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AN INVESTIGATION OF A DEFORMING ENERGY-ABSORPITION
SYSTEM FOR SPACE-VEHICLE LANDINGS

By Robert W. Warner, Robert M. Sorenson,
and Arthur J. Kaskey
Ames Research Center

SUMMARY

[A‘deforming system for protecting a space vehicle during a landing impact
is described and experimentally evaluated. The impact energy is absorbed
mostly by the cutting of plastic foam pads, but partially by the buckling of
their tubular support structure. Expandable foam is chosen because of its
advantages in packaging and in reducing penetration of the landing surface.

The foam and its supporting structure are utilized in such a way as to benefit
tip-over stability and over-all efficiency of energy absorption (energy
absorbed divided by the weight of the entire energy absorbing system), with pri-
ority given to the latter. The resulting system, when compared with another
proposed. system, has exceptionally good over-all efficiency, namely, 545
ft-1b/1b, but has less satisfactory stability, with the model vehicle restricted
to a 5° ground slope and nearly vertical impac?fzz

INTRODUCTION

Landing has always been one of the most dangerous aspects of flight, and
a so-called soft space-flight landing will probably be no exception. Landing
problems will include energy absorption, deceleration loads, and vehicle tip-
over because a space vehicle is likely to land with a substantial velocity on
a rough, slanted surface. A large velocity will obviously have to be toler-
ated at touchdown for parachute landings on planets. Even a vehicle capable
of hovering near the landing surface may experience a significant impact if
the rocket engines fail, or have to be turned off prematurely to prevent the
exhaust from disfiguring the landing area. In addition, a certain amount of
control error is expected during the landing phase. For these reasons, it is
generally accepted that energy absorbing systems will be used for so-called
"soft" landings of space vehicles (refs. 1 and 2).

Because a space-landing system will generally be used only once, a
controlled failure of the system can be utilized, The simplicity and result-
ing reliability of a failure system are particularly appropriate for the large
temperature gradients and hard vacuum of the space environment.

Space-landing systems have already received considerable attention, as
indicated in references 3 to 33. In the present paper, attention will be
restricted to a particular system. In contrast to references 3 to 33, the
choice of materials for the present system 1s based primarily on certain




requirements (called "supplementary" herein) other than tip-over stability and
a high over-all efficiency of energy absorption. The supplementary require-
ments are related to packaging, penetration of the landing surface, and a sta-
ble blast-off configuration. The primary purpose of the present paper is to
show, experimentally, what can be done on tip-over and over-all efficiency
with a restricted amount of development of such a system. It is intended,
thereby, to provide information on the feasibility of incorporating the pres-
ent "supplementary" requirements in a final design choice.

The "supplementary' requirements considered herein are described first.
Then the model vehicle based largely on those requirements is detailled,
together with the apparatus and test technique for evaluating the model. The
manner in which the model was developed is described next, followed by results
on efficiency and tip-over stability.

The model vehicle description and part of the results given herein have
been presented briefly in reference 33 as one means of considering needed
materials improvements for space-landing systems. In the present paper, the
issue of materials improvements is not emphasized; and the model description
and results are much more complete than in reference 33. With respect to hard-
surface and nonvertical landings, the present results have not been published
elsewhere.

NOTATION

V  vertical component of impact velocity, ft/sec
od ground slope, deg
B impact flight-path angle above the horizontal, deg

| over-gll efficiency of energy absorption (energy absorbed divided by
the total weight of the energy absorbing system), ft—lb/lb

1 foam mechanism efficiency (energy absorbed by the foam divided by the
weight of the foam), ft-1b/1b

METHODS, RESULTS, AND DISCUSSION

Requirements for Landing System

An energy absorbing system should be required to absorb a specified
impact energy with high over-all efficiency, 7, within a certain acceleration
limit, and to prevent the vehicle from tipping over as a result of unsymmetri-
cal landing conditions. These are the two basic requirements. For the
present, however, attention is restricted to the following supplementary
requirements: The landing system should



(1) Occupy a small packaging volume
(2) Prevent excessive penetration of the landing surface
(3) Provide a stable firing platform for return blast-off

Requirement (1) suggests the consideration of plastic foam as the primary
energy absorber since it should be foamable in flight after earth exit. This
would result in a low volume of material in the energy absorbing system during
earth exit. An efficient distribution of such a small volume would then
require a minimum of falring material for passage through the atmosphere.
This could result in a significant weight saving. (It should be noted that
polystyrene foam was used in the present experiments, rather than the more

€aslly ?gg@yzgijglgEEEEgg%ii_only because a suitable polystyrene happened to

be more readily available.

Requirement (2) derives from the controversy over the depth of low
strength lunar crust (as in refs. 34-48). Since future unmanned probes may
leave the controversy unresolved, it would seem necessary to accommodate
requirement (2) as far as possible within weight limitations. Plastic foam
does this excellently because it permits a long sinking stroke and a large
bearing area without causing a major packaging problem. Both a long stroke
and a large bearing area tend to reduce the chance of penetrating the lunar
crust o such a depth as to hamper the exploration of the surface or the return
blast-off. Requirements (l) and (2) have led to the choice of plastic foam to
absorb most of the prescribed impact energy in the present example.

The third requirement has led to the consideration of a three-legged
landing system. With such a system, no mechanical cranking of the legs is
required to provide blast-off stability after landing.

Model, Apparatus, and Experimental Technique

A model of an energy absorbing system based largely on the above
supplementary requirements is shown in figure 1. This is the final version
evolved from a series of tests and studies and is shown undeformed. Three ski-
pole type cutters rest on three hollowed-out pieces of polystyrene foam, and
the cutting of the foam absorbs the largest part of the impact energy. The
welded, tubular, compression members fail near the end of the foam cutting
stroke to absorb additional energy in buckling. These members are curved to
assure consistent upward buckling.

Figure 2 shows a complete model for vertical impact after a landing in
which both the cutting and the buckling have taken place. The nearly solid
wooden body of the model contains no fluid, so the potentially important effect
of fuel sloshing on tip-over stability is not evaluated. The weight of the
model body, including the fins, which provide stability during the vertical
drops, is 33.4 pounds. The weight of the energy absorbing system, including
everything below the thrust ring, is 1.68 pounds, or 4.8 percent of the com-
bined model body and landing system weight.

A picture of a model for nonvertical impact prior to release is shown in
figure 3. The model is identical to that of figure 2, except that the fins




have been removed and runners have been added on either side of the model.
The runners permit the model to slide down the rails shown in figure 3. The
model weight, center-of-gravity location, and moment of inertia are identical
for vertical and nonvertical impacts. Numerical values for these and other
model parameters are given in figure 4,

The model body, with its finned or unfinned nose boom, cannot be regarded
as a scaled model of any prototype vehicle., At a scaling of roughly 10 to 1,
however, it can be considered as crudely representative of the Lunar Excursion
Module, or LEM, class (see appendix A for scaling).

A portion of the experimental apparatus and facility is shown in each of
figures 1, 2, and 3. In figure 1, three piezoelectric accelerometers are
shown at right angles to each other. In actual operation, the accelerometers
are connected to their amplification and read-out systems by coaxial cables
150 feet long.

The test facllity for vertical impacts is shown in figure 2. The back-
board is lined to measure impact velocities with the aid of high-speed motion
pictures. The dust on which the model rests in figure 2 is a l—l/2—inch—thick
layer of crushed basalt. (For sieve results on the basalt, given by the sup-
plier and the U. 5. Geological Survey, see fig, 5.) The platform which holds
the dust can be set at various ground slopes although it 1s shown horizontal,
For a smooth, hard surface, a heavy steel sheet, 0.12 inch thick, is placed on
top of the dust,

The platform in figure 3 is identical to that in figure 2. The facility
in figure 3 is adapted to nonvertical impacts by the slanted rails which are
30 feet long. The stripes on the rails, together with high-speed motion pic-
tures and the pointer attached to the model, serve to measure resultant veloc-
ity. The model attitude is essentially vertical at impact, and its pitch rate
essentially zero. Additional details on the apparatus and facility, together
with a discussion of various measurement errors, are given in appendix B.

Much of the experimental technigue is suggested by figures 2 and 3. When
the basalt dust surface is used, the surface is prepared by disturbing the
dust and then locsely striking it off level. This ensures a repeatable sur-
face. (In fig. 3, the surface has not yet been prepared.)

For the vertical impacts, the test technique is simply to hoist the model
of figure 2 by means of a rope attached to an overhead elevator. When the
model has been oriented with one pad pointing directly uphill or downhill, the
rope is cut. If the model tips over or the accelerometers read higher than s
specified limit, the ground slope or the drop height is lowered for the next
drop. Otherwise, the slope or height is raised until the boundary on acceler-
ation and tip-over is reached.

For the nonvertical impacts, the rails in figure 3 are set at a given
angle to establish a given flight path. Then the landing platform height is
adjusted so that the first foam to hit the landing surface is 1 inch above the
surface when the model runners leave the rails. The mocdel is then pulled a



certain distance up the rails by a rope pulley and released by cutting the
rope. The distance up the rails and the surface slope are varied to establish
the same type of boundary found for the vertical impacts. In contrast to fig-
ure 3, the rope is generally in the plane of the model runners, and this plane
contains the model center of gravity.

Development Procedure

It has been pointed out that the plastic foam material and the three-
legged configuration were selected because of the supplementary requirements
listed earlier. After these selections were made, however, a development pro-
gram was initiated to achieve a high over-all efficiency of energy absorption,
1, and at least a fair degree of tip-over stability.

Because it is more difficult to control vertical velocity than horizontal
velocity in a vacuum environment with a strong gravity field, greater priority
was given to a high 1 for vertically symmetrical landings than to good sta-
bility for unsymmetrical landings. Hence, in contrast to many of the models
in references 3 to 33, the frame supporting the primary energy absorber (foam,
in the present case) was located entirely below the model body, as seen in fig-
ures 1 to 3; and the outreach of the frame beyond the body perimeter was rela-
tively low. The low outreach tended to dimprove 1 by limiting the frame
weight., The location of the frame below the body, rather than alongside it,
permitted the compression members to be designed for a long buckling stroke
after the foam stroke is nearly completed, The buckling benefited 1 partly
by increasing the energy absorption but mostly by decreasing the frame weight.
An additional advantage of the relatively tall energy absorbing system was ils
tendency to satisfy one of the supplementary requirements, namely, prevention
of excessive penetration of the landing surface.

With respect to tip-over stebility, however, the tall landing system and
relatively low outreach were expected to be harmful, and the initial test
results indicated how harmful they were. The original model tipped over at
less than 3° ground slope when dropped from any significant height, This was
considered unsatisfactory, and the remainder of the development program was
devoted to improving tip-over stability while the resulting n losses were
held as low as possible. Specifically, the weight of the energy absorbing
system was held constant since a weight ratio of 0.048 was considered an upper
limit, and the 1 losses were confined to losses in energy absorption.

The original landing system was quite similar to that of figure 1 except
that the positions of the present "ski-pole" cutters were occupied by circular
aluminum disks which crushed solid plastic foam. Although crushing absorbed
the maximum energy from the foam, it had been anticipated that the bounce-back
associated with crushing would be harmful to tip-over stability. Hence, when
the tip-over results proved unsatisfactory, the next step was to absorb energy
by the cutting of solid foam. This change maintained the weight ratio of
0.048 and could readily be made.

In auxiliary drop tests with single cutters, the foam cutting reduced
bouncé-back by a factor ranging from 4 to 8 depending on the impact velocity




and the nature of the foam and the cutters. The effect of such a bounce-back
reduction on tip-over stability is illustrated by the qualitative result
curves in sketch (a). The areas between the curves and the axes represent
values of vertical impact velocity, V, and
ground slope, o, for which the model does not
\Y tip over. Curve B is for the cutting of solid

foam and is clearly superior to curve A, which

is for the crushing of solid foam. The two
B curves have the same o value for V =0
because the foam helght was the same for this
comparison, Both curves show o decreasing
as V increases because the higher forces
assoclated with the higher velocities give

a higher bounce-back of the landing system and

Sketch (a) the landing surface,

The cutting of a given piece of foam must obviously occur at a lower load
than the crushing of a similar piece, and this reduces the foam mechanism
efficiency, Ny by a factor of roughly 3 between the initial and final config-
urations., The primary step taken to hold the loss to this value was to care-
fully match the foam and its support structure. Many types of foam and many
types of cutters, including several sizes of honeycomb, were tried before a
combination was found that would always cut and not crush, yet do so at a rea-
sonably high load, (i.e., a reasonably high nM). In addition, the cutters
and their supports were arranged in such a way as to minimize the attachment
structure and to utilize in the cutting operation not only the complete cut-
ters but also the attachments, the tension members, and the compression mem-
bers. (See figs. 1, 2, and 4. The slanted barbs in figs. 1 and 4(b) not only
decreased bounce-back but also increased the cutting load.)

In an attempt to improve stability still further, the originally solid
foam was hollowed out and lengthened, with the foam volume held constant, to
hollow cylinders as shown in figure 4(c). The foam area to be cut was actu-
ally tapered so that it approached a maximum at the bottom of the foam.

The foam tapering gave a load-displacement curve for the cutting as shown
in sketch (b). The high slope near zero load in sketch (b) resulted from the
nearly uniform cutting action of the circu-
lar rim of the cutters and provided a large
part of the energy area under the load-
displacement curve. The longer and lower
slope at higher loads resulted from the
spokes of the cutters cutting into more and
more foam as the displacement increased.
This long and low slope permitted "hill
accommodation" at relatively low loads.

- ("Hill accommodation” means that the three
0 Displacement ¢ 135 adjust to the ground slope with
little deviation of the vehicle axis from
Sketch (b) the vertical,) The maximum load in sketch
(b) was made the buckling load of the frame
in order to trigger buckling.

Load




The load displacement curve of sketch (b) resulted in the stability curve
C shown in sketch (c¢). The qualitative curve B is reproduced from sketch (a)
for comparison purposes. At zero velocity,
the stability boundary was lowered in
v : going from curve B to curve C because the
c center of gravity of the system has been
raised by the longer foam pads. The two
B curves intersected, however, because the
hill accommodation menticned above became
the dominant factor at the higher impact
velocities; and the resulting boundary C
is nearly uniformly restrictive in o
a over the full range of impact velocities
for foam cutting. The stable angles are
Sketeh (c) generally greater for curve C than for
curve B. Moreover, this improvement in
stability was achieved with only a minor
loss in 7.

Results and Discussion

Results on energy absorpbtion and tip-over stability for the final model
configuration (fig. 1) are presented in figure 6 and show envelopes extending
from the o axis to the V axis, where a 1is the landing surface slope in
degrees and V the vertical impact velocity in feet per second. Within the
envelope, the model does not tip over, and the resultant acceleration does not
exceed 50 earth g. This figure scales to 5 earth g for a prototype with 10 to
1 scaling, as shown in equation (A6). This acceleration 1limit seems to be sat-
isfactory since reference 29 suggests a range from 4 to 8 g.

A1l the data in figure 6 are expressed in terms of symbols denoting
various degrees of tip-over stability or instability. The phrase "very stable"
means the model may tip a little but rights itself without hesitation. On the
other hand, "barely stable" means the model tips, hesitates, and then rights
itself. A designation of "barely unstable" means the model tips, hesitates,
and then tips over, while "very unstable" means the model tips over without
hesitation.

In figure 6(a), the end point of the solid line on the o axis at 8-1/2°
is the stability point when only the uphill foam touches the ground prior to
release of the model. The end point on the V axis, at L1 ft/sec, is the
point at which the system goes above 50 g on a horizontal surface. When this
velocity is squared and divided by a denominator consisting of 2 g times the
ratio of the system weight to the total landing weight, that is, a denominator
of 2 g (0.048), the result is the over-all efficiency of energy absorption,

n, specifically, 545 ft-lb/lb. (Note that this value does not include the
weight or energy absorption of any mechanism for foaming the plastic or any
cover into which it could be foamed for a full-scale vehicle. These effects
would probably not be of major importance.)

Whether such an 17 value is high or low depends on a comparison with
competitive systems from references 3 to 33. A system is considered




competitive if it includes a frame to extend the system outboard of the land-
ing vehicle and if it has been found reasonably satisfactory with respect to
tip-over stability for a model vehicle somewhat similar to the present model.
Unfortunately, numbers from which 1n values can be found are svailable only
for one such system, specifically, the system described in references 12 and
20, These nunbers indicate an over-all efficiency approximately one-half as
high as the present value of 545 ft—lb/lb. The 1 comparison just given sug-
gests that the present system has exceptionally good over-all efficiency. (A
comparison on tip-over stability will be given later.)

The end points just described for the solid line in figure 6(a) determine
the desired stability envelope, namely, the dashed rectangle. It is presented
to illustrate the relatively small extent to which the present boundary devi-
ates from being uniformly restrictive. The lower part of the boundary results
from the foam cutting process and has been made nearly vertical by the methods
described earlier, Specifically, hill accommodation predominates at a veloc-
ity of 4 ft/sec, with bounce-back gradually reducing the stability at higher
velocities. The slight recovery in stability above 32 ft/sec, however, is
associated with the onset of frame buckling, which releases the impact load
with increasing deflection and thus reduces bounce-back.

As a result of this nearly vertical stability boundary, together with the
foam cutting, the minimum landing surface slope on the wavy solid line in fig-
ure 6(a) is 6-1/2° for all but the highest velocities, rather than the origi-
nal minimum of less than 3°. As might be expected, the minimum surface slope
for impacts with two legs uphill, as defined by the wavy dashed line and '
flagged symbols in figure 6(a), is considerably higher than 6-1/2°.

Figure 6(b) contains energy and tip-over results for vertical impacts on
the steel surface described earlier. Since the end point on the velocity axis
1s the same as for figure 6(a), the over-all efficiency retains the same high
value. With respect to tip-over stability, however, the minimum landing sur-
face slope is reduced to 5-1/L4° in figure 6(b). This loss of stability can be
attributed to increased bounce-back of the steel surface relative to the basalt
surface and/or to decreased hill accommodation by the steel surface because it
cannot be permanently indented by the foam pads. These detrimental factors
apparently predominate over any benefit which might result from the coefficient
of static friction, {, between the model and the steel being lower than that
between the model and the basalt (specifically, g = 0,59 for steel; and
p = 0,65 and 0,72 for basalt, with the model imbedded l/3 inch and 1/2 inch,
respectively).

It should be mentioned that the present results apply to the present
ground simulations. Because of the relatively low mass and clean support of
the present platform, it seems likely to produce a greater bounce-back stroke
than the lunar surface. Hence, the present results are considered comservative,

Results for nonvertical impacts on crushed basalt are presented in
figure 6(c). The downhill slope of the landing platform is in the direction
of the horizontal component of velocity, and the data are for one leg uphill.
Hence these results represent the most critical condition considered herein
for tip-over stability on the basalt surface.

8



The results of figure 6(c) are given for a nominal impact flight-path
angle, B, of 85° above the horizontal. Actual angles are given in parentheses
near the data points. For a comment on the small deviations from 850 and the
fairing of the curve in this figure, see the end.of appendix B. Note that the
stable region for B = 850 is considerably smaller than the stable regions 1in
figures 6(a) and 6(b), which correspond to B = 90°, Hence it is concluded
that the present combination of landing vehicle and energy absorbing system is
restricted, by stability considerations, to nearly vertical impacts.

By comparison, the model of references 12 and 20 is not restricted to
nearly vertical impacts. It can, in fact, accept downhill horizontal velocl-
ties on a 5° slope in the order of 8 to 10 ft/sec over a vertical velocity
range from O to 14 ft/sec. Thus the landing system of references 12 and 20,
while having a lower over-all efficiency, 7n, than the present system by a fac-
tor of 2, is considerably better with respect to tip-over stability. The sys-
tem of references 12 and 20 is intended to meet the full range of requirements
in references 12 and 49 (which include a vertical velocity requirement but no
specification on n). On the other hand, the present system is intended to
exceed the vertical velocity requirement but to meet only one of the stability
requirements, namely, the specification of a 5° ground slope for otherwise ver-
tically symmetrical impacts; and this has been accomplished, as seen in fig-
ures 6(a) and 6(b).

, Although the present criterion for n 1s a perfectly symmetrical landing,
it is of some interest to consider a more critical condition. This is the case
where the impact is nonvertical with the horizontal velocity component directed
uphill, where tip-over is prevented by the steepness of the ground slope, and
where the model is oriented with one leg uphill, This orientation provides the
least protection for the uphill leg and hence the meximum likelihocd of the
acceleration exceeding 50 g. The maximum resultant velocity achievable with
the existing rail length was 35.6 ft/sec at a B of 80° above the horizontal,
and the ground slope for this case was 21°, The model acceleration still did
not exceed 50 g. A velocity of 35.6 ft/sec means that 1 for the nonvertical
impacts is at least 411 ft—lb/lb, as opposed to 545 ft—lb/lb for the symmetri-
cal impacts.

Thus the present configuration is efficient even for a slightly nonverti-
cal impact into a 21° hill, It is significant that this is so despite the use
of a relatively heavy energy absorbing mechanism having a low mechanism effi-
ciency, My Specifically, the foam comprises almost half the weight of the
present system; and the foam cutting mechanism has an 1,, value of 777
ft—lb/lb, which is much lower than most of the mechanism efficiencies listed
in reference 29, Possible effects of the space environment and rocket exhaust
on the m values for foam crushing and foam cutting are considered in
appendix %.

CONCLUDING REMARKS

An energy absorbing system for space-vehicle landings has been described
and experimentally evaluated. Plastic foam was investigated as the main energy
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absorber becsuse it could be expanded to a large volume after exit from the
earth's atmosphere and thus help prevent excessive penetration of the landing
surface without causing a major packaging problem. The system has an aluminum
frame to support the foam and three legs to improve blast-off stability for
the return flight.

An attempt has been made to utilize the selected materials so as to
improve tip-over stability and over-all efficiency of energy absorption. Pri-
ority has been given to efficiency, and it has been improved in three ways.
First, the frame has been designed with relatively low outreach beyond the
body perimeter. Secondly, the frame has been designed to absorb energy by
buckling, and third, the foam has been carefully matched to its support
structure,

The efficiency was compromised partially to improve tip-over stability.
The compromlise consisted of absorbing energy from the foam by cutting it
instead of crushing it. This has improved stability by decreasing bounce-back
but resulted in a significant efficiency loss. Stability was also improved by
adjusting the system so that the stability boundary 1s almost uniformly
restrictive on ground slope over the full range of impact velocities. This
adjustment resulted in only a minor loss of over-all efficiency.

Despite the very low mechanism efficiency of cutting the foam.(777
ft—lb/lb), the steps Jjust outlined resulted in an over-all efficiency which is
considered exceptionally good, specifically, 545 ft—lb/lb. The tip-over sta-
bility results have been less satisfactory, with the vehicle restricted to a
50 ground slope and nearly vertical impacts.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif,, July 8, 1965
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APPENDIX A

SCALING

The scaling used herein is derived from two conditions: (l) the model is
scaled geometrically relative to the prototype; and (2) the model is made from
the same material as the prototype, which requires identical stresses and
identical material densities. From condition (1), with N taken as a fixed
number,

V
V—P =@ (A1)
m

where L, A, and v are length, area, and volume, respectively, and where the
subscripts p and m stand for prototype and model., From the identical stress
aspect of condition (2), together with equation (Al),

=N° (A2)

where F 1s force, From the identical material density aspect of condition
(2), together with equation (A1), B

(A3)

where M is mass.,

An immediate question is whether the weight force, W, is consistent with
equation (A2). For this force, with equation (A3),

W g gp
oo (ZRYV(SRY L B 22
W <}M4m> <gm> =1 e ()

where g 1is acceleration due to gravity, Hence, for consistency with equa-
tion (A2), it must follow that

g

g (85)

=4 I

If the prototype is to land on the moon and the model is to be tested on earth,
equation (A5) requires that N = 6 for exact scaling of the weight force.

Other quantities follow directly from equations (Al) to (A3) in
conjunction with specific laws of nature., For example, the same development

11




yielding equation (A5) gives

(26)

£ |’
I
=l

where a is acceleration. Equations (A5) and (A6) serve different functionms,
with equation (A6) scaling accelerations according to any number N and equa-
tion (A5) specifying N according to the physical accelerations due to

gravity.

For scaling the dimensions of velocity, V, the formula for constant
acceleration, V2 = 2a8, can be used, where S is the distance over which con-

stant acceleration takes place., With equations (A1) and (A6), it is seen that
(with general length, L, specialized as S)

2 -
A a0

P _ 22 /1
F"amsm‘@@ - | o

For time scaling, another formula for constant acceleration, V = at, can be
used, where t is time, Egquations (A6) and (A7) then give

t. v
b P\ 3nm
= =)=} = A8
t, a;><§@> (48)

Equations (Al) through (A8) have been checked by other physical laws and rela-
tions, including work-energy, impulse-momentum, torque-inertia, and stress-
bending moment.

A question arises as to what happens when the restriction in equation (A5)
is lifted. PFirst, if N is within a factor of 2, say, of that determined by
equation (A5), there is no problem in scaling forces as long as the maximum
deceleration force is greater than the weight force by a factor of, say, 20 or
more. Secondly, with respect to stability, the model results would be exact
for a prototype with N = 10 if the lunar gravitational acceleration were l/lO
that of the earth rather than 1/6. ‘Thus the prototype on the moon is subjected
to a stronger gravity force than is the model on earth. The prototype is,
therefore, less likely to tip over than the model, both with respect to bounce
height and gravity restoring moment. In this sense, the model results are
considered conservative as to stability for a prototype with N = 10.

Hence, it seems justified to consider N = 10 as well as N = 6; and
N = 10 comes closer to the actual Lunar Excursion Module, or LEM, for the
model described in the body of the report. When this model is scaled accord-
ing to equations (Ak4), (A6), and (Al), the result is

12



W, = 35.08 (6)% = 7580 1b on earth

ng = 29 = 8.3 earth g (A9)
dp = i%éﬁ (6) = 7.2 £t
N = 10
W, = 35.08 (10)° = 35,080 1b on earth
0
np = %6 = 5 earth g (A10)
dp = liéu (10) = 12 ft

where dp is the diameter of the prototype body and Oy is the maximum earth
load factor.

The scaling of the plastic foam is initially troublesome because the foam
cell diameter and the model cutter thickness are the same order of magnitude,
and because the foam cells may not be appreciably larger for the prototype.

It may be desirable, then, to scale the number of cutters rather than the
thickness of the cutters. Then the cutting force should scale properly,
according to the total cutting area and this area could readily be scaled
according to N, as required.
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APPENDIX B

APPARATUS AND ERROR ESTIMATION

One channel of the system for measuring acceleration is shown in sketch
(4). The dc amplifier is used primarily to boost the signal, its gain being
set permanently at 100. The other two amplifiers are used mainly for impedance

Bi High

iezo- Capacity dc Galva- —
electric ac Amplifier nometer Oscillo
Accelerometer Amplifier Amplifier graph

Sketech (d)

matching. The gain of the ac amplifier is set at unity to minimize the net-
work time constant and resulting overshoot, and the galvanometer amplifier
provides a smoothly adjustable gain for convenience in displaying a trace on
the oscillograph paper.

Before each test an electrical calibration is performed by replacing each
accelerometer by a prescribed sinusoidal voltage from a signal generator. The
voltage level corresponds to a specified acceleration. The gain of the galva-
nometer amplifier is then adjusted to give the largest feasible amplitude on
the oscillograph paper.  This recorded signal constitutes the calibration for
the specified acceleration and effectively removes the effect of any gain drift
in the measuring system. It would not remove the effect of deviations in over-
shoot, but the overshoot has been reduced to considerably less than 1 percent.

The prescribed voltage level for the electrical calibration was obtained
by using the system to measure a known acceleration,'specifically, 60 g. The
accelerometers were placed on a shake table capable of delivering 60 g acceler-
ation at a frequency as low as 130 cps. The frequency selected for the known
acceleration was 200 cps, as measured by a counter. The shaker displacement
amplitude was set to deliver 60 g at 200 cps, the amplitude being measured by
an opbical displacement follower as checked against a bench micrometer. The
gain of the galvanometer amplifier was adjusted to display traces of convenient
size on the oscillograph paper, and then the gain was locked. Each accelerom-
eter was replaced in turn by a signal generator, and the voltage level of the
generator was adjusted until the oscillograph trace matched the corresponding
trace produced by the shaker. This voltage level constituted the electrical

calibration.

There is, of course, a certain amount of error involved in the determina-
tion and performance of the electrical calibration; and this error has been
evaluated on the basis of the various readings and meters involved. Another
error, due to variations from the frequency of 200 cps, has been estimated Dby
means of a frequency response with the accelerometers mounted on the shake
table. A third error arises from a slight lack of linearity and has been
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evaluated by comparing a 60 g frequency response with a 30 g response. A
fourth error results from the estimation of a mean line through 1000 cps
oscillations of relatively low amplitude, which are superimposed on the accel-
eration traces and are regarded as unimportant because of their high frequency.

When the four error estimates just referred to are added, the total is
8 percent., This defines the maximum possible acceleration error. When the
square root of the sum of the squares of the individual errors is taken, with
the electrical calibration broken into its components, the resulting standard
deviation is 3 percent.

Another potential source of error in the over-all test program involves
varietion in the energy absorbing system from model to model. With respect to
the plastic foam, however, there could not have been much variation since the
tip-over results below the frame buckling load turned out to be highly repeat-
eble in general. (It should be noted that the maintenance of good repeatabil-
ity and minimum bounce-back reguired the axis of every pad cut from every foam
log to be coriented in a specific direction relative to the log geometry.)

Above the frame buckling load, tip-over repeatability could not be checked
because of a shortage of models. For six perfectly symmetrical impacts, how-
ever, the maximum deviation from the average buckling load was 7 percent. In
addition, frame buckling affects only the extreme top of the measured stabil-
ity envelopes of figure 6. On the basis of the foregoing information, it 1s
considered that variations in the foam and the frame could result in only minor
errors in the envelopes.

The remaining sources of error apply only to the nonvertical impacts, and
this leads to a description of the rails shown in figure 3. The working part
of each rail consists of a channel completely lined with a damping material.
The interior height of the channel, when lined, is 1-1/8 inch, or 1/8 inch
greater than the diameter of the model runners. In the lateral direction, the
model runners are 1/8 inch from the interior channel lining when the model is
centered between the rails, and the rails are 36-3/4 inches apert from interior
lining to interior lining. The lining material is slow rebound silicone rubber,
1/8 inch thick. It is painted with a dispersion of fluorocarbon powder to
decrease friction, end its purpose, of course, is to minimize oscillations of
the model.

Possibly as a result of this precaution, together with the location of the
model runners, release mechanism, and center of gravity in a single plane, the
model slides down the rails without observable oscillation. In addition, the
tip-over results for nonvertical impacts are generally repeatable. Hence, the
error due to oscillations is considered small.

Two possible sources of unwanted pitching velocity remain, however, as
the model comes off the rails. These are a gravity moment and the hitting of
the rails by the runners due to gravity free fall. To minimize the gravity
moment, the model runners have been recessed 3/16 inch over the aft 5—1/2
inches of their length, as shown in the sketch in figure 4(a). Hence there can
be no gravity moment after the model center of gravity is 1-1/2 inches beyond
the end of the rails, and calculations indicate a resulting maximum pitching
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velocity of 0.014 radian per second for the test conditions reported in fig-
ure 6(c). Such a pitching velocity should introduce only a negligible error
in a tip-over stability boundary.

After the center of gravity is more than 1—1/2 inches beyond the rails,
the model is in a free-fall state, and the 3/16-inch recess, selected for con-
venience in model construction, is not deep enough to preclude the possibility
of the aft end of the runners ticking the end of the rails. Calculations, how-
ever, indicate that such ticking of the rails takes place only for one of the
data points in figure 6(c). Since this data point represents a stable condi-
tion, there is 1little error in the stability boundary as a result of rail

ticking.

The model velocities for the gravity moment and rail ticking calculations,
as well as the initial free-fall velocity for determining the impact speed and
flight path, are taken from high-speed motion pictures of the model sliding
down the rails. Distance versus time is plotted on the basis of the stripes
on the rails, the pointer on the model, and timing marks on the film. The
slope of the plot gives the resultant velocity in the direction of the rails.
The slope is determined both by graphical estimation and by taking the deriva-
tive of a least-squares parabolic fit. Graphical estimation is used when the
graph 1s linear over a wide range surrounding the point where the slope is
desired. Otherwise, an average is taken between the slopes determined by esti-
mation and least squares.

For the resultant velocity just as the model goes into free fall, the
average slope differs from those of estimation and least squares by a maximum
of 10 percent. Among the four remaining data points of figure 6(c) for which
an average was taken, however, the maximum error is 2 percent. ©Since the
velocity at the start of free Tall is the initial velocity for calculating the
impact speed, that speed is considered to have a maximum error of less than
those indicated above. (A much lower error is indicated for the purely free-
fall vertical impacts by comparison of calculations and high-speed movies of
the model and a striped backboard. This comparison shows essentially no
effect of air drag on the free-fall velocities.)

With respect to the flight-path angle for nonvertical iImpacts, the
initial free-fall velocity errors Just described should cause no significant
errors in the predicted impact angles. Because the model was in free fall for
6 inches, however, those predicted angles do differ somewhat from the nominal
flight-path angle of 850, which is the angle at which the rails are set. This
variation causes the plotted points of figure 6(c) to be somewhat unconserva-
tive for an 85° slope. Hence, the stability boundary is faired more conserva-
tively than the data points, particularly at the lowest impact speeds. This
procedure obviously causes some error for the boundary.
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APPENDIX C
AUXILIARY TESTS ON VACUUM AND TEMPERATURE

The experiments described in the body of the report were performed at
room temperature and pressure and hence did not account for the effects of
foam exposure to the space environment. As a partial check on the effect of
this environment, plastic foam has been tested in a vacuum bell jar and at low
temperature. Load-deflection tests were performed on the crushing and the cut-
ting of foam, where the load was measured by a load cell and the deflection by
a differential transformer-type transducer.

The model for the crushing test was a 5—1/2-inch—diameter sphere of
polystyrene foam, with a density of 1.8 1b/cu ft. Its load-deflection curve
was first found at room temperature and pressure, Then the bell jar was
pumped dowvn to 107° mm of mercury (torr) at room temperature and held there
for 5 minutes. This part of the test showed that the foam will not explode in
& vacuum. Then the foam was crushed at the same rate® as for room temperature
and pressure. The result was a load ranging from one-half to one~third as
great as the load for room conditions, as seen in figure 7. Not all the air
had been removed from the foam by the evacuation of the bell jar since the
pressure went up during the crushing, but enough had apparently been removed
to lower the load as indicated.

The crushing test was then repeated at room pressure, but this time the
specimen was a 5—1/2—inch—diameter polystyrene sphere which had been held in
ligquid nitrogen at —1700 F for 5 minutes. The result, as seen in figure 7,
was a load-deflection curve almost identical to that for the vacuum case., Cal-
culations indicate the low temperature reduced the load relative to room condi-
tions by lowering the air pressure in the foam cells and also by lowering the
strength of the plastic material. '

A glance at the areas under the curves in figure T indicates that the
energy absorbed in vacuum and at low temperature is approximately half as
great as at room temperature and pressure. This fact would have to be
accounted for in any design based on the crushing of foam.

Similar tests were performed for foam cutting. The foam model was that
described in figure b except that 4 inches were cut off the open (upper) end
and 2 inches off the outside diameter to make the foam fit in the test rig.

1The importance of crushing rate for polystyrene spheres with a density
of 1.8 lb/cu ft was established by an earlier test at room temperature and
pressure., In this test the static load at a given deflection of a 5—1/2-inch—
diameter sphere was found to be lower by a factor of 2 than the corresponding
dynamic load when the crushing rate was varying from 55 ft/sec to roughly half
that value. In contrast, the rate effect was found to be relatively small in
reference 21 for rectangular volumes of polystyrene. ’
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The cutter was identical to those of figure 1 and figure L4, with a simulated
support frame. The rim of the cutter missed the foam because of the reduction

in the foam outside diameter.

For the vacuum case, the model was held at 1.5%107° mm of mercury for 2k
hours before the load-deflection test was performed. Again the bell jar pres-
sure went up during the loading, indicating that some alr remained in the foam.
For the low temperature case, the model was held in liquid nitrogen at -170° F
for approximately 3 minutes.

Load-deflection results for foam cutting are represented by square symbols
in figures 8 and 9 for vacuum and low temperature, respectively. The circu-
lar symbols in these figures are for room temperature and pressure., The small
difference between the two curves for room conditions may result from the fact
that the foam reported in figure 8 comes from a different log than that in

figure 9.

From O to almost 2 inches deflection in figures 8 and 9, the load is due
almost entirely to foam cutting because, for these deflections, the cutters
are widely spaced in the foam, and the crushing by the frame is negligible,
Within this nearly pure cutting region, the loads for the vacuum case in fig-
ure 8 and the low temperature case in figure 9 are almost as large as the cor-
responding loads for room conditions., Hence the energy loss due to environ-
ment 1s negligible for cutting as compared to that for crushing.

For deflection greater than 2 inches, the load is partly due to cutting
and partly due to crushing by the simulated frame members. Differences
between figures 8 and 9 may be due to different effects of vacuum and tempera-
ture, or they may be due to a coincidental difference in the breaking out of
the side wall of the hollow foam cylinder.

The foregoing results have not, of course, included the effect of high
temperature resulting from a space environment or the rocket exhaust. In this
connection, the plastic material would probably have to be foamed into a cover
to achieve the required temperature and pressure for foaming a dependably brit-
tle product; and such a cover would provide some protection against high tem-
perature, or low temperature. (It should be noted that the details of the
foaming process are beyond the scope of the present report.) With respect to
the rocket exhaust, the nozzle could be made long enocugh so that the exhaust
misses the plastic foam.
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Figure 4.- Model parameters.
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(a) Vertical impacts on crushed basalt.

Figure 6.- Energy absorption and tip-over stability for various impact
veloclties and ground slopes.
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(b) Vertical impacts on steel.

Figure 6.~ Continued.
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Figure 6.- Concluded.
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Figure 7.- Effect of vacuum and low temperature on crushing of solid foam
sphere.
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