available from any manufac-
turer at that time, it would have been necessary for Bendix to entirely
design and test a new product. Time and cost factors would not allow this,
so they decided to use a simple mechanical mechanism.

In March, 1967, Bendix devised a simple rotating mechanism, a castel-
lated ring or gear deployment mechanism, as shown in Figure 2.1. From a

position beside the cask, the astronaut was to fit the-open end of a
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T-handled tool (similar to a tire wrench) onto the square-ended extension of
the lower trunnion shaft. Pressing the tool toward the hub disengaged the
spring-locked gear from its four mating pins. The shaft was then free to
rotate to the desired position. As the tool was withdrawn slowly, the astro-
naut felt for a pin-position between the gear teeth. The 36-tooth gear
resulted in a limited number of usable positions at 10° increments. There
was a built-in positive stop by means of a key at 120° to prevent accidental
excess rotation. To slow the rotation and to facilitate correctional counter-
rotations a counter-balance spring mechansim on the opposite lower trunnion
was deployed. (see Figure 2.1A).

By the end of March, Grumman (GAEC) notified Bendix that the cask would
be mounted on the other side of the LM vehicle between the ALSEP compartment
doors and the lunar landing foot. Now the mechanism could only be used by
extending the T-tool through a hold in the open ALSEP compartment door. This
limited the astronaut's clear view of the cask position.

Another complaint about this mechanism was voiced by NASA and the astro-
nauts themselves. They could simulate and test the mechanism but not the
astronauts' mental attitude. Previous experience with a space-walk showed
that excitement and oxygen content might combine to produce erratic behavior
in an astronaut. Thus, NASA did not know what to expect from the lunar astro-
nauts. They feared the astronauts would become frustrated with the delicate
positioning of the gear and requested the development of a mechanism with sim-
ple single-step sequences, fewer decisions, and & greater variability in posi-

tions. This mechanism would have to be operated from in front of the cask.
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Worm Gear Design

In the beginning of June, 1967, Bendix produced sketches of a worm gear
mechanism which could be operated from in front of the cask and at a distance
of several feet (as shown in Figure 2.2). Basically, the astronaut would
pull a chain that would rotate a sprocket on a vertically oriented worm
shaft engaged by a worm wheel. Originally this worm wheel's shaft formed
the right-hand end of the lower trunnion. This mechanism thus provided a
greater variety of positions than the castellated ring had. The high degree
of friction and low efficiency of the worm gear provided a self-locking
mechanism and prevented slipping caused by torque on the worm wheel.

It was calculated by human-factors engineers that due to the high center
of gravity of the astronauts with their back-pack life support systems, the
maximum force they could safely exert would be 20 1b, or 50 in./1b torque.
This factor necessitated a gear box size that would accommodate both a gear
and sprocket large enough to afford a mechanical advantage such that the as-
tronaut could easily raise and lower the cask. On Ehe other hand, the gear-
box assembly had to be small and light. It had to be small enough to fit
between the cask support structure and the ALSEP package door, and it had to
be ligbt enough to fit into the over-all weight limitations.

They began with a "ball-park" figure of a 1/4 in worm shaft for which
test gears of standard materials would be readily avallable. With these they
would construct dummy models to determine final gear size and a nominal pitch.

Through routine calculations they could then determine whether resulting
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tooth loads were acceptable. Example preliminary calculations from Bendix
are shown iﬁ Exhibit 2.1.

A commonly-used safety factor in final calculations would be l—l/h.
However, in this case, the astronauts may have been unstable enough to apply
their whole welght to the cord accidentally. A break thus caused to elther
the chain or gear system would have endangered the lives of the astronauts.
Consequently, safety factors greater than 1—1/M were necessary.

A final design consideration was to minimize secondary friction in the
gearbox. The original consideration was to use plastic-impregnated sleeve
bearings, but on July 12, 1967, the worm box was assessed at 800°F conditions
and it was concluded that plastic sleeves would delaminate at these tempera-
tures. Instead they decided to use self-aligning ball-bearings on the worm
shaft and ball bearings on both the lower cask trunnions (see Figure 2.3)

A full year later, in September, 1968, Grumman changed the open posi-
tion of the ALSEP package door adjacent to the cask. In its new position,
the door interfered with the cord operation, so it became necessary to move
the gearbox to the other side of the cask. Luckily, the same gearbox could
be used in the inverted position, whereas any ratchet-type mechanism would

have had to be redesigned.

Worm Gear Material Selection
It was known that in vacuum conditions similar materials under pressure
would tend to cold weld. It was also known that generally coefficients of

friction in vacuums are higher than in the atmosphere because of the lack of
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an oxide layér. Finally, the project required that all materials be able to
withstand high temperatures and be light-weight. The materials selected had
to fit within these parameters.

Plastics were initially eliminated because their normal range of temper-
ature tolerance would only extend to 150-200°F. Plastics might also outgas
or sublime, but little information was available on their space performance.
The temperature requirements necessitated the use of metals.

Titanium was selected to be the main material for the support structure
and gear mechanism for three reasons. First, it has low density (.16 1b/cu
in. compared with .29 lb/cu in. for steel) with an ultimate tensile strength
approximately equal to that of the 300 series stainless steels. Second, it
has a low coefficient of thermal expansion. Finally, it has high strength at
elevated temperatures. Titanium was used in the worm wheel, and stainless
steel was used in the worm. This avoided the cold welding found between simi-
lar materials. Aluminum had been discarded because of its greater loss of
strength with increasing temperatures.

Titanium itself is difficult to machine and expensive. However, because
of its physical properties and because so much was already being used in the

structure, titanium was used for the worm wheel anyway.

Simulation and Testing of Rotation
Because of the importance of reliability in the gearbox for the control
of this dangerous operation an extensive testing program was required to

ensure success. Because of the difference in gravitational systems the terms

19



"simulation" and "duplication" could not be synonymous. It was impossible to
duplicate lunar conditions, but simulation was possible through three differ-
ent methods for the gearbox tests. First, it was possible to simulate the
torque expected under lunar conditions and apply this to the specific appara-
tus. Second, they could make a cask 1/6 @he weight of the actual cask by
using lead weights to simulate the center of gravity. Finally, as it was
necessary to test the éctual flight model, it would be undesirable to over-
load the shaft with forces six times those on the moon as this would produce
structural failure. Consequently, its lunar weight was represented by sup-
pofting 5/6 of the actual earth-weight with a spring compensating device.
Designing the mechanism for lunar conditions by decreasing the weight and
strength of the materials for rotation, resulted in a more sophisticated
and costly testing program necessary in simulation and reliability determina-
tion.

There were a series of engineering models made for testing materials
and assembles in a variety of contitions. For example, on July 21, 1967, the
first gearbox model did not function properly due to faulty bearing alignment.
This resulted in minor modifications before & qualification model could be

made. Notes on the final qualification test follow:

Tests on Tilt Gearbox Assembly
Test Item

Gearbox Assembly-Dwg.

20



Purpose of Tests
To verify that the items under test will withstand the loads imposed
by, and operate satisfactorily under, the following conditions:
- When the cask is supported (by the gearbox) with its
major axis horizontal, i.e., position of maximum torque,
ét ambient local terreétrial conditions;
- With load as above but at maximum working temperature, i.e.,
TOO°F *= 25°F;
- With load as above but at maximum working temperature (T700°F =
25°F) and a vacuum cgndition goal of 1 x lO-15 torr;
and to determine the maximum force required to operate the gearbox during
normal cycling, and after repetitive cycling.
Test Procedure
The tests were condﬁcted under Procedure No. ATP-D-96 in the following
order:
- at ambient room temperature and atmospheric pressure;
- at 7OO°F * 25°F and ambient atmospheric pressure; and

- at 700°F + 25°F and at a vacuum of 1 x 10"7

torr. (1 x
-13 .
10 could not be attained).
Success of the test was dependent upon all parts operating properly in
the environments noted above. The load to operate the gearbox was not to
exceed 20 1lb, for a simulated torque load of 50 in.-1b.

Test Results

All parts did operate properly, even though the components were severely
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overtested relative to number of operational cycles.

A maximum load of 11 1b was required to provide 50 in.-1b of torque at
the gearbox output shaft for the normal test sequence. This load increased
to 22 1b after cyclic testing that represented approximately 150 times the

normal requirement.

2.2 LUBRICATION

Lubrication of all moving parts for the vacuum operations was necessary
to lessen the raised coefficients of friction and the possibility of cold
welding. Some special vacuum-application oils and greases, usually silicone
products could have been used. However, at the high temperatures in space
they might have sublimed. Alsb, the pressures on the gear teeth would prob-
ably have been too great. Consequently, a dry lubricant was necessary.

Molybdenum disulfide was ultimately used. The first dry lubricant (DLl)
tried had been accepted by both Boeing and NASA for space application.

Bendix proceeded to have DL. applied to all bearings, chain pieces, gears,

1
and the sprocket by a spraying process. During tests in high temperatures
and vacuum conditions the gearbox did not operate as well as had been expec-
ted. When they looked inside the box they discovered considerable amounts of

black particles, indicating that DL, had been worn off the worm gear faces.

1
Tt was then concluded that the treatment, which had apparently been applied
omitting the burnishing process, was unsatisfactory. At this point, it was

discovered that DLl contained graphite, a substance not fit for vacuum ap-

plication since it requires water vapor for its lubricating properties.
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Because of improper application of the lubricant, one bearing from the manu-
facturer became so seized-up it could not be rotated. Bendix, well supplied
with these DLl-coated bearings, began a process of wearing-in the bearings
in the gearboxes so that they would be operational. This was possible
because the bearing loads in the gearbox were quite low and that the mechan-
ical advantage of the astronaut through the chain and worm was capable of
overcoming the increased éoefficient of friction. However, the DLl coating
could not be used on the guillotine release mechanism (to be discussed
later.)

The second dry lubricant used on the guillotine was a molybdenum di-
sulfide powder, not containing graphite which was applied by a burnishing

process. The performance of the guillotine coated with DL, had been off by

1
a factor of 3 due to the increased coefficient of friction. With DLl the

final results were better than expected originally, the coefficient being

lower.

2.3 UPPER TRUNNION RELEASE MECHANISMS
The Original Ball-Pin

Before the rotation could be accomplished it was necessary to release
the cask from its upper trunnion cradle support. Before cask rotation the
cask weight had been fully supported by the upper trunnion extensions of the
circumferential bands. These trunnions had been supported by a stationary
U-shaped member and a rotating lever which closed the U to form a cradle. 1In

the original plan the cradle was held closed by a quick-release ball pin (see
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Figure 2.4).

As in Figure 2.5, the ball pin consisted of an outer casing and an inner
movable shaft. Through two holes in the outer casing protruded. two balls
that were normally forced outward by the inner shaft. These balls served to
increase the casing's outside diameter at a point where it could not fit
through the close tolerance hole in the restraining washer. The shaft was
heid in this locked position by spring tension. In order to release the pin
the shaft was pulled forward by a cord against the spring tensioning. As it
moved forward a groove in the shaft allowed the balls to drop from the pro-
truding position inward, thus clearing the outer casing diameter. This would
allow the pin (casing and shaft) to clear the restraining washer hole.

(A similar pin had also been considered. In it the interference was
caused by a protruding U-shaped member. This provided the same type of
locking except that it was unsymmetrical. The one-sided interference in a
short pin would cause tipping of the pin in the hole and possible jamming.
Tt was discarded for this reason.)

Though this ball pin was originally designed to be a shear pin, the
manufacturer assured Bendix that they had been used as tension pins before
successfully. In this case the outer casing was preloaded by tightening a
nut to a predetermined torque. This then required that the collar or washer
which interfered with the balls be hardened so that the balls could not be
pulled through easily.

A series of tests were established to assess the suitability of the pin

in vacuum conditions and at high and low temperaturés. In addition the cask
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structure as a whole waslto undergo extensive vibration testing. On July 30,
1968, one of the pins unlocked during a qualification model vibration test.
It was found that the pin shaft had been manufactured so that it was short
enough for the balls to be resting on the corner at the top of the ramp. The
seating collar showed no signs of wear, but x-ray and microscopic examinations
revealed that a Brinelling effect by the balls had worn down the corners of
the ramp during the vibration test so that the preload caused the pin to pull
out.

These short shafts were replaced in later runs by longer ones; however,
with these there was a loss of preload and they would not unlock by any means.
Because there was no assurance that this would not occur on the moon, this

method was abandoned for a more positive method of releasing.

Three Alternate Mechanisms

One of the alternatives was a suitcase-like latch. This consisted of a
spring-loaded hinge-bar with a loop and its interlocking pin. Upon removal
of the pin the spring-loaded hinge would release itself.

The second alternative operated like a collet grip. This arrangement
resembled the ball-pin assembly except that the pin would have been replaced
by a titanium rod with an annular groove. Three collet jaws interlocked with
the annular groove near the outside end of the rod and were held £ogether by
a surrounding sleeve. This locked the cradle members together until the
sleeve would be pulled back. There was little chance of cold welding because

of the low bearing pressure between the collet and the sleeve because all inter-
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faces would be dry lubricated. Bendix calculations are shown in Exhibit 2.2.

The third method of release was similar in principle tovthe collet
except that it required cutting through the locking rod. This guillotine
method would actually require a smaller load from the astronaut to release
the cask, Using the same cradle that had been assembled for the original
ball-pin release they replaced the ball-pin with a titanium rod and feplaced
the ball-pin lever with a guillotine lever. The titanium rod, similarly
shaped to a tensile test specimen, was positively held in the cradle end and
extended through the lever and a threaded nut. Tightening of the nut pre-
loaded the rod to a predetermined force.

Measurement of preload was aceomplished through the use of Bellville
washers. The amount of preload was determined by the extent of flattening
the cup-shaped washer wedged between the nut and the lever assembly.

The cam lever and cutter cut the rod as shown in Figure 2.6. Pulling
the cam lever notched the pretensioned rod. Before their use both the lever
and cutter were held in place by shear wires that prevented inadvertent con-
tact of the cutter and rod, an event which would have triggered early deploy-
ment and failure.

Preliminary calculations suggested that the ideal situation would be to
have a preloaded pin such that a cut through 25% of the pin diameter would
act like a necked tensile specimen and go to failure. A high preload would

thus require little effort on the astronauts' part. However, the preload
could not be so high that the imposed g-loadings of vibrations and launch

might exceed either the yield or ultimate strengths. If the yield strength
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Exhibit 2.2, Collet Release Calculations.
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were exceeded the rod would yield and requiré far greater effort on the part
of the astronaut to cut through it. If the ultimate strength were exceeded
the rod would prematurely fail.

They decided to use a preload of 250 1b for the tests. On December lh,
1968, the first pull test began with the cutter angle at 10°. This angle
required a 39 1b force to cut the rod, the maximum allotted being only 20 1b.
Further modifications to the angle to 30° and to 45° resulted in force-
requirements of 28 1b and 18 1b, respectively. Changing the lever arm from
2 in. to 4 in. changed the force-requirement to 13.5 1b. Raising the pre-
load to 300 1b resulted in a force-requirement of 11 1b. However, redesign-
ing the astronaut-guard and a straightening of the cam lever also resulted
in an 11 1b force-requirement, and this preload of 250 1lb. was preferable to
the former 300 1lb preload.

All of these tests were conducted at 600°F. All test pulls were made
normal to the cam lever at the beginning of its cutting stroke. However,
it was anticipating that discrepancies of up to HO% due to the lunar posi-
tions would still result in force requirements of less that 20 1b. A 16 1b
force at room temperature would release the cask in case of emergency.

Further tests in December‘required excessive forces for trunnion release.
This discrepancy from Bendix results was explained when it was discovered the
tests had been conducted at 180°. Since titaniom loses strength with increas-
ing temperature these differing results would be expected. Again, since alu-
minum loses nearly 80% of its strength at 700-800°F, it was not considered

for this application.
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The calculations shown in Exhibit 2.3 are representative of those done

for the cutter release mechanism.

Further Release Details

At the request of the astronauts Bendix made the trunnion release, cask
dome lock removal, and worm-gear lowering parts of a continuing sequence. A
lanyard loop connected all the parts. Those loop parts in contact with the
cask were made of stainless steel while the part in contact with the astro-
naut was a Fiberglas covered cable which enclosed metallic jack-like beads.
These ensured him a good grip.

The lanyard was looped neatly inside the ALSEP compartment door. After
removing the drawer-like ALSEP components the astronaut would uncoil the |
lanyard and station himself in front of the cask. Pulling on the lanyard
first released the upper right trunnion and detached the guillotine lever
assembly. Next, the spline which locked the dome on the cask was pulled and
Jjoined the guillotine parts on the lanyard like more clothes on the line.
The upper left trunnion released, and further pulling on the lanyard turned
the sprocket and lowered the cask. In the first lunar use of the mechanism
(Apollo 12) the sequence worked like clockwork. Photographs of this
sequence from the actual moon operation of Apollo 12 are included in Appen=-

dix I.

2.4 BAND DESIGN
Securing the cask to the support structure was the biggest problem BxA

encountered. Ultimately, three titanuim bands, 1.0 in. wide and 0.017 in.
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thick, retained the cask. Two bands were arranged circumferentially, 13.25
in, apart, and the other axially as shown in Figure 2.7. BxA considered this
arrangement by no means ideal, however it was the best considering the fol-
lowing restraints on their design, made bj GE:

(1) The design must provide adequate radiative cooling for the

cask. (This is the only mode of cooling in the hard vacuum

of outer space.)

(2) The design must allow the cask to separate from the IM

should the mission fail and the LMbreenter the earth's

atmosphere. (The reasons for this restraint are discussed

in the Introduction on page 2.)
In addition, the design must retain the cask in all positions, at all tem-
peratures encountered, and during the dome removal operation.

When first faced with the problem of securing the cask BxA asked GE to
provide either grooves, holes, or protrusions on the cask. (See Chapter 6,
page 133 ,) Had this been possible, securing the cask would have obviously
much easier. Consequently, the band arrangement was the only design consid-
ered. First of all, the bands left a large amount of the cask surface uncov-
ered for radiative cooling. Secondly, the thin bands would indeed disinte-
grate upon reentry through the earth's atmosphere and thus allqw the cask to
separate from the LM.

Since friction loading between the cask and the bands was the mode of

securing the cask, the following problems were apparent:

(1) How will temperature fluctuations of the cask during the

50
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flight affect the frictional load?
(2) What material should the bands be made of?
(3) How tight should the bands be (how much pretension is needed)
to maintain an adequate friction load?
These three problems were solved by BxA's Stress Analysis department and a
discussion of the subsequent anaiysis is presented in the next chapter. How-
ever, this section is mainly concerned with the band design.

Above all, the amount of pretension in the circumferentisl bands was
most lmportant—it must ensure that the graphite cask is not overstressed at
room temperature, when the adjustment is made, and it must ensure that when
the cask has reached its final working temperature there is still sufficient
residual ténsion in the bands to secure the cask against the dome unlocking
torque. In addition, the pretension in the circumferential bands must pre-
vent axial motion of the cask when the dome is removed.

To accomplish this each circumferential band was made in two halves.

One end of a half band was rivéted to a trunnion block while the other end
was attached to the opposite trunnion block by a bolt in a swivel and yoke
arrangement (See Figure 2.7). With this arrangement each band could be adjus-
ted to obtain coaxial alignment of the trunnion blocks. In addition the
correct amount of pretension was attained by tightening the bolts. A torque
of 8 in.-1b produced the required pretension (from the stress analysis) in
the bands. This figure was obtained from band tensioning tests where strain
gages, mounted on the bands, monitored the pretension in the bands. Further-

more this procedure was carried out prior to launch to maintain the pretension

52



determined from the tests.

The axial band was also made in two halves. One end of each half was
riveted to the upper trunnion blocks, while the other ends were attached to
a yoke arrangement located at the bottom of the cask (See photo 4 in Appen-
dix I). Pretensioning was accomplished as described above for the circumfer-
ential bands. With this arrangement axial loads on the cask were supported
by the axial band and the upper'ciréumferential band, while loading in the

n__mn

vy and

"z" directions were supported by both the upper and lower circum-

ferential bands.

The cask-band/trunnion assembly was supported at the upper and lower U

members at the trunnion blocks.

23






3. STRESS ANALYSIS

The peak stresses and temperatures which occur throughout the titanium
support structure are summarized in Figure 3.1. These stresses were calcu-
lated using three-dimensional strength of materials formulas assuming 60 g
loading (meximum) and a 45-1b cask. However, the most difficult task of the
stress analysis was to determine the stress environment between the cask and
the band-trunnion mechanism which directly supports the cask. As indicated
in Section 2.4, the stress analysis was complicated by the various tempera-
ture fluctuations and loading conditions encountered by the cask and support
structure during the flight. In essence, a detailed analysis was required to
determine an appropriate material for the bands and an adequate clamping load
which would retain the cask in all phases of the flight.

During the early design stages of the support structure the circumfer-
ential bands had a channel-type cross section which fit into grooves in the
graphite cask. However, the evolution of the smooth surface cask (any
grooves, slots, etc., in the cask would jeopardize its safe return to earth
should the mission be aborted in space) indicated a different band design
also. A simple flat band with negligible bending stress was the solution.

In fact, this type design had significant advantages over the previous design.
The most significant advantage was its lower thermal (pretension) stress.
Other advantages were less weight, lower cost, and fewer tolerance problems.
However, the most significant disadvantage was the difficulty in accurately

pretensioning the bands.
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There were three sources of stress in the bands. They are pretension

stress, stress caused by "g" loading, and stress due to misalignment or tol-

erance problems. The stresses due to pretensioning and maximum "g" loading

were determined analytically while the stresses caused by misalignment were

taken into account with the design "margin of safety'" requirement.

3.1 MATERTIAL SELECTION

The clamping load required to retain the cask is a function of the coef-
ficent of friction (u). Since friction forces are generally greater in a
vacuum than in the atmosphere, a coefficient of friction of 0.2 or greater
was presumed a conservative estimate of the cask-band surface combination.
Therefore, a line load requirement of 3 lb/in. was chosen as design goal for
the band line load on the lunar surface. This number was determined from
Figure 3.2, provided by NASA. The line load on the cask is equal to the di-
rect tensile load (P) in the circumferential band divided by the cask radius
(R). The equation used to compute the direct tensile load is shown in Figure
3.3. As the equation indicates, the line load is directly proportional to
temperature variations. Therefore, the task was to select a material which
minimized the band load due to temperature fluctuations.

In selecting a material for the bands the coefficient of thermal expan-
sion (@), stiffness (Young's Modulus), and the strength/density ratio were
material properties of primary importance. These properties were considered
at the high temperatures of the cask and their importance was as follows:

(1) Ideally the bands should have a coefficient of thermal expansion

o1



3l 'CASK LOWERED 15° BELOW
HORIZONTAL. FIGURES ASSUME

ASTRONAUT PULL OF 15 LB, ,
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Figure 3.2. Required clamping load versus friction coefficient.
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identical to that of the graphite cask.

(2) Thermal expansion stresses are also minimized if the bands
comply to the surface of the cask. This is obtained by mini-
mizing Young's Modulus of elasticity (E). [Note: generally
stiffness is considered to be a function of area times the
Young's Modulus (AE), however since A is not a material prop-
erty E is of greater importance in selecting a material.]

(3) Thermal stresses are not directly affected by strength/density
ratios, but the weight of the band structure will be inversely
proportional to this factor. Therefore high values of the
strength/density ratio are desired.

In addition, the material must have a high melting point because of the high
temperatures of the cask. The materials considered are shown in Figure 3.L.

Of these, BxA chose titanium as the best compromise of the above criterion.

5.2 COMPUTATION OF BAND STRESSES

Using the band load equafion of Figure 3.3, values of E and o for
titanium from Figure 3.4, and the line criterion of 3 lb/in. on the lunar
surface; the line load requirement at room temperature (7O°F) was computed as
147 lb/in. The band was assumed to be 1.0 in. wide by 0.017 in. thick, and
the cask thickness was 0.35 in. Furthermore, the band stress at room tempera-

ture and on the lunar surface were calculated as follows:

op = P R/A
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where o8 is the band stress in psi; P_ is the line load in 1b/in.; R is the

L
radius of the cask in in.; and A is the cross sectional area of the band in

.2
in.

Therefore,
oB(at room temp.) = 147 - 4/0.017 = 34,600 psi
cB(at lunar surface) = 3 + 4/0.017 = 705 psi

However, most significant was the band stress which occurs at the maximum "g"

loading. The calculation of the load due to 60 g (maximum loading) is shown
in Figure 3.5. At the maximum "g" loading the temperature was 550°F. Conse-
quently, the temperature effects tend to decrease the line load and band
stress because the bands expand more rapidly than the cask. Figure 3.6 sum-
marizes the line load on the cask and the band stress at room temperature,

maximum "g" loading, and lunar conditions.

3.3 FORMING THE BANDS

In bending the normally flat bands a residual bending stress occurred in
the bands. Since the circumferential bands must retain a compressive line
load in order to retain the cask, ylelding cannot be permitted. Therefore,
the residual stress was removed by a stress relief anneal. However the axial
bands were formed requiring a curved section, around the lower dome, and a
flat section along the side of the cylindrical cask. Consequently a stress
concentration existed at the intersection of the flat portion with the curved

portion of the band. As illustrated in Figure 3.7, this bending Stress was
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equal to 54,500 psi. This meant that any tolerance buiidup between the band
perimeter and the cask perimeter and any stretch of the band due to the "g"
loading would cause the 54,500 psi stress to occur at the intersection of the
curved and flat portions. Therefore, a prestressing procedure was used in
forming the axial bands. This procedure consisted of winding the flat band
around a small diameter mandrel and allowing it to spring back to an inter-
mediate radius between 2.5 in. and an infinite radius shown in Figure 3.7.
This produced a residual compressive stress in the outside fiber of 21,600
psi. An additional 8500 psi compressive stress was induced by bending the
prestressed band back to the flat configuration. Since the curved portion of
the band has a tensile stress of 46,000 psi on its outer surface, the total
stress of the prestressed band is 46,000 - 21,600 = 24,400 psi tensile. Con-

sequently, the prestressing process effectively divides the maximum bending

stress into two smaller components as illustrated in Figure 3.8.

3.4 MARGIN OF SAFETY

A summary of the various band stresses and yield strengths of titanium
are shown in Figure 3.9. The total stress in the top circumferential band
was higher than that of the bottom circumferential band because the cask cen-
ter of gravity (CG) was closer to the top and the cask was thicker here also.
Comparing the top band stress total of 79,385 psi with the strength of
annealed titanium at 550°F, the margin of safety is equal to 0.028 based on

yielding. That is,

MS = 1.0 - Er—
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STRESS SOURCE AXIPASLIBAND ToﬁalAND BOTTOM BAND

1. PRETENSION | 12,290 12,290 | 10,000

2. "g" LOADING [ 79,500 55000 | 43,000

3. BENDING | 30,100 21,145 | 21,145
TOTAL 121,890 79,385 | 77,095

BAND STRESS TOTALS

MILHAbK 5 | Fy KSI Fyy (B) KSI

Ti 6 Al 4V ANNEALED STA

RT 120 148 KSI

550° F .68 (120) = 81 6 | . 70(148) = 103.7

800° F 62(120) =74.5| . 61(148) = 90. 4

YIELD STRENGTH OF TITANIUM

Figure 3.9. Summary of band stresses and yield strengths of titanium.
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where, MS 1s the margin of safety; OB,iS the band stress; and Fty is the
yield strength of titanium.

The stresses in the axial band could not be added in the same way since
the assumption of elastic behavior did not apply. That is, yielding occurred
in the axial band thereby relieving a portion of the bending and pretension
stresses. Comparing the stress developed by the "g" loading to the ultimate
tensile strength of the titanium at 550°F resulted in a margin of safety of
0.14 based on fracture. Consequently the band design based on material se-

‘lection and stress requirements was satisfactory with an adequate margin of

safety. (BxA specified a margin of safety greater than zero was adequate.)
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4. DYNAMIC ANALYSIS AND TESTING

The purpose of the dynamic analysis and testing program was to determine
the vibrational characteristics of the cask assembly. The first step of the
dynamic analysis was to determine an analytical model for the system. The
development of the model was carried out by Dr. H. P. Lee and K. H. Wadleigh.
Their results were reported in March of 1968. Following this, extensive
testing was performed at the BxA research laboratories during April on a pro-
totype assembly. Vibrations tests were also conducted at GE and GEAC. A
comparison between the analytical data and the test data showed a fairly
close correlation. Overall, the results of the dynamics Pprogram were suc-
cessful. That is, there were no structural failures and the system was

indeed stable.

4.1 ANALYTICAL DEVELOPMENT

The ultimate purpose of the dynamic analysis was to indicate to GE the
probable vibration environment which the BxA support system would transmit
(via the BxA/GE interface points) to the cask. Due to the high cost of
building the cask, GE wanted a thorough dynamic analysis of the assembly be-
fore they would consent to using a prototype cask for the actual vibrations
testing program. Moreoever, BxA wanted assurance that their assembly would
not suffer structural failures when subjected to qualification level vibra-

tion locads on the test stand.
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Two-Dimensional Model

During the early stages of the design the approach to an analytical
model of the system began with the development of an adequate two-dimensional
representation. Although limited to a study of three degrees of motion, this
model did provide essential information as to the vibration characteristics
of the structure. The information derived was the natural frequencies, the
mode shapes, and transmissibilities of the system.

The physical model of the cask assembly used in the dynamic analysis is
shown in Figure 4.1, it includes the bands, gear box unit, and the mounting
structure. For the two-dimensional analysis a simplified model was used as
shown in Figure L4.2. In order to develop a mathematical expression for the
model the following assumptions and constraints were made:

(1) The fuel caskwas rigid and axially symmetric.

(2) The mounting supports at the LMwere rigid.

(3) The mounting structure was simplified to a three-member truss

as shown in Figure L.2. The two supporting points of the
mounting structure to the cask shell at 1 and 2 have transla-
tional motions in x and z axes, and rotation @ about the origin.

(4) The truss members were treated as massless springs which con-

tribute only to the stiffness.

(5) Hinged joints were assumed between any two truss members.

(6) A damping constant of 5¢ of the value for critical viscous

Tl



*aanqonIqs Surqunouw syq pur ATQWesse }SwDd JO spouw TeOTsAuyd “T'h San3Td

Aae SN

\
ﬁu\
)

J

T2



‘W33.S£S 93BUTPICOD oY} PuB TOPOW TRUOTSUSWIP-OMT, ‘2 2anStg

e

e

(&}

L)

L\\\\\ LLLLLL

S
>.—..V“AW .rv\\wfv“

\%ﬂa‘w

5(
N



damping* was used in the numerical calculations.

(7) The responses at the two supporting points 1 and 2 were
assumed to have identical motions in the z-direction, i.e.,
Wl = WZ; but the motions in the x-direction at 1 and 2 are

different, being denoted by u, and u,, respectively. Con-

1 2

sequently, the vibrational system had three degrees-of-

freedom.

The known weights of constituent components and the mass movements of

inertia of the cask assembly were lumped at the center of gravity (cg) of
the cask unit. Finally, the analytical procedure involved forming the three
controlling matrices of the system. They were the mass matrix [M], the
stiffness matrix [K], and the forcing matrix [Q]. The matrices were then
transformed from the cask CG to the GE/BxA interface (points 1 and 2 on
Figure L4.2) where the results were sought. The computer output indicated
that there were three natural frequencies at 246, 857, and 1002 cps. And the
resulting transmissibility versus frequency curves are shown in Figures L.3
to 4.8. However, the primary points of interest are the responses to sinus-
oidal excitations and random excitations. NASA provided two input levels for
the sinusoidal and random excitations. This input data (shown in Figures 4.9
and 4.10) was based on the worst vibrations condition, whichoccurred during

the launch and boost phase of the flight. The system response to the given

input levels was then calculated using the following formulas:

*The hysteresis damping of the system was assumed to be viscous in order to
simplify the analysis.

Th
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1. Response to the sinusoidal excitation
X (£) = 1(f) X (£)
2. Response to the random excitation
2
PSDr(f) = T°(f) PSDO(f)

where, T(f) is the transmissibility as a function of frequency (CPS) in a
given direction (Figures L4.3 to 4.8); X is the acceleration (in g's); PSD is
the power spectral density (ge/CPS); the subscript "o" denotes input, while
"r!" denotes response.

Since the range of the sinusoidal inputs was from 5 to 100 cps, as indi-
cated by Figure 4.10, and the resulting values of transmissibilities in this
range were less than or equal to 1, then the values of ir were less than or
equal to io' Hence, sinusoidal excitations were not detrimental to the sta-
bility of the system. However, the PSD versus frequency curves are shown in
Figures 4.1l to 4.16, here, the RMS responses are the equivalent "g" load-
ings. The results of this preliminary analysis indicated that the cask as-
sembly would withstand the imposing vibration environment it should encounter

during the flight. However, a more extensive analysis was needed before

testing could proceed.

Three-Dimension Model
With the accumulation of more information on the design of the cask as-

sembly a three-dimensional model was developed. This model was a much better
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attempt to predict the behavior of the system. In this ahalysis six degrees-
of-freedom were considered and provision was given to the unsymmetrical
weight distribution at the four supporting points in addition to the cask
weight at its own CG.
Again as in the two-dimensional analysis, the actual physical model of
the system is shown in Figure L4.1l. However, a slightly simplified model
shown in Figure 4.17 was used for the dynemic analysis. (Table 4.1 shows the
data given and the location of the loads used in this analysis.) In addi-
tion, the following assumptions and restraints were made in developing the
mathematical formulation:
(1) The fuel cask was rigid and axially symmetric.
(2) The mounting structure assembly supports with the LM were
rigid.

(3) The truss members in the mounting structure were treated as
massless springs which would contribute only to the stiff-
ness, although half of the total weight of thé mounting
structure was approximately (not equally) distributed at the
four supporting points between the cask and the trunnions.

(4) The system damping was assumed to be viscous.

(5) six modes of loading, namely the axial load, torsion, two
lateral loads, and two bendings in two orthogonal directions
at each end of the beam element were considered. Moreover,
the six general loading modes for the U-members were derived

and incorporated in the analysis.
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x,(u)

1 2 3 4 — INTERFACE SUPPORTING POINTS OF THE FUEL CASK AND THE
BENDIX MOUNTING STRUCTURE
n 12 13 W — INTERFACE JOINTS OF THE BENDIX AND GRUMMAN STRUTS

Note: Uncircled numerals denote nodal designation and circled numerals
denote sectional designation.

Figure L4.17. Three-dimensional model.
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TABLE k4.1
GIVEN AND IUMPED WEIGHTS FOR THE THREE-DIMENSIONAL MODEL
Given Data:
WC (Cask assembly including shell and fuel element) = 39.7 1b

WB (Bands) = 4 1b

WG (Gear Box Unit) = 1.2 1b

W = W = 2.6 1b

uc upper cradle

wlc - wlower cradle 2.6 1b
wdm B wdiagonal member .
wbm = wbracing member 0.078 1b
Wo = Woo1ee = 0.5 1b

2
I =1 = 1792 1b-in.
XX vy

(o]
]

338.2 lb—in?

Lumped Weights in Calculation:

Uy T Vgt Lx2.28 g; x va= 1.162 1b

Wy, = WB3=22._x§g x W, = 0.838 1b

W o= W =Lx (LW _+W )+LxW =0.7195 Ib
2 3 8

W, = W,=LlxLlW +W_ +L1xW =0.5711b
2 3 8

Wy = W, =W + W = 1.8815 1b

Wy = W, U, + g = 2.609 1b

Wy = W, W = 1.409 1b
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(6) To correlate the absolute coordinate (x,y,z) to the relative
coordinates (u,v,w) and the inputs (XO,YO,ZO), the following

relationships were used in the derivation:

X = u, tx
J J o
= V. + y
yJ J o
Z = w, t2z2
J J o

where the subscript j denotes the locations of the supporting
points, i.e., j =1, 2, 3, L.

(7) A solid body motion of the cask assembly was assumed. Conse-
quently, the following kinematic relationships were used for

the cask configuration of concern:

u)_L = ul - u2 + u5
17

v2 = vz

wl = w2

W = W
3 L

w o= oW - =Sy 2y
1 Ly ath 1  atb 2

Therefore, the six degrees-of-freedom in the relative coordinates at the
desired supporting points 1, 2, 3, and L4 are sufficient to be described by

w. which explicitly relate to three of the four

u,, Vl, V2, 1

ul, u2, 3
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supporting points.

Similar although more complex than the two-dimensional analysis, the
governing matrices were determined for the three-dimensional case. However
due to the mass distribution assumed for this model, the energy-Lagrange
model was used in forming the mass and forcing matrices. Because the systems
damping ratio was unknown two sets of data with different damping constant
were obtained from the numerical calculations. Also, at the time of this
analysis the joining mode between the cask and the trunnions was uncertain
due to the presence of bands encircling the cask. Consequently, two distinct
boundary conditions were possible, they were, fixed or hinged joints at
points 1, 2, 3, and 4 of Figure L4.17. Therefore, four sets of results were
obtained as follows:

Case 1 Fixed-end supports with 5¢ of the critical viscous damping.*

Case 2 Fixed-end supports with 104 of the critical viscous damping.

Case 3 Hinged-end supports with 54 of the critical viscous damping.

Case L4 Hinged-end supports with 109, of the critical viscous

damping.

The computer results yielded six sets of natural frequencies summarized

below, included are the natural frequencies calculated from the two-

dimensional analysis for the purpose of comparison.

*As in the two-dimensional analysis, the hysteresis damping was assumed to be
viscous for simplification.
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Natural Frequencies: in CPS

Case 1 and Case 2 Case 3 and Case L 2-D Case
70 (w ) b3 (v ) -
86 (v ) 68 (w ) —
127 (v ) 108 (v ) 2u6 (w )
309 (u ) 278 (u ) 837 (u )
562 (u ) 516 (u ) —
705 (u ) 659 (u ) 1002 (u )

Calculations of the responses (ir,PSDr) to sinusoidal excitations and
random excitations were obtained using the formulas discussed for the two-
dimensional model on page85. The same input excitations were used (XO,PSDO),
shown in Figures 4.9 and L4.10. As a result, this analysis produced 72 graphs
representing T vs. f, Xr vs. f, PSDr vs. f, for all three directions (x,y,z),
and for all four cases.

Of particular importance were the responses due to sinusoidal excita-
tions and random excitations the results of which are summarized in Tables
4.2 and 4.3. From these tables it was apparent the maximum "g" loading due
to sinusoidal or random vibrations was 34 g.

Since the stress analysis of the cask support structure was based on
60 g loading, a safety factor of 1.8 was established based on "g" loading due
to the vibrational environment of the launch and boost phase of the flight.
(Note: NASA specified that the 14 g acceleration loads would not be combined
with the vibration loads during launch and boost.) Satisfied with the re-
sults of the dynamic analysis, GE sent BxA a prototype cask for the actual

vibrations testing conducted at the BxA Research Laboratories.
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TABLE 4.2

RESPONSES DUE TO SINUSOIDAL EXCITATIONS

} RESPONSE (g)
LOCATION® | EXCITATION [~ er T uasE o | CASE % | CASE k4
!
et X 9.0 [ 5.9 9.7 f 6.1
1 (u)) v 3. | 1.8 ] 1.9 1 0.9
._ ) |
z 17.5 8.9 1 17.5 | 8.8
X 3.0 3.0 | 3.0 3.0 ;
2 (u,) v 3.0 1.8 | 2.0 0.9 |
7z *¥ *% *% é *%*
X 3.1 3.0 3.1 3.0
3 (uB) v 3.0 1.7 1.9 [ 0.9
7z *% *% *K *%
X ** *% *¥ *%
in (vl) v 34.0 18.5 33.5 16.7
Z, *% *¥ *% **
X *¥ ‘ *% *% *%
5 (v2) g 27.0 11.5 29.5 12.8
z ** *% ** ‘ *¥* i
X 10.0 5.6 ¢ 10.0 5.9 !
6 (wl) y 3.1 1.9 1.9 X 1.0 ;
2 21.9 | 10.8 | 20.0 ' 10.8 |

*"Location" denotes where an accelerometer may be placed
and measures the respondent acceleration in a given axis
due to a given excitation,

**Response is much less than 1.
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TABIE 4.3

THE ROOT-MEAN-SQUARE RESPONSES DUE TO THE RANDOM EXCITATION

- Root-Mean-Square Response (g)
TOCATION* | FXCTIATION I"casE1 | CASE2 | CASE 5 | CASE &
X | 21.6 15.2 20.05 14,16
1 (ug) y L.2 3.1 2.29 1.67
z 15.8 11.3 15.37 10.96
x 34,0 23,8 34,20 23,71
2 (w) ¥ 3.78 2.k 2.0k 1.55
zZ 1.56 1.06 1.89 1.28
_ x 29.1 21.5 29,46 21.44
3 (u3) y L .66 3,31 2.57 1.82
z 1.35 0.95 1.56 1.15
X 0.23 0.16 0.25 0.17
Lo (vp) y 12.4 8.49 3.27 2.36
z 0.16 0.11 0.15 0.11
x 0.75 0.45 0.56 0.35
5 (vp) y 9.18 6.66 2.92 2.16
z 0.16 0.12 0.19 0.13
x 10.1 7.17 9.87 7.00
6 (wq) y 2.1 1.38 0.93 0.63
' z 8.43 6.0 8.37 5.92

*"Tpcation! denotes where an accelerometer may be placed and mea-
sures the respondent acceleration in a given axis due to a given
excitation.
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4.2 VIBRATIONS TESTING

Procedure

The object of the vibrations testing was to ascertain the reliability of
the cask assembly when subjected to qualification level sinusoidal and random
vibration levels at elevated temperatures. Tests were conducted on a proto-
type cask/support structure assembly at the launch and boost, and lunar de-
scent temperatures established during'the thermal/vacuum testing.

The input vibration test series were initiated and controlled at the
cask support structure/LM strut interface. Figure L4.18 shows the test set-
up including the accelerometer locations. Their purpose was to record the
vibrations environment at the interface of the BxA support structure and GE
cask. The following tests were conducted in each orthogonal axis as defined
in Figure L4.18:

(a) Transmissibility survey (1 g sinusoidal sweep) from 5 to 2000

cps at launch and boost flight phase temperature (280°F)

(b) Transmissibility survey (1 g sinusoidal sweep) from 5 to 2000

cps at lunar descent flight phase temperature (600°F)

(¢) Launch and boost phase sinusoidal vibration

(d) Launch and boost phase random vibration
The input specifications for the vibrations testing are given in Appendix II.
However the input specifications for tests (c) and (d) are graphically shown

in Figures 4.9 and 4.10.
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Results

The most important result of the vibrations testing was that there were
no structural failures in the cask assembly. Also, an evaluation of the test
results provided a set of cask vibration specifications for launch and boost,
and descent stages of the Apollo flight, which were of particular interest to
GE. Figures L.19 to 4.23 represent a sample of the output obtained from the
tests mentioned above. Figure L.24 shows the cask sinusoidal vibration spec-
ification as determined from the equation: Xr = T(f) - Xo' Moreover, the
data obtained from thé five accelerometer locations indicated no substantial
differences from one location to another.

Because the qualification input levels for the lunar descent phase of
the flight were considerably less than those for launch and boost (see Appen-
dix II), the lunar descent sine and random tests were not conducted on the
prototype cask assembly. However the temperature difference between the two
phases of flight prompted BxA to run a 1 g sinusoidal survey from 5 - 2000 cps
at the lunar descent temperature as indicated under test (b). With this data
and the formula given in the preceding paragraph BxA was able to calculate
the sinusoidal response at lunar descent conditions.

As with the sinusoidal data, the lunar descent random response data had
to be calculated also. The formula is output equals input times the square
of the transmissibility at a given frequency. However the lunar descent ran-
dom vibrations levels were insignificant compared to the launch and boost
levels and therefore did not warrant much attention.

Although the launch and boost and lunar descent phases of the flight
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POWER SPECTRAL DENSITY - g%/cps

0.5

~

Zo/Zi

0.01 \J/

0. 001 |

20 50 100 200
FREQUENCY - cps

1000

5000

Figure L4.22. Random vibration spectrum; launch and boost; zo/zi.
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X-axis :  5-23 cps 0.5in. d.a.

23-100 cps 13 g - peak
y-axis :  5-30cps 0.5in. d.a.

30-100 cps 23 g - peak
Z-axis : 5-18cps 0.3in. d.a.

18-100 cps 5.0 g - peak

Figure 4.24, Fuel cask sinusoidal launch and boost input specification.
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occurred at different temperatures (280°F and 600°F, respectively) this was
not a significant effect. A comparison of the 1 g transmissibilities at the
two temperatures showed that the transmissibilities increased slightly in the
x and y directions as the temperature increased, however the opposite trend

was noticed in the z direction.

4.3 ANALYSIS VS. TEST

The correlation between analysis (Case 4; hinged-end supports and 109
viscous damping; gave the best correlation) and test results were fairly good
for transmissibility (1 g), but the calculated random and full level sinus-
oidal responses did not correlate with experimental results very well. The
major factor attributed to the discrepancies was the presence of nonlinear
damping. That is, generally the degree of damping within a structure is de-
pendent upon the level of dynamic loading.

Figures L4.25, 4.26, and 4.27 graphically depict the comparison between
analysis and test results for the full level sinusoidal excitation. In the x
direétion, the first mode transmissibility increased from 3.3 to 3.8. In the
y direction, the transmissibility increased from 4.0 to 5.9 and the natural
frequency shifted from 31 to 4O cps. There were no significant changes in
the z direction for frequencies below 100 cps (the full level sinusoidal
tests do not exceed 100 cps).

The combination of structural members which make up the cask support
structure have an inherent damping mechanism which is not capable of absorbing

energy beyond a certain limit. Therefore, when the energy put into the
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system increases beyond the limit then the resulting transmissibility in-

creases. This seems to account for the behavior noted above.

4.4 CONCLUSIONS

As a result of the dynamic analysis and testing the following conclu-

sions were made by BxA:

(1) The transmissibilities obtained from the 1 g sweep surveys
were in fair agreement with predicted values determined by
analysis. However, due to nonlinear damping effects, the
response to full level sinusoidal and random vibrations were
somewhat different from predicted‘values.

(2) The difference in transmissibility between points on the
cask and on the trunnion was negligible (location L4 on the
trunnion and 5 on the cask).

(3) Comparing 1 g sweep transmissibility data at 600°F and 280°F
shows that the temperature difference between launch and
boost conditions and lunar descent conditions does affect

the system dynamic characteristics, but not significantly.

Note: The dynamic analysis and testing program was carried out at BxA before
the final change in trunnion release mechanism and relocation of the
gear box unit. However, vibrations tests with the final'assembly were
carried out at GE. The results were likewise successful. Due to the

costs of testing BxA did not repeat their tests.
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5. THERMAL ANALYSIS

5.1 COMPUTER SIMULATION

A detailed thermal analysis and integration of the graphite fuel cask
with the LM Descent Stage vehicle was conducted for several reasons. The
first being to insure the safe isolation of the fuel source from human beings
on the launching pad, during the space mission, and in case of an accidental
reentry of the fuel cask into the earth's atmosphere. Secondly, to determine
the radiative and conductive heat leaks into the IM for different vehicle
flight phases. Thirdly, to determine temperature levels and gradients on the
cask, support structure, LM, and SLA.

To initiate the thermal analysis, BxA created a thermal model of the
ALSEP/cask/IM configuration using the interface and design specifications
supplied by the companies below:

Bendix Specifications

1. Prototype support structure configuration (Figure 5.1)

2. Prototype thermal shield design (Figure 5.1)
A, Circumferential angle of shield with cask is 135°
B. Total hemispherical emittance < .10

3, Maximum cask surface temperature of 800°F

Lk, Circumferential temperature gradient around the cask of 150°F.

G.E. Specifications

1. 19 D cask design configuration (Figure 5.2)
2. Graphite coatings for a total emittance > 0.80 per 19 D cask

design configuration
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Figure 5.2. 19 D cask design configuration.
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3.

1530 watts maximum power output from fuel element.

GAEC Specifications

1.

2.

100 Btu/hr maximum heat leak into IM due to direct cask radiation
and conduction

Maximum allowable temperature on IM of 270°F

These data from the three organizations were used to establish the over-

all assumptions and input criteria required for the BxA digital computer

models of the cask interface. BxA created the mathematical models using nodal

heat transfer equations applied to steady-state conditions. The computer

programs used for the thermal analysis are outlined below:

1.

2.

15 node, 3-dimensional thermal model for ALSEP/cask/ILM configuration
25 node, 3-dimensional thermal model of ALSEP/IM vehicle interface

to evaluate GAEC temperatdres on the thermal door and landing gear.
22 node, 3-dimensional thermal model of BxA/GAEC support structure
interface for conduction heat leak evaluation.

20 node, 3-dimensional thermal model of ALSEP/cask interface to eval-
uate axial and circumferential gradients for on pad cooling tempera-
tures and thermal stresses.

35 node, 2-dimensional model of SIVB Instrumentation Unit (IU)

manifold to determine flow distribution and pressure gradients.

5.2 HEAT SHIELD

Figure 5-3 indicates the preliminary results of the BxA thermal analysis

for various operational phases. After vehicle 1lift off, and the subsequent
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loss of the convective portion of the cooliﬁg, the GLFC surface temperature
increases to the range of 700°-800°F. In order to reduce the heat leak to
the LM, a heat shield was devised to fit between the cask and the IM vehicle.
Once out in space in a total vacuum, the mode of heat transfer becomes pri-
marily radiative. Therefore, the heat shield was designed to act as a re-
flector, re-radiating the heat energy back to the capsule and out to space.
The results of the preliminary analytical model indicated that the thermal
shield front surface temperature would be around 450°-500°F. This meant that
only gold was feasilbe for a reflective surface. However, as the backup
plate for the reflective surface was titanium, the gold layer had to be .0025
inches thick. This is because at elevated temperatures, titanium absorbs
gold, and to last the length of the mission, a substantial layer had to be
deposited. Behind the titanium backing were twenty layers of an aluminized
polymer, to further enhance the radiative insulation. This assembly proved
to be satisfactory in later tests, as it allowed only 50 Btu/hr heat leak to

the IM, well below the specified 100 Btu/hr.

5.3 FORCED COOLING ON THE PAD

On the launching pad with free convective heat transfer, the cask sur-
face temperature was determined to be around 600°F. The spontaneous ignition
temperature (SIT) of the command module and service module propellant, mono-
methyl hydrazine (MMH) is on the order of 380°F, while the other vehicle pro-
pellants‘have higher SIT's. Because of the possibility of propellant leakage

the cask assembly presented a potential ignition hazard and therefore had to
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be actively cooled below the 380°F SIT.
To guide the selection and evaluation of the various possible cask
cooling systems, the following ground rules were established.
1. The design approach should preserve current BxA/GE/GAEC flight
interfaces in order to minimize the impact on existing design.
2. The implementation of the design should utilize the existing cool-
ing facility capabilities from both the ground and airborne systems.
3. Only on-pad cooling of the cask would be required.
‘M. The GE 19D graphite fuel cask design would be used for all thermal
analysis and design.
5. Only single fuel leakage failure would be accommodated.
Three basic cooling concepts were judged worthy of study, as several
air/purge systems were in the vicinity of the cask, and a water supply system
could be made available. These three concepts are listed below along with a

brief summary of their advantages, disadvantages, and requirements.

Concept I-—Forced Convection, Air/Purge System

Advantége&

(1) Air supply is readily available from SIVB IU purge duct.

(2) The purge source located below the nozzle yields the simplest
approach, with a minimal impact on flight hardware.

(3) Implementation is fast and inexpensive.

Requirements:

(1) Air flow rate of 20 to 50 1lb/min.

(2) Air supply pressure of 0.25 - 0.5 psig.
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Concept II—Open and Closed Water Cooling Systems.

Disadvantages:

(1) SIVB IV water/methanol system not recommended for supply source
by NASA.

(2) Mechanical disconnection of supply and removal of cooling system
at 1ift off.

(3) Monitor of water level.

Requirements:

(1) Open system, flow rate of L-5 lb/hr, closed system, flow rate of
60 1b/hr for up to 60 hr,

(2) Venting to avoid inside vapor problems.

Concept ITI—Finned Graphite Fuel Cask.

Advantages:

(1) Passive system with free convective cooling.

Requirements:

(1) 110 fins, 9 in. long, 0.1 in. thick, and 1.5 in. high.

(2) Removal of fins after vehicle launch

Disadvantages:

(1) Total revision of the BxA/GE/GAEC interface including new cask
support structure, etc.

(2) Additional ALSEP weight of 5 1b.

Concept IITI was immediately eliminated as it required total revision

of

of

the existing designs, and further study began on Concepts I and II. Some

the early conceptual cask cooling systems are shown in Figure 5.k4.
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indicated in Figure 5.4 from the standpoint of required mass flow and pres-
sure differential, the fully enclosed systems presented the most efficient
means of cooling. However, since the thermal dissipation from the cask is
by pure radiation after the early portion of the launch sequence, it would
have been necessafy to mechanically remove any enclosed cooling system after
the air system was shut down. Therefore, the early phases of the study also
included an investigation of the possible mechanisms of cooling shroud re-
moval and/or destruction systems.

Because of the added complications and interference problems of the
shrouded cooling systems, only the full axial shroud was actually fabricated
for testing and the majority of testing was carried out with the various open
flow configurations as pictured in Figure 5.5. The test set up is shown in
Figure 5.6 using a detached plugged nozzle.

| After the initial series of tests, it was discovered that the actual
cask cooling was more efficient than had been predicted by the pre-test analy-
sis. This meant that the test plan had to be modified to provide data in the
marginal temperature range and also to provide testing for the discarded
remote nozzle locations. (The remote nozzle locations were previously
thought to provide inadequate cooling with the available flow conditions.)

The fact that the actual cask cooling was more effective than had been
predicted was not a result of erroneous pretest analysis. After reduction of
the test data it was found that the measured values of the convective heat
transfer coefficients were well above both the experimental and theoretical

values which existed in the open literature.
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Various detached nozzle configurations were tested in several axial posi-
tions below the cask., In addition, it was found that the thermal shield on
the inboard side of the cask wouid function as a flow deflector so that the
nozzles could also be placed outboard and at an angle with respect to the cask
axis. Finally, a fully shrouded axial flow configuration was tested for pur-
poses of comparison with the pretest analysis.

The correlation formulas for the open flow cooling system were found to
be

x + 1.9 Jm 0.71
1/
Ap

>
(Vm Apl/u)

AT = 6
for a plugged nozzle, and

x + 1.9 Vm 0.71
A 1/h
AT = L8 D

cos © Vym Apl/u

where AT = temperature differential, °F

x = surface distance from nozzle to cask, feet
m = mass flow, 1b/sec
Ap = pressure differential, psf

© = angle between nozzle axis and cask axis.

Although a thermal analysis was not used (or necessary) in the correla-
tion of the experimental data, several analyses were carried out to verify
that the experimentally derived convective heat transfer coefficients were

compatible with the measured cask temperatures. The basic model for the
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Figure 5.6. Forced convection test set up - plugged nozzle.
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thermal analysis used a finite difference approach where the physical con-
figuration was subdivided into discrete finite elements—each of which was
assumed to be isothermal. The mass of each element was assumed to be con-
centrated at its geometric center or node. These nodes had individual heat
sources and were linked together in a resistance network like an electrical
circuit. In this analogy the temperature is the analog of the voltage and
the heat flow is the analog of the‘current.

A 26-node model was used in the ‘analysis and in Figure 5.7 the predicted
and measured temperatures are given for the nodes—along with the convective
heat transfer coefficients. This data indicated that the convective heat
transfer coefficients were in the proper range for the measured temperatures.

The results of this series of tests indicated that the cooling problem
was less critical than had been originally anticipated. There was a consi-
derable design latitude in the various cask cooling configurations which
could hold the cask sﬁrface temperature below 300°F with the suggested amount
of cooling flow (20-25 lb/min). This information allowed the prototype cool-
ing system to be designed on the basis of minimal weight and interference
problems, and with only secondary considerations given to the actual effi-
ciency of the cooling system.

From an interference standpoint, a more remote placement of the nozzle
was desirable. Therefore, a second series of tests were run with the nozzle
at distances of 15, 24, and 36 in. below the cask and included several off
axis positions as well as the axially aligned case. At those distances a

conical nozzle (Figure 5.8) was more effective in cBoling and lighter than a
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plugged nozzle (Figure 5.6). Thus, only a few plugged nozzle tests were
carried out to tie in these test results with the previous test results. The
majority of testing was carried out with a conical nozzle having a 2.25 in.
throet diameter. Also a 2.75 in. diameter nozzle was used to take care of
the higher mass flow rates of the test,

Just prior to this test, information was received which indicated that
there was a possibility that the instrumentation unit (IU) cooling flow rate
might be substantially reduced during the prelaunch period when technicians
would be working inside the SLA. With this reduction, the cooling nozzle
would recieve 15-20 1b/min. However, from the relative sequencing of the
prelaunch cask loading and hydrogen fuel tank loading, it appeared that the
temperature of this reduced flow would always be near ambient rather than the
130°F temperature that was later used to maintain instrumentation temperature
in the IU section. But to remain on the safe side, reduced mass flow tests
were carried out using both 75°F and 130°F supply air (test result examples
Figures 5.9 and 5.10).

As the cooling nozzle was a part of the IU cooling system, the sizing
of the nozzle played an important part in the overall IU system performance.
That is, since there were no controls between the IU cooling duct and the
cask cooling nozzle, the relative amount of cooling flow leaving the IU ori-
fices and the cask cooling nozzle was proportional to the ratio of the effec-
tive exhaust areas. As was determined above, a variety of nozzles satisfied
the basic cask cooling requirements. Further, because of the relatively

small amount of flow taken from the IU system by the cooling nozzle, a
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considerable latitude in nozzle design was allowed. Therefore, additional
factors were considered to determine the most satisfactory design compro-
mise. Only two factors were found to be significant. One was the alignment
problem between the nozzle and the cask, and the other was the resulting
heated exhaust plume above the cask. From geometric considefations, a larger
area (and, subsequently, a larger mass flow) nozzle would be less sensitive
to misalignment. However, to reduce the effects of the heated exhaust plume,
the flow rate should be minimized, which called for a smaller nozzle area.
Therefore, avbalance was sought, yielding finally a 2.5 in. diameter nozzle.
In the final cooling system, the conical nozzle was positioned ok in, from
the bottom of the cask and a flow rate of 20 1b/hr was used.

After the above free and forced convection tests, further testing was
done under the following simulated conditions: Earth orbit with and without
heating. In general, the test results agreed within explicable error, and

were well within the specified boundaries, as can be seen from Figure 5.11.
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6. CHRONOLOGICAL DEVELOPMENT

On January 9, 1967 BxA was notified by the MSC to begin work on the sup-
port structure for the graphite cask. During the first two months, BxA spent
most of its time determining the interface points between the cask support
assembly they were to build, the GE cask, and the GAEC ILM. At this time BxA
asked GE to put protrusions or grooves on the cask (Figure 6.1) for attach-
ment of the cask to the support structure. GE, still in the early stages of
developing the cask, agreed to look into the proposals. However, GAEC, being
well under way in development of the IM, considered it impossible to alter
their existing pick-up points for the cask support structure as BxA had pro-
posed. Briefly, BxA had asked GAEC to run their interface members back di-
rectly to the LM outer surface (Figure 6.2). This would decrease the load on
the support structure by 7 to 8 lbs. GAEC also established a weight limit
for the cask and support structure at 65 1b, which included the weight of a
heat shield also part of BxA's design. The heat shield was required to pro-
tect the exterior surface of the IM from the heat transfer of the’cask.
Meanwhile, MSC told BxA that they would have to design a protection device
that would support the astronauts' weight and not destroy his suit if he fell
into the cask assembly.

During March and April, the details of a cask rotator mechanism were
completed. With this device the astronaut was able to lower the cask, at 15°
intervals, to a desired height for removal of the Snap-27 capsule. Also at

this time, from information on the dimensions and-weight of the cask
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Figure 6.1. Early cask design proposals.
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established by GE, BxA estimated the overall weight of the cask, support
structure, heat shield, and protection guard to be 52.5 1b which was 12.5 1b
under the maximum weight established by GAEC. The support structure had
changed to a U-member type for added strength. The proposed heat shield was
‘ to be made of corrugated titanium sheet and Kapton-H (the same material used
on the skin of the IM). The corrugated design was considered because it gave
extra strength to the shield under the "g" loading. At this time the biggest
setback in the development of the cask support structure occurred. That was,
GE had decided against putting any holes, grooves, slots, or protrusions on
the cask. The main reason for this decision was that any obstructions would
lead to local stress concentrations and localized areas of high temperatures,
thus jeopardizing a safe return of the cask and capsule should the mission be
aborted. Therefore, in view of GE's decision, BxA decided to use a cradle-
type arrangement to retain the smooth-surfaced cask.

From May to June, BxA built a simulated cask assembly. The assembly was
sent to MSC for vibrations testing of the total IM vehicle. Also during
this period, BxA was told by MSC that they did not want the astronauts near
the cask assembly while they were lowering it on the lunar surface. Conse-
quently work began on the worm, gear-type drive mechanism with a braided
glass fiber cord which allowed the astronaut to lower the cask from a dis-
tance of 7 to 9 ft.

During the period from July to August a model of the cask assembly was
built. Tests on the model indicated 11.8 1b pull was required to place the

cask into position. This was under the 15 1lb maximum pull requirement
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established by MSC. Also at this time research was done on a ball-lock type
trunnion release. In addition, the U-members were increased in size (cross
sectional area) to handle 60 g loads, whereas the original calculations were
based on 36 g loading. This was due to an error in the original gpecifica-
tiong from NASA. To compensate for the increased weight the vertical members
were changed from tubing to I-section beams.

From September to December a prototype assembly was built. The proto-
type employed worm drive lowering mechanism and a ball-lock trunnion release
mechanism. The astronaut was required to pull two cords in order to release
the cask from the upper trunnion supports. He then pulled a third cord to
lower the cask. After the prototype was subjected to simulated flight con-
ditions BxA discovered the ball-lock release arranagement was inadequate
unless a truly axial pull was applied. At times the pins jammed. Conse-
quently an analysis began to determine the causes of the erratic behavior.
Also during this period a 'walk through' demonstration (Photo 1 in Appendix
I) of the cask release and rotation was conducted at MSC. The astronauts
suggested to BxA that the release of the cask upper trunnions, the removal
of the cask dome locking spline and the rotation of the cask to a suitable
position should all be performed by one continuous pull on the gear box
cord.

Starting in January, 1968, to the end of August, final drawings were
made and a series of tests were agreed for the prototype cask assembly.
Since most of the development on the assembly was completed, the available

manpower for the project was reduced. The testing eérried out during this
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period were thermal-vacuum, vibrations, and band tensioning. Results of the
vibration testing in August indicated that the ball-lock trunnion release
mechanism was still unsatisfactbry. Random "g'" loading caused the mechanism
to lock thereby making it impossible to release the cask. Therefore, three
new methods of releasing the cask were under investigation. They were, a
guillotine arrangement, a design based on the principle of the "collet," and
a suitcase-type latch.

During the months of September and October, GAEC, who had moved their
door hinge, discovered that the astronaut guard and gearbox interferred with
the LM door. Two proposals were discussed to correct the interference. They
were (1) BxA would move the gear box to the left side of the support struc-
ture and change the guard to suit this modification, or (2) GAEC would reduce
the door movement from 105° to 100°. As a result of cost and time estimates
proposal (1) was decided upon. Also at this time, the guillotine release
mechanism was tested and adopted as the replacement for the ball-lock trunnion
release mechanism.

This briefly summarizes the design and development of the cask support

structure. Greater depth and detail of the structure is covered in the pre-

ceding sections of this review.
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EPILOGUE

We have presented the design and development of a project carried out by
BxA during 1967 and 1968. This epilogue contains our criticisms of what
Bendix Aerospace did aﬁd what we feel we accomplished as far as a design
experience.

When we were first introduced to this design many criticisms were raised.
However during the course of our interviews with Mr. Durrant we learned that
BxA had valid answers to our criticisms. Among these criticisms we asked
BxA why a very extensive analytical dynamic development was made on the
system when the actual vibrations test program was in itself very thorough.
BxA explained that the cask and support structure was expensive, therefore
they wanted to be assured that the system would survive the test program
before it was performed. The cost of the dynamic analysis was much less than
the costs which would have occurred as a result of a failure on the test
stand:. In addition, the dynamic analysis provided BxA with locations on the
system where vibration loads might cause trouble. Another question we asked
was why were expensive materials used, i.e., gold on the heat shield and
titanium for the entire support structure? Also, since testing was expensive
why were identical tests, such as vibrations, run at both BxA and GE? BxA
explained that the major concern was to have a completely fail-safe mission.
Therefore cost was secondary compared to reliability. Another question we
asked was why did BxA decide on the complex manually operated lowering ar-

rangement as opposed to a more automatic type system. BxA's reasons were
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discussed in Section 2.1. Basically, the reason was that there were no
proven automatic systems for a lunar-type environment.

This report is an indication of what we learned about an engineering
design and development program. We feel that our experience would have been
enhanced had there not been a time lapse between our study and the completion
of the project. In this instance we could have interviewed more of the per-
sonnel that contributed to the development of the project. Because this
review was written two years after the development some of the engineers are
no longer at BxA. In addition, some of the details of the design have been
misplaced or forgotten. It also would have been advantageous had we examined
a working system and BxA's testing facilities. However, certain research
projects prohibited our admission to these facilities. Although these ele-
ments would have helped our understanding of the cask support structure, they
did not deter from the insight we gailned in our approach to an engineering

design problem.
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Photo L. Final cask support assembly.
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Photo 6. Technicians ready to attach cask to LM.
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Photo 9. Astronaut removing dome.



Photo 10. Astronaut removing fuel element.
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APPENDIX 1 - DYNAMIC ENVIRONMENT/TEST SPECIFICATIONS

1.0 GENERAL

The environments listed below represent design limit (or qualification)
levels. Induced (or acceptance) levels can be calculated by dividing
limit acceleration values by 1.3 and limit PSD (random vibration) values

by (1.3)°.

The shock, acceleration, and vibration environments may occur simul-
taneously with the following exceptions: '

(a) shock loads will not be combined with vibration loads during
lunar descent.

" (b) acceleration loads will not be combined with vibration loads
during launch and boost.

2.0  VIBRATION

2.1 Sinusoidal. -
2.1.1 Launch and Boost Phase. - (For definition of axes
see page 15)

Axis Frequency Range Level

X 5 - 23 cps 0.5 in. d.a.
23 - 100 cps 13,0 g - peak

y 5 - 30 cps 0.5 in. d.a.
30 - 100 cps 23,0 g - peak

z 5 - 18 cps 0.% in. d.a.
18 - 100 cps 5.0 g - peak

NOTE :

(1) sweep rate : 3 octaves/min.

(2) tolerance : * 10% (g - values)

(3) sweep : 5 - 100 - 5 cps (qual.)

5 - 100 cps (accept. )
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2.1.2 Lunar Descent Phase.

Axis Frequency Range Level
X, ¥, Z 5 - 28 cps 0.15 in. d.a.
28 - 100 cps 6.0 g - peak
NOTE:
(1) sweep rate -1 octave/min.
(2) tolerance t 10% g - values
(3) sweep 5 - 100 - 5 eps (qual.)
5 - 100 cps (accept. )
2.2 Random. -
2.2.1 Launch and Boost Phase. -
Axis ERMS Frequency Range Level
x 16.9 10 - 100 cps +6 db/octave
100 - 1000 cps 0.20 g2/cps
1000 - 2000 cps -6 db/octave
y 4.6 10 - 100 cps +6 db/octave
100 - 1000 cps 0.15 g" /eps
1000 - 2000 cps -6 db/octave
z 28.8 10 - 100 cps +9 db/octave
100 - 1500 cps 0.40 g°/cps
1500 - 2000 cps -9 db/octave
NOTE :
(1) duration : 2.5 min. per axis
(2) tolerance t 3 db (PSD)
+ 10% (8RMS)



4.0

2.2.2

Lunar Descent Phase. -

Frequency Range

Axis ERMS
X, ¥ 8.8 - 10 -
20 -
100 -
120 -
1000 -
z 12.0 10 -
100 -
1000. -

NOTE:

(1) duration
(2) tolerance
SHOCK

Level:

Direction:
Duration:
ACCELERATION
Level:
Direction:

Duration:

20 cps

100 cps
120 cps
1000 cps
2000 cps

100 cps
1000 cps
2000 cps

12.5 min.

=+ =

3 db (PSD)
10% (8RMS)

Level

+12 db/octave
0.10 g“/cps
-12 db/octave
0. 05 ge/cps
-6 db/octave

+3 db/octave
0.10 g2/cps
-6 db/octave

20 g@ 11 msec sawtooth as per MIL. STD. 810 B

(see Figure 2)

+x, +y’ -y, +Z) -7

% shocks per direction (for a total of 15)

1 g = 10%

*tx, ty, -y, *z, -z

1 min. per direction
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