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FOREWORD

This engineering report provides a documentation of the research work performed by
Bendix Products Aerospace Division of The Bendix Corporation, South Bend, Indiana,
for the National Aeronautics and Space Administration's Manned Spacecraft Cen-te:-,
Houston, Te:::as,under Contract No. NAS 9-2074. This pfoject was accoinplished dur-
ing the period from Sepiember 30, 1963 through iuly 24, 1965. This time included ex-

tensions to the original program schedule provided by two contract amendments.

Mr. George Sandars (Project Engineer in tﬁe Structural Mech~nics Branch of the’

Structures and Mechanics Division) acted as NASA - MSC's technical representative

_ for the contractor in administering the program.

Technical direction and project adniinist}ation for Bendix was nandled by P. O. Reiden-
bach. R. E. Schmidt of Bendix acted in a sales-liaison capacity with the NASAA Con-

tracts Administration Section, The following personnel made significant contributions

-to the study effort in the areas-of equipment design, testing tecpniques, data analysis

and report preparation: Mr, F. P. Mackrill, Mr. Gary Clawson, Mr. Jchn Mikel,

Mr. D. E. Hanna, Mr, Carl Dreesson, Mr. John Harvey and M:~. R. J, Black.

" Valuable co{msel was also rendered throughout the program by Mr. R. A. Price, Super-

visor of the Advanced Structures Group, and b& Mr. R. W. Smith, presently Manager of
the Enei'gy Absorption System Sales group who contributed some of the original think-

ing in regard to ‘the areas into which the research work should. be directed.
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The researc_ﬁ effort detailed in the subsequent sections of this report, involved{the
basic Bbjective of obtaining quantitative design.data concerning the characteristics of
aluminum honeycomb materials wher used in high L/D ratio crushable energy absorb-

ing capsules. ‘\Niﬁe configurations of honeycomb energy absorbing capsules using alloy

' 5056 were evaluated in this study effort. The nine basic.configurations incorporated -

three (3) cross sectional shapes of high, medium, and low crush strength; each of which
was fabricated with cell axes oriented at angles of 0°, 15° and 30°, to the capsule longi-

tudinal axis. Particular characteristics which were studied included specific energy,

load on-set rate, and rebound. Variationsof these characteristics were investigated under

controlled environmental conditions.

The capsules were subjected to both static and dynamic loads, impact velocities from
5 fhru 20 feet per second, and impact weights varying from 760 1bs. thru 3750 lbs. The

environmental extremes under which the specimens were tested spanned the temperature

range from -260°F thru room temperature up to +300°F, and a vacuum of 3 x 10'1 -’I‘ORB\.

toward identification of the capsule configurations which would maximize the desired
perfofmance characteristics. All specimen types which crusned in the normal manner

of progressive cell buckling, (for both the static and dynamic cases) exhibited the

iii
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The two phase program was conducted on & "pro~ess of elimination' basis directed '
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characteristic rectangular shape load/stroke curves representative of high efficiency
operation, Fluctuations in the average crush loads were as high as : 155 for some
specimens with angular cell axes, but were in (he range of +2% for the expanded hexagonal,

0° cell axis configurations,

Calculations of the specific energy in terms of ft. 1bs./1b. indicate that the solid circular
section with the expanded hexagonal 0° cell axis provided the highes” value; however,
the thickness efficiency (stroke available in terms of total capsule length) is highest for

a solid circular section with cell axes at 15°, although by only a small margin.

A generalized statement regarding the effect that change in impact velocity and weight
have on thé load onset rate is not considered adequate. Therefore, a study of the indivi-
dual plots of these values verses the various parameters, for the characteristics of

interest will provide more meaningful information.

One characteristic of particular interest indicates that during subsequent impacts on
partia'ly crushed capsules, all configurations yield a greater rebound value as the

'imcrushed length-of the capsule becomes shorter.

The effect of temperature variatic;n on the specimens should be studied in the light of

) the various conditions to which they were subjected and the paraineters against which
the values were plotted. It may be generally stated, however, that there is an increase
in average crush load of as much as 30% with a temperature decrezse to -260°F and a

"decrease in average crush load of ‘as much as 35% at a temperature of +300°F.

The information presented ir_x tyis report provides a subsiantial source of data regard-
ing the effects which changes in s'pecimeﬁ configuration, cell geometry, test conditions,
and environment have on the characteristics of crushable 2nergy absorbing materials.

| It'éan.also provide guidelines in preparation of the specificaﬁons for capsule designs

which will provide efficient and reliable operation as spacecraft shock attenuators.
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SECTION I

INTRODUC TION

1.1 GENERAL

Thé requirement-s for soft landing space vehicle.; in a widely varying and unconventional
environment have prompted the designers to consider many nonconventional means of N
shock attenuétion. Those methods probably concidéred-most oftéh involve the controlled
deformation of sohd or plastic matenals althcugh the compression of gas or fluid and’
the use of frlctmn or the acceleration of a Ilmd have a.lso been studied for thls use.
Potential advantages can be shown for each of the methods considered; however,_ many

of the proposed concepts show inherent weaknesses in a comparative evaluation where

space system reliability is recognized as being closely related to simplicity and freedom -

from critical design and operating factors.

Consideration of faciors such as potential puncture by meteorite impact, variation of
friction with environment, and mainténance of close tolerances on fits and alignment
for -other absorption methods led to the choice of crushable material in capsule form for
a first detailed effort io solve this type of shock attenuation requirement. Company fund;ed
testing programs and a literature survey on the suﬁject contirmed our prediction that
aluminum honeycomb material c;ffered‘the most practical potential for further develop-

’ mvent. Most of the surveyed tests were conducted in tile earth ambient atmosphere with

. , oo
speculation as to the effect of cellular entrapped air, impact velocity, and mass under
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which a specimen is tested. The award to BPAD of Contract NAS 9-2074 involving the
"Study of Energy Absorbing Characteristics of Crushable Aluminum Structures in a
Space Environment," has resulted in a significant step forward in understarding the

failure patterns, environmental effects, and application techniques for this material.

This { ~al engineering report covers the information generated in both Phase I and
Phase II of a two-phase program which was a logical extension of earlier studies. The
program was designed specifically to investigate the behavior of previousl§ selected
"sup’erior" materials_ when employed igl "full scale" capsule sizes and -tested ina

s -

vacuGs1 environment in combination with those environmental extremes which are-anti-

cipated to have substantial influence on performance. Further exploration is needed-
regarding the variati:ons in honeycomb structural capability which may occur as a result -
of exposure io the tull range of spacéx-ehvironments. It is expected, however; that space-
craft landing gear design efforts may proceed on a more sound basis with the data qbtained

from this research effort.

1.2 OBJECTIVE

The basic objective of this program was to obtain quantitative desig;ﬁ data concerning
the characteristic's qf certain selécted materials when used in high length-to-diameter
(L/D) ratio crushable energy absorbing capsules such as would be suitable ior use in

spacecraft alighting gear shock attenuators,

The idezlized characteristics which are generally desired in such shock attenuating

- capsules are listed here: -

1. High specific energy (ft. lbs, per Ib, of capsule weight)
2, Moderate load.on-set rate (lb, per second) consistent with
vehicle mass and peak acceleration load rate limits.

1-2 -
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3. Minimum rebound characteristics.
4. Minimam variation in characteristics with environmental extremes.

5. Repeatability of characteristics.

1.3 SCOPE OF TESTS

The program efforts were directed toward identification of the honeycomb cell orienta-
tion and geometry and capsule configuration which would provide an optimized combina-

tion of the desired characteristics as defined unCer Objective, péragraph 1.2.

The capsule property variations were studied using a special test fixture (Figure
3-4) incorporating a viewing wih:iow With capability for ;a temperature spectrum ranging
from a high of +300°F thru room temperature down to a low of -260°F, to satisfy the
maximum expected temperature variation for a lunar mission. All testiﬁg of the full-
length test articles was conducted with speéimens exposed to an initial ambient atmos-
nheric pressure of 3x10” 1 TORR (300 microuns). VThis vacuum environment was not
meant to simulate the hard vacuum of outer space, but only to eliminate tile effect which
cellular entrapped air might exert on the capsule reactions. The characteristics of
interest were studied under both static and dynamic loading conditions, and the effect
of impact velocity and mass variation was observed specifically through the following
ranges,

1. With drop weight remaining constant at 1920 1bs. - }mpact velocities -

were varied, using 5, 10, 14, and 20 fcet per second. '
2. With impact velocity remaining constant at 10 feet per second the drop

weight was varied as follows: 760 lbs., 1920 1bs., 2850 Ibs., and 3750 lbs.

~

The program was accomplished on a ""process of elimination" basis. The nine

full-length capsule configurations used in the initial part of the pi'ogram )

cane ]
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were determined by the static testing of short, 6-inch length, prrproduction control spec-
imens under ambient temperature and atmospheric pressu.e. Those control spec-
cimen designs exhibiting satisiactory pctential in regard to the basic specimen criteria
were then selected for fabrication of myltiple quantities of that configyration in full-
length specimens. Increasingly severe environmental conditions were imposed on those
full-length specimens. The original nine configurations of Phase 1A were reduced to

four configurations for Phaze IP and subsequently to the two configurations exhibiiing

the greater potential regarding optimal combinations of the desired performence charac- -

teristics. In Phase II these specimens were sub;ected to the full range of temperatures

as shown below.

No. of Specimen

Configurations Vacuuin Temperature
Phase JA 9 3x10'1 TORR Room Temperature
Phase IB 4 3x10"} TORR ~260°F

Phase II : 2 3x10"} TORR +300°F, +150°F,
’ -150°F, -260°F

Details of the test program are outlined in Sections VI, VII and VIII.

1-4 -




SECTION II

TEST SPECIMENS

2.1 GENERAL

The basic criteria for defining the test specimens was established with the following

guidelines.

1.

Aluminum alloy honeycomb capsules of three (3) crush strength levels
!

{(high, méoderate, and low), each of which would be fabricated with three
(3) cell axis orientations, making a total of nine (9) configurations.
(Reference Figure 2-1 A & B). ‘

Capsu'e configurations were desigied such thal cross-sectional area was
consistent with crush strength level to yield a crushing 10ad of approxi-
mately 5500 pounds for all capsules.

Capsule length was allowed to vary siightly to insure a minimum stroke

length of 40 inches.

The parameter variations otfered characteristics which would allow some trade-off

studies or compromise when considering the energy absorbing capacity, elastic defor-

mation per unit load, peak loads to initiate crushing action, and load on-set rates:

A landing gear strut outer cylinder bore of 6.25 to 6,50 inches in combination with a

6.00 vutside diameter piston was assumed in selecting the size of the shock attenuating

capsules.
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Figure 2-1, Basic Specimen Configurations




The three (3) crush sirength levels were planned to span the range from 1490 PSI
(high) down to 180 PSI (low). These upper and lower limits of crush strength level
lend themselves best to "internal” type capsules. designated as those housed inside

the strut outer cylinder and guided on the outside diameter; (Figure 2-2).

The high strength capsule (1400 PSI) requiring a relatively small cross-sectional area
was designated as an annulus section to gain a reasonable L/I' column ratio, and the "

outside diameter was limited by cell size and practical annulus width (Figure 2-3).

The low strengtb capsule (180 PSI) requires a solid circular zross-s:ction of a diameter
somewhat less than the assumed outer cylinder bore to develop the required load:

(Figure 2-3).

The moderate crush strength level (700 PSI) selected permits fabricatior as either an
"internal" of "external” capsule configuration in the chosen shock attenuator size range.
The "external' configuration placed around a strut piston outside diameter offers cer-
tain capsule replacement advantages for reusable gear systems. To gain experience
with this type capsule, guided on the inside diameter, the moderate strength capsule

was designed in annular cross-section in a siz¢ consistent with external mounting

(Figure 2-2).

A key has been established to readiiy identify the basic capsule configurations as theyiare
discussed and as data plots are made throughout this repori. This key is explained in

the following table, with a circular symbol 1ndicating the cross-sectional shape and a
number identifying the cell axis orientation, e.g. (® indicates "internal annular (small)"

and 15 indicates angular cell axis orientation with respect to vertical axis."

2-3
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Nominal
Configuration | Crush Stress | Ncininal Size | Approx. Cell Size | Cell Orientation

No. | Type (PSI) (Inches) (Inches) / respectto | kv
capsule verti-
cal axis.
A 1400 3.00 O.D. 1/15 % 1/8 15¢ [® 15
2.00 1.D.
1 B 1400 3.00 0.D. 1/16 x 1/8 30° (® 30
(Internal 2.00 L.D.
Annular-
Small) |
—
C 1400 3.00 O.D. 3/32x 3/16 0° OK
2.00 L.D. (1/16)
A 405 (700) 6.90 O.D. 3/32x 3/16 15° Q 1
(6.80 0.D.) (1/16 x 1/8)
5.50 1.D.
{6.00 1.D.)
2 B 370 (700) 7.00 O.D. 3/32x 3/16 30° Q 30
(External (6.80 0.D.) (1/16 x 1/8)
f Annular- 5.50 1.D.
Large) (6.00 1.D.)
c 325 (700) 7.19 O.D. ~/32 x 3/16 0° I@ 0 |
(€.80 0.D.) | (1/16)
5.50 I.D.
(6.00 1.D.)
A | 230 (180) | 5.50 Dia, 1/8 x 1/4 15° (@ 1]
(6.25 Dia.) | (1/16 x 1/8) :
3 B 200 (180) 5.90 Dia. 1/8 x 1/4 30°
(Circvlar . (6.25Dia.) | (1/16 x 1/8) .
Solid) ‘ _
C 180 6.25 Dia, 1/8 or 1/16 Half 0° I. 0

NOTES: Intensive research and development efforts by the capsule supphec fell short
in somne-cases of meeting the original stringent requirements for capsules with satis-

factory crush characteristics. Negotiated adjustments, coordinated with NASA-MSC (Cont.)

Figure 2-3. Table of Finalized Basic Specifications for the Specimen Configurations
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which would still permit attzinment of tie basic program objectives were incorporated as

previously indicatzq, with the original desired requirements being shown in parentheses.

Matcrials:

(a) 5656-H39 Alurminum Alloy foil.

(b) Adhesives were not spegiified in detail. The specimen supplier was advised that
the environment which the specimens would encounter incluced both vacuu;n and extreme
temperatures of +305°F ard -260°F. The supplier elected to use adnesives which are
genera:ly cescrioed by specification MIL-A-5090D, Type I. Those adhesives used are

specifically aoted under the descriptionof the several configurations.

- {e) Tape Wrapping - No outer covei-ing was speéiﬁed ior the specimens. On certain
configurations the specimen supplier elected to wrap them with Minnesota Minirg and

Mfg. Cos.' No. 870 glass filament tape. This was added primarily to prevent peeling of

- the outer cells during crushing action and secondarily to stabilize the cylinder wails as

well as to prevent expansion of the capsules without significantly affecting the crush
strength. Those capsules incorporating this tépe are defined under the detaii description

of individua! confiéurations (Figures 2- 4 thru 2-12).

Crush Load: The nominal crush stress provides an average crush load of 5500 ibs. for
all configuritions. The avefage crush load for all specimens of a particular configuration |
was specified io fall wxﬁxin +5% of the group average for that configuration with the further
stipulation that this average load should not be above a maximum of 5300 lbs. nor below a

minimuin of 5100 Ibs.

Capsule Length: The uncrushed length was specified as that length which will provide a

~rushing stroke capability of 40.00 ;—05% inches and the total length was not to exceed 60 inches.

- Figure 2-3. Table of Finalized Basic Specifications for the Specinien Configurations (Cont.)
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@—1—] = "interna} annular (small)"; cell axis @ I AT
;:-,—;—30__] = "internal annular (small)": cell axis @ _’}/‘*“30"
;-(3:? =  "iniernal annular (small)": cell axis Vertical (0°)
{r’QZ = "external annular (large)"; cell axis € J™~—15°
@Q = "external annular (large)": ' .cell axis @ Y~ f—30‘
¢ ¢ i= - "external annular (large)": cell axis Vertical (0°)
@: “circular solid'": cell axis @ T*—-5°
@ 3 = 'circular solid": cell axis @ 1/.".‘30°
[—.__“_l = circular solid": cell axis Vertical (07)

TFurther reference for the various configurations may be seen in Figure 2-3, ""Table
of Finalized Basic Specificationé for the Specimen Configurations", pictorially in
Figure 2-?, "Test Specinien Configuration Summary', and in the individual ""Specimen

Configuration" Figures numbered 2-4 thru 2-12. ' -
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Specimen (Internal Annular - Smzll)

Key = .i@ i !

¥
Pre-Production Full Length
Control Specimen . T Test Specimen
(Bendix Part No. SPX-165A) - (Bendix Part No. SPX-1684)

—_—

@G'T — _{—1 /16"

—_

.0009"t

Cross-Sectional

View Constructic 1 Details
Cose Type - - - - - 15-0-15 'Crosscore’
Material - - - - - Aluminuin Alloy (5056-H39)

Foil Config: ’

Corrugated - 1/16 ' Hexagonal (1/8" Cell} .0026" t
Interleaf - Flat .0009" t
- Adhesive --Reichold Epotuf Code #SF 5473-1
Wracping - 3 M Glass filament tape No. 870

Nominal Dimensions (in.) X SPX-1654A SPX-168A
Outside Diameter - 3.00 = .125 S.00 +.125
Inside Diameter 2,00 £.125 2.00 +.125 -
Area (Nominal) 3.93 in,2 3.93 in.2
Length 6.00 1 .125 *52,50

* Length of 'TEST specimens was specified as that requred to give
- 40.00" ;:g stroke but max. length was not to exceed 60.00".

v Average crush strength = 1400 PSI (This stress with a specimen of
nominal dimensions gives a crush load of 5500 lbs.)

Figure 2-4, Specimen Configuration 1A
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Specimen (Internal Annular - Small)

= .. 1
Key=|& *;

Pre-Production L. Full Length

Control Specimen Test Specimen
(Bendix Part No, SPX-165B)

0026

t
~
- 1 116"
_ o 4.0009""t
Cross-Sectional - Construction Details
View
Core Type - - - 30-0-30 'Cross Core’
Material - - - Aluminum Alloy (5056-7'39)
Foil Config: -

Corrugated - 1/16" Hexagonal (1/8" cell) .0026"t -
Interleaf - Flat .0009"t

Adkesive - - - Reichold Epotuf Code #SF5473-1

Wrapping - - - 3M Glass filament tape No. 870

Nomiral Dimensions (in.) SPX-165B SPX-168B

Outside Diameter 3.00 = .125 3.00 £ .12,

Inside Diameter P 2,00 +,125 2.00 £,125

Area (Nominal) 3.93 in.2 3.93 in.2

Length o 6.00 + .125 * 52.50
Average crush strength - - - 1400 PSI (This stress with a specimen of nominal
dimensions provides a crush load of 5500 1bs.) -.00

* Length of *"TEST' specimen is specified as that required to give 40.00 _'5q
stroke but maximum length is not to exceed 60,00".

Figure 2-5. Specimen Configuration 1B

(Bendix Part No. SPX-1€83)

2-9
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Specimen (Internal Annular - Small)

Key=[@® - |

L
) Pre-Production Full Length
Control Specimen Test Specimen
(Bendix Part No, SPX-165C) (Bendix Part No. SPX-168C)

.0026"t

Cross-Secticnal Construction Details
View

Core Type - - - "Tubecore'
. Material-- - - Alurinum Alloy (5056- H39)
Foil Config:
Corrugated - 3/32" Sine Wave ,0026"t
Interleaf - Flat ( 2 thicknesses) .0026"t (each)
Adhesive - - - Reichold Epotuf Code #SF5473-1
Wrapning - - - 3M Glass filament tape No. 870

Nominal Dimensions (in.) SPX-165C SPX-168C
- Outside Diameter 3.00 £ .125 3.00 +.125
Inside Diameter 2.00 +.125 2,00 +.125
Area (Nominal)® 3.93 in,2 _ 3.93 in,2
Length 6.00 + .125 * 56.00

Average crush strength - - - 1400 PSI (This stress with a specimen of nominal
dimensions provides a crush load of 5500 1bg.)

* Length of 'TEST' specimen is specified as that required to give 40.00 ;gg
stroke but maximum length is not to exceed 60.00".

Figure 2-6. Specimen Configuration 1C
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Specimen (External Annular - Large)

X

% 15
[

Key =

TN ' —--
i B R R
; \
Pre-Production Full Length

Cortrel Specimen > Test Specimen

(Bendix Part No, SPX-1644). -

.0014"t 3/32"-

Construction Details

Cross-Sectional -

View
Core Type - - - 15-0-15 'Crosscore’
Material - - - Aluminum Alloy (5056-H39)
Foil Config:
Corrugated - 3/32" Hexagonal (3/16" cell) .0014 "t
Interleaf - Flat .0009"t
Adhesive - -~ - Reichold Epotuf Code # SF5473-1
Wrapping - - - 3M Glass filament tape No, 870 .
Nominal Dimensions (in.) SPX-164A SPX-167A
Outside Diameter 6.90 £ .125 6.90 £ .125
Inside Diameter 5.50 £ .125 5.50  .125
Area (Nominal) 13.63 in.2 13.63 in.
Length 6.00 £ ,125 * 51,00
Averago crush strength - - - 405 PSI (This stress with a specimen nominal
dimensions provides a crush load of 5500 lbs,) -.00

* Length of 'TEST' specimen is specified as that required to give 40.00'+‘ 50
stroke but maximum length is not to exceed 60.00",

Figure 2-7.- Specimen Configuration SA

(Bendix Part No. SPX-167A)




Specimen {External Annular - Large)
Key = '6_“_]

o>
: Pre-Production ) Full Length
. . Control Specimen Test Specimen ~
~ {Bendix Part No. SPX-164B) (Bendix Part No. SPX-167B)
/.0014.";_\\

I i e
".: —_v\zz-o/ogut 3/ 32

Cross-Sectionai Construction Details

View :
Core Type - - - 30-0-30 'Crosscore’
Material - - - Alun.inum Alloy (5056-H39)
s B Foil Config:
Corrugated - 3/32" Hexagonal (3/16" cell) .0014"t
Interieaf - Flat .0009"t

Adhesive - - - Reichold Epotuf Code #SF 5473-1 -

Wrapping - - - 3M C'ass filament tape No. 870

Nominal Dimencions (in.) SPX-164B -%-167B

Outsid> Diameter 7.00 +.125 7 x.125
Inside Diameter 5.50 + .125 +,125
R Area (Nominal) 14.73 in.2 14 3in2
- Length 6.00 + .125 *  51.00"
average crush strength - - - 370 P31 (This stress with a specimen of nominal
L dimensions provides 4 crush load of 5500 lbs.) _

5 N * Length of 'TEST' specimen is specified as that required to give 40.00 +j88
L stroke but maximum length is not to exceed 60,00, -
% - L
Figurc 2-8. Specimen Configuration 2B
: 2-12
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Specimen (External Annular - Large)

t

" Pre-Production Full Length
Control Specimen Test Specimen
(Bendix Part No, SPX-164C) \Bendix Part No. SPX-167C)

; 2" .0014"t
£ ) o
v \ . A
L .
e S
Cross-Sectional Construction Details
View
Core Type - - - 'Tubecore'
Material - - - Aluminum Alloy (5056-H39)
Foil Config:
Corrugated - 3/32" Sinewave .0014"t
Interleaf - Flat .0014"t
-Adresive - - -3M.EC-1386 -
Wrapping - - 3M Glass filament tape No. 870
Nominal Dimensions (in,) . SpX-164C SPX-167C
Outside Diameter 7.19 £.125 7.19 +.125
Inside Diameter 5,50 +.125 5.50 +.125
Area (Nominal) 16,82 in,2 16.82 in.2
Length 6.00 + .125 * 50.50
Average crush strength - - - 330 PSI (This stiess with a specimen of nominal
dimensions provides a crush load of 5500 Lbs.) ..00

* Length of "TEST' specimen is specified as that required to give 40.00 ,’50
stroke but maximum length is not to exceed 60,00".

Figure 2-9, Specimen Configuration 2C
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Specimen (Circular Solid)

Key = @ 15|

¢ ’
) Pre-Production Full Length
Control Specimen - Test Specimen =
. (Bend.x Part No, SPX-163A) h {Bendix Part No. _SPX-MSA\

o

.0014"t

.0009"t

Cross-Sectional Construction Details
B View
Core type - - - 15 - 0~ 15 'Crosscore’
. Material - - - Aluminum Alloy (5056-H39)
Foil Config: .

Corrugated - 1/8" Hexagonal (1/4" cell) .0014" 2
Interleaf - Flat ,0009"t

_ Adhesive - - - Reichold Epotuf Code #SF5473-1
Wrapping - - - 3M Glass filament tape No. 870
Nominal Di nensions (in.) SPX-163A SPX-166A
Outside Diameter 5.50 £.125 5.50 £ .125
Area (Nominal) 23.76 in.2 23.76 in.2
I Length 6.00 +.125 _ * 50.00
Average crush strength - - - 230 PSI (This stress with a specimen of nominal

dimensions provides a crush load of 5500 Lbs.)
* Length of '"TEST' specimen is specified as that required to give 40.00 ; 88

stroke but maximum length is not to exceed 60.00",
Figure 2-10. Specimen Configuration 3A
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Spe;:imen (Circular Solid)

Key = | @ % |

Pre-Production
Control Specimen
(Bendix Part No, SPX-163B)

Full Length
Test Specimen
(Bendix Part No, SPX-166B)

.0014"t ~.0609"t

-

Cross-Sectional Construction Details
Viev,
Core Tyvpe - - - 30-0-30 'Ciosscore’
Material - - - Aluminum Alloy (5056-H39)

Foil Coufig: -
Corrugated - 1/8" Heaagonal (1/4" Cell) .0014"t
Interleak - Flat .0N09"t

Adhesive-- - - Reichold Epotuf Code #SF5473-1

Wrapping - - - 3M Glass filament {ape No. 870 .

Nominal Dimensions (in.) SPX-163B SPX-166B
Qutside Diameter 5.90 +.125 - 500 + .125 .
Area {Nominal) 27.34 in.2 27.34 in.2
Length 6.00 1 ,125 * 50,00

Average crush.strength - - - 200 PSI (This stress with a specimen of nominal

dimensions provides a crush load ot 5500 Lbs.)
¥ Leng’"r of "TEST' specimen is specified as that required to give 40.00 ;gg
stroke but maximum length is not to exceed 60.00". :

~

Figure 2-11. Specimen Configuration 3B
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Specimen (Circular Solid)

Fey =@ ¢

Pre-Production ' Full Lengih
Control Specimen Test Specunen
(Bendix Part No, SPX-163C) (Bendix Part No. SPX- 166C)

-.0009"t

C s

Cross-Sectional Construction Detalls
View

Core Type - - -Expanded Honeycomb

Material - - - Aluminum Alloy (5056 - H39)

Foil Config: Expanded 1/16" Hexagonal (i/8" Cell) .0009't

Core Adhesive - - - Reichold Epotuf Code #SF5473-1

Full Length Specimens (SPX-166C) were fabricated from {wo sections joined at the
center usinZ a perforated aluminum plate of .012" thickness and Sheli Epon 931

Adhesive.

Nominal Dimensions (In,) SPX-163C SPX-166C

Outside Diameter 6.25 + ,125 6,25 +.125

Area (Nominal) 30.68 in.2 30.68 in.?

Length 6.00 ¢ .125 52.00
Av~nrage crush strength - - - 180 PSI (This stress with a specimen of nominal
dimensions provides a crush load of 5500 Lbs.) -.00

* Length of "TEST" specimen 13 specified as that required to give 40,00 | ‘59
stroke but maximum length is not to exc2ed €0,00",

0

Figure 2-12. Specimen Configuration 3C
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2.2 MATERIAL

The selecticn of material to be used in fabricating the several test articles w.s an
important consideration for this program. For optimum landing gear ’'csig. con-
sistency in shock attenuator performance over the complete operatir g spectrum is
desired. A honeycomb feil alloy that will exhibit high strength and maintain this

strength level as consistently as possible over the temverature range was the <sought
after goal., Loss of strength at elevated temperature requires extra gear stroke com-
promises to insure adequate energy absorption capacity, and increased strength at
cryogenic temperatures may adversely affect vehicle landing stability. The aluminum
foils used almost exclusively in honeycomb applications at the time this project was
initiated included alloys of 3003, 5052, and 5056, some of which could be obtained in
various strain-hardened and stabilized tempers. To obtain the added temperaturc
stability and higher strength level of a heat treated alloy {or this important study,

this contractcr originally selected and requested, through the major horeycomb and

foil producers, that the specimens be furnished in a 2024 aluminum alloy. The foil

and honeycomb fabricators advised at that time that the foil processing state-of-the-

art had not vet progressed to a point where this alloy could be furnished in the :ieces-
sary foil thickn. . Since the primary foil alloy selected was not availibie, it be-
came necessary to select 21 alternate in the form of 5056-H39 for this program. This
strain-hardened and stabilized alloy offers superior propeities, relating tc crush strength,
over the temperature spectrum of -260°F to +300°F provided the exposure to +300 F does
not exceed approximately 10 minutes. Comparative data on the pertinent mechanical pro-
perties (Modulus of Elasticity 'nd Tensile Yield Streagth) cf the three alloys considered -
NOTE: Volume démand of a large aircraft program has subsequentiy provided the inpe-

tus to extend development of the foil processing equipment and a number of 2924 foil
thicknesses are currently available.

2-17




are shown in Figurec 2-13 and-2-14.

Comments concerning the adhesives used in fabricating the specimens and the tape
wsapped covering ~n certain specimens may be found in *he notes following the finalized

basic specifications for the specimen configurations (Figure 2-3).

2.3 SPECIMEN PROCUREMENT

The original basic specifications (Figure 2-3), defining tle test specimens, were supplied
to three recognized manufacturers of quality aluminum honeycomb, and their proposals
were requested. Full consideration was given o all responses from these fabricators
and largely on the basis of cost the following vendor was selected:

Hexcel Prodicts Inc.

2332 Fourth Street

Berkeley, Califorma

The first task of the specimen vendor, following initiation of orders for 5056-H39 foil,
was to supply "core coafiguration samples' which would demonstrate ihe'u: capa-
bilities in [;roviding *he specimens of the spéciﬁed cross sectional shapes and cell
angie orien;tations. These sample specimens were made from an alloy foil, available
in their plani, which possessed strength characteristics similar to those specified,
Figure 2-15shows the result of this efforf. These specimens were not tested by Bendix
to determine the crush loads, since our interest here was primarily in quality of fabri-

cation techniques and also the presehtly available foil would almost certaihly have re-

sulted in a higher crush load than desired.

Following the visual evaiuation of these core configuration samples by Bendix and NASA -
MSC personnel and the procurement of the specitied alurninum alloy foil (5056-H39), the

vendor embarked on the second task of producing ''pre-production control specimens'
2-18
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(Figure 2-2). The controi specimens which were ( 6 ) six-inch length minia-

ture versions of the future full length (approx. 50-56 inches) test specimens were to be
indicauve in every manner (except that affected by L/D) of those charac.eristics to be
obtained with the final specimen configurations. This, of course, included material,
foil thickness, adhesive, cell size and orientation, cross-sectional area, outer covering

(if any),and the crush strength. After the vender had demonstrated to his satisfaction that

. he could construct such a "pre-production control specimen” in accordance with the speci-

fications, four specimens of each configuration wére supplied to Bendix where two of each
configuration were evaluated in static crush tests. Visual obeervation of test specimen
quality and successful demoustration of crush loaas falling within the specified limits

led to a design release for each individual configuration. This permitted the vendor to
initiate quantity fabrication of that particulzr configuration in the necessary lengti'l to
produce a forty (40) inch stroke. Photographs of the pre-production control specimens

and the test results cbtained are shown in Section ViI.

After an intensive eleven (11) month developn;ent effort, involving many trial fabrication
‘techniques and several conferences between Bendix, NASA-MSC,and Hexcel personnel
ultimately leading to basic specification revisions (see Figure 2-3) and exteasion of the
contract completion date, the design release was provided for the last of the nine (9)
configurations. These ';ninor adjustme;its in the basic specifications still pefmitted attain-
ment of the basic program objectives. 1t is a;;garent that the state of the art in manu-
facturing alun:inum honeycomb capsules was less advanced than originally believed when

the project was initiated.
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Adverse crush characteristics experienced during the development period were concerned

with:
1. Control of adhesive quantity which varied with crush strength.

2. Large load fluctuations particulariy in cross-core with angular cells.
3. T“ailure of splices when attempting to make long capsules from several
- sections.

4. Stroke efficiencies were less than desired,

5. Inability to meet the specified average crush loads & cross—septional
area adjustinents because of the limited number of foil thicknesses
available.

Some additional comments about specimen characteristics may be Jound in the conclu-
sions. For those who may be interested in the develocpment cycles of the individual
Specimen Configuiations, HeXcel's Final Materials Report is included as Addendum

No. 2 to this report" and is listed in the References ( Section XI).

The specimen vendor ultimately provided ten (10) full-length specimens of the nine

{(9) configurations (and other development type specimens) for the Phase 1 Test Pro-

gram. Subsequent evaluation resulted in elimination of certain test specimens. The

© W AN R v e A ¥

final Phase II tests involved procurement of 70 : pecimens £33 each of two configurations
and 2 each of two other configurations) maxing a total of 160 full-length specimens for

the entire program.

-

o Teder pemrem i

2.4 CONFIGURATION DETAILS

A general description of the several specimen configurations utilized in this research

effort is summarized in Table form (Figure 2-2) and all pertinent details for each of the

corfigurations are provided in Figures 2-4 thru 2-12,
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SECTION 1Is

TEST FQUIFMENT

3.1 GENERAL

The test equipment used in this project is located in Bendix Products Aerospace Divi-
sion's Energy Absorption Test Laboratory. All special fixturing and equipment was
designed by BPAD personnel, and in large measure, fabricated within our own manu-
facturing facilities. Personnel from the Corning Glass Works and the W, S. Shamban
Company were utilized as technical consultants on the special viewing window and the

various seals used throughout the primary test fixture.

The devéloprgent of the special fixturing for testing the crushable material capsules

under extreme environmental conditions has resulted in a facility with unique

;capabilities. However, the designers, thru observaticn and use of the unit, now recog-

nize that further improvements may be incorporated to enhance the efficiency and reli-
ability under these conditions.

3.2 PRE-PRODUCTION CONTROL SPECIMEN TEST EQUIPMENT

An Instron materials test machine was used to ""slow crush" the six-inch long pre-pro-
duction control specimens of each configuration to determine their load stroke charac-
teristics. Figure 3-1 is a schematic of the Instron machine used and Figure 3-2 shows
the machine set up to ""slow crush' a test specimen.

The test specimen was placed directly on the compression load cell and the load applied
by lowering the cross head at a selected rate. The cross head is powered by an electric
motor, coupled to a gear box, which drives t.e cross heaq lead screws. The head speed
can be varied from a minimum of 0.02 inches per minute Ato a maximum of 20 inches per
minute., The machine has a maximum compression load capability of 10,000 lbs, The

crush load was recorded directly from the load cell by the direct reading reccrder, The

3-1




|, Cross Head

Direct Reading ___|
Recorder

Cross Head Lead
H Screws

Head Speed

“* Control

o
3

LA

/ :
| —]

Specimen ——

200 - 10,000 Lb. A
Compression Load
Cell Type F-C

Figure 3-1. Schematic of Instron Materials Test Liachine
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Figure 3-2. "Pre-Production Test Specimen in Instron Test Machine
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paper speed of the recorder may je varied.Inthetests conducted the cross head speed used
was 1/2 inch per minute. The paper speed was 10 inches per minute until the load be-

came constant,and one inch per mimute during the remainder of the crsh stroke.

3.2.1 Test Fixture: (Bendix Dwg. No. SPX-170 Chg. D) Unit Assy. Crushable

Material Energy Absorber., Figure 3-3

Full length specimens were tested in a spes.ially designed test fixture positioned below

a small drop test tower as shown in Figure 3-4, The aluminum honeycomb capsules

were housed in the evacuated cylinder and subjected to temperatures ranging from +300°F
to -260°F, Dynamic testing was conducted by dropping the rig mass through a selected
distance onto the fixture inner cylinder. The weight of the rig mass was changed for
certain tests te study the effect of impact mass variation on the honeycomb energy absorb-
ing characteristics. This was accomplished by adding or subtracting lead shot from the
drop rig. For static testing, i.e. ""slow crushing'', two hydraulic actuators were attacled

to the drop rig and the rig pulled down at a ~ontrolled rate. The rig could be stopped at

_ any cesired point of the crush stroke to study spring rate, load drop off at fixed stroke

position, etc. Crushing characieristics were recorded using an X-Y plotter for static
tests and an oscillograph for dynamic tests. Observations and photographs (including
standard and high speed movies) of the crushing action were made through the laige win-

dow in the fixture outer cylinder.

Figure 3-3 shows the details of the test fixture and Figure 3-5 shows a general view of
the test fixture componerts, In this program it was required to accurately determine
the static and dynamic characteristics of the various hcneycomb specimens. It was there-

fore important to isolate (as much as possible) the dynamic effects of the test fixture from

" the recorded test data. -
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, Piston Accelerometer s Piston - Stroke
B¢ L L p¥ Wire Slider

P U S,

, 4 1 ' e (nnc Cylinder
: ) . . (C Ater Plstom

Dlston S T kel N
Wn ]

‘Outer G ylinde

'
g Slow Crush

i} Hydramlc Act.xators

Lower
§ Load ell

Figure 3-4.” Test Setup
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Figure 3-5, General View of Test Fixture Components




This was accomplished by carrying the outer cylinder loads directly to the floor through
"{ins" welded to the outer cylinder. The bottom of the outer cylinder was cut away and 2
moving sieeve assen.bly, attached to the outer cylinder by r.etal bellows to provide a
vacuum seal, carried the capsule and inner cylinder loads into a load cell which was
positioned between the sleeve and the floor. A dynamic analysis of the fixture using

an analog computer was madeto determine the effect of the rig; dynamics on the load

cell readings. This analysis is described fully in Section IV of this report.

The fixture was designed so that set up time would be minimized for the three basic
capsule configurations when changing from one configuration to another. The fix-

wre, as shown m Figure 3-3, can be used to test both the large annular {external) spec-
im_ens (SPX-167) and the smaul annular (internal) specimens (SPX-168). The large annu-
lar specimens were guided on their inside diameter by the support tube outside diameter
and were crushed by the outer piston, as shown in Figure 3-6A. The small annular spec-
imens were guided on their outside diameter by the support tube inside dia.necter an_;i i
were crushed by the inner piston, as shown in Figure 3-6B. The support tube was cut
away in the area of the observation window so that the crushing characteristics of the
small annular specimens could be cbserved. For testing the solid cross-section spec-
imens (SPX-166), the supéort tube was removed and a large rpiston head was attached

to the inner piston. The specimen was guided on its outside diameter by the ogter cyl-

inder inside diameter, as shown in I_“igure 3-6C.

The fixture was evacuated to a pressure of 3x10° 1 TORR or less by a positive displace-

ment o:1 diffusion pump connected to the lower end of the outer cylinder.

A hard compour.d insulating mraterial on the outer piston head provides a moving beari: 3.
The dynamic va:zuum seal also serves the purpose of the fixed bearing in the outer cylin-

3-9
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der. The dynamic vacuum seal is a '"Vee' type as shown in Figure 3-7. An

outer nut retains the seal assembly in place in the outer cylinder, and a nut, inside

the seal retaining nut, allows the pressure on the seal to be adjusied. Figure 3-7
configuration (1) shows the seal assembly used for most room temperature to +300°F
tegting, This seal design will hold a vacuum of 3x10-1 TORR or less with the seal tem-
peratures up to +300°f‘. Figure 3-17, configura_tion (2) shows the seal assembly used
for most of the testing at -150°F and -260°F. Although this seal design wiil hold a
vacuum at -260°F, it will only do sc if the vacuum is initially obtained before the seal
reaches -20°F. Due to this problem, it was necessary to use the following procedure in
obtaining the required low temperature test conditions. Inirially L..e outer cylinder and
specimen were cooled down to -100°F with the piston and seal assembly removed.

The liquid nitrogen supply into the outer cylinder was then shut nff and the piston and
dynamic seal assembled to the outer cylinder. The vacuum pum;; was then started Aand
a vacuum of 3:(10—1 TORR gpulled in the fixture before the dynamic seal reached -20°F,
The fixture and specimen temperature was then reduced to -260°F and the specimen
crushed. Later in the program,the seal assembly was changed to the configuration
shown in Figure 3-8, This assembly gives a longer bearing length and uses a teflon
ring as a scraper. The same procedure as described above is required to attain a

seal at cryogenic temperature. This seal assembly was used during testing at +300° F

toward the end of the program and performed satisfactorily. A brief discussion of the

dynamic seal development is ‘ncluded at the end of this section.

All materials used in the construction of the fixture were 6061 aluminum alloy except

for the outer piston which was hard coated 2024-T4 aluminum alloy. Aluminum alloy

was selected for use in this fixture design for its high heat transfer properties which make

3-11
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it possible to rapidly heat or cool the fixture for the extreme environment tests. The
static seals for the base plate and seal retaining nut were Kel-F. The outer piston cap
seal was silicone rubber. Instramentation outlets in the upper end of the outer piston
were sealed with teflon and in the base plate by lava and teflon seals. The vacuum gage,
vacuum line,and gas inlet and exhaust lines were wet assembled intc standard pipe
threads and coated with vacuum grease. Cryogenic vacuum valves were used to close

off the gas inlet a:.1 exhaust ports prior to pulling a vacuum. The observation window was
made from Cormuag Glass Work 's annealed borosilicate glass (No. 7740) and the window
seal of thir skeet virgin tef’lon., The differential expansion between the glass and the alu-
minurh frame was used to provide a high seal pressure (4,490 psi) at -230°F and a low
seal pressure (500 psi) at +300°F. The low seal pressure at +300°F prevents the teflon
from."cold flowing' out of position, The gradual increase in seal pressure as the fix-
ture is cooled dJown maintains the vacuum seal obtained at room temperature. It should
be noted that the window seal will not seal at cryogenic temperature if a good seal is

not first obtained at room temperature. The high seal loads at -260°F coupled with

the unequal cooling and reheating of the fixture caused the window frame to twist excessive-
ly. This resulted in the breaking of several windows and cracking of the window frame
cornér welds. This problem was overcome by stiffening the wincow frame by welding

on three horizontal bars as shown in Figures 3-4 and 3-9,

Marshall Eclipse compound 45-105 was used as insulation on the piston heads, to reduce
tne heat transter to the dynamic vacuum seal and outer piston, and below the Jower load

cell to reduce the temperawre gradient across the load cell pins.

3.3 HIGH TEMPERATURE TESTING

For conducting tests at +150°F and +300°F the fixture and specimen were heated
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using the appairatus éhown schematicélly in 'i‘"igure 3-10. The actua: test»setupAis shown
in Figure 3-9. One ba;.nk of 8 infra red la.mps and one-bank of 6 infra red>lamps‘ were A
uced to he-at tk 2 fixtare A close-r to the test iemperature. ﬁigﬁ temperature dry dir was
then fed ictc the lower end of the tesif fixture a;\d exhausted irom the top to bring the spec-
imen and fixturé up to the required test temperature and 0 reduce fae thermal gradiants
in the specimen and fixture. Wren the required temperature was }eache.d, the air {luwv

was shut Bﬁ, the vacvur: valves closed,and the fixture evacvatd. The aeat lamps were

kept on until after crushing of the snecimen to maintain the test temperzturs.

3.4 - LCW TEMPERATURE TESTING

The test setup ased for ~150°F and -2€u " F f{esting is shown scirematically in Figure 3-11.
Figure 3-12 is a photograph of the actual test seiup. As described previously in

this section, it was necessary to cool the fixture and specimen with the piston and

seal removed. The opening at the top of the outer cylinder wzs covered with a polyvstyrene
sheet and an exhaust line fed cold air from the top of the fixture into the polystyrene coi?
box surrounding the fixture. The fixture was first purged by passing dry nitrogen through
the system and then cooled by {lcwing low temperature nitrogen gas in.o the cold box and
fixture. Low temperature nitrogen gas was also fed through a vaporizer coil and sprayed
across the cbservation wintow to alleviate the window frost problem. Whenr the fixture
reached -100° the nitrogen flow into the fixture was shut off by closing the cryogenic
vacuum valve, the pison and seal assembly inserted, and the vacuum pulled in the fix-
ture. Low : 1perature nitrogen gas was corn.inuous.y sprayed on the back of the fix-

ture and across the observation winduw and the specimen crushed when the fixture reached

the test temperature (-150°F or -260°F).

3.5 DYNAMIC SEAL DEVELOPMENT

In the design of the test fixture, the problem of providing a dynamic sliding vacuumn seal
3-16
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Figure 3-12. Low Temperature Test Setup
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for operation over e; temperature range of +300°F to —260_°F was found to be 2 formidable
one. An additios:al problem was presented in the seal design, with the pcssibiiity that the
projected temperature gradient along the length of the outer piston could probabiy be as 7
high as 300°F for tests with a specimen temgeramxze of -260°F. iSuch a condition would
therefore require a seal and outer cylinder bearing which could accc-)modate the change in
guter piston “iameter during stroking. In order to tesi the stutic seals, th: dynarbic seal
" design, and the cryogenic vacuum valves to be used in the test fixture, a small seal evalur -
tion fixture was consl;racted. Figure 3-13 shows this fixture. The outer cylinder was
made with upper and lower ends which are identical to those on the actual test fixture.-
The dynamic seal gland parts and the base plat-e were the actual parts for the full size
test fixture, The dynamic seal parts and the base plate were later replaced in order to
continue development of the dynamic seal fci' cryogenic testing while roon: temperature
and high temperature specimern tests were being conducted in the drop test tixture. No
sealing probleams were encountered with the static seals or the cryogenic vacuvum valve
~hen tested in this fixture over the required environmental temperature range. The first
dynamic seal design tested, shown in Figure 3-14, was = teflon "Vee® ring packing vhich
also acted as the outer cylinder bearing. This design utilized split teflon '"Vee" rings, to
allow for circumferential expansion and contraction, and also incorporated teflon back

up rings. Axial load was applied to the seal througi a spring ring. This allowed the seal
to deflect axialy during stroking with only a small axial load change. It was determined
‘0 be. impractical to machine the "Vee' rings accurately enough to create a vacuum tight
seal all arcunc each ring, or to apply sufficient presstre to deform the vings to create a
seal at roo™. temperature. A new set of teflon ""Vee" rings was then manufactured with

a thinner crots section without the split and the snving ring was removed. Again

it was not possible to deflect the "Vee" ring stack sufficiently to create a vacuum
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seal below about +20°F. Difierential cor.-’c-::iction betwéen the seal ouiside diameters
and the aluminum housing accenfuates this ’problem, requiring greater seal deflection as
the temperature decreases and much higher seal pressure as the material is becoming
more rigid. A further change»was made usiné split Kel-f adaptors, split thick Kel-f
"Vee" rings 4nd thin solid teflon "Vee' rings. This design was found to operate satis-
factorily from room temperature up to +300°F but would not operate satisfactorily at
cryogenic temperatures, This design was then used for the room temperatare to
+300°F testing (see Figure 3-7 configuration 1), while a separate study was conducted

to determine a seal configur%tion that would operate in the low temperature range.

In order to use the ditfferential expansion between the teflon ard aluminum to help in-
stead of hindering the sealing, aluminum alloy adaptors were tried in conjunction with
teflon "Vee" rings. This desigr proved betier but was still not able to seal a vacuum at
-260°F. The "Vee" ring seal was then redesigned to creace a ""knife edge' contact area
as shown in Figure 3;15. The cross section was thinned out and the mating adaptors
designed tc apply loads to keep the seal pressed against the outside and inside diameters.
Two teflon ""Vee" rings seals were used with steel male and female adaptors with a
special steel adaptor betweer. the two seals as shown ir Figure 3-7, cornfiguration 2. The
steel adaptors were used in order to make the gap between the adaptor and the aluminum
cuter cylinder decrease due to differential contraction and hence use this contraction

to its maximum in creating high seal.lngA pressures at low temperature. Each sesal was
coated with a thin film of vacuum grease prior to assembly. It was found that this
desigr. could be made to work and was usec for must of the -150°F and -260°F testing.
The final configuration used in the latter part of the program is shown in Figure 3-8.
It uses two eatra Xel-f ''Vee'' ringstoincrease the bearing and seal area and a teflon

""Vee" ring to act as a scraper. Each seai waus coated with a thin film of vacuum grease
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prior to assembly. In order to make the seal work satisfactorily it was determmined
expex.imentally that a varuum seal must first be.obtained before the seal assembly
i2aches a temperature of -20°F, as below this temperature the seal becomes too

stiff to flow into s:nall irregularities. Once the seal has been established the differential

- contraction increases the seal pressure suificiently during the succeeding cool down

period to maintain a vacuum of 3x‘1()_1 TORR or less at a seai temperature of -~260°F,
A more detailed account of the dynamic seal development is contained in the raonthly

progress reports for this program.

3.5 INSTRUMENTA T1ION

3.6.1 Temperature Measurement

Temperature measurements were made using seven con-o-pack copper constantan wire
thermocouples with aluminum sheaths, Temperature readings were made at the inner
and outer load cells, the inner piston head, three equally spaced positions on the outer
cylinder wall, and in the center of the diffuser block at the buttom of the outer cylinder
as shown in Figure 3-4. The thermocouples were wired through a switching box to a

Wheeler model 310 .otentiometer,

3.5.2 Pressure Measurement

The pressure in the test fixtare was measured with a General Electric tbarmocouple
vacuum gage (Type 8651360G) mounted in the center of the outer cylinder wall and

read out on a General Electric thermocoupie vacuum gaye reader type #8298238G. This
insirument (shown in Figure 3-13) gives a direct pressure reading in microns. .he

gage has a range from 500 to 5 microns.
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3.6.3 Accelerometers .

Statham Model A-5-A silicon fluid damped seismic mass acceleromcters were-used
to ﬁleasure the drop n:ass and piston‘accelerations. The drop mass accelerogneter bad
a rating of 10g's and a niturai frequency of 250 c.p.s. Tre piston accelgrometer had
a rating of ‘500g's and a natural frequency of 1500 c.p.s. The piston accelerometer
was mounted to the instrumentation ring at the unper end of the outer pision as shown
in Figure 3-4. The accelerometer signals were fec through an amplifier and galvano-
meter into an oscillograph recorder. The dynamic resnonse characteristics and accu-

racy of this equipment is given 4t the end of this section and in Table 3-1.

3.6.4 Stroke Measurement

Drop mass travel and piston stroke were measured using a variable resistance slide wire.
The moving clip, attached to the fixed slide wire,utilized a wheatstone bridge circu't
wired so that the bridge was temperature compensated. They wires for bcth mass

travel and piston truvel were positioned as far as practical from the test fixture to keep
the temperature change along the wire as small as possible. For the low temperature
test, where the cold box was used, the slide wires were outside the box (see Figures

3-4, 3-10, and 3-12). The piston slider was attached to the instrumentation ring at the

upper end of the outer piston as shown in Figure 3-4,

3.6.5 Load Measurement

Strain gage load celis were built into the outer pistor. for use with the large annular

specimens and into the inner piston {o: use with the small annular and solid specimens,
A three pin strain gage load cell was positioned unaer the lower outer cylinder. Figure
3-3 shows the location of these load cells 1n the fixture. During rig check oul and initial

testing aw. additional load cell was attached to the top of tne inner cylinder, as shown in
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Fizure 3-4 for use in dewernining ihe rig dynamic characteristics. The strain gages in
the inner 1nd outer load c<ils were Buld Ailey =1 backless gages ponded with A 5
cement. The lower toad 11 used Budd C-12-224 coasianton allov gages with epcxy
fihergliss backing, Trese gage: vere honded with  GA-80 cement and calibrated from
+260°F 10 -300° Y. Fizure 3-15 s the calibration curve for this loac cell. As can be
seen the load vs sirain curve is linear for all temmneratures with an iacrease in slope

‘

c~curing with 2 decrease in ‘emperature. ‘ite charge in slope with teriperature is due
to the charge in Young's mo:ibilus for the material and the change in strain gage sen-
sitivitv. The change in modulus accouats for the r.ajority of the slope clange. The com-

pressicn modulus varies from 11.1 x 106 b. f’in.z at -260°F to 3.6 x 106 2

Ib. /in.
ai +300° F. In ords - o determine the gag> and bo-ding agent to use for operatior frem
+300°F 10 -30C°F several types of gages ard bnding m. terials vere tested. Calitra-

tion of tte gages was obtained by loading the loac cell in an Ynstron machine {see Figure

3-1) at the temperatures skown on the calibrition curve Figure 3-216. S....lar calibra-

ti- ns wer2 made for the ofher load celis and are reported in section %  of this report.

Dynamic test data for the mass travel, piston trave! and loaid elis vas oblained by feed-
ing the signals through amplifiers and galvanometers to an oscillograph recorder. The
dyr :mic response characteristics and accuracy of this equipment is given at the end of

this section and in Table 5-1.

During static testing, the piston stroke and lower load cell were wired to an Eiectronic
Associates Inc. Model 1110-99.60 plotting board 10 obtain 2 dizrect plot of load vs stroke,
The inner and outer icad cells were not used durinr these tests. The Model 1110-99.60
piotting board has a static accuracy of (.1% and a maximum slew rat> of 20 inches/sec-

ord, When recording amplitudes ot 10 inches, the n-aximum freqi.ency respgonse is limited
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to 0.3 ¢ ~ s., but at a recording am litude of one inch the frequency response of the
board v~.1ld not reach its Vimii until 2,5 c.p.s. During the crushing portion of the stroke,

the amplitudes were considerably less than ore inch.

3.6.6 Oscillograph Recorder and Associated Equipment

Accelerometer, imass travel, piston stroke,and load cell signals were fed into Consoli-
dated Elcctro-Dynamic Corporation Model 113B bridge balance amplifiers with a 3KC
carrier power supply. The signals wer 'thenfedthrcugh galvanometers to a Consolidated
Electro-Dynarrics Corporation Type 5-114- P4 oscillograph recorder. The amplifier will
drive a load c:rresponding to tour inch double amplitude deflection, on a 323 galvanometer,
within - 2% of the maximum ovtput. The amplifier output amplitudes, with the amplifier
properly loaded, are constant to 2% for modulating frequencies from 0 to 500 c.p.s.
Matching networks were used where necessary,between the amplifier and galvanometer,to

insure the correct amplifier loadirg and galvanometer damping.

r Natural T .
Galvanometer Frequency Flat Respo =e 5%
Parameter Type c.p.s. c.p.Ss.
Inner Load Cell 323 1,000 600
Outer Load Cel) 323 1,000 600
Lower Load Cell 323 1,000 600
Mass Travel 323 1,000 600
Piston Stroke 323 1,200 600
Drop Mass Acceleration 339 50 30
50g Accelerometer
600 c.p.s. Nat, Freq.
Prston Acceleration 345 335 200
500g Accelerometer ‘
1500 c.p.s. Nat. Freq.

Table 3-1. Galvanometer Dynamic Response
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SECTION IV

DYNAMIC ANALYSIS OF DROP TEST FIXTURE

4.1 INTRODUCTION

In order to obtain the true crushing characteristics of the honeycomb test specimens.

it was necessary to determine the influence of the test fixture dynamics on the output

of the load cells. To accomplish this, a dynamic analysis of the test Iixture was per-
formed using a mathematical model of tie fixture on an analog computer. A hypotheti-
cal honeycorab load-stroke curve was used in the input to the computer and the resulfing

load cell output enzbled the effect of the fixture dynamics to be determined.

4.2 DESCRIPTION OF MATHEMATICAL MODEL

Figure 3-4 (Section III) shows the test fixture assembly and the position of the load cells
on the fixture. The physical system was simulated by the mathematical inodel shown in
Figure 4-1 in conjunction with the forces acting on the system due to vacuum in the
fixture and a pre-load applied to the bellows as shown in Figure 4-2. The mathematical
model is for the configuration used for testing the solid section capsules SPX-166 as

shown in Section I, Figure 3~6¢c. The equations of motion for the systen are:

MoX, + o = Migg ey
MgX 4 -Kg(X5-Xg) + Kg(X4-Xq) = PAp + Myg (2)
MyX g - Kg(X7-Xg) + f3 = Myg (3)
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(M1 + M3)X1 +(C1 + CZ)X] +(F + K1 Xl) + P(AZ—AI) = (M1 + Mg)g
+ f3 + (F - KSXI) -PAI (4

K

(%) Kok, (%4 Xy (5)
l 1 X3

Table 4-1 lists the parameters and the numerical values used in the computer solution.
Figure 4-5_3 is the hypothetical honeycomb load/stroke curve input to the computer.

The load f3 is determined by the value (X3 - Xl) in conjunction with the maximura pre-
vious value of this function;

when  (X3-X)) < (Xg-X)Mpy - (Fy)y /Kq

Then f3 =0
when  (Xg-Xpypy - (Falo/Ky < XyX) < XgX)ypy
thenfy = K, ) (X5 - X)) - (3%-X,) ypy * {_‘;_3)_() :
3
when (x3_X1)MPV b (X3—X1)

— \
then f3 = (F3,0

Figure 4-4 is the load-deflection characteristic of the rubber impact pad positioned
below the drop mass. This curve was obtained by static testing of the impact pad.
An equation was obtained for the hysteresis loo; hy a {orce {it to the experimantal
data. The load fO is determined by the value ().(37)'(5) and the maximum previous

value of (XO'Xs) :

If (XO-XS) is positive then f =F5=(XO-X K

0 5)0

If (}'(0—}'(5) is negative then f, = F = K, (xo-x5)3
(Xo-Xs)ppy
The foregoing equations were programed for an analog computer. the flow diagram for
which 1s shown ir Figure 4-5
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Table 4-1. Parameters and Numercical Values

How
Parameter Description Numerical Value Obtained
MO Drop Muiss 4.98 lbs. sec2 ‘in Selected
drop mass
Ml Lower outer ~yliider mass 0.116 1b. sec.z/in Calculated
M3 Honeycomb test specimen mass 0.0073 lb.secz/in Calculated
M, Piston Mass 0.317 1b.sec/in Weighed
M, . Piston head mass 0.018 lb.sec2/in Calculated
K1 Stiffness-lower load cell 1.76x 166 1bs., in Calculated
K, Stiffness - honeycomb specimen 55,000 ibs./in Estimated
K4 Stiffness - piston 0.90x 106 Ibs./in Calculaied
K5 Stiffness - upper load cell 2.0 x 108 Ibs./in Calculated
K Stiffness - bellows 0.11 x 10% 1bs./in From test
data
K7 Stiffness - inner load celi 5.34 x 105 1bs./in Calculated
K0 Compression Stiffness - rubber 91,700 Ibs./in From test
impact pad. data
. . K v, iLs.sec
C1 ! Dawping coeff. lower load ceil 0.2 K1M1 o
C2 Damping coelff. bellows 0.2 K6 M1 1bs.sec
in
P Ditferential pressure on fixture 14.7 lbs/in2
‘A'l Inner cylinder area 30.63 inz Calculated
A2 Effective area below vellow: 56.45 in2 Calculated
F Preload on bellows 1050 lbs. Calculated
Min,
R —_— -
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Table 4-1. Paraméters and Numerical Values (Concluded)

How
Parameter Description Numerical Value Obtained
(F3)0 Honeycomb crush load 5,500 1bs. Selected
f3 Honeycomb crush characteristics | See Fig. 4-3 Hypothetical
IO Rukver impact pad characteristics | See Fig. 4-4 Irom test
data
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4.3 RESULTS AND CONCLUSIONS

Figure 4-6 is the output of ti »~ analog computer program for a drop weight of 1920 pounds
at an impact velccity of 120 in/sec. The lower curve is the output of (K1 + KS) X1 wnich

is equal to: 1

\(lower isad cell output) { 1- __Ki__
(K1+K6)

Figure 4-7 is an enlarged plot of this trace. As is to be ezpected the rig dynamic in-
{luence is bothcycticandiransient, the measured load cell force being alternateiy greater
and smaller than the specimen input characteristic, with the discrepancy va.ishing s
the transient dynamic influence decays. The wave form generated is a decaying sinu-
soidal such that the average of the upper and lower envelopes (Figuie 4-7) should
represent, with good accuracy, the true specimen characteristic. Comparing the result
thus obtained in Figure 4-7 with the analog output of load cell load versus stroke super-
imposed or the specimen input load versus stroke, shown in Figure 4-8, it can be seen
that the envelope average gives an accurate value of the specimen inout characteris*ic.
Figure 4-9 is an oscillograph ‘record for a tast at the same impact conditions as the
analog output in ¥igure 4-6 on a specimen of type SPX-166. Comparing the oscillograph
record with the atalog output of the lower load cell it can be seen that the wave form
generated is of the same type but w.th a different frequoncy. Comparing the npper load
cell trare (Figure 4-9) with the force wutput of the rubber pad (:CO)(Figure 4-6) it can be
seen that the piston and impact mass do not separate in the actuui test as they do in the
anzlog simulation. The half wave of the inipact force has a frequency of 83 cps, whicn
is the nawural frequency of the piston - rubber pad spring mass system, and is cio0se to
he lower load cell frequency seen on t.:-. oscillograph trace. in the analog simulation
the piston moves away ‘rom the drop mass, herce this frequency will not propogate

through the system, while in the actual test cortact is maintained as shown by the upper

4-9
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Figure 4-6. Analog Computer Output {Drop Weight = 1920 !bs.,
Impact Velocity 120 ins. ’sec.)
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Figure 4-7. Analysis of Typical Analog Computer Qutput
for the Lower Lecad Cell

ioad .11 reading, The traces Figure 4-9, for the upper load cell. piston acceleration,
mncr load cell and lower load cell. all have this frequency indicating that the excitation
is propogating from the top of the fixture. The inner loaa cell trace on Figure 4-6
does show this frequency. which matches the rubber pad trequency, with « superimposed
frecuency of 1.000 cps which can also be seen on the oscillograph record Figure 4-9,
Tne reason for the piston leaving the drop mass in the analog simulaior is that no
coulomb friction damping of the piston was included in the matheinatical modci, which

1s present in the actual system at tlie dynamic seal and piston bead bearing. As it was
intended to make only a limited dynamic study of the fixture, in order to determine the

correct method uf interpreting the test data, it was not felt necessary to change the
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program to include this effect. Tigure 4-10 is a comparison plot of the lower load cell
datz from Figure 4-9 and the analog outnut from Figure %2-6. Except for the difference in
frequcncy, due to the piston leaving the drop mass in the analog simulation, the two plots
compare very <10sely and substantiate the accuracy of the dyna:mic analysis and hence
the method of fairing the nscillograph data. The derivation of the equation used to cor-
rect the faired lower load cell reading, due to the effect of the bellows and vacuum pres-

sure on the load cell, is given in Section V of this report.

4-1%, 4-106
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SECTION V

DATA REDUCTION TECHNIQUES

5.1 DETERMINATION OF LOAD ON SPECIMEN FROM LOWER LOAD CELL
RFE ADINGS

In order to obtain the true loxd output from the honeycomb specimen the physical efferts
of the fixture must be corrected fo- in reducing the esciliograph data. Figure 5-1isa
schematic of the {est {ixture showing the forces acting on the system. These2 {orces
along with che dynamic e’fects described in Section IV must therefore be removed from

the escillograph data to obtain the honeycomb load characteristics.

Considering a free body of the lower ouler cylinder
. ¥ = F PA
Fp+ ¥y = Fr (PAy) (1)
where Fb is the force due to the bellows
Fs is the force output of the specimen
FL is the lower load cell force

(PA,) is the force acting on the lower outer cylinder due to the differential
9 2 y

pressure between tne inside and outside of the fixture.

In order to maintain a load on the lower load cell, when the vacuum is pulled in the fix-
ture. and to use the linear section of the bellows load-deflection curve, a pre-load was

placed on the bellows and loac cell, hence,

Fp, = Fip - XKg @
and Fy o= Fo+ XK (3)
5-1
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f—

p— ]

P

where Fib = bellows preload
FiL = load cell preload
X1 = deflection of lower oute: cylinder under test conditions
K6 =~ Spring rate of bellows
Kl = Spring rate of lower load cell

Substituting equations (2) ana ‘3) in equation (1)

F. - XK

ib i 6+FS - Fi

L* XIK1 + (PA2) (4

The preload force in the bellows and lower load cell must be equal, therefore Fib = FiL
Ke
O xl‘{l = [Fs - (PAz)] [1 -m ]

The lower load cell was zero calibrated with the preload (FiL) on the load cell, therefore

the lower load cell reading will be XIKI'

. X.K ,
Load on specimen = FS 11 +(PA2) (5)

(K1+K6)

The numerical values for these parameters are

Kg = 1% 166 1bs. ‘in.
K, = L76x 106 1bs./in.
Ay = 56.43 in?
P = 14.7 lbs./in?
Load on specimen = (Lower load cell load x 1.055) + 860 (6)

The effect of the rig dyramics in the lower load cell outnut was removed by fairing the

oscillograph trace in the manner described at the end of Section V.

5-3




Hence the readings made from the cscillograph give the lower load cell reading including
the effects of pressure and bellows forces. The load output of the specimen is given
by the following expression

[ (D-F) (R-Cal load)
(R-Cal deflection)

Specimen load = 1.055 + 860

where
(D-F) = Distance trom trace zero to faired curve, 'D' Figure 5-3. and 'F"
Figure 5-4,
(R-Cal load) = Load value of resistance calibration

(R-Czl deflection) = Distance tetween trace at zero and trace under resis-
tance calibration load.

Data reduction of the other load cells and accelerometer:c uses standard procedures and

is described in the following paragraphs of this section.

5.2 PROCEDURES FOR REDUCING OSCILTOGRAPE DATA OF DYNAMIC TESTS

The parameters shown in Table 5-1 were recorded on a Consolidated Electrodynamics
Corporation oscillograph recorder as described in Section III, The temperature at cach
load cell, the positions of which are shown in Figure 5-2, were recorded prior tc each
bigh or low temperature drog for use in determining the correct calibration value for

the particular load cell.

Prior to each series of drops #and with the fixture at atmospheric pressure, a zero and
resistance calibration was recorded on the oscillograph. T1he deflection of the oscillo-
graph traces, for the ioad ce!ls and accelerometers,from the zero to R-Cal position is
the measure of galvanometer deflection for the particular resistance calibration
switched intothe circuit. The value of the resistance calibration for each parameter

recorded are given in Table 5-1 and Figures 5-6 through 5-8 inclusive,

5-4
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Figure 5-2. Sketch of Thermocouple Locations
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The parameters associated with the galvanometer traces on the oscillograph record are
identifieu by the position of the break in the trace. The break number is determined by
the nosition of the break in each tract with increase in time, bui excluding the top and
base reference lires, as shovm on the sample oscillegraph record. Figure 5-4. The
parameter associated with the particular break number is identified in Table £-1.

5-1.

5.2.1 General Frocedure

To determine the R-Cal. deflection: - Figure 5-3 is the calibration portion of an oscil-
lograph recerd. To detern.ine the R-Cal aefiection,measure the distance from -he zero
trace (on the zero record) to the R-Cal trace {on the R-Czi record). For break 2 (outer

1oaA ceil) the R-Cal deflection is (A-B) inches.

Figures 5-6 through 5-8 are the calibration curves for the load cells. The R-Cal value
is obtained by entering the curvc on the ordinate at the strain R-Cal value and reading
the load onthe abscissa for the intersection with the calibration curve ~orresponding tc
the loaa cell test temperature. The R-Cal value for the accelerometers does not ciiange
with temperature and is given in Table 5-1. E.g. For break 2 (outer load cell) the R-

Cal value for room temperature from Figure 5-7, is 4,350 pounds.

To determine the c2l'bration factor: - The calibration factor is determined by dividing
the R-Cal value by the R-Cal deflection. E.g. For break 2 (outer load cell) at room

temperature, the calibration factor = 4,350 = Ibs./inch of vscillograph deflection.

(A-B)
To determine the value at a particular time: - Measure the distance from thebase line to
the trace, on the "'run" portion of the oscillograph record, and subtract the base line

to zero vaiue. (This gives the trace deflection). This value multiplied by ihe calibration

5-8
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s

factor gives the value of the parameter at that time. E.g. From Figure 5-4 for break
2 (outer load cell) during a room temperature test, the value ut .03 seconds after impact

is given by 4350 (A-C)

Load (Lbs.) at t = .03 Seconds = (A-B)

= (A-C) x Calibration factor

5.2.2 Lower Load Celt
To determine the honeycomb specimen load from the lower lcad cell it is necessaiy to
modify the load read from the oscillograph record due to the effect of the beliows load

and vacuum pressure as described in paragraph 5.1.

The procedure used for the lower load cell is to first determine the calibration factor
as described above. The oscillograph tracc is then faired using the procedure described
in Section IV, which gives the envelope average shcwn by the doited line on break 1,
Figures 3-4 and 5-5. The oscillograph deflection is then read in the usual manner and
the value obtained corrected for bellows anf vacuum pressure effects.

R-Cal value

Specimen Load = ] (D-F) R-Cal deflection 1.055 + 860
where ’
D = distance from the base line to the zero trace Figure 5-3.
F = distance from the base line to the envelope average line, Figure 5-4.
R-Cal value = Load value of R-Cal resistance at load cell test temperature, see Figure
5-6.
R-Cal de- = distance (D-E) Figure 5-3
flection
1.085 = correction factor for load due to bellows
1
- K
1- —06
(K1 + K6)
860 = correction due to differential pressure = (PAg)

P



The lower load cell data was used to obtain the maximum peak Joad (including rig dynamics),
the minimum load including rig dynamics (identified in Figure 7-36 and other data list-
ings as the "minimum peak load"),the true honeycomb specimen peak load {{rom the

faired curve) and the load onset r: e.

The outer load cell {Break number 2) was used when testing samples SPX 167 (external
annular) configuration. The inner load cell (Break Number 7) was used when testing
samples SPX 166 (Solid circular) aud SEX 168 (internal annular) coafiguration. The loads
read with these Joad cellswereusedtochecktheload values obtained from the lower

load cells. The mass acceleration (Break Number 3) was integrated to obtain impact

velocity.

The mass acceleration was calculated as follows,
R-Cal value
R-Cal deflection

Mass acceleration

H

£ trace deflection

= 28 X trace deflection

R-Cal deflection

NOTE: The R-Cal deflection and trace deflection are obtained as described
under General Procedures

A further accelerometer on the drop mass (Break Number 8) was used in initial testing
for comparison pu}poses. This trace was alsc used in initial drops for the upper load

cell, for checking the rig dynamics.

The piston stroke (Break Number 4) was calculated as follows,

Stroke = (G294 Total stroke
(G-H)
where
(G-J) = trace deflection at point being measured, see Figure 5-4,

5-15




(G-H) Total trace deflection, see Figure 5-4.

Total Stroke

i

Total piston travel measured after test. (Recorded on log
sheet.)

The mass travel (Break Number 6) measurer the total travel of the drop mass. The mass
travel distance is obtained by the same procedure used for the piston stroke. The mass
travel data was used to check the energy balance during rig checkout, and used later to

check the mass drop height when required.

The piston acceleration (Break Number 5) was not reduced, but was used to determine

the impact time.

5.3 TEMPERATURE RECORDINGS

Thermocouples were located throughout the test fixture as per the discussion in Section
Il and the sketch in Figure 5-2, to determine the specimen and instrumentation tempera-
tures. The capsule temperature was determined by averaging the readings of thermo-
couples 4,5, and 6(see Figure 5-2). The temperature was recorded in the tabular data
for Phase IB and Phase II tests (Ref: Figures 7-63 and 8-51 through 8-56). (A special
test was conducied with extra thermocouples in the test capsule to couiirm that recording
of the temperature at these points on the cylinder wall would give a true indication of the

capsule temperature).
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SECTION VI

TEST PROCEDURES

6.1 GENERAL

The program objeciives were attained by conducting the test program in two (2) phases.
Following static tests of the preproduction contro! specimens and design releases for
the individual configurations,the specimen supplier .orwarded the full-length test spec-

imens for each of the nine (%) configurations.

Phase IA testing involved screening tests of eaca of the various configurations undc,
both static and dynamic test conditions at recn, (emperature (Figure 6-1). Following
sele~ticn ui the four (4) superior capsule corfigurations from Fhase IA tests, spec-
imens were checked urder cryogenic temperature conditions (-260°F) with use of a
brief static and dynau.ic test series ir Phase IB (Figure 6-1). Fron. these lotter tests
two (2) configu 1s were selected io undergo the full range of the temperature envi-
ronment (+300°F, +150°F, - 150°F and -260° ) under Loth static and dynamic load appli-

cations (Figure G-1),

.11l testing of these full-length tesr articles was conducted under a reduced aunospheric
pressuvre of 3x10_1 TORR. This vacuum value was not intended to simulate the more
severe vacuum conditions of the outer space environment but only to eliminate the trapped

air from the honeycomb cells which could conceivably, during testing, cause a rupture

of the individual cells in a manner which would affect the crushing load characteristics

of the capsule,
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PHASE 1
CONTFIC. | QuANTITY TES:S VACUUM TEMPERATURE |
=
1.A!G 8 Each Static test ore specimen: 3)*:10“1 TORR Ambient !
= dynamic test 7 specimens |
B > at varying mass and |
ci® velocities.
I.\"—_——J— ——
A2 AT -‘ 8 Each Static test one specimen:  3x10° ! TORR Ambient
= dynamic test 7 specimens
Bix at varying mass and
Y o BTG velocities. |
- pr——— _ l
3.A:50 o 8 Each Static test one specimen; 3x10 1 TORR Ambient
= dynamic test 7 specimens
B = at varying mass and
C i : velocities.
1B |~ 3 2 Each Static test one specimen; 3):10-1 TORR -2C0°F
B c p dynamic test one specimen
1 at one mass and 3 impact
==
2C IC T velocitiez.
3C @ ¢ |
PHASE II
TYP i QUANTITY TESTS VACUUM TEMPERATURE
2C 31 Static test 3 specimens; 3x10_1 TORR -960°F
= dynamic test 28 specimens
& at varying mass and impact -150°F
velccities.
3C 31 Static test 3 specimens;  |3x1v”! TORR +150°F
dynamnic test 28 specimens
- at varyinz mass and impact +300°F
velocities.
Figure 6-1, Test Program Outline
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6.2 PHASE IA TEST OUTLINE

The inidal test efforts on the full-length test articles encompassed the testing of

eight (8) each of the nine configurations, One specimen of each configuration was
subjected to z static test a:.d ~even specimens were subjected to dynamic tests involv -
ing various test weights anu impact velocities (Figures 6-1 and 6-2). the maximum
impact velocity of 20 feet per second was calculated to utilize the full stroke capability
(approx. 40') o: the specimens. The other impact velocities of 14, 1C, and 5 feet per
second allowec repeated impacts to be made on the same specimen to determine how

its characteristics changed as the total length of the specimen decreased. This amcunted
to as many as 15 impacts on some specimens at the 3 foot per second impac! velocity.
The iower range of drop weight variations ais» allowed multiple impacts on the same

specimen at a constant impact velocity of 10 feet per second,

6.3 PHASE 1B TEST OQUTLINE

Two specimens each of the four configurations demonstrating the most satisfactory
combination of characteristics in Phase 1A were subjected to additional static and
dynamic tests at a cryogenic temperature of -260°F (Figure 6-1). One specimen of each
configu,-ation used (18, 1C, 2C, and 3C) was static tested and the seccnd specimen of
each type was dynamically loaded at succassive impact velocities of 5, 10, and 14

feet per gecond using a drop weight of 1,920 Ibs. (Figure 6-2).

6.4 PHASE i1 TEST OUTLINE

The Phase I program utilized the two configurations which were evaluated with study
of Faase 1B data as having maximized combinations of the desired perforraance char-
acteristics. Thirty one (31) specimens of each type were subjected tc the same type

of static and dynani.c tests as outlined in Phase 1A wiili eight each of the specimens

6-3
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tested at teuiperatures of +300°F, 150 F, and -150 F and seven each tested at a tem-
perature of -260°F (Figure 6-1). The full range of test conditions wes covered (in
addition to the static tests) with the impact velocity varying from 5 thru 20 FPS and

the drop weights spanning the range of 760 lbs. thru 3,750 !bs. (Figure 6-2).

6.5 DETAILS GF TEST PROCEDVRE

The detaiis of test prccedure used in satisfying the various test cerdiiions, covering
static and dynamic apphications of load, changes in impact velocity and drop weight.

and adjustments in the test temperature are described in the succeeding paragraphs.

6.5.1 Static Tests

The static tests were conducted with the ec uipment described in paragraph 3.2.1 and
followed the sequence indicated in the outlive beiow:

1. Applied sufficient load to determine effective spring rate (in the elastic
range) prior to initiation of crush action.

2. (a) Applied 1oad to crush specimen thru 10% of its estimated total stroke
capability. Olserved the peak load to initiate crush action and the average
crush load after it had stabilized.

(b) Stroke position held to observe drop-offinload over a period of 30
seconds or until load became sleady. (Note: Measurement of this value
was extremely difficult for the full iength specimens on which it was
attempted. However this load drop-off value under a fixed position was
readily recorded and suimmarized in the short preproduction control spec-
imen data as indicated 1n &.ction VIIL

(c) T.oad was removed 2nd obs rvations of load drop-off vs stroke were

made. During application of the load for the next incremeut of crush stroke
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spring rate was again observed during the load buildup per:od.

3. Applied load to crush specimen to a total of 25 of its stroke capability.
Repeated procedures of 2(b) and (cj.

4. Applied load to crush specimen to a total of 50" of i*5 stroke capabilit;,.
Repeated procedures of 2(h) and (c).

[$2]

. Applied load to crush specimen to a total of 75% of its stroka capability.
Repeated procedures of 2(b) and (c).

6. Applied load to crush specimen to a total cf 100 of its siroke cepability,
{until sharp load rise). Repeated procedures of 2(b) and (c).

The detailed events of a particular static test are described here ior the various tem-

perature conditions.

6.5.1.1

6-6

A,

m m o ay

H.

Room Temperature

Installed Specimen

Zeroed load on X-Y plotier and calibrated stroke.
Vacuum pumped to test value.

Attached hydraulic jacks to base of drop rig.

Attached dial indicator to cylinder with pointer on piston.

Loaded specinien by pulling down on jacks to 4,000 ibs. read and recorded loads
and deflection every 500 lbs,

When 4,000 lbs, was attained. the dial indicator was removed anc crushing
continued to 4",

Unloadea jacks and raised rig off piston,
Repeated E, F, and G crushing 6" more cn total of 10",
Reprated L, F, G, H but crushed 10" more or total siroke of 20",

Repeated (J) twice to total stroke of 30" and 40" respectively.




6.5.1.2
A,
B.

C.

6.5.2

Cryogenic Temperature (-15C"F and - 260° F)

“"Zeroed' load and set stroke for "X-Y" plotter.
Cooled outer cylinder spe:imen to -100 F.

Shut off flow of LNs i0 inside of fixture (gas flow continued into insulated
vox surrounding cuter cylinder).

Assembled piston into cylinder and paumped vacuum to test value.
After reaching the test temperature Items D thiru K of paragraph 6.5.1.1

were follcwed.

High Temperature (+150° F and +300° F)

Heated fixture outer cylinder with hot-air heater and heat lnmps to +150°F or
+350 " F dependirg on the test temperature.

Installed specinien and heated to test temperature. (Note: Test procedure was
planned su<h that specimen was not at the higher temperature {+300"F) for
more than 10 minutes. Some of the time figures are shown in the Test Data
Summary.)

Shut off air flow to inside of fixture znd assembied piston.

"Zerved" load and set stroke on X-Y plotter,

Followed Items C thru K of paragraph 6.5.1.1.

Q_yinamic Tests

The dyramic tests were conducted with use of the equipment illustrated in Figure 3-4

ard followed the procedure provided in the outline below. It was planned that a series

of tests would be run on one configuration at a constant drop weight of 1,920 lbs. with

successive specimens undergoing repeated impact velocities of 5, 10, and 14 FPS respec-

tively and one specimen being subjected to a 20 FPS velocity. A second group of specimens

of the same configuration were tested under a constant 10 FPS impact velocity with suc-

cessive speciinens undergoing repeated impacts using drop weights of 760, 1220 and

2850 10s. respectively and one specimen being subjected to a single impact at a 3,750
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Ib. weight. The above variations in velocities ant weignis provided ample opportunity
to study how these changes in parameters would affect the capsule performance charac-

teristics.

The detailed events of a particular dynamic test are described here for the various

temperature conditions.

6.5.2.1 Room Temnerature
A. Installed specimen,
B. "Zero" and "Calibrate" osciilograph records obtaired.
C. Vacuuwrn pumped to test value.
D. Raisec urop rig to {est height and dropped rig with oscillogr:.ph in operation.
E. Measured total stroke.

6.5.2.2 Cryogenic Temperature

A. Cooled outer cylinder and specimen to -100°F,

B. Shut off LNy flow to inside of fixture (Gas flow continued into .nsulated bua
surrounding outer cyiinder).

C. Assembled piston into cylinder and pumped vacuum to test valae.

D. Cooled fixture to test temperature.

E. Raised drop rig to test height and dropped rig with oscillograph in operation.

F. Measured total stroke,.

G. "Zero" and "Calibrate" oscillograph records obtained at atmospheric pressure.

6-8




6.5.2.3 l.igh Temperature

A. Heated fixture outer cylinder with Feat lamps and hot air heater to +150 F
or +350° F dependent on the te st ter »~erature.

B. Installed specimen and heated to test temperature {(Note: Test procedure was
planned such that specimen was uot at the higher temperature (+300 F) for
more than 10 minutes. Some of the time figures are shown in the Test Data
Summary).

C. Shut-Off flow of "ot air through inside of fixture and installed piston.

D. Took "Zero'" and ""Calibrate' oscillograph records.

E. Vacuum pumped to test value.

F. Raised droo rig to test height and dropped rig with oscillograph in operation.

G. Measvred total stroke.

6.6 TFST SPECIMEN INSTA 1. 1. ATION

All full length test specimens were tested in the test fixture (Figure 3-4) which is

fully described in Section Lif.

The specimens were installed in the fest fixture using guide tubes whicn necessitated
minor changes when preceeding from a configuration with one cross-sectional area

to that of another cross-sectiona: area (Figure 3-6) . Guide rir—~, fabricated from
Styrofoam or balsa wood x5 the test temperature dictated, were loosely fiited to the
specimens as shown in Figure 6-3. The "internal annular' high crush strength spec-
imens (Configurations 1A, B and C) were guided by placing the guide rings between the
specimen outside diameter and the guide tube inside diameter. The "external annular”
medium crush strength specimen (Configuration 2A. B & C) utilized guide rings between
the specimen inside diameter and the guide wbe outside diameter. The ''circular solid"’
low crush strength specimens (Coafiguration 3A, B & C) were guided with the rings

located between the specimen outside diameter and the guide tube inside diameter,

6-9
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Most of the guide rings used for the room temperatiare and cryogenic temperature tests
were fabricated from styrofoam with a crush strength of approximately 50 PSI. The
high temperature tests required the use of some other material which was carable

of enduring this environment without excessive deterioration. Balsa wood rings of

1200 PSI crush stiength, which were presently available, proved to be the answer

for this requirement,

Three rings, evenly spaced aiong the length of the capsule, proved to be entirely ade-
quate for most specimens (o insure that the capsules would initiate their regular crush
patterns without buckling. On isolated cases which had any tendency to buckle, shear,
51 fail in an unusual or catastrophic manner the addition of more riugs (anywhere from
five to eight) , or a change to hard wood fings in one case, was not sufficient to prevent

such failures.

6.7 TDENTIFICATION OF TEST SPECIMENS

The magnitude of the program and the number of specimens irvolved made it necessary

to establish a system of individual specimen identification which would allow ezsy ross-

refer 2nce when comparing data from the various specimens. A system was used which

permits this comparison to be made.

Each group of specimer. configurations is identified by the nomenclature shown in the

followi :
ollowing example: Indicates temperature, type of

test, impact weight, and impact
- i ; " velocity. (See sample in Figure
Cr(%sesf s;icgtlozr\ftg)shape 6-4 and complete summary in
' ' Figure 6-2.)

Cell angle with lo.gitudinal axis
(Ref. Figure 2-3)




Specimen No, | Temperature Test Impact Weig;l; (Lbs.) | Impact Velocity (FPS)
SPX-168A1 |  Room Static i
SPX-168 A2 Room Dynamic 1920 5

SPX-168 A3 Room Dynamic 1920 10

SPX-168 A4 Room Dynamiic 1920 14

SPX-168 A5 Room Dynaniic 1920 20

SPX-168 A6 Room Dynamic 760 10

SPX-168 A" Room Dynamic 2850 10

SPX-162 A8 Room Dynamic 3750 10

|
—1 ]

T

Figure 6-4. Sample of Numbering System for Idertification of Test Specimens
{For full test program sumrnary with identifying specimen No's. see Figure 6-2.)

Some of the configurations tested in the zarly part of the program were identif.ed with
an additional dash number (ie. SPX-166C3-4). This second dash number {- 4) indicates
the subsequent number of specimens of the same configuration which were tested under

that set of conditions identified by the number (3).
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SECTION VII

PHASE I TESTS

7.1 GENERAL
Following the fabrication of core configuraticn samples and procurement of the specified
5056 foil material, the test specimen supplier proceeded with construction and test of
the preproduction control samples. Attainment of satisfactory resuits for the various
configurations as listed under the basic specimen requirements (Figure 2-3) resulted
in shipment of that configuration to Bendix for initiation of static tests on these articles.
These Bendix test results, when contirming that the specimens were meeting the pre-
scriba-t requirements, resulted in a design release for fabrication of the full length test
specimens cf that configuration. Receipt of the full length specimens then allowed the
initiatiou of Fnase I tesis in two parts. The following outline provides a sequence of
events leading through Phase I. ‘

1. Fabrication of core configuration samples.

2. Fabrication of preproduction control specimenc..

()

. Vendor test of preproduction control specimens.

4. Bendix test of preproduction control specimens.

5. Design release for fabrication of tull length specimens.

6. Fabrication of {ull length specimens.

7. Phase 1A tests (9 configurations - 8 specimens of each, room temperature).

8. Evaluation of data and selection of the (4) four most satisfactory configurations.
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9. Phase IB tests (4 configurations - Z specimens of each. cryogenic t .~peratuie).

10. Evalaaticn of data and selection of the {2) two most satisiactory conligurations
for further testing under crvogenic & high temperatures in Phase 11.

7.2 BENDIX TESTS OF PREPRODUCTION CONTROL SPECIMENS

Following the rcceipi of (4} fou~ specimens of each cenfiguration (Figures 2-2 and 7-1)
(<: two of these specimens were subjected to a s'atic crush t-st with use of «a Instron
Model TT-C Test Machine (Figure 7-2). One each of these crushed and uncr ashed speci-
mens of ~ach conf‘guration were forwarded to NASA-MSC for evaluation and concurrence

with Bendix selectica of satisfactorv configurations.

The specimcns were placed between the heads cf the test machine as shown in Figure
7-2 and tested as per (ie conditions as outlined in paragraph 7.2.1. The specimens
were not attached to the heads at either end and no guide tubes were used to contain the

specimens during the crushing action.

7.2.1 Test Conditions for Preproduction Control Specimen Tests

Test Machine Instron-Modc¢l TT-C (Ref: Figure 7-2,

C-F Load Cell Range 200-10,007 Pounds
Measuaring & recording accuracy over the
entire loaa range +0.57%

Loading Cor-itions Axially applied load
Unguided specimen (Ref.: Figurer 7-2)
Awmbient temperature
Ambient atmospheric pressure

Head Sr«ed .5 inch/minute
Char* Sp ed Firct Crush = 10 incoes/minute
Second Crush = i inch/minute

NOTE: The second crush on specitaen SPX-165C2 (Test No. 1) is the only test ran with a

chart speed of 2""/minute. All other sacond crush tests were run at a chart speed of

1''/minute. (Paragraph 7.2.2).
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Figure 7-1. Cruashed arua Uncrusiied Examples of Preproduction Control Specimens
In the Finalized Configurations

. 7-3




(Butysna) arxoyag) paqrersuf uswroadg 1831, [E01dA], pue SUIYDRIA }SOL OII1®IS UOXISU] *Z-) 3InSIg

AR
W

7-4

1ot N - . rar h



7.2.2

TEST 1

Log of Preproduction Control Specimer Testing

~ 1
SPX-165-C-2 1@ ]

TEST 2

Chart Speed: 10" Min First Crush; 2" min Second Crush.

Head Speed: 1 27 min.

Weight: 81.5 grams = ,180%

Dimensions before Crushing: 3"0.D.x 2-1/8"1.D. x 6.0"" Long.

Condition of Specimen: Foil was bent over on both ends in two. 45° quadran:s

45° apart.
NOTES ON TEST: Crinkle pattern occurs on outer skin. Specimen crushed from

the top.

Dimensions after Crushing: 3"O.D.x 2-1/6"1.D.x 1-1i/16" Long.

SPX-165-C-3 (D ° |

TEST 3

Chart Speed: 10"/min First Crush: 1",/ min Second Crush.

Head Speed: 1,2"/min.

Weight: 81.0 grams = .179#

Dimensions before Crushing: 2-15-16"0.D. x 2-1, 16"1.D. x 6.0" Long,

Condition of Specimen: Foil was bent over on both ends in two, 45° quandrants

45° apart.

NOTES ON TEST: Crinkle pattern occurs in outer skin. Specimen crushed from

the top.

Dimensions after Crushing: 3'0.D. x 2-1/16"{.D.x 1-11,/16" Long..

SPX-163-C-2 | @ "

Chart Speed: 10"/min First Crush; 1""/min Second Crush.

Heac Speed: 1/2"/min.
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TEST 3 SPX-163-C-2 (Continued)

Weight: 140.5 grams = .31+
Dimensions before Crushing: 6-1/8" Diameter x 6.7 Long.

Condition of Specimen: Slight dent 2" from one end approximately 1" long.

NOTES ON TEST: Foil kas running wrinkles in visible parts of foil. This
is not so apparent on cexter ot corrugations.
Specimen crushed frori the botto.n.

Dimensions after Crushing: 6-1/8" Diameier x 1-3/3" long.

TEST 4 SPX-163-C-3 @ ° ]

Chart Speed: 10' ‘'min First Crush; i"/min Second Crush.

Head Speed: 1,2"/min.

Weig .l 142.5 grams = .316#

Dimensions before Crushing: 6-1/8" Diameter x 6.0" Long.
Conditions of Specimen: Good.
NCTES DN TEST: Foil had rurning wrinkles as in Test 3. Specimen crushed

from top.
Dimensions after Crusiing: 6-1,/8" Diameter x 1-3/8'" Long.

TEST § SPX-164-C-1 @—C_I

Chart Speed: 10"/min First Crush; 1'"/min Second rush.

Head Speed: 1/2"/min.

Weight: 108.5 grams = .24#

Dimensions before Crushing: 6-3/4"0.D. x 6.0"I.D. x 6.0"" Long.

Condition of Specimen: Ends of foil slightly laid over- probably due to cutting.
NOTES ON TEST: Foil had r.nning wrinkles as in Test 3. Specimen crushed

from the bottom.
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TEST 6

Dimensioas after Crushing: 6-3 4'0.D. x 5-15 1¢"'I.D. x 1-1. 4" Long.

"
SPX-164-C-4 [@ °

TEST 7

Chart &Speed: 10" min First Crush: 1" inin Second Crush.

Head Spred: 1,27, min.

Weight: 109.8 grams = .242=

Dimersions before Crushing: 6-11:/16"D.D. x 6-1 16"1.D. x 6.0"" Long.

Cendition of Specimen: Ends of foil slightly laid over - probably due to cutting

}, <" long cut in side of outer wrapping parallel to end,
and 1-3, 8" from end.

NOTES ON TEST: Split in outer foil was positioned with split 1-3,'8"" {rom top.
Split became wider just as crush reached area. Specimen
crusiied from the top. Specimen buckled in at the bottom
before being fuily crushed, witl, load falling off rapidly.

Test was terminate d at this puint. (POINT C ON RECORD).

Dimensicns after Crushing: Diamer. “ top (crushed end) 6-3,4"0.D., 6.0"1.D.
Diameters at bottom (buckled ena) - 6-34"0.D..
6.0"1.D.

Length after crushing: 1-7/8".

spx-165-p-1 (9]

Chart Speed: 10"/min First Crush; 1", min Second Crush, -
Head Speed: 1/2"/min.

Weight: 105.5 grams = ,233#

Dimensions before Crushing: 3-3/32"0.D,x 2.0"IL. x 6.0" Long.
Condition of Specimen: Foil at one end hent over slightly.
7-17
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TEST 7 SPX-165-B-1 (Continued)

NOTES ON TEST: Specimen crushed from the bottom.

Dime:sions after Crushing: 3-1/8"0.D. x 1-1£,/16"1.D. x 1-11/16" Long.

(e 3u
TEST 8 SPX-165-B-2 [\¥ ™|

Chart Speed: 10"/min First Crush; 1'",/min Second Crush.

Head Speed: 1/2""/min.

Weight: 165.2 grams = ,232#

Dimensions before Crushing: 3-1/16"0.D. x 2.0"1.D. x 6.0"" Long.

Condition of Specimen: Good.

NOTES ON TEST: Specimen crushed froin the bottom.
Foil started bucklinz out at bottom at one side after about
3/4" of stroke and then stopped.

Dimensions after Crushing: 3-1/8"0.D. x 2'"1.D. x 1-3/4" Long.

TEST 9 SPX-165-C-5 l@ 0 I

Chart Speed: 10"/min. First Crush

1"/min Second Crush
Head Speed: 1,2"/min.
Weight: 95 grams
Dimensions before Crushing: 3"O.D., 2"1.D., 6" Long.

Condition of Specimen: Good.

NOTES ON TEST: Specimen crushed uniformly, slight bulging in inner foil wrap.

Dimeasions after Crushing: 3"O.D., 2"1D,, 1-5/8" Long.
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TEST 10 SPX-165-C-6 |® ¢

Chart Speed: 10"/min. First Crush
1", min, Second Crush
Weight: 97 grams
Dimensiors before Crushing: 3"O0.D., 2"I.D., 6" Long.

Condition of Specimen: Good.

NOTES ON TEST: Specimen crushed uniformly, excessive bulging of inner foil.

Dimensions after Crushing: 3"O.D., 1-15/16"1.D., 1-5/8'" Long.

TEST 11 SPX-165-A-1|® 15

Chart Speed: 10"/min First Crush; 1''/min. Second Crush.
Head Speed:  1/2"/min.

Weight: 90 grams

Dimensions before Crushing: 3"0.D.x 2"1.D, x 6.0" Long.
Condition of Specimen: Good.

NOTES GN TEST:

Dimensions after Crushing: 3-1/16"0.D. x 1-15/16"1.D. x 1-3.8" Long.

TEST 12 SPX-1f5-A-2 |@ 1]

Chart Speed: 10"/min. First Crush; 1'"/min, Second Crush.

Head Speed: 1/2"/min.

Weighu 90 grams

Dimensions before Crushing: 3"'O.D. x 2"I.D. x 6.0" Long.

Condition of Specimen: Good.

NOTES ON TEST:

Dimensions after Crushing: 3-1,/16"0.D. x i-15/16"L.D, x 1-7,/16" Long.

7-9




TEST i3 SPX-165-B-5 @ ]

Chart Speed: 10" /min. First Crush; 1",'min. Second Crush.
Head Speed: 1/2"/min

Weight: 99 grams.

Dimersions before Crushing: 3-1./8'0D.x 2"I.T . x 6" Long.
Condition of Specimen: Good.

NOTES ON TEST:

Dimensions after Crushing: 3-3/16" O.D. x 2"1.D. x 1-7/16" Long.

TEST 14 SPX-165-B-6 @j

Chart Speed: 10" /min. First Crush; 1'"/min. Second Crush.
Head Speed: 1/2"/min.

Weight: 100 grams

Dimensions before Crushing: 3-1/8"0.D. x 2"1.D. x 6" Long.
Condition of Specimen: Good.

NOTES ON TEST:

Dimensions after Crushing: 3-5/32"0.D. x 2"I.D. x 1-7/16" Long.

TEST 15 SPX-165-C-11.® ' |

Chart Speed: 10"/min. First Crush; 1'"/min. Second Crush.
Head Speed: 1/2"/min.

Weight: 152 grams.

Dimensions before Crushing: 3-1/8"0.D, x 2"1.D. x 6" Long.
Condition of Spectmen: Good.

NOTES ON TEST:

Dimensions after Crushing: 3-3/16"0.D. x 1-7/8"1.D. x 1-3/4" Long.




TEST 16 SPX-165-C-12 [® ' |

Chart Speed: 10" 'min. First Crush; 1", min. Second Crush.
Head Speed:  1/2" ‘min.

Weight: 148.5 grams.

Dimensions before Crushing: 3-1,8"C.D. x 2"1.D. x 6" Long.

Condition of Speciinen: Good.

NOTES ON TEST:

Dimensions after Crushing: 3-1/4"0.D.x 2"I.D. x 1-3,/4" Long.

TEST 17 3PX-164-C-7 [© °]

Chart Speed: 10"/min. First Crush; 1'"/min. Second Crush.

Head Speed:  1/2"/min.
Weight- 175.5 grams.
Dimensious before Crushing: 6-9,16"0.D, x 5-1/2"1.0, x 6" Long.

Condition of Specimen: Good.

NOTES ON TEET:

Dimensions after Crushing: 6-3/4"0.D. x 5-1/2"I.D. x 1-7/16" Long.

TEST 18 SPX-164-C-8 (O ° |

Chart Speed: 10", ' n, }irst Crush; 1", mia. Second Crush.
Head Speed: 1/%', min.
- Weight: 174 grams.
Dimensions before Crushing: 6-9/16"0.D. x 5-1,/2"1.D. x 6" Long.
b
j Condition of Specimen: Good

NOTES ON TEST:
1 Dimensions aiter Crushing: 6-9/16"0.D, x 5-7/16"L.D. x 1-7/18" Long.

i



TEST 19 SPX-163-B-1|9 * |

Chart Speed: 10'/min. First Crush; 1"/min. Second Crush
Head Speed: 1/2"/min.

Weight: 198.6 gram:.

Dimensions before Crushing: 6" O.D. x 6" Long.

Cordition of Specimen: Good crash from bottom.

NOTES ON TEST: Uniform Crush.

Dimensions after Crushing: 6" O.D. x 1-1/8" Long.

TEST 20 SPX-163-B-2 (@ %

TEST 21 SPX-163-A-2 (@ |

Chart Speed: 10", min. First Crush; 1'"/min. Second Crush
Head Speed: 1/2"/min.

Weight: 203 grams.

Dimensions before Crushing: 5-15/16" O.D. x 6" Long

Condition of Specimen: Good.

NOTES ON TEST: Uniform Crush

Dimensions after Crushing: 6"'0O.D.x 1-1/8" Long

7-12

Chart Speed:  10"/min. Tirst Cruch:  1'"/min. Second Crush
Head Speed:  1/2"/min.

Weight: 175 grams

Dimensions pefore Crushing: 5-9/16"0.D. x 6" Long.
Conditicn of Specimen: Good.

NOTES ON YEST: Sample caved in on side.
Dimensions afier Crushing: 5-9/16"0.D. x 1-1/16" Long.




SPX-163-A-1 Eﬂ

TEST 23

Chart Speed: 10",min. First Crush; 1"/min. Second Crush.
Head Speed: 1,2"/min.

Weight: 176.6 grams

Dimensions before Crushing: 5-7/16"0.D. X 6" Loug.
Condition of Specimen: Good.

NOTES ON TEST: Good crush.

Ja

Dimeasions after Crushing: 5-7/16"0.D. x 1-1/16" Long.

SPX-164-A-1 |© 13]

TEST 24

Chart Speed: 10"/min. First Crush; 1'/min. Second Crush.
Head Speed: 1/2"/min.

Weight: 159 grams

Dimensions before Crushing: 6.9"0.D. x 5.5"1.D. x 6-3/8" Long.

Condition of Specimen: Good.

NOTES ON TEST: Good crush from bottom.

Dimensions after Crushing: 7°0.D.x 5-1/2"1.D. x 1-1/8'" Long

S
-px-164-a-2 (O 7]

Chart Speed. 10" /min. Tirst Crush; 1", min. Second Crus}.
Heed Speed:  1/2"/niin.

Weight: 167.1 grams

Dimensions before Crushing: 7"0.D. x 5.5"1.D. x 6 25" Long

Cordition of Specimen: Gonod.

NOTES ON TEST:
Dimensions after Crushing: 7-1,/8"0.D. x 5-1/2"L.D. x 1-1/8" Loung.
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TFST 25

SPX-161-B-1 1O ¥ |

;

-

TEST 26

Chart Speed: 10" ain. First Crusi;;  1"sman. Second Crush.
Head Spe-: 12" min.

Weight: 169.5 zrams

Dimensions before Crushing: 7°0.D. x 5.5"1.D. x 6" Long.

Conditicn of Speci.aen: Good.

NOTES ON TEST: {Iniform: crush.
Dimensions after Crushing: 7°O.D. x 5-1,2"1.D. x 1-§. 8" Long.

A}
SPX-164-B-2 19 ¥ |

TEST 27

Chart Speed: 10" min. First Crush; 1"/min. Second Crush.
Head Speed: 1.2 min.

Weight: 164.5 crams

Dimensions before Crushing: 7'0.D. x 5-1.2"1D. x 6" Long

Condition o: Specimen: Flat 1/2" wide along 0.1,

MOTES ON TEST: Good crush.
Dimensions after Crushirg: 7"0.D. x 5-1,2"1.D. x 1-3,16" Long.

——

SPX-164-C-9 (C -

7-14

Chart Speed: 10",/ min. First Crush; 1"/ min. Second Crush,

Head Speed: 1/2"/min.

Weight: 200.8 grams

Dimensions before Crushing: 6-15/16"0.D. x 5-1/2"1.D. x 6-3, 8" Long.

Condition of Specimen. Loose foil on I.D. 2 inch2

NOTES ON TEST: Local buckling on outside of tape. Internal {ailure of glue.

Dimensions after Crushing: 7"0.D. x 4-1/2"1.D. x 1-1/4" Long.




sk ennl

TEST 23

SPX-164-C-101%~ -

TEST 29

Chart Speed: 10" min. First Crush. 1" min. Secord Crush.

Head Speed: 1 2° 1 1.

Weight: 182.7 grams

Dimensions before Crushing: 6-3. 3°0.D. x 5-1, 2"I.D. x 6-3, §" Long.

Condition of Specimen: Good..

HOTES ON TEST: Good crush.
Dimensions atier Crushing: ¢-7 8'0.D. x 5-1 ¢"1.D.x 1-5 16"Lorg.

———
3K

$PX-164-C-11 (& '

TEST 30

Cbhart Speed: 10" ‘min. First Crust: 1" min. Secend Crusn.
Head Speed: 1/2" mia.

Weight: 192.7 grams

Dimensions before Crushing: £.858°0.D. x 5.520"1.D. x 6.1"Long.

Conditicn of Specimen: Good crush top to botiom

NOTES ON TEST: Uniforn: crush.

Dimensioas after Crushing: £.950"0 D. x 4.330"1.D. x 1.376"" Long.

=
SPX-162.C-12 {& |

Chart Speed: 10", min. First Crush; 1", min. Serond Crush.

Head Speed: 1,2".min.

Weight: 191.7 grams

Dimensions before Crushing: 6.952"0.D. x 5,523"1.D. x 6.250" Long.
Coiditinn of Specimen: Good crush tup to bottom.

NOTE ON [EST: Uniform .rush.
Dimenpsions after Crush: 6.975"'0.D. x 4.975"1.D. x 1.350" Long.

7-15
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TEST 31

——

SPX-184-C-15 (& « |

TEST 32

Chart Speed: 10"./min. First Crush: 1" min. Second Crush.

Kead Speed: 1/2". min.

Weight: 204 grams

Din:ensions before :‘rushing: 7.1875"0.D. x 3.5"1.D. x 5.675" Long.

Condition of Specimen: Good crush top to bcitem.
NOTES ON TEST: "Jniform crush.
Dimensions after Crush: 7.1875"0.D. x 5.4375"1.L. x 1.312" Long.

e
SPX-164-C-16 &~

7.2.3

Chart Speed: 10", min. First Ciusn; 1'"/min. Second Crush.
Head Speed: 1 '2"/min.
Weight: 210 grams

Dimensions before Crushing: 7.187'0.D. x 5.5"1.D. x 6.025" Long.

NOTES ON TEST: Uniform crush.

Dimensions after Crush: 7.3125"0.DD. x 5.25"1.D. x 1.375" Long.

Test Records aai Data

The Instror. test records for specimens meeting the specification requirements are found

in Figures 7-3 through 7-5. These records are read from right to left with the first crush

starting at the extreme riyght. A key for interpretation of these records inay be found in

Figure 7-6. Tables of the Static Crush Data for all 6 inch length preproducticn Control

Specimens is found in Figures 7-7 threugh 7-10.

NOTE: Other test records for specimens not meeting the specification requirements may

be found in Sectior II of Addendum No. 1,

7-16
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PHASE IA TESTS ON FULL LENGTH TEST SPECIMENS

7.3.1 _(_}enel"l_}

The recorded daia avd other information concerning the characteristics of interasst which
was obtained fromtesting 8 specimens each of 9 configuraticns (Figure 2-2) under the environ-
mental conditions of room tempervature in combination with a vacuum of 3 x 10'1 TORR

is described herein. The test procedure utilizec is outlined under Paragraph 6.2 and Figure

6-1.

All specimen types which crushed in the normal manner of progress.ve cell buckling.,
exhibited for both the static and dynamic load versus stroke curves. the typical rectangular
shape claracteristic of aluminum honzycomb materials in general. This shape is described
by the sketch of typical load versus stroke curves as shown by the solid line in Figure
7-11. For some of the Crosscore configurations with the cells at angles of 15 & 30 degrees
the fluctuation in average crush load amounted to a maximum of =15"0 while the expanded
k-neycomb ix tne solid circular section with 07 cell orientation was very smooth with only
1 :2% Ii-ctuation Figure 7-11). Loads te [vitiate crush action under the first impact
(specimens wers not pre-crushed) averaged approximately 20% higher than the average
crusn load, with several being roughty 45% higher and only a few exhibiting peaks as much
as 1000 higher. This peax load was usually reached within a time period of .001 seconds

or less and a. capsule strokes of loss than .1 inck.

Some specimens which bound up on the guice tubes after secondary folding occurred,
yielded an expected increase in the average crush load as displayed by the upper dushed
line in Figure 7-11. Others which faile: catastrophicaliv duc to shifting, shear failires,

etc. provided a sharp drop off in the lcad ais shown by the lower dotted line.

7-28




« 71~} @andt
$2.IN7) PNOIS FNSIIA PrOTT IF o1dA L, Jo umdds Tl A4

o, IAOULS

guipgong 1180
. aatesaadoad 1em3ay UM
aanqnrg owydoxiseled

m\il 0% "IN

e
Y e
PR

P . e

: p—
yGT QEU\\\
~—___

//
{Burptod AIEpUODag) 2qn], apd vo Surpulg

.
.
‘.
.
~
s
tea,
-
e,

e

-~

o suawitoddg JO teordAl, —

0¢ 14
: N& e ————— | T————— e ——————r—
L .x»li\\;f\\\m_ll\tt\l — 4 —t -

¥

/

7-29

(sg1) AvOTl

008S




7.3.2 Phase TA Test Specimen Configurations

Photos of the crushed specimens as well as a full length uncrushed specimen and 2 cross
sectional example are showr for the nine configurations in Figures 7-12 through 7-20.
The specimer numbering s; stem (detaiied in paragranh 6.7) and Figure 6-2 has been

used in identifying the specimens in regard to the impact veiocity, tesi weight and tem-
perature. Some general comments abcut the data obtained and the condition of the various
specimen configurations as illustrated in these photos is included in the Analysis of Test

Results in the next paragrargh.

7.3.3 Analysis of Phase IA Test Results

® | Some good data was obtained from most of the specimens although several
buckled and fulded and one sheared.

= _ 1
e

e ™ | Most of the specimens yielded some good data although shearing and buckling

led to erratic failure j atterns on several.

N
@r_'f None of the catastrophic failure pa {erns exhibited by the small anauicr contig-
urations with the 15° or 30" cel" ixes were in evidence althongh some pave

indicatiun of huckling instability.

(L ' | Some usable data was derived but secondarv folding led to binding on the - e

tube and it was necessary to cut son.c for remaoval,

M ¥
30 . . :
@__J Folding was not quite so predominant as the farg & annalar wiith !v - .. but
crush action was not good enough to warrant further resting of iy corfiguration

in the succeeding phasc of the test program.,

7-30
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3y u‘—t
l—(;——J Good uniform cruch action on all except specimen No. 2 at 5§ FPS impact

velocity which shcwed shearing in the center durire the latter drops of that series.
A1l specimens of this configuraticn show a slight buckle and/or an uncrushed
porion at the centar due t2 crushing action usually starting at top, prograssing

to center and then continuing from boitom to center or alternating between the

two crushing areas.

-
® © |This configuration exhibits a mode of failure chara~terized by shearing,folding,

7-40

and subsequent buckling. A minimum of usable data was obtained from these
specimens, usually being obtained from the first impact on each specimen.

The sequence of events occurring during this failure pattern is as listed here:

1. A shear riane, of approximately 45° with respect 1o the specimen vertical
axis, develops across the full diameter and results in a section shift. (This

may occur at top, center, or bottom of specimen).

2. The section where shear plane is projected to the fixture wall appears to
bear hard against guide ring in that general area and results in a flatteniuyg

of the cylindrical section into a flat plate section.

3. The flat plate section then begins to fold and causes furiker progressive
flattening and folding of the remaining cslinder length with very litiie load

resistance evident.

Some of the specimens did r.ot develop this catastrophic failure pattern until
after the specimen had partially crushed in a fairly uniform manner. Another

photo of this failure pattern is shown in Section X.




i
._"f_j Althcugh not quite so severe .5 the solid circular 15° configuration this charac-

teristic was still evident. These specimens may be ¢n the borderline of a cell size,
angle, density, relationhip which offers the pcssibility ¢f a non-usiform type
buckling leading to erratic failures. This is porne out ty JPL report No. 32-639
where it was found that there is an upper liniit on foil thickness/cell size ratio
{t/s = .040) above which a gross shear failure occurred under static loading.

The t/s ratio of these specimens is 1ess but loading rate and mate-ial raay also

affect this failure mode.

Other tests conducted by this contractor with capsules of approximately the same
density and having a higher t/s retio but with the ceils aligned at 45° resuited in

very satisfaciory crushing action.

This configuration gave the best indications of regular progressive cell buckiing
and uniform crush action. It also provides *he highest specific energy (ft. lbs.-
1b.). The buckled out section ir specimen No. 4-1 is the result of bettoming cut
hard and developing a high peak load on the fully crushed specimen in a test where

the energy was not fully absorbed by the end of the planned stroke.

The test data from these specimens was obtained in two forms:

The static test records appear in the form of X-Y plots of load versus stroke. These
records ¢ n be read in a manner similar to that descrioed in the Key for Static Crush
Data (Instron Records) Figure 7-6. Copies of these records for the first and second crush
application are found in Figures 7-21 through 7-30 and the other static crush records for

subsequent load applications on Phase IA test specimens is in Addendum Mo, 1.

7-41
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Information from these static crush records has been incorporated into the various data

vlots subsequently shown throughout Phase 1 test results.

The dynamic test records appea: in the torm of oscillograms which were recorded with
use of the oscillograph and associated pcwer supplies as described under Test Equipment,
Section 1. Typical test records for the various test conditions have been reproduced in

Figures 7-31 through 7-35 and the data from them tabulated in*Figures 7-36 through 7-42.

These particular records have been se'ected as illustrative of the type of reaction being
obtained {rom the various cont,guraticns. Examples are shown of tests on the "internal
amnaular’ configuration with the three ceil axis variations as w2ll as both the ""external

annular' and "circular solid" configurations with the same cell axis variations.

The records indicate by the specimen numbering system, the various conditici:s under

which they were tested.

To make the selection of configurations which would undergo the further evaluations of
Phase IB and subsequently Phase II the data acquired 1o this point in the program was

plotted in several ways, These included:

1. Specific Energy (both static and dynamic) in terms of it. lbs./1b.
2. Load Onset Rate versus Impact Velocity

3. Load Onset Rate versus Test Weight

4. Rebound versus percentage of stroke uncrushea

5. Onset iole versus percentage of stroke uncrushed

*NOTE: Static test information is also included in this tabulated data.
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These plots and other data from the records and tables. after clese study. pyovided coun-
firmation of the original visual observations regarding *hose configurations which were
displaying the most sa‘isfactorv cruching characteristics. The tour configurations
selected for Phase IB tests under the cryogenic temperature (-260 F) and the vacuum

of 3 x 10‘1 TORR were as [oilows:

T R
' ] SPX-168B - Internal Arnular - 30" celi axis

i . > .
¥ ' SPX-168C - Internal Annular - 0° cell axis

(€ | 3PX-167C - External Annular- 0° cell axis

|® ' SPX-166C - Circular Solid - 9° cell axis
The dala considered of most interest is present>r in the graphs and tables Figures 7-43

through 7-53.

Figure 7-43 is a plot of the density versus stroke ior the various configurations. You
will note there is, as expected. ¢ general linear reliationship of increased stroke with
decrease 1n density. The solid circular section, 15" cell axis conf'guration shows the
highest stroke percent but there is not a large percencage difference between thcse at

the upper end of the curve.

Specific energy in terms of ft.lbs. 1b. is probably cne of the more important factors to be
considered for design. Figure 7-44 provides a summary of these values. In Figu.e

7-45 both the static and dynamic results are plotted versus density, with the heavy lines
running more or less on the vertical axis iudicating the solid circular, external annular
and internal annular when reading from left to right, Note the separation of 0 oriented
cell axis lines(which run roughiy horizontal across the graph), because of a cell shape

difference. The 0” orieated cell in the solid circular configuration is most efticient by
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a good margin. A somewhat lesser enefgy absbrtption capability is shcwn for the dynamic
values as compareca tG the static vrlues. This result, which was unexpected has been both
supported and disputed by other tests which were run under atn:ospheric pressure where
the cellular entrapped air would have an effect. Figure 7-43A sl.aws a second plot of
data regarding the specific energy where comparison is made betwe 'n specimens tested
at 5 and 10 fps impact velocity. This plot denotes significant changes aue to temperature

but little effect due to the 5 fps change in impact velocity, which :s further confirmed by

the tabular data shown in Figure 7-46.

The load onset rate obtained under the first impact on a fufl length specimen (in terms

of g's/sec.) when plotted against the impact velocity with a cors*ant mass of 1920 pounus,
provides three broad bands for thie three cross sectional configurations with the lower end
at 1500 to 2000 and the upper end varying from 3000 to 5500. In each case as shown in
Figure 7-47, the 0° cell defines the upper edge of the band but the 15° and 20° cell con-
figurations shift. Plotting of the load onset rate versus the weight of the impacting rig
mass as shown in Figure 7-48 where the impact velocity remained constant at 11} fi./sec.
provides {wo more bands with the 15° and 30° cell axis configurations forming just one
set of curves, These configurations exhibit a moderately declining slope in the area of
2500 to 4000 after .::apidly dropping from the value attained with the 760 pound weight,
The 0° cell configurations show a somewhat steeper slope in the same area of 2000 to

4000 aﬁd roughly.the same at the upper and lower ends.

Figuires 7-47TA and 7-¢7B iil@trate the variations which are evident in comparing the
‘load onset rate versus impact velocity at the aecond and third impacts 611 the same speci-

men, Interpolating the data by drawing approxiinating curves through the several points
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for the two configurations subsequently determined in Phase II to be of prire interest

( ro ¢ land I. 0 ll) indicates, when comparison is made with the first or initial impact

as shown in Figure 7-47, a lesser value for buth the second and third impacts with the

second dropping off more than the thicd.

Figures 7-48a and 7-48B show the changss which cccur in compar:ison of the load onset
rate versus impact weight under the second and third impacis on the same specimen.
Again, approximation of a curve through the several points for the external awnular and
solid circular configurations with 0° cells, reveals in a comparisun with the first impact
as shown in Figure 7-48 a lower value for both the second and third impacts. In this
case, however, the curves for the second and third impacts for each configuration are

very close together.

Figure 7-49 indicates a characteristic shape displayed by the various configurations when
. load-onset rate and rebound are plotted versus the percent of capsule stroke uncrushed.

The onset rate shows a roughly linear decline for ail types with not must slope in the line.
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Figure 7-45A. Specific Energy Comparison Using Two Impact Velocities
Under & Range of Temperatures
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Figure T-48A.
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Coutrary to what wus expecied. however, 1’ redound increases-as the uncrushed porﬁon

-

of tre cagsuie becuomsns shorier. It had been pred\cted thal tiie rédound would be pnmarm ~

-a fuiztion of the elamic or tncrushed portion of L’ne capsu}'e’imt al! rebound curves’ (ﬁinh

=9 showing the same clopes? cxnibit this increase. indicating 25 apparently larzer efect. ..
by tie crushed or plasically defurmed section. ’I?le 9 cel'ns oi-the hizhest s'.rengih gen-
erally show the largest reb-uud excepi i: isolazed zasec of catasirophic specinen f.ul-'re

aud those with thz 30° _cell ax:s usually provide more recound than the 15 tyoe.

In recard 0 spring rates. che values lor {ull lengta si;ecimens span the range ffom
appreximacety 75.000 dowrn to 12.000 Ibs. 1n. as the capsule l-.—ngth decresses. The mg,n
crush strength 0° cell capsules ir the “internai annular” configuration. and the low crush
strength 30 celi in the external annular configuration define the upper a.i lowar 2dges

of the broad band describad in Figurs 7-50 which covere ail configuraticns.

An indication of the repeatability of average crush load for a group of specimens of the
same or similar configurations can be seen in Figure 7-51. This data was plotied from
the average crush tsads of enu sar.ples cut from =ach of the fu!l length test specimens

in Phase I and is compared with the target crush locad as specified (3,500 1bs.).

Typical examoles of the type of lcad versus <ime and load versus stroke piots which are
provided through analysis of the oscillograph records taken during the dynamic tests are
shown in Figures 7-52 and 7-53. Figure 7-52 is taken from one ..{ ihe tests on a '""circular
solia* configuration with 0° cell axis and illustrates a uniform type of progressive crush
action. Figure 7-53 is taken from & test on an "external annular" configuration with 15°
cell and illustrates how the load gradually increases to an excessive value when a speci-
men such as this develops & secondary folding action resulting in an eventual bindiag action

on the guide tube.
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Other examples oi loasd versus stroke plots may be seen in the Phase IB a..d Phase I

Tests results.

7.4 PHASE IB TESTS ON FULL LENGTH TEST SPECIMENS

7.4.1 General
Conciusion of Phase ]A tests as previously pninted out in paragraph 7.3 resulted in the
szlection of the four configurations exhibiting the most satisfactory characteristics.

Those configurations selected are listed under paragraph 7.4.2

Two specimers of each configuration were subjected to the test conditions as outlined in
Section Vi and Figure 6-1 and included static testing of one specimen and dvnamic testing

of the second; both under cryogenic temperature.

7.4.2  Phas< IB Test Specimen Configurations

NS
= "] SPX-1588 - Internal Annular - 30° cell axis

® ¢ | SPX-188C - Internal Annular - 0° cell axis
i@T] SPX-167C - Txternal Annulas - 0° cell axis

@ SPX-166C - Circular Solid - 0° ceil axis

Photcs of the crushed specimens as we!l as a full length uncrushed specimen and a cross-
sectional example are shown for the alcve configurations in Figures 7-53A through 7-56.

The specimen numbe sing system (detailed in paragraph 6.7 and Figure 6-2) has been used
in identifying the specimens in regard to the impact velocity, test weight and temperature.
General comments regarding the informaiion obtaired and data plotted is included in the

Analysis of Test Results in paragraph 7.4.3.
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Figure 7-52. Typical Dynamic Crush Plots from Test Dats on Circular
Solid Specimens With 0° Cell
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Figure 7-53. Typical Dynamic Crush Plcts from Test Data on External Annular
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TYPE SPX -168-

Figure 7-53A. Pictorial Summary of Specimens () Tested in Phase IB
For Numkear Identification With Test Conditions, See Figure 6-2
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TYPE SPX-168-C

Figure 7-54. Pictorial Summary of Specimens (@ 0 l) Tested in Phase IB
For Number ldentifi~ation With Test Conditions, See Figure 6-2
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TYFE SPX-167- C

Figure 7-£5. Pictorial Sumrrary of Specimens ( f@ ¢ |) Tested in Phase IB
For Number Identificatin With Test Cenditions, See Figure 6-2
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7.4.3 Analysis of Phase iB Test Results

The test data was acquired in rhe sanie manner as desc-ibed in Phase 1A with both static
and dvnamic results ~f the tests being recorded. Figures 7-37 through 7-60 show the
static crush loads obtained and Figures 7-61 and 7-62 are typical exampies of the dynamic
test rosults obtained at -250°F. The data reduced from the records is tabulated in

Figure 7-63.

Cartain data was plotted from the various test records t.: assist in determining the two
confizurations which were to be used £o1 ‘he final Phase I evaluaticn under the full range

of temperatures.

S2me of this data, althoush ploited before the iniiialion of the Phase II program is inciuded

in that section (VII) where comparison is made over the full range of the (4) temperatures.

Study of these plots and the tabular data from Phase IB {Figure 7-63) resalted in tre

selection of the two configur>iivus Listed for use in Phase II.

—
=

L SEX-167C - External Annuiar - 0° cell axis

——
i

(@ ' SPX-162C - Circular Solid - 0° ceil axis
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SECTION Vv{I

PHASE II TESTS

8.1 GENERAL

Phase II of the project was initiated immediately upon the successful conclusion of the
Phase I B test program which had resulted in selertion of the two configuratior,
erhibiting the most satisfactory combination of performance characteristics. The {irst
step following the selectior of these two configurations as identified in paragraph 8.2,
involved procurement of z quantity of each configuration for testing under the varied
environmental conditions. Teot conditions inclided both static and dynamic loadings
with variations in impact velocities and test weights, and with the further added tem-
perature variations of +300°F, +150°F, ~180°F and -26C°F in combination with' tha

1

vacuum of 3 x 10 TORR. Section VI and Figure €-1 are again raierred fo for Test

Procedures.

8.2 PHASE II - TEST SFECIMEN CONFIGURATIONS

SPX-167C - External Annular - 0° Cell Axis

_“_;_j SI‘X-lGéC - Circular Solid - 0’ Cell Axis
Thirty-one specimens of each of the above configurations were evaluated under the
several environmeuntal conditions. Photos of these crushed specimens as well as a
full length ui.crushed specimen and a cross sectional example are shown for these con-

figurations in Figures 8-1 thru 8-8. The specimen numbering system (detailed in

paragraph 6.7 and Figure 6-2) has been used in identifying the specimens regarding the

8-1
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impact velocities, test weights, and temperatures. General comments regarding the
information obtained and data plotted is included in the Anaiysis of Test Results in

paragraph 8.3.

8.3 ANALYSIS OF PHASE I TEST RESULTS

The recorded data from Phase U specimens included (as did the Phase TA and Phase IB
sections of the program) both static and cynamic records. Phase Il specimens however
were tested under the various high and low temperature environments. Figures 8-¢
thru 8-14 illustrate the static crush loads obtained at the various temperatures of
+300°F, +150°F and -150°F. The static crush record for these confisuraticus under
-260°F may be seen in Figures 7-59 and 7-60. Typical examples of the dynamic test

resuvlts obtained unde: these variations in temperature are illustrated as fcllcws:

“B0°F L e e e Figures 8-15 and 8-16
-150° and +150°F . .. ... ... Figures 8-17 and 8-18
+306°F ... Lo Figures 8-19 and 8-20

The data which was reduced from both static and dynamic records is tabulated at the end

of this section. A portion of this data has been plotted as described below.

1. Figures 8-21 and 8-22 illustraie the variaticns in load onset rate, rebound
and average crush load which occur on the two configurations as multiple
5 FPS impacts are made on the test spe:imens under a temperature of
+300°F, As noted the plot is made agairst ine vercent of uncrushed stroke

remaining at the time of impact.
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. Figures 8-23 and 8-24 provide a comparison; same parameters as noted

in {1) above, with Figure 8-22 over the temperature rangz of +159°F,

-150°F and +300°F for the same configuration (Li__‘“l ).

. In Figure 8-25 a .Inf is provided to indicate how the rebound varies during

subsequen' 5 F''S ippacts onaparticular configuration (L‘ " !). as a result

of seing exposed to differen: *emperatures during testing,

. Figires 8-26 thru 8-39 are dynami- load vs. stroke plots of the two con-

figurations under the various temperature conditions with figures 8-26
thru 8-32 being the plots for configuration ([(D ¢ |) and 6-33 thru 8-3)
being pints for configuration (| @ WJ).

Configuration ( ll@ i}
Figures 8-26 and 8-27 Comparison of -2¢0°% with +300°F
Figures 8-27 thru 8-32 Compe.rison of various impact
velocities and test weights at
+300°F
Configuration (| ® "))
Figures 8-33 thru 8-36 Comparison of various impact
velocities and test weights at
-263°F
Figures 8-33 and 8-37 Combarison of various temperatures
thru §-39 (-260°F, -150°F, + 150°F axnd

+300°F) at same impact velocity
(1C FPS) and same test weight

(19201bs.)

5. Fi_ures 8-40 and 8-41 have been provided to iliusirate the effect of impact

velocities and tc 3t weights on the average crush load under the several
temperature conditions. It will be noted that the soread in the average

crush load is caly the normal expectied for a group of specimens under a

8-25
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Figure 8-40. Average Crush Load Vstmgpact Velocity {(Under Various Temperatures)
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Figure 8-41. Average Crush Load Vs Impact Weight (Under Various Ten. peratures)
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particular temperature. Those with very high loads should be judced

on the basis of experiencing an unusual type of cr: shing action with tand-
ing, etc. Although the maximum changes in average crush load are higher,
the average of these changes with temperature has been estimated from

these points as listed here.

B 4300 . ... down approximately 27%.
& =260 ... ... ... up approximately 177
#3060 .. ... L. down approximately 227

.......... np approximately  11%

The differences in percent>ges between the two configurations are very

likely due to the different adhesives vsed.

. Figures 8-42 and 8-43 are presented to show the temperature effect on

the load onset rate when plotted against the various tmpact velocities and
test weights. A general decline with increase in temperature is evident in
Figure 8-42 although the -150°F temperature {or the solid circular con-
figuration and the + 150°F temperature for the external annular do not

quite fit this pattern. The same comment holds true for Figure 8-43 where
the plot is against test weight,however all do fall within a broad band.

Here alsc several room temperature points are indicated which fall in

the approximate center of the band,

. Figures 8-44 thru 8-49 illustrate the effect on spring rate (load per per
unit deflection) under temperatures of -150°F, +150°F and +300°F. Four

loadings are listed for each specimen with the total stroke (specimen length

8-45
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crushed foliowing the spring rate readings) shown under each group of
deflection vs. load figures. For the effect of the -260°F temperature
Figure 8-50 is referenced, where the change in spring rate with total

specimen length is plotted.

All other data reduced from the various test recoras inay be found in the Tabular

Test Data Summaries found in Figures 8-51 thru 8-56.

8-48

NOTE: Specimen No. SPX-166C41 (Test Weight 3,750 pounds, Impact
Velocity 10 FPS, Tempera* ire +300°F) was not tested due to
probability of damage to test fixture. This decision was made on
the basizs of observing Specimen No. SPX-166C33 which crushed
under a lower temperature (+150°F) with only the static test weight

applied.




e e e e

SPX-167-C18[C - | |

!
“ Deflection (In.) Load (Lbs.) Temperature (°F) ]
| !
i 0 840 -150"F ?
f .007 1000 -150°F l
.019 1500 -150°F !
{ 029 2000 -1E0°F !
! .037 2500 -150°F |
; 048 3000 -150°F |
| .055 3500 -150°F j
! 064 4000 -150°F |

Furst Loading (Total Stroke = 4 In.)

0 840 -150°F

0 1000 -150°F
.003 1500 -150°F
.012 2000 -130°F
.021 2500 -150°F
.029 3000 -150°F
.034 3500 -150°F
.042 4000 -150°F

Second Loading (Total Stroke = 6 In.)

0 840 -1H0°F

0 1000 -130°F
.004 1500 -130°F
.030 2000 -130°F ;
.052 2500 - 50°F ;
.068 3000 -150°F !
.060 3500 -150°F
.095 4000 -130°F

Third Loading {Total Stroke = 10 In.)

0 1400 -150°F
.020 2000 -150°F
.075 2500 -150°F
120 3000 -150° ¥
.150 3500 -150°F
.182 4000 -150°F

Fourth Loading (Total Stroke = 10 In.)

L. —_— N —
Figure 8-44. Spring Rate of External Annular Configuration at -156°F

8-49




SPX-167-C26[C) v |

peflection (In.) Load (LbS.) Temperature (°F)

0 460 +150°F

.015 1000 +150°F

.023 1500 +150°F

.030 2000 +150°F

.038 2500 +150°F

€45 2000 +150°F

,055 3500 +150°F

' .065 4000 +150°F

First Loading (Totai Stroke = 4 In.)

0 523 +150°F

i 015 1000 +150°F
.035 1500 +150°F

045 200V +150°F

.055 2500 +150°F

.066 3000 +150°F

.075 3500 +150°F

.084 4000 +150°F

Second Loading (Total Stroke = 6 In.)

0 430 +150°F

034 1000 +150°F

.055 1500 +150°F

075 2000 +150°F

100 2500 +150°F

118 3000 +150°F

: 130 3500 +150°F
144 4000 +150°F

Third Loading (Total Stroke = 10 In.)

0 210 +150°F
] .060 1000 +150°T
‘ .095 1500 -150°F
124 2000 +150°F
155 2500 +150°F
176 3000 +150°F
.200 3500 +150°F
220 4000 +150°F
Fourth Loading (Total Stroke = 10 In.)
R
Figure 8-45. Spring Rate of External Annular Configurstion at +150°F
8-50
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:S‘}?X-167A-C.‘—5_4 [Q_TJ

Defle<:ion (In.)

0
.008
.015
.025
.035

480
1000
1500
2000
2500

First Load (Total Stroke = 4 In,)

0
.020
.035
050
.070

Secord Loading (Total Stroke = 6 In.)

380
1000
1500
2000
2500

Load {Lbs.)

.065
.025
.120

Third Loading (Total Stroke = 10 In.)

250
1000
1500
2000
2500

Temperature (“F)

+300°F
+300°F
+300°F
+300°F
+300°F

+300°F
+300°F
+300°F
+300°F
+300°F

+30C°F
+300°F
+300°F
+300°F
+300°F

Figure 8-46. Spring Rate of External Annular Configuraticn at +30u°F
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SPX-166-C18i@ ° |

Deflection (In.) Load (ibs.}

0 600
Uil 1COO
016 159C
.024 20C0
L0 2500
D4 S000
EL 3500
Ouh 4000

Fir st Lrading (Total Stroke = 4 In.)

0 560
011 1600
.020 1508
.026 2000
.036 2500
.042 3000
.050 3500
.058 4000

Second Loading (Total Stroke = 6 In.)

0 560
.028 1000
.043 1500
.065 2600
.078 2500
.092 3000
.105 2500
110 4000

Third Loading (Total Stroke = 10 In.)

0 760
.020 1000
.055 1500
.080 2000
.105 2500
125 3000
137 3500
.144 4000

Fourth Loading (Total Stroke = 10 In.)

Temperawre (°F)

-150°F
-150°F
-150°F
-150°F
-150°F
-150°F
-*5C°F
-150°F

-150°F
-150°F
-150°F
-150°F
-150°F
-150°F
-150°F
-150°F

-150°F
-150°F
-150°F
-150°F
-150°F
-150°F
-150°F
-150°F

-159°F
-150°F
-150°F
-150°F
-150°F
-150°F
-150°F
-150°F

8-52

Figure 5-47. Sbring Rate of Circular Solid Configuration at -150°F
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SPX-166-C26 @ - |

Dei.cction (In.* Load (Lbs.) Temperature (°F)

9 350 +150°F
015 100¢ +150°F
.029 1500 +150°F
.035 2000 ~150°F
.049 2500 +150°F
.062 3000 +150°F
079 3500 +150°F
170 4600 +150°F

First Ioadirg (Total Stroke = 4 In.)

0 510 +150°F
.010 10090 +130°F
.025 1500 +150°F
.040 2000 +150°F
.048 2500 +150°F
.059 3000 +150°F
071 3500 +150°F
.C82 4000 +150°F

Second Loading (Total Stroke = 6 In.,

0 520 +150°F
.019 1000 +150°F
.040 1500 +150°F
.063 2000 +150°F
078 2505 +150°F
.095 3000 +150°F
.115 3500 +150°F
.120 4000 +150°F

Third Loading (Tctal Stroke = 10 In.)

0 480 +150°F
: .035 1000 +150°F
, .070 1500 +150°F
g .098 2000 +150°F
i .120 2500 +150°F
| .140 3000 +150°F
| .160 3500 +150°F
; .180 4000 +150°F
|
L Fourth Loading (Total Stroke = 10 In.) B

Figure 8-48. Spring Rate of Circular Solid Configuration at +150°F
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SPX-166-C34 |{@® - :

D<’sction (In.) Load (Lbs.)
0 520
010 1000
017 1560
030 2000
.055 2500
070 3000

First Loading (Total Stroke = 4 In.)

0 520
.009 1000
.020 i%00
.035 2000
.055 2500
.070 3000

Second Loading (Total Stroke = 6 In.)

0 520
.015 1000
.026 1500
047 2000
.075 2500
.095 3000
.130 3500

Third Loading (Total Stroke = 10 In.)

Temperature (°F)

+300°%
+300°F
+300°F
+300°F
+3CO0°F
+300°TF

+300°F
+300°F
+300°F
+300°F
+300°F
+309°F

+300°F
+300°F
+300°F
+300°F
+300°F
+300°F
+300°F
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Figure 8-49. Spring Rate of Circular Solid Configuration at +300°F
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SECTION IX

SUMMARY

The basic objective of this research effort was tc¢ obtain uantitative dezign data con-
cerning the characteristics of selected materials when used in high (L“D) ratio crushable
energy absorbing capsules. This effort has resulted in the accumulation of a substantial
amount of information and data which will be useful to the designers of shock atienuators

for use in the space environment.

Optirized rombinations of the desircd characteristics such as specific energv, load on-
set rate,and rebourd as defined ~nder the Objective {paragraph 1.2) were embodied in the
two configurations tested in Phase II. The external annular |O v | and particularly the
solid circular ]‘ 0_—} (each with 0° cell axis) configurations give ample visual evidence
ot their satisfactory crushing characteristics when compared with typical examples of

the other configurations in Figures 9-1, §-2, and 9-3.

Th= solid circular section with the U” cell axis L_. v | , which is fabricated with an ex-
panded hexagonal cell, provides a regular cell buckling action which results ina very

flat average crush load with a rinimum of fluctuation. Specific energy is also highest

for this configuration although it does not have quite the thickuc3s efficiency (crush stroke
in terms of total capsule l;ength) of the solid circular section with the 15° ceil axis.
Specitic energy values, measured during dynamic and static load applications, exhibit verv

small variation under these test conditions in which the specimens were tested in a vacuum,
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Rebound, which is of particular interest to the designer, was not large for any of the spec-
imens. A rebound distance of .56 inch was the maxirium recorded. Most speciniens did
not exceed .25 inch rcbound. However, subsequent impacts on partially crushud capsules

display ar increase in the rebound value as the crushec length of the capsule increases.

Variation of the average crush loads under the extreme temper=tures is greater than
expected at the initiation of the program. These n. ximwum values variea from roem
temperature test readings; being 30% higher ¥or -260°F and 35% lower for the +300°F

tests.

For a more thorough analysis of the data obtained, reference is made to Sections VII &
VIIT. Additional discussiun may be found in the Concluzions and Recommendations (Sec-
tion X), Addendwn No. 1 containing the specimen suppliers Final Materials Report, Adden-
dum No, II centaining additional test recerds, and the Monthly Progress Reports as listed

in the References, (Section XI).
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SECTION X

CONCLUSIONS AND RECOMMENDATIONS

10.1  CCNCLUSIONS

A broader and more advanced understanding of the many variables involved in the design
of crushaple aluminum structures for energy absorption is one of the important results of
this p.oj=ct. Also,the "state-cf-the-art'" in the design, fabrication, and testing of energy
absorbing capsules has been significantly advanced through the study of these various speci-
men corfigurations. These capsules were fabricated only after vigorous develop-

ment efforts of the specimen supplier (Hexcel), monitored by Bendix Products
Aerospece Division, fell short of the original goal. Nego*iations were then conduc-

ted with NASA-MSC to adjust the requirements asoutlined.. .he specifications. The minocr
revisions involved stiil permitted the attainment of the basic objectives of the program
and did not detract in any great degree from the informuiion to be obtained. Completion
of the test program with its stringent —~equire.cents has provided a valuable source of
data regarding crushable aluminum structures in a space environment. From this data,

the following conclusions have been drawn.

10.1.1 The severe temperature extremes of tre space environment have a substantial
effect on the crush characteristics of capsules constructed of the materials used in

this program.

10-1



10.1.2 Only minor diifercnccs in the dynamic and static specific energy values are

evident when the speciniens are testod under & n2dium vacuum environmen:,

10.1.3 Minimum rebound is cbtained with crushable structures of these configurations.

The rebound values increase as capsule length decreases.

10.1.4 Splicing short sections together to obtain a long capsule should b= avoided due to
the inherent buckling tendency at the splice, although this technique was successfully used

on vone configuration.

10.1.5 Annular type capsules crush more satisfactorily when using a vertically oriented

cell. Capsules with angular cell orientation are prone to a secondary folding and bucking pat-

tern, whichis somewhat relieved as the ratio of wall thickness todiameter {D/t) is reduced.

10.1.6 ‘1o solid circular configurations of low density with the 15° or 30° cell axes cre
to be avcidea by the designer since they are subject tc random shear failures as illus-
tiated in Figure 10-1, This failure mcde subsequently results in the capsule buckling and

folding with a severe drop off in crush load capzcity.

10.1.7 The solid circular configuration with the 0° cell axis,which was fakbricated with an
expanded hexagonal cell,displayed the optimum combinatior. of crush characteristics,
A typical example of this is seen in Figure 10-2, where th2 smooth regular cell buckling

pattern is readily evident.

16.2 RECOMMENDATIONS

Recommendations arising from obgervation of the tests and study of the information ob-

tained therefrom include the following:

10-2




10.2,1  Aithough the solid circular configuration with the 0° ceil axis utilizing two
sections bonded together to form a long capsule produced satisfactory results, it 1s recom-
mended that the inherent problems of such a aesign be surmcunted through development of
fabricating and processing equipment which would permit the capsule to be made in one

full length section.

10.2.2 Aspreviouslynotedin this documeat, the program originally was conceived with
the thought of using 2024 aluminum alioy. Alloy 5056 was settled upon as a compromise.

Continued development of the higher t¢ mperature capability 2024 foil in thicknesses and
widths which will permit the fabrication of capsules similar in size to those used in this

program is recoinmended.

10.2.3 The catastrophic failure pattern of the solid circular configuration with the 15°
or 30° cell axis,which was initiated with a shearing action and resulted in buckling and
folding of tae specimens, requires further investigation. A 'failure mechanism”
analysis and confirming test program to establish methods of avoiding this type of failure

is recommenied.

10.2.4 The full range of envircnmental conditions to which a crushable energy absorbing
capsule may be exposed has not been completely investigated. An extension of this test
program, which would involve the exposure of the ‘ecimens to a temperature cycling

.~ dition between high and low limits in combination with a much harder vacuum, is
recommended, Important areas for furihicr study would also include other materials and

cell shapes.
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Figure 10-1. Typical Shear Failure Pattern Produced Under Both
Static and Dynamic Load Applications on Circular Solid, 15° Cell axis Cordiguration
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Figure 10-2. ‘Typical Uniform Crush Pattern Exhibited by
Circular Solid, 0° Cell Axis Configuration
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SECTION X1

REFEKENCES

Bendix Products Aerospace Division’s Addendum No.1 to Report SPP-65-107
dated July 24, 1965; containing excel Products Inc. final report covering
development and fabrication cf Bendix Energy Absorption Capsules.

Bendix Products Aerospace Division’s Addendum No.II to Report SPP-65,-107
dated July 24, 1965; containinc complete logs of all tests conducted, summary
of data interpretaticn and pertineat copies of static and dynamnic test records
not included in the Final Engineering Repert.

Bendix Products Aerospace Division's Monthly Progress Reports Jated from
November 4, 1683 thru June 1, 19¢5 and covering the entire progress of the
"Study of Energy Absorbing (haracteristics of Crushable Alur.inum Structures
‘v 2 Space Environment.” (Ref. NASA Contract No. NAS 9- 2;74}

Jet Propulsion Laboratory's Technical Report No. 32-639, ' The i-:velorrient of

Metal Honeycumb Energyv-Absorbing Eiements” dated July 24, 1054 by
R. K. McFarlaudg, Jr.
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