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FOREWORD

Goodyear Aerospace Corporation (GAC), Akron, Ohio, conducted an eight month
study of deployable, non-metallic space structures for NASA-MSFC under
Contract No. NAS 8-35498. GAC's experience in flexible/inflatable/deployable
and rigidized structures for space over the last 20 years was used to address
the problems of today and applications of tne future. Advanced ﬁaterials and
fabrication techniques have provided new ways of conquering the hostile space

environment for these unique structures.

In addition to reviewing typical inflatable/deployable subsystems and systems

of interest to the space community, many important performance parameters

unique to space applications were discussed. Potential experimernts within

the shuttle cargo bay, either as a free flyer satellite or when tethered from the
shuttle , are presented for consideration. Basic technical data has been

included in appendices as a point of departure for future similar applica-

tions.

R. L. Middleton was the Contracting Officer's Representative (COR) for NASA-MSFC,
while F. J. Stimler served as Project Engineer for the Engineered Fabrics

Division.
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SECTION I -- INTRODUCTION AND SUMMARY

Goodyear Aerospace Corporation (GAC) summarizes the state-of-the-art for
non-metallic materials and fabrication techniques considered suitable for
future space structures. This report will serve as a handbook of data,
offer innovative ideas, and quide designers of structures for the future.
This report, along with reference 1, should offer a good point of departure
for future detailed design studies. Reference 1 shows representative
photographs and cites the best references available.

Recent success with the Spacelab/Shuttle flight experiment has proven that a
flexible element in the transfer tunnel is a viable solution for a manned
space structure. These same materials have been proposed for deployable
components or subsystems for rigid space station structures.

With the discovery of new flexible materials such as !Nicalon R a silicon carbide

fiber and 2Nextel R a ceramic fiber, which are suitable for high temperature

applications of 2500 to 3000°F, many deceleration, reentry, recovery anc thermal
insulation problems can now be solved for tough non-metallic space applications.

Typical subsystems and systems for space applications using inflatable and
deployable materials are described. To develop these subsystem and system
concepts the requirements for space stations or platforms were discussed
with knowledgeable government and industry personnel. Typical performance
parameters of these structures are analyzed to answer questions often asked
when flexible structures are considered for space applications.

The data reported herein is compatible with typical space station configura-
tions as shown in Figure I-1. his concept is representative of the many
space station proposais considered by NASA and industry during the last few
years.
Nicalon " ITrademark of Nippon Carbon Co.,
Ltd., Japan
Nextel N 2Trademark of 3M Co., St. Paul, MN
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There are many applications for non-metallic expandable structures in space,
especially now that new and approved materials are available. The data
presented in this report should be of assistance in solving the u...que
problems of extremely large packageable structures to be depluyud in spoe2
or in the use of flexible materials where rigid materials cannot perform the
requirements of a particular application.
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SECTION II -- TYPICAL INFLATABLE/DEPLOYABLE SUBSYSTEMS AND SYSTEMS

INFLATABLE/RIGIDIZED SPACE HANGAR (UNPRESSURIZED)

Studies (References 2 and 3) have shown that deployable, unpressurized

hangars attached to a space station platform have a viable and practical

use in space.

Reference 2 summarizes desired features for space service hangars as

follows:

Sized to accept OMV, OTV, and large spacecraft (compatible with orbiter

dimensions) offering berthing and docking provisions and ingress/egress
for the suited astronauts.

Orbiter - compatible mounting system: and a rail system to enable
movement of vehicles.

Totally enclosed with door designed to allow maximum access .5ibly

provide ingress/egress at both ends.

Movable track-mounted work stations required to enable optimum access

of astronaut to serviced items.

Tool stations located at strategic positions in the hangar.

Track-mounted space station RMS attached to Service Hangar/Space Station
to allow transfer of OMV,OTV, Servicers, Spacecraft .o and from the

Service Hangar to the orbiter or deployment for launch.

Closed circuit TV, track-mounted and pivotable to present procedures/

drawings.

Micrometeoroid/debris, and radiation protection, along with thermal

control on Service Hangar.
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9. No requirc. ¢..entation of Service Hangar or space station due to servicing.
10. Lighting aids, electric power.

11. Foot restraints/handholds/work platforms 1 to 2 meters wide.

12. Communications.

13. Payload Cradle/Carriage - Carousel Mechanism.

14. OTV replacement items and .efueling capability.

15. Minimum life support system (emergency).

16. Storage capability - service equipment, spare parts.

17. Restraint of loose parts and tools during servicing.

Goodyear recommends an unpressurized hangar having nonmetallic walls which

can be deployed from the packaged condition and rigidized for the operatjonal
phase. Several concepts have been studied in the past, however, tne one

shown in Figure IIA-1 is representative for OTV maintenance (Reference 3).

It is understood that NaSA's first interests are hangars for the OMV(TMS),
then for satellite servicing and, finally, for the OTV servicing. The concept
shown in Figure IIA-l is compatible with shuttle delivery and contemplated

OTV sizes. The OMV is 14 feet in diameter and 3 feet wide, thus indicating
the use of a smaller hangar than shown in the figure. Goodyear offers a
concept herein and delays the detail derign until all operational requirements

can be defined.
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The flexible material considered for the OTV hangar is the elastic recovery
type which was investigated for the airlock experiment and the lunar STEM*
system. The airlock experiment is defined in Appendix A, while the lunar
system material is defined in Appendix B. The proposed elastic recovery
material will be modified to include a positive deployment mechanism and
also a rigidization technique. The positive deployment is considered
necessary because of the large hangar size and to ensure an orderly
deployment from its storage volume. The airlock material has been qualified
to the space requirements of the Skylab era. The STEM material was geared
for the lunar environment. Additional material studies by Goodyear and
others resulted in a rigidized foam system suitable for protection from
micrometeoroids in space. This experience is used to choose a preliminary
material concept for the hangar to guide discussion of the other technical

disciplines within the report.

Figure IIA-1 is a sketch of the inflatable hangar concept GAC recommends
at this time. The basic structure is 2-1/2 inch foam with fiberglass
skins. Inflation is used for controlled deployment and a gelatin svstem
is proposed for rigidization. The work platforms are one meter wide and
held in place axially by straps, webbing, and mechanical attachments.
Location and number of platforms can be determined later, although two are
indicated in the sketch. Open areas are provided in the platform areas

to permit suited astronauts to move axially in the hangar. Velcro,

snaps, hooks, net bags, straps, etc., will be added as required to enhance
maintenance operations. Rigid subsystems can be added once the hangar

is deploved and rigidized again to improve function. The total inflatable

i1 zar system weighs approximately 4,100 1bs.

* STEM - Stay Time Extension Module

-7 -
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Concentrated loads are usually transmitted to flexible surfaces by use of

fan patches, pads, catenaries, cables or similar mechanisms to prevent

tears or other failures. The 12 radial arms at the closed end of the

hangar provide the interface between the hangar structure and the storage

can. These radial arms facilitate the folding of the hangar structure and
eventual storage in the packaged condition. The 12 support webs ave attached
to the radial arms at the closed end of the hangar for a structural interface.
These webs are attached to pads at the open end of the hangar. The webs
provide structural attachment for the work platforms and also facilitate

the packaging process.

The materials and construction of the cylindrical shell and the working
platforms must exhibit sufficient structural integrity to withstand

astronaut working loads and forces generated during placement of equipment.
Although these forces are considered as minimal in magnitude, they can

be rather locally concentrated. Therefore, one of the critical loadings

will be applied bending-moment, necessitating a flexurally rigid construction
such as a sandwich structure. The core of the sandwich must be rigid to

withstand combined compressive and flexural stresses.

The chemical process of rigidization of the foam core must be one that can
be performed and controlled under a space environment in an acceptable
time. Certain mechanical and physical properties are desirable. The
final rigidized composite core material must be free of harmful voids

and cracks, be of uniform composition, have sufficient bond strength
between resin matrix and reinforcing fabric to transfer stresses, and
must be sufficiently rigid to allow the fabric faces and resin core to

act as a sandwich structure.
A structural analysis was made adapting the chemically rigidized foam-fabric

sandwich as reported in Reference 4. Here, the rigidized construction

shown in Figure IIA-2 is used.
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THERMAL CONTR
OF POOR QUALITY HEMAL CONTROL

COATING

OUTER COVER
(NYLON FILM-CLOTH

LAMINATE)
THICKNESS
2-1/2"
WO PLIES OF
FIBERGLASS | A

POLYURETHANE MESH CORt
IMPREGINATED WiTH GELATIN
RESIN FOR RIGIDIZATION.
INITIAL DENSITY, 1.8 LB'CU FT,
IMPREGINATED 3.6 LB CUFT,

TWO PLIES OF
FIBERGLASS WITH
THERMAL COATING

C OMPRESSIVE RiGIDITY  1C LB SC IN.

MATERIAL WEIGHT

e g GAC 19-1615

ITEM GM/CM2 l/F’r2

*Outer Cover (With Thermal Coating® 0.034 0.068
Interlayer Adhesive 0.005 0.010
Two Plies of Fiberglass 0.036 0.071
Interlayer Adhesive 0.005 0.010
Gelatin - Impregnated Scott Foam (2-1/2") 0.375 0.750
Interlayer Adhesive 0.005 0.010
Two Plies of Fiberglass 0.036 0.071
Inner Coating 0.020 0.040
TOTAL 0.516 1.030

*The outer cover is a film-cloth laminate with the following
properties:

(1) Base cloth - Stern and Stern A4787 nylon at 0.84 o0z/sq yd.
Warp - 20 denier, 127.5 ends/in., 42 lb/in. grab strength.
Fill - 30 denier, 114 ends/in., 57.5 lb/in. grab strength.

(2) Film - Capron Type 77C, 1/2 mil, 0.43 oz/sq yd.

FIGURE 1I1A-2 RIGIDIZED SANDWICH CONSTRUCTION
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The fiberglass layers are the structural faces of the sandwich. Each
is composed of 2 plies of straight 116 fiberglass cloth impregnated

with gelatin.

The Scott foam (Ref. 4) is impregnated witt -~ 48.5 percent gelatin whose

net density is 3.6 lbs/ft3 and whose compression modulus is 200 psi.

Goodvear made a preliminary stress analysis of this hangar concept in
Reference 5, considering critical bending, shear, compression and concen-
trated loads. Preliminary calculations indicate that the rigidized foam
sandwich cylindrical shell is a feasible approach to the design of the
hangar. An analvsis of the stress and deflection characteristics
encountered with an astronaut working on the ring platforms indicates that
these platforms and their interface structures are adequate to withstand

these working loads.

Mounting provisions are required for lights, electrical circuitry, fuel

nose, etc., to have controlled routing and fixed positions.

It is assumed the above mentioned items are stowed in the existing
structure and deployed by EVA after the hangar has been deployed and
rigidized. The attached provisions will be in place on the hangar/platform

assemblies if the jrovisions are software such as velcro or ties.

Required location/position for the mounting provisions will be determined

through analysis and mockup study.
No unusual problems are apparent at this time. Hooks, webbing, snaps,

and similar items attached to the hangar surface will not necessarily cause (

any problems during packaging, deployment or rigidization.

- 10 - :
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Figure IIA~3 schemitically depicts a method of packaging the inflatable
OTV hangar. This is a very preliminary study of a complex problem and
should be considered in that light. Further clarification is not possible

until more design details are formulated.

Sketch Set 1 shows the hangar in deployed condition. Sketch Set 2 shows the
location of the toroidal expulsion bladder. The straps and work platforms
have been disconnected from the han:.r wall for storage ahead of the
collapsed expulsion bladder. The platform straps at the closed end of the
hangar are left connected and retrieved into the rigid can for storage.

This ensures that the platfbrms will remain with the " angar during the

expulsion process.

Sketch Set 3 shows the work platforms and expulsion bladders in stored
position. A vacuum bag is positioned over the sandwich structure of the
hangar shell in Sketch Set 4. The rigidization mechanism is applied to
the foam and fiberglass skins and then the vacuum bag is used to compress
the foam sandwich. This may be the least understood part of the process.
Sketch Set 5 shows the rigid radial support arms stretched along the hangar
axis while the hangar skin is pleat-folded into a diameter compatible
with the storage container. An inflatable tube (Chinese whistle or
blowout) is added to the pleated skin (Sketch Set 6). The collapsed
hangar skin is now rolled up like a window shade in the direction of

the storage container (Sketch Set 7). The rolled material is placed into
the container and the rigid radial support arms are folded into position
to hold the stored hangar in the rigid can (Sketch Set 8 and 9).

The material volume of the 2-1/2 inch foam sandwich is 714 ft3. Compression

to one inch thickness gives a material volume of 143 ft3. The volume of
the storage container (14 ft. dia. x 9 ft. 1lg.) is 1,385 ft3. Therefore,
the ratio of storage volume to compressed material volume is nearly 10,

which is adequate for reasonable packaging.

- 11 - *

B
P N " W v "I - Q_/



ORIGINAL St i?{
OF POOR GuALN

GAC 19~-1615

EXPULSION
BLADDER

INFLATED
EXPULSION
BLADDER

WORK
PLATFORMS

SKETCH SET 1 SKETCH SET 2

FIGURE I1A-3A PRELIMINARY PROPOSCD PACKAGING TECHNIQUES FOR OTV INFLATABLE HANGAR
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Some problems do remain unsolved such as -- how do we get rid of the vacuum
bag after hangar deployment; what is the best way to initiate the rigidization
process; how much EVA activify should be considered during this total process
of deployment and erection, etc. These can best be resolved with additional

studies to review simpler methods or recent improved ideas.

Goodyear has experience in packing such large structures as nonrigid airship
envelopes, the Moby Dick Experiment (Reference 1), crew tunnels, large
balloons, large parachutes, and similar structures. Also, GAC's experience
in rigidization of space vehicles and payloads should allow ready evaluation

of available data and recommendation of a viable solution.

GAC does not have sufficient test data to predict lifetime of the proposed
hangar materials in the LEQ environment. Past projects have indicated

a 5 to 10 year storage and service life for these flexible structures;
however, until actual test data is evaluated, it is rather difficult to

predict a 20 year lifetime.

Compatibility with flammability, toxicity, and off gassing requirements

for manned habitats is not considered viable for the hangar application.

Deployment of the packaged hangar will be initiated by use of a toroidal
expulsion bladder at the rigid interface panel (see Figure I1IA-3A). The
bladder is toroidal to permit clearance with the boom-docking mechanism
stowed on the hangar centerline. Once the hangar body is free of the
storage container, an inflatable tube system will be activiated to unroll
the packaged hangar much like a Chinese whistle. This positive force
acting on the rolled hangar will extend the hangar to its longitudinal
limit. The expulsion bladder and deployment tube will be held captive

rather than allowed to float freely in space.

- 16 -
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A low gas pressure will be inserted into the open cell foam to shape the
cylindrical hangar. This gas pressure may be considered for removing the
vacuum bag to initiate the rigidization process as soon as the shaping

process is complete.

The proposed hangar concept utilizes a boom-docking mechanism on the hangar
centerline for positioning the payloads with respect to the hangar. A
guide rail can also be installed on the inner surface of the hangar for
movement of the payload to be compatible with the shuttle RMS or a similar
mechanical arm. Movement of the hangar shell along its centerline or
opening the cylinder sides like garage doors to effect payload placement

may unduly complicate the hangar system.

Ground tests of this hangar concept are possible and desirable to check
such features as packaging, deployment, shape control, subsystem assembly,
clearances, and similar items. Whether the hangar is deployed from a
hanging position under ambient conditions or in the zero-g simulator
depends on which would give the most realistic results for the time and

money involved.

Adequate factors of safety and packaging capability are difficult to maintain
with large, deployable, nonmetallic manned space structures, with internal
pressures near 14.7 psig. The circumferential stress for a hangar of 23 foot

diameter becomes

23\ (.5
0z = pR = 14.7 L7> (12) = 2029 1bs/inch

Using a typical factor of safety for manned structures of 5.64 (see page 41),
the ultimate strength requirements become 11,441 1lbs/inch. Using the
characteristics of a qualified space material (see page 35) the structure
would require at least 11 plys of material, resulting in a thickness of 0.44
inches. Thus the material becomes too heavy, the seam strengths critical and

the structure is no longer packageable.
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B.

FLEXIBLE/STORABLE ACOUSTIC BARRIER

Gocdyear produces several types of flexible sheeting material suitable
for sound attenuation over a wide frequency range. The dacibel reducticn
over the frequency range of 100 to 5000 Hervz is shown in Figure IIB-1,
Ia addition, physical properties for Acousta Sueetr z00 and 300 are alsc

presented therein.

Goodyear's Acousta Sheet Style 200 was sent to M. - 11 Douglas Technical
Services Company (MDTSCO) for testing at the NASA White Sands Test

Facility for Flammability, Toxicity, and VCM properties in accordance

with NASA document NHB 8060.1B. The flammability test was passed since

the longest burn was 2.9 inches where 6 inches before burnout is acceptable.
The toxicity test was also passed. Acousta 200 is considered acceptable

for use in a pressurized habitat area but not under vacuum conditions
because of out gassing. In other words, the material is acceptable for

space station applications but not for use in the shuttle cargo bay area.

Subjecting the material to 125°C temperature for 24 hours at 10_6torr

pressure resulted in a total mass loss of 7.4% (1% is considered acceptcble)
where the condensible portion was 2.82 % (0.1% is considered acceptable®
Vacuum bakeout may alleviate this out gassing problem similar to the technique

used successfully with the Spacelab tunnel flexible element.

This test data is reported in WSTF #83-15810 (JSC #4065) as part of NASA

JSC materials test results.

During a study of space station crew safety alterratives, (Reference 6) Rockwell
International has defined a potential need of a i.:xible acoustic curtain to
provide a quiet enclosure around a crew member living in a noisy environment.
The curtain is normally stored in a packaged condition and deployed as

required by the crew member to enclose his work station.

- 18 -

it w ettt "“G;“‘ R -"-

e

b

ot o —— e ——



1

ORIGH L.

[

Sound Reduction Values ot e

ACOUSTA SHEET 200 AND 300

This chant Wlustrates the sound transmission loas values ex-
pressed i decibel reduction over the hertz requ. «y range for
Acousta sheet 200 (Btack) and 300 (Blue). For exampie, at the
1000 heitz reading, the sound transmission loss was 28 dBA.

GAC 19-1615

8

8

2

SOUND TRANSMISSION LOSS, dB
e o

-
(o]

“ |

§ 1 200 500 1 2000 5000 1
100 1000 10,000

PHYSICAL
PROPERTIES*
Style 200 and Style -0
Noise
reduction See chant
Weight
nugu f; 1.1 10s approx
Gavge 0.108° spprox
wioth “@rg2°
th of -
Standars ™l “gl
Mazimum pieces
por roll
Minimum leng’h
per toll 1%
Temperature targe 0° 10 275°F.
Codlor Styla 200 — Biank
Styie 200 — Bive
Aesistance to
Water Good
Petroioum Good
Alkahes Geod
Flame (1) Seitextinguishing
per teoeral lest
methoa 191,
meinde 590
) inoer 18 on Hame
spread for ASTM
€.182, Radiant
Pone' et
) Mest: M SMa
f1ame resistant
1GUITOManty
CONSTRUCTION —

Style 200 and X0 =0 108" ga 5 48° 4 43

Hertz — 100 125 160 ‘200 250 315 400 500 800 1000 1250 1600 200D 2500 3150 4000 5000

¢ dBALloss — 13 1" 12 12 7w 2 2 26 28 2 N

FREQUENCY, HERTZ (CYCLES PER SECOND)
Chart shows 80und transmission lorg pUPees tmPresasd In decidels Values sre
abulsied at the 9:gNieen standard ireauencms Seund Trenamission Clsss 18 26 and
19 COMPUIed N BCCOrAsnca with ASTM € 00 - TO and E 11370 T
“Bosed on lesls CONBUCIOd under controtied canddions By Nivercent Acouelicsl
Ladoratlonies, SOund Transmisaion Lass Test TL-75-118 eeted August 13, 19748

M % B

- 19 -

k)

41

FIGURE IIB-1 SOUND REDUCTICM VALUES FOR ACOUSTA SHEET 200 AND 300

IO S W RE L P



-

EOI 380

‘ E-lu-co 2714,
REF -

SR

‘ w 9T

. | (+

GOODYEAR AEROSPACE

COuPORATION

GAC 19-1615

This acoustic curtain can alsc be used in the space station environment to
attenuate the noise by proper plscement near the noise source. Reference 7
summarizes comments of the Skylab and Shuttle crews indicating the problem
areas and suggesting potential solutions. Isolating the sleep area and
quieting the operational area were considered most important. The noise
problem appeared to increase with the duration of the mission, thus showing

its importance for space station consideration.
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DEPLOYABLE FABRIC BULKHEAD IN A SFACE HABITAT

Use of an automatically deployable fabric bulkhead in a space habitat in

the event of fire, natural out gassing, spills/leakage, or a similar threat
may be advisable to isolate the crew members until repair or safe rescue can
be eifected (see Reference 6). If the bulkhead is deploved from a central
station in the space habitat, deplovment can be achieved at a faster rate

in a controlled manner and pressure lcads cn the bulkhead minimized because

of the lower radii.

Goodyear has developed several materials suitable for this tyvpe of applica-
tion. The acousta sheet material properties are summarized in Figure IIB-1.
The material qualified for the flex section spacelab transfer tunnel is

defined in Appendix C. These materials are considered acceptable for

space habitats meeting the out gassing and flexibility requirements.
Modifications to these materials may be necessary for structural considerations
in specific applications. The data is presented here for guidance when

designing future nonmetallic structures for use in space.
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EXTENDIBLE TUNNEL FOR SOFT DOCKING

Space station studies have indicated a potential need for a soft docking
concept similar iu thought to the loading ramps used with airliners

at airports. The final interface connection can be made by moving a flexible
tunnel between large vehicles or bases which are difficult to maneuver fcr
small distances. Figure IID-1 taken from Reference 8 depicts this concept

schematically.

Goodvear Aerospace designed and built a flexible tunnel of this tvpe under
NASA contract NAS8-30594 with Marshall Space Flight Center. The tunnel,
about four feet in diameter and up to 18 feet long, was designed for use
between the Shuttle's crew compartment and the Spacelab. Figures IID-2

and IID-3 depict the flexible tunnel in extended and retracted conditions,
respectivelv. Following interface connections at the free end of the tunnel,
pressurization in the tunnel will permit personnel to move from the Shuttle

to the space station in a shirtsleeve environment.

The tunnel's interior pressure bladder consists of eight plies of material,
including aluminum foil, nylon cloth, and capran film. This has an outer
structural liner of Kevlar cloth which has a strength of 1,500 by 1,500
pounds per inch. A polyurethane foam serves as the micrometeroid barrier.
A tvpical multilaver insulation system of aluminized mylar sheets separated
by fabric netting is used at the outer surface for passive thermal control

in the space environment.
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During the study of a large flexible tunnel for Shuttle/Payload Interface
(Reference 9) several concepts were investigated. GAC designed, fabricated
and functionally tested a 1/4-scale model and a preliminary design and
analysis of a full-scale model was completed. This cable-supported tunnel
in 1/4-scale model is shown in Figures IID-4, IID-5, and IID-6 for straight
deployment, curved deployment, and internal views, respectively. This
model work culminated in the design and fabrication of the full-scale

ground test model of the cable-supported tunnel previously shown in Figures
IID-2 and 1ID-3 (Reference 10).

This data is presented to summarize the effort GAC has conducted in the %
soft tunnel concept. It is hoped that this information will lead to new |
and related ideas to solve the soft-docking phenomenon. New space- |
compatible materials have since been developed, therefore, it is unlikely

that the material construction presented herein will be duplicated in the

future.
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E.

DEPLOYABLE SPACE RECOVERY/RE-ENTRY SYSTEMS - PERSONNEL OR MATERIALS

GAC has been active in recovery or escape from space using deployable
structures early in the space program. This effort included study of

techniques for deployment, inflation, orbital injection and re-entry thermal

control.

The early studies on the Dynasoar manned re-entry vehicle and missile recovery

systems utilized a deployable structure of Rene 41 wire mesh substructure

with CS105 elastomeric coating. The upper temperature limits for the material

were considered in the 1,500 to 1,800°F range. Re-entry bodies were éesigned
with radii of sufficient size to ensure that maximum temperatures never
exceeded 1,800°F. After passing through the re-entry phase, the CS105
elastomer turned into a ccramic-like material as a result of the heat.

Many studies were made of different applications and some models were con-

structed; however, no prototype hardware was constructed.

Rockwell International (Reference 6) summarized the deployable manned escape
systems considered by Government and Industry during the past twenty years.
These are shown in Figure IIE-1 for convenience. GAC was involved in the
AIRMAT and ENCAP escape systems using experience gained with escape capsule
development for government high-speed aircraft. GAC also worked on a saver
escape balloon concept similar to Rockwell's which eventually led to the
discovery of the Ballute for deceleration and stabilization of bodies
traveling at high speed. Ballutes have been very effective as drogues or
stabilizers for high speed recovery systems and missiles. GAC presently has
productjion contracts for stabilization and deceleration of 500 and 2,000
pound bomb systems delivered by high-speed aircraft for the Air Ferce.

Many similar deployable Ballute systems have been studied, built, tested and
manufactured in quantity. Ballute performance is predictable by GAC
structural and dynamic specialists based on test results and extensive

experience in the design of '"Rag" structures.

- 30 -

TG W SV -*-

SN

ey — . — — — Pt -

s - ——



-

2%

GAC 19-1615

SHALSAS AdVOSH (ANNVW FTAVAOTdAd T-A11 FTuNOI1d

LBEIETASSES

[euogeusayu
l13mxo0Y ' ‘

uoISIALQ Swaisis sunes
2 UonEIBINN NS

———

Q73IHS LvIH 179va10de
3IVdS HI HVO4e
SINT3YINDIY A90TONHIIL M3M e
(871 GL¥) 9N Sl2 e
IVd-NI-WVO0H ©
VA3 03144VD 1N3K4IND3 TV e

WYLV -
NLINYLS 318VA0TdI0
2 INQVIVIIHI 39Yv1e
SIN3KIVINDIY ADOIONHIIL M3N @
(97 s2v) 9 261 e

- 3] -

JIVIVIHT o
0u13d G1IH-ONVH o 11NS ®
LIS e NV Lo
NV L »
= A¥IA0ITY %
Q301 NO1L <7 WAIAUNS ‘5574
W03~ \ HOLO -33r3
. A 0Y13y aols N \\GE YNIY14)
=& . MY~ -3
2l S0d -Vivd - | 9
23 ONTYI 4 -~
0. O
m o YOLOW
g s SY9 SJY ¥ ) OuL
5& 5514 NOILV14NI Ju
ILNHIVAVd
aN31HS LY
319v0104 S2Y
(S0d a3M01S)
(39 (Qvaw)
INFHAINBI AL3dVS 1d43210) 3dvIS3T INOOWVd
SNOTLIVY3d0 V11940 AINNTW
1d321:02 34¥IS3 3IS00W
J1YAO N4

s e T o o



(7

(*1NOD) SWALSAS IdVDSA AINNVH FTIVAOTdAd T-HILI 1914

8BE9ETASSES {euoyewsdiuy uoisiA|Q swasis spuses
I3myd0y ' ‘ 9 uopiesBajy sjunys

T sl

GAC 19-1615

WINILVid o
NNLIRYLS
SSNYL-91Y INILVINDI LYY o
SINIWIYINGIY AD0IONHIIL M3N e
(87 25b1) 9% 099
03401S YILSINY) e

Q1914 HI3W e

LH3WNOYIANT JFAIIISLYIHS o
NVH-€ o

WId3iVe

G13IHS 1V3H 318IX3 4.
SININIYINDIY AD0TONHIIL M3N
(87 OpLL) 9% 8IS o
1v3S KOI1d3C3 »
3TGVIVISNU] o
Q34IND3IY SLINS o

NWli=¢

ORIGINAL PAGE 19
OF POCR QUALITY

(T138°1304) (4Y3A0009)
1d3IN0) 3dVIS3 1NAYANYdX3 A3IN3J411S-91Y 1d3IK0D 3d¥ISI LVWYIV

N

b

T et

J18vA0d3d

¥

-

- 32 -

TR S N W - e

AN Uin

. . ooy T Y Y Nt eam wme s



GAC 19-1615

(QIANTONOD) SWILSAS ddVISH QANNVH ATIVA0Iddd T-d11 TAO9TA

b A it i1 e i

t W

}
{9 BUOLLUIIJU uoISIMQ SWISAS NS
V69E9ETASSEG ! ._uz:_uoL ’A‘ # uopea ) smncts
Q13IHS 1VIH 318V0103e
HSINVHI3N 1N31A01430 WO INVHI M e
SINMIYINDIY AD0T0NHIIL MINe
A90I0NHIIL HiNe (81 88S) 9% v2e
Sa¥(1 6 KOTIV¥IN3IIG 3 9VHA 03LVINGOHe Q1914 HIIMe
a3¥Ind3Y 1¥0ddNS 3417 % SLINSe VAde
HOOTIVS LHOIIMIHOIT 38VIVISNI 39V e 110S e
NYW Lo NYW Lo .
)
. sa1¥ 427101914 2N M
—_—— - V )
e e
e — HILSAS . \ . m
i3 \ NOILVI3] 7 AN\ _
L
o ...w_ ) s \ \ X . ~
23 BT 3 .
¢ o - ' .
T u ¥010H _. = _.
o~ \ 0413y |
Sy N2
mm.a\\/ /4\ -
WILSAS NP ‘
INIHA01430 — (&
Q13IHS IVIH 319va104 X
CTTIINNI0Y)
1439807 3d¥IS3 Y3AYS 1d3ON0D Id¥IST dWIN3I
J19VA0 430
. . Wb i
. s L 5 S S T 1 O VI REE



\

~

-“'LJD-J\I IABI

L 3%1

G

=0 A3 % SR
|

REF . EOI 2380

GOOOYEAR AEROSPACE

(411 JtT R RRTIY Y

GAC 19-1615

The Ballute is successfully being considered as a decelerating/stabilizing
body for an Orbital Transfer Vehicle (OTV) for orbital changes from GEO to
LEO. Reference 11 gives a good review of performance parameters for the

Ballutes.

New materials have been developed which should open new areas for deployable
systems in the recovery/re-entry discipline. Nextel R and .calon R have
recently been developed and tested to temperatures in the 2,500 to 3,000°F
range. These materials are available in thread, woven cloth, and non-woven
felt pad. Nextel R is a ceramic fiber oroduct of 3M which becomes rigid at
the high temperature condition. Nicalon R is a silicone carbide fiber which
remains flexible to the 3,000°F range. GAC uses these two materials in a
limited or multilayer blanket form for OTV Ballute insulation. Tuermal

tests of representative assemblies have shown the material to be suitable for
OTV consideration. Indeed, these new and improved materials could provide
realism and viability to the deployable recovery/re-entry systems proposed

in the past. Typical Nextel R and Nicalon R material samples were provided to
NASA-MSFC for testing of flammabilj :y and out-gassing characteristics and

compatibility with the space environment.
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MANNED HABITAT FOR A SPACE STATION

A flexible material considered acceptable for space applications is a
fabric consisting of Nomex unidirectional cloth coated with Viton B-50
elastomer. Goodyear has qualified this material to strict requirements
of the NASA Space Shuttle Orbiter Crew Cabin and Spacelab module. Since
muchk input in the present study relies on work conducted with the flex
section, the following paragraphs have been added to summarize the goals

and achievements attained while qualifying this unique material.

Each Nomex/Viton B-50 material ply had the following properties:

Average Values

Strip Tensile Strength 1,074 1b/inch
Weight, after cure 4 .13 oz/yd2
Thickness, after cure 0.040 inch
Peel Adhesion, after cure 29.7 1b/inch
after post cure 29.7 1b/inch

Tests verified that material XA30AS553 met the required values and could
be used in constructing the flexible element development test models.

(See Appendix C for more details)

Figure IIF-1 shows the inflatable shell GAC proposes as interfaced with

the RI strongback defined in RI Habitat Module, Concept 3. (See Reference 3)
A nlanar interface is projected to simplify fabrication and eliminate poten-
tial leakage areas. An aven number of multiple layers of the Nomex/Viton
B-50 qualified material will be laminated together until adequate strength
is obtained. The type of interface connection envisioned is shown in

Figure IIF-2. A flexible cable will serve as the bead to assure structural
integrity during deployment and fully inflated operational conditions. This
system has also been used effectively to eliminate pressure leaks at

mechanical interfaces.
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By attaching film to the rigid surface inboard of bead section, the
potential leakage path of the bead is eliminated. Pressure inside the
habitat will help film in its sealing action also. Excess material should
be provided in bead-crotch area to prevent film from taking any stretching

loads resulting from the Habitat internal pressure.

Figures IIF-3 and IIF-4 define the characteristics of the habitat inflatable
shell material proposed by GAC for both no-foam and with-foam conditions.
Whether or not foam is required for micrometeoroid protection is not known
at this time. Future tests will confirm this design feature. The aluminum
foil layer was defined as a flame barrier in earlier GAC studies. The

foil may not be necessary with the Nomex/Viton B-50 material; however, it

is believed that some cosmetic layer would be required on the pressure side
so the weight was left in at this time. Present estimates are that each

shell weighs approximately 3,700 lbs.

Each of the inflatable shells of the habitat is a 4 meter (13.123 ft.)
diameter cylinder. For a design operating pressure of 14.7 psig, the

limit circumferential and longitudinal membrane stresses are simply,

13.123
J¢ = pR = 14.7 2 (12) = 1157.5 lbs/inch (1)

1
dj =206, = 578.75 1bs/inch (2)

These stresses are carried by the required number of plies of cord-type
fabric that is laid-up in a fashion similar to filament winding. The
circumferential plies are actually placed at + 75 degrees with respect to

the longitudinal axis of the cylinder and terminate near the tangency of

the cylinder to the end domes. The longitudinal plies are wrapped at +

15 degrees with respect to the longitudinal axis of the cylinder and continue

on to form the end domes. Woven fabric or rigid metal domes may be used.
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HABITAT INFLATABLE SHELL MATERIAL/NO FOAM

THERMAL COATING
PRESSURE BLADDER &
TRUCTURAL

/ALUHINUM FOIL LAYER

(FLAME BARRIER)

DETAIL WEIGHTS
OF INFLATABLE MATERIALS

CONSTRUCTION /cn{ 0Z/YARD? ;
ALUMINUM FOIL LAYER 0.002 | 0.590 ;
ADHESIVE 0.005 1.474 ;
STRUCTURAL LAYERS 1.370 | 405
ADHESIVE 0.005 1.474
<8 THERMAL COATING 0.031 | 9.139 {
L TOTAL 1.42 418
’ ;k |
oL |
3B |
R . ;
'. I
-
- '
. FIGURE IIF-3  CHARACTERISTICS OF HABITAT INFLATABLE Q
- SHELL MATERIAL/NO FOAM i
i f‘
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HABITAT INFLATABLE SHELL MATERIAL/WITH FOAM

OUTER COVER AND
THERMAL
COATING

POLYURETHANE
FOAM

L

ALUMINUM FOIL LAYER /
(FLAME BARRIER) PRESSURE BLADDER,

STRUCTURAL LAYER

DETAIL WEIGHT
OF INFLATABLE MATERIALS

CONSTRUCTION GM/CH2 02/YARDS2
ALUMINUM FOIL LAYER 0.002 . 0.590
ADHESIVE 0.005 1.474
STRUCTURAL LAYER 1.370 405
TASLAN INTERLOCKING
LAYER & ADHESIVE 0.024 7.075
ONE INCH POLYURETHANE FOAM 0.080 23.584
ADHESIVE 0.005 1.474
OUTER COVER AND THERMAL
COATING 0.031 9.139

TOTAL 1.52 448

FIGURE IIF-4  CHARACTERISTICS OF HABITAT INFLATABLE

SHELL MATERIAL/WITH FOAM
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Design factcrs as used in the Spacelab Tiransfer Flex Section are applied.

Assuming that the inflatable shell is capable of withstanding a slit one-

half inch long, these factors are:

Basic factor of safety = 1.50

Temperature degradation factor at 120°F = 1.03

Concentration factor due to 1/2 inch slit (16 cords cut per

each ply) is 3.65

Therefore, the combined factor is, D. F. = 5.64

(6)

Solving the applicable equations gives circumferential plies = 5

and longitudinal plies = 2.55

In order to obtain these required number of plies and also
a total of 9 plies are required. With respect to the axis
one ply at 90 degrees, four plies at + 75 degrees and four

15 degrees extend past the cylinder to form the end domes.

have symmetry,
of the cylinder,
plies at +

Hence, the total

thickness and unit weights bercme 0.32 inches and 405 oz/yd2 (1.37 gm/cmz)
over the cylinder and 0.14 inches and 180 oz/yd2 (0.61 gm/cmz) over the

dome ends.

The above unit weights of the structural layers are combined with those for

nonstructural layers in Figure IIF-3. Here, the total unit weights are then

418 oz/yd2 (1.42 gm/cmz) over the cylinder and 193 oz/yd2 (0.65 gm/cmz) over

the dome ends. The following weight estimate vses these unit weights

along with the geometry of Figures IIF-1 and IIF-2.

The following weights are for one of the inflatable shells:

Cylinder weight = 2,750 1lbs.
Two Domes = 600 1bs.
Bead Cable = 350 1bs.

3,700 1bs., total

Since the inflatable shell material for the habitat is projected to weigh about

1.4 gm/cmz, its weight is considerably above the 0.50 gm/cm2 usually considered

adequate for radiation protection of the crew.
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Figure IIF-5 depicts schematically the inflatable habitat from packaged to
deployed condition within the envelope established by RI. No unusual
problems are anticipated at this time. The shell material is thicker

than originally anticipated but should offer no functional difficulties.
This is no longer an "elastic recovery" material approach because of the

structural material requirements.

This RI concept (Reference 3) consists essentially of an inflatable shell
mounted on each side of a strongback. The strongback serves as a launch
cradle, a mounting platform for equipment, and as a structural support

for the airlocks and docking systems. The covers for the stowed inflatables
are used as radiators once the inflatable shells are deployed. The

deployed module forms two separate sections for safety and redundancy, with
the strongback providing a long central floor. The two docking systems and
one airlock in the strongback conform to standard habitat module

practice for design and placement.

A package volume of 186 ft3 is available for storing each shell. The shell
material volume is around 35 ft3. This gives a packing factor of over 5

which seems more than adequate.

Mounting of equipment to the inflatable can be accomplished best through use
of Velcro, straps with hooks or rings attached or metal (no snag) hardware
attached directly to the inflatable inner surface. This !} -rdware can be
readily attached using circular or finger patches to distribute the resultant
load into the inflatable surface. Rigid equipment can be attached to the
inflatable shell once the habitat is in operation.

Rather than add other inflatable frames to the shell, it is recommended that
rigid foldable or telescoping frames be attached to the inflatable surface

once deployed and used as a building-block concept to add more equipment.
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G. ADDITIONAL CONSIDERATIONS

Many other subsystem and system ideas and concepts for non-metallic
structures have been discussed with cognizant space engineers and scientists
in government and industry. The following list is given for information

only, since funding and schedule limitations of the program do not permit
a detailed des’3n analysis:

1) A Storage Volume external of the Space Station habitat

2) A Debris or Junk Enclosure external of the Space Station
habitat

3) Attachable work stations for special or isolated projects

4) Safe Haven Structures

Some of these ideas seem similar; however, no one solution will serve all

of the above goals. Once a space station design becomes a reality, specific

requirements for some of the above ideas will evolve.

Studies of space stations or free flying platforms have indicated a need for
"safe-haven" provisions. Refe -ence 6 suggests an external inflatable

volume or a temporary volume enclosed with inflatable bulkheads. Reference

12 indicates that in a free-flying platform type of configuration, not

attended by orbiter, crew safety must be assured by the provision of a dedicated
safe haven, containing sufficient life support capabilities to assure crew
survival until rescue by orbiter. At least 2 discrete, emergency safe haven
habitable volumes are to be provided at all times and provisions for rescue

of the crew from an isolated "safe haven' by orbiter ought to be made.

The Lunar Shelter (Stay Time Extension Module, STEM) developed by GAC during

Apollo days may readily be adopted to the '"safe~haven" concept for space
stations. (Reference 13)
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SECTION III -~ PERFORMANCE PARAMETERS

MICROMETEOROID PROTECTION OF INFLATABLE/DEPLOYABLE STRUCTURES

The selection of flexible polyurethane foam as a micrometeoroid barrier

for inflatable/deployable structures is based on company-sponsored hyper-
velocity particle impact tests conducted at the Illinois Institute of
Technology =2nd tests conducted at the RTD facility in Dayton. As a result
of these tests (0.0045-gram particles at 22,000 ft/sec and 0.005 gram parti-
cles at 30,000 ft/sec), it was concluded that foam of 1.2-pcf density was
equivalent to a single sheet of iluminum of 15 times the mass per unit

area. Thus, a two-inch thickness of 1.2 pcf foam is considered equivalent
to an aluminum sheet 0.53-cm thick (1.44 gm/cm?) with respect to penetra-
tion resistance. Based on preliminary analysis, the probability of zero

penetration for a 30-day period will exceed 0.999.

Figure IIIA-l1 summarizes the types of materials tested for Goodyear for
micrometeoroid protection systems to be used with inflatable or flexible
structures in space. These data can be used as a starting point if
additiona) tests are required for the hangar as well as the manned habitat

application.

The average cumulative total meteoroid flux-mass model for 1 A.U. has been
essentially the same for the last twenty years. For this reason the foam

micrometeoroid protection system is still a viable approach.

The density of the foam barrier was increased in development studies
from 1 to 2 1b/cu £t to provide a non-flammable material. Even though
the material density was increased, the effectiveness of the material as
a barrier to particle penetration was not increased. Thus the material
provided equivalent penetration protection for equivalent thickness,

independent of material density.
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For the expandable rig.dized materials concept, a differcnt type of barrier
vaterial is provided. This is a flexible urethane mesh (Scott Foam 10 PPI)
of 1.8 1b/cu ft density. While the function of this material is primarily
to act as a micrometeoroid barr.er, it also serves as a basic mechanism for
rigidization of the structure. The mesh material is an ideal substrate for
impregnation with gelatin resin, which serves as a rigidizing agent. The
normally flexible mesh material when impregnated may be rigidized by vacuum
curing of the resin, thereby providing a rigid wall stiucture. With respect
to particle penetration protection, this material provides the same pro-
tection fer an equivalent thickness as the flexible foam material used in

the elastic recovery materials concept. (Reference 4).

It is lik-ly that additional tests will have to be rade on representative
hangar materials with and without rigidization to determ’'ne resistance to

penetration by micrometeoroids and space debris.

GAC is proposing a shell material for the manned habitat both with and
without foam at this time. It is believed that the shell thickness alone
is adequate to protect the astronaut from the micrometeorsid flux as
presently postulated; however, only additional tcs:iirg can answer this

question.

The one inch thickness of foam was considered to ve adequate during the
design of the D-21 Expandable airlock. Since the assumed micrometeor~id
flux has essentially remained the same for the last 10 to 15 years, GAC
firmly believes that adequate protection is provided for the corresponding

foam material design for the manned habitat.
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LEAKAGE RATE PREDICTION AND CONTROL FOR INFLATED STRUCTURES IN SPACE

Leakage can generally be attributed to the gas permeability of the basic
fabric and the mechanical interface between the flexible and rigid
structure. Development goals are generally in the range of 0.25 to

0.50 1b/day and/or two to three percent of the volume per day for larce
volume structures. Goodyear has been exposed to this problem in the tire
industry for a long time. At the present time, tires with an initial
pressure of 30 - 35 psig, a 1.95 cu ft volume and a surface area of 825 sq.
in. show a pressure loss of 1.7 psi/month. The best tire technology
predicts a future value of 0.5 psi/mo. pressure drop for this same tire.

The following air losses can be predicted for these pressure drops as --

0.017 1bs/mo 10'41bs/ft2/day for 1.7 psi pressure loss

>
x
"

and

2.95 (10°°) 1bs/Ft2/day for 0.5 psi pressure
Toss

0.005 1bs/mo

(=
z
"

A space habitat would likely retain a constant pressure at all times
rather than let the pressure decrease because of leaks. This constant
pressure situation was analyzed for the flex section and tire designs
and it was found that the leak loss increases an insignificant amount

because of the low pressure losses involved in the first place.

A typical flexible habitat with a surface area of 1315 ft2 therefore,
using the 1.7 psi loss condition, has a leakage of 0.13 lbs/day. This is
less than the 0.5 lbs/day leakage allowable for the habitat itself. No
leakage is anticipated at the bead interface of tires since this is
considered an unacceptable design. This same design philosophy must be
chosen for a flexible inflatable habitat structure.

A typical bead-type interface between a flexible structure and a rigid
structure is shown in Figure IIIB-1. Many times '0O' rings are incor-

porated to eliminate leaks at the interface; however, this becomes

- 48 -
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difficult when irregular paths are experienced. For this reason by
attaching film to the rigid surface inboard ©of bead section the
potential leakage path of the bead is eliminated. Pressure inside the
habitat will help film in its sealing action also. Excess material
should be provided in bead-crotch area to prevent film from taking any
stretching loads resulting from the habitat internal pressure.

For initial pressures of 14.7 psig, the tire would experience even lower
leak losses. Conservative estimates indicate that the predicted leakage
for the space habitat of 0.13 1lbs/day would be 8 times lower with the
initial pressure being 14.7 psig rather than 30 psig, and the ext-rnal

environment the vacuum of space.

Since leakage depends on the geometry of the expandable structure in
addition to the material itself, actual test data is recessary to enhance
predictions for theprototype. For further precautions , a non-permeable
flexible film or low permeable inner elastomer liner compatible with the

environmert involved could readily be incorporated.

Tests were conducted on flex element (XA30A553) material to ensure that
the two plies of each of the materials were completely bonded together and
that no residual MEK was trapped in the elastomer. No irregularities, no
debond, nor blisters were noted before, during or after the specimen
tests. Zero permeability was measured for the materials over an

extended period with Helium gas, thus showing that the material leak rate
was less than 30 SCCM for differential pressures of 14.9 psig.

Y R A
380

EO1

For this reason, multiple layers of the above material should also offer
zero permeability. The biggest Problem area is usually the mechanical
interface. Recognizing this goes a long way towards solving the potential
leakage problem.
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GAC had to determine whether the shuttle flex section leak test data met

the specification requirement that at 14.9 psig constant internal

pressure the leakage would not exceed 0.116 1bs/ day. The test was con-
ducted allowing the internal pressure to decrease with time as a consequence
of the leakage while the specification is for a leak rate at a constant

internal pressure of 14.9 psig.

GAC developed a mathematical model of the system as tested with emphasis of
the leakage process which permits the pressure to decrease with time. GAC

then validated the wathematical model by comparison with the measured test
data.

The basic idea was to determine the decreasing pressure vs time history
for a system with initial pressure of 14.9 psig, which would satisfy the

0.116 1bs/day leak rate when at a constant internmal pressure of 14.9 psig.

The test was modeled as shown:

P ¥ )
"1 = P, = P
‘ = 2 atm
P¥,T,

The test section is a closed container with mass leaking (flowing) out
through very small openings. The fluid flow is of very low velocity and
the area through which it flows is very small. The flow is then of low
Reynolds Number and therefore viscous and laminar. This condition can be
modeled as shown above by a closed pressure vessel (C.V.) with a long,

thin tube through which the leakage fluid passes.
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Since the control volume is a pressure vessel, compressibility effects
should be considered. The flow through the tube is dominated by

viscosity. Since viscosity 'is not strongly affected by pressure, neglect

LIy

compressibility effects for this simple model.

Frow continuity

Bout of C.V. .through tube 1)
Equation of State in C.V. is
» Plvl = @m erl -
' where P = Pressure (lb/ Fr?)
h( ¥ = Volume (Ft3)
m = mass (slugs)
- R = gas constant (1716 EEilEi_)
Slug~*R
T = Temperature (°R)
Assume Vl and Tl are constant for the test.
. dp ¥
dm 1 1
Therefore . Ty (RTI) . (2)
w
{8z
i
w
_.—?
bt
by o
' - 52 -
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Assume flow in tube is steady and laminar, f.e., Hagen-

Poiseuille flow. (H.P.)

Therefore solution of the H.P. flow gives, for volume of fluid

through tube per unit time

0 1 2
= 3
Vo 8u L (3)
where ro =« radius of tudbe (ft)

L « length of tube (ft)

1b_=sec
u = dynamic viscosity of fluid ———————-)

Ft?
P, = Pressure upstreanm of flow (lb/Ft?)
P « Pressure downstream of flow (1b/Ft?)

A
t-10-1517.721)
REF: EO! 380
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For m multiply equation (3) by(. Since the mass flow of interest

1{s that vhich is exiting the tube, use Py (ambient density).

Then mase flow through tube becomes

&
tr
)

8u L

Substitute equation (2) and equation (4) for equation (1)

[
dpl - Py T R Tl Lo (P. - P )
de 8uV1 L~ 1 atm
Equation (5) is of the form
dP1
ic "~ ¢ (P)-Poea!
4
02 . R Tl rq‘
where k = 8 » V. L
1l
Now we redefine variables.
o= (Plapatm)
erefore Ic it
- 54 -
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d- -~
or rr i y P
and 5.!— - y dt )
P
whose solution is P = ce'"
@t =0 P = (P,-P_ ) = 30.3 in Hg
Therefore 30.7 = (C e°
or C = 30.3 in Hg, )
and !; = 30.3 " (8)

y of equation (8) is actually the k of equation (6). Now we computed

some values of Y for various At intervals from the experiment

to verify that v is in fact a comstant.

Integrate equation (7)

?2 . £,
g_li = y dt
|G
t t
P, 1

- R R A -

P
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From the test data where the flex section was pressurized to 30.3 in

Hg

gage initially, pressures at various times were noted over a

9.5 hour period.

for t = 6 hr tot = 8 hr:

tn 27.12 - tn 27.87 = 2y y = -. 01364

for t = 12 hr tot = 14 hr:

to 24.87 - tn 25.35 = 2Y Yy = -.01349

for t = 0O0toct = 9 hr

tn 26.72 -~ &n 30.3 = 9y y = -.01397

Several values of Equatifon (8) were ;lotted using v = -.01397

and the conclusion is that mathematical model and data agree.

By substitution of equations (4) and (6) (and noting that

Yy = k), vy can be expressed as

o 1 9)

where AP = (P, - P )

The general form of the decreasing Pressure-Time expression becomes

. RT
P = p e LOF ¥ (10)
[o]
-56-
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where ; = Gage pressure at any time
Po « Initital gage pressure
4 = Time
dpl (foh) i lated as per
and o y T ’ - are interrelated as p
de {aicial L

equations (4) and (5).

We will now use the mathematical model to determine the experimental m
corrected to constant pressure in the flex element. Initial conditions

are Py = 30.3 In. Hg gage, ¥; = 4.7541 cu. ft. and T; = 70°F or 530°R.

Using the experimental value of y and equation (9) gives

the experimental value of m.

1b

1 F lbm 24 Hr
- = . . 3 . Lom <4 Hr
. .01397 e 2;45 6 <z 4,7541 F3 32.174 slug Day
m-
ft le
e r———— .
1716 slug °R 530 °R

m = -—.121 1lbm/day at constant P = 14.9 psi

This exceeds specification value of m = —,116 lbm/day.

L

Equation (10)can be used to determine a decreasing pressure-time curve

which reflects an acceptable Q.

1

o

From equation (9), using m = -.116 ay

o,
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. . ft 1b
: _ lbm 1 day slug F °
116 day 20 mr 32.174 1bm 17H6 Srap g 530 °R
YoF Iby
2145 7~ 4.7541 £3
1
Y -.01339 m
Equation (10) becones
P o= 30.3 ¢ 01330t in he. (11)

This equation defines a decreasing pressure vs time curve for a flex section
system which will meet the specification value of m = 0.116 lbm/day leak

rate when under a constant pressure 14.9 psig.

It should be noted that the term in brackets inm equation (10)

(which 18 yv) 18 {n uaits h: . This results in the term
e 'F being dimensionless. Thereforg, the pressure terms P

and Po' can be expressed in whatever units are coave .ient

(in. Hg, psi, etc.).

The development of equation (l10) indicates that the physics
of the problem are understood and adequately modeled by the
expression. The equation enables leak test data taken under

decreasing pressure conditions to be converted to a constant

\
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RIGIDIZATION OF FLEXIBLE STRUCTURES IN THE SPACE ENVIRONMENT

Goodyear has tried many methods of rigidization on items like simple balloons,
inflatable antennas and inhabited structures for space applications., Some
of the successful techniques for rigidizing these membranes can be summarized

as follows:

°ULTRA VIOLET-SENSITIVE RESINS OR ELASTOMERS
°THERMAL SENSITIVE RESINS OR ELASTOMERS

°PLASTICIZER BOIL OFF

°VAPOR PHASE CATALYSIS
°YIELD MEMBRANE -~ METALLIC FOIL, WIRE GRID, FII'--FOIL LAMINATE

°PREDISTRIBUTION OF UNACTIVATEL FOAM ON DEPLOYABLE SURFACE

Goodyear also investigated foam-in-place techniques for such space bodies as
antennas, solar concentrators, radar decoys and similar structures. Several
representative tests were conducted in vacuum chambers to pin-point problem

areas. No qualified systems were manufactured since prototype equipment

showed excessive weight for space payloads of that era.

Much work was done on rigidization of expandable structures in the 1960's by
Government and industry to enhance deployment of larger satellites for the

small missiles of the day.

GAC conducted a research and development program for optimization of chemically

rigidized expandable structure techniques for manned space structure
applications, (Reference 4). A survey of 12 candidate resin systems was made
under the Materials Survey task, (see Tables IIIC-I and IIIC-II) resulting
in a recommendation to AFAPL for use of the reversible-type gelatin resin

system with companion
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mesh core type of resin carrier. Instructions for step-by-step fabrica-
tion processing were given for the reversible-type gelatin resin system
and its companion mesh core resin carrier as applicable to the D-21
Airlock Experiment type of expandable structure. Formulss were developed
for the effects of core rigidity on beam deflection and bending stresses
of agelatin-rigidized mesh core sandwich construction as applied to the
D-21 airlock structure micrometeoroid barrier. This work is applicable to
the rigidization system proposed for the OTV hangar herein.

The primary objective of this program was to maximize the structural
efficiency of the most promising candidate resin systess and to obtain a
structural analysis method to permit reliable analytical evaluation of
chemically rigidized resin/carrier systems. In addition, an attempt vas
ﬁade to achieve the important associated objective of developing practical
fabrication techniques for manufacturing expandable, rigidized, manned space

structures.

The basic function of protection from micrometeoroid penetration is
provided by the use of a flexible polyurethane mesh core material. This
material is impregnated with gelatin resin during the structure fabrication
process. Continued flexibility of this layer during the packaged con-
figuration is retained by maintaining the total composite wall material in
a sealed condition. Once orbital conditions have been attained and the
structure deployed, the material wall cavity is vented to vacuum, allowing
the gelatineresin moisture to escape, which results in rigidization of the
foam material layer. Approximately one hour is required for the structure

to rigidize into its final expanded configuration, with material compressive
rigidity values in the range of about 10 psi.

Twelve systems for chemical rigidization were considered during the resin

survey. The advantages, disadvantages, and complexities of the candidate

resin systems were evaluated using step-by-step fabrication technique logic.
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The reversible-type gelatin resin system with its companion mesh core
(Scott foam) structure was selected as the most promising resin/carrier
composite. It was strongly recommended that this composite be further
evaluat .d for use as a rigidization system ir expandable manned space

structures.

Twvo novel resin systems, Hydron and poly (vinyl alcohol) on a mesh core
substrate, were found to somewhat parallel the properties of the gelatin
syatem, and with further development work, could possibly offer an
alternate candidate rigidized resin system.

Aerospace applications of chemically rigidizable composites will presumably
require tight packaging of structures built im whole or in part of the
composites. It is of first importance that during package storage no
adhesion (blocking) shall develop between two resin coated surfaces in
contact that might later interfer~ with deployment. Blocking problems

have been encountered with many commercial polymers, particularly linear
polymers. It is necessary to assume that the problem could arise with most
resins and that no general solution would exist; rather, a specific remedy

would need to be found in each case.

It appears from early experiments that some ~-.crol of rate of water

evaporation from a structure being rigidized in space would be required

to avoid too much evaporative cooling too soon. With fixed venting, about

an hour might be required for a controlled rigidization with certain geometrical
factors of volume per vent. Some continuing weight loss might be expected

over the first 24 hours.

The resin/carrier composite selected and recommended for use in the design

of chemically rigidized expandable structures for space is a gelatin-
impregnated resilient mesh core system. This system, which may be
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repeatedly rigidized or flexibilized by loss or gain of a few percent of
wvater weight, possesses much greater adaptability in fabrication techni-
que logic than resin systems that rigidized non-reversibily by polymeri-
zation. Reliability through packaging and storage appears very good.
Strength for the gelatin system at elevated temperatures is also very
good.

Rigidization due to overpressure/yielding has proven very effective for
thin-skin structures such as balloons, antennas, solar collectors, space mirrors
and similar bodies. This method is not considered appropriate here since

a structural sandwich is required to take the louds expected from the
astronauts vhile performing maintenance functions. Interface loads between

the rigidized hangar and the space structure during even minor maneuvers

wust be considered during the design.

The sandwich structure mugt withstand combined compressive and flexural
stresses due to the applied astromsut working loads. The fabric faces
cannot carry compressive stresses unless they are stabilized to prevent
buckling. This stability is provided by the core of the sandwich. A
flexible foam core does not exhibit enough compressive stiffness to
stabilize the faces. A foam core may be rigidized by impregnation with the
proper materials or by inflation.

Some self-expanding can be expected for a flexible core sandwich as defined
in the D21 Airlock, the STEM, and similar applicactions. The hangar has
other requirements which necessitate augmeatation.of the elastic recovery
concept. In order to supply a working surface for the astronaut, rigidi-
zation of the foam core is necessary as mentioned above. When a housing

is provided for living quarters, an experiment or just a tunnel to traverse
from one rigid habitat to another,the flexible core system can be made to

work.

- 64 -

SE W R A -

-



€-1D-15(7-71)
EO1 380

REF ¢

e

GOODYEAR AEROSPACE

CORPOBATION

GAC 19-1615

Time-load tests conducted on small samples of a typical micrometeoroid barrier
foam layer were used to ascertain the wmaximum length of time the proposed
shelter or airlock type material could be packaged with a high reliability

of elastic recovery deployment when unpackaged. Figure IIIC-1 shows the
recovery characteristics of the foam under vacuum conditions and for varying
temperatures. (Reference 14). From Figure ITIC-1 it can be seen that the
packaged structure must be insulated against extreme cold if full recovery

is to be achieved. The material was packaged to 20 percent of its relaxed
thickness for a period of 24 hours under vacuum conditions. It may be
necessary to pressurize the foam sandwich structure to expedite deployment

before rigidization becomes effective.
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FLAMMABILITY AND OFFGASSING

Since fluorocarbons have been tested successfully in the past for
flammability and offgassing, it is believed that Viton is a good
choice for an elastomer. The above items in conjunction with the

fact that the early flex element development units made by McDonnell
Douglas had used Viton and had been approved by NASA led to the
selection of Viton as the elastomer for the Goodyear flex element.
to processability, the specific Viton selected was Viton B-50. The
formulation used was:

Viton B-50 = 100 pts

Maglite Y = 15 pts parts by
Carbon Black = 15 pts weight
Diak 3 = 3 pts

Several combinations of elastomer and cloth were submitted to NASA
via MDTSCO for evaluation. The results showed that the Viton B-50
elastomer and Nomex cloth would pass the flammability and offgassing
test as called out in NHBB060.]A by being subjected to the following

autoclave cure, post cure and vacuum bakeout.

Cure 300 degree F

50 psi

22 in Hg (Vacuum)

1 hour
Post Cure 24 hours at 300 degree F
Vacuum Bakeout 24 hours at 250 degree F

and pressure of 30 mm Hg,

absolute

This is a basic material proposed for the inflatable shell of a
habitat module; thereiore, it is anticipated that all flammability

and offgassing requirements of such a program can be met.

Figure III-D-I summarizes the types of flammability and offgassing
tests that NASA requires for components and subsystems of space

structures along with the acceptance criteria.
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LIFETIME FOR WON-METALLIC MATERIALS

None of the environmental conditions which the spacelab tunnel flex
element must withstand were very severe. Most any elastomer could
survive the operational environment imposed on the flex element.
There were, however, two significant requirements that led to the
selection of Viton as the elastomer: 10-year 1life and offgassing/
flamrability requirements. Viton is known for its long life at
elevated temperatures; and since there was no elevated temperature
requirement on the flex element, the life would be well in excess of
ten years. (Elevated temperature is used for accelerated aging testing
of rubbers). Characteristic dry heat resistance of vulcanizates of
Viton in continuous service is considered to be greater than three

years at 400°F.1

For comparison, conventional elastomers would be brittle after one day
at 400°F.2

Other characteristics of Viton which make it an excellent selection

are:
Weatherability3 - 6 years' exposure in Florida: excellent - no
cracks
Fungus resistance3 - 30 days' exposure to four groups of commonly

occurring fungi (MIL-E-5272C): no attack
In addition, a test was run to verify that the 40 degree F temperature
requirement was well above the low temperature capability of the Viton
formulation used. This test, the Scott Brittle Point, established a
temperature of approximately -25 degrees F as the low temperature

capability of the formulation.

l"Answers to questions frequently asked about 'Viton'."
VI-000.2 (RI) by DuPont.

21.'7uP<>nt Viton®F1uoroelastomer, Bulletin E-10764.

3'Type of Vitor@?luoroelastomer", VG1-111 by DuPont (A-73643),
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GAC quotes their elastomeric products as good for ten years under
reasonable, uncontrolled storage conditions. This includes such
items as diaphragms, seals, pillow type tanks, dunnage bags, fuel
cells, flotation bags, uprighting bags,impact attenuators and
similar structures. After storage, these products can give five

years of service, generally. Diaphragms and seals usually give 18

.to 20 years of service.’

Until further tests are conducted, it is believed that the Viton B-50

elastomer has the best chance to meet the desired 20 year lifetime.
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CRACK PROPAGATION PREVENTION

The purpose of the leak before burst test was to demonstrate that
the design of the flex element is stable under limit conditions with
readily detectable damage. This test was performed after flight
cycle 200. (Reference 15)

The leak before burst test involved inducing a 0.5 inch cut completely
through the flex element while at an internal pressure of 15.9 psig.

The cut was oriented perpendicular to the yarns of the ply that was
loaded.

The blade used was double edged, 0.5 inch wide, and came to a point.
It was mounted on a pneumatic actuator such that once the blade
penetrated the unit, it could be withdrawn and the pressure main-
tained for 4 minutes. The leak-before-burst test was filmed for
documentation. Visual examination of the cut after the test revealed

that the cut did not grow beyond the initial cut length.

The design was stable under limit pressure and deplacement conditions
when a readily detectable damage consisting of a 1/2 inch slit
through both plies was intentionally inflicted on the unit. This

represented a successful completion of the leak-before-burst test.

GAC also investigated the effect of a hole large enough to permir
the escape of four pounds of air per hour under a pressure of 15.9
psi. The area of the hole was that of a circle having a diameter of
0.075 inches (0.00442 sq. in.). It was found that the 1/2 inch slit
was considered more critical than the hole size c¢f 0.00442 sq. inches

and therefore became the design criteria.
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A secondary test added as part of the safe life testing involved ths im-
position of a 0.5 inch cut through a single ply of the flex element. This
cut was induced at the end of cycle 196 and was p- rpendicular to the
yarn direction of the outer ply, Due to the uncertainty involved with
making a knife cut and being sure of cutting completely through one of
the plies without imposing any damage to the second ply, it was decided
to remove an area of the outer ply for 0.5 inch keeping the width of the
removed area as short as possible. This was accomplished by remov-
ing single yarns at a time. The damage was located as shown in

Figure IIIF-1 and labeled "D." A small leak resulted from imposing this
damage. Cycles 197 through 200 were conducted with no change in

appearance or leakage.

Three more intentional damage areas were added to the flex element,
after cycle 200 giving a total of five. (See Figure IIIF-1). Damage "F"

was located at the point where a double fold occurred repeatedly during
the negative pressure phase of the safe life test. Damages "G" and "H"
were located on maximum internal bending areas (under negative pres-
sure), Damages "F" and "H® represented cuts parallel to the yarn direc-
tion. These were accomplished by removing a single yarn 0.5 inches

in length, Damage "G" represented a cut perpendicular to the yarn
direction.

After these damage areas were imposed, the flex element was pres-
surized to 15.9 psig and the damage areas checked for leaks., There
was no leakage at any of the three new areas. Damage "D" was still
leaking at the same rate as when it was initially induced. The flex
element then underwent 4 more flight cycles (201-204) wi h leak checks
conducted after each cycle., None of the damage areas grew as a re-
sult of the 4 flight cycles and there was no change in leakage. This
represented a successful campletion of the damage susceptibility test.
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The method of analysis to determine the critical slit lengt was that
developed by Hedgepath for a flat sheet in NASA TN D-882 "Stress
Concentration in Filamentary Structures" :d modified by Topping to
take account of curvature.in GER 15879, "The Critical Slit Length of
Pressurized Coated Fabric Cylinders." More information can be obtained

from Reference 5.
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JMPACT DETECTION/REPAIR

Analyses have been performed by previous contractors of vehicle

leakdown rates to determine how much time an astronaut would have

to find a puncture leak and repair it.

shows the results of this analysis.

(Reference

16) Figure IIIG-1

For an extremely ¢mall hole of

0.003-in. diameter, which would be very . ifficult to find, it would take

approximately 90 days for the pressure to leak down from 11 pst to

8 psi.

For a zonsiderably larger hole of 0.10-in. diamete-, that

car probu.bly be found by sound, approximately two hours are

required for the same pressure decay.

The study has shown that

an astronaut should have adequate time to find and plug a leak

before the cabin pressure leaks down to a dangerous level.
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GAC performed analyses on the puncture problems with the Lunar
Stay Time Extension Module (STEM). (Reference 14). The data is
introduced here as information and indicates the type of analysis
which will be made, as updated, on any habitat structure during a

devi sopment program.

Decompression of the STEM may occur by perforation of the shelter
wall with micrometeoroids, by accidental puncture from within or
by failure of the O-rings in the airlock doors to seal properly
when the astronauts enter or leave the shelter. Inside the shelter,
the astronauts may be in "shirt sleeves" or in their space suits
with helmets removed, so the time for the shelter pressure to drop
from 5 psi to 3-1/2 psi, still an acceptable oxygen pressure for

- *taining life, was calculated as a function of hole size in the
suclter wall. A brief study of how the astronauts would protect

themselves diring decompres<ion was also made.

Based on Enviro.mental Hazards Analysis (Paragraph D), (Reference 14)
in this section, the size of the hole in the sealire bladder of the
shelter and -he probability of puncture by primary crometeoroids

was calculated with the following principal parameters:

(1) Representative Micrometeoroid Mass Density P = 0.5 gm/cm3.

(2) Critical Micrometeoroid M.assc = 2.33 X 10_3 ge. This mass

penetrates the foam barrier in the sheliter wall but not the

sealing bladder.

(3) Approximately 2/3 of the shelter-airlock surface of 450 ftz,

or 300 ftz, is estimated to be subject to primary micrometeoroid
impact. STEM mission exposure parameter for primary micro-

meteoroid defined as the product of the exposed surface of the
shelter and the stay time is

300 X 8 = 2400 ftz days
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(4) The probability that the shelter wall will not be punctured is a
l function of the mass of the primary micrometeoroids which are
assumed to have a "Poisson" distribution. The mission exposure

{ parameter yields alzero puncture probability of 0.9996.

(5) From the mass density and the critical mass of the primary micro-
{ meteoroid, we find the volume of the critical wmicrometzoroid to

be

3 3 3

2.33/.5X10 " = 4.66 X 10 ~ cm
With the assumption that the micrometeoroids are spheres and that
the puncture in the shelter wall is twice the diameter of the micro-

meteoroids, we obtain:

Critical Micrometeoroid diameter = 0.298 cm., and

& Hole diameter = 0.416 cm = 0.16"

When considering flow-t* -ough a puncture in the shelter wall, decompression
time depends on the nature of the flow through the puncture. Five types of

flow were considered.

a. Adiabatic Choked Flow. The adiabatic choked flow exists in a nozzle at

or above the critical pressure ratio. Flow is at sonic velocity. It
occurs only where the hole diameter is greater than the wall thickness.

i In the STEM shelter with a two-inch thick wall, we do not expect to

have punctures larger than two inches in diameter. This type of flow is

therefore not considered.

- -

~0O
-®
m3 b. Isothermal Frictionless Flow. The isothermal frictional flow may occur
l ;f in openings where the diameter is much less than the length of the
:E opening. This is not considered here since there is always friction.

Isothermal frictionless flow is mainly a criterion defining the upper

*fl

1imit of isothermal flow discussed next,.

; ?

Isothermal Flow with Frictjon. The isothermal flow, with frictionm,

occurs where the length of the flow channel is much greater than its diameter.
- 77 -
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This flow occurs in relatively slow pressure transients (slow leaks)
where the temperature of the escaping gas remains constant by heat

exchar_e with its surroundings.

d. Adi batic Flow with Friction. The adiabatic flow, with friction, occurs

where the length of the flow channel is much greater than its diameter.
Adizbatic flow occurs in relatively fast pressure transient such as in
explosive decompression, where the temperature varies adiabatically

with the pressure.

e. Isothermal Free-Molecular Flow. The isothermal free molecular flow occurs

where the initial hole diameter is very small. This flow does not apply

to punctures considered here.

Decompression times, as a function of hole diameter in the shelter wall, were
calculated as outlined in Reference 17. It was assumed thac the automatic
atmospheric control system was not making up any loss in oxygen gas during
decompression. The oxygen makeup system will be monitored, activating an
alarm signal when excessive oxygen is fed intc the shelter. This alarm will
give the astronauts the choice of maintaining oxygen pressure within the
shelter, if at all possible, or shutting off the oxygen feed lines to preserve
the oxygen supply before locating the leak and fixing it. This analysis is
based on the astrornauts stopping the oxygen flow immediately after the alarm.

The factor ¢ , shown later under "Nomenclature and Formulas," is therefore

zero which gives the fastest decompression possible.

£§ At the beginning of decompression, the shelter has a 5 psi oxygen pressure.

] =s A 3-1/2 psi oxygen pressure is assumed to be the lowest safe limi:. for the
- ;; as‘ "c :auts to function normally. The elapsed time for the 1-1/2 psi pressure
-;l '.L& has been calculated as follows:
:’- Q. Nomenclature and Formulas
e r. V = Volume of shelter = 400 £e3

o
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REF :

1

_ 22 . Molar heat capacity at constant pressure
«  Molar heat capacity at constant volu:-2

1.4 isothermal {low

1.2, 1.4 and 1. 8 adiabatic flow

f (\') -V[Y+ l] Y- l

To = 530° R temperature of shelter atmosphere °R

m = 30 molecular weight of shelter atmosphere 1b/mole

F *6
¢> T- where F mole 1 ate flow of oxygen added to the shel-
ter,€ mole rate flow change due to mezabolic process
and operation of the carbon dioxide removal system,
F. = mole rate flow of shelter atmosphere due to

L
lezkage. For fastest decompression FL ))FI__ +€

and ¢ = 0.

CD = 0.9 coefficient of discharge ranging from 0. 60 for sharp

.s . . o
edge orifices to 0.94 for a converging nozzle w th 2 15
c.vergence in the nozzle throat. CD = 0.9 gives con-

cervative discharge values.

A = Area of puncture in ftz

Ch Al /T y
o = 223 |—g— _;o Il (y) sec

Po = Shelter atmosphere pressure 5 psi before puncture occurs.

P = 3-1/2 psi Minimum oxygen pressure at which astronauts are

still physically able to function normally
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REF

t = Time in minutes in which the shelter pressure drops from 5 ps)

to 3-1/2 psi.

-g— = e'anor isothermal decomprsssion (¢= 0)
)
2y
-Pp- = [l + 1—;——’07]‘ " Y for adiabatic decompression .
o

Tre time for the pressucc to drop from 5 psi to 3-1/2 psi has been shown
2s a function of hole diameter in Figure 'E'IiG—Z. For a micrometeoroid punc-
tare of 0.999¢ probability, .15 to 30 minutes would elapse before the at-
mospheric pressure becomes critical. This should give the a.tronauts

sufficient time to take remedial action.

Figure IIIG-2 also shows that very little time elapses before the atmospheric
pressure becomes critical if there are larger hoies. For a 1,/2" diame-

ter hole, the elapsed time 1s only from 1-1/2 to 3 minutes. The impor-

tance of proper sealing of the airlock doors must be stressed.
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EFFECTS OF ATOMIC OXYGEN

Several reports of this special discipline have been received and it was
found that reference 18 summarizes the results to date and cites earlier
references of value. Tesé data obtained with the shuttle orbiter indicated
a surface recession of 380 to 500 microns for organic films. Goodyear has
no data on the effects of atomic oxygen on polymeric coated cloth. It is
suggested that such space approved materials as Viton B-50/Nomex and
Acousta 200 fabric be tested in future shuttle flights to obtain basic

data.

It is important to point out that non-metallic space structures will
undoubtedly be protected with micrometeoroid barriers and multi-layer
insulation for most manned space applications; therefore, no critical
problems with atomic oxygen are anticipated. This philosophy was considered

acceptable when discussed with prominent scientists in this field.
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I.

EFFECTS OF SPACE DEBRIS

Recent studies have indicated that man-made debris in earth orbit could be
a safety problem for space questions in the near future. References 19
and 20 show the observed debris flux as a function of orbital altitude.
Reference 19 also predicts the cumulative flux in 1995 between 600 and

1100 km altitude. The maximum potential collision risk occurs near 850 km:
(460 nautical miles), the altitude favored for sun-synchronous operations
(Reference 20).

Reference 19 indicates that the space shuttle with an average cross section
of 250 M2 and an operational altitude of almost 300 km has a current
collision probability of about 1 x 10-“/yr. This is lass than the proba-
bility of an accidental death on earth (5 x 10_k/yr, of which half is from
traffic accidents). This risk is considered acceptable for the present
shuttle operation. However, this acceptability will decrease with time,

larger structures and higher altitudes.

Some protection can be provided against smaller debris by the use of

shielding. Prevention of debris formation is the most effective approach
to this problem,
GAC does not consider debris to be a near-term problem to the proposed

unpressurized hangar concept, nor the smaller pressurized manned habitat

based on these early considerations.
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SECTION IV -- POTENTIAL SHUTTLE FLIGHT EXPERIMENTS

EXPANDABLE AIRLOCK

GAC qualified an expandable airlock experiment for use on the Skylab Vehicle
under contracts with both NAS2 and the US Air Force. Appendix A is a copy
of a paper which summarizes the background conditions that led to the D-21
exnandable ajrlock experiment definition, the objectives of the experiment,
and a teciinical discussion of the proposed experiment. This paper was taken
from Reference 13 and shows the state of the art of inflatable space
structures circa 1970. This information, along with similar data, is
presented herein to offer the reader a viable background in one document

for interchange and comparison of ideas and concepts.

The most significant environmental change is the present use of 14.7 psig
air mixture vs 5 psig ox; .en pressure within the space vehicles. Therefore

a new structural layer will be required for the airlock expandable material.

Through the use of the shuttle, a flight demonstration of the elastic
recovery structure concept can further the development of expandable

structures for manned space 1light.

Reference 21 shows in detail how the D-21 airlock experiment was to validate
the use of expandable structures technology for airlock designs. Expandable
airlocks were considered to conserve weight and storage volume during launch
and to permit a maximum use of internal volume of orbiting laboratories by
minimizing gas losses during repeated decompression and compression cycles
for egress and ingress maneuvers. A few summary charts frcr Reference 21
have been added to Appendix A to offer a better insight into the expandable

airlock concept.
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The EPT foam used in the bladder construction governs the lower limits of
materials flexibility for the overall materials composite. The material
retains sufficient flexibility for dynamic deployment at temperatures as
low as -100 F. Embrittlement occurs at about -110 F.
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SECTION V_ -- POTENTIAL TETHERED EXPERIMENTS FROM SHUTTLE

After reviewing references 22 and 23, it became apparent that large non-~

metallic space structures provided a good tethered experiment from the

shuttle by using the tethered satellite system presently being developed

\ by NASA. The ultimate goal would be to tether a 100 meter diameter
balloon from the shuttle. As depicted on Figure V-I, a 30 ft. diameter
balloon is recommended at this time to review and solve the most important

technical problems and permit an early experiment.

Inflatable structures are ideal for tether missions which utilize the outer

atmosphere (90 to 200 km) as either a test bed for the thermal stabilitv

of structures and materials or as a hypersonic "wind tunnel" facility to

i test aerodynamic models. (See Figure V-1 insert). Large structures can
be deployed from small packing volumes to determine drag and explore solar

sailing, power production, optical experiments, etc.

Based on past experience, the conductive balloon materials which can be
considered for the 30 ft. balloon are summarized in Table V-I. The
material characteristics are indicated along with the balloon's weights
and volumes. The package volume is assumed as 3.75 times the balloon
material volume. An additional 5 percent is included in the balioon
surfac for seams which makes the balloon surface areas around 3000 ft2.
Incidentally, the weight and volume of the 100 meter diameter balloon is
120 times the weight and volume of the 30 ft. diameter balloon.

Table V-II indicates typical deployment/inflation systems used with balloon
satellites. The pressurized gases and sublimation techniques have been
used effectively for over twenty years. For extremely large structures,
the pressur.zation system becomes heavy and cumbersome. It may be

necessary to consider a balloon material which has a predetermined memory

iw

to deploy and rigidize.
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SECTION VI -- CONCLUSIONS AND RECOMMENDATIONS

Flexible, non-metallic structures can perform successfully in applications
where flexibility and expandability are requirements. This performance
has been demonstrated in space applications by the Spacelab/Shuttle
transfer tunnel experiment and the parachute recovery system used to land
the Viking spacecraft on the planet Mars.

This report, a.ong with the references noted, describes the state-of-the-
art .f non-metallic materials and fabrication techniques. The develop-
ment of a space platform during the next ten years will encourage appli-
cations of large structures to enhance communication and energy transfer.
Non-metallic, deployable structures can have wide application in structures
of the future.

The discovery of improved flexible materials and fabrication techniques
presents new opportunities for design applications of space structures.
Development work may be required to optimize the use of these new materials
and fabrication techniques for space applications. The use of higher
pressures for manned vehicles will dictate smaller deployable structures
than were considered 20 years ago in order to maintain adequate safety
factors in the flexible materials and joints.

One concept described in this report, the deployable/rigidized hangar, has
enough merit for early consideration during space station development. The
proposed method of rigidization and its implementation should be investigated.
In addition, the foam/gelatin, double-surface wall should be tested for
effectiveness against micrometeoroids. A scale model of the hangar concept
should be built for packing and deployment testing to minimize future problems
with prototype structures.
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The Tethered Satellite System (T.S.S.) presently under development would be
an excellent experiment to test inflatable/deployable/rigidized structure
concepts. Large structures can be deployed from small packing volumes

thus offering an optimum way to determine drag and explore solar sailing,
power production, optical experiments, etc.

Packaged structures carried in the Shuttle cargo bay could be deployed near
the Shuttle in space to investigate non-metallic structures for such
applications as large antennas, solar collectors, optical surfaces, long
booms, etc.

Representative non-metallic materials considered for space applications
should be assigned a spot on the NASA Long-Duration Exposure Facility (LDEF)
to determine performance characteristics. This data could be used to
establish potential material lifetimes to corroborate accelerated lifetime
tests on Earth.

It is important to point out that non-metallic space structures will
undoubtedly be protected with micrometeoroid barriers and multi-layer
insulation for most manned space applications; therefore, no critical
problems with atomic oxygen are anticipated. This philosophy was considered
acceptable when discussed with prominent scientists in this field.

In order for non-metallic structures to become widely accepted in space
applications, it is necessary for counizant government and industry leaders
to know what has been considered in the past and how this relates to unique
applications of the future.
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TABLE 3-I - D-21 EXPANDABLE AIRLOCK DESION SUMMARY

PHYSICAL CHARACTERISTICS
wEmT - L L ) ® .0 L * [ ] [ ) - L [ 3 [ ) L 2 [ ] .185.59 L
_ PACKAGED VOLUME (LAUNCH) . . . . . .11.5
.EXPANDED VOLUME (ORBIT) . . . . . . . .T8 FT3
sch * * L] - L] [ ] L] [ - [ ] o L] L ] [ ] L] . L[] mmcnx
HATCH. .« + + ¢ ¢ ¢ « « « « « « » » 34INCHDIA
DESIGNPRESSURE . . . - « « « - . . « 31/2 PSIG
COMPONENT SUMMARY
PACKAGING ASSEMBLY
RESTRAINT SYSTEM

RELEASE SYSTEM
AIRLOCK STRUCTURE ASSEMBLY
EXPANDABLE STRUCTURE
TERMINAL RINGS
HATCH ASSEMBLY
HATCH STRUCTURE
HINGE & LATCH HARDWARE
EMERGENCY EGRESS
PRESSURE BULKHEAD ASSEMBLY
BULKHEAD STRUCTURE
AIRLOCK CONTROL PANEL
VENT SYSTEM
PRESSURIZATION SYSTEM
INITIAL DEPLOYMENT
PROOF PRESSURE
INGRESS-EGRESS
15-DAY TEST
TELEMETRY DATA SYSTEM
AIRLOCK WALL SURFACE TEMPERATURES
AIRLOCK PRESSURE
MOUNTING STRUCTURE ASSEMBLY
REMOTE CONTROL PANEL
INSIDE NASA AIRLOCK MODULE (A/M)

3=-6
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AIRLOCK

PACKAGING., . ........

PRESSURIZATION . . .

INSTRUMENTATION AND CONTROLS . . . . ...

e uiign } 9

GOODYEAR

COAPORATION

GER-1-736 Rev.A

TARLE 3-II - D-21 EXPANDABLE AIRLOCK WEIGHT SUMMARY

EXPANDABLE MATERIAL e & ¢ & ¢ o o : ] 59' 53
TERMNALRNGQ) ® ®6.® & o ¢ © o o & o o 9'17
CLOSING RINGS (2) OUTERSURFACE . ., , ., 3.11

HATCH ASSEMBLY . ...........19.78
PRESSUREBULKHEAD ., ., ......... 6.68
wa)ooootooccoooooooosm

PACKAGING RESTRA]NTANDRELEASE .. .97
MOUNTINGSTRUCTURE...........'I.??

150 INS STORAGE BOTTLES (6) . . . . . . . 30.54
INFLATIONGASNy . .. .. e e e e 7.06
BOTTLESUPPORTS . . . . ¢ ¢ o « o o & & 4.20
PYROTECHNIC GAS RELEASE VALVES (5) . . 1.15
.DRAIN FITTINGS () . . . . . . . e e e e 2.28
CHARGINGVALVES (5) . . . . . . . ¢« « . .60
PRESSURE RELIEFVALVE . . . . ... .. .40
VENT VALVEMANUAL 2) . . .. ... .. 3.00
VENT VALVEELECTRIC . ... . .... 5.50

VENT VALVE - EMERGENCY EGRESS, ., , . 1.50
MANIFOLD TUBING& FITTINGS ., ., ... . 8.4

TELEMETRY SENSORS (6-TEMP, 2-PRESS) .. -85
HARD LINE SENSORS (5) .

BATTERIES (2) . . . & v v ¢ ¢ ¢ o s o o o » 2.00
CONTROL PANELS (@) . ... ... e ... 440
PRINTED CIRCUIT BOARDS (14), . . . . . . .3.34
CIRCUITBOARDHOLDERS , . . . . . . ... 2.93
POWER SUPPLYWIRING (12V) . . . . . . . . 1.64
PYROTECHNIC PIN PULLERS AND WIRING, . .3.06
WIRING AND RECEPTACLES . . . . . . . . . 5.89
LBSTOTAL , . . ... ...

AEROSPACE

81.217

13.48
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Table 3-IV - Structural Characteristics

DESIGN PRESSURE . « « « « o o ¢ ¢« s s s v s s o oo oo $-1/2PSI
BAFETY FACTOR « + « « ¢ ¢ o « ¢ ¢ o o oo s o o s noneaoaS
STRUCTURALAPPROACH . . « « « « oo « o o » « FILAMENT WIND
STRUCTURAL MATERIAL . . . . . 8-MIL DIA STAINLESS STEEL CABLE
UNITWEIGHT « o o « = « e « o o o o o o s s s s  .100 LB/1000 FT
ULTIMATE . « « =+ o s s o o o oo s o s s oo oo o 300,000 PSI

"E" MODULUS . . . . . . C e e e et e e e ee . .30x108PsI
WINDINGANGLE . . « ¢ v « o ¢ o o ¢ o ¢ « o » . e e e s e . . 800
WINDINGAREA . « « « « o o o « o & e e e e e e e e e 7 FT2
TOTALWEIGHT .« + « « « v o o o o o o o o o o o o o o .. 4.2LB
FOLDING EFFECTS
SINGLE CABLE WITH SHARP 180° CREASE FOLD
15% DECREASE IN ULTIMATE

PRESSURE BLADDER BACKING SHARP 180° PACKAGING FOLD
1000 CYCLES - NO DEGRADATION
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' Table 3-V Environmental Compatibility - Expandable Material

ISP S

TOXICITY: NON-DETECTABLE
Oy COMPATIBILITY: 5 PSI AT 200°F
FLAME RESISTANCE: .3 MIL ALUM FOIL FLAME BARRIER

THE RMAL CHARACTERISTICS
MAX TEMPERATURE
OUTER SURFACE MATERIALS . . . . . . . . . . . +300°F
: INNER SURFACE MATERIALS. . . . . . . .. .. +2500F
- MIN TEMPERATURE
) DEPLOYMENT FLEXIBILITY. . . . . +« « « « « « . = 100°F
! EXPANDED STATIC . . « « + v ¢ v o v o e e u v -150°F
VACUUM EFFECTS

_ 1/2 % WEIGHT LOSS AT 10-6 TORR
, SPACE RADIATION

MATERIAL TOLERANCE . . . . « . « .« o v v v v . . 107 RAD

EXPECTED DOSE (I-YEAR) . . . . . . ... .. ... 105 RAD
MICROMETEOROIDS

Pp=.9999. . . . oot FOR 30 DAYS
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- EXPANDABLE AIRLOCK EXPERIMENT FOR THE SIVB WORKSHOP
. - F. Forbes,® L. Jurich, *" and A. Cormier
are” 15 e auuted'by )
;RSN . seid YL Heamaing, ™ ana 3, Willame*
)
|
INTRODUCTION

The purpose of this technical paper is to describe the D-21 expandable
experiment scheduled for orbital flight testing on the NASA SIV Workshop
Flight AAP-2. This paper summarizes the background conditions that led
to the D-21 experiment definition, the objectives of the experiment, and a
technical discussion of the experiment.

With the rapid advancement in space technology, the United States will
be orbiting a series of manned space laboratories from which astronauts
can perform various experiments and tasks. Some of these experiments
and tasks will necessitate astronaut extra-vehicular activity (EVA). An air-
lock system will be necessary to alleviate the repeated decompression and
compression cycles imposed on the laboratory work area during egress and
ingress maneuvers associated with EVA. An expandable airlock would mini-
mize weight and volume requirements imposed on the vehicle and would per-
mit maximum utilization of the internal volumes already available in these
laboratories and spacecraft.

Since 1960, considerable Air Force in-house work has been performed
on various expansion and rigidization systems, including gelatin rigidized
structures anJ expandable self-rigidizing honeycomb. Additionally, a num-
ber of coniiuctual efforts were initiated to investigate expandable elastic
recovery material concepts. The level of contract efforts included basic
materials research, design and fabrication studizs, and construction and
ground tests of full-size prototype structures.

Several contract efforts monitored by NASA also have resulted in the
successful construction and test of large expandable space structures. These

E
Space Technology Branch of Air Force Aero Propulsion Laboratory, Wright-
Patterson AFB, Dayton, Ohio.

*x*
Astronautics Programs Department, Goodyear Aerospace Corporation,
Akron, Ohio.

*6570th Aerospuce Medical Research Laboratory, Wright-Patterson AFB,
Dayton, Ohio.

*NASA Langley Research Center, Hampton, Va.
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of development. Technology is at a point where the next logical and needed
step is a manned orbital flight demonstration. Extensive development of |
this materials technique conducted by both NASA and the Air Force in the
form of full-sc2le prototype structure fabrication and testing is summarized
below. Because of these programs, the Air Force has selected, as a basis
for the D-21 flight experiment, the elastic recovery concept.

. | | - (oY
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structures, based on the elastic recovery materials approach, were success-
fully demonstrated, tested, and then evaluated in vacuum chamber deploy-
ment tests. As an outgrowth of this development, two structure concepts °
have emerged: (1) the chemically rigidized structure concept (see Figure 1)
and (2) the elastic recovery materials technique (see Figure 2).

MICROMETROAOCID BARMIER AND
STRUCTURE RIGIDIZATION
EXPAMNDABLE NONEYCOMB
ALTERNATE RIGIDITATION TECNNKURS
ACUUM CURRD QELA'

STR! VAPOR PHASE CATALYSS-

ALTERNATE MATERIALS - VARIOUS RESDS

FILAMENT WIND - STEEL

STRUCTURAL TAPR - STREL

Figure 2 - Elastic Recovery Materials Technique

Both structure techniques are designed to do essentially the ~ame j<.

The chemically rigidized approach, however, provides an added capabiii.,/

of structure rigidization subsequent to deployment in orbit. The chemical

system is more complex and, therefore, has not been so extensively devel-
oped as the elastic recovery approach has.

The elastic recovery materials technique rests on a solid background

A crew transfer tunnel was developed by the Goodyear Aerospace Cor-

poration under contract to the Space Technology Branch of the Air Force

e a A > e B w - . o
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Aero Propulsion Laboratory (AFAPL). The tunnel structure is 4-ft wide and
12 -ft long, integrated with a rigid metal honeycomb slab structure 3-ft wide
and 12-ft long, along one gide. Successful structural, gas leakage, packag-
ing, and deployment tests were conducted on the full-scale structure along
with extensive materials environmental compatibility testing.

PR

A Stay Time Extension -Module (STEM),: an integrated lunar shelter air- '
lock, was developed by Goodyear Aerospace under contract to the NASA Lang- ;
ley Research,Genter,~ The shelterds:-7-ftin diameter and'13~ft long, with '
an integral airlock.7-~ft in diameter -and an additional 4-ft long. The test pro-
gram included structural evaluation, gas leakage. packtging. and deployment.

A retractable a.u'lock was developed by the Whittaker Corpora.tion for the
Langley Research Center. This airlock design is 4-ft in diameter and 7-ft
long and incorporates a mechanism for retracting the structure when it is
not in use.

These advances in elastic recovery materials technology clearly indi-
cated that the next logical step was a manned orbital flight demonstration.
Therefore, an expandable airlock system was defined and submitted for ap-
proval to both the Department of Defense (DOD) and NASA for flight experi-
ment. In September 1966, the expandable airlock flight experiment was for-
mally approved and designated D-21. This approval was followed in December
by a competitive contract award to Goodyear Aerospace for developing the .

D-2]1 experiment hardware.

SCOPE OF D-21 EXPERIMENT

The D-2]1 experiment probably is the most extensive program to have
been implemented in the manned application of expandable structures tech-
nology. The scope of the D-21 airlock program extends fro.. initial human
factors evaluations to establishing size and geometry of the « rlock structure
to final retrieval of data and definition of experiment results subsequent to
orbital testing.

Human Factors

One of the first tagsks to be implemented was intensive human factors

testing to_establish the baseline definition of the experiment design. Testing

was conducted by AFAPL and the Air Force Aero Medical Laboratory to es~ '
tablish optimum geometry requirements for the D-21 airlock design and to ;
establish the minimum hatch size consistent with the Apollo space suit and ;
use of a PLSS (Portable Life Support System). Neutral buoyancy tests were i
conducted in the underwater facility at Wright-Patterson AFB (WPAFB) to 1
establish optimum maneuvers of ingress/egress and to define locomotion ,
aids necessary for these maneuvers and, therefore, for the orbital experi- l
ment. I

Step-by-step procedures have been established for the overall experi-
ment. These prucedures have been defined in a "time line" established for
the experiment; about three hours of EVA are required of each of two astro-
nauts to perform the overall experiment. It is expected that the time line
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and experiment procedures will be continually refined as crew training is
implemented. The proposed training plan includes using both underwater
facilities and the KC-135 zero "g" airplane to implement.practice maneuvers
of the experiment procedures prior to flight. s
Hardw aré 'Ré‘g'iiirement
PERE FAL R LRTANE X+ R0 RCEANERS: BN VK
T.'he experiment. plan wanelublilhed by APAPL in conformance with*
experiment guidelines stipulated by the NASA Manned Spacecraft Center
(MSC). .. This plan calls for the developing and extensive qualification testing
of experiment hardware used specifically for this purpose. Additional ex-
periment hardware’also:is required to support astronaut crew training in
conformance with-experiment procedures stipulated in the experiment plan.
This hardware will.consist of airlock mockups (of both rigid and expandable
materials) to be used both underwater and ir ‘he KC~135 to simulate zero
"g" maneuvers in experiment procedures. Lauplicate sets of flight hardware
will be required as the primary and backup flight units. All hardware, ex-
cept that used for training, must comply with the NASA requirements of
NPC-200-2 and NPC-200-3 for quality control and inspection.

Documentation and Design Reviews

Documentation will be required substantially beyond the requirements
normally associated with a research and development project. In addition
to the usual status reports normally required, documentation in various
forms consistent with the experiment requirements and schedules will be
submitted for review and approval throughout the program. These docu-
mentation forms will include (1) definitive experiment plan, (2) failure mode
and effects analysis, (3) qualification *est specifications and procedures,

(4) qualification test status and final report, and (5) quality control plan and
inspection system.

In addition to the documentat:on stipulated above, periodic design re-
views will be held to ensure final integration of the D-2]1 experiment with
the flight vehicle and subsequent implementation of the experiment during
flight. These reviews will include (1) initial design review, (2) design certi-
fication review, (3) qualification test design review, (4) postqualification
test desigy ~eview, (5) acceptance review, and (6) flight read'ness review.

Test Requirements

Extensive ground testing will be required prior to flight acceptance of
the D-21 experiment. This testing will be per.ormed on one set of flight
design hardware fabricated specifically for this purpose. The test program
is directed toward attaining two objectives: (1) to ensure compliance with
manned mission requirements and (2) to ensure a high probability that the
experiment will succeed.

The test program will be conducted on an integrated assembly of the
D-21 hardware. Testing will be environmental in natu:c< and wili simulate
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the three categories of environment expectea:. earth environment, spacecraft
environment, and space ervironment. Testing under the first two categories
will be performed with the D-21 hardware in a packaged configuration (see
Figure 3). Space environment testing will be performed with the D-21 in both
a packaged configuration and in a deployed configuration (see Figure 4). Space
environment testing aleo will include the functional aspects of the D-21 experi-
ment defined by the experiment procedures. - '

INTERMAL MANUAL VALVE
EXTERNMAL MANUAL VALVE
EMERGENTY VENT - 10 BET

Figure 4 - D-21 Txpanded Configuration

Experiment Data

Data from the D-21 orbital experiment will be obtained via telemetry,
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motion picture coverage, and voice recordings. The D-21 airlock will be in-
strumented for temperature and pressure data via telemetry to establish the
leak rate of the D-21 airlock in orbit.

. .. Biomedical data will be oSta.ihed during astronaut ingress/egress dem-
onstration of the.D=21 airlock to:svaluate the airlock design relative to. the
dynamics of ingress/egress and human factors suitability.

Motion picture coverage will permit visual monitoring of the key func-
tional phases of the experiment, such as deployment of the structure and the
ingress/egress demonstration. .

Voice recordings will be obtained during the entire period of the functional
phases of the experiment. - These recordings, along with other methods of data
return, will permit a thorough assessment of the results of the D-21 experi-
ment. Evaluation and analysis of the experiment results will be published in
a final report. ’

SIVB MISSION-OBJECTIVES
Fundamentally, the objective of the SIVB mission is to evaluate the feasi-
bility of using the empty shell of the spent SIVB stage to support crew oper-
ations for a 30-day orbital mission.

The SIVB orbital workshop mission will consist of two flights. AAP-1 is
manned and AAP-2 is unmanned and i~ launched five days later. Rendezvous
and docking will occur at an approximate orbital altitude of 260 naut mi fol-
lowed by the 30-day operational mission. The basic orbital hardware of AAP-2
consists of the SIVB spent stage, an airlock support module for subsystem sup-
port of the spent SIVB (such as stage pacification, environmental control sys-
tem, power, and communications), and a multiple docking adapter (MDA) for
subsequent linkup of the Apollo Command Service Module (CSM) and resupply
modules.

Corollary experiments (such as D-21)will be carried on AAP-2, either
in the MDA or on the airlock support module. All experiments will be per-
formed during the 30-day mission period and will be integrated into an overall
time line for overall experiment procedures.

Figure 5 shows an artist's concept of the expanded configuration of the
D-21 airlock deployed from its mounting location atop one of the four truss
structures used to support the airlock support module. The experiment is
located external to the thermal curtain used to shield the support module sub-
systems and is near th. EVA panel, thus providing astronauts access to the
experiment.

.2=21 FLIGHT EXPERIMENT OBJECTIVES

The objective is to obtain the maximum amount of data for use in future
airlock designs. These data must necessarily be obtained under a constraint
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of minimurn astronaut participation con-
sidering the large number of individual
experiments to be performed on NASA
Flight AAP-2. Specifically, the objec-
tives of the experiment are as follows:

1. To ascertain the ability of expand-
o able structures to withstand the
: boost and launch phase of a typical

mission profile with subsequent
successful deployment in orbit

2. To validate the successful per-
formance of expandable materials
in operational use when subjected
to the total orbital space environ-
ment

Figure 5 - D~21 Airloc_l; Leployed
from Mounting Location

3. To evaluate structure packaging techniques and deploy~
ment dynamics

4. To evaluate space environment effects on expandabie
materials after prolonged exposure (8ix months)

5. To demonstrate the compatibility of expandable elastic
recovery materials in airlock designs with the dynamics
of astronaut ingress/egress

6. To establish design parameters and requirements for
elastic recovery airlocks for future manned orbital labo-
ratories

7. To provide a baseline from whi~h to extrapolate the ap-
plication of expandable structures technology to other
uses such as crew transfer tunnels, space shelters, and
controlled maintenance stations and storage aepots

TECHNICAL DISCUSSION OF D-21 EXPERIMENT

The experiment total flight package consists of four distinct units of hard-
ware: (1) the integrated D-2] airlock package, (2) a control panel mounted in-
side the NASA airlock module (AM) for remote control of the experiment, (3) a
wiring harness interconnecting the D-21 package with the remote control panel,
and (4) a container for earth return of material specimens.

The D-21 airlock package, shown in Figure 4 and in an exploded view in
Figure 6, is comprised of the following subassemblies: (1) packaging system,
(2) airlock structure assembly, (3) hatch assembly, (4) pressure bulkhead
assembly, (5) pressurization system, (6) telemetry data system, (7) electri-
cal system, (8) mounting structure assembly, and (9) experiment control sys-
tem.
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Figure 6 - D-21 Airlock (Exploded View)

Packaging System

The packaging system consists of a series of flexible nylon straps located

around the periphery of the mounting base to restrain the expandable portion
of the airlock structure in a packaged configuration (see Figure 3). The re-
straining straps terminate at a release fitting located at the apex point of the
package. To deploy the airlock structure to its expanded configuration, pro-
visions are incorporated to release the restraint system either by remote
control (electric actuator located in mounting base structuyre) or by a manu-
ally actuated lanyard located on the D-21 airlock package. Provisions are
incorporated into the packaging design to position and retain the restraining
straps after the airlock is deployed. These straps are secured to the wall
structure to lie along the contoured airlock wall material after expansion un-
til full and final geometry has been attained.

Airlock Structure Assembly

The structural assembly consists essentially of the expandable structure
material comprising the airlock wall, which is intimately bonded and joined
with rigid structure design terminal rings.
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The terminal rings, at each end of the airlock configuration, are fabri-
cated of light gage aluminum sheet material. The function of these rings is
tu provide a rigid termination to the flexible material of the airlock and also
t. provide a smooth flat surface for hatch and pressure bulkhead seals. The
riags are noastructural in the sense that no tension load transfer occurs be-
tween the wall structure and the rings themselves. The rings do, however,
furiction as a load path (via the seals) to transfer hatch and pressure bulk-
head pressure loads into the reacting expandable structure.

The expandable portion of the airlock structure uses the elastic recovery
- aterials technique to permit folding and packaging of the structure into a
t mall compact configuration for launch. Once in orbit, the airlock is deployed
5 its full expanded configuration by the recovery action of the wall material
and augmented by low. level pressure (less than 0.5 psi) f~r final shaping.
After final shaping, the inherent stiffness of the wall stru. .ure will ensure
f:nal shape rigidity even under zero pressure conditions.

Basically, the structure wall is a four-layer composite of flexible materi-
2 8 in accordance with Figure 7 and as described below.

Pressure Bladder - The pressure bladder is a laminate of thres indi-
vidual sealant lzyers with an inner layer of 0. 3-mil aluminum foil. The inner
s=alant layer is a laminate of nylon film=-cloth. This layer is bonded with
polyester adhesive to a second layer of closed-cell EPT foam 1/16-in. thick.
The outer sealant is a nylon film=-cloth laminate coated with a polyester resin.
Tl.e total weight of the bladder composite is 0. 159 psf and is independent of
design pressure.

Structural Layer - The filament winding manufacturing process is used
for the structural layer and provides near the optimum in lightweight load-
carrying flexible structure. The structure layer will be wound with three
0.0036-in. stainless steel wires interlaced with a rayon yarn in a winding
pattern of 32 hoop filaments and 29 longitudinal filaments per inch.

Micrometecroid Barrier - Micrometeoroid protectionis achieved by a
one-:nch layr . of flexible polyester foam. Flexible foam of 1.2 psf density
has teen selected as suitable barrier material, based on hypervelocity par-
ticle impact tests, While the primary function of the foarmn would be to act as
amicrometeoroid barrier, it also serves as a deployment aid. During pack-
aging, thé foam layer would be compressed to about 10 percent of its original
thicikness and restrained by the packaging canister. Upon deployment in or-
bit, the canister would be released and the elastic recovery characteristics
of tre foam would hzlp shape the airlock to its fully expanded volume.

Outer Cove Layer - The outermost layer of the composite wall struc-
ture encaps :'ates the wall to provide a smooth base for the application of a
thermal . a.ing. Inasmuch as the outer cover would encapsulate the com-
posite wall, it would serve as an aid in packaging the structure prior to
launch. By a vacuum technique, the wall thickness can be compressed from
the fu.ly expanded thickness to about 1/4 in., suitable for folding and subse-
qu.at packaging in the canister. A passive thermal control coating would be

splied Zo maintain material temperatures within acceptable limits.
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SPACK RADIATION
MCROMEVEOROIOS
UV RADIATION
ToxXI Ity

Ay /221,00

INNER LAYER \ \

.3 MIL ALUMINUM

© CONSTRUCTION AND WEIGHT

ALUMINUM INNER LAYER 0.004
ADHESIVE 0.010
PRESSURE BLADDER 0.159
ADHESIVE 0.010
STRUCTURAL LAYER 0.062
ADHESIVE 0.010
POLYURETHANE FOAM 0,084
ADHESIVE 0.010
OUTER COVER AND COATING - 0,062
TOTAL 0.411 PSF sTEEL

@ ELASTIC RECOVERY TECHNRUE CRIGINAL PAGT 03
© GROUND QUALIFIED FOR SPACE ENVIRONMENT JF PCOR QUAUTY
THERMAL ..
vACUUM

OUTER COVER FABRIC-FILM LAMINATE THERMAL COATING,

. - PLEXIBLE POLYURETHANE FOAM
MICROMETEOROID BARRIER

PRESSURE SLADDER 3-SEALANT LAYER COMPOSITE FILAMENT-WOUND
STRUCTURAL LAYER
3.6-MIL. DIAMETER
STEEL WIRE
300,000-PS1 ULTIMATE

Figure 7 - Expandable Materials Approach

The structural approach being used in the D-21 design is based on a fila-
ment winding technique as indicated above. The structural characteristics of

this technique are summarized in Table 1.

The compatibility of the expandable materials approach with respect to
operations in a space environment has been tentatively established with ex-
tensive ground testing. Table 2 presents the environmental compatibility

characteristics of the selected materials approach.

The materials capability

indicated appears to be well within the range of expected environmental con-
ditions without constraining the basic Saturn-Apollo SIVB flight in any way.
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TABLE ]l - STRUCTURAL CHARACTERISTICS

Item Characteristic

Design pressure 3-1/2 psi
Safety factor 3
Structural approach Filament wind

8 -mil diam stainless
steel cable

Structural material

Unit weight 0.109 1b/1000 ft

Ultimate : 300, 000 psi

"E" modulus 30 x 10 psi

Winding angle 30 deg

Winding area 77 sq ft

Total weight 4.8 1b

Folding effects
Single cable with sharp 15 percent decrease in
180-deg crease fold ultimate
Pressure bladder back- 1000 cycles, no degradation

ing with sharp 180-deg
packaging fold

Hatch Assembly

The hatch assembly shown in Figure 4 consists of a basic dome and com~-
pression ring structuré; a dual yoke-type hinge and latch hardware; hatch
separation provisions for emergency egress; and a !7-in. diameter viewing
port. The hatch latches and seals against the terminal ring and can be oper-
ated either from the interior or exterior of the airlock.

The basic pressure dome and compression ring structure is fabricated of
aluminum and is separable from the overall hatch assembly as a provision for
emergency egress. Although the emergency egress feature of the hatch is not
required for the experiment procedures as now stipulated, this feature will be
incorporated into the hardware design to be available if needed. Controls to
separate and jettison a portion of the hatch under emergency conditions are
provided at three locations:

1. At the interior of the D=21 airlock on the airlock control
panel
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TABLE 2 - ENVIRONMENTAL COMPATIBILITY

(EXPANDABLE MATERIALS)

Item . Characteristic
Toxicity - Nondetectable
Oxygen compatibility 5 psi at 200 F
Flame resistance 0. 3-mil aluminum foil

flame barrier
Thermal characteristics

Maximum tempera- Outer surface materials,
ture (F) +300; inner surface materi-
als, +250
Minimum tempera- Deployment flexibility,
ture (F) -100; expanded static,
-150
Vacuum effects One -half of one percent

weight loss at 10-6 Torr

Space radiation Material tolerance, 107
rad; expected dose (one
year), 105 rad

Micrometeoroids P, = 0.9999 for 30 days

2. At the interior of the D-21 airlock on the mounting
base structure

3. Inside the NASA AM on the remote control panel

Actuation of any of these three controls activates pyrotechnics that first
vent the airlock down in 10 sec and then jettison the hatch dome structure.
Figure 8 presents the schematic functioning of the emergency egress system.
Figure 9 shows the diagram of the vent valve used to effect 10-sec venting.
This valve is located on the pressure bulkhead and is not part of the hatch
assembly. Figure 10 shows how jettisoning of the dome structure is incorpo-
rated into the hatch design.

The dual hinge arrangement shown in Figure 4 permits the hatch, in open-
ing or closing, to slide along the interior wall of the airlock rather than
swe :ping out in a fixed arc as with a single-hinge design. The advantage of
the design is the lesser volume swept out in hatch operation, which allows
greater usable volume in the airlock. Two latches are provided on the hatch
and are located 180 deg apart and 90 deg from the voke-hinge attachments.

The hatcn can be jettisoned with the latches in either the open or closed posi-
tions.
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Figure 9 - Vent Valve (Emergency Egress)

The hatch also incorporates a 10-in. diameter viewing port. This port is
located off center of the pressure dome to clear the hatch handles. Handles are
provided at the center of the pressure dome on both sides. The handle is used
to actually open and close the hatch, with latches used only for initial opening or
final closing of the hatch.

Pressure Bulkhead Assembly

The pressure bulkhead assembly shown in Figure 4 consists of a basic
dome and compression ring structure of aluminum, similar in concept to the
dome structure of the hatch. The bulkhead assembly seal and connection is
made at the 34~in. diameter terminal ring of the airlock structure and also
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attached to this ring with six equally spaced bolts. Provisions are incorpo-
rated into this assembly for a control panel; a future connection for an astro-
naut umbilical; and subsystem connection requirements for pressurization,
venting, electrical wiring, and instrumentaticn.

Subsystem Interface Connection - The bulkhead design provides an eight-
inch diameter connection pan and plate adjacent to the control panel for inter-
facing exterior subsystem requirements with the interior of the D-21 airlock.
The opening of this pan is provided with a cover plate that is flush with the
pressure dome contours.

The pan depth is approximately five inches, with equipment-mounting
bosses located on the lower surface and around the periphery. The following
equipment provisions are incorporated into this pan connection design:

1. A one-inch diameter manual vent valve located under
the pan cover plate. The operating handle for this valve
is above the cover plate accessible to the astronaut and
adjacent to the control panel.

2. A one-inch hose connection at the bottom of the pan. This
connection is used for a vent line to an exterior manual
vent valve located on the exterior surface of the mounting
structure for the D-21 airlock.

3. A 3-1/2-in. emergency vent valve submerged within and
located on the lower surface of the pan (see Figure 9).

4. A one-inch diameter oressure relief valve set at 3-1/2
psig and mounted on the exterior surface of the pan face.
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This valve is normally "locked" inoperable when not in
use. The purpose of this valve is to limit airlock pres-
sure to 3-1/2 psig and to eliminate excessive pressure
buildup from astronaut suit dumping of excess oxygen
and water (umbilical rate of 7.9 1b per hour).

5. A one-inch diameter pressure relief valve set at 5.25
psig and also mounted on the exterior surface of the
pan face. This valve limits airlock pressure to a proof
pressure level.

6. A one-inch diameter electric motor-driven vent valve.
This valve is mounted on the exterior surface of the pan
face and controlled either from within the D-21 airlock
or from the remote control panel.

7. A 1/4-in. connection is provided on the lower pan surface
for a pressure line tie tc the airlock pressurization sys-
tem.

8. A 1/4-in. connection is provided on the exterior peri-
phery of the pan for the manifold connection of two pres-
sure transducers to monitor airlock pressure.

9. Three electrical connectors are provided on the periphery
of the pan to interface the exterior and interior electrical
and instrumentation systems integrated into the D-21 air-~
lock.

Pressurization System

The pressurization system for the D-21 experiment consists of six 150
cu in. high-pressure gas storage bottles charged with nitrogen. The gas is
released from each storage bottle through a pyrotechnic valve to flood the
airlock to a specific level of pressure established by a predetermined charge
in the bottle. Gas flow from any pyrotechnic valve is directed through a com-
mon manifold fitting and then through a 1/4-in. supply line to the inlet fitting
on the pressure bulkhead of the airiock. All elements of the pressurization
system, including pressure storage bottles, pyrotechnic valves, and mani-
fold fitting, are supported off the mounting base structure assembly.

Controls for gas release are located either inside on the D-21 airlock
control panel or on the remote control panel located within the NASA AM.
These controls are established for conducting the D-21 experiment and in-
clude pressurization provisions for deployment, proof pressure, astronaut
ingress/egress, and a final 15-day test.

Deployment - Release of the airlock canister restraint is actuated by a
switch located on the remote control panel in the airlock module. A mechani-

cal backup system manually operated at the base of the D=21 airlock also 1s
provided. An initial deployment of the structure is partially effected upon
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release of the reatraint system. Fina. deployment is achieved through pres-
surization by release of nitrogen from the 485 psig nitrogen storage bottle.
Figure 11 shows the deployment system and meth2d of control.

Proof Pressure - As soon as the airlock has b :en fully deployed, it is
pressurized to a 5-paig proof level from two of tte pressure bottles manifolaed
together for this purpose. .The proof pressure ievel is to be held for about
30 min and then vented. Figure 12 shows the proof pressurization system and
the method of control.

Ingress/Egress - Individual pressurization is provided for two cycles of
astronaut ingress/egress. This portion of the pressurization system is shown
in Figure 13, Pressurization controls are provided both within the D-21 air-
lock package and within the NASA AM. =

15-Day Test - The pressurization system also provides for a 15-day pres~
sure test during which time pressure and temperature data will be obtained
via telemetry for determining long-time leak rates of the airlock experiment.
Provisions for this pressurization also are shown in Figure 13.

Venting Provisions - Four distinct venting provisions are incorporated in
the D~21 experiment design:

1. Manual Vent - A one~-inch diameter manual vent valve is
located within the D=21 airlock adjacent to the D=21 con-
trol pane.l.

2. Electric Vent - A one-inch diameter electric motor-driven
vent valve is located on the exterior of the pressure bulk-
head assembly. This valve is switch controlled from ei-
ther the D-21] control panel or from the remote control
panel located in the NASA AM.

3. Manual Vent - Another one-inch diameter manual vent
valve is located exterior to the D-21 on the outside sur-
face of the airlock base structure. This valve is pro-
vided as a backup to the electric vent in case of mal-
functioning.

4. Emergency Vent - A 3-1/2-in. diameter vent valve (see
Figure 9) is provided for rapid venting as an emergency
feature. This valve is used only in conjunction with the
emergency egress feature of the hatch design.

Telemetry Sensors

Pressure and temperature data will be monitored during the course of the ‘
D-21 experiment using the NASA support module telemetry system. KEight !
sensors will be provided, two for airlock pressure and six for surface tempera-
ture of the expandable material wall structure.
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The pressure transducers will be mounted or the airlock pressure bulk-
- head and will have a range of zero to 6 psig. Accuracy of these sensors is
expected to be about 4 %,
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Two temperature sensors (thermistors) will be mounted on the interior
surface of the expandable wall structure located at the midpoint of the struc-
ture and 180 deg apart. The range of these sensors is =50 to +150 F, with an
expected uvperational range of 50 to 100 F,

Four addit.onal temperature sensors (also thermistors) will be aitached
to the exterior surface of the expandable wall material. These will be located
90 deg apart around the periphery of the airlock. The range-of these sensors
is ~150 to +250 F. The operational range expected is ~125 to +250 F.

Electrical System

Power for the D-21 experiment will be supplied from a self-contained bat-
tery pack and from the 28-v power source of the NASA support module. The
self=contained power source will be a dual pack of nickel-cadmium batteries.
These ba‘teries will supply power only for the pyrotechnics inciuded in the
D-21 design and will be used for no other purpose.

The NASA s-pport module will provide all remaining power requiraments
for the D 21 experiment including telemetry powe., lighting, vent valves,
canister r. ease, and contrel panel lighting. Table 3 presents the power pro-
file for the D-~21 experiment for various operating modes.

Mounting Structure

The mounting base structure shown in both Figures 3 and 4 i contructed
of light gage aluminum sheet. The basic geometry is a cylindrical shell 34 in.
in diameter and 10 in. high. Stiffeaer rings are provided at each end nf the
shell, with axial stiffeners located circumferentially around the shell.

The mounting structure provides the physical integrating function for all
hardware components of the experiment. The airlock structure assembly is
attached to one ring face of this structure with 24 equally spaced bolts. All
subsystems exterior to the airlock itself are located within and supported on
the mounting shell structure.

The physical interface between the D-2] experiment and the NASA support
module is at the face of the mounting structure opposite the airlock. The
mounting interface will include provision for 24 equally spaced bults to pro-
vide optimum mounting lo~4d distribution. Physically, this interface will be
made at the McDonnell Company in St. Louis, where the D-21 experiment
will be installed and integrated with the NASA support module.

Experiment Control System

Controls for conducting the D-21 airlock experiment are provided in three
locations:

1. A remote control panel located inside the NASA AM
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TABLE 3 - POWER PROFILE (SUPPORT MODULE POWER SOURCE)

Average load
{amps)
Remote ' Total load (amps)
Operating Duration| control | D-21 Peaks/] Peak
mode (min) panel [airlock| Average| Peak| mode |duration

Experiment, on 5 0. 36 0.50 0.86 . ..|... C e
Telemetry
calibration 5 0.36 ¢ 38 0.94 (...} ...
Carister
release 5 0.40 0.50 0.90 1.10 1 ! min
Pressure system
armed 10 0.44 1.56 2.00 A e .
Deploy 5 0. 36 1.64 2.00 |3.00 A 1 sec.
Proof
pressure 30 0. 40 1.69 2.09 3.09 2 1 sec
Ingress No. 1 40 0.44 3.86 4.30 |5.30 2 1 sec
Ingress No. 2 40 0. 48 3.99 4. 47 5.47 2 1 sec
Start 15-day test 5 0.52 2.014 2.56 |3.56 1 ! sec
15~-day pressure
test 15 days 0.10 0.42 0.58
Final vent 1 sec 0.16 0.42 0. 58 1.58 1 1l sec

2. The D-21 control panel located inside the D-21 airlock
and mounted on the pressure bulkhead

3. Emergency and/or backup controls mounted on the ex-
terior surface of the D-21 airlock mounting base struc-

ture

The remote control panel provides the principal control method for con-
Located 1n the pressurized environment of the
airlock module, this control panel location will still permit implementation

of the D-21 experiment in the event that possible limitations may be imposed

ducting the D-21 experiment.

on EVA.

The control panel located inside the D<21 airlock will not be used during

the D-21 experiment.

This piece of hardware is rcdundant to the experiment

as now plarned but is included in the experiment design and hardware to per-
mit future pressurized ingress/egress demonstrations.

Backup controls are provided exterior to the D-21 and located on the base
The purpose of these controls is to ensure implementation
of experiment sequence performance in the event of possible malfunction of
the primary control system operated from the remote control panel.

support structure.
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Remote Control Panel - The remote control panel will be located within
the airlock section of the NASA AM. This panel, along with appropriate in-
terconnect wiring to the D-2] experiment, will be supplied and installed by
McDonnell in conformance with overall experiment design requirements. This
panel, diagrammed in Figure 14, incorporates the following controls and in-
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Figure 14 - Remote
Control Panel
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START EXPERIMENT switch to energize panel lighting
and indicators on all control panels, the elecirical vent
control, and the pressure and temperature telemetry
sensors in the D-21 airlock

VENT switch to control the electrical airlock vent. An
indicator light is on when the airlock vent valve is open

CANISTER RELEASE switch to release the airlock
restraints system, which permits the airlock to deploy

AKMING switch to arm the pyrotechnic gas release
valves of the pressurization system. An indicator light
will come on when the system has been armed

DEPLOY switch to actuate pyrotechnic valve for release
of gas to deploy the airlock

PROOF switch to actuate pyrotechnic valves for release
of gas from two bottles into the airlock for proof pres-
sure test

D-21 LIGHTS switch to illuminate the interior of the
D-21 airlock. Two 21-candl~ power lamps are pro-
vided for this purpose

INGRESS/EGRESS switches, one for each ingress/

egress pressurization, to actuate pyrotechnic release

valves to release gas into the D-21 airlock for two ;
ingress/egress tests |

15-DAY TEST switch to actuate pyrotechnic release
valve to release gas into the D-21 airlock for the 15-
day pressure/exposure test
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10. High=pressure dua! indicator light that goes on when
pressure in the D-21 airlock exce~ds 3.5 psig, the
normal operating pressure

11. Low-pressure dual indicator light that goes on when
pressure in the D-21 airlock is less than 0.1 psig, at
which time the airlock hatch can be opened

12.  An emergency egress system is provided for rapid
venting and subsequent jettisoning of the D-21 airlock
hatch. An ARMING switch is provided for arming the
8qQuibs of the emergency vent valve and the emergency
jettison of the airlock hatch. An EMERGENCY EGRESS
switclh activates the emergency airlock vent and jetti-
sons the airlock hatch.

D-21 Airlack Internal Control Panel - This panel, shown in Figure 15,
is located inside the D-21 airlock and is mounted on the pressure bulkhead
assembly and has the following controls:

1. VENT switch to control operation of the electrical air-
lock vent

2. ARMING switch to arm the pyrotechnic valve squits of
the two ingress/ingress pressurizing gas bottles

3. INGRESS/EGRESS switches to release gas into the D-21
airlock for the two ingress/egress tests

4. High-pressure dual indicator lights that go on when
pressure in the D-21 airlock exceeds 3.5 psig, the
normal operating pressure

5. Low-pressure dual indicator lights that go on when
pressure in the D-21 airlock is less than 0.1 psig, at
which time the airlock hatch can be opened

6. MANUAL VENT to vent mechanically the airlock in case
of malfunction of the electrically operated vent

7. EMERGENCY EGRESS has the same function as those
controls provided on the remote control panel

Backup Controls - In addition to the experiment controls, there aiso are
some local backup controls provided on the exterior surface of the D-21 sup-
porting base structure. A diagram of these controls is shown in Figure 16,
with the following functions:

1. MANUAL RESTRAINT RELEASE to release the air-
lock canister restraint in case of malfunction of the
electrical restraint release.
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2. MANUAL VENT VALVE, located on the exterior >f the
airlock base, to vent the airlock from outside ia the
event of malfunction of the electrically operated vent. .
3. EMERGENCY EGRESS has the same function as those
contrels provided on the remcte contrcl panel.
EXPERIMENT PROCEDURES
Procedures for conducting the D-21 experiment have been established
consistent with attaining the objectives stipulated for the orbital test demon-
stration.
Deployment will be demonstrated to evaluate the effects of launch and 1
boost on structure packaging and to evaluate deployment dynamics on the air-
N lock structure. Proof pressure will next be tested to ensure andto establish
: structural integrity prior to initiating manned operations. ‘
i Astronaut ingress/egress will be demonstrated 2o evaluate the compat-
: ib*" 'ty of expandable elastic recovery materials in airlock designs with the
dynamics involved in operational use. The objective is to determine if ‘
material stiffness is adequate for airlock designs and to evaluate the effects
- of stiffness on ingress/egress performance by the astronaut. ‘
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A 15-day long-term exposure test will be conducted with the airlock under
pressure. Multiple objectives of the D-2]1 program will be achieved by this
test sequence in the experitnent procedures. First, the test results will be
used to evaluate the performance of expandacle materials in operational use
when subjected to the total combined effects of the orbital environment. Sec-
ond, the test results will be used to establish parameters and requirements
for future specific airlock designs. ‘Third, this 15-day test will be used to
establish a baseline from which other applications of expandable structures
technology can be extrapolated.

The final sequence in the experiment procedures is a revisitation mission
six months subsequent to the initial launch. The purpose of this final phase
is to evaluate space environment effects on expandable materials after pro-
longed exposure. This evaluation will consist essentially of earth return of
a material specimen with subsequent laboratory analysis.

The procedures to be followed in ~orc-icting the D-21 airlock experiment
are preseated 28 a functional sequence diagram in Figure 17 and in the ex-
periment procedures summary below. The total elapsed tirue required to
conduct the overall experiment is estimated at 191.4 min. The total EVA
requi-cments for each of two astronauts required to perform .ne experiment
are esatimatec at 166.1 min.

The experiment procedures are to be conducted in three distinc. time
periods or phases:
1. Phasel - Deployment and structural test demonstration
a. Total elapsed time - 52.8 min
b. Total EVA (each of two crewmen) - 30.9 min

2. Phase 1l - Astronaut ingress/egress demonstration
a. Total elapsed time - 93.1 min

b. Total EVA (each of two crewmen) - 91.8 min

3. Phase lIl - Postenvironment exposure examination
a. Total elapsed time - 45.5 min
b. Total EVA (each of two crewmen) - 43. 4 min

A revisitation mission to the SIVB orbital workshop will be conducted
approximately six months subsequent to the initial experiment. During this
visit, another postenvironment exposure examination will be conducted in
accordance with the procedures and time estimates stipulated for Phase III.

The experiment procedures summary follows:

1. Phasel - Deployment (EVA 30.9 min, elapsed time
57.8 min
a. Depressurize AM

b. Crewman Number 1 (CM1) moves to anchoring
station outside thermal curtain and photographs
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deployment while CM2 controls deployment from
inside the AM

CM1 visually inspects D-21

CM1 photographs D-21 as CM2 initiates proof-~
pressure test

CMI1 returns to AM
AM is sealed and repressurized

Proof pressure test will continue for at least 30
min before Phase 1l begins

Phase II - Ingress/egress demonstration (EVA 91.8
min, elapsed time 93.1 min

a.

b.

Depressurize AM

CM1 moves to anchoring station outside thermal
curtain

CM1 photographs D-21 as CMZ2 activates depres-
surization valve from inside AM

CM1] moves to D-21 and works hatch between pres-
surization cycles initiated by CM2 and examines
seal during D-21 pressurization

CM1 and CMZ2 both move to anchoring station where
camera is transferred to CM2
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f. CM2 photographs CM1 during two ingress/egress
cycles conducted without D-2]1 pressurization

g- Both CMl and CM2 return to AM
h. AM is sealed and repressurized

3. Phase Il - Pootenﬁronment exposure examination

a. Depressurize AM (EVA 43.4 min, elapsed time
45.5 min)

b. CMI] moves to anchoring station and photographs
D-21 as CM2 activates D-2] depressurization
switch |

c. CMIl moves to D-21 and visually examines interior
and exterior surface and actuation at hatch, photo-
graphing where appropriate

'd. CMlI receives sample patches and returns to AM

AM is sealed and repressurized

4. Revisitation
a. Same as a. above

b. CMI moves to anchoring station and photographs
D-21

c. Same as c. above
d. Same as d. above

e. Same as e. above

DATA AND INSTRUMENTATION

Data from the D-21 experiment will be obtained from all sources avail-
able on the SIVB flight. These data will include photographic coverage, astro-
naut voice recordings, biomedical data pertaining to ingress/egress maneu-
vers, and airlock temperature and pressure data via telemetry.

Photography (16 mm Color)

Movie coverage of the D-21 experiment is requested. Table 4 gives this
film coverage. Movie coverage by portable hand-held cameras is desirable.
Photographic coverage will be effected from either the MDA or the Apollo
CSM if viewing areas are appropriate. Fixed camera mounting also can be
used. However, this method is least desirable.
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TABLE 4 - MOVIE COVERAGE OF D-21 EXPERIMENT

Experiment period Time (min) | Frames per second
Airlock canister release 1 16
Pressure deployment 5 - 6
Ingress/egréss der;at.::nl’ii'a:tidx'\ 1 30 - . |
Postenvironment inapection. end
of 15-day test 3 1

Voicé Recording

A voice recording of astronaut comments concerning the D-21 experi-
ment i8 being requested. The recording will cover all phases of EVA appro-
priate to the experiment procedures. The total period involved is 191. 4 min;
recording has been requested to cover the entire period.

Biomedical Data

Biomedical data have been requested during the astronaut ingress/egress
portion of the D-21 experiment. No special data are required. Only those
data normally recorded during the SIVB orbital workshop flight will be ob-
tained.

Telemetry data follows:

Telemetry

1. Data channels (eight analog data items can
be commutated)

a. Two pressure
b. Six terpperature

2. Temperature (inner surface of D-21 airlock)
a. Two sensors 180 deg apart
b. Range - -50 to +150 F
c. Operating range - 0 to 100 F
d. Accuracy - *1 percent

e. Vendor - Yellow Springs Instrument Com-
pany, Part No. 427

3. Temperature (outer surface of D~21 airlock)
a. Four sensors 90 deg apart
b. Range - 150 to 250 F
c. Operating range - 125 to 250 F
140 ORIGINAL P77 0l
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0F - d. Accuracy - %] percent

Vendor - Rosemont Engineering, similar
to Part No. 118L(Goodyear Aerospace
Specification Control 66QS1293)

4. Pressure of D-21 airlock "
a. Two sensors on pressure bulkhead
b. Range - 0 to 6:0‘psig R
c. Accuracy - 4 pe.rcent

d. Vendor - Fairchild Controls, similar to
Part No. TP-200-948A491 (Goodyear
Aerospace Specification Control 66QS1294)

5. Sensor output aig;:al range (all channels)
Zeroto 5 v, dc
6. Data channel frequency response
Two cycles per second (minimum)
7. Data sampling rate

a. Continuous (from start of experiment to
start of 15-day test)

b. 5 sec/4 hr {first two days of 15-day test)

5 sec/12 hr (remaining 13 days of 15-day
test)

SUMMARY OF DEVELOPMENT SCHEDULES AND TESTS

The hardware development schedule is shown in Figure 18. Four sets of
experiment hardware will be fabricated in addition to two mockup units that
will represent the packaged and deployed hardware configurations. The first
hardware unit will be used for qualification testing. This test unit will be
shipped to WPAFB after qualification tests have been completed for continued
structural testing to destruction. The second hardware unit will te used du-
ring astronaut training for experiment procedures.

Two flight units will be fabricated. These are scheduled for delivery
1 March and 1 April of 1968. Flight hardware along with aerospace grouna
equipment will be shipped to McDouw.nell for final integration of the D~21 ex-
periment,

Table 5 shows the sequence of testing to be performed and the facility
where testing will be done. All space environment testing will be conducted
at AEDC (Arnold Engineering Development Center). Table 6 summarizes
the specific types of space environment tests to be performed. These tests
all will be performed under vacuum conditions with varying thermal environ-
ment and airlock pressures to simulate the extremes of the conditions antici-
pated for the D-21 experiment.

Qualification test requirements for the D-2]1 experiment represent a
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Figure 18 - Hardware
Development Schedule

TABLE 5 - TEST SEQUENCE AND FACILITY

Test

Test facility

Functional-operational

Humidity

High temperature
Low temperature
EMI compatibility

Electrical compatibility

Magnetic fields

Salt fog

“Acoustic noise

Shock
Acceleration

Vibration

Space ewvironment

Fungus

Goodyear Aerospace
Goodyear Aerospace
Goodyear Aerospace
Goodyear Aerospace
Goodyear Aerospace
Goodyear Aerospace
Goodyear Aerospace
Wylie Labs

Wylie Labs
Goodyear Aerospace
AEDC

AEDC

AEDC

Wylie Labs
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iS TABLE 6 - SPACE ENVIRONMENT TESTS

TY -
Airlock Environmental
Test pressure conditions Conditions
Launch Packaged Vacuum Packaged airlock installed in test chamber.
Maximum available vacuum applied to chamber
in two-minute time span.
Operational |0 Vacuum: 1 X 10'6 mm Hg | Airlock, in a packaged configuration, to be
Temperature: =65 F placed in the space chamber and required con-
ditions obtained. Canister to be ejected and
unit deployed and inflated.
Endurance |0 Vacuum: | X 10-6 mm Hg | With zero pressure in airlock, subject unit to
Temperature: =150 F environment for 12 hr.
Cycling 0 to 5.25 psi { Vacuum: 1 X 10.6 mm Hg | Cycle pressure in the airlock 30 times. Mini-
Temperature: -150 F mum internal temperature is -50 F,
Endurance [5.25 psi Vacuum: 1 X 10'6 mm Hg | With 5.25 psi in airlock, proof pressure unit
Temperature: =150 F for 12 hr and conduct leak test. Minimum in-
terval temperature is -50 F.
Endurance |0 Vacuum: 1 X 10-6 mm Hg | With zero pressure in airlock, subject unit to
Solar radiation solar radiation impinging on top surface of air-
lock.
Cycling 0 to 5.25 pei | Vacuum: 1 X 10'6 mm Hg | Cycle pressure in the airlock 30 times. Solar
Solar radiation radiation impinging on side surface of airlock.
Maximum internal temperature is +150 F.
Endurance |5.25 gsi Vacuum: 1 X 10-6 mm Hg | With 5.25 psi in airlock, proof pressure unit
Solar radiation for 12 hr and conduct leak test. Solar radia-
tion impinging on side surface of airlock. Maxi-
mum internal temperature is +150 F.
Emergency Vacuum: 1 X 10-6 mm Hg | Operate emergency egress system.
egress Temperature: =150 F

comprehensive and extensive testing program.

Successful completion of this

program will be a significant achievement in itself and certainly will indicate
successful performance of the D-21 airlock in orbit.

CONCLUSIONS

Conclusions of the D-21 experiment follow:

-

1.

Flight demonstration of the elastic recovery structure
is the next logical and needed step in the timely devel-
opment of the expandable structures for manned space
flight applications.

The D-2] experiment hardware can rneet the space ex-
periment schedule and requirements.

The experiment procedures as defined will achieve all
the experiment objectives.
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APPENDIX B

LUNAR STEM TYPE ELASTIC
RECOVERY MATERIAL
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The shelter-airlock structure was fabricated primarily to
ﬁemonstrate: structural integrity under a 5 psi design pressure;
packaging (. the structure in a simulated launch canister and
deployment subsequent to unpackaging. To meet these objectives,

a representative prototype of the shelter-airlock structure was
fabricated reflecting the proposed STEM design. No attempt was
wnade to optimize, from a weight standpoint, the "hard structure"
components such as rings, frames, door and hatch. The flexible
portion of the structure did however duplicate the proposed design
with the exception that thermal conductivity characteristics were
eliminated. This deviation from proposed design, however, did not
affect either folding or packaging characteristics, so that the

major objectives of the fabrication model were not compromised.

The flexible shelter and airlock utilized a flexible filamentary
structure to withstand the principal loads. A filament-winding
technique, like that used in the construction of fiberglass motor
cases, was used. The shelter structure consisted of two sets of
continuous windings. A hoop wrap over the cylindrical portion
carried most of the hoop tension there. The curvad ends were con-
structed by means of a geodesic, or nearly geodesic, set of
windings on a prescribed surface whose shape depended on a
prescribed surface determined by the ratio of inner to outer
diam.ter of the ends. The end wrap filaments carried some of the

hoop tension.
The airlock structure utilized only a single set of continuous

windings. The winding was oriented in an angular wrap to carry

both circumferential and meridional loads.
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The five-psi atmosphere was retained in a three-ply bladder that
was bonded to the inside of the structure. A flexible foam
thermal-meteoroid shield was bonded to the outside of the

structure. The airlock was fabricated by the same technique.

After fabrication, the two mudules were bolted together through the
hatch rings with an "0" ring employed at the interface to prevent
leakage in the joint. A circular step-through hatch provided access
to the main shelter whil- an elliptical opening permitted a walk-in
entry to the airlock.

The shelter-airlock included a composite wall, shelter and airlock
entries, and a terminal bulkhead.

a. Composite Wall. The compnsite wali material for the shelter-

airlock structure, as shown in Figure 28, was divided intc four
individual layers and describhed in the followin= paragruaphs.

(1) Pressure Bladder. The pressure blad -~:. . r’=d to the

inner surface of the structural layer, served as a gas
barrier for pressure tightness. The bladder, as shown

in Figure 29, was a three-layer lamination of flexible
sealant materials. The outer layer was a close-woven
nylon cloth. The sandwiched layer was a 1/16 inch thick-
ness of vinyl foam cnd the inner layer was a mylar film-
cloth laminate. To facilitate construction, the pressure
blaider was laid up on the shelter and airlock filament
winding mandrels applying first the inner lamlnate of
cloth and film. This was followed by the layup of the
foam center and the third laminate of rylon cloth. All
three laminates were made with longitudinal panels equally
spaced around the circumference of the mandrels. Seams
for the individual layers had a l-inch lap joint. The
splice pattern for all three laminates were staggered to

prevent fabric build-up in 1lncal aress.
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(2)

Structural Wall. Upon completion of fabrication for the

pressure bladder, the filament structure was wound for

the composite wall. The winding was performed on the bladder-
covered mandrels after the end rings for filament terminas-
tion had been bonded to the bladder and attached to the
form. This procedure, for ring installation after bladder
fabrication, served three functions. First, the load-
carrying rings sandwiched between the bladder and the
filament-wound structure provided a double bonded attach-
ment. Second, the tendency of peel action was eliminated
between the pressure barrier and the ring. And third, the
windings of the case could be epoxy bonded directly to the
ring preventing possible filament angle shift.

A material description of the structural (flexible) filaments

follows.

Type 302, 3-strand stainless steel cable

Cable diameter 0.008 in.
Strand diameter 0.0036 in.
Ultimate tensile stress 300,000 psi
Design ultimate 255,000 psi
Safety factor 3

Design pressure 5 psi

To provide a bond between the structural layer and pressure
bladder, the cables were wet wound with an elastomer onto v
the mandrels. The pattern for the shelter was a combina- |
tion of circumferential and angular longitudinal wraps. The
windings for the case were composed of 40 longitudinal,
wound at 10-1/2 degree angle, and 76 circumferential cables
per inch. For balanced in-plane dome contour on the shelter,

a geodesic 20 degree head was emploved on the hatch-ring end

of the shelter. An 11 degree geodesic head was configured

for the terminal end.
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The structural wall weighed 0.200 lb/ft2 with a breakdown
of 0.150 1b/ft2 for the material and 0.050 lb/ft2 for the
bonding substance. Results of 2 vacuum test (1.8 x 10'-6

mn Hg) on the structural layer were:

(1) Off-gassing, 0.66 percent weight loss
(2) Stabilized in approx. 21.5 hr.

Micrometeoroid Barrier. The micrometeoroid barrier

was a 2-inch thick flexible foam bonded to the filaments.
The polyurethane open-cell flexible foam barrier had a
density of 1.2 pcf and weighed 0.2 lb/ftz.

The selection of flexible polyurethane foam as a micro-
meteoroid barrier was based on company-sponsored hyper-
velocity particle impact tests conducted at the Illinois
Institute of Technology. As a result of these tests
(0.0045-gram particles at 22,000 ft/sec), it was concluded
that foam of 1.2-pcf density was equivalent to single sheet
aluminum of 15 times the mass per unit area. Thus, a two-
inch thickness of 1.2 pcf foam was considered equivalent to
an aluminum sheet 0.53-cm thick (1.44 gm/cmz) with respect
to penetration resistance. Based on analysis, the probability
of zero penetration for a 30-day period would exceed 0.999.
The slabs of polyurethane were patterned and applied much the
same as the vinyl foam for the bladder. In the cylindrical
section, panels were made of longitudinal straps equallwy
spaced around the circumference of the structure. The domed
ends and airlock were tailored to match the contour. Panels
were butt spliced and bonded together at the edges to form
a micrometeoroid barrier, an insulating shell and a
protective spacer to alleviate sharp bends in the structural
filaments during the packaged phase. Results of a vacuum
test (4.8 X 107°
(1) Off-gassing, 0.4 percent weight loss
(2) Stabilized in approx, 1.5 hr

mm Hg) on the barrier material were
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The foam micrometeoroid barrier is an effective insulator

(K = 0.156). Accordingly, the conductivity of the foam
must be increased. The proposed technique was to use five-
mil diameter copper filaments imbedded in the foam and
oriented normal to the thickness layer. About 26 filaments/
1nch2 would be required for K = 1.46. This construction is
shown schematically in Figure 66.

Outer Cover. Application of the outer cover to the foam

completed the composite wall construction. The material and
installation duplicated that of the inner laminate on the
pressure bladder. Panels were also patterned in the same
wmanner, providing for a one-inch lap splice. The basic
difference between the inner laminate of the bladder and
foam cover was the surface coating for temperature control.
Although the cover served primarily as a thermal barrier,

it also functioned as a protective surface for the foam. In
addition for packaging, the sealant laminate permitted
evacuation of the meteoroid barrier thereby reducing the
total wall thickness from approximately a 2-1/2 to a 1/2
inch thickness. Results of a vacuum test (4 X 10-6 mm Hg)

on the outer cover were
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FIGURE 66. DIAGRAM OF SHELTER WALL CONSTRUCTION FOR LUNAR STEM
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(1) Off-gassing, 3.5 percent weight loss
(2) Stabilized in approx, 1.5 hr

A sketch of the outer cover is shown below,

Therma.l‘ S:oatmg of Nylon Lamuinate of
Zinc-Oxide Cicth-F:iln:-Cloth

Pigment Silicone
Elastomer m

Thermal Characteristics (Test)

a = 0.176
€ = 0.%8%)
a = 0.21

Coating Degracation (Vacuum and U-V Tests)

Time Increase 1n (as/€)
23 Davs 8 Percent
&7 Davs 38 Percent

Tests on the composite wall material and its component layers
under vacuum conditions were used to evaluate off-gassing effects

- on the material physical properties (Table XXVIII). An initial
of f-gassing was encountered, resulting from boil-off of plasticizers
and volatile solvents, with a neglible weight loss, which sub-
sequently leveled off.

Tests were made to assure that no toxic by-products, such as

those used in the pressure bladder polymer type materials, were
given off while under the denloyment environment of 5 psia O2
atmosphere. A survey of toxic materials known to be used in the
pressure bladder material construction was made, and found to be

Toluene-diisocyanate (TDI). Although carbon monoxide was not
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Table XXVII.

Vacuum Off-Gassing - Composite Wall Materials

Percent Weight Time to Vacuum
Material Loss Stabilize Level
Total Composite 2.63 40-Hrs 10.6 mm
Outer Cover .36 }.S 4 X 10-6
2-Inch Foam .39 1.5 4.8 X 107
S:iructural Layer .66 20.5 1.8 x 10°°
Pressure Bladder 6.3 96.0 10.6
known to be contained, tests for it were also included. The test

procedure for collecting traces of any toxic gases was to place

the test material in a pressure vessel that was evacuated and

subsequently pressurized to 5 psia with 02.

was exposed for 24 hours, prior to chemical analysis of the toxic

gases, and all were found to be below the threshold limit values

for atmospheric contaminants, established for occupational

exposure.

tester or mass spectrometer are ahown in Table XXIX.
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Table XXIX. Threshold Limits for
Atmospheric Coataminants
Test Result Threshold
Value Limit Value
Gases (ppa)) (pPM)‘2)
Toluene 200.0 200.0
Xylene 200.0 200.0
Methyl Ethyl Ketone 200.0 200.0
Methulene Chloride 200. 0 500.0
Toluene-diisocyanate 0.01 0.02
Czrpon Monox:de 25.0 100.0

{1) XNcte that the values shown are minimum sensitivity

values of the instruments used in testing.

In all cases,

no trace of the contaminants were found, therefore,
proving if there were minute traces of contaminants,
the concentration is below the threshold limit valce.

(2) Amer.can Conference of Governmentzl Industrial My -
gien:ists, 193, or Nat:onal Bureau of Standards.
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APPENDIX C

FLEX SECTION FOR THE SPACELAB
CREW TRANSFER TUNNEL
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Goodyear Aerospace Corporation (GAC) analyzed, designed, developed and qualified
the flex section for the transfer tunnel between the NASA Space Shuttle Orbiter
Crew Cabin and ti.e Space lab module located in the p;yload bay of the shuttle
under subcontract to McDonnell Douglas Technical Services Company (MDTSCO). The
Space lab Transfer Tunnel (STT) flex sections constitute a non-rigid connection
of the tunnel to minimize STT section loads at the Space lab and orbiter inter-
faces resuiting from axial, lateral, torsional and rotational displacements

caused by installation, thermal gradients and maneuvering.

Figure A-1 shows the general location of the two flex sections within the crew
transfer tunnel ag it connects between the orbiter crew cabin and the Space lab.
Also shown is the side view of the flex section along with a cross-section
defining all the major components. Each flex section consisted of one flexible
element, two inner and outer rings, two negative pressure rings, one debris
shield and one electrical bonding strap. Figure A-2 shows five flex section
flight units (standing vertical), the qualificatiou test unit (foreground) and

two spare flex elements on the table in the GAC Fabric Manufacturing facilityv.

The flexible element consists of two plies of fabric, steel beads and fillet.
The fabric consists of Nomex undirectional cloth coated with Viton B-50

elastomer with each ply biased at # 15 degrees to the flex element centerline.

~Overall thickness of the composite is approximately 0.11 inches with the

individual thickness of the Nomex being approximately 0.025 inches. Each ply
of Nomex is coated on each side with approximately 10 mils of Viton. A ten

mil thickness of Viton is added to the inner and outer surfaces during the lav-
up. The fabric plys are wrapped around the beads in the same direction with
fillets added to the outer diameter of the beads to ensure a smooth transition

during wranping.
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The bead itself wus made from 51 continuous wraps of 0.037" diame..r steel
wire which tested to an ultimate estrength of over 15,000 pounds. This strength
is needed to react the stresses in the fabric. The use of a continuous wire
bead is not a new concept, buthas been used in the manufacture of automobile

and truck tires.

The inner and outer rings provide a means of interfacing the flexible element
with the hard sections of thc tunnel. The rings also force the bcads of the

flexible eleme.t outward and upward to effect the pressure seal.

The negative pressure rings ensure that the flexible element stops within a

desired envelope under pressure-reversal conditioms.

The bonding strip provides for an electrical ﬁath to ensure that both sides of

the flexible element attachment rings are at the same electrical potential.

The debris shield used to protect the flexible element from falling detris
is constructed of a stretch-type cloth of Kevlar 29 sewn at each side to
preformed and precoated Nomex tapes which are fastened to the inrer rings by

clamp bars.

The flex section weight was approximately 133 pounds of which the flexible

element represented a little over 20 percent.
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\g N The flex section design criteria were basically as follows:
i
-Accommodate Axial
| -Axial deflections of +2.43 inches to -1.81 inches
{
L Lateral

-Lateral deflection of 2.69 inches

~Torsional deflections of 0.67 degrees

-Pitch deflections of 1.33 degrees
~Operate between -0.5 psig and +15.9 psig

-~Withstand 50 x 4 = 200 flight cycles (motious and pressures associated
with each orbiral flight) (Total of 40,000 cyclic loadings)

~Withstand a 1/2 inch slit under pressure without resulting in a catastrophic

failure
-Not burn or off gas in an oxygen enriched atmosphere
-Minimize interface loads

-10 year life

The tunnel flex section is a toroidal section, similar to a tire, composed of
two flexible wire hoops or beads joined by two plies of elastomer-coated,
undirectional fabric. If the end rings are displaced laterally or rotated
relative to each other one ply supports more of the load than the other ply,
or all of the load if the displacement is large enough. The ring loadings are
i determined by defining the displacements of one end of the threads or varns
relative to the other end of the same thread. Only geometric displacements

were considered in the analysis. The thread tensions are resolved into

55 components parallel to the system global axis at both ends. These loadings
ff; are integrated around the entire circumference to determine the loads acting
'__._ on the rings.
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An analytic model of the flexible element called FLEXSECT was made that can be
displaced over the various axial, lateral, torsiomal and pitch motions while
under internal pressures. Outputs from this computer program are cord tension
(from which fabric stresses are determined, and distributed reaction loads on
the rings (which when :I.ntegratgd give the interface loads and moments). The
distributed reaction loads are then used in the standard STRUDL (Structural
Design Language) computer program along with the bead pretension load and
eccentricities for the part to establish the stresses in the ring. These

stresses are then ugsed to calculate margins of safety of the ring.

The interface loads and moments were computed on GAC's FLEXSECT Program and

up-dated by the inputs from the full scale test program.

Detailed development tests were conducted on éo-ponents and sub-systems for
the flex section. Viton B-50 elastomer and Nomex cloth were chosen because of
the long life and off-gassing/flammability requirements. Material specimens
were fabricated and tested to determine the effect of cur fill yarms, cure/post

cure, and vacuum bakeoff on strip tensile strength and peel adhesion.

Bead strength tests were made along with extensive investigations of bead

incorporation within the flex eiement to assure structural adequacy.

Fabric strips of the basic flex element material were Rotoflex and tensile

tested to determine any degradation due to cyclic loading.

Several full scale flex sections were fabricated and tested toc verify that
the safe life, leak before burst, and burst pressure requirements were met.
In addition, test data on interface loads and moments were also obtained.
Figure A-3 shows the flex section mounted in a cor puter-controlled cyclic

test fixture under normal and distorted conditions. The safe-life test (N

A-10
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demonstrated that the flexible element design could survive fifty (50)
operational cycles times a time-life factor of four (4) or two-hundred

(200) design lgfe cycles. A visual examination of the flex element was

made during and after almost every flight cycle. There was no evidence of
wear on the cutside of the unit throughout the 200 cycles. The success of
the leak-before-burst test demonstrated that the design of the flex element
was stahle under limit conditions with readily detectable damage. A one-half
inch cut in the flex element did not grow beyond the initial cut length even
under pressure. The element burst at a pressure three times the minimum

required pressure.
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