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When Government drawings, specifications, or other data are used for any purpose other
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States Government thereby incurs no responsibility nor any obligation whatsoever; and the fact
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ner licensing the holder or any other person or corporation, or conveying any rights or per-
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(DDC), Cameron Station, Bldg. 5, 5010 Duke Street, Alexandria, Virginia, 22314.

The distribution of this report is limited because it cnntains comparative data on com-
mercial products tested for applications other than intended by the manufacturer.
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specific document.

I



UTILIZATION OF ELASTIC RECOVERY MATERIALJS FOR THE
DEVELOPMENT OF CREW TRANSFER TUNNELS,
AIRLOCKS, AND SPACE MAINTENANCE HANGARS

Part I. Space Maintenance Hangar Design Study

T.L. Hoffman

ifii



II

FOREWORD

This report was prepared by Goodyear Aerospace Corporation, Akron, Ohio under
United States Air Force Contract Number AF33(615)-2114. The Goodyear Aerospace Corpor-
ation report identification is GER-12348. The work was administered under the direction of
the Aero Propulsion Laboratory. Mr. F. W. Forbes and Lt. A. J. Zappanti of this laboratory
(APFT) were project engineers for the Air Force.

The program began in May 1965 and was concluded in October 1965 with submittal of the
final report in December 1965. The program was directed by the Space Systems and Analytics
Division, managed by Mr. S. J. Pipitone, of Goodyear Aerospace Corporation.

This program was agroup effort headed by Mr. L. Jurich, project manager, of the
Astronautics Programs Department with the special assistance of T. L. Hoffman, project
engineer; K. L. Cordier, materials; B. H. Burzlaff, environmental effects; R. L. Ginter,
thermodynamics; and J. E. Houmard, structural analysis.

This report was submitted by the author January 1966.

This report contains no classified information extracted from other classified docu-
ments.

This technical report has been reviewed and is approved.

James A. McMillan, Major, USAF
Chief, Space Technology Branch
Support Technology Division

li



ABSTRACT

This report summarizes the preliminary design and analysis performed by Goodyear
Aerospace Corporation on the :;Pace Maintenance Hangar expandable structures experiment for
MOL under Air Force Contract Number AF33(615)-2114 for the Air Force Aero Propulsion
Laboratory. The program established the preliminary design, supported by preliminary
analysis, of a 9,-foot diameter cylindrical struc+,ure with an expanded length of 25 feet which
attaches to the aft end of the MOL to serve as a pressurized meteoroid protective enclosure
for astronauts working on MOL experiments. The expandable hangar construction is - com-
posite wall consisting of an Inner triple-barrier pressure bladder for gas retention, a web
strap structural layer, a 2-inch thick polyether foam meteoroid barrier, and a film-cloth
laminate outer cover with a thermal coating.

The web straps carry the longitudinal presure loads while the circumferential pressure
loads are distributed from the web straps to a series of inter mittently-spaced wire cable cir-
cumferential hoops. Flexible clam shell doors mounted to rigid frames at the aft end of the
hangar can be opened and closed by a reel and cable system to provide an opening for large
objects to pass thru when the hangar is unpressurized. The extended length of the hangar is
maintained when unpressurized by 3 Inflated 10 inch diameter full length deployment tubes
while the shape is maintained by the foam barrier. Fabrication of the hangar, which Is esti-
mated to weigh 1459 pounds including the packaging canister, is entirely feasible and within
the present state of the art.
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SECTION I

INTRODUCTION

A. GENERAL

The exposure of spacecraft to space environment for extended periods of time imposes
numerous problems which must he resolved. Three areas of major concern, with reference
to the extended time periods in space, are as follows:

(1) The dangers to personnel or subsystems from meteoroids.

(2) The temperature extremes.

(3) The high vacuum encountered.

The study report presents the results of Goodyear Aerospace Corporation's (GAC) pro-
gram efforts conducted under Contract AF33(615)-2114 for the Air Force Aero Propulsion
Laboratory (AFAPL). The contract effort was fundamentally directed toward the design of a
space maintenance hangar for an expandable structures experiment for a Manned Orbital
Laboratory (MOL). The secondary effort in the design was the alleviation of thermal shock and
vacuum environment for personnel involved in activities in the hangar.

The program, which established a design and analysis of a pressurized enclosure for
ultimate demonstration of the concept feasibility, was performed in two phases:

(1) Establishing concept definitions.

(2) Proceeding with the design and analyses.

A test program, paralleling the second phase, was conducted substantiating the structural
material, the methods of fabrication, and the composite wall design for meteoroid protection.

The basic objectives of the program were the selection of materials, development of
fabrication techniques and establishment of operational proredures. Material selection was
directed toward materials which would offer specific resistance to meteoroid penetration and
yet fabricate into a simple, erectable enclosure. Methods of fabrication for the materials also
involved procedures for packaging, deploying, and pressurizing the enclosure. The mode of
operation was based on the possible applications of the hangar.

The final effort of the program was the evolvement of development plans for the prepro-
totype fabrication and testing, and for the flight hardware fabrication and testing.

B. CONCEPT CONSTRAINTS

In the design of the space maintenance hangar, certain cunstraints and requirements
were stipulated by AFAPL. The structure was to be a flexible enclosure with a 7-foot mini-
mum inside diameter and a 24- foot minimum length. The working pressure was to be a 5 psi
differential with a test pressure differential of 10 psi. The total leak rate was not to exceed
one-half pound of oxygen per day when the hanga, was sutLcted to the working pe-.ssure.
Packaging was to simulate stowage on the MOL without restriction of the launching operation.
The hangar was to be self deploying with automatic pressurization and door operation.

Provisions had to be made on the hangar for meteoroid pr-*ecuion t- thz extent that the
probability of zero penetration for a period of 60 days would exceed 0.995.

The enclosure exterior surface was to be coated to provide optimum temperatures inside
the enclosu=i• for humidity control, prevention of spacecraft systems degradation, and for
habitation. The coating would also serve as a protection for the enclosure components. When

It



making the coating selection, it was to be assumed that the vehicle would be in a circular
earth orbit of 160 nmi and rotating at a rate of 6 degrees per second.

The design would include a proposed method for pressure testing the enclosure, with
attachments to a static test structure simulating the interface to the MOL.

To establish a space maintenance hangar with a more definite approach and one directed
toward MOL System cxperiments without jeopardizing the program objectives, Goodyear
Aerospace stipulated further requirements in concept definition:

(1) The enclosure would be adapted to existing hardware components, where possible,
and employ a minimum amount of rework.

(2) Design of the concept would permit variable length enclosures without affecting
structural characteristics.

(3) The concept structure would be limited to proven fabricating technology.

The program is also constrained by the space environmental conditons present in a 160
nautical mile earth orbit.

In the design, the following conditions were assumed: A solar flux of 443 Btu/sq ft/hr,
and a maximum earth albedo heat flux of 160 Btu/ sq ft/hr was used in the thermal analysis.
For the micrometeoroid protection system, the flux versus mass spectrum information was in
accordance with the MSC Engin ering Criteria Bulletin EC-1 dated 8 November 1963. Because
of the low energy levels, 6 x 10% rad for a 60-day period, radiation effects were not considered.
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SECTION I;

SUIMMARY

A. GENERAL

The basic space maintenance hangar was des'gned as an Integrated system for operation
on a large manned orbiting space vehicle. It is co-nprised of a flexible strvture, a rigid
structure, clam shell doors, and components to accomplish deployment of the rrstem. The
hangar was configured to comply with the concept constraints listed in Section I azr- to be
compatible with the MOL for orbiting the earth. The enclosure is packaged within the peri-
meter of the MOL transport (launch) vehicle. Except for air supply, power requirements, I
humidity control and peak thermal conditions, the system is fundamentally independent of the
manned spacecraft. Because of the bay-type construction, the hangar is readily adapted to a
decrease or increase in length.

B. SYSTEM DESCRIPTION

Basically, the space maintenance hangar is an accordion-shaped cylinder with a domed
end. The enclosure has an overall length of 25 feet and a diameter of 9. 1 feet. The hangar
is attached to the head of the MOL space structure near the periphery of the cylinder. As
shown in Figure 1, the accordion section is fabricated from flexible material ard patterned to
fold within the perimeter of an existing launch vehicle.

The aft portion of the flexible section mates with a rigid cone segment. This structure
supports the door frames, the end closure, and the sealing system, and maintains a dimen-
sional relationship betvween these related components. The segmented cone is integral with
an adapter section structure. The cone serves the dual function of being a part of the space
hangar in addition to being part of the packaging canister. Doors for the enclosure consist of
two contoured frames positioned and hinged at the equator of the cone. Radiating from a
spider fitting at the center of each door frame is a network of cables terminating at the cone
periphery.

The enclosure system is operated with pneumatic and electrical power. Deployment of
the structure is achieved through pressurization of the inflatable deployment tubes. Door
closure is achieved by a cable system. Electrically nowered reels, with cables, open the
doors. The system is designed to function automatically in sequence fr .n the initial deploy- jm
ment to pressurization of the enclosure.

C. METEOROID AND THERMAL CAPABILITY 1
Based on hypervelocity particle impact tests, a flexible polyether foam is used as a

micrometeoroid harrier. To comply with the 60-day, 0. 995 probability requirement the foam
blanket is 2 inches thick with an 0. 015-inch cloth outer cover.

For temperature control within the hangar, thermal coatings are applied to tie cloth
cover and cone segment. Under normal conditions the desired temperatures are maintained
by the insulating properties of the meteor barrier in conjunction with the thermal control
coating.

3
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SECTION M l
CONCEPT DEFINITION

A. GENERAL

The concept definition portion of the program was limited arbitrarily to a one-month
study. The objective of this phase was definition of the space maintenance hangar in concep-
tual form. Studies In each subsystem area were conducted within the constraints and require-
ments stated previously. The selection of a single concept was made before the subsequent
initiation of the preliminary design and analysis. The results of the review and the approach
taken is summarized in the following subsections.

B. INTERFACE DESIGN

The terminal end of the protective closure structure (attachment to the MOL) incorpo-
rates an aluminum base plate fastened to the head of the MOL. A steel tube ring and an angu-
lar ring for termination of the flexible structure and the bladder is attached and sealed to the
base plate.

C. MATERIALS

A specific composite-materials approach, the subject of Goodyear Aerosrz:ce in-house
development, was chosen for the expandable space hangar structure. A diagram of the corn-
posite arrangement and functions is shown in Figure 2. The cross section is basically four
components, each serving a specific purpose. Each component emphasizes an essentially
continuous construction for maximum structural reliability. The characteristics and functions
of construction are given below.

1. Pressure Barrier

A triple-seal gas-pressure bladder is used for the space hangar structure design. Based
on the company's in-house development, the measured permeability of the three-barrier com-
posite bladder is 1.0 x 10-4 psf/day using oxygen at 3 psia as the test gas. A hole that will
permit leakage through one barrier only doubles the already neffligible permeability rate. For
the wall construction employed, the measured permeability rate indicqtes a gas loss for the
enclosure of about 50 ccmin at 5 psia.

2. Structural Wall

As indicated in Figure 2, a two-inch Dacron webbing used for the structural wall is a
continuous strip running axially to the hangar, configured to carry the catenary plus the for-
ward and aft loads. Coils of wire rings placed at approximately 2-1/4 foot intervals take the
hoop tension.

3. Micrometeoroid Barrier

The selection of flexible polyether foam as a micrometeoroid barrier is based on hyper-
velocity particle impact tests conducted at the AFML at Wright-Patterson AFB. As a result of
these tests (0.005 gram particles at 27,000 fps), it is concluded that a 2-inch thick, 1.2-pcf
foam barrier is adequate with respect to p.netration resistance. With this foam barrier, the
protection exceed& a 0.995 probability of zero penetration for a 60-d&y period.

4. Outer Cover and Thermal Coating

A lightweight outer cover compos ýdof a Nylon cloth-Capran film laminate (0.015- inch thickl,
is used with tne inner cover to encaps'Aate the foam and permit the exhausting of air from the
foam barrier prior to packaging. It also permits inflation to provide a pneumatic force for
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OUTER COVER FOR STRUCTURE ENCAPSULATION AND
BASE FOR THERMAL COATING.

COVER MATERIAL: NYLON CLOTH AND CAPRAN
FILM LAMINATE

MICROMETEOROID BARRIER OF

FLEXIBLE POLYETHER FOAM.
DENSITY= 1. 2 PCF

2 IN.
A

L TRIPLE-SEAL PRESSURE BLADDER.
INNER oEAL: NYLON CLOTH AND CAPRAN

FILM LAMINATE
INTERMEDIATE SEAL: CLOSED CELL VINYLI FOAM 1/16-INCH THICK

DENSITY = 10 PCF

OUTER SEAL : NYLON CLOTH COATEn WITH
POLYESTER RESIN

I STRUCTURAL WALL: 2-INCH DACRON WEBBING$INNER COVER: NYLON4 CLOTH AND CAPRAN FILM

rFigure 2. Composite Wall Cross SectionI
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expansion of the foam on the end closure. All three the: mal coatings considered satisfy the
requirements. After better definition of the orbital characteristics, one of the three coatings
will be applied to the outer cover surface to limit maxi-mum suriace temperatures and maintain
a reasonable internal temperature.

D. PACKAGING AND DEPLOYMENT

In the concept, packaging and deployment art interrelated. For packaging the space
maintenance hangar the 2-inch cylindrical wall is accordion-folded and stowed around the
periphery of the cone structure. Due to the concept approach, only a packaging canister cover
and a cylindrical adapter section are needed to complete the packaging requirements. The
wall structure fold locations are controlled b.y radial rings positioned to provide a consistent
folding pattern. All material (while in the r-owed position) falls into a geometric pattern that
facilitates deployment of the enclosure. Deployment of the garage is achieved by pressurizing
the inflatable deployment tubes.

E. END CLOSURE

Although several approarhes to tLe erd closure design were reviewed, the mechanical
clam shell concept, based on an isotensoid structural snape with zero hoop tension, was chosen.
Structurally, this concept is predictable and reliable. Functionally, the doors are simple in
construction and operation. Seals incorporated at the separation plane are those proven In.
other applications. The clam shell doors are closed and opened by an electric-powered reel
and cable system which appears to be the most appropriate method.

I
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SECTION TV

SPACE MAINTENANCE GARAGE STRUCTURE

A. GENERAL

The design and analysis effort covered a period of four months. The objective of this
period was to establish feasibility of the selected concept approach through detail design of
the system, supporting analysis, and specimen tests associated with full-scale hardware.
The design effort translated the concept approach into a preliminary design drawing (Figure 1).
The preliminary design is substantiated by supporting analyses which are described in the
following sections. In addition, weight estimates of the final system design and a typical bay
soction are included.

For the selected concept, the space maintenance hangar is ', combination flexible and
rigid structure. It provides an habitable hangar for personnel and a protective enclosure for
subsystems in a space environment. The total weight of the hangar is 1459 pounds with a
usable volume of 900 ft 3 . The enclosure isa 25-foot long accordion-pleated cylinder having a
maximum diameter of 9. 1 feet. The internal dimensions of the shelter measure 24.8 feet
long with a minimum of 7. 4 feet in diameter.

B. FLEXIBLE STRUCTURE

The flexible structure consists of i wall, hoop rings and an end closure. The cylindri-
cal portion of the hangar utilizes a Dacron webbing structure composed of 244 longitedinal
straps, unsupported in the circumferential direction. At approximately 2-1/4 foot spacing,
a series of four large and four small hoop rings, in addition to the terminating rings, laced to
the webbing complete the basic structure. *rhe hoop rings of two different diameters, alter-
nated, give the configuration its accordion shape in the unloaden , ý,.Iition. Under load,
however, considering no stretch in the webbing. the straps take a catenary deflection which
remains constant for the specified inner ring diameter and bay spacing. Because of this re-
lationship, the maximum di.imeter of the flex..le cylinder is dictated in the configuration.

Primary structural loads are carried axially by the webbing looped fore and aft on the
terminating rings. Radially the loads are taken by the hoop rings spaced along the structure.
Pressure loads are transmitted to the load carrying members by the gas-tight pressure
bladder.

The basic structure measures approximately 20. 5 feet long and 9. 1 feet in diameter.
The end closure adds 4. 3 feet to the overall length of the complete structure.

1. Wall Construct ion

A major factor in determining the basic wall structural approach are !he constraints
imposed by the packaging and deploment of the hangar. In complying with these limitations,
a flexi!!e, packaeable structure evolved employing a composite wall construction. The wall
material for the cylindrical structur.'. is shown in Figure 2. is divided into four individual
layers and described in the following paragraphs.

a. Pressure Bladder. The pressure bladder, bx)nded to Zhe inner surface of the structural
layer. serves as a gas barrier for pressure tightness. Its structural capability also permits
bridging across a gap in case of the strap failure. The bladder, as shown in Figure 3, is a
three-lav'-r lamination of flexible sealant materials. The outer laver is i close-woven nylon
cloth coated with polyester resin. The sandwiched layer is a 1 16-inch thickness of Vinyl
foam and the inner layer is nylon film-cloth laminate. To facilitate construction, the pressure
bladder is laid up on a 120 degree segment hangar mandrel. The inner laminate of cloth and
film is applied first, followed by the layup of the foam-nylon cloth sub-assembly. Both
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NYLO0N CLOTH COATED
WITH POLYESTER RESIN

SI

0.070-INCH THICK
CLOSED CELL

IL

VINYL FOAM
P.10 LB/FT3

NYLON LAM!NATI; OF
CLLOTH-FILM- CLOTH

PRESSURE SIDE

NOTES

(1) Construction - 3-Layer La-vinate:

Liner Nylon Laminate 0. 015 lb,/ft2

Palw*'ter Adhesive 0. 027 lb/ft2

Closed-Cell Vinyl Foam 0. 042 lb/ft2

Polyester Adhesive 0.027 lb/ft2

Outer Nylon Cover 0. 015 Wb/122
0. 126 lb/ft2

(2) Permeability

1. 0 x 10-4 lb/ft 2 - Day at 5 psia,
(Hangar Permeability =L0. 06 lb/day)

(3) Toxicity

No Toxic ContaminaPts Detected

(4) Vacuum Test (10-6 mm Hg)

rlo-Gassing 6. 25 Percent Weight Loss
Stabilized (pproximate) 96 Hrs

Figure 3. Pressure ClaDet r
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laminates are made with lomgitudinal panels squall) spaced around the circumference of the
mandrel arc. Seams for the individual layers have -t 1-Inch lap joint. The splice pattern for
both sabassembly laminates is staggered to prevent fabric build-up In local areas. The man-
drel segment Is rotabtd, as work progresses, to complete the circumferential lay-up.

b. Structural Wall. Upon completion of fabrication for the pressure bladder, the strap
structure Is incorporated. At a predetermined spacing, terminating rings for the webbing are
positioned. Under nominal tension, to maintain a uniform strap length, a continuous strip of
webbing is routed between the two rings, looping around the ring tubes to form a complete
cycle. The 122 loops required to provide the structure are equally-spaced around the circum-
ference of the rings. For added safety, in case of a strap failure, all loops are sewed, adja-
cent to the termination rings, with a sewing pattern capable of carrying the web break strength.
This also eliminates the possibility of a cascading failure effect.

The following is a description of the Dacron webbing:

(1) Webbing Size 2.00 x 0.0114 inch

(2) Ultimate Tensile Load 675 lb

(3) Design Ultimate Load 665 lb

(4) Safety Factor 5

(5) Design Pressure 5 psi

c. Mlicrometeoroid Barrier. The foam barrier is provided to protect personnel, the
structure, and interior components from micrometeorGids and thermal extremes. The barrier
is a 2-inch thick flexible foam bonded to an inner cov r. The polyether open-cell flexible foam
barrier has a density of 1. 2 pcf and weighs 0.20 lb'ft . T" - selection of flexible polyether
foam as a micrometeoroid barrier is based 3n hypervelocity particle impact tests conducted at
the AFML at Wright-Patterson AFB. As a result of these tests (0.005-gram particles at
27,000 ft/sec), it was concluded that foam of 1.2-pcf density is equivalent to single sheet alu-
minum of 15 times the mass per unit area. Thus, a 2-inch thickness2 of 1.2 pef foam is con-
sidered equivalent to an aluminum sheet 0. 53-cm thick (1. 44 gm/cm ) with respect to pene-
tr.iton resistance. Based on analysis, the probability of zero penetration for a 60-day period
: .ill exceed 0. 995. The slabs of polyether foam are patterned and applied much the same as
the vinyl foam for the bladder. In the cylindrical section, panels made of longitudinal straps
are eo'.,ally spaced around the circtimference of the structure. The domed ends are tailored
to match the contour. Panels are butt-spliced and bonded together at the edges to form a
micromet-oroid barrier, an insulating shell and a protective spacer to alleviate excessive
bends In the structural wetbing during the packaged phase. The vacuum test (4. 8 x I0-6 mm
Hg) on the barr!er material produced the following results:

(1) Off-gassing, 0.4 percent weight loss

(2) Stabilized in approximately 1.5 hr.

d. Cover. The inner and outer cover serve as a pressure barrier for the foam mat. The
covers are bonded to the mat providing a pressure vesse' of uniform thickness. The material
and Installation duplicate that of the inner laminate on the pressure bladder. Panels are also
patterned Ir. the same manner. providing for ;, nr.e-inch lap spli-i-. The basic difference be-
tween the Inner iaminate of the bladder and fnam cover Is -tle s' -face coating for temperature
control an the ,uter cover. Although the cover serves primariv. as a thermal barrier. It also
functions as a protective surface for the foam and a pressure ve~sel for expAnding the foam
on the end closure, in addition. for possible packaging, the seala-it laminate permits evacua-
tion of the meieoroid barrier, thereby reducing the total wall thickness from appro-ximately a
2-1-4 to a 3 4-inch thickness. The vacuum test (4 x 10-6 mm lig) on the covers pro-duced the,
following results:
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(1) Off-gassing, 0.36 percent weight loss

(2) Stabilized In approximately 1. 5 hr.

2. Hoop Rings

Four large and four small diameter rings in addition to the terminating rings carry the
axial loads imposed on the cylindrical structure by internal pressure. The ring sizes are al-
ternated and positioned along the cylinder at intervals of 25 and 28 Inches; the typical unit bay
section totaling 53 inches. in addit'on tc carrying structural loads, the rings serve as spacers
for the cylindrical straps and co)ntrol for the folding pattern. By lacing the axial straps to the
rings, the circumferential position is maintained during the stowed or packaged condition. The
small diameter rings control the inner folds and the large rings determine the outside fold
positions during packaging of the hangar.

As shown in Figure 1, the ring construction is made from coils of high-strength steel
wire. The small rings with the larger loading conditions have 30 elements or coils and the
larger ring contains 5 coils. The coils are bonded into a circular cross-section and are con-
strained with a wrapping of plastic-type tape. At installation, the rings are secured to the
straps with linen cord applying the principles employel in lacing aircraft fabric to rib struc-
ture.

The following is a material description of the steel u ire:

(1) Wire diameter 0.080 inch

(2) Ultimate Tensile Load 1382 lb

(3) Design Ultimate Load 1382 lb

(4, Safety Factor 3

(5) Design Pressure 5 psi

3. End Closure

The dome-shaped end serves as the closure for the structure. The end is configured to
a contour wh!t-, provides zero hoop tension to simpl'fy sealing along the closure frame and
attendant structural problems. The geometry shown in Figure 4 (see Reference 1) is the
contour approached by parachutes as the number of ý.anopy lines are increased. The curve is
rather flat, withthe distance to the apex about 0.6 of the cylindrical radius.

The internal pressure in the enr ck sure is carried by 480 equally-loaded meridian
cables that terminate at the apex. Consequently a large force exists at the Vaex and causes a
radial component to occur in the cable. This force is the product of the pressure and the area.

The meridian or radial cables are spaced at approximately 0.7-inch at the periphery of
the rigid struicture and converge at a 5-1 2-inch radius near the apex. Two clamshell frames
hinged at the tquator and located in the horizontal plane serve as the termination separation
point for the pressure bladder. The frames control the domed end closure opening and pro-
vide support for the apex fitting and door pressure seal.

Except for the structural wail. the domed end aall construction duplicates that of the
cylinder. Lay-up of the bladder is made on a segment of mandrel c-..nfigured to the Taylor
curve. The micrometeoroid barrier and covers art patterned to the appropriate contour.
The wall ,,-,jclure differs from the cylinder in the following manner. At a predetermined
distance, the terminating ring is positioned relative to the Vpex fitting. Under a nominal ten-
sion steel cables are threaded through the ring and looped at the apex. The :40 loops in the
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domed section provide the pressure structure for the enclosure end. The cables are equally
spaced around the fitting and the circumference of the ring. For added ,gafety, the cables
embedded in Kirksite (at the apex fitting) secure the loops preventing slippage in case of a
cable failure. Bonding of the bladder and foam cover to the stranded wire control the cable
arrangement in the folded position.

The following is a description of the carbon steel wire rop":

(1) Cable size 7 x 7 0.067 inch dia

(2) Ultimate tension 480 lbs

(3) Safety factor 3

(4) Design pressure 5 psi

C. RIGID STRUCTURE

The rigid structure consists of a con;cal segment and a cylindrical adapter section with
a box section compression ring joiniigthe two at their interface. The conical segment is the
aft portion of the shelter that, in conjunction with the compression ring, functiont joth as a
support for the end enclosure and as the termination of the flexible cylinder aft end. The coni-
cal segment is also integral with ,ie adapter section to form the packaging c-iaister, thereby
serving a d'iil purpose. The adapter section is attached to the MOL when the hangar is pack-
aged and is separated from the MOL with electro-explosive frangible studw; tor deployment.
In the packaged configuration, the smaller end of the conical segment is closed by an alumirum
honeycomb sandwich canister cover. During the deployment sequence, We'ore the clam shell
doors are closed, the sandwich cover is released by cutting the wire retaining rope with electro-
explosive c.,ile cutters.

1. Conical Segment

The conical segment is the major assembly of the rigid structure. The overall size -¶

the section is 109 inches in diameter at the intc-rface with the cylindricai adapter tapering to
96 inches in diameter over a length of 25 inches.

The conical segment of the protective shelter consists .of foir basic items:

(l) The compression ring.

i2ý 'Termiral ring .tta.h.ents for both the cvlindrical webtoing and closure cables.

(3, Monocoque shell structure.

W4l (Ocxr (ramc s.

Altcyugh the ix-r frame is a part of the flexible -iome structure, its construction is as-
sociated v :th the conical Jsegment and therefore described in this secticn.

a. Corrressior. Rtn. The angle c: intersectin•n at the attachment of the flexible structure
ti the corica, segment applies a compressive force , .nhe circular cross section v, rmal to
the axis. This force ,s counteracted b-, a compression ring inc--rporated ir.: the c--nical sec-
men! struct;:re. The ring car. he described as a itx ueamr coitsisting of a heavy tec section
anod a heav" Angle section. The base of the lpe slec:lit !orrn, the in-er !ace of toe rtir, and
anrs ie. ,-)f the argle forms tne outer face of the rirg with !he leg of the tee and the other leg of
the a furie u•.shing the vertca' sid-es. Ir" sire. the d&ametvr of the ring at the o'uter 'ace is
109 in-ches. Lr cross section, the txiv beam is 3 inch",; wide aM.= l !rncher deep. The tee sec-

!."sa I inch base k, pr.-vide for the attachment oi tne mounting ring for the clsure cables.



Lecause of the circumferential length of the compression ring and the stretch forming
required to contour the circular shape, the extrusion sections are spliced with butt welds and
ground smooth. The compression ring is also used to partially support the hinge fittings that
support the door frames.

b. Terminal Attachmeiits. The flexible structure for both the cylindrical section and the
domed end terminate at the conical segmeni in the area of the compression ring. The terminal
tubes for these structures are located in planes perpendicular to the shelter longitudinal axis.
Attachment points for these tubes occur at the inner face of the box beam. At these attach-
ment points, heat-trewted steel fitt'ng arr bolted to the tee section extrusion of the box beam.
Steel support links provid. a double shear cornnection between the strap termination tubes and
the steel fi t tings.

c. Monocoque Shell Structure. The shell structure of the conical segment is a double wall
skin and stringer monocoque structure. The largest end is attached to the compression ring,
and the smallest end suppcrts the canister cover retaining ring. The shell helps support thie
h.nge fittings in conjunction with the compression ring, and supports the motors, and cableand reel system which opens and closes the clam-shell doors. The shell structure also serves

as part of the packaging canister and guides the folds of the flexible doors when they are opened.
The retaining ring has a notched flange arrangement which mes:ies with mating notches on the
canister cover to support the wire rope retainer. The hollow spaces between the skins of the
double wall .hell are filled with foam similar to that. used in the flexible structure so tlhi the
conical zgment also provides a microrieteoroid barrier. The prime structural purpose of
the conical shell, in addition to the support of the door cables from thý point of tangency of the
Taylor curve and the conic surface to the cable termination tube, is that of a pressure vessel
to carry the inflation loads in the area between the tangency point and the compression ring.
Since the sheD is a surface of revolution, a conic surface, this task poses no problem as only
tensile stresses are imposed on ihe skin.

d. Door Frame. The door framn consists of three basic parts as follows:

(1) The fran'e structure.

(2) The apex fitting.

(3) The pressure seal.

In rslationship, the frame structures are Joined with the hinge attachment which in turn

is secured to the conical segment. The structures are also locked together with the apex fit-
ting lock pin and sealed against leakge between the frames with an extruded seal system.

(1) Frame Structure. The clam shell frame structures for the shelter entry are basic-
ally box beams made fromi extrilded channel butt welded and giound flush, centered on the
equator of the conical segment and domed e:.d. Li planform, the box beams follow the slope of
the cone and the Taylor curve. Ccn.truction of the two frames is similar with the only differ-
ence being in the hinge area. In cross section the box beam is 2-1'2 inches high and ll,2
inches wide. The thickness 'f the webs is 0. 125-inch. The box beam cross section provides
torsional rigidity. The frames are approximately 12-foot long from hinge fitting to hinge
fitting. This length requires splicing tMe box beams at the apex by welding then grinding f1 .h
to maintain an uninterrupted seal surface. The hinge adapter fittings are extensions of the
frames. Along the frame length, provisions are made for attaching the pulley brackets for the
cable and reel door opening and closing system. In the center, brackets are incorporated to
mount the apex fitting. The hinge attachment and door frames are installed as a unit. The at-
tachment consists of a pin and hinge bracket coupled together. Fusing within the hinge joint is
not anticipated because of the light loading condition.

(2) _AOx.F!ttinR. The apex fitting, dlscusse.d briefly in the flexible structure section
(Section IVB), is located and supp-orted at the center of the door frames. The fitting is es-
sentially a clevis type arrangement with one-half of the fitting or cabie terminal attached to
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the upper frame and the other half supported by the lower structure. The assembled fitting
measures 14 inches in diameter and 2-1/2 inches in width. The fitting, as shown in Figure 1,
is .,ade from heat-treated titanium material. The fitting is divided into four parts; two rings,
fork, and prong. The rings transfer cable loads to the fork and prong. Each ring is made in
one piece for ease in fabrication and assembly then threaded together to form an internally-
tapered groove. This groove, undercut in cr--s -ection and located at thc periphery of the
ring, locks the flexible structure cables in position with Kirksite casting material. Through
bearing, the Kirksite transfers the cable load to the ring. After the two rings are assembled
into one piece, this is cut on a diameter into two equal pieces to be attached to each clam
shell frame. Bolts thru oae ring half and the fork, and thru the other ring half and the prong,
transfer the cabie loads from the rings to the fork and prong. Angular attachments adapt the
apex terminal to the upper and lower door frames. The conical slope of the fork makes the two
halves self centering. An end-tapered 1-1/4-inch diameter rod, activated by a pneumatic ac-
tuator, serves as the locking pin for the closure and transfers the cable loads from one side
of the end closure to the other.

(3) Pressure Seal. The pressure seal for the closure is located between the upper and
lower door frames. Grooves in the seais permit them to fit over the door frame box beams.
As recommended by the B. F. Goodrich Company, Akron, Ohio, the seal follows the require-
ments of previous applhcations. The sezl is made of silicone rubber and extruded in its col-
lapsed position. In its collapsed position, the extended lips curve away from the attachment
groove. In the expanded configuration, the overall cross-sectional dimensions are 2-3/4 by
1-1/2 inches. Closing the doors causes the tips of the curved extended lips to touch first;
then further closing causes the lips to deflect and press against each other forming a gas tight
joint. Pressurization causeb 'he lips to press more tightly together. The mechanical proper-
ties cf the section force the seal to return to its collapsed position when the internal pressure
is released and the doors are opened. The design configuration of the clam shell door arrange-
ment and the desired redundancy of the sealing provisions require the installation of two seal
units.

2. Adapter Section

The adapter section is a monocoque structure canister that supports the launch inertia
loading conditions on the packaged hangar. The adapter, attached to the ba.e plate on the
head of the MOL during launch, is configured to transfer these loads from tie garage to the
cylindrical structure of the vehicle. In shape, the section is cylindrical with a maximum dia-
meter of 109 inches and a length of approximately 20 inches.

Except for attachment fittings, all material is aluminum alloy. The adapter is a double
wall skin and stringer structure which is attached to the compression ring and is filled with
foam to provide a micrometeoroid barrier for the flexible structure in the region of the com-
pression ring where the longitudinal straps and flexible structure foam barrier terminate.
Electro-explosive frangible studs are located around the periphery at the forward end tc nttach
the adapter section to the base plate on the 1dOL during launch, *ind to separate the adapter sec-
lion from the MOL for deployment.

D, WEIGHT BREAKDOWN

In conjunction with the drawing shown in Figure 1, the following is a s:immary of the
weight analysis for the Space Maintenance Hangar:

Total Weight: 1459 pounds

Fabric Enclosure 715 pounds
Flexible Structure 489 pounds

Thermal Coating 29 pounds
Outer Cover 26
Polyether Foam 143
Inner Cover 27
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Lacing Strips 5 pounds
Chafe Strips 5
Web Straps 62
Hoop Rings - Small 60
Hoop Rings - Large 23
Isotensoid Cables 22
Tape 4
Bladder 83

Rigid Structure 125 pounds
Tubular Support Rings 6 pounds
Support Links 7
Saipport Brackets 23
Clam Shell Frames 28
Spider 50
Hinges 11

Seals 38
Actuator 29
Miscellaneous 34

Conical Segment 381 pounds
Compression Ring 116 pounds
Skins 67
Stiffeners 5
Retaining Ring 16
Canister Cover 122
Wire Rope Retainer 2
Reels and Cable System 25
Foam 10
Miscellaneous 18

Cylindrical Adapter Section 76 pounds
Skins 46 pounds
Stiffeners 9
Separation Hardware 10
Foam 7
Miscellaneous 4

Mounting Structure 168 pounds
Base Plate 133 pounds
Support Ring 25
Seals 2
Miscellaneous 8

Deployment System 49 pounds
Deployment Tubes 11 pounds
Pressurization System 27. Separation System 6
Miscellaneous 5

Miscellaneous 70 pounds

For use in expanding or shortening the shelter, a weight breakdown of a typical 53 irci.
bay section is shown as follows:

Total Weight 100 pounds

Thermal Coating 5. 5 pounds
Outer "over 5.1
Polyether Foam 27.8
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Inner Cover 4.9 pounds
Lacing Stripy 1.0
Chafe Strips 1.0
Web Straps 13.7
Cable Ring - Small 12.0
Cable Ring - Large 4.6
Tape 0.7
Bladder 14.6
Miscellaneous 9.1

I
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SECTION V

MECHANICAL SUBSYSTEMS

A. GENERAL

Associated with the structural design of the Space Maintenance Hangar is the system de-
sign of the mechanical subsystems for operating the enclosure. These subsystems are
primarily (1) the deployment system, (2) the door operating system, and (3) air pressure
system. They are integrated to the extent that the enclosure will automatically deploy, the
opening will open and close and the shelter will pressurize or deflate in the proper sequence.
Although the studies of these subsystems have been carried through the preliminary design
phase, the extent of detail does not parallel that of the structure. Figure 1 shows the mech-
anisms and the location of some basic components. Detail drawings, however, of mechanical
parts, dependent on electrical power, the gas supply source, or mockup of the conceived de-
signs for proof of operation, have not been considered.

B. DEPLOYMENT SYSTEM

Two modes of ope,-ation are used in the deployment system. For deployment, a pneu-
matic pressure provides the energy source for extending the deployment tubes. Pneumatic
pressure also provides the energy source for assisting the expansion of the foam of the end
closure.

The system for deploying the hangar consists basically of pressure vessels inflated with
gas which in turn apply forces in the longitudinal direction to extend the enclosure mass. On
the end closure, the meteoroid protection mat is designed as a pressure vessel. Gas barrier
covers, sealed at the ends and bonded to the foam, contain the gas forced into the foam cavity.
To expand the foam, pressures of 1/8 psi are anticipated, although provision is made for pres-
sures as high as I psi.

The deployment system for the enclosure is shown in Figure 1. A gas line leading from
the pressure source passes through an electro-explosive valve, a solenoid valve and a pres-
sure regulator, to the deployment tubes. Initiation of deployment at the master control ener-
gizes an electro-explosive valve, normally closed, to the open position, permitting gas to flow
through a solenoid valve and a pressure regulator into the deployment tubes. Forces applied
to the tubes extend the cylinder until it reaches the required length. Pressure limit switches
positioned in the deployment tubes close the solenoid valve, thereby terminating the deploy-
ment phase for the tubes.

C. DOOR OPERATING SYSTEM

Motor reels with a cable system close and open the clam shell doors. The system is
show.,n in Figure 1.

1. Closing System

The clam shell doors are closed with one motor reel and two cable systems. Only the
upper motor reel is used. Each cable extends from the reel over two pulleys mounted on the
rigid conical segment and over one pulley mounted on the lower clam shell frame to a terminal
on the uA er clam shell frame. Reeling in the cables closes the doors. To maintain the doors
in their closed position, the door structures are locked by a pin controlled with a pneumatic
actuator. With a 100 psi system on the actuator, a force of 800 lbs engages the pin in the fork
and prong of the apex fitting, and approximately 750 pounds is available for retracting the
plunger. The foam on the end closure is pressurized by gas from the deployment tubes con-
trolled by solenoid valves and pressure limit switches. Engagement of the two apex fitting
halves at the termination of the closing operation contacts a limit switch. The limit switch

22



energizes three solenoids, opening valves to pressurize the foam mats. The latter function
improves the thermal insulating quality of the foam and helps expand the foam which is tightly
compressed by the closure folding to the packagee, configuration.

2. Opening System

Referring to Figure 1, two reel units are shown positioned at the top and bottom of the
conical segment near the compression ring. Four sets of cables run from the reels to ptuley
Eystems mounted in each quadrant of the conical segment and on the clam shell frames before
returning to the reels. Each reel retracts the left and right hand quadrant cable installation
and each torque motor is positioned for maintaining, if possible, equal and opposite forces to
prevent destabilization of the conical segment. The door opening operation is initiated by a
sequence timer after the hangar has been evacuated. Power to the solenoid valve pressurizes
the actuator, pulling the pin from the apex fitting fork and prong. A limit switch in the pin
retracted position energizes the two reel motors for opening the doors. The cable network
prevents the flexible structure from dropping into the entrance opening. Limit switches on
the lines disconnect the power when the door closure is fully open.

D. HANGAP PRESSURE SYSTEM

The enclosure cavity is pressurized to 5 psi from a supply source in the MOL. The
system consists of a pressure reduction valve and solenoid. Pressure during use of the han-
gar is maintained through a reduction and energized solenoid valve. For depressurizing the
hangar, the door frame seals become the means for evacuating the enclosure. The doors
open until a limit switch indicates a 1/2-inch gap at the center of the door frame seals. In
this position the gas escape area for the enclosure is equal to approximately 40 square inches.
This method eliminates the need for solenoid exhaust valves. In addition, increased deflation
time and increased system reliability are possible.
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SECTION VI

MICROMETEOROID PROTECTION ANALYSIS

A. MICROMETEOROID ENVIRONMENT

The wall puncture hazard for micrometeorolds is assessed below in terms of the Poisson
probability of no puncture. This probability depends upon the surface area, the exposure time
and the flux of particles capable of puncturing the shelter wall. The perforation flux also de-
pends upon the environment and the shieldire, ,ffectiveness of the shelter wall.

In a near-earth orbit, the micrometeoroid environment is composed of both omnidirec-
tional (sporadic) and unidirectional (shower) micrometeoroids. The following relationship
(Reference 2) is accepted as the standard yearly average sporadic micrometeoroid environ-
ment:

Logl0 NSp = -1.3 log 1 0 M - 10.423

where

N = number of impacts per square foot per day of particles Mass M or larger,

M = mass in grams.

A similar relationship can be written for the shower micrometeoroid environment in a near-
earth space, i.e.

Logl0 NSh - -1.34 logl0 M - 2.68 logl0 V + loglo F - 6.465

where

V = geocentric velocity of the meteoroid stream (kmn sec.)
Averaging overall large showers per year gives an average velocity of
40 km/ sec.

F = ratio of accumulative meteor stream flux to the sporadic meteor flux.

The sporadic meteoroid flux , applied to the total surface area of the vehicle whereas
the shower meteoroid flux is applied to only the average projected area of the vehicle. The
space maintenance hangar in a near-earth orbit will be shielded during palt of its orbit by the
earth against both shower and sporadic micrometeoroids. This shielding (viewing loss) Is
given by the following expression:

L m Viewing loss (1- (R H) R 2

R + H /

where

R : radius of shielding Lxdy (earth),

H = altitude of orbit zbove the earth's surface.

The total number of micrometeorold impacts (IT) for particles of mass M or greater en-
countered by the garage can be given by the following equation:

IT - (I - L)(As NSp 4 Ap NSh) r
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where:

AS - surface area of the garage

Ap = average projected area of the garage

7 = mission duration

If the average velocity of all shower micrometeoroids is about 40 km/sec then a good approxi-
mation is that

NSh F NSp

or

IT =(I - L) NSp (AS + FAp) "

B. MATERIAL SELECTION

To comply with the contractual specifications, a probability of zero penetrations greater
than 0. 995 is recqrred. This requires that the protection material used on the shelter must
be capable of stopping a certain minimum mass projectile Mm as can be seen from the Poisson
probability of zero punctures (Po) expression, i. e.

P(o) = eIT

e-(1 - L) (AS + FAp)'r NSp

P(o) =e(I - L) (AS + F Ap)" 10 - 10. 4 3 2 Mm -1.34

/M - 34 3/4 [ -ioge P(o) j3/4
-M (1- L) (AS + F Ap)r x 10-10.432

- L) (AS F Ap)r x 10-10"432 3/4

Mm = -loge P(o)

Experimental and theoretical results indicate that depth of penetration of micrometeoroids
into mos, materi•Is is dependent on the 1/3 power of their mass. From past test experience
on materials (References 3. 4. and 5) very similar to the proposed hangar material, GAC has
shown that a 5 mg hypervelocity .l penetrate the structural wall when the low den-
sity foam is less than 1. 5 inches and will cause no significant damage to the structural wall
when the foam is 1.75 inches or thicker. Using the 1.75 inch thickness to stop a 5 mg pro-
jectile one obtains the following expression for penetration depth (T) as a function of projectile
mass (Mm):

T ( l! x 1.75 inch.

Substituting Mm from the above expression that equation becomes:

0l,- L) (AS + FA)T x 1010.4321 /4 1.7T p[ Ll g 75o)nch
-logeP(0 ) (5 x l0-3gms) 1,'3

2f
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For the space maintenance garage the appropriate parameters for the desired mission
and vehicle are,

1- L f, 0.7for l16Onmiorbit

F -1.0

AS . 600 ft 2

Ap -230 ft2

r - 60 days

P(o) > 0.995

Upon substituting these parameters into the above equation the rurve of Figure 5 is obtained.

To insure a 0. 995 probability of no penetrations a foam thickness 01 about I. 6 inches is
indicated. The above equations can be used to show that this probability of no penetrations.
for the protective enclosure, requires that the material be capable of stopping particles which
have a mass of about 3. 8 mg. Experimental data on a similar material (Reference 4) indicates
that a2 5 mg projectile is adequately stopped by about 1.75 inches of foam. Therefore to assure
a probability of no penetrations greater than 0. 995, a foam thickness of 2.00 inches is con-
sidered quite sufficient.

Material for the polyether foam is described as follows:

(1) Type UU-15

(2) Thickness 2.0 inch

(3) Density 1.2 11) ft3

It should be noted that there is a continuous iin-house cftrt ms tud,! s r.tia ,, ti , I r,,-
tective materials for micrometeoroid environment. At present ajn A)pr•ach witlmdr r -
ation employs a bumper wall (at least 15 mil) which is set away from the ic low dvi.•sitv !,,.i
barrier. Basically, the concept reduces the foam thitriess and inst.lls a I.;-tric curt.in which
is set at least an inch from the foam. Preliminary experimental rvesults inldi-atu thit redut -
lion of the foam thickness by about a factor of 2 is possihle. therehv r, do t'iTt. A-v 11,

present time, Goodye.ýr Aerospace has a company-funded project oi this •-n.icip•. M,,rc I•s,-ing is to be dore In the near future.
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SECTION VII

THERMAL CONTROL ANALYSIS

A. INTRODUCTION

The space maintenance hangar configuration analyzed in this section is that shown in
Figure 1. For simplicity this configuration is regarded as a cylinder 8.2 feet in diameter
with a hemispherical end and a total length of 24. 8 feet. Two types of surfaces form the sys-
tem: a double-wall aluminum conical segment which houses the expard._.'.. section in the ^ol-
lapsed postion, and an inflated section covered by a micronieteorvid barrier discussed in a
previous section.

Thermal design criteria are:

(I) A comfortable "room temperature" is to be maintained within the system for human
habitation and reliable equipment operation.

(2) Material temperature !imitations are not to be exceeded. Hot spots ,r cold spots
may exist for brief periods on the external surfaces wherf, tho temperature limita-
tions are approximately -3000 F to 2500 F.

(3) Internal system surfaces must be whitr to enhance lightinc.

(4) The thermal design must be compatible with the project .oocept of a simple. erec-
table hangar.

Criteria (3) is easily satisfied by the use of white paint. A vehicle rotati e rPn
is presumed to alleviate the severity of the hot and cold spot prohivrm. sc thait.
certain hot (large ratio of solar absorptance to" emittanc&e coati!ý.s Ai•l '-,.r, C,
with Criteria (2). Criterias (W and i4l are somewhat cmra..ctr,. Th, rr,',a "
ings meet the aLk)%e requirements. Due to weight ard c mpltxitt .hdiut I , ' ,tr-, ..!: ht tz
pumps with a radiator would seem to be excluded fr,;n" cons-dt-ralt,,i Tt.wp, r..,rt r -
are caused by the effects of variable interral heatin.. dei rradat,- ,:, .!twrmia! it-:,

sulatioris, and variations in external heating. Tae latter is cAus!',! i, tar't' s '' .rt i

and reradiation intensities as well as orbital changes ' ith respect 1- A::A as the t¾rt,-r
ses about the sun, and computational errors. Thermai c ,Atri, %' , il ai",urt .adtquaiv[t- - -

tures for equipment reliability And will permit huma.- occupancv -A ,th the a., ,or' te[,t i%
clothing (shirt sleeves to winter clothing'. In orde- to maintai, .i shirt-s lctvt en'. ron mr
with a much tighter temperature bd.d. a more sophisticated therni: c, -tr. sv .kil , -
required: the basic vehicle thf-rmal control system mall -I- , -. ,:-c, :-,r th!'- purp.

This section presents the results .0 anal- se,' - ' prou--e , t01t.:'., ,n rm..; A

illustratc the effect o! vazious thermal parameters -4. the s;!in , r- ,.pr :r,

B. TECHNICAL DISCLSS1ON

i. External Heat Flux

The kace Maintenance Hangar ;s heP,',,P externali, ow three tv'rj !hcr:..-; r':.,:-

WI S,%lar radiatimn.

(2' Earth reflected s-olar ra'!atton iaoe-d1,.

(31 Earth infrared reradivion-
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The magnitude of these heating terms depends upon the typ o. orbit selected for the hangar
All orbits will lie between the two thermal extremes of a day-i.'ght orbit and a twilight nrb,..
A day-night orbit is defined as passing through the earth-sun line, and is possible with either
an equatorial or polar launch. The twilight orbit is defined as one remaining over dawn and
dusk areas of the earth, and is possible only with a polar launch. The thermal analysis will
be limited to these two orbital extremes. The typical orbital altitude of 160 nautical miles
specified for these studies is expressed in a dimensionless altitude term K defined as:

K = Re/(Re ho) (1)

so that K - 0.96 for this application.

In order toobtain the albedo and earth radiation intensities upon the hangar the radiation
view factors from the hangar to the earth will be required. Consider a flat surface with an
orientation angle 3 with respect to the earth-surface line (3 = 0 when surface faces earth).
The view factor from the surface to the earth is then:

F= K2 cos 4 0 3K cos-1 K

F., K2 cos I1- sin"I (fI/K sin 3)/ir + Isin- (101/sin 4)-f f1 2J/ I

cos-I K 3 "I< i!/2

Fj =K2 cos 3 sin-1 (f /K sin 3) sin-I (f /sin 3) + f,

K, .cos-I (-K)

F; 0 cos-1 -K! r • r (2)

where

f v K2 - coj,.2

Equation i2) is plotted in Figure 6. The view factor from the cylindrical portion of the hanrgar
Io the earh is-

F.- f F.ý d f d.;

Eqtuation 13i is intr-gratei nurnerically to obtain a value of F, , J. 38277. The view fAc-
tor !r-nm tho hemispherical porntv' of the han.gar to the earth is •Ame as that fr. m a
sphere to the ea.-th rhich is

i h C 0.5 II - f 2 -4

s" that F~h e'uk 0. 3• '-r th< op. icati",. Tbe 'aýue c4f th, .!ei- '_Actor fronm ofrth . of the
hemi.Vwtere to the earth vary, 1f cnurse. from Fe ý Fr 2 31'A10 1,7 the e.i' 0. 3827-
%,.rt ,'he nemispher= nrries into :he cv'oidýer. w%:th the -0- 36 bp~ing a,. average Val,.;e.

Earth rer diation .ux inters t" on !he ha.,gar - "1nAep ient -n! h ttype co ,'r.: T g '
the val~ue th. earth aix-Jo 1.a; as 0. 3M ar. the sr•iar c-nstant ,Ct as 442.4 Bstu .r-2



Fc

'I -

00

UO.L-)V -1 6-4

- <<~ ~30



Ec = C 4 Fr = 27.09

Eh = - a) Fh = 25.48

E 0 ( - a)F- .9(5
e4

Ee = C Fe = 22. 94 (5)

Solar and albedo intensities vary with the type of orbit. For a day-night orbit let 0 be
the orbital angle measured from the earth sun line in the direction of flight. The hangar is
then in the umbra for values of 0 between 1050 and 2550.

Since the hangar follows the attached vehicle the solar fluxeq are:

Sco = C (cos 0) abs/Ir 2550 ( 0 ( 1050

Sc,0 = 0 1050 < 0 < 2550

Sh,0 = C (1 + sin 0),•/ 2700 < 0 4 1050

Sh, =0 1050 < 0 <2700

Se,0 = C sir. 6 00 K. 0 1< 1050

Se=o 0 1050 < 6 <00 (6)

Orbital average values are:
2-,, 2r,--

Sc.OdO' fdO :46.35
o C o do1A
C) 0

2.-,

27; 2rmSh - h & d4 j do 64.52
0 (0

2 27

Se fS 0e. dO, 0 dO 88.63 (7)

ConsiderinL the low orbital altitude, the albedo fluxes are reasonably approximaied as:

Qc, C a F. cos 0 270° )< 6 ( < 90 0gO

Qc,6 f 0 900 < 0 <2700

Qt = : C a Fh cos 9 2700%< H < 900

Qh0 to 0 900 < < 2700

Q,. C a Fe cos t 270o". 6< 90('

Qe,. t, 0 900 < < 270" (8)
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Orbital average values are:
2ff 2ff

Q' f = Qc, t do/ fd = 19.40

0 0

21r 21r

Qh = f oie dO/ f dO 18.25
0 0

21T 2r,

Qe f Qed dO= 16.43 (9)

For a twilight orbit the solar and albedo fluxes are constant:

Sc = C/i = 140.82

Sh = C/4 = 110.60

Se = Qc = Qh = Qe = 0 (10)

Average fluxes over the hangar may be obtained by treating the hangar surface area as
83.6 percent cylindrical and 16.4 percent hem~spherical end, then:

Eg = 0.836 Ec + 0.164 Eh = 26.83 (11)

For a day-night orbit:

Sg = 0 . 8 3 6 Sc + 0.164 Sh = 49.33

Qj:= 0.836 Qc + 0.1 6 4 Qh = 19.21 (12)

For a twilight orbit:

Sg 0.836 Sc + 0.164 Fh = 135.86

Qg 0 (M31

2. Equilibrium Temperatures

The external heat fluxes previously derived may be used to compute the radiation equili-
brium temperatures of the hangar external surfaces as well as the internal temperature.
Neglecting internal heating and internal heat transfer, a heat balance on any surface takes the
form:

CT 4 = Ef + (S + Q) &

or

aT 4 = E + (S + Q)o//e (14)

The equilibrium temperature is seen to be a function of the external heat fluxes and the ratio
of solar absorptance (a) to emittance or infrared losorptance ( ). Utilizing the fluxes of
Equations (5, 7. and 9 through 13). the resultant temperatures are plotted in Fig.ure 7 as a
function of the alt ratio.
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It may be observed from Figure 7 that:

(1) An average ale ratio near 1. 5 appears desirable for a day-night orbit, while a
ratio .-ear 0. 75 appears desirable for a twilight orbit.

(2) The type of orbit makes a difference in temperature of approximately 700 F.

(3) Local temperatures on the hangar surface, other than the tip or end of the hemi-
sphere, vary by only about 20 0 F. It may be noted that the end surface comprises
a very small percentage of the total hangar area.

The Figure 7 temperatures will, of course, rise if internal heating occurs. Internal heat
transfer will dampen the local temperature variations. Since the heat fluxes utilized are
averages, the temperatures are averages about which the actual temperatures will cycle as
the hangar rotates and moves around the earth.

3. Rotational Transient Temperatures

As the hangar roLtes at the presumed rate of one rpm, the external surface will ex-
perience variable heating which will cause temperatures cycling at the rate of one cycle per
minute. This effect is most severe on the inflated surface of the hangar, as opposed to the
conical segment, ti:lce the inflated surfaces nave less mass and are better insulated from the
interior surfaces. For this reason the inflated cylindrical surfaces are selected for a study
of the transient temperatures of the hangar.

Before a transient analysis can be accomplished, a thermal model of the affected sur-
iaces must be constructed. The inflated surfaces have two primary components. a pressure
bladder and a micrometeoroid barrier. Two concepts of micrometeoroid barriers have been
used to construct two thermal models as shown in Figure 8. Since the polyether foam acts as
thermal insulation, the pressure bladder is insulated from the transient temperature variations,
closely follows internal temperatures, and is presumed to have a constant and typical temper-
ature of 750 F. Thermal conductivity of the open cell polyether loam is an important para-
meter which is variable; the conductivity is approximately 0.24 Btu-iin hr-ft2-0F initially but.
following penetration of the outer laminate by mlcrometeoroids, outgassing will eliminate
gaseous conduction across the cells and reduce this conductivity to approximately 0.07 Btu-
in/hr-ft2 -°F (Reference 3). The latter value produces the most severe transients and is used
in the transient studies. Each model is arbitrarily divided into five nodes as shown in Figure
8, and the slight surface curvature is neglected.

A heat balance on each node of the 2-inch model may be written:

Kt (T2- TI)+ (S+ Q) a+ Ee = a T1 4 + (Wcp)1 'IT1
y d-

Kt dTi
-- (TI+I + Ti-.1 - 2 Ti) = (w cp)i d , 2 K, i - 5 (15)

where y is the distance tetween nodes, T6 is defined as 750 F (534. 70 F), and (uCp)i is the
thermal mass of node t. For the 1-inch model:

(S+Q) a+EE + OT2 =(f+f P)a T1 + (WCP)I dr

Kt!4 dT 2(T3- T2) + Ia T,= i IaT 2
4 + (Wcp) 2  dTr

ydT

K d+T 2i d(163y + 1 -1 " = 3 .. i ..< 5(6
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2-INCH MODEL

T I SOLAR, ALBEDO, AND
I E8ARTH RADIATION

PRESSURE I NODE1
BLADDER I1: I a 1 a,--AS DESIRED

75OF i I z0~
I I I OUTER LAMINATE
I~~~ I =0. 023 LB/FT2

Cp = 0.25 BTU/LB-°F

POLYETHER FOAM 2 IN. THICK
1 = 1.2 LB/FTJ-. C = 0.23 BTU/LB-OF

Kt 0. 07 BTU-IN/HR-FT 2 OF

1-INCH MODEL

I I '-I-• SOLAR, ALBEDO, AND
I I As EARTH RADIATION

PRESSURE [,i SNODE Desired

BLADDER 01 (D IO~~ 2 1 a,'-'-AS DESIRED
7 5 0 F

BUM ,R WALL
0. 1 LB/FT 2

Cp = 0. 25 BTU/LB-OF
POL Y EIT H ER ýF OAAM •O

I-INCH THICK UTEP LAMINATE
P, Cp, Kt -SEE ABOVE to 0.01_-. LB/FT 2

CP 0.025 BTU/LB-OF

Figure 8. Thermal Models of Inflated Surface for Transient Studies
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where el Is the effective emittance between nodes I and 2 defined as:

+ I- - I "I1(17)

The external heating terms must be evaluated as a function of time (-r). A somewhat conser-
vative and greatly simplified analysis of rotational response results it the cylindrical surface
is presumed normal to sunlight while albedo and earth radiation are neglected- with a one rpm
rotation:

8 = C cos (120 -r) 2700 4 120 4 900

S = 0 900 < 120 < 270'

Q = E = 0. (18)

Utilizing equation (18), equations (16) and (17) are solved numerically, by a backward differ-
ence technique, to obtain transient equilibrium solutions (cyclic repetitive temperatures).
Values of the variables a, e, and eI must be specified as input data. Figure 9 presents the
results of this study. A black surface (a = e = 0. 9) produces transient temperature differen-
tials of 960 F on the surface of the 2-inch model, approximately 45 0 F on the bumper of the
1-inch model, and 0.4 0 F to 120 F respectively on the outer laminate surface of the 1-inch
model for values of cI from 0. 025 (aluminized Mylar, or similar subslrate, surfaces) to 0. 8
(black or high t white surfaces). Lower values of a and o "vill decrease these differentials as
well as transient temperatures resulting from a day-night orbit. State-of-the-art coatings
which 4ppear desirable for hangar application are:

(1) Aluminized Mylar or similar substrate. Typical properties are a - 0. 15,
e= 0.05, a/c = 3.

(2) A thin layer of SiO on aluminized Mylar. Typical properties are o 0.15,
o= 0.5, a I = 0.3.

(3) Aluminized silicone white paint. Typical properties are o = i = 0. 25. c, = 1.

These three coatings may be combined by painting stripes or other patterns of coating (3) on
sections of (1) or (2) to yield average values of from 0. 3 to 3. The differentials produced by
these coatings are observed f'om Figure 9 to be less than 280 F for the surface of the 2-inch
model, 130 F for the bumper of the 1-inch model, and 40 F for the outer laminate surface of
the 1-inch model. These rotational transient temperature variations must be considered when
evaluating hot spot material temperatures, but have negligible effect on internal and system
balance temperatures.

4. Hot Spot Temperatures

The polyether foam effectively insulates the outer laminate from the pressure bladder
and hangar interior. Rt is conceivable that portions of the external surface may achieve local
hot temperatures beyond material limitations even though the hangar interior is at Z. comfort-
able room temperature. Excessively cold temperatures, on the other hand. do not present a
problem since the low orbital altitude and hangar rotation insure temperatures higher than
minus 120 0 F. The hlgh-temperpture limitations of the polyether foam, outer laminate, and
bumper wall may preclude or restrict the use of certain thermal cfatings for these external
surfaces.

For a twilight orbit the average surface temperature will not exceed those of Figure 7.
with transient variations as the hangar rotates per Figure 9. The cvliiidrical surface is khe
warmest, but an o/e ratio as high as 2 appears to cause no high tempurature problem presum-
ing material limitations in the order of 225°F to 250 0 F. Since the desired average 0 E ratio)
for internal temperature control is less than 1, limiting the a: i ratio to a maximum of I will
insure reasonable hot spot temperatures.
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WHITE PAINT (a = = 0.25) ON ALUMINIZED MYLAR
(a = 0. 15, c = 0. 05) OR Si O ON ALUMINIZED MYLAR
(a. 0.15, C. 0.50)

POLYETHER FOAM CONDUCTIVITY = 0.07 BTU-IN/HR-FT 2 "OF

ONE RPM

SPACE TEMPERATURE

HANGAR DIFFEREI LAL

[.,00 1800 3600

75°F INTERIOR POSITION
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251

0 I2-INCH MODEL (NODE 1)

20

w15

0

TEMP ~ ~ ~ UME (NODE ON1)CHMDL 6

10

I1-INCH MODEL (NODE 2) FOAM (NODE 2)
5

01
0 12

FOR a z 0.9:
TEMP DIFF ON 2-INCH MODEL 96 OF
TEMP DIFF ON 1-INCH MODEL:

EFFECTIVE 1 BETWEEN
BUMPER FO BUMPER AND FOAM
44.4 -F It.6°F 0.8
46.0 OF 0. 4 0.025

Figure 9. Rotationu Response Characteristics of Fx,'Trnal Surface
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For a day-night orbit the average surface temperatures are again given by Figure 7,
but with transient variations not only as the hangar rotates but as the hangar passes through
the day-night cycle. The latter effert is appreciable. To evaluate these transients the thermal
models described by equations (15) and (16) are again utilized. Heat fluxes from earth reradi-
ation, solar radiation, and albedo radiation were previously derived and presented in equatio,-r
(5), (6) and (8) respectively as a function of the orbital angle 6. Since the orbital period is 9L
minutes (1. 5 hr), the orbital angle ($) is related to time (r) by the expression:

0 ± v •T (19)
3

The resultant transient equations are again solved numerically, utilizing a backward differ-
ence method, after specifying values for a, E, and e.

Results for the day-night orbit are presented in Figure 10 for the three low value a and
4 coatings previously discussed. The end surface of the hemisphere is seen to be consider-
ably warmer than the cylindrical surface. An oie ratio of 1 (a = = 0. 25) appears to be tne
maximum permissible for the end surface, which does not encounter rotational transients.
The maximum permissible a/c ratio for the cylindrical surface appears to be 3. Since the
average a/t ratio des;ired for internal temperature control is greate," than 1, it is obvious that
the hemispherical enJ will require a different thermal coating than the cylindrical section.
For comparison, use of a black coating (a = c = 0. 9) would produce cylindrical hot spot tem-
peratures of 1400 F on both models and end surface hot spot temperatures of 255°F on both
models. Using an effective iniernal emittance (el ) of 0. 025 rather than 0. 3 with the a = e
0.25 coating on the 1-inch model increases the maximum bumper temperature to 132 0 F and
238OF and decreases the maximum foam temperature to 86 0 F and 120OF for the cylindrical
and end surfaces respectively.

C. THERMAL DESIGN CONCLUSIONS

1. Variahles Affecting Temperatures.

Temperatureý7 withi,- the hangar are atlected by many variables or uncertainties, such
as:

(1) Variable internal heatig., variable external heating due to local variations in earth
albedo and infrared reradiation as well as variations in the time spent in sunlight
as the earth progresses about the sun.

(2) Uncertainties and degradation of thermal coating properties.

(3) Variation of polvether fhKn' conductivity due to outgassing.

(4) Air circulation r •lt , ie hangar.

(5) Computational

Achievement ot a environment A,thin tne hangar with its narrow tempera-
ture band would requii :ne thermal contro! system of the hasic vehicle, or a fairly
sophisticated hanigar ,'rol system which would be :nconsist,nt with the concept of a
simple, erectable sh, .mal cootrol coatinns wi Il. thowever, matntain internal tem-
peratures at a level ci with reliable equipment operation. and suitable for human habi-
t 'i .with protect - g A tVpic:'l temperature iard within the h,v agr may be 25oF to
!00()F. Variations ,, . nal temperature as the hani:.ar pasvses lhr, ugh the day-night cycle
may lic approximately -101 F. although the exttrnal surface tcrnperaturt' var:at in. may te a"
proximatelv Il5()'F.

2. S 'e)lect t Optimmum Thermal Coat:ngs.

Selection of the optimmum combination ,)' external surtace thernmil coa-ý.gs depends 'poi-
the folloxing
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"(1) Type of micrometeoroid protection system.

(2) Orbital inclination with respect to the ecliptic

(3) The internal temperature desired

(4) Considerations Involving the attached vehicle thermal control system if utilized for
hangar thermal control.

The optimum coating properties generally will net correspond to a single coating, and
may require the combination of 2 or more coatings by striping or other means.

Preferred thermal control coatings for the inflated section exterral surface are:

(1) Aluminized Mylar (or similar substrate)

(2) StO on aluminized Mylar

(3) Aluminized silicone white paint

Preferred for the conical segment external surfaces are zinc oxide pigment- i ;.,_hy siticone
elastomer white paint, black, aint, and bare metal. Al! internal surfaces and the interfaces
between the double wall of the conic .1 segment should oe covered with the zinc ,,xide pigmented
white paint. Black paint is also accep-atl- i,,: .e inte -rfaces. Redefinition of the ,ptimizing
condition may alter the combination of coatings required, hut not the co;atings Different
coatings are generally required on the cylindrical and end prrtions of the inflated structure
and conical segment due to variations in local heat fluxes. The variations cause local hot
spot temperature problems which can be alieviated by judicious seluction of thermal coatings.

All thermal coatings described are currently state A the art " ith thk possihle excep-
tion of the aluminized silic4,nu v.'hite paint. which has nlt ie,. pr , :,r n::iattd structures.
Since the elastomer base is similar to that of the prno ef. zinc \v* p,.. :'.ted paint ."n. dif'
culties are anticipated!.

J. Model Selection

The choice of micrnmet -"roid protecti.,n systems Ai1  pr•i• tb hi t. ni " .riteria
other than thermai. Either selection is acceptable hhrmail. A -'.h t 'r r 'C h ,a>

for the !-inch system due to its versatility. Aith a zi.-¢ \ lit' pi_,r n¾ ,.t A IýOjt. onp- t or hiaic-.
on the Outer laminate and i mptn r wall interiacen.' th's mld- is h . . tt-A' i l,; i r- trnal ha!t-
ing. 'With reflective coatinr,- on th, irt,.rIace,, th n- Jul thcrmall, r,'. .,iles thc 2- 'rch
model.

It ls recommended that this w..alv -- i ! %t h- .!., r ,. sta.:v lit
subsequent ha•ngar contracts. utiiizir.: :'::ýrrnati,.- ahir- ,.htu ! : h. &' , ' 1 .r i.
heat loads, required pers''.. enironmrnts, at::, ri .!•ai u'h A.l.. '-.;7,{ 0- 1, ;si.
this study and mtssh-n anaists. Dev ,..pn0, "t A.%d it - tt- .r..:uý:c in:t.-- '-
pa:lt n In!latei surface.- sh, , mpP shed a', 1 rh, , .! ''- -



SECTION Vm

STRUCTURAL ANALYSIS

A. GENERAL

Structurally the hangar consists of three primary components:

(1) Cylinder. Composed of longitudinal fabric straps and high strength steel wire cable
hoops.

(2) Isotensold End Closure. Having only meridional stresses carried by flexible car-
bon stefM cables.

(3) Conical Frustum. Connects the cylinder and end closure.

In addition to the connections required for the primary structural components, a fabric bladder.
a clam shell frame that facilitates opening of the end closure, and a split ring at the apex of
the end closure required for termination of the meridian cables also must be considered.

For this preliminary design phase, the structure has been aralyzed for internal pres-
surization only. No external loadings such as angular accelerations, docking forces, etc.,
have been considered. For the design, only the internal operating pressure of 5 psi and a
proof test pressure of 10 psi were considered. This structural analysis is based upon the two
loading conditions.

The factor, of saiety applied to the 5 psi pressure loading are 3 for the metal and 5 for
the fabric compoients. Therefore, tlse corresponding factors of safety for the 10 psi proof
pressure become 1.5 for metal and 2.5 for fabric components.

B. 19STENSOUM END CLOSURE

The inilatd trd closure, or dome, is designed as an isrtensoid surface of revolutimn.
Thtse scrtaces are used extensively in the filament winding of p, essure vessels, rocket cases,
t'c. High strenth-to-weight ra!ios result since a nearly uniform factor of safetv is achie'ed

throughout the •,,v due to the constant stresseS II the filaments.

i, the problem at hand. the particular isotensoid surface ch,.isn is thAt Zen-rart,-d 1.K a
rneridiancur'e of the equation, using coordinates as shown ?I Sketch (A).

C(,mmonlv roWerred to as I av lor's curve, the equation proi vids constant tensic, in th- m-crt-
ci: -al structural elemerts and ai.o yields zero circumrrr-.t:ai ,,rerses c'ryrvhere. Th:.-,
rr:a', t.e sho.- hxy :ummarizt-i the origtnal proof as gi~irr Ir Rr.r'trce I. Takimi equilthrium
-n !-h; element xi. o sec dx. as shown in Sketch (Mi

F. rces normal u, the axis of rutuuonal sy.mmetry lead to

t, T. CO c _ _dx 11 0 A 0 pt-

F-rc.ýs paraiie'i t,, tri, am s 4 I n: ez f- r -A t.

22
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Sketch (A)
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Sketch (B,
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Operating on the left-hand sides of Equations (21) and (22) facilitates writing them in the form,

f dx d cos + d (fmx) = C -px tan 0 (23)

fmx dsin + in d (f mx) (24)

dx dx #-X

Multiplying Equation (23) by cos 0 and Equation (24) by sin 0 and then adding gives, j
d
(ý (f MX) = fc(25)

If fc is now stipulated to be zero, from Equation (25), it follows that,

fmx = Constant (26)

Integrating Equation (22) and from Equation (26), yields the condition,

= Constant (27)

Finally from the boundary condition, when x = xt, 0 v i/2, the equation of the Taylor's curve
is obtained,

2 pxt 2

: x = xt sVino

SAn alternate approach to show that fc = 0 is to use two equations: one considering the
dome as a whole and taking static equilibrium parallel to its axis and the other is the well-
known membrane equation (Reference 6).

Static equilibrium parallel to the axis of symmetry gives

2ITxfm sin 0 = p Trx2

fm px (28)Sfm= 2 sin 0

The membrane equation is

fm+ fe STm" + Pc =p' (29)

c

where Pm and Pc are the meridional and circumferential principal radii of curvature respect-
ively and are derived from geometry as

Pm ds ax I

d-o cos d= c, s-• -- xt

SCos xt (30)
Cos 0 ? vin 2 v
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PC"Mlii (31)

Substituting Equations (28), (30) and (31) into Equation (29) and solving for fc yields

fc P c PC fm Ox 2 rox

But,
X: * ii (by Equation 20). Therefore,
xt

fc i px =O 0 (32)

The Taylor's curve as given by Equation (20) is difficult to plot. However, it may be
expressed in cartesian coordinates by means of elliptic functions which have been tabulated.
The mathematics involved in the conversion are not shown herein but are given in Reference
1. Tables of the resulting cartesian coordinates at various points along the curve are pre-
sented in References 1 and 7. The values from Reference 7 were used in determining the
shape of the end closure as shown in Figure 1. The coordinates in terms of the major semi-
axis and the tangency cut-off point are shown in Table I. The tangent to the curve is parallel
to the transition conical frustum, e. g.

"0o = 0 (33)

1. Meridional Cables

The structural elements ..ý the dorr, are N = 480 meridional cables. These are 1/16-
inch, 7 x 7, flexible carbon steel cables having an ultimate tensile strength of Ftu = 480 lb
(Reference 8).

Since the cable spacing is 2irx/N, the load in each cable is (refer to Equation 28):

Tm =2fx fx2 (34)N t m Nsin0

By considering Equations (34) and (27) it is evident that the cable tension is constant every-
where.

Substituting the following values into Equation (34),

x M xo = 47.75 in.

0 x 0 0 a 0 z 75 0 , sin o = 0.96593

N - 480

Tm (47_75)2•
p (480) (0.96593) = 15.40 in. 2  (35)
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Table I. Coordinates of the Zero Circumferential Stress,
Isotensoid Meridian Dome

Unit Coordinates
'•'=J IFrom Reference 7)
x y 0 (Degrees)

0 0.59907 0.0
0. 1 0. 598?5 0. 573
0.2 0. 59640 2.292
0.3 0.59005 5.164
0.4 0.57762 9.207
0. 5 0. 55683 14.478
0.6 0.52494 21.100
0.7 0.47806 29.341
0.8 0.40946 39, 7"2
0.9 0.30296 54.096
1.0 0.0 90.0

Cut-Off Iteration

0.96 0.19666 ---
0.97 0.17104 ---
0.98 0.14024 ---
0.98282 0.12877 75.0
0.99 0.09958 78.55

For the design limit pressure of 5 psi and using a factor of safety of F. S. = 3 applied to the
ultimate cable strength, the margin of safety Is

M.S. Ftu 480

. -(F.S.)(Tm) - ( 5 (3515.40) - 1 = + 1.08

The above calculation assumes that the cable can develop 100 percent of its ultimate
strength in this application. A reduced cable efficiency of 90 percent will be applied because:

(1) There is a small bend radius of 0. 156 inch at the loops located on the large ring

of radiu's xO.

(2) There may be kinks induced in the cables during deployment.

The calculation is based on the results of preliminary tests of flexible carbon and flexible
corrosion resisting steel cables which were subjected to "hard" kinks and yielded 90 and 75
percent efficiencies, respectively. The reduced margin of safety is then,

* M.S. = (2.08) (0.9)- 1 - +0.87

2. Cable Connection Test Results

A 4-1/2 x 3 x 1-1/4 inch, 4130 steel piece (shown in Sketch C) was machined to
the cross section of the ring and then heet treated to Ftu z 150 ksi. Because of the Inferior
test specimen (the pin was inserted on an angle as shown), there was a nonuniform load dis-

tribution due to the resulting variable cable lengths. Therefore, one loop (two cables) located
on the short side failed prematurely at a total axial load of 10,900 lb. The remaining 14
loops then failed simultaneously at a total axial load of 12.600 lb. Since the breaking strength

45



Sketch (C)

AXIAL LOAD

16 LOOPS

T
1.5 2 1.375

2 1 
4.50

5.750 KIRKSITE

3
1. '25K

is given in Reference 8 as 480 lb per cable, this corresponded to an efficiency of 93. 75 per-
cent. In addition, no yielding of the Kirksite matrix or of the fitting was observed. The test
results are considered to be an adequate verification of the strength of this fitting.

C. ACCORDION FABRIC CYLINDER

The cylinder is composed of N = 244 longitudinal fabric strp.ps that are unsupported in
the circumferential direction. They are alternately laced to a series of hoop cables of two
different diameters, thus forming an unloaded accordion shape (see Figure 1).

Since, under the operating and proof pressures of 5 and 10 psi respectively, the straps
take large deflections, the deflected shape must be determined in order to calculate the fabric
stresses and the hoop cable loads.

Preliminary investigation showed certain geometric constraints. Since the flexible hoop
cables can resist radial tensile loads only, and since the Inner diameter and the length ot the
cylinder are prescribed, there exists a maximum allowable diameter of the outer hoop cables
for which they will remain in tension. The design approach is to first omit all the outer hoop
cables and to determine the nonextensible shape (the shape that the cylinder takes at very
low inflation pressurcs since the stretch of the fabric is taken as zero). The outer hoop cables
are then placed on this deformed shape at the desired locations as dictated by packaging con-
siderations. The extensiblo shape of the cylinder is next calculated for both the operating and
the prcof inflation pressures.

1. Nonextensible Shape

Since this shape is independent of the magnitude of the inflation pressure and since the
straps are laterally unsupported, only one strap under a general uniform load, w. need he
considered.

Assume the load is uniformly distributed so that the deformed curve is an arc of a circle.
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Sketch (D)

F F

rr

II

- For static equilibrium,

rcoso -= F (36

From geometry, shown in Sketch (D),

r sin. 0 (37)

- •From Equations (36) and (37),
0 = tan-I w' (38)

-1T

"But,

p r12 (39)-- --F
And, as a first approximation,

w-2f(40)/N 
2r

From Equations (39) and (40), (- - (41)

Substituting Equations (41) into (38) yields,
9 . tan-' " (42)

ri
It then follows, from equation (37), that

I I
r - 2 sin0

and

ro - r1  r(I- cosO) -10 - coso) (43)3 sinG1
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Using the desired inner hoop radius and spacing, ri and 1, determine 0 from Equation
(42), and determine ro from Equation (43). A second approximation of the distributed load is,

w -j-p(ri+ro) (44)
S~and,

w ri + ro (45)
F r12

Substituting Equations (45) into (38) yields

0 = tan- 1 (ri + r°) (46)2ri2 (6

Determine a second value of 0 from Equation (46) and determine a new ro from Equation
(43). A third value of 0 is then determined from Equation (46) and the process is repeated un-
tII the value of ro is stabilized. The nonextensible arc length that the cylioder is fabricated
to is then 2rO with the value of r determined from Equation (37).

The outer hoop cables are now placed upon this nomextensihle shape as shown in
Sketch (E):

Sketch (E)

r

k2 is established by packaging considerations.
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From geometry,
a = . Y-- (47)

• r

z = r (1-cosB)- r(1-coso3) -r (cos o3 - cos 9)

= r{coso0-Y-1 -cos9= r{Icos - -1I cos9

+ sin-L sin 8 (48)

-2 x2 z2 (49)

(kI . y)2  (x + k2) 2 =z2 (50)

Equate (49 anrd50). (kl - y)2 - y2  (x +k2) 2 +x 2 = 0

kI 2 - 2k1 y - k2 2 - 2k 2 x :0

x k12 - k22 - 2kl y
k= 2 2k2 ~ (51)

From Equations (48) and (49).

= y2 - z= Y2 - r2 {Co I.o cos 0o+ sin- uin* 2  (52),f
r r

Assume values of y and plot x versus y for both Equations (51) and (52). The Intersec-
tion of the curves gives the proper values of x and y. Using thmse values, z is found from
"Equation (49). and the outer hoop cable radius is

ro, = rI + z (53)

The calculations are not shown, but the cylinder values are given as follows:

r = 49.7 in.
N a 244

rl - 44.5 in.
.r 52.0 in.
roc 51.0 in.
9 31.550
j =0.030
x 2 5 in.
y 25.9 in.
K2 * 3 In.

aK 54.7 in.
z -6.5In.

2. Extensible Shape

a. Experimental Load-Defiectlmo Data. Since lighter webbing was not readily available
early in tih program, two test spec. s of 3600 lb/Dacro. webbing were loaded in a univer-
"sal testing machine with elongations measured manually between gage marks an the specimens.
The measured elongations are recorded in T'ble 11 with their respective load levels nd the
calculated moduli of elasticity. The load-defection data Is also shown in Figure 11 Including
a sketch of the test specimen.
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Table M Results of Dacron Strap Tests

e Lo Iner Len E mc, Unit II r Unit Tangent Secant
NO. ( .M) load (In.) (In.) E longation Elongation Elongation Moduws modulus

(b)I(In.) (In./In1. ) (in./ko ) Et (L~bs) Egs (Lbs)

1 0 --- 14.25 0 ---- -

700 ---- ---- 1.8125 0.1272 5503
700 --- 16.0625 1.8125 .... 0.1272 ---- ---- 5503

-- 50 ---- ---- 0.1875 ---- 0.01316 3799 --
750 --- 16.25 2.00 ---- 0.1404 ---- ---- 5342

--- 1750 ----... . 1.9375 ---- 0. 13596 12871
2500 --- 18.1875 3.9375 1 0.2763 ---- 9048

' 780 -.-- ---- 0.4375 ---- 0.03070 25407 ----
3280 --- 118.625 4.375 ---- 0.3070 1064

2 0 --- 13.50 0 ----.-- ............
--- 700 .... .... 1.6875 ---- 0.1250 5600 ---

700 --- 15.1875 1.6875 ---- 0.1250 .... ---- 5600
50 ---- ---- 0.0625 ---- 0.463 O 10799

750 --- 15.25 1.75 ... 0.1296 -.-- 5787
--- 1750 ---- ---- 1.6875 ---- 0.125 14000 ....

250 - 16.9375 3.4375 ---- 0.2546 - 9819
--- 840 4.0. -- 0.0.5025 .. 0.0417 20144
,-_j 3340 --- 17.5 4.0 1.----3. ... 11272

b. Section An!lysis. The initial geometry is that of the noneztensible case.

(1) Left-Hand Lobes. First co~idor the? extensible detormations, 4 the shcri arc of
initial length, y. between the im - %An tie outer hoops. In "keth (F), the dished l•u-i and
the solid lines represent the inlial And the daortned geometry respectively.

Given:

W -, (ri * r.) -R.ference Equation (44))

-- W r i rO

- "P2 Reference Equation (45))

n ii

re r

The initial strap tensions for 5 ard 10 psi are

T5 w"5 r
($41

TI3 2T5

The corres•iotng satrains are e5 and 410 respet-ively. The etcheda- " t•-fM'- Ar tbft

2(wr•5 . y(1 *5

uf y1 y (1 * 5
i-ry Y)lO - I (1 CIO)(

=5



Sketch (F)

a b b F2

/ r W3

In the preceding sketch. the angle, 0, may be determined from the results of the nonexten-
sible analysis as,

sin [ 2re sin~ 0 -i1 (56)

For equilibrium.

F
r cos a = - (57)

From geometry,

a = O- •+ (58)

and

sin (-•) sin 0 (Reference A0ab) (59)
rr
r -srnsi2).

Eliminating r, from Equaticns (55) and (57).

Y ol Y(l+ f5)(ri+r°)Co 5= 2ri 2 =C15

(60)

I 1 Y(1 CIO) (r 1 + ro)
o i 10= r 2 =r
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Substituting for (0 - ) and for r. from Equations (58) and (55), respectively, into Equation
(59) yields,

sin (a Y )5 = + sin O sin* -- L-..L s-s 5
YO f5j 2ainy e5siny'

2r. v 1(61)
sin (a "v)10- y(1 + 'l0) si 2 sif 0sn = K4 10 sin y

Eliminating y from Equations (60) and (61) yields,

sin (a - C cosa) =Y• S.in I coo a (62)6 Ce Cos a)

Let

A e C4 cosa (63)

Equation (62) then becomes
2.

sir (a •A) = Ke s-- (64)

Using factors of safety of 5 on the working pressure (5 psi) and 2-1/2 on the proof pressure
(10 psi), the corresponding strains from Figure 11 are 5 = 0.07 and e10 = 0.-12. Using
these strains and values from the nonextensible shape, values are determined for Ce and
K, from rquador.s (60) and (61) respectively. Then a Is determined from Equations (63) and
(64) by trial and error using tables of the sin A/A functions. The calculations are not shown,
but the values of a and the strap tensions are given as follows:

0•5 = 40.360

alO = 40.370

T5 = w5(r,) 5 = 132 lb
TIO = wlo(ry)lO = 264 lb

The force that is transverse to the plane of the outer hoops and ties the left and right-hand
lobes together •s denoted F2 and Is determined as follows in sketch (G):

For 5 psi,

F2 = 132 cos 1.860 = 132 lb.

For 10 psi,

F2 = 264 cos 0. j3° = 264 lb.

(2) Right-Hand Lobes. The remaining part of the repeating sections to be analyzed Is i i
the long arc of initial length, (kI - y), using Sketch (H).

Proceeding in a similar manner to that used for the left-hand 'obes, the strap tensions
are determined. The tensions are given as follows:

a5 = 6. 500

010 = 8.43°

T5 = w5 (ry)5 = 133 lbs

TI0 = w 10(r.)10 26'? lbs
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F2

F2  T cos y -~§ (65)

Sk3tc.'h (H)
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The maximum tension for an. inflation pressure of 5 psi is thus 133 lb in the right hand lobes
of the straps. For a factor of safety of 5, the required strap strength is 665 lb.

The force that is transverse to the plane of the outer hoops and ties the left and right-
hand lobes together is F2 and is given as follows:
For 5 psi,

F2 =133 cos 6.500 : 132 lb.

For 10 psi,

F2 = 267 cos 8.430 2 264 lb.

These values are in agreement with those for the left-hand lobe.

3. Analysis of Hoop Cables

Each hoop cable is composed of n strands of 0.080-inch diameter steel wire. The mird-
mum ultimate tensile strength is Ftu = 282 ksi as specified in MIL-W-470. The minimum
ultimate tensile load per &.rand, as based on the specified diameter variation of *0.001 in.,
is therefore,

Ttu 4d Ftu = (0.079)2 (282 x 103) = 1382 lb.

A factor of safety of 3 will be used on the operating pressure loading of 5 psi.

The cable tension is simply Tc = PR where R is the radius of the cable and P the radial
loading. Letting the subscripts I and r denote the left and right-hand straps that are connected
to a hoop, the radial hoop loading, for N straps, is given by

P = (Ti sin ai +Tr sin Or) N lb/in. (66)2ff R

and
N~

Tc = (Tj sin a, +Tr sinOr) N - lb (67)

For

N = 244, Tc = 38.8 (TA sinat + Tr sin Or) (68)

Taking the values for T and a from the extensible shape discussion, the inner and outer cable
loads and the corresponding margins of safety based on factors of aafety of 3 for the 5 psi
operating load and 1. 5 for the 10 psi proof pressure are determined In Table MI.

Investigation of the wire termination details shot. . that all the coils in the cables will
not be effective. Since the cables are wrapped every 12 inches it is doubtful that even 100
percent of the effectiveness of the last coil will be lost. However, to be conservative, arbi-
trarily let 20 percent of the coils in each cable be 100 percent ineffective. Then, the minimum
margins of Table HI are reduced to,

30 coil cable, M.S. =J_[u1 (2.0) - 1 =+0.6

5 coil cable, M.S. *[--J-(2.9)- 1 + 1.3
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Table M. Hoop Cable Loads and Margins of Safety

p n Ttuin a r T Tr TC.
Cable (psi) n (Lb) (Deg) (Deg) (Lb) (Lb) (Lb) M. S.

Inner Cable 5 40.73 40.36 133 132 6,684 +1.030 41,460

210 41.03 40.37 26 2 64 13,436 +1.0

Outer Cable 5 1.86 6.50 132 133 750 +2.0
5 6,910

1 50 0.13 8.43 264 267 1,542 +1.9

4. Bladder

The specified ultimate tensile strength and breaking elongation as supplied by the G. T.

Schjeldahl Co. for the X660 cloth-laminate bladder are,

Warp direction, Ftu = 64 lb/in., eu = 22 percent

Fill direction, Ftu = 72 lb/in., Eu = 29 percent

Since the bladder must span between merldional cables in the end closure and the fabric straps
in the quasi-cylindrical part of the shelter, the maximum allowable spacing, /, between these
elements will be determined. Consider a one inch wide strip of the initially flat bladder to de-
form into a circular arc under the ultimate inflation pressure as shown in Sketch (I).

Sketch (I)

+ U

FtuA' Ftu

Ft~ r

By equilibrium,

Ftu -ipur (69)

From geometry,

2r *I(I+cu) (70)

2 r sinG#- (71)

Substituting the first two terms of the sin 9 series and solving Equations (69), (70) and (71) for
Syields,

-PU (1 + IU) 1 +O(u (72)
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Substituting,

Pu =(F. S.) (p) =(5) (5) =25 psi

Ft' 64 lb/in.

f u =0. 22 in. /in.

(2 (~)64) (6) (0.22) =4. 197 n1820 =(4. 197) (1. 0405) =4. 37 in.

The maximum strap spacing occurs at the attachment to the support ring. The cc spac-
Ing between fittings Is 4.263 in. Since there are two loops (4 straps) between fittings, one
loop failure still allows a positive margin of safety on the bladder, 1. e. ,

4. 37
1. 263 -1 =r+0. 02

Similarly, if 3 loops (6 meridional cables) fail In the end closure the bladder must span 4.008
inches and the resulting margin of safety Is

M.S. 4.30 _ =i+0.09.
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SECTION IX

MATERIALS SELECTION

A. INTRODTTCTTON

The composite material construction described was selected as most suitable for a
space maintenance hangar. The candidate coniposite wall construction provides materials
that have exceptionally good properties of low specific weight (0.600 lb /sq ft), impermea-
bility to gases, resistance to solar and ultraviolet degradation, low surface vaporization due
to the effect of a space vacuum. All are nontoxic. Based on this investigation, polymeric-
type films, foam, fibers and elastomer materials, and ccrtain ferrous and nonferrous-type
materials, were selected for construction of the hangar composite structure. Materials se-
lection, testing, and fabrication techniques described were developed under in-house company
funded programs. The results of this in-house effort as it applies to this contract effort are
presented.

B. COMPOSITE MATERIALS SELECTION

1. General

The lay-up construction of the composite structure utilized in the hangar fabrication is
shown schematically in Figure 12 and the materials used in the manufacturing were as follows:

(1) Thermal Control Layer - Pigmented Silicone Paint

(2) Outer Cover Laminate - Nylon Cloth (Travis Mills Style 5096), Polyester Adhesive
(G. T. Schjeldahl Company GT-201), Capran Film (Allied Chemical Type 77-C)

(3) Polyester Adhesive Binder Layer (Typical) - Vitel PE-207 (Goodyear Tire and

Rubber Company)

(4) Micrometeoroid Barrier - 2-inch thick polyether foam (Nopco Cnemical UU-15)

(5) Structural Layer - Longitudinal Straps of Dacron (Bally Ribbon 8674), Meridional
Cables of 1/16 Diameter Carbon Steel Cables

(6) Structural Layer Binder Adhesive - Topolic-Type Polyurethane (Goodyear Tire
and Rubber Company)

(7) Pressure Bladder Foam Layer - 0.0070-iinch thick PVC Foam (Great American
Industries Rubatex R-313-V)

(8) Pressure Bladder Nylon Cloth - Nylon cloth (Burlington Style 1632)

2. Pressure Bladder

As shown in Figure 12, a triple-seal gas pressure-bladder concept is utilized for cori-
struction of the hangar structure. Qualification testing of the pressure-bladder component
demonstrated the basic material to be more than adequate for the design leakage requirements.
Both the nylon cloth and film-cloth laminated fabric provides excellent flexibility with a high
strength-to-weight ratio cloth and a low modulus film gas barrier, while the closed cell Vinyl
ioam provides a cushioned layer for puncture protection. Excellent ply-adhesion strength is
obtained with the polyester adhesive-layer, with foam tear occurring on separation of the
layers. Physical properties for the pressure bladder composite and component materials
are shown in Table IV.
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Table IV. Physical Properties - Pressure Bladder

Material Property

Nylon Cloth (Travis 5096)

Weight, lb /ft 2  
0.0063

,_eskincg Strength, lh /in - warp/fill 40/40
Thickness, Milu g.

Capran Film (Allied Chemical 77-C)

Specific Gravity 1.13
Thickness, Mile 0.75
Ultimate Tensile, psi, MD 8500-11,500

TD 7000-11,000
Elongation, Percent, MD/TD 300-400
Tensile Modulus, psi, MD 90,000-110,000

TD 105,O00-125,000

Nylon-Capran Laminate

Weight, lb ,'!t2  0. 015 avg.
Breaking Strength. lb Ain - warp/fill 72. 0/60.0 minm
Ply Adhesion, lb /inch 4.0 avg.
Thickness, Mils 6.75

Nylon Cloth (Burlington 1632)

Weight, lb /ft 2  0.015
Breaking Strength, .- 'in. - warp,'ffid 140/91
Thickness. Mils 4.7

PVC Foam

Density. PCF 10.0-13.0
Temperature Resistance

Low -10 0 F
High Continuous 1300 F
High Intermittert 200O F

Compression Set (ASTM Method)
Compressed 50% - 22 hours at 70OF 50'1 maximum

Pressure Bladder Composi e

Weight, lb ift 2  0, 126 avg
Thickness, inches 0.0925
Ply Adhesion Foam Tear
Fr - 1y.(02), 5 plas. )h ft 2 -24 hours 1.0 x 10-4

3. Stwtural LUyer

A lay-up construction utillizig Dacron fau Ic longitudinal straps and high- strength steelI wire hoop cables was selected for the cylindricil section. and flexible carbon steel mertlian
cables for the end closure. Proper positioning o. the flexible structural elements will be
maintained by impregnating the polyurethane resin. Qualification testing of te-;minal and fit-
tinge for both the Dacron straps and meridian cables were conducted to demonstrate design

o • efftc*.ency. Physical properties of the flexible structural elemen~ts are shown In Table V.I
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Table V. Physiveal Properties - Flexible Structural Elemerts

Material Pt operty

Longitudinal Fabric Straps (Bally Ribbon 8674)

Type Dacron
Weight, oz/linear ysrd OA.
Gage, inches 0.0114
Bremaing marength, lb 675
Break Elongation, % 27.0

Hoop Cables f
Type Steel Music Wire
Condition Hand r awn
Ultimate Tensile, psi, minimum 282, (0O
Size 0.080
Specification MZL-W-470
Weight, lb /100 ft 1.69

Meridian Cables

Type Carbon 8te*l
Condition Hand Drawn
Size 1/16 x 7 x 7
Specification VIL-W-l5SI
Weight, lb /100 ft 0.75

4. Microkneteoroid Barrier

To pro-Ade the penetration resistance as determined by tMe micrometeorold hazar'd as-
sessment, 2-inch thick flexible polyether foam of 1. 2 pcf density was selected (Figure 12' .
The polyether foam provides good elastic recovery characteristics for the exposure condltoiosj
required both before and after deployment. Also. exceptional ply adhesion is obtaned In b-.nd-
ing to the other substrates.

5. Cover and Thermal Control Coating

An inner 4. outer cover fabric (Figure 12) of the same film-cloth laminated material.
as described in the Pre4 i.:. - Bladder, is provided to encapsulate the entire 2-hich tMick foam
layer. This will permit pressu, izi.-. the 2-Inckh foam layer for enclosure expanion, and will
permit exhausting of air from th -. );- layer prior to packaging, where required. A total of
4-mrl dry thickness coating of sillco;c. birder is painted on the outer cover surface with the
proper pi-nentin.g as determined in the ttu.mid *upportlag analysis (Sectlon VI) for thermrxal
control.

C. FABRICATION TECHNIQUES A.ND PROC ESSES

In fabricating the enclosure flexible wall st.•cture, each c-.'¶pm;4nt ;2aer. a I*,-n In

Figure 12. is built up layer- by-layer stauting with the pressure bladCr on a partial fride
mandrel. The pulyorter adhesive binder layers bwud tia tmaltiplv~a-er ve~mr*eb1&der
components together, bond the outer cover to the two-inch t am layer, bona the srudue•a•
layer multiple plies together, mad bood the streudaral Layer to botL the two-lnch foam layer
-- d the pressure bladder. Thus the multiple plies are booded into 3m bntegfrl sd h-x.Ole-
-•- e~a actare. NPysucalnroprUes for the boandig emposera are shon tin Table V1.
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Table VL Physical Properties - Bonding Components

Rem Polyester Polyurethane

Code GT and R PE-207 GT and R Topolic

Type Thermoplastic Thermoset

Tensile, psi 7800 3000

g Percent Elongation 100 480

Specific Gravlty 1.2 1.1

D. MATERIALS TEST RESULTS AND EVALUATION

1. General

The materials selected for fabrication of the hangar composite structure were based on
Goodyear Aerospace in-house sponsored development programs.

2. Weight

Actual weighing was conducted on the components of tht composite structure with the
following average weight breakdown results:

Construction lb, ft2

Thermal C3ntrol Paint 0.045
Outer Cover Laminate 0.015
Polyester Adhesive 0.027
? -.i.ch _'c!yrther Foam 0.200
Polyester Adhesive 0. 027

Laminated Fabric 0.015
Longitudinal Straps (Incl. Adhesive Binder) 0. 145
Pressure Bladder

Nylon Cloth 0.015
Polyester Adhesive 0.027
0.070-inch PVC Foaffm 0.042
Polyester Adhesive 0.027
LamInated Fabric 0.015 0.126

Total 0.600

Ji. Pressure Tightness

To msbstantiate gas pressure tigthtess of the pressur bladder component material.
permeability of samples were measured on Dow gas transmission cells in accordance with
ASTM procedures. The tests were conducted at hangar r.eployment conditio-s of room tem-
perature. 5 pals pressure, and gas atmosphere of 100 percent 02. Permeability tests of
"..orignal" samples vs samples simulating the bladder splice joints showed only negligible
leak rate change. Other permeability tests were made under the following sample conditions
with the teak rate At poumds/foot - 24 boars.
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(1) Original Sample 1.0 x 10-4

(2) Creased Sample 1. 0

(30 P-,,ctured Sample - One Side 1.8 x 10-4

4. Structural Integrity

To demonstrate structural inteWity of the flexible structural layer, test samples of the
termination joints were made and tested for both the longitudinal straps and meridian cables.
Two Dacron strap joint samples were made an follows:

(1) 4-1/2 inch sewn seam length

(2) 6 point cross stitch

(3) 8-10 stitches per inch

(4) -F' type thread

(5) Sample gage length = 11.0 inches

Results of the two tests were as follows.

Sample No. Ultimate Lbs/Inch Type Failure

1 3980.0 At Seam

2 4030.0 At Seam

These heavy straps were tested since the desired weight was not available in time for the tests.

One sample test simulating the meridian cables apex joint was made. A sa, le encom-
passing 16 complete loops of 1. 16 % 7 x 7 flexible steel cable terminating with Nicopress fit-
tings and set in a steel fitting with Kirksite was made All strands failed uwder an ultimate
tensile load of 12. 500 pounds

5. Temperature Contrri

To substantiate final requirements determined by the thermal analysis for sace-stable
thermal radiation properties of the thermal control layer. meauat -mei of solar absorptance
(as) and infrared emittance (W) will be made before and after UV exposure under vacuum con-
ditions with Goodyear Aerospace test facilities. Tests will consist of exposing the thermal
control co•,ing specimen to simulated solar radiation under vacuum 21 10-7 tour or lower.
The a/' r-tio and i will be calculated from specimen data using radiometric and reflect-
nmeter measuring techniques.

6. Elastic Recovery

Time-load tests conducted on small slamples of the micromoweoerold barrier foam layer
were used to ascertain the maximum len&• of time the haga can be pazr.ge with a htip re-

liability of elastic recovery when unpackaged. Figure 13 sbows the recovery charscteristics
of the foam under vacuum conditions and for varyirg temperatures. From Figure 13 It can be
seen that the packaged structure niust be Insulated agalinst etreme cold if full recovery is tobe achieved.

7. Environmental Effects

TestE -.n the comsposte wall material and Its compommt layers under vacuum condit•ons
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T7b0e VII. VWjuuw Off-Gcsisog- Compostre WAI• Materials

Percent Weight Time to VacuumMaeilLos•j Stabilize Level

Total Composite 2.83 40-Hrs i1-6 Mf

Outer Cover 0.36 1.5 4 x 10 61t

2-Inch Foam. 0.39 1. 5 4.8 X 10-6

Siruclural Layer 0.12 1.0 10"6
(Longitudinal Straps)

Pressure Bladder 6.3 __.0 i06

we.-e used to evaluate olff-gassing effects on the material physical properties (Table VII). An
initial off-gassing is encountered requltfg from boil-off of plasticizers and volatile solvenas,
with a negligible wsight loss, which subsetiuently levels off.

8. Toxicity

Tests were made to assure that no toxic by-products, such as those used in the pres-
sure bladder polyiner type materials, are given off while under the deployment environment of
5 psia 02 atmospilere. A survey of toxic materlal known to be used in the pressure bladder
material construction was made, and found to be Toluene, Xylene, methylethyl ketone and
Methylene Chloride solvents, also Tolue.e-ditsocyanate (TDI). Although carbon monoxide was
not 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 evacu-
ated and subsequently pressurized to 5 psia with 02. The test material was exposed for 24
hours, prior to chemical analysis of the toxic gases, and all were found to be below the thres-
hold limit values for atmospheric contaminants established for occupational exposure. The
values as determined by calorimeter-type chemical tester or mass spectrometer are shown in
Table ViU/.

Tabie VIII. Threshold Limits for Atmospheric Contaminants

Test Result Threshold
Gases Value Limit Value(pPM)(1) (ppM)12)

Toluene 200.0 200.0

Xylene 200.0 200.0

Methylethyl ketone 200.0 200.0

Methulene Chloride 200.0 500.0

Toluene-dilsocyanate 0.01 0.02

Carbon Monoxide 25.0 100.0

(1) Values shown are minimum sensitivity values of instruments used in testing.
In all cases, no trace of contaminants were found; therefore proving that if
there were minute traces of contaminants, concentration is below threshold
limit value.

(2) American Conference of Governmental Industrial Hygienists, 1963, or Na-
tiunal Bureau of Standards
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A. COWCLWEONS

vehicle configuratlin. Vehicle integration was effected by incorporatfttg a cylindrical adapter

j section, containinrg the packaged structure, betsen n the MOL and the booster.

bi addteo e'n to the design effort which was conducted, the cupporting analysis portion of
the program gave emphasis to the following:

"(1) Structural atlysis of the design indcates that the enclosure car. be varied in length
witsc , out causing major changes in the structure.

(2) Micrometeoroid studies, still being pursued on a company - unded basis, may en-
hance the protection capabilities of the structure in addition to reducing the weight
by an appreciable amount.

(3) Thermal analysis indicated that the hangar hard structure can be used as a space
radiator to help control internal temperatures.

(4) Packaging itudies substantiated packageability of the hangar des'gn within the con-
figuration geometry of the launch vehicle, with the packaged structure including the
canister occupyirg a space of only 4 feet in the longitudinal direction.

The study of specific mission applications for the space maintenance hangar, with their
attendant design and operational constraints. was beyond the scope of this program effort.
Studies for specific mission applications would entail the investigation of areas such as light-
ing, a more sophisticated thermal control system for maintaining a "shirt-sleeve" environ-
ment, associated operational equipment and fixtures from the confinement, weight, and struc-
tural loads aspects, and human factors limitations imposed by specific missions. Specific
mission applications for the space maintenance hangar could include the following:

(1) Contained volume for conducting extra-vehicular activities experiments.

(2) Assembly facility for other satellite vehicles including assembly and checkout.

(3) Satellite intercept, acquisition, and disassembly.

(4) Sterilization of extra-terrestrial objects prior to earth return.

(5) Orbital supply and transfer station for mission extension.

B. RECOMMENDATIONS

Further detailed definition of the desigr, is recommended. This definition would be di-
rected towards the development of a maintenau•ce hangar within accepted aerospace technology.
Specifically, the following efforts are r .commewied as a logical extension of the subject
program.
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(1) Thittiate studies of specifie misimn applications with zespect to supplemental hard-
*are installations, thermal control systems, structural loading possibilities, and
human factors implications.

(2) Construct a scale model large enough to confirm design approach of the deployment
and clam 8hell door operdion systems.

(3) Fabricate a full-size hangar to static test the structural Inte'grity and to demon-

strate the operational Aspects of the system.
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SECTION XI

PROGRAM DEVELOPMENT PLAN

A. PREPROTOTYPE PROGRAM

The prepr~totype i3pace Maintenance Hangar Development Plan and Schedule is shown in
Figure 14. The preprototype is scheduled for completion in 18 months. An additional four
months is added to allow sufficient time to fabricate a canister and refurbish the hangar after
testing in order to use the preprototype unit for compatibility checks. This unit would be
available the 23rd month.

Emphasis will be placed on completing the preprototype design by the 6th month so that
the unit can be fabricated and a series of tests started to verify design concepts. The test
program will checkout the ability of the hangar to take 5 psi pressure for long periods of time
with only minor loss of pressurization gas. Packaging and deployment both in ambient and
vacuum environments will also be important aspects of the preprototype test program.

B. PROTOTYPE PROGRAM

1. General

The prototype Space Maintenance Hangar Flight Hardware Plan and Schedule is shown
In Figure 15. The prototype effort is scheduled to start the 16th month and is scheduled for
completion the 33rd month. The program plan reflects a minimum type effort necessary for
a flight article. Two units will be required for Qualification Testing. Unit 2 will be refur-
bished after completion of the Qualification Test and used as a standby unit. If this decision
is not satisfactory, a 4th unit could be completed in the same length of time, since tooling will
be available from Unit 2 to fabricate the 4th unit. Plans are to schedule 3 months for Lie re-
furbishment of Unit 2. This time could be spent on the fabrication of Unit 4.

2. Design

The prototype design overlaps the testing of the preprototype by 3 months. Effort can
be started on the detailed design of the canister once the packaging tests are completed. De-
tail design of the hangar portion will be completed as the design concepts are verified during
preprototype testing. The adapter design will be limited to defining constraints imposed on
the adapter by the hangar design.

3. Quality Control and Reliability

A full-fledged Reliability & Quality Control Program will be conducted during the proto-
type design, fabrication and testing. Procurement and System Specifications will be written
during the prototype program.

4. Fabrication

Three units are to be fabricated. Units I and 2 will be used for Qualification Testing
and Unit 2 will be refurbished for delivery as a standby unit. Unit 3 will be the flight article.

The preprototype tooling will be refurbished and used for Units I and 3. One additional
set of tooling will be fabricated for Unit 2. The fabrication area must be clean- free from
dirt, metal shavings, splinters, etc. Er.vironment must be controlled. A specific area will
be set aside and improved for the fabrication of the hangar. Two setE of checkout equipment
and 3 sets of hapdling equipment will also be fabricated for the prototype.
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5. Testing

"The test propam will be d&sigid to space qualify tho hardware prior to flight test.
The teats will include standard comonent and mubsystem C ialifcstion, lamc simulation and
enomental tests, and additional teest ing deployment nd pressurisinq of the hIagr to
ensure the quality and reliability of the completed produet.

6. Delivery

The 3rd unit wti be acceptance tested mid ready for delivery 33-1/2 months aftr pro-
gumn go-ahead. The standy unit will be available for shipping the middle d the Mt nw.

MONTHS AFTER PROGRAM 00-AHEAD

6 1 16 24 30 36

PRELIMINARY DESIGN COMPLETE
DESIGN OF PREPROTOTYPE HANGAR

Fabric Enclosure
Attachment Assembly
Deployment Assembly
Clam Shell Frame
Cone Assembly
Seals

MATERIAL RELEASES .------
MOL - SPACE HANGAR PRELIMINARY

MISSION PROFILE COMPLETION
INCORPORATE DESIGN CHANGES
TOOLING DESIGN
TOOLING FABRICATION I
PREPARE FABRICATION AREA
FABRICATION OF PREPROTOTYPE

HANGAR
Fabric Enclosure
Attachment Assembly
Deployment Assembly
Clam Shell Frame '
Cone Assembly
Seals -

ASSEMBLY OF PREPROTOTYPE HANGAR '
SPECIMEN TESTING -
DESIGN PROOF TESTING -
PYROTECHNICS TESTING I 3
PREPROTOTYPE TESTING

inflation - Time - Pressure C=
Packaging and Deployment C=
V-Jcuum Chamber (Tullahoma)RI'FFIVR•ISH PREPROTOTYPE A.•ND

FABIRICATE CANISTER ~I
SIUP COMPAT]DIUTY UNIT j . j

Figure 14. Space Maintenance Hangar Prepioitotpe Cevelopmet Plan and Schedule
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MONTHS AFTER PROGRAM GO-AHEAD
6 12 is 24 30 36

PREPROTOTYPE PHASE .. . -

DESIGN FLIGHT HARDWARE
Hangar
Canister
Adapter Constraints
Instrumentation

MATERIAL RELEASES -. -

MISSION PROFILE COMPLETE
MOL - HANGAR DESIGN INTEGRATION - -

DESIGN EFFECTS ON MOL DEFINED
RELIABILITY PROGRAM

Design Review
Reliability Testing
Failure Reporting. Analysis and

Corrective Action
SPECIFICATIONS

Procurement
System

FABRICATION
Refurbish Tooling
Tooling (Set No. 2)
Improve Fabrication Area
Qualification Test Components
Hangar S9otem 3
Handling Equipment -
Checkout Equipment and Fixtures Complete & I2
Abbenbly of Hangar Systems ., 3

TESTING
Test Plan
Design Test Fixtures
Design Checkout Equipm, rnt
Component Qualification
Qualification Tests

Launch Simulation Series 0
Deployment 0 C3
Pressure - Leakage a 0
Environmental 2
Deployment in Vacuum Chamber

REFURBH FOR USE AS STANDBY FLIGHT
UNrr 32

ACCEPTANCE TESTING
SHIP FLIGHT UNIT ,,jSHIP STANDBY UNI ... ,rr...-

Figure 15. R=* Maintenance Hangar Flioat Hardwae Plan and Schedule
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