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- FOREWORD

This report was prepared by Goodyear Aerospace Corporation (GAC), Akren, Ohio

: under USAF Contract AF33(615)-2114. The contractor's number for this report is GER-12335, v

The sffort was initiated under Project No. 8170, "Aerospace Eite Support Techniques. ' In

particular it was a development effort in cempliance with Task No. 817004 "Expandable and

Moduiar Structuree for Aerospace.” The work was administered under the direction of the .

E Aero Propulsicn Laboratory, Research and Technology Division (RTD). Mr. F.W. Forbea &
and Lt. A.J. Zappanti of this laboratory (APFT) were project engineers for the Air Force.

-
&

The program began in November 1964 and was concluded in January 1966. The program
was directed by the Space Systems and Analytics Division, managed by Mr. S.J. Pipitone of

GAC.

! This program was a group effort headed by Mr. L. Juric.., project manager of the As- ]
' tronautics Programs Department, assisted by T. L. Hoffman, project engineer; K. I.. Cordier,

materials; B. H. Burzlaff, environmental effects; R. L. Giater, thermodynamics; J.D. Marke-
tos, struciiral analysis; D.S. Kimes, fabrication; R.D. Lilley, test cperations; and L. L.
Swinehart, administration and planning.

This report was aubmitted by the author March 18G6. ]

This technical report has been reviewed a.d is approved.

! James A. McMillan, Major, USAF 'Y}
‘ Chief, Space Technology Branch 1
Support Technology Division
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ABSTRACT

This report sumimarizes tt2 design, analysis, fabrication, and testing performed by
GAC on the expandable Gemini to Manned Space Station (MSS) modular crew transfer
tunnel under USAF Contract AF33(615)-2114 for the Air Force Aero Propulsion Laboratory.
The program established the design of a 3. 5-foot diameter modular tunnel to be used as a
pressurized meteoroid protective enclosure for astronauts transferiing from the Gemini cap-
sule to the MSS, The transfer tunnel, which has an expanded length of 12 feet, attaches to
the elliptical Gemini hatch at one end and to the circular MSS hatch at the other end.

A prototype expandable crew transfer tunnel was fabricated, and preliminary qualifica-
tion testing was conducted to establish the feasibility of the design. The expandable tunnel
construction is a composite wall consisting of an inner triple-barrier pressure bladder for
gas retention, a four-ply Dacron cloth structural layer, a 2-inch thick polyether foam raeteo-
roid barrier, and a fiim-cloth laminate outer cover with a thermal coating. The expandable
composite wall is structurally bonded to a rigid aluminum honeycomb sandwich floor to which
the packaging canister is attached when the tunnel is folded to constitute a modular unit.

Pressure proof testing for 7 days at 10 psi and cyclic pressure testing from vacuum to the
nominal operating pressure of 7.5 psi for 60 cycles established the structural integrity. Pres-

sure leak testing under ambient conditions for 7 days at 7.5 psi established the gas tightness

of the structvre with a leak rate of 0.50 1b/day of inflation gas under orbital conditions. Pres-

sure leak testing in a vacuum chamber at an average vacuum of 4 x 10-2 mm Hg for one day
established a leak rate of 0.40 lb/day of inflation gas under orbital conditions. Tunne! deploy-
ment testing in a vacuum chamber confirmed the operational aspects of the design.

Fabrication of an operational expandable crew transfer tunnel, which is estimated to
weigh 375 pounds including the packaging canister, is entirely feasible and within the present
s'ate of the art,

TN
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SECTION I

INTRODUCTION

A, GENERAL

This fina) report presents the results of GAC's program effort conducted under USAF
Contract AF33(615)-2114 for tae Aero Propulsion Laboratory. The contract effort was funda-
mentally directed toward demonstrating the technicai feasibility of utilizing an expandabie crew
transfer tunnel for manned space stations utilizing current re-entry modules such 2s the
Gemini capsuie, hereinafter called the Gemini-Manned Space 3tatiun (MSS) system. The pre-
gram effort was performed ir. three successive phases.,

B. PHASE I - CONCEP'T DEFINTTTON

The objective of tr - Phase I effort was to define 2 modular expandable crew transfer tun-
nel in conceptual form. This was established within cortain constraints stipulated by Air Force
{n-house Development relative to the mission objective wich reg:~d to general operational,
human factors, and packaging requirements; and attachment, environmentai, structurai, and

materials requirements. Design studies were conducted, and a specific concept was esvab-
iished. This concept is shown in Figure 1.

Figure 1. Expandable Crew Transfer Tunnel
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€, PHASE II - DETAILED DESIGN, ANALYSIS, AND TEST

The Phasge II effort waz initiated to translate the concept into a detalled preliminary de-
sign. The follswing supporting analyses were conducted 1o substantiate the preliminary de-
sign: -

(1) Evaluation of the passive thermai control gystem.
{2) Determination of structural {ntegrity of the tunnel.
(3} Analysis of environmental hazarde ircluding micrnmeteornids and radistion,
{8) Substantiation of proposed materials for the turnel constructior.
The gen>ral arrangzement of the detailed ceaign is shown in Figure 2.
D. PHASE i - PROTOTYPE FABRICATION AND PRELIMINARY QUALIFICATION

In Phase I, a full-scale prototype tvnnel was fabricated and subjected to preiiminary
gualification testing., To perform the testing, a test carrier mock-up simulating the Gemini
and MSS hatches and 2 packaging canister were fabricated. Packaging, pressure proof,
pressure leak, and vacuum chamber deployment tests were conducted. The prototype tariiel !

design is shown in Figure 3,

Zero-G flight tests of the tunne! will be performed when the gcvernment-furnished zero-
G aircraft at Wright-Patterson AFB is available. The results of these tests wiil be reported
in Part IfT of this report.

Figure 4 shows the fully expanded pcsototype tunnel, which has successfully passed the
acceptance pressure proof test at 10 psi and the pressure leak test at 7.5 psi. Figure § shows
the same structure folded prior to installation of the packaging canister. .

E. CONTINUED DEVELOPMENT

In view of the successful preliminary gualification tests on the prototype tunnel, it is
recomme:nded that the program be centinued with the development and flight testing of a modu-
lar design expandable tunnel for man-rated orbital flight operation. In line with this recom-
mendatinn, a program development plan has been prepared and is submitted in this report.
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SECTION I
“SUMMARY

A. GENERAL

A modular expandable crew transfer tunnel conceptual design was defined to satisfy the
mission objective within the constraints regarding human factors considerations and operation-
al and environmental requirements established by Air Force in-house development by the AF
Aero Propulsion Laboratory, the AF Aero Medical Laboratory, and the AF Experimental
Fabrication Division. A detailed design of this cancept, substantiated by supporting analysis
and specimen testing, was completed, and a prototype tinnel was fabricated. The prototype
tunnel was then subjected to preliminary qualification tests that proved that the concegt is com-

awmd bha wnn.

plciely satisfactory and entirely feasible. The tunnel design is shown in Flgure 2, and the p
totype design is shown in Figure 3,

B. SYSTEM REQUIREMENTS
1. General

The Gemini-MSS crew transfer system has four phases of operation for which general
operational requirements were established.

2. Lzunch Pad Requirements

A modular tunnel desigr is required which will permit prepackaging of the expandable
tunnel prior to mounting on the Gemini-MSS system. The packaging canister is required to
provide protection from the terrestrial environment encountered on the launch pad.

3. Buust Phas« Requirements

In addition to having a minimal effect on the aerodynamics of the total system and pro-
tecting the packaged tunnel from the damaging effects of aerodynamic heating, the modular de-
sigr is required to have the capability of being instant!; jettisoned from the Gemini-MSS sys-

tern in case of mission abort.

4. Orbital Flight Phase Requirements
The crew transf{cs tunnel is reauired to reeist the total space environment to be encount-

ered in orbits ranging from 100 to 300 nautical miles for a 45-day mission. Ta~ tunnel may
or may not be pressurized 100 cercent of the mission, and the {r{lation pressure may be as

high as 7.5 psla.
5. Re-Entry Phase Requirements —

The modular tunnel 18 required to be jettisoned away from the Gemini-MSS gvetam nrior
to separation of Gemini from MSS for the re-entry sequence.

C. SYSTEM DESCRIPTION
1. General

The modular crew transfer tunnel consists of an expandable tunnel with a composite wall
structure attached to a rigid sandwich structure floor that spans the distance between the

Gemini and MSS hatches. The {loor is attached to the Gemini-MSS vehicle at the hatch loca-
tions by metal ring structures bolted to both the floor and the vehicle. Pyrotechnic devices

12



are Incorporates in the vi~1 desi- ¢ for aration of the tunnel fro - hi
for missfon termiration or for mission a:;prt during the launch phas!: mﬁ?ﬁiﬁwimﬁ:
protected during the launch pad and boost phases by a packaging canister that is attached to the
floor structure only and rests against the Gemini- MSS vehicle without being attached directly
to it. Pyrotechnic devices z-e incorporated in the canister design for jettisoning the canister
from the floor structure in orbit to allow the expandable portion of the modular tunnel to de-
ploy. Flexible strip lighting is provided along each side of the tunnel for interior lighting,

and hand ropes are provided on each side of the tunnel above the floor as locomotion aids for
the astronauts.

The operaticnal advantages of the modular design are numerous. With the canister at-
tached only to the rigid floor structure, the folded expandable tunnel and the canister can be
prepackaged as a urnit before delivery to the launch pad, thereby reducing the required mount-
ing time and eliminating the packaging operations from the pad mounting routine. In case of
mission abort, the entire unit can be jeitisoned {rom the Gemini- MSS system by the same
2jection system designed at the Gemini and MSS hatches for jettisoning the tunnel at miasion
termination. The design eliminates the necessity of jettisoning the canister as a separate unit
belore jettisoning the tunnel assembly in case of mission abort.

2. Composite Wall Structure

The ccmposiie wall structure consists of a triple-seal inner gas precsure bladder, a
multi-ply Dacron cloth structural layer, a flexible-toam meteoroid barrier, an outer cover,
and a thermal coating on the exterior surface. The unit weight is 0. €90 psf.

The nonstructural triple-seal pressure bladder utilized in this design comprises an in-
ner sealant of nylon clcth and Capran film laminate, an intermediate sealant of 0.070~inch
thick closed-cell polyvinyl chloride (PVC) foam with a density of 10 pcf, and an outer sealant
nf rvlon cloth coated with polyester resin, The multiple plies of the pressure bladder are
bended together with polyester adhesive. The unit weight is 0.126 psf.

The structural layer is four-ply Dacron cloth laminated with polyester adhesive and at-
tached to the sandwich floor structure with a rigid epoxy bond. The seams in each ply of the
structural layer are staggered so that no two plies have coincidental seams and so that there
are three uninterrupted plies over the seam in the fourth ply. The material then acts as an
ossentially seamless structure. The unit weight is 0.210 psf.

The meteorold barrier is 2-inch thick flexible polyether foam with a density of 1.2 pef.
The unit weight is 0.200 psf.

The nuter cuver is a nonstructural fiilm-cloth laminate. The thermal coating on the
auter cover consists of vapor-deposited aluminum on the film covered in part by aluminum
swder in sillcone paint or by silicon monoxide, depending upon the particular orbit and orien-
tation involved. The cuter cover unit weight is 0.015 psf, anc the thermal coating is estimated

to weigh 0,026 psf.

3. Sandwich Structure Floor

Tne sandwich structure floor consists of two flat metal honeycomb bonded sandwich
parels that are mechanically joined to form a 160-degree included angle between the panels,
puaralleling the longitudinal contour of the Gemini-MSS vehicle. There is a circular hole in
the panel over the MSS hatch and an elliptical hole in the panel over the Gemini hatch to allow

incress and egress of the astronauts.

{.  Attachment «nd Separation Systems

The tunnel {8 attached to the launch vehicle at the hatch areas with aluminum rings con-
tzining provisiong for pyrotechnic separatior. devices. The rings are attached to the floor
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structurre with bolts and Rivnuts, and attached to the launch vehicle with Camloc quick-dis-
conne?t asteners. The rings contain machined notch areas around their circumierences to
recelve the DuPcnt flexible linear shaped charge (FLSC) pyrotechnic separation devices. The
FLSC achieves separation by burning through the ring metal in the notched area and supplying
pressure to force the separated portions apart.

5. Packaging Canister

During the launch phase, the packaging canister is subjected to dynamic pressure loads
and aerodynamic heating. Lack of a specific launch trajectory precludes the detailed design
of the canister. The weight summary given in Table I assumes the use of titanium sandwich
construction with interior insulation to control the temperature of the packaged tunnel during
the launch phase. The packaging canister design shown in Figure 2 provides a packagi-.g vol-
ume of about 20. 8 cubic feet while presenting a drag area of about 2.6 square feet. The prc-
tctype canister is aluminum.

The canister is constructed in two parts. The lower part, which rests against the launch
vehicle, is bolted to canister support brackets attached to the tunnel floor structure. The up-
per part of the canister, which ccntains the packaged tunnel, is attached to the lower part with
separation screws that pass through the openings in pyrotechnic guillotines. This design al-
lows the upper part of the canister to be jettisoned for deploying the tunnel by detonating the
guillotines. Detonation of the guillotines cuts the separation screws and supplies a separating
force between the upper and lower canister parts. This design also allows the canister to be
jettisoned with the tunnel as a unit in case of mission abort.

6. Fabrication Technique

The fabrication tool for the transfer tunnel involves the use of a rigid polyurethane foam
mandrel machined to the interior contour of the tunnel and mounted on a movable fixture. The
- prototype mandrel and fixture are shown in Figure 6. The sandwich floor panels are fabricated
as subassemblies by proven bonding procedures meeting military specifications. After the two
floor panels are mechanically joined to form a complete tunne!l floor structure, the floor struc-
ture becomes part of the fabrication tool. The completed prototype tunnel floor is shown in

Figure 7.

The mandrel is sprayed with a separating material to prevent adhesion of the pressure
bladder to the mandrel, and the pieces of the pressure bladder that are cut to size from pat-
terns are rlaced on the mandrel and spliced together. The film-cloth laminate ply of the pro-
totype pressure bladder is shown in Figure 8. The floor is coated with adhesive and placed in
position against the foam mandrel so that the pressure bladder becomes attached to the floor
as required. The tool is then complete and is ready to receive the remaining layers of the
composite wall. The completed prototype pressure bladder with the floor attached is shown in

Figure 9.

The cloth patterns for the structural cloth wall are then placed on the mandrel with each
ply of cloth coated with adhesive for interply adhesion and with the ceams in each ply staggerca
$0 '5al no seams are coincidental, and the cloth layer is attached to form the wall-floor joint.
The completed prototype tunnel 4-ply Dacron cloth structural layer with the completed wall-
flor.r epoxy joint is shown in Figure 10. The entire assembly is then vacuum bagged and oven
cured to provide the pressure and heat required to allow the adhesives to reach fuil strength,
The Z-inch polvether foam and the outer—cover are fabricated in a similar manner. The pro-

totype ioam barrier is shown in Figure 11,

When the composite wall 'ay-up is complete, the rigid foam mandrel is removed by chip-
ping it out in chunks through the hatch-matching holes in the tunnel floor. The prototype tunnel,
complete except for the thermal coating, with the rigid foam mandrel removed 13 shown in

Figure 12,
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Figure 12. Prototype Tunnel with Mandrel Removed

7. Human Factors Considerations

The crew transfer tunnel interior dimensions of 28 inches clear height at the MSS end
and 38 inches clear height at the Gemini end were established by RTD as a result of zero-G
transfers through a mock-up tunnel. Types and locations of crew locomotion aids and tunnel
interior lighting were studied by the human factors engineers in thc Life Sciences Research
Department of GAC. The results of these studies are incorporated in the tunnel design and
are included in the fabrication of the prototype tunnel.

Locomotion aids consist of 0. 75-inch diameter nylon cords extending along each side of
the floor from the Gemini hatch opening to the MSS hatch opening. The ends of the hand cords
are attached to the floor with clamps. The ccrds are held 4 inches above the floor by inter-
mittently placed flexible foam cubes. :

For tunnel interior lighting, two strips of Sylvania flexible strip lighting arc¢ cemented
aleng each side of the tunnel wall about 1.5 inches above the floor. A 6-foot strip extends
from the angular contour change in the tunnel floor to the Gemini hatch opening, and 2 2-foot
strip extends from the contour change to the MSS hatch opening. Evaluation of the lighting in
the prototype tunnel indicates that the design i3 quite adequate for tunnel interior illumination.
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D. o>YSTEM SUPPORTING ANALYSES
1. General

The supporting analyses performed to substantiate the tu
following paragraphs. e tunnel design are discussed in the

2. Thermal Analysis —

The primary objective of the thermal design 18 to maintain the tunnel interior at com-
fortable temperatures for astronaut transfer while limiting the exterior surface hot and cold
spot temperatures to values within the material capabilities. Thermal design optimization
would depend upon Gemini- MSS system parameters that are undefined, and optimization is

‘therefore considered beyond the scope of this study.

The only major difficulty involved in the thermal design is passively maintaining the re-
quired internal temperature of 75 (£25)°F. Threc possible thermal design systems are pre-
sented which would satisfy this requirement reasonably well for most orbits and orientations
provided that the orbit and orientation were specified before the thermal coatings are selected.
There are some orbits and orientations, however, where the interior cannot be passively
maintained at comfortable temperatures, and either a specific orientation or the addition of heat
to the tunnel would be required.

The three possible thermal designs have the common features of the addition of thermal
insulation to the floor, the application of a low solar absorptance to emittance ratio (a/¢) white
paint to the tunnel interior, and the covering of the entire expandable wall with an aluminized
film substrate. The three thermal design coating systems are as follows:

(1, The tunnel would be uniformly covered with stripes of aluminized silicone white
paint for an average a/¢ ratio of approximately 2.

() The thermal coating of (1) would be used with the quantity of painted stripes varied
locally to alleviate hot spots.

(3) The tunnel would be covered with thin layers of silicon monoxide applied in some
locations and stripes of aluminized silicone white paint applied unevenly over the
entire surface.

From a thermal viewpoint, the expandable crew transfer tunnel {s definitely feasible and
within the state of the art. '

3. Structural Analysis

The structural analysis was performed to demonstrate the structural integrity of the
tunnel. The structural cloth layer of the ccmposite wall has a factor of safety of 5 for an in-
flation pressure of 7.5 psi after consideration of plying and seaming efficiencies and creep-
rupture effects due to long periods of time under load. The metal floor structure, the attach-
ments, and the separation rings are designed to have safety factors of 2 on yjeld strength and
3 on ultimate strength. The analysis shows that all parts have a positive margin of safety
when compared to these criteria. ,

4. Meteoroid Hazard Analysis

The composite wall puncture hazard du¢ to micrometeoroids is assessed in termsof a
probability of zero penetratjons of 0.995 for a 60-day mission. The analysis shows that the
critical mass i8 8.12 x 10~% g, which is the largest projectile the foam barricr material must
be capable of stopping to ensure a 0.995 probability of zero penetrations. Thig critical mass
would require . barrier of single sheet alumimum with a thickness of 0.3034 L. h, Hypervelccity
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particle impact tests have shown the foam barrier material t
o be 16 times as effective as single
:Z:E:t;l:;nllngr:c?nl: :::tght aser uantit zfu-ea basis. Thus, 2-inch thick polyether foam with a "
. € adequate for the crew transfer tunnel dcat ‘
probability of zero penetrations of at least 0.995. * sppiication o ensure a

9. Radiation Analysis

The radiation analysis was performed to ascertain the materials and biological implica-
tions of proton, alpha particle, and electron radiation in space. The tunnel will be subjected
{o electron radiation in any near-earth orbit, and to high energy proton and alpha particle radi-
ation for approximately half the time in a polar orbii. Since it is felt that astronaut transfer
could take place during periods of no radiation durisg a polar orbit, no consideration is given
to ithe proton and alpha particie radiation dosage ihat an astronaut inside the tunnel might re-
ceive.

The maximum high energy proton and alpha particle radiation dose received by any part
of the tunnel wall is 2 x 107 rads, most of which is absorbed by the outer cover, and the radia-
~ tion dose roceived by the foam barrier and structural layer is less than 2 x 104 rads. A very

conservative value for the electron radiation dose received by any part of the tunnel wall is
less than 2 x 108 rads, most of which is absorbed by the outer cover. The remainder is
mostly absorbed by the inner layers of the tunnel wall, and virtually no electron radiation will
. penetrate to the tunnel interior.

Since test data indicates that the tunnel wall material can withstand radiation dosages of
108 rads with virtually no damage, the radiation dose expected for the crew transfer tunnel
- presents no problem with regard to material damage. :

- 6. Weight Summary

In corjunction with the design shown in Figure 2, a summary of the weight analysis for
- the expandabhle Gemini to MSS crew transfer tunnel is given in Table I.

E. MATERIALS EVALUATION AND TESTS

1. General

The materials apprsach of utilizing the composite material construction developed on
previous in-house company-funded pr..grams was selected as being ihe best suited to satisfy
the requirements of the tunnel design. Although the materials selection required no further
development effort, sufficient material qualification testing was conducted to ensure that the
materials met the structural and environmental requirements.

2. Structural Aspects

The selection of four plies of Dacron cloth for the structural layer of the composite wall
was based on the material’s high strength to weight ratio, rclatively low elongation, good
creep-rupture resistance, and on the use of nllipse plies to achieve the essentially gsamless
construction desired. T.I’s conducted on the four-ply material show that 2 factor of safety of
5 Lbased on the stresses produced by an inflation pressure of 7.5 psi is attained after stresigih
degradation due to multi-ply lamination and creep rupture effects.

Initial tests of the bonded wall to floor joint indicated a 50 percem load capability com-
pared to the parent structural cloth strength. Consequently, the design evolved to the eight-
ply splice bonded to the floor with rigid epoxy and bonded to the four-ply structural layer with
flexible polyester adhesive. Subsequent testing substantiated the joint design as being fully

. capable of carrying the required loads.
' 'd
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Table I. Weight Estimate

Trangfer Tunney . . . . . . . . « v « v « . e v e e e e . 227 1b

Expandable Composite Wall . . . . . e e e e e . 81.31b
Thermal Control Coating. . . . . . . . 2.
Outer Cover Laminate . . . . . . . . . 5
Polyether Foam. . . . . . . . . . . 2
Dacron Structural Layer. . . . . . . 3
Pressure Bladder. . . . . . . . . . 1
Inner Coating. . . . . . . . .

Sandwich Floor Structure . . . . . . . . . . . . 88.2 1b
Sandwich Panels . . . . . . . . . . 69.7 1b
Joints and Hardware . . . . . . . . 2
Insulation . . . . . . .. . .. .. 2.
Canister Support Brackets . . . . . . 15.

Wall.Floor Attachment . . . . . . . . . . . . . 15.41b

Ratch Attachment-Separation System . . . . . . 22,2 1b
Circular SeparationRing . . . . . . . 9
Elliptical Separation Ring . . . . . . . 8.
FLSC and Backup Structure. . . . . . . 2,
Hardware . . . . . . e e e e e e e 4

Lighting and Locomotion Aids . . . . . . . ... 881
Inflation System . . . . . . . . . . . . . .« . 10,11b
Packaging Canister . . . . . . . . . . . . ... ... 148 1b

Sandwich Cover . . . . . . « & & v ¢ ¢« o o o » 110.0 1b
lowerPanels. . . . . . . « « ¢« + . 24.01b
Upper Panels. . . . . . . . . . .. 73.5
Hardware . . . . ¢« ¢ ¢ « o ¢ « & & 12.5

Ingulation. . . . . . . . . . . . . ... . .. 17.81b
Pyrotechnic Separation System . . . . . . . . . 20.4 1b
Guillotines . . . . . . . e e e . .. 4.8
Brackets . . . . . . . . . .. . 11.8
Hardware : e e e e .. 4.2

TtAl Welght . » « « « o o v e e i e e e e e e e ... 351D

3. Permeability

To substantiate the gas pressure tightness of the pressure bladder, permeablility tests
were conducted on pressure bladder samples with an atmosphere of 100 percent oxygen and
a 5-psia pressure differential. The maximum test permeability rate was 1 x 10-4 psf pa¢
day, or a gas loss for the tunnel of less than 0.02 pound per day.

4. Environmental Hazards Reststaﬁce

Environmental effects on the materiats require the consideration ¢f vacuum, thermal
extremes, ultraviole® and high energy radiation, and micromoteoroids. Tests of the composite
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materials under vacuum conditions indicated an initiul off-gassing that subs entl v

off with negligible welght losses. Structural integrity and fgoam e%asuc recoiz“ry erl: !::?stl-
gaied after exposure to the expected temperature extremes. Although structural integrity was
not adversely affected, the tests indicated that the packaged foam must be insulated against
extreme cold ig full recovery is to be achieved. The structural integrity is not affected by
exposure to 10% rads of gamma radfation, and the tolerance of the other composite layers to
high energy radiaticn is higher than the anticipated dose. The resistance to punctures from
micrometeoroids, discussed earlier in this section, indicates that the probability of zero pene-
trations for the barrier moterial of polyether foam exceeds 0. 995 for a 60-day mission.

F. PRELIMINARY QUALIFICATION TESTING

1. General —

The prototype expandable crew transfer tunnel was Subjected to preliminary qualification
testing to substantiate the design. This program included a packaging test, pressure proof test,
pressure leak test, cyclic pressure test, and vacuum chamber deployment test. Zero-G flight
tests are to be conducted on the KC-135 zero-G aircraft at Wricht-Patterson AFB, and these

tert results wil) be reported in Part ITI of this report.

A steel test carrier with mock-ups simulating the Gemini and MSS access hatches was
fabricated to support the prototype tunnel during the preliminary qualification testing. Each
access hatch is fitted with a hatch cover utilizing an O-rinz seal for pressure tightness. The
completed prototype tunnel mounted on the test carrier i shown in Figure 13.

Figure 13. Prototype Tunnel Mounted on Test Carrier
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2. Packaging Test

_ The packaging test was conducted to establish the minimum attainable packaging height.
Both the tunnel interior and the meteoroid barrier foam were evacuated with vacuum lines so
that the expandable wall material could be compressed as much as possible. The most effi-
cient folding procedure utilized a vertical accordion fold with the creases running lengthwise
along the tunnel and the hemispherical’ends folded back across the lengthwise folds. When the
minimum packaging height was established, the canister was match-drilled with the canister
support brackets attached to the tunnel floor. The minimum packaging height was established
45 3-3/2 inches from the top of the floor to the inside surface of the canister. The initial
vacuum line evacuation is shown in Figure 14, and the packaged tunnel is shown in Figure 15.
The folded tunnel with the canister removed is shown in Figure 5.

After the completion of the packaging test, the prototype tunnel mounted on the test car-
rier bed was placed in the GAC pressure test room for pressure prooi and leak tests.

3. Pressure Proof Test

Tha rewnnase of the nroof test was to establish the structural integrity of the tunnel by
m intaining an inflation pressure of 10 psi, 1.33 timee the design inflation pressure of 7.5 psi,
for a period of seven days. The pressure was maintained during the test by reguiators cap-
able of maintaining pressure within £0.2 inch of mercury, or 0.1 psi. Pressure and temper-
ature were recorded pericdically during the seven-day period. The pressurized tunnel in the
pressure test room at the end of the seven-day period is shown in Figure 16. The test instru-
mentation is shown outside the test room in Figure 17.

Figure 14. Vacuum Evacuatics for Packayging Test
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Packaged Prototype Tunnel
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4. Pressure [eoan Tewt

The pressure leak test was conducted to establish the tunnel feak rate for a perind of
seven days while being pressurized to the design pressuze of 7.5 psi. The test arrangement
wasg the same as for the proof test except that a bottle of com,ressed air placed on a calibrated
platform scale was used as the pressurization air supply instead of shop air lines and the in-
flation pressure was reduced to 7.5 psi. Barometer readings, compressed alr bottle weight,
tunnel interior tempe. ature, and inflation pressure were recorded at the beginnring and the end
of the seven-day periud and were monitored periodically during the test. The leak rate wasg
determined by calculating the initi=1 weight of air contained in the tunnel, adcing the weight
loss of the compressed air bottle, subtracting the calculated final weight of air contained in
- the tunnel, and dividing the total weight change by the time involved. The total air weight loss
was 7.70 pounds for the seven-day period. Converting this loss to a weight loss of a mixture
of 50 percent nitrogen and 50 percent oxygen under orbital conditions established the leak rate
to be 0. 50 pounds of gas per day ior an inflation pressure of 7.5 psia with the tunnel exterior
in a vacuum,

5. Cyclic Pressure Test

The purpose of the cyclic pressure test was to establish lhe durability of the tunnel with
respect to cyclic loading. The test arrangement was similar to the pressure proof test (infla-
A tion air suppiled by shop air lines) excepi that a vacuum line was also attached to the test car-
L rier hatch cover. The tunnel was pressurized to 7.5 psi in approximately 20 seconds. The
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I, Figure 17. Pressure Proof Test Instrumentation
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vacuum pump line was then opened. and the tunnel was evacuated until it started o coliapae.

It was then pressurized again to 7.5 psi. This procedure was repeated unti! the tunnel had
been pressurized 80 {;mes. There were nc visible signse of rigid etructure defermaiion during
the test, and no visual signs of any damage were observid at the corpletion of the test.

6. Vacuum Chamber Deployment Test

The puipoge of this test was o demonstrate the deployment of the expandable tunnel under
vactum conditions of 10-4 mm Hg, and to establish the ieak raie for 24 hours »nder the same
conditions. The test was conducted in the Aerospace Envizronmental Facility (AEF) new Margk
1 vacuum chamber, which is 4% feet in diameter and 80 feet high, at Arnold Engineering De-
velopment Center (AEDC), Tennessce.

The test carrier with the packaged tunnel attached was lowered into the chamber through
the 22-foot diameter access port. This operation is shown in Figure 18. The test carrier hed
was rotated so that the packaged tunnel was in an inverted position, and all instrumestation and
controls were connected and checked. The chamber was sealed and pumped down to & vacuum
of 3x 1079 mm Hg. During the pump-down, the solenoid valves mounted on the test carrier
access hatch covers were opened to allow the packaged tunncl internal pressura tc decrease
with the chamber pressure. This was done in order to svaluate the elasiic recovery actton of
the meteoroid barrier foan as a deployment device in sxpanding {he packaged tunne! to the de-
sired shape instead of expanding due to the pressure of the entrapped gas. Wkhen the chamber
pressure was stabilized at 3 x 10-5 mm Hg, the solenoid valves were closed with a tunnei in-
ternal preasure of 4 mm Hg. The packaged tunrel in the vacuum chamber prior to deployment
is shown in Figure 19.

The pyrotechnic guiliotines were then fired to cut the 12 canister separation screws and
eject the canister cover, allowing the folded tunn=} to deploy. Canister separaticn and ejection
occurred as planned. The guillotiries supplied sufficient separating foree to hurl the canister
cover away. However, the elastic recovery encrgy of the foam was not sufficient to shape the
tunnel, and it was necessary to pressurizs the tunnel to approximately 0. 25 psiz to overcome
the stiffness of the packaging folds and completely shape the tunnei. The deployed unpres-
surized tunnel is showa in Figure 20, and tae almost completely shaped tunnel al 0. 15 psia is
showr in Figure 21, The completely shaped tunnel a1t 0, 25 psia is shown in Figure 22.

The tunnel was then further pressurized to 7. 5 psia with CO9, and the pressure, growth,
and temperature were allowed to stabilize for 2 hours before the 24-hour leak check was
started. The actual sta.ilized pressure was 7.7 psia at the beginning of the 24-hour period.

At the end of the 24-hour periad the pressure was 7.0 psia. During the test period the chamber
pressure decreased from 5.5 x $0-% mm Hy o 2.4 x 10-5 mm Hg with a riearly linear decline.
Converting the leakage to a weight loss of 2 mixture of 50 percent nitrogen and 50 percent oxy-
gen established the leak rate to be 0.40 pound of gas per day under orbital conditions. This
leak rate compares iavorahiv with the rate of 0, 50 pound of gas per day for the ambient at-
mosphere pressure leak test, indicating that the permeability is not unfavorably affected by the
vacuum environment. The cdeployed tunnel after pressurization in the vacuum is ghown in Fig-
ure 23, The tunne! pressurizad to £ psig after the cnamber rebirn to ambient pressure is
shown in Figure 24,

7. Zero-G Flight Tes*

; Zeru-G flight tesis ar: to be conducted on the KC-135 zero-G alreraft at Wright -
i Paiterson AFB. The purpose of the tests is to ascertain man's ability to transfer through the
tunnej in zero G. Also to be evaluated it man s ability to utilize the GAC repair kit in zero-G
to repair simulated damage to the tunnel. The test results will be reported in Part iIf of this

report. Since the tunnel expanded geometry was prescribed by the simulated tunnel mock-up

previously used successfully to demonstrate zero-G transfers, nc ma{cr problems are antici-
pated in this area.
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Figure 19. Packaged Tunnel in Vazurm Chamber prior to Deployment
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Figure 20. Deployed Tunnel
Unpressurized in a Vacuum

Figure 21. Deployed Tun: -1
at 0. 15 PSIA in a Vacuum

Figure 22. Deployed Tunnel
at 0.25 PSIA in a Vacuum
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Figure 23. Deployed Tunnel at 7.5 PSIA in a Vacuum

Figure 24. Deployed Tunnel at 2 PUIG in Ambient Conditions
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SECTION M

CONCEPT CONBTRAINTS

A. MISSION OBJECTIVE

The crew transfer tunnel was designed to provide a safe method of transferring the crew
irum the Gemini capsule to the crew station in arbit, The major constraints imposed on
the tunnel design by operational, human facto: s, structural and materials, attachment,environ-
mental, and packaging requirements are discussed in this section,

B. GENERAL OPERATIONAL REQUIREMENTS
1. General

This Gemini-M88 aystem has four phases of operation (pad, boost, orbit, and re-entry)
for which general operational requirements wcre established.

2. Launch Pad Requirements

A modular tunnel desig. is required that will permit prepackaging of the expandable
tunnel prior to mounting on the Gemini- M88 system. The astronauts should have quick in-
grees and egress capability to and from the Gemini capsule with the modular tunnel attached.
The packaging canister is required to provide protection from the terrestrial environment
encountered on the launch pad at either the Pacific Missile Range or the Atlantic Missile
Range.

3. Boost Phase Requirements

The packaged tunne! and canister are requirea to have a minimum effect on the asrcdy-
namics of the total launch system. The canister design i8 required to provide sufficient in-
sulation to prevent the encountered aerodynamic heating from thermally damaging the tunnel.
The moduiar design is also required to have the capability of being luscaistly jettisoned away
from the Gemini- MSS system !n case of mission abort.

4. Orbital Flight Phase Requirements

Once the Gemini-MSS system is in orbit, the expandaile crew transfer tunnel packaging
canister is required to be jettisoned away. The expandable tunnel should then tend to deploy to
about 90 percent of its fully expanded configuraiin without any internal pressarization. The
deployed tuiinel is required to be pressurized with an internal pressure as low as 3.5 psia or
as high as 7.5 pgia. The tunnel may or may noi be pressurized 100 percent of the mission
duration of 45 days, but is required to resist the total space environment tc be encountered in
orbits ranging from 100 to 300 nautical miles in either case.
5. Re-entry Phase Requirements

The moauiar tunnel {8 required to be jettisoned away from the Gemini- M88 system prior
to separation of Gemint from MSS for the re-eniry sequence.

C. HUMAN FACTORS REQUIREMENTS
1. General

The expanded tunnel configuration is required to provide space for the efficient tranasfer
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ot astronauts or disabled astro1auts from Geaminf io MB8 and vice versa. Intertor tunnei
lighting ia required, and \weomtion alds are required {or the crew.

2. Imerior 8ize and Geometry

The tunnel interior size ani geometry should provide space iur an astwonsut carrying
limited size parkages (1 cubic foot) or an astronaut transferring an injured astronaut {2 move
freely pnd transfer elficiently. Astronautswillbe dressed in space suits and will be wearing a
chest- or back-mounted environmentai life support system. In the event of tunnel pressuriza-
tion fallure, the asironaut is required to transfer in a pressurized space suit.
3. Locomotion Aids

Buil.-in locomotion aids that will not damage the astronaut's space suit or jeopardize the

tunnel’s structural integrity are required to facilitate the transfer of an astronaut or the trans-

fer of an unernscicus astronaut by another astronaut when the tunnel is either fully pressurized
or non-pressurized.

4. Interior Lighting

The tunnel is required to have interior built-in lighting to provide sufficient iight to per-
mit crew transfer or amall equipment transfer.

D. STRUCTURAL AND MATERIALS REQUIREMENTS
1. Genera!

The tunnel expandable wall structure {8 required to be a minimum weight muitilaminate
cotsgosite consisiing of a nonabrasive tunnel liner, nressure hladder, fiber load-carrying
structure, flexible foam meteoroid barricr, and passive thermal control coating. There
should be no delamination as a result of folding, packagine. residual air entrapment, or re-
lease of volatiles, which may be encountered during prelavnch, launch, and space environ-
rentas cunanions.  Ine runnei 18 requirea w remun sunicienily rignl (0 dicvw J5ITCn2NS to
effect a crew transfer when the tunnel is not pressurized where, although in a zero-G environ-
ment, there would be dynanic wading resulting from tie astronaut's motions. The tunnel
load-carrying structure is required to resist 7. 5-psia internal pressure, which is the princi-
pal load on the tunnel. A material erystem is also required that could be utilized to repair
tears or particle penetrations in the tunnel.

2. Interios Nonabrarive Liner

A nonabrasive interior tunnel liner is required to mintmize abrasion betweer the tunnei
and an astronaut's space suif.

3. Airtight Pressure Bladder

The pressure bladder is required to be constructed of materials that will not give off
toxic by-products in orbit regardicss of whether the tunnel is pressurized or nonpressurized.
The pressure bladder is required to maintain the toial leak rate of the tpael o ng sveview
. than 0. 5 and 1 pound per day at irternal pressures of 3.3 psia ad' 7.5 psia respectively.

4. Load-Carrying Structure

The modular tunnel load-carryirg structure is raquired to restst an internal pressure of
7.5 psia. The {iber portion of the multilayer composite wall s required to resist the internal
preasure with a silety {actor of 5. Tha meial structure associated with the moduiar design is
required to resist the internal pressure with a safety {actor of 3 on yield streagth and a safety
{actor of 3 on ult:mate strength. These {actors of safety are to be maintained after degradation
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of the phvsical and me. hanical propertiea of the materials due o temperature  oad du-ation,
vacvum, uitrrvinciet radiaon, @l electran radiation has been considered  Structural splices
ana joints are . wired to develop 108 [ _ccont of the required lnad-carrving capacity of ths
normal tenne! material.

5. Meteoroid Barrier

A 1 to 2 pcf density flexible foam meteoroid barrier 1 to 2 inches thick is required on
the exterior of the fiber lnad-carrying structure to provide a piobability of resisting puncture
of 0.995 for a 60-day mission at an orbit of 100 to 300 nautical miles.

8. Passive Thermal Control Coating

A passive thermal control coating is required for the exterior surface of the tunnel. The
coating must maintain an interior surface temperature of 75 (+25)°F while malntairning exterior
surface temperatures within the capabilities range of the materials.

7. Repair Materials

A nontoxic material system is required that could be used on the inside of the tunnel in a
vacuum, puré oxygen atmosphere. or a normal atmosphere to repair tears or pazt.~'ec pene-
trations in the tunnel. The materials should be able to activate nearly instantaneously and
should be capable of being utilized in zero-G. Self-sealing systems are not applicable {or this
effort because of their high weight per unit area.

E. ATTACHMENT REQUIREMENTS

The attachments that secure the modular crew transfer tunnel to the Ge'nini- MS8 system
are required to minimize leakage, provide quick access to Gemini or MSS or. the launch pad,
and provide quick reiease in the event of abori.

F. ENVIRONMENTAL REQUIREMENTS
1. General

The environments to which the trarsfer tun..2! will be exposed are internal pressuriza-
tion and external gpace.

2. Internal Pressurization

The tun.. ol {8 required to be desfgned for an internal piessure of 7.5 psia for 45 days,
although the tunnel will probabiy be pressurized and depressurized several times during the
mission. For iiis »a230n the tunnel (8 required = sithstana 60 repeated pressurization and
depressurization cycles. The tunnel materiale are required to be compatible with a pure
oxygen atmospherc cr a mixture of oxygen and nitrogen with a pressure range of 3.5 ps‘. to
7.5 peia and a2 relative humidity runge of 0 io 50 percent,

3. External Space Environment

The external space envirou.nent that the tunnel is required (o resist is o vacuum of at
ieast 1 x 10-7 mm Hg with solar ultraviolet radlaticn. high energy proion and alpha particle
radiation, and low energ; electron radiation. and the best available meteoroid envirsnment.

G. PACKAGING REQUIREMENTS

The expandable crew {ransfer tunncl ig required to be packagod ina moduiar des'gn cai-
izter against the side of the Gemini- MSS vehlc!s in 3 minimum package volume that would have
a mintmum effect on the asrodynamics of the total launch system. The modular tunnel and

packaging canisier design is required to provide quick and easy tngress and egress {rom the
Gemini capsule on the Isur:h pad while also having the capability of belng jugtantly jeitisoned
away frem the Gemini- M8S gystem in case of .aissicn abort.
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BECTION IV ]

MODULAR CHEW TRANSFER TUNNEL ' : 2 :

A. GENERAL

The expandable Gemin! to MSS modular crew transfer tunnel was specifically designed
to satiefy the mission objective of pmvldlng a safe method of trazsferring the crew from the
Gemini capsule to the crew siailun ir orbit. The tunne) was designed under the major
constraints imposed by human fa-tors ~onsiderations anvi ty general operational and environ-
mental recuirements. A prototype tunne! was fabricated and subjected to preliminary qualifi-
catfon testing to substantiate the design and verify the feasibility of the modul_r tunnel concept. E

B. DESIGN OBJECTIVES
1. General

Human factors considerations controlled the general configuration of the tunnel, the de-
sign of the locomotion aids, and the tunnel interior lighting. The nontoxic requirement of
tunnel construction materiale is alao a human factors consideration. The {ina! design of the
tunnel was then controiied by mission considerations including launch pad and boost require-
ments, orbita, opecativis, and mission terminsticn

2. Buman Factore

The human factors degign requirements were established by Air Force in-house pro-
grams. By a cooperative e{{ort between the Aero Propuision Laboratory, the Aero Medical
Laboratory, and the Materials Laboratory, 2 wood mock-up of *he tunnel geometry was fabri-
rated. This mock-up was flown in the KC-135 z2ro-G aircraft and thoroughly evaluated rela-
tive to human factors requirements in zero-G transfer.

The tunnel mock-up was attached to 2 mock-up of the lefi half of a two-man spacecraft
with entry from the tunnel inio the spacecraft through a 17 by 39 inch elliptical hatch in the
mali, entry hatca of the spacecraft. Entry {rom the cther end of the tunnel into a simulated N
orbital laboratory was through a 22-inch diameter circular hateh. Two ropes placed 21 inches i
vul WL wo —ad? -M -::‘: ‘:- -"h“a“ "'."’ b+ ‘:‘; sio&uuf hﬂcﬂ B

Human {actors {light evatuation by a subject wearing a [ull pressure suit consisted of the : :
{oilow:ing: B !

{1} Taree unpressurized suit transfers [rom the gpacecrat” to the laboratory.

{2) Two unpressurized sui! transfers {rom the laboratory to the spacecrafl, one of which
included 2 turnaround at the laboratory.

(3) Six press rized suit translers from the laboratory to the Bpacecraft, one of which
included ¢ turnarourd at the laberatory. Another included the carrying of a speci-
men case, and the last included the transter of a "complitely disabled” shiri- sieeved
subject.

{4} Four pressurized suii transiers from toe q;icec_raﬁ fc the Iaboratory, one of which
included a turnaround at the lalorate <y, and ancther inch 4ed & turnaround st the
spacecraft. The last !ncluded the carrying of s apecimen case. :




ravkfers iooan wnpresaurise ¥ oo
et pe wired meere Nime andt were mere oo T :
Figure 15 shows the typical mede of transfe- o 5 preesr el snr 0 0 sowite 4 thewn frgas
fers - e summarized as {olinwe

{1} No problems were enrovntered in pase ng thromgh the eltiptical hatch,

(2} A specifit technitue must be worked out for transferriig packages and equipment
thr-ugh the hatches.

{3) The two handrans vere encctive Jocomotion alds to crew transler and pould be in-
corporated in the tunnel design.

(4) The tunnel geometry, represented by the mock-up. was entirely compa‘ible with
efimctite crew transfer. There should be 28 inches cicar height over he circular
hatch and 38 inches clear height over the elliptical hatch. The [inal tinel design
should have no sharp protuberances that might snag the umibilicals or t)e space
suit, and it should have a nonzorasive liner to avoid space suit damage.

Other human factors roquirements that should be :nciuded in the tunnel design include
the use of nontoxic materials in the thnnel construction and incorporation of interior tunnel
lighting. Low-intensity lighting would appear to be adequate bui should te evaluated in actual
transfer experiments.

3. * . sion Considerations

The general operational and environmental cansiderations that controlled the design were
those necersa~y to satisfy the requirements discussed in Section Iil. A modular tunnel design
appreach shoulk! be {ollowed that would permit prepacxaging of the tunnel and on-the-ground
check-out and repair prior to mounting on the jaunch vehicle. The packaged wnnel would be
relatively eaz; to install on or remove from the launch vehicle, and should a1 mission abort be
necessary, would aliow the packaged tunnel and canister to be jettisored away from the launch
vehicle as a unit. [In addition t¢ prowecting the packaged tunnel from the elements during hold
or countdown on the launch pod  the {light canister should incorporate sufficient insulation 1o
protect the packaged tunne! from camage due to aerndynamic heating dvring the hoost phase,
The packaging volume ~hould be miinimized =0 vhat the packages tunnel ored canister would
impnse a minimura effect on the asrodynamics of the launch vekicle.

For structural integrity. the exp .2 tunne! should e designed {0 withstand its design
pressure of 7.5 osia for a mistion duration of 45 dgvs at arhital altitudes ranging from 100 to
300 nautical milex with 2 safety facter of 5. To withstand sonditiong encnuntered in the arbital
environment, the tusny; materials musi mesi the fnlis Te IO menl g

{1 Provige a 0. 993 protabiiity o £-r0 mietrnratd prastralsoas,

{21 Malatain interior surface temperalures b= tween 50 and 105VF,

~

{3} Be suitable for ouerations i Hend vaceus <7 1977 torr,
(41 Absark 105 rade @ s radialy 5 o v serema depr adating

The design must inforporsia orovisiona fo rstlisen e tranedor tunne! from e Goming-
MSS vehicle slter the linal transser {mm thy K88 b the Gemind capauis prinr fo nooenirg,
gpreferaldy by uillizicg he sdme sysivm provided for eleciing the pacuaged mod r oo Thes
eveni of misgion aort. '
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C. DESIGN DESCRIPTION
1. General

Basically, the design incorporates an expandable tunnel confiruraticn simulaiing the
geometrv used on the mock-up for human factors evaivation. The expandable structurc has a
rigid floor, which in turn is integrated with tae packaging canister. In essence, the tunnel
floor forms the lewer half of the packaging canister and s connected to the upper half of the
canister by separation screws that are cut by pyrotechnic guillotines for canister ejectio..
The advantages of this design are as follows:

(1) The tunnel can be prepacked prior to mounting on the launch vehicle.
(2) No attachments are required between the packaging canister and the lavnch vehicle.

(3) Mounting attachment pcints are required only at the hatch connections, simplifying
installation and removal.

(4) The ejection systems are simplified. Requirements for iaunch abort and mission
terminatien are combined into a single system.

Figures 26 through 30 show the or  tional sequence from prelaunch to mission termina-
tion. Figure 26 shows the prepacka jod tu.. ‘¢l module attached to the Gernini capsule and MSS
hatches. Figure 27 shows dc: g provisions "o meet abort requirements at launch. The hatch
attachment rings incorjorate a DuPont fiexivie inear shaped charge (FLSC) to burn through
the »ings for separatinn, In the e <at of aboxt .ne canister and the packaged turnel will be
jettisoned as a singie unit.

Deploymen: of the packaged tunnel in orbit is shown in Figure 28, The guillotines will
be activated '» cu” the separuiion screws used to attach the canister cover to the tunnel floor,
ejecting the canisler cove ’ and iritiating tunnel deployment. The =2lastic recovery character-
istics of t'.: tum 2! whould then deploy the structure to its expanded volume. Figurz 23 shows
the geomeotry of the fully =xpanded tunnel. At mission termination, the expanded tunnel will
be ejected, permitting separaticn of the Gemini capsule from the MSS. The jettisoning sys-
{em snown in Yigure 30 wiii be the same as that used for launch abort. The tunnel design is
shewn i Figure 2.

2. Compuasite wall St ucture

a. General, Tie materials approach selected to best meet the overall requirements of (he
tennel design is a material composite that comprises four distinct layers bonded together intc
2 homogeneous structure and painted on both inner and outer surfaces. The inner layer is an
unstiessed pressure hiadder whose only function is to maintain pressure tightness and to trans-
mit pressure loats to an adjacent structural layer. The structural layer carries structural
loads resulting from internal pressure. Bonded to (he structural layer is a flexible foam layer
that performs & dual function. It acts first as a micrometeoroid barrier protecting the pres-
sure bladder from penetration. Its secondary function is depioyment and shaping of the struc-
ture thicugh the use of ator~d energy inherent in the fuam when compressed for packaging.
The outer cover that is bondd.” to the foam barrier also serves a dual purpose. It i8 used as a
smooih base far the application of a thermal coating and also encapsuiates the toial composite
for evacnation and compression prior to packaging the tunnel in the canister. 'Two plastic
pressure relief valves are incorporated in the composite wall design so that they penctrate the
encapselating outer cover and are embedded in the flexible foam layer. These valves also
serve a Gual purpose in providing a passageway for zas from th: foam barrier through the
outer cover, which {8 constructsd {rom sealant maierial. One purpose is to provide a means
of evacuating the air from the flexiblé foam for packaging. The other purpose is to provide an
escape route for gae in the foum layer to prevent a pressure bulldup within the outer cover due
to environmental pressure reduction during launch and due to gas permeating the pressure
bladder during the orhi?al missicn.
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ATTACHED TO GEMINI
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Figure 26. Laurch Configuration of Prepackage” Tunnel
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Figure 28. Canister Ejection and Tunnel Deployment
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TUNNEL WALL

SECTION A~ A

[ ATTACHMENT BOLTS
AROUND MSS AND
GEMINI HATCHES

Figure 29. Deployed Tunnel
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Figure 3. Tunnel Jettisoned at Mission Termination

Tue composite wail is discussed more thoroughly in Section V. The wall cross section
is shown in Figure 82. The total weight of the composite wail is 0. 890 pst.

b. Pressure Bladder. The pressure bladder is a laminate of three individual sealant layers.
The inner layer is a laminate of Capran film sandwiched between two layers of lightweight ny-
lon cloth. ‘This layer ie bonded with polyester adhesive to 2 second layer of closed-cell vinyl
_ foam 1/18-inch thick. The outer seaiant is a close-weave nylon cloth coated with a polyester
g . resin. The total weight of the bladder composite is 0. 126 psf and is independent of design
, prgsure.

Tests were conducted on the pressure bladder to determine permeability rate, possible
- toxicity, and environmental effects due principally to vacoum. Permeability was determined
‘ with oxygen as a test gas at 5 psia, using a Dow cell. The measursd raie was 10-4 psf per
day. Relating this rate to the tunnel design, the anticipated gas loss 1s approximately 0.02
pound per day, substantially less than the meximum allowable of 1 pound per day. A murvey of
B = toxic materisls known to be used in the construction of the pressure bladder indicated the
possible presenca of ioluene, xylene, methyl ethyl ketone, methylene chloride solvents, and
¥ toluene difsocyanate. Although carbon monoxide was not known to be contained, tests for it
g were also included. The bladder material was exposed to 5 psia of oxygen for 24 hours prior
. to a chemical analysis and check for toxic gases. Test results indicated thut all the above con-
taminants were below the threshold limits established by the Nationa! Bureau of Standards for
cecupational exposure.

. Theprincipal environmental effect for which the bladder was checkod was 2 hard vacuum. v
‘This check was made first to ensure that delamination of the composite bladder would not oc- T
cur and secondly to determine the degree of ofi-gassing to be expetted. The bladder construc-
tion technique proved successful both in preventing delamination and in minimizing of{-gassing.

-Off-gassing stabilized in about 98 hours with a 3.3 percent weight loss,

: - The pressure bladder is discussed more thoroughly in Saction V. The laminate is ahown
- in Figure 83.

c. Structural Layer. The structaral layer is a four-ply laminate of Dacron cloth bonded
together with polyester resin, then cure! undor heat and pressure. The design pressure of .
7.5 psia, which along with a safety factor of five ana alicwance for creep rupture, requires an S
original 1oad capability of 1300 ponnds per inch. This load must be carrisd entirely by the Yoo o
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structural layer. The basic structurai concept of the mnlli-ply technigue is that joinis in the
individual plies are staggered in such a way as o offer an essentially seamless construction,
Cylinder burst tests of this technique indicate an 81 percent load capability, as compared to
that of the parent structural cioth. The degradati:n in strength is attributed to the locked-in"
crimp of the bonded polyester joint. A simflar degradation also i{s incurred in elastomer-
coated fabrics and is attributed to the same effect. Even in a mechanically sewn joint, seam
effictencies beyond 85 percent are unifkely, It thus appears that 2 160 percent structural of-
ficiency for a fabric structure is not attainable. However, because the structural weight of
0.210 psf is only 30 percont of the total composite weight, the weight penaity incurred by an *
81 percent structural efficiency is not sienificant.

Particular emphasis wag placed on the design and development of a structural joint be-
tween the rigid floor of the tunnel and the structural layer. The technique that evolvad {from
this investigation uses an epoxy resin rigid bond. The locked-in crimp effect was again found
in this joint design, remusting in an efficiency of 50 percent. Attempts to improve joint effi- ,
ciency by using a more elastic epoxy bond were not sicceseful and only resulted in shear fail- o
ure of the joint. A polyester resin bond similar to that used in the multi-ply wall =2 aiso
tested, but was wholly inadequate for the required bond. Consequently, the rigid 2poxy bond
tec..nique was adopted as the required design technique and resuited in an eight-ply bond to the
struct:: ral floor joined to the four-ply structural layer w.th a polyester resin bond. Strip ten-
sile tests of this overall joint design indicated that the full load capability could be carried by
both the joints and the basic four-ply structural layver.

Structural tests have been corducted to inveatigate environmental effects due to vacuum
and high energy radiation. Strip tensile tests on Dacron have indicated negligible effects o
hard vacuum on the structural characteristics. Similar tests on fabrics irradiated with 1
rads of 1. 3-mev gamma radiation have also indicated negligilile degradation. Accordingly, k-
there s no reascr why synthetic fiber structures should not be used in structural space ap- ]
plications, if their shysical characteristics are known and related to the operational environ- S
ment.

The structural layer and the structural joint between the structural layer and the rigid
floor of the tunnel are discussed more thoroughly in fection V. The construction ts shown in
Figure 85.

d. Flexible Foam Layer. The wunnel will be protected from micrometeoroid penetration by &
a 2-inch layer of flexible polyether foam. Flexible foam of 1.2-pcf deneity has been selected Bt
as a suitable barrier material, based on hypervelocity particle impact tests conducted by GAC e
and on tests conducted at the micrometeorite testing facility at Wright-Patterson AFB. Both =
series of tests (the latter sonducted at 27,000 fps with an average particle masa of 5 milii- U
grams) indicate that a 2-inch foam barrier of 1. U-pcf density is equivalent in barrier effec-
tiveness to single-sheet aluminum 3/18-inch thick (2.7 psf). Figure 60 shows the Air Force
near-earth micrometeoroid envircnment spectrum in terms of particle mass and accumulative
particle flux. When the previously mentioned test results are correlated with single-sheet
aluminum penetration theory, the critical penetrating flux level is about 5.23 x 10-7 particies/
ftz-day. Relating the critical flux with the exposed surface area of the deployed tunnel (130 o
square feet) and the misaion time (80 auys), the probability of zero penetration is at least
0. 098, s

While the primary function of the foam will be aa a micrometeoroid barries, it can serve
also as a tunnel deployment aid. During packaging, the foam layer will be compressed to about
10 percent of its original thickness and will be restrained by the packaging canister. Upon de-
ployment in orbit, the canister will be jettisoned, and the elastic recovery characteriatics of
the foam will shape the tunnel to its fully expanded volume. Figure 80 shows the recovery
characteristics of the foam under vacuum conditions and for varying temperatures. From
Figure 90 it can be seen that the packaged structure muet be inmilated against extreme cold if
full recovery is to be achieved.

Environmental effects should be evrluated to establish compatibility with the environment.
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Of principal concern ave the effects of vacuum, temperature, and high energy radiation. The
effect of foam recovery in a vacuum has already been discussed. Off-gassing induced by
vacuum was negligible; it amounted to a 0. 5 percent weight loss and stablized in 1. 5 hours.
Expected tumperature viremes should cazse no probler:. High energy radiation is not ex-

. pected to present any ... e/ , because the foam tolerance is sbout an order of magnitude
higher than t!ie anticipated dose of 108 rads.

The flexible foam micrometeoroid barrier is discassed more thoroughly in Scction V.
The welght of 2-inch thick foam of 1. 2-pct density is 0,200 psf.

e. Outer Cover. The cutermost layer of the composite wall structure encapsulates the
wall and provides a smooth base for the application of a thermal coating. The construction
of this layer is shown in Figure 84. It is a film-cloth laminate weighing 0.015 psf. With an
estimated thermal coating weight of 0.026 psf, the t{otzl combinad 12-:ar weight is 0. 041 paf,

Inasmich as the Guler CCver sncansulates ifie Conipisite wall it sorves oo 2n ald in
packaging the tunnel prior to launch. By a vacuum technique, the wall thickness can be com-
pressed from the fully expanded 2 inches to about 3/8 inch, suitable for folding and subsequent
packaging in the canister. Also, a certain amount of air will still be trapped in the composite
wall, even after evacuation. This air can bc used as a thickness recovery aid, augmenting tiwe
elastic recovery characteristics of the compressed foam. Thus, full recovery of the wall
thickness, even under adverse temperatures, will be ensured,

The film side of the outer cover laminate will be coated with vacuum-deposited aluminum,
which is part of the thermal control coating. Dependir g upon the Gemini- MS8 system orbit
and the tunnel orientation relative to the sun and the e-rth, the aluminized film will be partially
covered by stripes of aluminized silicone white paint and possibly by thin layers of silicon
monoxide in some locations to maintain comiortable ;rternal tunrel temperatures and to main-
tain material temperatures within acceptable limits ¢ aring full solar flux. "".e thermal con-
trol system is discussed more thoroughly in Section V.,

Environmental effects compatibility requires the consideration of combined vacuum and
vltraviolet radiation, the thermai environment, and high energy radiation from Van Allen elec-
trons. The portion of the outer cover most sensitive to the orbital environment will be the
thermal coating. The combined effect of vacuum and ultraviolet radiation will cause some de-
gradation of the coating. The solar absorptance/emitiance (a/¢) ratio is axpected to increase
by not more than 10 percent for a 60-day mission, resulting in a slight increase in materials
temperature, Off-gassing due to vacuum {3 a minute effect, causing less than 0.5 percent
weight loss, and stabilizes in 1.5 hours. Thermai effects relative to extremes in tem erature
are expected to produce no problems. Finally the thermal coating is expected to absorb 108
rads of electron radiation Kowever, the tolerance of the coating to high ener7y radiation is
on the order of 10” ‘~ 108 rads.

3. Sandwich Siructure Flcor

The sandwich struciure floor consists of two flat metal honeycomb bonded sandwich
panels that are mechanically joined to form a 160-degree included angle between the panels,
paralleling the longitudina' contour of the Gemini-MB88 vehicle. There is a circular hole in
the panel over the M88 hatch and an elliptical hole in the panel over the Gemin{ hatch to allow
ingress end egress of the astronauts. The circular hole is 30 inches in diameter, and the ellip-
tical hole has major and minor axes of 20 and 17 inches resp.ctively,

The Bondolite'sandwick panel construction conzists of 7.9-pef density aluminum honey-
comb core with 1/4-inch ceils having 0. 004-inch wlls of 3003 aluminum bonded to 0. 083-inch
thick 70'76-T¢ aluminum {aces witk Epon 934 epoxy adhesive. The panels are edged around both
the periphery and the hatch-access cutouts witi. shaped alumirum sections tc provide a

S———
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structural surface for instaliation of the hatch attachment rings and to ;0%1d2 2 smootis con-

tour for bonding the structural layer of the composite wall to the flonz, Doublers are installed

inside the lower faces of the panels to provide reinforcement in thz 27 eas where the channe!

section canister support brackets are attached. The floor panels zce fabricated as complete

subagsembiies by curing the adhesive under heat and pressurz 14 an autoclave. .

After the panels are attached together with aluminum ziates on both the upper and lower
surfaces, the interior tunnel surfa.e and the edges are zcaled with a film-cloth laminate tape
bonded over the cracks and a foam-cloth laminate vor.ded over the entire interior surface.
The tape {5 made from the same fiim-cloth lam’na‘e as the inner ply of the pressure hladder, .
The foam-cloth laminate 'rug"” is constructes fr 1 ifc ciosed-cell vinyl foam and nylon ¢loth s
used in the remainder of *%¢ pressure blasde; construction, -

4. Attachment and Separation Sysicis

Thisadliz atnohot 4o e ey Lohicle at the hatch areas with 6061-T6 alnmh'um
rings containing provisions fcr ,;yrotechnic separation gystems. ‘Ine rimgs, ellipti.a ai the
Gemini hatch and circular at the MSS hatch, are attached to the floor structure with counter-
sunk boits and Rivnuts. with the fioor-ring joint sealed by the application of epexy resin covered
by a film-cloth laminate seziant tape. Th2 separation rings have flanges sihaped to fit the con- g
tours of the Gemini capsvie and the laboratcry. Each flange containg a machired groove for F
installation of an O-ring seal. The rings are attached to the launch vehicle with rows of Cam-
loc quick-discornect fasteners through the flanges.

Ezch ring contains machined circumferential grooves around its entire periphery in the
wall area between the flange and the floor attachments for installation of the FLSC pyrotechnic
separation devices. The FLSC is packed into the machined notches with epoxy adhesive and
procected by backup plates of aluminum bolted to the separation rings. The FLSC achieves
separation when detonated by burning thrcugh the ring metal ¢ ¢he potched thickness area and
supplying pressure to force the separated portions apart. GAC has been quite successful in
the utilization of the FLSC separation and jettison technique. .

With the packaging canister attached to the floor structure with srrews through the 10
canister support brackets on the {loor, and not to the launch vehicle directly, the tunnal may
be separated and jettisoned in the event of mission abort or for mission termination by the -
same FLSC separation system incorporated in the ring designs.

S. Packaging Canister

The packaging canister is designed to retain the folded tunnel in the packaged configura-
tion and to protect the tunnel from the environmental elements on the launch pad and during
the launch phase. Titanjum sandwich construction is used for the canisier design.

The canister is constructed {n two parts. The lower part, an open [rame approximately
12 feet long. has a width of about 4feetat the MSS endtapered to a width of about 2-1/2 feet at
the Gemin! end, The depth along the long edges is about 5-1/2 inches, and the ends are shaped
to fit the contours of the Gemini- MSS vehicle., The frame is construcied by mechanically
joining the titantum sandwich panels 2t the edgea. The interior surface of the frame s lined
with sheet insulation. The lower part of the canister, which rests against the iaunch vehicle,
is bolted to the canister support brackets attached to the tunnel {loor. . %

The upper part of the canister is a long, narrow. open box-like structure that {s con- : s
structed by joining titanium sandwich panels in the same manner used {or the lower part. The .
interior surface is also lined with sheet insulation. The upper part i ihe canister, which con- - ‘ A
tains the packaged tunnel, rests against the lower part and is attached to it with long separstion : &
screwr ‘hat are attached tc angular brackets mounted on the iaterior surfaces of both canister X
parts - .2 locations. Each of the separation screws passes through the access opeaing of a
pyrotc - .c guillotine bolt cutter muunted on the angular bracket of the lower part of the canis-
ter. This design allows ihe upper part of the canizier to be separated {rom the lower part for
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tanne! deployment by detonating the guillotines which cut the separation screws and supply a
separating force {or jettisoning the upper part of the canister.

The packaging canister design provides a packaging volume of about 20.8 cubic feet
whiic presenting an aerodynamic drag area of about 2,6 square feet. The canister weight
given in Table I is based on estimated titanfum sandwich weight and estimated insulation
weight. The sandwich material required for structural integrity depends upon the asrodynamic
loads during launch. The insulation required to protect the packaged tunnel from thermal dar-
2ge during launch depends upon the aerodynamic heating involved. A launch profile, which
was no! uvailable, is required for analyses involving these parameters. Lack of these values
does not detract from the feasibility of the preliminary design.

6. Interior Lighting and Locomotion Aids

Types and design locations of tunnel interior lighting and crew locomotion aids were
studied by the uman fartors engineers in the Life Sciencee Research Depariment of GAC. The
vesmlts of these studies in conjunction with the recommendations of the Air Force as a remult of
the tunnel mock-up 2552~ C Qight Lonts 20~ incorporated in the tunnel d2sign.

Locomotlon aids consist of 0. 75-inch diameter nylon cords extending along each side of t

the floor from the Gemini hatzh opening to the MS8S hatch opening. The ends of the hand ropes
are attached to the rigid floor structure with clamps. The cords are held 4 inches above the
floor by flexible foam cubes placed intermittently along the rope length. Flexible foam is
used for the hand rope supports so that they may be easily compressed during the tunnel pack-
aging operation.

Sylvania flexible strip lighting was selecied for the tunnel interior lighting. Two strips
of lighiing are cemented along each side of the tunnel wall adbout 1.5 inches akow» *he floor in
the hest position to {lluminate the hand ropes. A 6-foot strip extends from the angular con-
tour change in the wnnel floor to the Gemini hatch opening, and a 3-foot sirip extends from the
contour change to the MBS hatch opening. In addition to the strip iighti-g instalistion, the
tunnel design includ:s an iilerior _oating of a reflective whitc Laint to assist in Hlluminating
the tunna! interior.

7. Welght Estimate

The welght estimate piven in Table I is based on the tunnel design shown In Figure 3.
As vivown in Table I, the total weight of the transfer tuiiel (227 pounds) and the packaging
canlater (1.5 pounds) is 375 pourds. This weight is based on a design pressure of 7.5 paia.
Fn: a 'esi’n pressure or 3.5 psia, e welight reduction would be small, since 20 many of the
items incivded in the design are not controlled by the inflation preasire. The estimated woight
reauction is 23.5 pounds. The contributing items are the stiuctural layer of the expandable
wall. the wall-fioor joint. and the inflatfon system. It is possible that the sandwich floor might
olier some weight reduction, depending on the canister aerodynamic loads. Based ~n inflatinn
pressure loads alone, the flvor weight raduction is about 21, 5 pounds. This is a tuia’ weight
reduction of 4% pounds, wlich would reduce the totaj weight to 330 pounds.

D. PROTOTYPE TUNNEL

S
1. General . .
The expandable Gemini to M8S m ¥ulur crew transfer tunnel design was transiated into ;é
a detail prototype tunnel design that «. 1d be fabricated ard subjected to preliminary qualifica- 3
tion teris in order to subetantiate the d -~ign. The prototype tunnel design is shown in Figure
3. Toere are four areas in the de:ign of ‘he prototype tunnel in which the actual tunnei dealge
1s oot faithfully repronced, These cuang.s were made in the interests of simplification and
Jime savings, ane . ay affect the fean’>iRy of the design or the results of ths orotatype N -
tunne! tests. . .




First. the design of the hatch attacumert separation rings was si..plified by omitting the
machined notches for the FLSC separation system and by making the flanges in a flat plane
rather than shapad to fullow the contours of the I nch vehicle. 8ince the utilization of the
FLSC pyrotechnic system is a well proven separation technique and since demonsgtration of
tunnel separation for mission termination or abort was not 2 preliminary test requirement,
the elimination of this system from the prototype aesign is well justified. By making the sep-
aration ring fianges flat rather than contoured. considerable tonling and prototype fabrication
time could be savad. In addition. the desigu and (abrication of the steel test carrier mock-vp
hatches that support the prototype tunnel were greatly stmplified by the use of flat separation
ring {langes. This change has no elfect on the {ezsibility of the tunnel design or on the test
resulis.

Secondly. a substitute Dacron cloth was used for the four-ply structural layer of the pro-
totype tunnel. This substitution was necessary because the required cloth was unavallabie at
the time it was required for this program. Although the substitvte cloth is slightiv h.cavier
and thicker than the required cloth, it has a lower breaking strength. Since the structural
layer of the tunnel wall was designed to have a factor of safety of 5 with degradation due to
creep rupture effects for 60 days unuer the load considered the use of a subatitute cloth with
a factor of satety o1 @ un. . "° '~ sonditions (& eonetdered satisfar ~ry for the peniotyrs
tuinel.

The third area of difference between the tunnel d~sign and the prototype tunnel involves
the packaging canister. To simplily fabrication ol thy prototype packagiag canigter. the deci-
sion was made to use lightweight aluminum sandwich panels rather than titanium panels of =
greater thickness. Since no thermal testing was required. the insuiation was r . included in
the prototype canister design.

The iast area of the prototype tunnel deviation {rom f{aithful reproduction is the use of a
sulistitute outer cover and thermal coating on the composite wall of the prototype iunucl. 8ince
no thermal testing was required on the prototype tunnel and gince the requirea -natiriuis could
not be obtained for use on the p.ototype tunnel. the decision wis made to use materials that
would satis{y the nonthermal requirement of th ter cuver. The nonitermal requirement is
to provide a vax-tight barrier for encapsulating the {lexible foam. In order to provide encap-
sulating materiai. nylon cloth coated with titanium dioxide pigmented Hypalon paint was selected
for the outer cover. This paint provides a rubberized {ilm on the nylon cloth for gas tightness.
and the nylon cloth provides a satisfactory surface for bonding the (lexible foam to the gas-
tight barrier.

The prototype tunnel design final assembly is shown in Figure 31.
7. Prototype Tuanel Fabricatio:

a. General. The {irst step in the {abrication proc»dure was the azsembly of & fabrication
toof. The tpol used was a rigid polyurethane foam mandre! machined to the intericr contonr
of the expanded funnel and mouiited on a wovable =teel framewnrk fixture., The prototype
tnnel mandrel mounted on the fabrication suppart fixture it showr in Fiours 82 The com-
pisted sandwich {loor structure is als? mousnted on the support {ixture and becomes a part of
the {abrication tool. The fioor mounted on the fixture s shown & Figure 8. The mandrel
was spraved with a separating agent to prevent adhesicn of the pressurs bladder to the rmandrel.

The composite wail ¢~ rture was (hen built up ca the mandrel in layers uaing appropriate
patterns. When the pressure v, vder wis completed. the floor was lowered against the man-
drel with the bladder bonded to the " 10r. This i shown in Figure $3. When the remainder
of the composite wall was compietae.. 7 complete structure vas removed from the fabrica-
tion support Tixture and piaced upright on a -~ oden stand contoured (o match the tunnel {ionr,
While in this position. tse rigi fvam mandrel 7.5 removed (rom the tunnel interior by chip-
ping tout in - 'enks.  The piclotype turnel with the —andrel removed is shown tn Figa~e 3.
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Figure 33. Complete Pressure Bladder with Floor Attached
47




-
; .
|
T
!
t
_' e
f
|
i
|
E .
1
i

Figure 35. Completed Protutype Tunnel Unpressurized
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After interior lighting and crew locomotion aids were evaluated by the human factors
enginears, their locations were masked and the tunnel was painted inside and outside. The
hand ropes and lighting strips were then instalied on the tunnel interior, and the canieter
support brackets were installed on the floor. The tunnel was then complete. The comp’eted
tunnel is shown in Figure 335.

The canister was fabricated by riveting togethar a series of aluminum honeycombd #gnd-
wich panels and installing the appropriate bracketry. 7The completed canister is shown ir
Figure 15.

At various stages of fabrication, when practicable, the fibricated parts were weighed.
The weights are given in Table II.

b. Sandwich Floor Structure. TlLe prototype floor desig. is an exact reproduction of the
modular design. The floor design is shown in Figure 36. The constructio.. was described
earlier in this section. The design of the hatch attachment seprration rings and the canister
support brackets that are attached to the floor structure ure shown in Figure 37. The pro-
totype sepzration rings differ {rom the actuzl tunnel design riags in that the :langes arz flat
and there is no provision for the FLSC separation system. These dic repancies were is-
cussed earlier in this section. The feasibility of the tunne! design or the evaluation of test re-
sults are mot affected by these changes. The compieted {loor is shown in Figure 38,

c. Composite Wall Fabrication. The triple-barrier pressure bladder and the flexible foum

- micrometeoroid barrier used in the fabrication of the prototype tunnel zre identical with those

of the actual tunnel design. The use of substitute cloth for the struciural iayer and the use of
substitute cloth and thermal coating for the outer cover were discussed earlier in this section.
All adhesive systems and fabrication techniques applying to the actual design were stringently
followed in the construction of the prototype composite wall zand the attachment of the struc-
tural layer to the floor. The prototype tunnel composite wall design is shown ir Figure 39.

(1) Pressure Bladder. The pressure bladder is fabricated from subassemblies. The
inner layer is a subassembly laminated by bonding a layer of Capran {ilm between two layer:
of 1'zhtweight nylon cloth with polyester adhesive. The middle and outer l=yors of the pres-
sure bladder, the closed cell vinyl foam layer and the polyester resin-coated nylon cloth layer,
are laminated into a subassembly by bonding them together with polyester adhesive.

To prevent wrinkles in the pressure bladder when the patterns were placed over the hem-
ispherical ends of the mandrel, the patterns were heat set to the proper curvature by clamping
the patterns in & contouring fixture and pulling them tight against the fixture contour by a vac-
uum bagging technique. With the vacuum maintained, the fixture was placed in a curing oven
and heated. When removed {rom the fixture, the pream:re bladder patterns retained the proper
contour. One of the contouring fixtures is shown in Figure 40.

The {ilm-cloth inner laminate was placed on the mandrel first, using the appropriate de-
sign patterns. Then the outer foam-cioth laminate was placed on the mandrel, using the proper
patterns fo prevent any pressure bladder seams {rom becoming coincidental with the seams in
the adjacent layer. The floor with its {uam-~-cloth laminate "'rug” in piace was coated with poly-
ester adhesive and lowered into place against the mandrel ani ti;. 1apped pressure bladder.

The entire agsembly was then vacwum bagged and cured in an over.,

(2) Structural Layer. The patterns for the structural cloth isyer were placed on the
marndrel over the pressure bladder with each of the four plies costed with polyestzr adbesive
for interply adhesion. The patterns are different for ¢ach ply so that no tw, plies have coin-
cidental aeams. As » result of this fabricstion tachiique, there are three zontimous plies
over the seam in the remaining ply, which offers an elfectively seamiess construction. That
is, 2 failure in 2 seam of any one ply would Lot prove catasmtrophic, but would only reduce the
srength of the entire structural layer by 35 percent.
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Figure 38. Prototype Tunne! ¥loor

During the lamination of the structural layer, separator strips were placed between
each adjacent ply in the 2rea of the floor joint, When all {our plies had been placed on the
mandrel, the four plies of reinforcing strips were inserted in place cf the separator strips
and bonded with polyester adhesive. The rigid epoxy bond was then fabricated to attach the
composite wall structural layer to the rigid floor structure with an eight-ply spiice. The ¢n-
tire assembly was again vacuum bagged and oven cured. The completed prototype tunnel four-
ply Dacron cloth structural layer with the completed wall-floor epoxy joint is shown in Figure
41.

{2} Micrometeoroid Barricr. While the individual plies of the pressure bladder and the
structural cloth layer were fabricated on the mandrel with lap seams, the 2-inch thick, 1.2-pcf
density . flexible nolyether foam micrometeoroid barrier was piaced on the mandre! in patterns
that formed butt joints. The reason for thi< procedure is obvious. Polyester adhesive was
used tc bond the foam to the structural layer. The completed foam layer is shown in Figure
42.

{4) Outer Cover and Thermal Coating.  As previously discussed in this section, a nylon
cloch outer cover was substituted for the tilm-cloth laminate of the actual tunnel design. The
nylon cloth patterns were placed over the foam barrier nn the mandrel with lap seams. Again,
polyester adhesive was used for the inferlz ninar hond. The entire 2ssembly was then vacuuin
hagyed and oven cured for e final time. The complete outer cover is shown in Figure 43.

The tunnel with the enclozed mandre]l was removed irom the {abricatic:: support {ixture,

foon
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ard the rigid foam mandrel was chippad from the tunnel interior. The Topolic tapes were in-
atalied on the bladder seams, and the filin-cloth tapes were installed at the pressure bladder
to floor joints. After the interior lighting and hand rope standoff locations were masked, both
the interior and exterior surfaces of the tunnel were painted with titanjum dioxide pigmented
Hypalon pairt. The use of this substitute thermai coating was discussed earlier in this sec-
ticn. The completed tunnel i shown in Figure 35.

d. Packaging Canister and Separation System. The prototype packaging canister design is
shown in Figure 44. It was fabricated by riveting lightwelght alumim:m honeycomb sandwich
panels togeth~r at the edges. For simpiification in fabrication, a flat leading edge surface
was used rather than the curved aerodynamic surface required for a flight hardware canister.
The deviation from required materials was discussed earlier in this section. There was no
deviation in the installaiion of the canister separation system for deplcyment, however. All
brackets with separation screws and pyrotechnic cuillotines were properly installed.

The lightweight prototype canister proved to be too flexible for proper handling, so the
reinforcing panels and stiffeners shown ir Figure 44 were added to the fabricated canister and
incorporated in the degign as revision A.

e. Locomotion Alds and Inierior Lighting. The crew locomotion aids and tunnel interior
lighting specified for the tunnel design were installed in the prototype tunnel. They were
initially installed with double-backed tape in several locaticns while being evaluated by the
human factors engineers. When {inal locations had been determined, the Sylvania fiexible
strip iighting was cemented in place ulong each side of the tunnei wall. The hand rope stand-
offs were cemented to the floor, and the ccrds with their end clamps were instalied.

3. Weight Statement

The weight statement given in Table II is the actual weight of the prototype tunnel and its
components.

Table II. Weight Statement

Trangfer Tunnel - . -« « « « ¢« o o o o000 212 b
Expandable Wall . . . . . . s e v . .. .101.81b
Sandwich Floor . . . . . e e 88.2
Hatch Attachment-Separation Rings . . . . 13.8
Lighting and Locomotion Aids . . . . . . . 8.4

Packaging Canister . . . . . . . . . . . . ... .. .. 102 1b
Sandwich Cover. . . . . . . . . . . ., . 8.1 b
Pyrotechnic Separation System . . . . . . 20

Total Weight . . . . . . . . . .« .. .. . 314 b

The expandable wall weight includes the wali-floor attachment weight. Based on sample
weights, the expandable wall alone should weigh 85 pounds, which would leave 18. 8 pounds for
the wall-floor attachment weight. The estimate for this attachrent weight is 16.1 pounds,

4. Tunnel Mcounting Adapters

Previsions are necessary for sapoorting the tunnel hatch attachment rings during ship-
ping and during the zero~G flights. Avcoraingly, adapters were designed and fabricated to
attach {u the funnel rings and provide © s2parais row of mounting holes for altachment to a
shipping crate or to some support in the KU-135 alperaft. The adooter designs are shown in
Figure 45,
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SECTION V
SUPPURTING ANALYSES

A. GENERAL

The following analyses were performed (0 support the tunne’ design:

{1) Thermal Analysis

(2) Structural Analysis

{3) Environmental Hazards

(4) Materials Selection
The subsection on prateriais selection is a documentation of GAC-fu~ded development programs
specifically applicable to the tunnel design as well as a documentation of the materials qualifi-
cation program conducted speciiiczally for the tunnel desigr.

8. THERMAL ANALVYSIS
1. Intreduction

The expandable cre. tras.sfer tunnel! will achieve a thermal balance dependent upcu, but
not completely established by, the Gemini- MSS vehicle thermal design, and the vehicle ther-
mal design may he slightly fifluenced by the presence of the tunnel. The primary objective of
the tunnel thermal design, preferabiy passive, iu to maintair the interior at comfortable tem-
peratures for astronaut transfer (75 (£25,°F) while limiting the 2xternal surface hot-spot and
cold-spot temperatures to values within material capabilities {-100 to 225°F),

Thermal Jesign optimization of the packaging canister and the runne! itself will depend
upon Cemini- MSS system parameiers thai have not yet been specified, and is considered be-
yond the scope of this study. The study wiil consider and define the zifects on tunnel tempersa-
h:res of the {ollowing parameters:

{i} Therme! coatings on the external suriace of the tunnel,

{2y Therma! coatings on the internal surface of the tunnel.

(3} Thermal coatings on the Geminl- M3S surfaces adjacent 1o the tuanel

{4} Tunne!l orientation in reiztion to the earth and sun,

{8) Oridital inelination with rospect to the ecliptic equator,

{81 Depresaurization of the polyether foam due 10 micrometeoroid penetrasion of the
ater cover,

The thermal pronlems and considerationsci hetunnsl will be defined along with the neces-
sary corrective action. An IBM . 10 electronic computer has bees utilized throughout this
analysis; the resijtant programs are dentilied 25 GAC program 2-0511,
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2. Proposed Thermal Systems

The only major difficulty involved in the thermal design is passively maintaining the
required internal temperature of 75 (:25)OF. A reasonably good match with this requirement
may be made for any orbit with most tunnel orientations if the orbit and orientation are speci-
{ied vefore the thermal coatings are selected. Allowance nmst be made for degradation of the
thermal coatings; tolerances and degradation of the veiiile, wuuel, wdl Costiity ‘weluel Ppasd
meters as well as computational accuracy; and other system variabizs that affect the S0OF
temperature tolerance,

As an {llustration of the results of this analysis, three possible tunnel thermal designs,
summarized in Table I, are presented in the following paragraphs. Common features are
addition of thermal insulation to the floor and application of & low solar absorptance/emittance
(a/€) ratio white paint to the tunnel interior.

(1) For a day-night orbit passing through the earth-sun line with unknown tunnel orien-
tation, the tunnel would be uniformly covered with stripes of aluminizes silicone
white paint on an aluminized film substrate. The arerage ratio of a/¢ would be ap-
proximately 2; to prevent excessive hot-spot temperatures on the ouler surface,
copper drop threads would be woven through the polyether foam to obtain a conduc-
tivity of 0. 5 Btu-in. /hr-1t2-OF. Neglecting material, system, and computation un-
certainties, the Internal temperature would be 80 {£50)°F.

(2) For a day-night orbit with an optimum tunnel orientation, a horizontal tunnel orien-
tation may be specified. The above thermal coatings would be utilized with the
quantity of painted stripes varied locally to alleviate hot spots and eliminate the re-
quirement ior drop threads. Again neglecting material, system, and computation
uncertainties, the internal temperature would be 75 (220)OF.

{3) For a twiiight orbit over the dawn-dusk areas of the earth with an optimum tunrel
orientation, a tunne! orientation away {rom e earth may be selected. Thermal
coatings would be 2.: alumiafzed film substra.e with thin layers of silicon monoxide
applied in some locationg z1ad striges of aluminized siiicune white paint apnlied un-
evenly over the entire surface. No drop threads would be required, and again neg-
lecting material, system, and computation uncertainties, the internal temperatures
would be 75 (2201°F,

Table III. Proposed Thermal Systems

Type of ! Tunnel . Thermul : Copper i Interna}®
Orbit ¢ Orientaticn ! Coatings . Drop Threads ! Temperature
i 420 ]

— . - ———t ¢ 4; .
Day-Night 3 Anv a. b t Yes 80 (+50)
Day-Night i Optimum ’ «. b ! No f 75 (3
Twilight ’ Optimum i s, b ; No k 15 {2 20)

i i

|

- L

¢ Aluminized fi'm substrate.

% Alurintzed silicone white paint.

€ Fiitenn monoxide or aluminized {ilm substrate.

® Tolerances include thermal transients and variatwn in thermal prrameters only.
External surface tomperatures are -10G 1~ 2259F.
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3. Technical Discussion

a. Effect of Thermal Coating on Temperature. One of the many parameters that will af-
fect expandable crew transfer tunnel temperatures is the orbit. A 165-)1ile altitude circular
orbit (80-minute orbital period) is presume.. as a typical condition. The position of the orbital
plane with respect to the earth-sun line i8 much more critical and depends not only upon the
orbital inclination to the equator but also upo:, the time of day and date of launch. Two extreme
orbits are a day-night orbit pasairg through the earth-sun iine and a twilight orbit over the
dawn-dusk areas of the earth; temperatures in any orbit will generally fall within the limits
set by these two orbits. The day-night orbii {s possible with equatorial or polar orbits; the
twilight orbit {a possible only with a p.lar crbit. The former is considered the more likely.

The tunnel may be roughly approximated as a cylinder with spherical ends. Several
conclusions may be aftained by computing the temperature of an isothermal longitudinally
oriented cylinder and sphere in orbit. Taking the albedo of the earth as 0. 36, the energy bal-
ance or. a sphere in a twilight orbit {5

0.29Ca+0.18C Fg g€ - eoT? (1)

where the [irst term is solar heating, the ->cond is earth radiation heating, and the third is
recradiation. Equation 1 r.duces to

oT4 = 25.48 . 110.60 a/e. (2)

The average temperature of & sphere :1na day-nlght orolt is

1030 _ (90“’
0.2550[ d3 0.36 C Fg_;: a] o cos Jd3
: +0.16 C Fg.pe + - 0 : =(aT4. (3)
180° _r180°
I d.3 f ds
ov 0°

since the sphere enters the uinbia at 3 < 105 degrees. Toe added term is albedo neating.
Equatior 3 reduces tu

oTY = 23,48 . B2.77 a .
For a cyl‘mﬂér in = twilight orbit,
Cat-016C ?Cz ¢ et
or ‘
oTY = 2709 . 140 E2a ¢

For 2 cylinder in a dav-night ophie,

EQS -~ 30f
~ :[ v { q2 a AN A \,f Fus ol
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The temperatures are seen to be a function of the ratio a/e¢, which is establighed by the
thermal control costing. A plot of equations 2, 4, 8, and 8 is presented in Figure 48. The
cylinder temperatures are more extrere than the sphere temperatures, so that a somewhat
conservative anlysis of the tunnel may be obtained by neglccting the spherical ends. For com-
fortable temperatures, an a/¢ ratio between 1 and 3 appears desirable for a day-night orbit.
These a/¢ ratios may be easily attained by a surface of an aluminized film substrate (@ = 0.13,

€= 0.C5, /¢ = 3) covered in part with an aluminized silicone white paint (¢ = ¢= 0. 25,

- e e, § 8

a/¢ = 1). Spacings between the paint stripes ur puilerns wouild périnll average ratios ang.
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:vn::ere between 1 and 3. An a/e ratfo of ! or slightly less appears desirable for a twilight orbit.
5 ese‘dratios may be obtained by applying the above white paint to a surface of silicon monoxide
danaluminized f{lm substrate (2 = 0.15,¢= 0.5, /¢ = 0. 3).

Temperature differentials across ilie tunnei interior will exist due to uneven heating of
the external surfaces. In order to minimize these differentials, the internal heat transfer
should be maximized. In the absence of forced convection, the primary mode of heat tranafer
will be thermal radiation. A thermal coating on the interior surface with a high emittance is
therefore desired, but the solar absorptance should be low (white surface) to improve lighting.
A number of white paints having a low a/€ ratio are available, including the zinc oxide pig-
mented paint developed by GAC for the lunar shelter project. Stability should not be a problem,
since the internal surface is not exposed to ultraviolet radiation or vacuum.

b. Hot-and Cold-Spot Temperatures. The tunnel configuration used for this study was pre-
liminary in nature and is not reflected in the final design drawings. Thermal construction and
properties of the tunnel walls are presumed a8 follows from the exterior surface to the inte-
rior surface:

(1) Outer cover consisting of a thermal control coating, nylon cloth, a layer of polyester
adhesive, Capran film, adhesive. nylon cloth laminate, and adhesive. This compo-
site has a mass of 0.095 psf, a thickness of 0.017 inch, specific heat of 0.25 Btu/lb-
OF, and a conductivity of 1.4 Btu-in. /hr-ft“-OF,

(2) Two inches of polyether foam. This foam has a mass of 0. 200 psf, specific heat of
0.23 Btu/1b-OF, and a conductivity of 0.25 Btu-in. /hr-1t2-OF. When the outer cover
is pierced by micrometeorites, the entrapped gas will egcape from the foam, reduc-
ing the conductivity to approximately 0.04 Btu-in. /hr-{t4-OF.

(3) Structural layer consisting of a layer of adhesive, four layers of Dacron cloth and
one of nylon joined by adhesive, and an inner layer of adhesive. This composite has
a mass of 0. 353 psf, a thickness of 0.062 inch, specific heat of 0.25 Btu/1b-CF,
and a conductivity of 1.4 Btu-in. /hr-{t2-OF,

{4) PVC foam 0.070 inch thick. This foam has a mass of 0.058 psf, spocific heat of
0.23 Btu/1b-OF, and a conductivity of 0.25 Btu-in. /hr-{t2-OF,

(5) An inner laminate that resembles the outer cover in reverse order of construction.

The inner radius of the tunnel varies from 20. 8 inches at the MSS end to 21. 4 inches at
the Gemini end:; the former is used throughout this analysis. Conduction takes place through
the tunnel wall and around the tunnel wall, but due to the relatively large radius of curvature,
the latter effect is negligible.

Since the polyether foam has a temperature limit of approximately 225°F, a discussion
of hot-spot temperatures on the external surface appears in order. In the day-night orbit,
transient or variable heating occurs on the external surface. This heat is transferred through
the tunnel wall by conduction and stored in the thermal mass of the wall, thereby changing its
temperature. A thermal model of a slab of the wall was constructed by considering it as five
nodes, located in order as (1) the internal surface, (2) center of the structural layer, (3) 1.5
inches from the external surface of the polyether foam, (4) 0.8 inch from the external surface
of the polyether foam, and (5) the external surface. Node boundaries occur midway through
the PVC foam, 0.05 and 0.95 inch from the inner surface of the jolyether foam, and 0. 15
inch from the external surface of the polyether foam. For the wall slab away from the earth
on which the hot-spot temperature occurs, the differential energy equation< on the five nodes
are as follows:
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Ug.1 {Tg - T1) + Uy a (T - Ty) = (WC)y dT1/d6
U2 Ty - Ta) + Ug_g (T3 - T2) = {WC)2 dT5/de
Uz.3 (T2 - T3} + Us.4 (T4 - T3) = (WC)3 dTy/dé > 9

Ug.g {Tg - T4) + U4-5(T5 - T4) = {WClq dT4/dé
4

U4-5{T4 - Tg) + C' Aa - €¢AoTs? = (WC)5 dT5/de J
where
= CcosfwhenG <cospdgl,
C' = 0 when -1% cosJs 0.

With Ug-i based on a value of U which includes an internal surface coefficient of 1
Siu/hr-1t2-OF, these equations (Equation 9) are solved numerically using the backward differ-
ence method for the transient equilibrium conditions. Figure 47 presents the results of this
study. The temperatures plotted are the maximum surface (node 5) temperatures. A hot-spot
temperature problem is observed to exist which could be alleviated by increasing the thermal
conductivity of the polyether foam, possibly by use of copper drop threads. A similar study
has been accomplished for a twilight oruit by setting all derivatives in Equation 8 equal to zero
and taking C' equal to C. These results are presented in Figure 48.

Hot-spot temperatures may generally be alleviated by two methods other than increascd
thermal conductivity for a fixed a/e ratio. One method would be to dec: ease the values of a
ard € without changing the ratio, which dampens the day-night temperature cycle and increases
the effect of conducticn. The white paint and aluminized film previously presumed present the
practical limit for this method. A second method, applicable only to the day-night orbit,
would be to increase the external surface mass of the wall to dampen the day-right tempera-
ture cycle. This method is also evaluated using Equation 9 and is presented in Figure 49 with
a polyether foam conductivity of 0.04 Btu-in. /hr-ft-OF. Lowering the a/¢ ratio will of
course decrease the hot-spot temperature but reduces the internal temperature below desired

levels.

Cold-spot temperatures are most severe n a twilight orbit 16r a poriion ui le tannel
receiving no external heating. Such a study is obtained by setting all derivatives in Equation ¢
equal to zero and taking C equa! tc zero. Results are presented in Figure 50. Since the foam
can withstand temperatures of approximately -300°F with an expected minimum greater than
-200°F, no low temperature problem will be encountered.

c. Ingulated Cylinder Internal Temperatures. Since the conductivity of the polyether foam
hus 2 signiticant effect on external surface temperatures, it is informative to determine the
effect of conductivity on internal temperatures. A complete cylinder i8 presumed with the
wall struct:re previously described and with an inner radius of 20.8 inches. A steady-state
analysis is performed by considering the external surface as eight nodes, each of which covers
45 degrees of arc. A ninth node represents the interior of the tunnel as shown in Figure 51.
The energy =quation on each node is

Cy + @) a+ Eje - U (To - Ty - tS'qu where § £ 158

g
T_(} = 0,125 Z Ti )
=1

(10)

wiere U inclhudes an internal surface coefficient of 1 Btu,’hr—ftz-oF.
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Radiation view factors of the earth are obtained by numericai irtegration around the node.
utilizirg Reference 1. Figure 51 presents the resu.ts of this study. 1Ii mzy be seen that an
increase in the conductivity of the polyether foam raises *he inlernal temperature, particularly
for a twilight orbit. This effect is due to radiation interchange being proportional to the fourth
power of temperature, while conduction is directly propertional to ihe temperature. When the
conductivity approaches infinity, the isothermal case of Figure 46 ig attained. The day-night
wmperature cycle for the day-night orbit may slightly reduce the internal temperatures for
the same reason; ihis effect is not shown in Figure 1.

(12
~ont)

d. Tunnel Interval Tewmperatiises, A thoimal model of the crew t:anzfor tunnel ig shown

in Figure 52. This schematic represents the MSS end of the tunnel wi*™ the junction of tha
honeycomb floor and walls geometrically simplified. For simplicity and a slightly conservative
analysis, the model is presumed to be infinite in length perpendicular to the piane of the figure.
The tunnet mode! is divided into 34 nodes as shown; the adjacent vehicle is represented as 10
nodes.  Fur the Gemind end of the tunnel, the tunnel more closely approaches a complete cy-
linder with less shielding {rom the vehicie and may be presumed to lie between the models
shown in Figures 51 and 52,

As may be deduced trom the model, the uninsulated honeycomb {loor provides the pri-
mary means of heat transfer to or from the tunnel interior and strongly affects internal tem-
peratures, The floor temperatu s is greatly influcnced by the vehlcle thermal parameters
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Tabie IV,

Thermal Parameters for Model
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SURFACE AREAS AND THERMAL MASSBES®

Thermal Magses Arey
Nodes {Btu/OF) (1t
1, 8, 11, 18, 21 0.04144 1.36136
2, 7,12, 17, 32 0.13151
%, 8, 13, 18, 23 0. 02906
4,8, 34, 19, 24 6. (3028
5, 10, 15, 20. 25 0. 04085 1. 50312
26, 3¢ 0, 2731 0.23507 (Int)
0.46892 (Ext)
27, 2¢ 0.2195 0, 91687
28, 32 0.2156 0.91667
31, 33 0.2385 0.916587
34, 35, 42, 43 As specified 1. 30899
38. 37, 33, 39, 40, 41 As specified 0. 87268
THERMAL CONDUCTANCE®
. i Conductance . Conductance
Hodes {Btu/hr-OF) Nodes (Btu/hr-°F)
1-2, 8-7, 11-12, 4.336 28-27, 26-81, 0,0072
16-17, 21-%2 .l 30-29, 3n-33 .
2-3, 7-8, 12-13. 0.1108 (K = 0.047% 27-28, 28-20. 0.5536
17-18, 22-23 0.8860 (K = 0.25) 21-3%, 32-33
2.655 {K =1) I 27-31, 28-32, 29-33 1.3
3.4, 8-9, 13-14. 0.08365 (K = 0.04) 34-35, §5-36, 30-27, As specified
18-19, 23.24 0.2981 (K =0.25) 37-35, 38-35, 38-40,
1.5923 (K =1) 40-41, 41.42, 42-43
4.3, §-190, 14-15, 0.1312 (K = 0.04)
16-2G, 24-25 0.8153 (K =0.25)
3.1978 (K =1) |

1

A,

8polyether foam conductivity in Btu-in. /hr-1t2-°F.  ®Dasec n model length of 1 foot.

directly beneath tne {loor. such as the quantity of insulation withia the vehicle skin, which are

un«inown at this time.

The model thermal parameters have been estimated and are presented in Table IV. Ra-
diation view factors for the tunnel interior and for the energy exchange between the tunnel and
vehicle are obiained by aumerical or mathematical integration around the nodes. External heat
fluxes (solar, albedo, and earth reradiation) on each external node are evajuated by numerical

It is anticipated that the vehicle thermal control coating will be a low
o/¢ ratio white paint (o = 0.2, € = 0.8] to achieve a low temperature suriace from which
some internal heat may be dissipated.

iiepration arvuid the node for a given tunnel o, {entation and orbital position and include the

effect of shielding from other nodes.

These external {luxes have been evaluated for a day-night
orbit with the tunnel faring {1) space, {2) norizon. and () earth, as well as a twilight orbit with




Table V. External Heat Fluxes® Incident on External Model Nudes

e i —— S
Day-Night Orbit® Twilight Orhit N
Node Horizon Earth Space Sun 1~ Earth Space Umbra .
Solar* IEanh Solare ] Earth {Solar ¢ ]Euth Saolur¢ | Earth 1 Solar¢ | Ear 5 | Solar® | Earth | Solar?®] Earth L S
Fy 3 h
! T : 2
5 46 13)57.86117.12 | 23.35| 24,50 |15.28 42.88 57.861 0 20.251 431,11 | 15. 28 [1] ¢ ‘
10 38.50[48.12138.51 | 49.141100.02 | 4.18 || 304.65 48,12 0 49,14 1304.851 4,18 0 4.19 : \
15 30,771 23.25150,23 | 63.58137.23 ] 0O 431.31123.25) 42.88 163,58, 42,88} 0 0 23.25 | S .
20 100.04 ; 4.19]36.51 | 49.14 [100.02 | 4.16 ) 204.85 ] 4.19;304.851 49,14 0 4.16 0 49.12 - .
25 13723 0 17.12 | 23.25 24.59 15.28 ) 42.88 | 0 431,11 123,25 ] 15.23 0 57.88 : i
26 35,37 0.07¢ 2.08 2.90 5.28, 1.37 I 0 0.07 1110.95 2.9%0 0 1.31 0 17.81 1 i
30 13,988 | 17.81] 2.08 2.90 5.28 | 7.37 0 17.81 0 2,901 110,95 1. 0 0.07 ; :
3t 0.15' 0.2t} O 0 1.23 ] 1.72 Q 0.21 Q 0 ] 1.72 0 3.78 ; .
k¥] 0.87, 0.94| ¢ 0 0 0 0 0.94| 0 0 0 0 9 0.94 : .
33 2,69 3.761 0 0 1.23 1 1.72 0 4.76 0 0 0 1.72 9 0. 21 i
‘{ -
34 111,404 0 35.06 | 44.87 | 89.54 | 5.66| 268.55| O 349,98 | 44.87 0 5 66 0 53. 46 i
35 85.481 0 38,93  49.041112.73 ] 1.85( 349.98: O 268. .5 | 49.934 0 1.85 0 45.26 i
38 59.43] 0 33.43 | 42,161 94 78 0.27) 297.15] 0 186.71 1 42,181 0 0.27] 0 {37.86 i . i
7 38.41] 0 7131 9.9 o0 0 0 9 114,37, 9.¢6! o0 0 o 1%0.73
38 | 12.28| 0.64| o 0 0 ) 6 0.04| 38.50] 0 0 0 n 1 0.65 . ¢
59 0.86! 0.65] 0 0 0 o i o 0.65] 0 0 38.50 | © 0 0.04 !
40 8.93]10.73) 7.1%3] 9.8 0 I 10.731 0 9.961114.37] © 0 0
41 29.14 ) 37.80033.4% 1 42,361 04,76 | 0.271 297.15]347.861 © 42,16 186,711 6.27| 0 ! 0 . i
42 34.34745.26]38.93 | 43.04 {11273 ] 1,850 349.93147 2% 0 49,04 12668.55| 1.35] 0 0 ]
43 42,091 53,45 35.06 | 44.871 89,34 S.EGJ 268.5553.46| 0 44.9&J349.98 5,86J 0 0 b
. el —— JRS VUSRS TSRO WG [, o
% Flures in Btu/hr-ft2 without reflections. borbital averages. ¢Solar fluxes inclede albedo.
the tunnel facing (1; sun, (2) space, (3) umbra of earth, and (4) earth, without vehicle rotation. E
A summary of these fluxes is presented in Table V., Radiation ii.!erchanges including the re- _
fiections oi externa! fiuxas are handled | the Oppenheim method (Reference 2). .
Transient solutions for the day-night orbit raquire a large an._unt of computer time due - }
to the slow response rate of the tunnei. Considerably quicker stabiliz¢ ! solutions may be . > i
chieved by using the Gauss-Seidel method for the twilight orbit conditions and by using avevr- j 3
age ¢ .ternal fluxes for the day night orbit conditions, For these stabilized solutions, the in- - i
tarnad surfacg) coefficient is taken as 1 Btu/hr-ft2-°F and the foam conductivity as 0. 94 i
Btu-in. /hr-ft“-CF, The external surface of the houncycomb floor is presumed to be uncoated i
bare metal (¢ = 0.15, ¢ = 0,05), while the vehicle is presumed o have the likely coating i
. . . : N %
(e = 0.2, € - J.8) with no internal heating. The conductance of the vehicle skin between nodes . :
36 and 37 is 0.1 Btu/hr-°F for a 1-ft length. and was obtained by presuming a Rene 41 gkin. ‘
It is uoted from Figure 53 that the temperatures are considerably higher within the tunnel
when the tunne! is turned sideways to the sun. such as the horizoa orientation in the day-night
orbit and the earth and space orientations in the twilight arhit. This phenomenon is due to the i
high a/€ ratio of the floor reacti»g to vehicle-reflected sunlizht. Revised munnel schematics 5 E
indicate that this effect will not occur, since the tunnel canister will prevent sunlight irom { _ 4
entering this area. . more realistic estimate ot iemperatures with the {loor shieldod may be : £
obtained by presuming ro sclar or albedo heating of nodes 31, 32, 33 37, 38, 3%, and 40, 3
Figure 54 presents the resulis of this presumption while retaining other Figure 53 conditinns, E
The honeyeomb and vehicle @ and € values are the sare for Figures 53 and 54, . 3
A significant {vure of Figure 54 s the eflect of turnel crientation on inlerral tempetra- oy
turcs. A rather wid nd of temperatures results for a given orbit according to the upientu-
: tion, Vehicie surface temperatures are cool, attatning a maximum value of -219F {oy the day -
: night arbit. although ~omewhat higher Wocaltempporamures are obtained in the twilight nrbif.
Since "shirt-g' ~ve' temperatures are desired within the tuncel with the lowest possible value
; of e on the fun e alieviate het-apot temperatures), the iuncel floor shoutd be the rmally
fselated frow the verned This may be ; artialiv acconplihed by a low emittang i
the external surface U the {inor, such as wis presumed in Figurs 54, or v thermal lasuisdor,
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Vehicle thermal coatings would aiso have some slight effect on tunnel temneratures. With nc
internal heating, the total heat flux leaving the vehicle consiste of reflections of snlar, albedo,
and earth radiation as well as reradiation irom the vehicle and is essentially constant. Since
the tunnel a/¢ ratio is greater than unity, it 18 desirable to have the largest portion of the heat
flux leaving the vehicle consist of reflected solar and albedo radiation, which is obtained by a
low a coating on the vehicle. A high ¢ coating on the vehicle will maximize the effect of internul
heating on the tunnel temperatures. The presumed vehicle coating appears to be optimum in
regard to tunnel tempera‘ures.

Higher thermal conductivities in the polyether foam and vehicle internal heating should
increase tunnel temperatures. Figure 55 shows the tunnel temperature when the foam con-
ductivity is 0. 25 Btu-in. /hr-ft2-OF and the vehicle temperature 18 maintained at 50°F by in-
ternal heating. Addition of copper drop threads to increase the foam conductivity to 1.0
Btu-in. /hr-ft“-OF produces results as shown in Figure 56. As may be anticipated from Fig-
ure 51, the increased foam conductivity has a slight effect on day-night orbit temperatures and
a significant effect on iwilight orbit temperatures. Vehicle internal heating has a large effect
on tunnel temperatures. The ho.eycomb and vehicle a and € values are the same for Figures

55 and 56.

For the data shown in Figures 53 through 568 the internal tunnel surface temperatures
vary locally from the average internal temperat:re by less than 10°F in the day-night orbit
and as much as 40°F in the twilight orbit. Structural layer temperatures vary from the aver-
age internal temperature by approximately the same values for foam conductivities of 0. 25
Btu-in. /hr-{t2-OF or less; with copper drop threads the values become 15 and 55°F respect-

ively.

¢. Temperature Distribution on Tunnel. While the interior and maximum surface temper-
atures are of primary concern, temperature distributions around the tunnel may also prove
interesting. Figure 57 presents a typical temperatre distribution for a twilight orbit and re-
presents a Figure 54 condition with a foam conductiviiy of 0.04 Btu-in. /hr-ft<-°F.

For 2 day-night orbit, the temperatures will vary with time due to variable exteraal
heating., Transient solutions may be obtained by use of a quasi-backward-difference numeri-
cal integration technique. This method utilizes forward-difference radiation interchange inci-
dent fluxes, backward-difference for conduction interchange and radiation emissions, and mid-
difference external heating (solar, albedo, and earth radiation). A typical transient equilib-
rium solution is shown in Figure 58 with an interior surface emittance of 0. 9. The Figure 58
conditions corresponds to the Figure 55 conditions with a foam conductivity of 0. 25 Btu-in. /
hr-{t<-OF, permitting a comparison of results. The average internal temperature per Figure
58 1s within 3°F of the Figure 55 value, proving the validity of using ovbital average fluxes for
a stabilized solution. As shown, the internal temperature varies :7°F from the average value.

4, Conclustons

The following pertinent conclusions are attained as a result of the thermal analysis on
the crew trans‘c. tunnel:

i1} To passively maintain com{ortable internal temperatures, the tunnel external sur-
face generally requires a thermal coating with a ratio ¢f a to € between 1 and 3. ‘The
values of a and ¢ should be minimized to dampen the day-night temperature cycie
and the hot-spot and cold-spot temperatures on the external surface. These criteria
may be satisfied by using a coating of an aluminized film substrate (o = 0.15,
€ = 0.05, a/e = 3) covered In part by an aluminized silicone paint (« = € = 0,25,
a/€ = 1), By varying the quantity of painted surface, the effective a/e ratio may be
egtablished at any desired value between 1 and 3. Ratios of a/¢ less than i may be
desired in a twilight orbit or locally for other orbits, These ratios may be obtained
“y adding a thin layer of silicon monoxide to the aluminized film subsgtrate (¢ = 0.15,
€ = 0.5, a/e = 0,3,
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(2)

(3)

(4)

All thermal coatings described above are currently state of the art, with the pos-
sible exception of the aluminized silicone white paint. The latter has not been
proved for infiated structures; since the elastomer base is very similar to that of a
proven zinc oxide pigmented paint, no difficulties are anticipated. Development

and testing of this aluminized silicone white paint on inflated surfaces should be ac-
complished at the earliest opportunity.

With the external surface thermal coating specified above for comfortable internal
temperatures, the external surface hot-spot temperatures are excessive. This
problem ig aggravated by outgassing of the polyether foam following micrometeoroid
penetration of the outer cover, with hot-spot temperatures approaching 300°F before

penetration and 250°F ‘cllowing penetration. Possible solutions to the problem are
as follows:

(a) Installation of copper drop threads through the polyether foam to increase the
conductivity. This approach was previously accomplished for the lunar shelter
program; conductivities of approximately 0.5 to 1.0 Btu-in. /hr-fi -OF would be
desired.

(b) Incrcasing the mass of the external surface by additional layers of cloth or film.
A surfacc layer mass of 1 psf appears desirable, although a mass of 0.5 psf
would greatly reduce hot-spot temperatures. It should be noted that increased
welght is undesirable frem standpoints other than thermal. This solution wouild
not 3pply to a twilight orbit.

(c) Rotating the system. A continuous system rotation of one revolution every 5 or
10 minutes would eliminate the problem.

(d) Use of a thermal control coating with an a/¢ ratio less than 1 would eliminate
the hot-spot problem but require heat addition to the tunnel for comfortable in-
ternal temperatures.

(e) Selective use of thermal control coatings. Portions of the tunnel that experience
severe solar heating would have a low a/¢ ratio coating, while other portions of
the tunnel would have a high a/¢ ratio coating. This method would require de-
finitinn of the orbital and orientation parameters prior to coating selection.

The tunnel orfentation and the type of orbli selected have a significant effect on in-
ternal temperatures. For a given orbit, the orientation will vary the internal tem-
perature through a band considerably wider than the +25°F tolerance required. In
orbits approaching a twilight orbit, there are orientations wherein the interjor can-
not be passively maintained at comfortable temperatures. Possible solutions to
maintain a reasonably tight tolerance on internal temperatures are as follows:

(a) Selected orientation as required.
(b) System rotation as previously discussed.
{c) Heat addition to the tunnel as required.

(d} Forced convection of the Gemini- MSS atmosphere through the tunnel prior to
use.

{e} Reconsideration of the need for a closely controlled tunnel internal temperature.
Tunnel Internal temperatures are considerably affected by the tunnel-vvhicle inter-

face area since the uninsulated floor represents the primary means of heat transfer
into or from the tunnel. Since the vehicle surface will probably be cooler than room
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temperature, the tunnel should be insulated from the vehicle bv thermal insulation
on the {loor external surface. The twn hatches are presamably near room temper-
ature and should cause no problems.  Final decisions on the interface thermal de-
sigin mus logically await details of the vehicle thermal “esign.

(%) Thermal coatings on the Gemini- MSS vehicle appear to have only slight effect on
the tunnel thermal desigr, unless a highly specular reflective coating such as
polished metal is ugsed. A slight advantage is realized with low a/€ ratio vehicle
coatings, but this advantage is not sufficient to justify alteration of the vehicle
coatings.

8} A low a/€ ratio white paint should be appiied tc the tunnel interior surface to expe-
dite internal heat transfer and minimize temperature gradients while improving the
lighting. The zinc oxide pigmented paint develop~d by GAC for the lunar shelter
prcject would be suitable for this application.

(7) Cold-spot temperatures on the external surface do not present any difficulties. Ex-
cept for a twilight orbit, the minimum temperature should be within the -160°F
value desired.

It is recommended 1hat tl € thermal sturly be refined in coordination with or subsequent
to the Gemini- MSS thermal designs. The optimum solutions to the problems stated abeve may
be selected o1 the basis of system or cperational requirements. From n thermal viewpoint,
the wexpandable crew transfer tunnel concept is definitely feasible and within the state of the
art.

C. STRUCTURAL ANALYSIS
1. General

The crew transfer tunnel consists of the expandable structure, which is the nonmetal
part of the tunnel. and the hard structure. which is the floor with all the necessary attach-
ments to the Gemini and MSS. Attached to the nuter surface of the floor by meanrc of 10
brackets i3 the canister. within which the tunnel is packaged during ascent of the vehicle.

This analysis conslders the stresses produced in the expandable structure, specifically
the structural layer of the composite wall, the floor, and the separation rings,due to inflation
pressurc. The canister support brackets are also analyzed, but the locad used is arbitrarily
'selected from preliminary aerodynamic considerations. The canister itself i{s not analyzed,
since aerodynamic loads and temoeratures depend orn the launch profile, which is not specified.

2. Definition of Load Factors

‘The expandable structure should have a safety factor of 5 when inflated to an internal
pressure of 7.5 psi. The metal structrue should have a safety factor of 2 on yield strength
and a factor of 3 on nitimate strength for the internal pressure of 7.5 psi.

L.imit load is defined as the load produced by an inflation pressure of 7.5 psi. For the
metal structure, load factors based on limit load are vsed to determine yield loads and uiti-
mate loads for the determination of margins cf safcty relative to allowable yield and ultimate
stresses.  Yield and ultimate load factors are defined for metal members as follows:

(1t Yield Loau Factors
(s} Members inCompression - 3
(b) Memuers in Tenston - 2

{2} Ultimate Load Factors
{a) Member, in Compression - 3
{b} Members in Tension - 3
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3. Expandable Structure

L Q(‘C)f?:ﬂ!ih:i\l!Y, the expuandable structure is a sertes of surfaces(partsof), which fromtae
Genvicd v MBS are as followe {see Fiauee 205

{1y Sphere: I - 21.49 inchrs (50 Gomindg.

{2y #rustum of Cone: R = 21.40 inches, R - 20,89 inches {on Gemini).
{2} Torus: P : 110 inches, r = R = 20,80 inches (transitioni,

{4 Cylinder: R' = 20.80 inches (on MSS).

(5) Sphere: R’ - 20.80 inches {on MSS).

The maxirum stress occurs at the connection of the trarsition torus to the flocr in the
meridional direction of the torus while pressurized in orbit under zerc G, Let b, shown in
Figure §9,be the floor narrowest half width under
the torus. Then b= 16. 75 inches. The maximum
meridional stress in the torus is

7 3 -
r=20.8" . { max PQ— I+ - — Ib/in. (a3

f max R - Jl‘z - b2
% ) { 7\_( / where p is the inflation pressure (Reference 3,
\ 4 p 274).  Substituting numerical values in Equation
| ORI LTI 13 vields

-

| . ptzo.80y /. 110.0 \
i ' max - p] e /__. > T’!)

110.0- J20.8° - 1® 5%
4 TURUS AX1S OF SYAMETRY

22 11p b 7in. 114}

Fivure 24, Torus Meridias Sec fon Torp: 7.5pst, § pax = 165. 8 1b/in.

: The mater:als used 10 Hee expandatle wall ¢f the unnel are described in subsection E ¢!
this section. The d-sign ult’mate strergth of the four-ply structurai layer is given as 831 ib/in,
including degracaticn fo- piring and seaming efficiency, and creep-rupture effects (Reference
4, p 132), With this uilimate strength and an applied stress of 165.8 1b/in., the factor of
safety for the structural laver is 831/165.8 = 5.0 for aa inflation pressure of 7.5 psi.

+. Hard Structure

«. Sandwich Floor. The floor conrists of two plane surfaces subjected to normal uniformly
distrthuted 10ad (pressure) reacted by the membrane pull arcund [ts outer boundary and the
forces woelween the tunuel and the Gemini- MSS vehicle »round tue cliiptical and circular hatches
where tne floor 18 attached to the Gemint capsule and the MSS rospectively. Since the mem-
brane forces acting around the outer edge of the floor have some inclination relative to the
floor, ihe floor is subjected to bending stresses created by the eormal components of the above
forces as well as distributed in-plane forces around the outer boundary created by the in-plane
compenerts. The in-plane load ran Ye considered ~s & uniform "hydrestatic™ tensfon equal to
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the in-plane component of {' max In Figure 59; . e.,

\ J12 - 12
1 re - 12.33 " \J
’ = t max—"'——i':—" = 22- 11 p ‘2"6‘"‘8'6' = 1&‘. 11 p .b/in. (!5)

This force is taken by the two faces of tne sandwich floor and has a relieving effect on the
floor deflection. The floor is analyzed as a simply supported plate (beam) loaded uniformly
by the inflation pressure, p. The maximum width of the floor is 3€, 36 inches.

p pL
VA=Vp= = 18. 18p 1b/1in. (16)
13.11p 13.11p A=VB="7 P
AP B —
2
A 8 Mmax = -P—I-é-— = 165. 3» in. -1b/in. amn
2%.%"-—
VA Vs

The relieving effect of the axial tension, i3.11p lb/in., on the floor maximu.a deflection
and compressive bending stress is negiected.

} m;_%s" 1= z[—tﬁ + t(0.5 --‘—)2 ] (18)

ad t -y [0.0533 |

_f T3 + 0.063 (0.4685)"3] = 0.02770 in.4/in.

For the yield and ultimate strengths of the 7075-T6 aluminum sandwich faces, see Reference 5,
p 3.2.7.06(b}). The limit compression stress is

_165.3%7.5x0.5

fe = — 55w = 22,380 psi.
Margin of safety (MS) = 3 28230380 -1 = +0.01,
The limit tension stress is
13.11 x 7.5 .
fy = 22,380 * 5% 0.065 - 22,380 + 780 = 23, 160 psi.

17,000 _

MS = mo -1 = +0.11.

The maximum floor deflection occurs at the midspan.

7.5 x (36. 36)2
10 x 108 x (0.02770)

a5 oput 5
®max *3g3 BT - 384

= 0.62 . = 0,017L (19)

For the core material chosen, the flexural shear strength in the longitudinal directton is
540 psi. From Equation 16, the maximumn core shear is 18.18p. The core shear stress is
fg = 18.18x 7.5 x 3 = 409 psi (yleld).

54 .
MS= 55 -1 = +0.32.

46
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r =Q.47% \
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C
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EXPANDABLE TUNNEL
STRUCTURAL LAYER Ve

Figure 60, Flocr Edge Molding Loading

The load applied to the floor edge molding is shown in Figure 80 as the load F, which is
equivalent to the load f max shown in Figure 59,

F = 22.11p 1b/in. (20)

From Figure 59,

§ = 53038',

The reaction {see Figure 60) necessary ior deterraining bending moments is deterrained
° from statics as follows:

He =—;" (1 + cos B) = 0.79685F 1b/in, (31
The edge molding bending moments are as follows: |
When ¢ S 8, M¢ = Vor 3in¢ -0.7985Fr (1 - cos ¢) in. -1b/in. (29)
weLrN T M =W p<p - ‘""‘ll - cos (¢ - 3)lln.-lh/5- ) . @y .
Using energy methods, S
* 35l IM¢ ds in. -1b/in. ‘ (34)
| Partial differentiation of Equations 22 and 23 yields
. %%' = r gin ¢ in. -1b/in. (28)
Since %%E = |

partial differentiation of Equation 24 and the substitution of Equations 23, 23, and 28 give
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i1

L

]
f ‘Vc r sin ¢ -0. 798LFr (1- cos ¢)l roingydd +
0 .

B

Ve = 0.5653F Ib/in.

Solving this equation for Vg yields

Then Equations 22 and 23 are as follows:

7
I Fril- cos(¢-ﬂ‘;]rsin¢rd¢ = 0.

When ¢ 2 B8, M¢/Fr = 0, 5653 sin ¢ -0. 7965 (1- coa ¢).

When ¢ 2 3, Mg/Fr = 0.5653 sin ¢ -0.7965 (1- cos ¢} + 1~ cos (6 - 53938

Using equation 20 and Table VI with p = 7.5 psl. the maximum moment is

Mmax

The floor edee section modulus is

Qz
1 _t2  (0.083)° _ s in.3
L-5 'LT" 0.0006€15 tn. 3/in.

14,03

The ultimate tensile stress is

Table vi, Values uf Mg/Fr for Severai Values of ¢

( L 22.11x7.8
ttu = | 570006615 9, 083
For the straight molding,
117, 000 .
MS «—ﬁ‘rm -1 = +0,07.

) 3 = 71,526 psi.

The maximum compressive stress at abot ¢ =

126 degrees (see Tahle VI), which would be mul- -
tiplied by a load faztor of 3 to be checked against the allowable yield strength of 88,000 psi, is

s,

20.18 Fr = 0.18x 22,11 x 7.5 x 0.47 = 14,03 in. -1b/in,

(26)

(27

(28)
(29)

W >
) ‘ _g 17.5653 x10.7965 x
(degrees) sind jcos ¢ |cos (¢-s3 1- coso !1- c_,us (9-8) | sino (1- cos ¢} My/Fr
0 0 1.000 - 0 . 0 0 o
18 [0.3000 | 0.9511 - | 0.0488 - 0.1747 | 0.0389 | 0.1358
98 10.5678 | 0.8090 - |o.1910 - 0.3323 | 0.1531 | 0.180%
53°38" 10.5052 | 0.5930] 1,000 |[0.4070 | 0.906 0.4552 | 0.3242 | 0.1310
72 |0.9511 | 0.3080; 2.9481 | 0.6810 | 0.0509 0,537 | 0.5504 | 0.0882
80 |1.000 0 | 0.8052 §1.0000 | 0.1948 0.5653 | 0.7968 |-0.0384
108 10,9511 |-0,3000| ¢.5826 | 1.3000 | 0.4174 0.5377 | 1.0426 . |-5.0875
126 }0.8090 | -0.5878) 0.3020 | 1.5878 | 0.8071 0.4573 | 1.2047 |-0.1108
144 |0.5878 | -0.8090|.0.0084 | 3.8080 | 1.0084 0.3923 | 1.,2409 [-0.1082
162 |0.2090 {~0.9511|-0.3151 | 1.9511 | 1,3181 0.1747 | 1.5841 |-0.0643
180 1 0 |-1.000 |-0.5930 | 2.000 1. 5930 o 1,5930 10
88




much Jower than the tanefle stress of 71,526 pei; herice the margin of safety is positive through-
out. Around the curved portions of the flocr, however, the maximum stress {3 about hall the
above stress, becauge the tunnel there is spherical. Theresfore, the curved molding which is
8061-T6 aluminum with an ultimate tensiie strength of 43, 000 psi, exhibits a positive margin
of safety throughout.

The bond streas between :he molding and the channel is also checked.
22.11p (0.50) = 0.374H,

" 22.1100.50)p .
.75 _2 L,
"o ‘1 22.11p LB/iN. Hy, T‘&ﬂ—m 12.86p 1b/in. (30)

The ultimate shear stress is

12. 06:7 5x3

0.874* oy = —2 5o

= 380 psi.

The allowable bond shear stress is 2500 psi.

M8 = 200 1 - s (nign.

Two floor section splice plates (7075-T6 aluminum) connect the two portions of the floor.
The primary loads to which they are subjected are the bearing of the connecting rivets. These
rivets are subjected to shear whose maximum valve from Equation 16 and geometry is

1.13x2.1x18.18p = 43.14p Ib {31
where the plate spacing is 1.13 {nches and the rivet spacing is 2.1 inches. The bearing stress

is

o - 43.14x7.5x3
br = 75221 x 0. 083

M8 = -‘e-‘g@iﬁ"%‘?— 1 = +0.86.

Thirty-four blind rivets, NAS 1330, No. 10, ars used to attach the splice plates. The
allowabie rivet single shear strength ig 1220 pounds.

= 89,720 »si.

1220
43, 14&251(’%

b. Eaution Rin 8. The circular ring i3 analyzed because it is larger and hence more

M8 = -1 = +0.25.

i critico! than to2 elliptical ring. The ring is subject to loads p and w acting on the
Tove sadindrical portion of ‘he ring.  The load o {8 the axie!  vreg ir ‘he evlinder inflated to a

- i '"';f-u«.ucuurep Using ditimate loads, p = 22.5psf and w = 0.5 {22.5)(15.12} = 170.1 Ib/in,
The ving s fanstened at 24 places {pcint € in Figure 61} svenly spaced on the flange. Three
different cases might dascribe the way the flange responds to the load w, which comes irom

the cylindrical partof the ring, Reference 3 and Snotations 2re used. Thene casesareas follows:

Case! - w' applied at point A, w" equals zero.
Case Il - w' applied at point €, " equuls zerc.
_ Case Il - w' applied ai point C, w" appited at point B.

1842 » 170.1 « 1513 1w/in.

.Ll-%ll,‘ 170.: = 160.7 ®/in,




For w  at point B, : -

-t
w """"[T -"-'ag‘“:!

o be- 0tz 10

- 8.4 0. 7501701 388 L 9. 81man, YT
vo_c a+e n 15.12(170.1) ! ~ L
Wo =RV ATV < 16 + —of |
— .
P —of - J
16.67(19-8) . 243.9 1w/in. - L=2.31
In all cases the rotation of the cylinder ::
and the flange at their intersection should be ! Mo

equal for compatibility. It is clear that case

1 is unrealistic, because it assumes that the vo‘—’i}'fj'—"'"
flange is supported at point A instead of
point C, and case III assumes that the flange
is infinitely stiff from point C to point A.
This infinite rigidity is no structurai mivan-~
tage to the ring, since with no contact be-
tween the flange and the underlying frame as
in Case II, the flange is sufficiently strong,
as {8 proved below, to withstand the applied
loads w and p shown in Figure 61.

L]

R e

The cylinder Gentection and rotation

where 8¢ and 8¢ are the total deflection ard o
rotation of the cylindrical portion of the ring Figure 61, Separation Ring Cross Section ]
(Reference 3, Table XIII), are determined as L F

follows: 2

4 3(1 ;ﬂ) 3}1-0.3%
= = 0.7584 in. -1 -
A (15.12 x 0.19)2

A=
AL = 0.7584x 2 31 = 1.75.
; 1.75-1.7 _ 0.05 _
3-1.7 " 5.3 - 0167
The following coefficients are used with the corresponding deflections and rotations for the total
values:
'3 - 128 0.187(1 28 1 t4) - 1 % ~ by,
{
C'q = 1.36-0.187(1.38 - 1.21) = 1,32 ~ (9y).
C'y = 1.40 - 0,167 (1.40 - 1.18) = 1.36 ~ (8. N
C'g = 1.22-0.187 (1,22 - 1.08) = 1,20 ~ (Opy).
The flexural rigidity is ' .

, 3 4 3 :
p - —EC .  10x100x(0.10)7 o 9y 4 108 in. -1b.

12 (1 -4) 12 (1 - 0.32)




The cylinder deflection dus to p is

[N P :
bop » S{BC .22y, w213 (1 %) .6 10227 x 1079 p in,
BV 10x10°xo.19( z)

The cylinder deflection and rotatiun due to Vg are
Vo Vo

bev = -=5 = -
ap'A? 2(6. 281) 10° x (7. 584)° x 10

3 = -0.1825 x 10-3vg tn,

v
by = ;);9-5—- -Adcy = -0.7584(-0.1825) 10-3V; = 0.1384 x 10-3 Vj rad.
A

The cylinder deflection and r« tation due to Mg are
Mg My

bopg =~ —x v - = Oy = -Mq (0.1384) 10-3 in.
CM ZD'A! v0 Ccv 0
M
ooy = —2 . 0 x = 0.2099 (10°3) Mo rad.

AD 0.7584 x 6,281 x 10

(32)

(33)

(34)

(85)

(36)

The {lange deflection and rotation for Case II, where dp and 6 p are thetotal deflection and
rotation of the flange porticn of the ring (Reference 8, p179), are discussed as follows. The

wisting miment o the flange due to w is

Mty = Tc."' (gTE)- -E' w' {3 -h) =€-w (a-c)-w(a-b) = %w—(b - ¢) in. -1b/in. {37)

The total twisting moment cn the flange due to w, Vg, and My is

MT’MTW +-§-Vo—g---% =-:—|'l(b~0)+0.5hvo-Mol

15.12 115,12
Mp = wos "5 {16 - 15.12) + 0.5 (0. 19) Vo-Mol

= 6.28341p + 0,08vee vg- 0. 9414TMg in. ~1b/in.

The flange rotation due to Vo and My is

12M,.a

12 (16.08
OrvM = —3 @ " M1 (16, 06)
n—-

-3
~ = 23.98417 x 10”°M
10 % 10° (0. 19)° m(eﬁ; 3 T

-3

Opyyg = 33.98417x 10 7 (6.26341p + 0,08944 Vo - 0.94147 M)

Opva = 150..2260 x 10-%p + 2. 14514 x 10°3 v, - 23, 58038 x 10 Mg rad.
The flange deflection due to Vo and My 18

o 0.180pypy | |
bpva = TE B e o —TVM (5. 04147) « 0.080440pyy

pvag = 13.43802 x 1073 5 4 0. 19186 x 1073 Vp - 2,01950 x 10°3 Mg in.

1

(38)

(39

{40)




The flange deflection due to p is

2
' a2 ( -x ] 15.12p [an? + (15.12)
FPy| 3T ———325 ey
%[ 10 x 10° | (17)? - (15.12)
(15.12)° -3
-0.3[ " = 0.01170(10)"" p in, (41)
(17 - (15.12)
For compatibility, 8c = §p and 0¢ = 6 (42)

where
‘C = JCP + C'aacv + C%‘CM and 9C = C; OCV + C'GGCM’
(43)
8p = épp + dpvm aad OF = OpyMm.
Using Equations 32 through 36and 39 through 42 in conjunction with Equations 43, the first of

the compatibility equations (42) becomces

-3 -3

0.10227 x 10'39 +1,24(-0.1825) x 10 ° Vg + 1.38 (-0.1384) x 10 M, =

0.01170 x 10-3p + 13, 43592 x 10™> p + 0. 19186 x 10”> Vy -2.01959 x 107> My
-0.4181€ Vg + 1.83137 My = 13.34535 p = 300,27 (44,

and the second compatibility equation becomes
1.33(0.1384) x 1072 v + 1.20 x 0.2099 x 10"° M) = 150.22269 x 107 p
+2.14514 x 10" v - 22.58038 x 107 M

-1.98107 Vj + 22.83226 My = 150.22269 p = 3380.01. {45)
Solving Equation: 44 and 45 simultaneously for V and M, yields
= -111.7€8 Ib/in., Mg = 138,44 in-1b/in,

(1) Cylindrical Portion Stre=eae Tn the following equations, the subscript ! refers to

Hicuungl UF dX.adl sifeased, e s thierer 2 ”“"‘s 10 hOOp Buscwocn.

_ . pe €\ [ n) L 22.5(15.12) . 6(138,4)
f = 8yp # Byy + Spy %‘0*(12)(”’0) “300.19) * (0,191

= 895 & 23,003 psi.
fy = 23,900-psi tension

: fultimate),
{1 ~ -22,110-psi compression

fg = 8gp +« B3y + 8aMm ¢ 82\( % S‘M 2{-: zACV() 2A“£( Mo'! +0 tﬂ( E%) ("Mo)

, 22.5x15.12 2 (0.7584) (15.12) (-111.5) tcon
0.19 0. ’ (eont)
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IR, TR

w
3

2., (
, 210.7584)7 ‘1u..¢) (-138.4) 0.3 (8) (138.4) 1780 + 13,459 - 12,870 + 8901
= 2579 = 8901 pst
fy = 9480-pm tensgion
(ultimate).
f3 = -4322-psf compression

(2) Flange Stresses. In the following equations, the subscript 2 refers to hocp stresses.

M1 -(-—::—) Mo --:—Vo 12‘—- -ﬁ—w {a-¢) +—:1 w (a-b)
¢ hVp ] 4
= ;[MO-T—W(b’C) in.‘lb/iﬂ- ( )
2 2 12M.ah 2 2 6a M
' d“ + ¢ T d" + ¢ T :
fp =89p ¢ 8, = p( ) = ( ) - psi 47
2 2 c:l2 - :2 2c h3 1n(%) d2 - c2 ch® In (%)
From equations 46 and 47,
172 4 15,122 6 x 16.06 x 15,12
Iz & 22.5[ ? - 2 i 2 . -
17° - 15.12 15.12 (0. 19)° (0. 11715) (16.08)

[138.4 -°—"_9—(!'i‘.1-_5’ - 170.1 (16 - 15.12) | = 193 + 978 pst

f3 = 1150-psi tension
(uitimate’,
I = -803-psi compression

The above discussion showsg clearly that ultimate stresses in all cases are far below the ulti-
mate strength of 42, 000 psi for the ring material.

c. Floor-Ring Attachments. The floor is attached to both rings (circulsr and elliptical)
by means of 38 fasteners per ring. The {asteners are mubject to single shear by virtue of the
tunuel inflation, which tonds to detach the {loor from the Gemini capsule and the MSS. Algo, the
{astene: are subject tc tensfon. {f the ring ~*" - of th= “laor around the hatches {8 canser-
vatl.o., noglected, &, ‘0 thé wension in the oo from the in-plane component of the structural
layer stresses.

Because the circular hole is larger than the elliptical hole, the analysis is done for ‘e
circular ring fasteners.and the res:it is applied to bota

. The ghear force taken by each tastener is 1/38 of tie pressure load acting normal to the
plane of the hatch: t. e.,
p. « 2151 (7.5 (3)
. - —i——————“
The au.quig sltimate shear strength per {astener is 1320 pounds.

= 442 b (ultimate).

O .
M8 = w7 L 1. 78 (high).

.. ‘The fension tc which each fastener is subjected can be {..nd from

P (13,100 230 1R Gy gy . (48)

2




With p = 7.5 psi and a load ‘actor of 3, from Equation 48,

i5¢

Py == x 1011 x7.5x 3 - 772 ib (ultimate).

18

The allowable ultimate tengile strength per fastener ic !, 4.0 pounde.

1470
it

MS§ 1 = 0.80.

Each separation ring s fastenad to the vehicle with 24 Lamloc fasteners, The total applied
load 18 W = 3(7.5) 5 (15.12)2 = 16, 180 pounds (ultimate tension). Thc load per fastener is

"52"16 160 873 pounds (ultimate tenajon).

The allowable ultimate tensile strength per fastener is 3840 pounds.

3840
MS = S5 -1 = + 4.70 (high).

d. Canister Support Brackets. The arbitrarily
assumed ultimate load on each of the 10 canister

support brackets {s 2asumed to be taken by a bracket
as a concentrated tip load, P. The maximum bending
moment is determined {from the sketch on the right

to be

M pmax = 750 x 9.38 = 7040 in, -1b.

P =75 L8

3

;‘L =z 9.

38&

A typical 7075-T6 aluminum bracket cross section is shown in Figure 562. The cross section
element properties are given in the {ollowing tavle.

i."wi.’m"m-—«-‘-% i . ; ‘ i
. e 4. | Element| b | t JTM =b{;; y | Ay | A'y?
e e < — t11sy 0.0910.137710.765 0. 10530, 08055
Li | 4_}«:” : 11,83 o.osio.xm;o.ns 0.10530.08055
3 [1.8210.00}0. 1638 '0.04510. 06740, 00033
Figure 2. 7075-T$ Aluminum L 10 “92; PR PR

ik

Bracket Cross SBection (Typical)

 The crose section ceniroid localion is given by
LAy _ 0.2180 L

" = - w (O, 3498 in.
TA UM |

The cross ge tion moment of tnértu s glven tw
g = 1y- (tl\')i:
s = L1, » LAY? -(ZA) 72

0.00x1.53 1.82x0 003
"Iy + 1]

+ 0.16143 - 0 4792 « 0 a98?

« 0.05574 + 0.00011 » 0. 16143 - 0.10805 - D 1713 n §

94
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The ma. .um bracket bending sir=s8 is

Mr 7040 (1.53 - 0.408) | ..
30 [/ ) B 57,800 pai tultimate tersior).

Tx

{mas =

The ailcwable tension strenyth of 7075-T8 aluminum I8 given in Reterence 5, p 3.2.7.0(b) as
11,000 4.

MS = gl = 0.13.
D. ENVIRUNMENTAL RAZARDS
1. Introduction

The two environmental hazards that are of concern 1o the tun.el design effort are the
possibility of expandable wall punctures due (0 micro.meteoroids and the materials and biolog-
ical implications of space radiation. The wall puncture hazard due to micrometcoroids is
assessed in terms of a probability of zero penetrations of 0.995. This probability depends
upoa the surface area, the exposure time, and (he micrometeoroid fjux relative to the shield-
fng effectivenesg of the tunnel wall. The radiation dozage necessary to cause materiz! teg-
radation or to endanger the welfare of the astronauts depends upon the radiation enviroament
and the zxpogure time. Proton, iipha particle, and electron radiation are considered.

2. Mi rumeieoroid Hazard

a. General. The micrometeoruid proutection afforded by the selecied foam material is not
optimized {(maxinmm protection afforded versmis weight of mawerial, etc) since the micrometeor-
oid p« Rection is only one of numervus {actors that determine the selection of ¢ material.
Therefcre, the test program was conducted to verify the fact that the proposed barrier concept
woud provide adequate micrometeoroid protection for the desired application. Some of the
hypervelocity impact tests were conducted while this material was being subjected to the va |-
cus conditions that are likely 10 be encountered in its Gemini- MSG crew transfer tunnel 1ppli-
cation in space. The remlts of the hypervelocity impact tests conducted indicate that this
foam material woula be adequate to eirsure a probability greater than 0. 985 of no penetrations
in space for orbital missions of 60 days. ’

b. Micrometeoroid Envircnment. The - . 2 micrometeoroid cnvironment used in the fol-
lowing hazard assessment is the standacdized meteorcid environment recently proposed by 2
Meteoroid Specialiste Subccmmittee 6 the Aerospace Reaearch and Testing Committee of the

Aerospace Industries Agsoctation (Reference 7) and 15 the environment suown tn Refarencs &

_ The yearly average sporadic «avironmr sof £ i we represcnied by the foliowing sgaiion
{Reference 8)-

wg N = -1.34 sg m - 10,432 . ‘4

where

w2
.

m, garticie masg grams' T ({
N = mumber of particles of mass m or larger/tt°-day.
This eovironment is fllusteated (n Fipore 55,

For particles smalier thar T Z. a elightly difierer: LAPTERSIOL would be regaly
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Figure 63.  Near-Earth Micrometeoroid Environment

The sporadic environment is considered to be omnidirectional; therefore, a vehicle ina
near-earth orbit is particlly shielded by the earth from this environment at all times, In ad-
ditien to the earth shield g, when impacts on only a certain part of a space vehicle are con-
cerned, specifically the crew transfer tunnel attached to the Gemini- M8S vehicle, vehicle in-
terference may provide additional shielding. The interference factor is designated Sj, and the
earth shielding factor is Sg. The total shielding factor is then the product of these two and is
expressed as Sp.

Sp = SgS¢. ' - (50)

There is a noticeable change in sporadic environment at different times of the year;
therefore, for short-term misaiong, a factor K is intvoduced to account for differences be-
tween the environment for these missions and the yearly average environment. The total
number of sporadic meteorcid impacts, Ngp, for a mission duration of T davs can be written
ac follows {Reference 8): _

Ngn = SpNKAgT (51)
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Ag = vehicle surface area exposed (ft2)

Sy = total shieiding {actor.

The shower meteoroid flux density can be represented by an expression of the form FN, '
where F is the ratio of shower meteoroids to sporadic meteoroids. The shower metecroids .- R
are considerad {0 be unidivectional; hence, in a near-earth orbit, both the earth and the ve- - ‘
hicle interfe. ence itaelf act as a periodic shield.

The number of shower meieoroid impacts is dependint on the projected area presented

to the meteoroid shower stream as well as the amount of shielding. The number of shower
meteoroid impacts, N gg,can be written as follows (Reference §):

Ngy = SpFA(NT (52)
where

Ap » projected area (0, s

The total number of meteoroid 1 spacic '8 then

U = Nén + Nép. (53)

Combining Equatiorns 33 thruugh 53,

U= SENT(F&‘ap + KAy (54) %

For particle~ of mase 10~7 £ or iarger, from Equation 49,

N = w134 10710 457 (14-2_4ag-1). (55)

From Hguatiors 54 and 55, ite total number of meteoroid impacts of particles of mass 10-7 g ,
or larger 19 R

U = Spri{Fa, + 1 Ag m-1.34 y10-10.432 (56)
R 8

For :ne Gemini- MSS crew iransfer tunnel, the following values are used:

Ap

Ag

48.0 £t? (maximum projected area),

n

115.0 £t {exposed surface area),
0.62,

1.73 (maximum),

r = £7 days,
9 = 1.00 {conservative},
8g = 0.70 (for 300-nmi urbital height), p

Bg = §i8g = 0.70.

Upon subgtituting these vaiues into Equation 53, the tutil number of ineteoroid impacts
of particles of mase 10~/ g or larger is

U = 5 .54 x 10-7.432 -1, 34 (57)
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I{ U is much less than one, it can be considered the probability of impact of particles of mass
i0-7 g or targer.

. The probabiiity of impacts, U, addod to the probatilite af an impacte, P, 5, ™t oo
e,

e

U=1-V¥g . (53
Therefore, from Equations 57 and 56,
1- Py .= 8.54x 507432 - 1. 34, 59)

Since the probability of no penetrations iz to exceed 0. 925, Ecquation 59 indicates that the
harrier material must be capadle of stopping all particles for which the probability of no im-
pacts, P, - g, 12 iess than 0.995, Zubstituting Py - g = 0.995 in Equation 59 results in a
critical mass of &.12 x 10-% g, which is the largest nroiectile the barrier material must be
capable of stopping to ensure a 9. 995 probability of zero - enetrations.

¢. Micrometeoroid Penetrations. The micrometeoroid barrier capability of various
materials is measured by comparing the resistance of these materialg to micrometeoroid
penetration as opposed to the resistance offered by a single sheet of aluminum.

The perforation thickness of single-wall aluminum, t;1, can be calculated by using the
following equation ,Reference 8):

ta) = 2.18 mI/3 (80)

M = particle mass (grams).

The preceding paragraph showed that a critical mass ¢f 8.12 x 10-4 g must be s.opped
by the Gemini- MSS crew transfer tunre! hasrier materiad i ti:e probability of zero penetra-
tions is to be 0.995 or greater. This mass would require a barriar i sirgie g.eet alurainum
with a thickness of

ty; = 2.18 (8.12x 10°91/? = 0.2034 in. (81

Polyursthane foam has beea shown by cotupany-fuaded hypervelocity impact tests (Refer-
ence 9) to be at least 15 times as effective bv wei~ht ar single-steet a! imiru.n. Therefore,
the required thickness of polyurethane foam for this application to achieve Py . g = 0.895 for
a (wo-mouth mission is

172. 8 pe?
= ‘ e H
ticam = 0.2034% 1n. al 5% 1.2 pcl 1.95 in. (62)

The material developed for the Gewiri- MSS aew transier tinnel war therefrre com-
posed of a thin-cloth bumper wel! followed by 2 inzhes of 1. 2-pef polyether foam. Figure 64
shows the probability of zero penetrations versus time for this material when used in the
Gemini- MSS crew transfer tunnel application.

A hyperveiocity particle upon striking the bumper wall is chattered. From tests cor tucted on
thir program as well as on other programs, it has been shown thaw projectiles of glass o plasiic
at velocliles in excess of 20,00 tps ave very easily shattered. iIn fact, they sha‘ter £o easily that
the bumper wall can be omfted and the low-density barrier material wil adequately shatter the
particles. Higher velocity varticles ({n excess of 20,000 fps) should »e shattered eves mrre 2fiec-
tively; therefore, it is felt that the luinper wall would have .ittle significance i+ this protectioncon-
cept at very high velocities. The bumper wall becomes rwre and more eritical ag the velocity i

B e e e -
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Figure 64. Probability of Zero Penetration for Tunnel Barrier Material

lowered. From other test programs, expecially Contract NAS 8-11747, GAC has shown that
a bumper wal! that is more than adequate at 20, 000 {ps may not adequately shatter the projec-
tiies for velocities of 13,000 to 16,000 fps. Therefore, the choice of bumper wall hecomes
critical at low velocities. The probability of collision with a slow parlicle i8 very slight and
therefore is neglected.

The barrier has to be a low-density material and of such a nature that the pieces of the
shattered projectile can spread transversely to the direction of penetration. The penetration
effects in the barrier as a function of mass and velocity of the projectile are affected so
strongly by changing bumper wall effects as these parameters are varied that it is very dif-
ficult to analyze how barrier damage changes with these vu-ameters.

The data that GAC has from this program and from other programs indicates tha. no
change in barrier damage can be noted in the velocity range of 20, 000 to 30, 00C fps. Veloci-
ties above 30, 000 fps cannot be consistently obtained; therefore, at the present time very
little can be said about the velocity dependence of the barrier damage experienced.

d. Hypervelocity Impact Test Program

(1) Generul. The test program was conducted to verify that the material proposed by
GAC for the Gemini- MSS crew transfer tunne! would be an adequate micrometeoroid barrier
80 that a probbility of no penetrations of 0.995, using the best available estimite of the space
environment, could be assured.

The calculation {n panids aph 'd" shows that to assure this 0,905 probabllly of ne pene-
trations, the material must show a capabiiity of stopping particles of mass 8. 12 x 107% g or
larger. The test program was carried out usiug projectiles of maas of approximately 5 x 10-3
« and maximum obteingble velocities of 25, 000 to 30, 000 fpe.




N

B i e o et s bt

(2) Test Faciiities. The nyperveiocity impact tests for this program were conducted at
the Air Force Materials Laboratory (AFML), Wrighi-Fatter <on Air Force Base, Dayton, Ohio.

The AFML hypervelocity facility consists of an electronically trigsered, high-energy

" storage system together with high-spced streak and framing photographic ingirumentation for

measuring particle velocity, size, shape, and moimentum. Electronic instrumentation is pro-
vided for measuring capacitor bank d!echarge characteristics and the energy input to the ex-
pioding-foil gun.

Essentially, the gun consists of an electrically exploded thin foil contained in a solid
plasti. btreech, usingaplastic tube as a barrel. A schematic diagram of one arrangement of
an early experimental gun is shown in Figure 85.

The electrical explosgion is separated from the gun barrel and vacuum chamber by a
Myla: diaphragm (rupture dizk) that confines the axplosion for a short time interval during
vhich the foil melts, vaporizes, and begins to expand. In approximately 2 usec the diaphragm
ruptures, forining a disk-shaped particle. During this time, energy is deposited at a very
high r~te in the propellant g2s or nlasmz, which exnands behind the particle, propeliing it
down the accelerator tube into an evacuated target chamber. With proper coupling, the par-
ticle is accelerated to meteoric velocities.

Since the gun completely disintegrates when it is fired, a special room houses the evacu-
ated gun chamber ard evploding-foil gun to protect equipment and operating personnel. Also
provided is an aiv- conditioned area containing a shivided control rcom, 2 dark room, and a
data analysis area.

The entire experimentzl area is covered with a ground plane of 0. 005-inch thick ¢copper
foil soldcred into a continuous sheet and connected to ground by eight copper rods driven into
the earth. The copper sheet is covered with o protective layer of viny! ashestos tile.

A camera using a double-pulsed Kerr celi electro-optical shutter for taking two frames
superimposed on the same {ilm was developed for obtaining high-resolution photographs of the
particle in flight. ‘The interframe time, which is very accurately known, and the distance
traveled between frames as measured on the film witir the wicroprajecior provide the neces-
sary data for precise calculation of particie velocity.

A schematic diagram of the high-vuiiage double-pulse geuncrator used for actuating the
Kerr cell shutter and the double-pulsed backlighting source are shown in Figure 66. F'gure
67 shows two films taken with this Kerr cell arrangement. Each {ilm contains two super-
imposed pirtures of the same projectiles at slightly different times. The velocity can be de-
termined from the distance traveled i» this time int~rval.

The projectiles that were chesen to be fired in this test program were Mylar digks.
The projectile velocities ranged from 20,000 to 30,000 fps. The mass of the projectiles upon
impact were 4. 81(x1.38) x 10-3 g, which was determined by firing a large number of thege
projectiles into lead targets and measuring the depth of penetration.

The A¥ML facilities were medified so that stressed specimens could be used as pro--
jectile targets. The apparatus that GAC constructed to it the AFML facility is shown in
Fioures 68, 69, and 70. -

¥

(3) Test Results. ‘The tests that were conducted to verify the micrometevroid pro-

tection capability of the proposed barrier material can be placed into three distinct categeries »

as follows:

(a) Seven tests were conducted in which the composite wall specimens were left at their
full natural thickness o 2 inches and no stress was applied to the structural layer of
the wall. The results of tnese tests, shown in Figures 71, 72, and 73, iﬁdiq@&e thut
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Figure 68, Test Fixture
Stressing Frame
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Figure 69. Test Fixture
Vacuum Chamber

Figure 70. Test Fixture Con-
tau.ing Siressed Speciman
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Figure T1. Hypervelocity Impact Test Specimens

Figure 72. Typical Particle Entry Effects

Figure 73. Typical Micrometeoroid Barrier Effects
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Figure 75. upecimen Cuomparison with Bumper Wall Removed

even though the projectile velocities varied from 25.000 to 29,000 fps,with an aver-
age of 27,000 fps, and the projectile masses varted considerably as explained
earlier, the impact effects on the bumper and harrier materials were nearly tden-
tical in all cases. Typical results were the penetration of all the foam with abso-
lutely no damage to the structural lay¢r of the comp.site wall specimens. It should
be noted that the nominai density of the polyether fcam is 1.2 pcf, but the actual
density of the foam received by GAC and used for the specimens is 1.0 pcl.

The secend category of tests coiducted & cre th” ~ in which a stress was applied to
the structural layer of the composite wall specimens  The stress applied was equiva-
lent to atunnel design pressure stress obtained by an (2/iationpressureof 7.5 psi. A

strain was applied to tke specimens equivalentto ti:~ m: - 2rial struinat 20 percentof the

breaking strength. Six specivy “abumper walls and one specitoen with the bumper
wall removed were stressed . . .. " npacted, The res-itsonall seventests, shownin
Figures 74 and 75, wereverys. . o theresui 3 0f the tes’ s« conduicted on the unstressed
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-4 specimens. The foam barrier was again penetrated, Lut there was absolulely no
k damage to the siressed structural layer. The specimen with the humper wall re-
moved showed barrier penetration similsr to the specimens with numper walls. I
it were not necessary for other purposes, it is questionable whether or not the

) bumper wiall would be necessary from a micrnmeteorsid protection stardpoint.
The compariaon between specimens with and without bumper walls is shown in

3 Figure 75. The middle specimen shows the foam barrier adjaceut to the structural
% layer. The structural layer shows diacoloration from the test debris, but absoiute-
ly no damage to the threads of the structural zloth ig indicated.

(c) Al the te_ts in th2 first two categories were conducted on specimens at their full
natural thick:s.ess of 2 inches. In actual application, due to bending and foiding,
there is a good chanice that the inaterial may be slightly thinner than 2 inches at
some points. Tests were conducted {n which the thickness of unstressed specimens
was viried to determine the ballistic !!mit of the material. The ballisiic it of

Bt the material was found to be 1. 50 inches, waen etther foam was removed or the

specimen was compressed to ¢’ tain this thickness. Specimens that azd a thickness

g of 1. 25 inches had consistent damage and/or penetration of the structural iaver.

8pecimens that were 1. 50 incheg thick were never completely penetrated, although

damage occurred.

Figure 76 shows unstressed specimens compressed tec 1 ‘nch with a small peretra-
tion and to 0. 5 inch with major penetration. Figure 77 shows unstressed gpecimens
1.25, 1.5, and 1. 75 inches thick respectively. The 1. 25-inch specimen e ibits
structural damage but no penetration. The 1.5- and 1. 75-inch specimenn exhibit

no damage. '

v Tests were then conducted on 1. 5-inch thick specimens in which varying stresses
e were applied to the structural layer. Damage with near penetration resited in

. 4 some cases, but in no case did complete penetration occur, and in no case did any
tearing of the structural laver result, eve when a stress equivaleit to 40 percent
of the layer breaking strength was applied.

Tc determine the effects of complete penetration on a stressed layer, a 12-inch dia-
meter cyiinder was fabricated with only a pressure bladder and 2 single-piv struc-
tural layer. To apply a stress in the structural layer equivalent t¢ the tunnel struc-
. tural layer design stress, the cylinder wag pressurized io 8 psi. While pressurited,
R the cylinder was penetrated by a . 22 caliber rifle bullet at a velocity of 1385 fps, so
& that the bullet entered on one side and exited on the other side at a point ilmost dia-

metrically ocpposite the entrv point. There was no explosive decompression or tear-

e ing. T. - only damage to the structural layer was the cutting of the {dividind cloth
R threads in an area approximately equivalent to the area of the bullet. This fest in-

“dicates that the only damage to be expected from a penetraiwn i{s 1 holt roughly the
size of the penstrating particle.

e. Conclusions. The material proposed by GAC for the Gemini- MES crew trarafer tunnel
is an sdequaie micrometecroid sarrter to assure 1 vrebability of no peaetrations of at Ieast
0. 995 Joring a 2- month mission using the environment given in Reference B. The hyperveloc-
ity particie impact to<'« conducted ai AFML showed that the material was capable of stopping
particlea in the masz range of 4. 811,38 x 107~ g (3.5 to 6.0 g) with velocities ranging from
20,000 tc 30,000 fps. The average .. < velocity was 27,000 fpa.  The icllowing formula, ob-
tained in Equation 59, can be used to cu. - .\ate the probability of terc penetrations. using the
icrgest mass projeciiles that fmpacted (8 - . 4 were stopped by the mxterial during the tests,

Py.g~1-9.54x:5 7 832t M

- 3 10%
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Ucing m = 6 x 10-3 g for the particle mass, the probability of zero penetraiions is
Py . o = 0.9997.

Tests conducted by AFML indicate tha: the projectiles that were stopped by the GAC
barrier material would penetrate a 3/16-inch sheet of alumimim but wou.d rot penetrate 2 1/4-
inch aluminum plate. Using the 3/16- inch plate for comparison, the {oam has an efficiency
on a weight per unit area basis of at least 18 times that of gingle-gheet aluminum: i.r., a
sheet of aluminum having ihe same barrier capability would weigh 16 times as much as the
foam.

The tests ti.at were conducted at the ballistic limit ¢f the ba-rier materiz) on specimens
with a stressec stiuctural layer indicate that the structural material when penetrated does not
exhibit any teariag teuuencies.

3. Radiation Hazard

a. Bpace Radiation Environment. The orbit of the Gemnini- MES vehicle has yel to be de-
fined; therefore, it is necessary to consider the radiatios environment of all rossible near-
earth orbits (100 to 300 nmi) that could be 1 ed. A space vehicle can encounter high energy
proton, electron, and alpha particle radiation, dependi.ag on itg orbit. The major sources of
proton and alpha particle radiation are golar flares and the Van Allen belts. At low latitudes,
near-earth crbits are ghielded by the earth’'s magnetic field. however, at the high latitudes,
the magneti~ field lines bend into the earth, and therefore both Van Allen belt radiation and
solar flare radiation can extend down tc a much lower altitude in these regions. This effect
is discussed in References 10 and 11. The effect that the earth’s magnetic field would have on
the diy ectional characteristics, shielding effects, etc in the high latitude regions would be very
difficult, if not impossible, to obtain, Therefore, tne assumption is :nade that at latitudes be-
low 80 degrees, nc high energy protons or tlpha particles get through the earth's magnetic
fieid, and at latitudes above 60 degrees. no solar flare protors or alpha particles are siopped
by the earth's magnetic field. In a polar orhit a vehicie would be subject to proton and alphz
particle boimbardment for approximately hzif of the orbit, which would be divided into two
periods of approximately 22 mimites of radiation and two periods of approximately 22 minutes
of no radiation, while no proton o alpht particle radiatic'. would be sncountered in orbits that
did not extend above the 60-degree 12titude. The Gemiii- MSS crew transfer tunne! is to be used
only to transfer ast-onauts. and it (s {eit that this transfor could take plac~ during pericds of
no raciation if the radiation level were excessive. Hence no consideration is given to the pro-
ton or #lpha particle radiation dosage an asironzutl irside the manel might recieve, but only
the radiation dosage recetved by the tunnel wall itself is congidered.

The probability .er da,. P. of havi-~ a solar flare w'th & total flux of prutuns larger
than N is given by the following equatinn i see Reference 12):

P{N] - 0.0022 (10 - logyp N {83
where

N, the toral solar flare event number of protons with energy abovre 30 mev, £ Iﬂm
protons. cm?,

This is shown in Figure T8

For any misst = duration, the probabitity. P, of encoustéring @ solar flar> with a total
flux of protons jarge: than N is given by

Py IN] = 0.0022 (10 - logyg NI T {64}
where

T i3 the mission duration ldars),

07
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N g 1010 protons/cm?.

This is shown in Figure 79, which is taken from Reference 13. The mission duration ie
to be 80 daya, and the probability of encountering any event during this miesion, PyMm [N],
would be, using + = 80 days in Equation 64,

Py [N] = 0.1320 (10 - logyo N)
where

N 5 101 protons/cm?2. (85)

Thia expression shows that smali solar flares occur much more frequently than large
solar flares. By using this expression or F‘if-ure 79, it is possibie to shcw trat the probabiiity
of not receiving a total flux greater than 10! protcmf;/cm2 from all sized soiar flares i3

greater than 0. 990,

The spectrum for alpha particles and protons, which a space vehicie can be expected w
encounter in a near-earth polar orbit as a result of one compiste 1610 totai flux solar fiars,
can be written in the following form (see Reference 12): :

N [>R] = 6 x 1010 o-R/80 (g8}
where ’

N [>R]= the number of isotropic particles/’cm2 with magnetic rigicdity > R,

R =“Z§{ , particle rigidity {miiticr vnits), -
where
p = particle momentuin {:p3v-sec/emwj,
¢ = velocity of light (cm/moc),

Ze¢ = the nuclear charge of the narticle {electror chargesh
Equation 66 is illustrated graphically in Figure 80.

Relativistic expressions can be used to obtain magneric rigidity, R, as a functicn of
kinetic energy.

T2 = p2¢2 + moict (68)
where |

T = E + mge? (mev),

where
E = kinetic energy (mev),
mg = particle rest mass {g),
mnc2 = rest energy (mev).
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From Equation 68, the rigidity is
/ 2 2 o4
¢ T¢ . mgé ¢
Y- (89)

Substituting T = E + mg c2 into Equation 68 gives

‘%9_ =RE + moc:z)z2 - mO2 c4 i JEz + 2Em0 c?
€

€ Ze : (70)

Using this rigidity-energy relationship, fluxes of protons and aipha particles with energy
greater than E for a 300 nautical m:le orbit, N[ >E] 300 nmi- iray be obtained from Equation
oG ior fiuxes with magnitic rigldity greater tharn B, N [ >R!300 umi- The {lux versus energy
Telationship i8 shown in Figure 81.

b. Proton and Alpha Particle Radiation Damage Eifects. The radiation damage to a ma-
terial {8 measured in terms of the amount of energy absorbed from incident radiation per unit
weight of absorbing material. The most commonly used unit is the rad, which is the amount
of incident radiation on any material necessary to cause that material to absorb 100 ergs of
energy for each gram of material present. The energy absorbed in rads by a material due
to both protons and alpha particles from a single solar flare having a total flux of 1010
pau‘tick:s/cm2 {s calculated oy numerically integrating the relationship (see Reference 14)

AN(E - EY)
rg (6.25x 107 mev/g-rad)

AD = (71)

where
AD = the energy absorbed per unit mass of the material from AN particles (rads),

AN = (dN/dE) 2AE~N[E + AE)- N[E - AE], the number of particles/cm?2 from a
single 1010 particles/em# total flux solar flare with incident energy in the energy
range of E + AE to E - AE,

where

AE = the energy increment small enough for the derivative dN/dE to be replaced by

N[E + oE] - N[E - AE]
2AE

and maintain the desired calculatlon accuracy (mev),

N[E + AE] = the number uf particles/cm2 from a single 1010 pax-ticles/cm2 total
flux solar flare with energy greater than E + AE,

the number of particles/cm2 from a singie 1010 -,::u'tlcles/cm2 total
flux solar flare with erergy greater than E - AE,

N[E - aE]

and where
E = average incident energy of particles in the range of E + AE to E - AE (mev),

E = average energy ~ith which the particles leave after they have penetruted the
material (mev),

r,; = average range of particles for energy E (g/cm?).
A plot of proton range ir water vorgas proton erergy is given in Figure 82, and a plot of
alpha particle range in wat- - versus alpha particie energy is given in Figure 83. These curves

are from Reference 15. The material used in the Gemini- MSS crew transfer tunnel has an
areal density of about 0,34 g/cm2.
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Using the above relationship, Equation 71, in conjunction with Figures 81, 82, and 83,
it is possible to obtain the radiation dose received by the tunnel material. The calculations
are shown in Tables VII and VIII.

The maximum high energy proton and alpha particle radiation dose received by any part
of the tunnel wall ig the sum of the total dosage given in Tables VII and VIII,which is about 2 x
105 radsfora1010 particles/cm2 total flux (1. e., time integrated flux) solar flare. The
largest portion of this radiation is due to relatively low energy alpha particles that are ab-
sorbed by the thin outer fabric layer containing the thermal coating (areal density 2.3 x 10-2
8/’cm2). All radiation with a range less than 2.3 x 10-2 g/cm2 will be absorbed by the outer
layer fabric, which can be seen from Tables VII and VIII to include all particles with energy
less than 20 mev. The maximum radiation dose received by any of the material ingide the
outer fabric layer is the sum of all the dosages assoclated with particle energies above 20 mev.

The summation of these terms from Tables VII and VIII yields a number less than 2 x
104 rads for the maximum dose received by any of the foam or structural wall materials. GAC
has conducted tests and shown that no measurable damage occurs to plastic-type materials
subjected to radiation dosages in excess of 106 rads. Other data, Reference 11, indicates that
no sign!ﬁcant damage would occur to material similar to that used on the tunnel with dosages
of 10° rads, Therefore, one can confidently say that no damage would result to the tunnel
material due to proton and alpha particle radiation regardless of which near-earth orbit was
chosen.

¢. Eleciron Radiation. In addition to the proton and alpha particle radiation, which would
only be encountered in polar orbits, the Gemini- MSS vehicle would be subjected to eieciron
radiaticn in any near-earth orbit. The electron radiation environment encountered varies
somewhat with crbit; however, from data ﬁven in Reference 16, as can be seen in Figure 84,
aconservative estimate wouldbe a fluxof 1 electrons/cmz-sec with energies above 40 kev for
any near-earth orbit. The range of electrons in aluminum (which does not vary more than a
factor of 2 for other materials) in g/cm?2 is given by the following expression (see Reference
14):

re = 0.407 Egl-38 (12)
where
E, <O. 8 mev.

For the electron energy spectrum that is being considered, it can be seer (liat the elec-
trons have a very small range. Therefore, most of these electrons would be absorbed in the
outer fabric layer, which has an areal density of approximately 2.3 x 10-2 g/cm2. The num-
ber of particles with energies Z 40 kev drops off very rapidly, and therefore the assumption
is made that the average particle encountered has an energy of about 50 kev. The following
expression can be used to calculate the radiation dose (in rads) due to electrons:

incident flux x mission time x energy per particle

adiation d = . 73
d on dose areal density x 6.25 x 107 mev/g rad (13)

Substituting the appropriate values for the Gemini- MSS crew transier funnel mission into
Equation 73 gives

8.64 x 1011 electrons/cmz-day x 80 days x 50 x 10-3 mev
2.3 x 10'2 g/cm2 x 8.25 x 10,7 mev/g rad

radiation dose

1.8 x 105 rads.

Even this radiation dose would prove to be no hazard to the tunnel material, and this
number i{s very conservacve.
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Table VII. Proton Radiation Dose Receiveg by Gemini- MSS Crew Transfer
Tunnel from a 1010 particles/Cm2 Total Flux Solar Flare

E N[>E] 45, nmy AN e E | 'E rg'hd E |(E-E'| an¢
(mev) | (particles/cm#) (partlclel/cm’) (particles/cm?)| (mev) | (g/cm?) | (g/cm3) [ (mev)|(mev) | (rada)
500 9.0 x 104
. 2.8 x 107 1.4x107 |235 13.0 32.68 | 233.7( 1.3 0.0178
200 2.8 x 107
3.0x 108 1.8x108 i1 10.7 10.36 | 118.5 | 2.5 1.121
100 3.3x 108 :
1.4 x 108 1.0 x 109 64.6 | 3.45 3.11 | 60.8| 3.8 24.700
50 1.7 x 109
2.6 x 109 3.0 x 109 37.2 1.26 0.92 | 31.0! 6.2} 200.00
30 4.3x 109
3.7x 109 6.15x10% | 23.4 | o0.55 0.21 14.0 { 9.4/ 1010.00
20 2.0 x 109 v
2.0 x 109 9.0 x 109 17.5 0.32 -- -- { 17.5| 17156.00
17 1.0 x 1011
I = 1010 I = 2985

®*R = average N[>E], the number of particles/cm? with incident energy greater than F.

brp' = x-!:a- t', average range of particles for energy E' (g/cm2) where t, material thickness {area! density), =
0.34 g/cm2 for the tunnel composite wall.
AN(E-E)

rp (6.25x 107 mev/g-rad)

€AD = rads (see Equation 71).

Table VIII. Alpha Particle Radiation Dose Received by Gemini- MSS Crew Transfer
Tunnel from a 1010 Particles/Cm?2 Total Flux Solar Flare

£ | N{>El300 nmi AN Ne E | °E rg’ £ |[E-E'| ap*
(mev) | (particles/cm?2) | (particles/cm?) | (particles/cm?2) | (mev) |(g/cm2) | (g/ecm2) | (mev) | (mev) (rads)
500 1.4 4
1.3x 10 8.5x10% |218 |3.¢ 2.66 212 | 6.0 0.0004
209 1.3 x 109 ]
1.5 x 108 7.5x 105 112 0.8 0.46 82 | 30.0 0.822
100 1.5 x 106
3.55x 107 1.92 x 107 59.0 | 0.24 -- o | 59.0 140.0
50 3.7x 107
1.63 x 108 1.19 x 108 3.4 | 0.11 -- 0 { 36.4 885.0
30 2 x 108
4.5x 108 4.25 x 108 23.4 | 0.047 -- 0| 23.4 3580
20 6.5 x 108
1.15 x 109 1.22 x 109 14.7 | 0.017 - 0 | 14.7 [15.970
10 1.8 x 109
6.2 x 109 4.9 x 109 7.08] 0.0042| -- 0 7.08 |97.500
5 8 x 109
2.0 x 109 9.0 x 109 4.37| 0.0020 -- 0 4.37|70.000
5.98 1.0 x 1010 .
I = 1010 ] Z = 188.000

®N = average N [> E] , the mimber of partlclea/cmz with incident energy greater than E.

brp' = rg-t. average range of particles for energy E' (g/cm2) where t', material thickness (areal density), =
0.34 g/cm? for the tunnel composite wall.

aN(E-E)
€AD = 6. 25 x 107 mev/g-rad) rads (see Equation 71).
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It was shown earlier that most of the electrons would be absored in the outer layer of
fabric. The rest of the electrons would be abscrbed by the wall material, and virtually no
electron radiation would get through the tunnel! wall to bombard astronauts in the tunnel.

d. Conclusions. The Gemini-MSS crew transfer tunnel will be subjected to electron radi-
ation in any near-earth ocbit ard to high energy proton and alpha particle radiation for approx-
imately hailf the time {n a polar crbit. Since it is felt that astronaut trangfe. could take place
during periods of no radiation during a polar orbit, no consideration i{s given to the proton and
alpha particle radiation dosage an astronaut inside the tunnel might receive.

The maximum high energy proton md alpaa putlc&e radiation dose received by any part
of the tunnel wall is 2 x 10° rads for a 1010 particls/cm? total flux solar flare, most of which
is abso.ded by the outer cover of the tunnel wall, which supports the thermal coating. Only
particles with energies above 20 mev will penetrate the outer cover, and the radiation dose
received by the foam barrier and structural layer of the tunnel wall is less than 2 x 104 rads

A very conservative value for the electron radiation dose is leas than 2 x 108 rads, most
of which is abaorbed by the outer cover. The remainder is mostly absorbed by the inner
fayers of the tunnei wall, ard virtually no electron radiation will penetrate to the tunnel in-
terior.

Since test data indicates that the tunnel wall mate: ial can withstand radiation dosages of
108 rads with no measurable damage, the radiation dose received by the tunne! presents no
problem with regard to damage to the tunnel materials.
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E. MATERIALS SELECTION
1. General

A composite material structure was selected as the best approach ‘o mect the overall
requirements of the transfer tunnel design. This composite structure was develope on
in-house, company-funded development programs. The resuits of the development programs
that are applicable to this contract effort are discussed in this subsection. Figure 85 d2picts
the composite, which comprises four distinct layers bonded into 2 homogenous structure. The
fnner layer, an unstressed pressure bladder, maintains pressure tightness and transmits
pressure loads to an adjacent structural layer. The structural layer carries st:uctural loads
resulting from internal pressure. The flexibie foam layer acts as a micrometeo: »id barrier,
protecting the pressure bladder from penetration. The outer cover performs a dual function.
It is used as a smocth base ior the application of a thermal coating, and it encapsulates the
total composite for evacuation and compression prior to packaging for iaunch.

2. Composite Wall Description

a. Pressure Bladder. The pressure bladder is a laminate of three individu2i sealant layers
{see Figare 86). The inner iaver is a laminate of Capran film (Allied Chemical Type 77-C)
bonded with polvester adhesive (Schjeldahl Type GT-201) between two layers of lightweight ny-
ion cloth (Travis Style 5096). This layer is bonded with polyester adhesive (Goody.ir PE-207)
to a second layer of clused-cell polyvinyl chloride ioam 0.070 inch thick {Great American In-
dustries Rubatex R-313-V). The outer sealant is a close-weave nylon clotk (Burlington Style
1632) coated with a polyester resin (Goodyear PE-207). Qualification testing of the pressure
bladder compcnents demonstrated the hasic material to be suitable for the design requirements.
Tests were conducted on the pressure bladder to determine permeability rate, possible toxicity,
abrasion characteristics with respect to the astronaut's space suit, and weight loes and pos-
sible delam.inaticn due to off-gassing in 2 vacuum envirnnment. Excelleat flexibility is im-
parted to the laminate with the usc of low modulus Capran film, while the closed cell vinyl
foam provides a cushioned layer for puncture protection. Physical properties of the pressure
bladder component materials are shown in Table IX.

b. Structural Layer. The structural laver is a four-ply laminate of Dacron cloth bonded
with a polyester adhesive (Goodyear PE-207). Although a design pressure o 7.5 psia with a
safety factor of 5 requires a invad capability of 829 1b “'n., {urther allowance !.r degradation
in strength due to creep ruptu=e and ply lamination producesa required original strength of
approximately 1300 Ib/in. . This load is carried entirely by the structurai lay.:. which due
to the multiple ply technique of staggering joints in tue individual plies, offers an «.sentially
seamiess construction. This strength requiremert zan be satisfiea by four plies of Stern and
Stern Style 15292 Dacron cloth having a single-ply strength of 329 lb/ir. Due to the v-axvail-
zbility of the desired style 15292 Dacrun cloth, all jualification test samples and thes proiotype
tuninel structural laver were consiructad with Stern and Stern Styie 15246 Dacron cloth. Y%e
same percentage changes under test conditions as compared to origiral values for Style 15246
clothare applied to Style 15292 cloth {or ecaluatic.. purposes.

Structural material qua'ification testir - coaducted o investigate eavironmental effects
due to temperature cxtremes. vacuum, high energy radiation. and creasing and flexing indi-
cated that the fuil load capability of 829 Ib i ¢ wid be carried by both the four-ply structural
layer and joints. Physical properties of the Dacron structural ply cloths are shown in Tahie
x_ .

¢. Mizron. oteoroid Barrier. To provide the penetration resigtance required by the micre-
meteorcid hAazard assessmen: (see suibsection D). a Z-inch thick layer of fiexible polyether
foam of 1. 3-pcf density was selected. Sheif life tests indicate that the poiyether {oam pro-
vides good eiastic recovery characteristics for the exposure conditions required before ana
after depicsment. Aiso, gnod ply adhesion strength is obtained in bonding the polyether foan:
iay=r to the other lavers. Qualification tests conductad o determine effects of off- zassing,
temperalure extremes. and radiation evpcsu-r determined the pelyether !cam to be compatibie
with environmental requiremente.
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2-INCH POLYETHER FOAM ouTER COVER

/

STRUCTURAL LAYER

AN

PRESSURE PLADDER

WEIGHT
ITEM *sh)
INNER REFLECTIVE COATING 0.032
PRESSURE BLADDIR 0.126
STRUCTURAL LAYER 0.210
2-INCH FOAM LAYER (1.2 PCF) 0.200
OUTER COVER 0.041
INTERLAYER POLYESTER ADMESIVE ¢.08)
TOTAL 0.4%0

Figure 85. Tunnel Design Composite Wall
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Figure §3. Preswire Bludder
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Table IX. Physical Properties of Pressure Bladder Components

Nylon Cloth (Travis 3086)

Weight(ps) . . . . . . . .. e e e e e e e e 0. 0083
Hireaking strength, warp/fill (lb/ln) ......... . . 40/40
I' Thickness (mils) . . . . . . . . e e e e e e e e 2.5
‘ Capran Film (Ailled Chemiral 77-C) ‘
Specific gravity. . . . . . e e e e e e e e e e e e e 1.13
Thickness (mils: . . . . . . . . . . . . .. T A
Ultimate tensile, longitudlnal (psi) ............ 8500 - 11,500
Ultimate tensile, transverse (psi) . . . . . . . . . . . . 7000 - 11,000
Clongation, Inngiuding' /transver se (perconl) ........ 00 - 400
Tensile modulus longstudinal (pst) . . . . . . . . . . .. %), 000 - 110,000
Tensile modulus, transverse (pst! . . . . . . . . . . . . 105, ¢OB - 125, 500
Nylon-Capran-Nylon. Laminate . :
Weight (pst) . . . . . . . e e e e e 0. 015 {avg)
{ Breaking strength. warp/(ill (lb/in) e e e e . ... T2.0/80.0 (ming
Ply adhesion (lb/in.) . . . . . . . . .. e e e e e 4.0 davg)
! Thickness (mils) . . . . . « + o . e i ... . 875
Nylon Cloth (Burlington 1632)
: Weight (psf} . . e e e e o .2 . 0,025
Breaking strength w;rp hll ﬂ )fin) A £ 1174 T
Thickness {mils) . .. . . .. e
PVC Foam (Rubziex R-213-V) :
Density ‘ocf} . . . . 109-130
Te..perature re&ist:mce (OF‘ .
Low L. e e S [
High ¢ nnlinmus T & 11
High intermittent . . . 21 1
Compression set (ASTM metho&
Compressad 50 percent for 22 hours at TOVF . . . .30 percent (m:u

’?hickreuimchrm.‘,...,.' N R 11

Table X. Physicai Propertiez of Dacron Sk

“pimatamne

~ Propes:s ~ Dacron 15344 { Dacron 15292
et . = — o e are < .
Width {inches . . . . . A | R IR i 44.9
: Thread couni. warg . . . . - . o . - - . . &% o 51
- »Thread comnt, M1 . oo . L L. RV & 3§
Ultimats teuwile strength, wiarp (;b in T ] o » R 2
Ulitocate teogil~ strength, {1 Gbwd . o 10 277 B A A
Tongue tear wreagth. tupmz! o 4% - %
Tonguz tear wmr -*r*th au s o : N 17
 Uitieaie élongat. n warp (percest) . L & S 38
S Citimate eiongatm il (percs«*! e i ki 13
Atrparesity fon fUmind. . 0 L L - 33 9
Thickness iinches . . . . . .. . . . . -1 0.0136 0, 8117
Weighu ipsf3 . . . . . . . . . . . .05 ¢ 045
CIOtA Wr&¥ , . . . . v = oo e e Raske - Piala
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TVFICs L THERMAL COATING
(ALUMINUM PIGMENTED WHITE
SILICONE PAINT OR SILICON
~ MONOXIDE FILM COATING)

LAMINATE OF NYLON
CLOTH-ALUMINIZED FILM

WEIGHT
ITEM {PSF)
FILM CIOTH LAMINATE 0.015
THERMAL COATING 0.0
TOTAL 0.041
. i

 Figure 87. Outer Ccver of Composite Wall

d. Outer Cover and Thermal Control Coating. The outermost layer of the composite wall
structure encapsulates thw wall and provides a2 smootn base for the application of a thermal
coating. The construction <f this layer is shown in Figure 37.

Inasmuch as the outer cover encapsulates the composite wall, it serves as an 2id in
packaging the tunnel prior to launch. DBy a vac.um technique, the wall thickness can be com-
sregged {rom the fully expanded 2 nches tc about 3/8 inch, suitable for folding and scbsequent
p -ckaging in the canister, Alsc.a ceriain amount of air will still he trapped in the composite
~all, even after evacustion. This air can be used 25 a thickness recovery aid, augmenting
the elastic recovery characteristics of the compressed foam. Thus, full recovery of the wall
thickness, even irder adverss Wemg o alures, will be ensured.

Su.o R SRV

Y
[

The thermai contrnt coating will e applied in two variations as follows:

{1} Aluminum cnaling s3coum deposited on a {ilm substrate with striping ~ aluminum
plgmented while silicone paint.

AN, T T TR T

{2} Same as (1) but with the additior of 2 u:licon monoxide overceating in “tain loca-

tions.

Measurzments of thermal radlation propertier L<fore and after solar ultraviolet eaposure
under vacuus conditions whstantiate the atove coalings as space-stable. Also. the offevty f
off-gansing induced by vauusa tenting were foun: (¢ be negligible. For the interior miriasze !
the tuane! design, a titanme dioxide igmesied o licone paint jg specified because of its low
solar absarpdancs oy trmproved lighting aed high emittan~e tC minimize extreme temperature
variadions. For the protutype hunmel, a titanium dioxide pigmented Hypalon paint was uaed
for both interior and esterior tumne! surfaces. Also, the same style nylon cloth {Burlingtun
1822} as used for the preamsre bladdly [2rer was used inr the auter cover lsxer of the prote-
type turnel.

119




TR 2 AN

h n g

LR A

oY

TR BETL M

3. Fab. icatiun Teciniques and Proces~:»s

4. PRanded Floor Structure. The tunnel rigid floor structure is metal sandwich construc-
tion consiating of 7. 9-pct density alumiaum horeycomb core bornded between 7075-16 aluminum
face sheets 0. 983 inch thick with Epon 934 epoxy aahesive. Shaped aluminum edge members
are honded arcund the ‘locr periphery with tt.2 same adhesive. This fabrication technique has
been proved by years of use. The use of Epon 834 evoxy adhesive was based on the original
high strength of the adhasive and manufacturer'stestdata, indicating no strength less aiter
gxposure tc 109 rads of ionizing radiation from a Van deGraf electron beam. The sandwich
floor structure adhesive care was accomplished in zn autociave under pressure at a high
temperatvre.

b. Composite Wall Bonding. In fabricating the tunnel composite wa't structare, each com-
ponent layer is built up layer by layer, starting with the pressure bladder,on a male mandrel
fabricated of =igid foam. With the polyesier adhesive {Goodyear PE-20%) binder layers bond-
ing the multiple-layer pressure bladder compenents together, bonding !l.e outer cover to the
2-inch foam layer, bonding the multiple-ply structural layer together. and bonding the struc-
turai layer io its adjacent pressure biadder and flexible fuam layers, the total composite wall
stiucture is bonded together into ar integral and homogenous structure. The joints of the in-
dividual plies in both pressure bl der und structural layers are staggered in such a way as to
offcr an essentially seamless construction.

At intermediate phases during the lay-up constructicn, the polyester adhesive layers are
cured with heat and pressure by vacuum bagging techniques. (The foam mandrel is extracied
from the completed structwre after applicatior of the outer cover.) A polvurethane elastomeric
tape (Goodyear Topolic) is applied to all exposec lap seam joints on both interior and exterior
tunnel surfaces. i‘aysical properties of ‘he bonding components are shown in Table XL

c. Floor Joini Bonding. Particular emphasis was pla-=d on the design and development of
a structural joint between the rigid floor of the tunnel and the flexible structural layer. The
technique that evolved from this investigation (see Figure %8) uses a blended polyamide-epcxy
adhesive rigid hond. Strip tensile tests of this technique indicated a 50 percent load capability,
as ~> oared to that of " parent structural cloth. The degradation in strength is attributed
to the locked-ia crirap effect of the Dacron yarns embedded in the rigid adhesive bond.  At-
tempts to iinprove joint efficiency by using a more elastic type epoxy bond were not successful
and onlv resulted in shear failurc of the joint. A polyester adhesive bond similar to that used
in the structural wall seams wis also tested but was whollv inadequate for the required bond
strength. Consequently, tae biended polyamide-cpoxy rigid bond technique was adopied 28 the
required desigr technigue and resulted in an eight-ply bond to the structural floor joined to the
four-piy structural layer with a polyester adhesive vond. Strip tensile tests of this overall
ioint design indicated that the full load capability of 829 1b/in. couid be carried by Loth the
ioints and the hasic four-ply structural layer. Qualification teste were conducted ~n the fioor
joint to investigate environmental effects due to temperatu.e extremes, vacuum and radiation.
and «reasirg. The tests indicated that the full load capabiiity of 929 lb/in. couldbe carried by
tho fioor 1oint.

Table XI. Physical Proper*ies of Bonding Compencats

R e L L e

Property Polyester Polyvurethane Epoxy

Code . . . . . .. e Goodyear PE-207 | Goodyear Topolic | Epon §28, Ver-
samid 140
Type , . . . . . o o ... Thermopiastic Thermoset Thermoset
Tensileetrersah (si) . . . . . 7800 3000 2706
Eltimate eiongation {percent) . 100 480 7
Specific gravity . . . . . . . 1.2 11 1.2
120
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Figure 88. Structural Joint between Expandable Wali and Rigid Floor

4. Materials Test Results and Evaluation

4. General. Although the materials selected for fabricaiion cf the transier tunnel com-
posite structure were based on GAC in-house development programs, sufficient material qual-~
ification tesiing was conducted o.. the selected materials to substsntiate the environmental,
human factors, and structural reqiirements.

b. Weight. Actual weighing of component material yielded average unit weights for the
proto:vpe tunnel (see Table XII). Estimated weights based on the use of material proposed
for the tunnel design are also given in Tabie XII.

c. Fressure Tightness, To substantiate gas pressure tightness ot the pressure hladder,
permeability measurements of samples were made on Dow-type gas transmission ~el!8 in ac-
cordarce with ASTM procedures. The tests were conducted at room temperature, 5-psia
pressure differential across the samplc, and gas atmosphere of 100 percent uxygen. The test
results given in Table XIII skow the permeubility of original samples and the same samples
after various exposure conditions. Relating the maximum rate of 2.0 x 10-4 psf/day to the
tunnel expancable surface area (130 1t2) indicates a gas loas of 0.026 lb/day, or substantially
lees thar the maximum specified allowance of 1.0 pounc per day.
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Table XII. Composite Wall Weight Breakdown

-y WA
. Actual Wt Est Wt
Consiruction (psf) (psf)
Quter Thermal Control Coating 0.045 0.026
Outer Cover 0.015 0.015
Polyester Adnesive 0.027 0.027
2-Inch Polyether Foam 0.200 0.200
Poiyester Adhesive 0.027 oo
4-Ply Structural Cloth (including adhesive) ¢.n22 0.210
Poiyester Adhesive 0.027 0.027
Pressure Bladder 0.126 0.126
Nylon Cloth 0.015
Polyester Adhesive 0.027
0.070-Inck DPVC troain 0.042
Polyester Adhesive 0.027
Film-Cicth Laminate 0.015
Inner Reflective Coating 0.032 0.032
Total 0.721 0. 690

Table XIII. Pressure Bladder Leak Raics

{ Avg Leak Rate

Sample Condition (pst/24 hr)

i
H

COriginal Sample l 1.0x 1074
High-Vacuum Soaked Sample ! 1.1x 10-4
Creased Sample l 1.2x 10-4
One- Side Pin- Punctured Sam.ple | 2.0x 10-4

d. Structural Integrity. To demonstrate structural infegrity of the flexible structura
layer, test samples were made and ‘ested for both the laminated four-ply Dacron structural
layer and the termination floor joint. Strip tensile test specimens were fabricated with Stern
and Stern Style 15246 Dacron cloth in 2-inch raveued widths (see Pigures 89 and 90}, Strip
tensile ‘ests were made in accordance with ASTM standard mothods for testing wover. fabrics,
Test resuits on the effects of temperature extremes, vacuum, high energy radiatica, and
creasing are summarized in Table XIV. To substantiate the biaxial type of 1nading of the ac-
tual tunnel structure, cylinder burst test specimens of the four-ply structural layer were also
fabricated with the Styie 15246 Dacron cloth, Four cyiinders 12 inches in diameter by 38
inches long were iaminated in accordance with the actual tunnel construction methode, Three
cylinders were tested for quick-break burst pressure, and one cylinder was cycled 80 times
au pressures simulating inflation and deflation hefore application of quick-break pressure
(see Figure 81).

Applying the percentage factor of loss in strength for ply efficiency (ser cylinder buret test in
Tablk XiViardfor creeprupture effects (see Reference 4) to the four~ply strengtn for Style 15292
Dacron cloth would indicate that the full design ultimate joad capability 0f 829 1o/In. could be car-
ried. The ply efticiency factor for the cylinder burst test is81 percent (see ‘able XIV), The creep
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Figure 90, Typical Eight-Ply Dacroa Floor Joint Specimen

rupture effect for a two-month load at room temperature has a factor of 78 percent (ge¢2 Pefer-
ence 4). Applying these reduction factors to the foui-ply strength gives a tunnel design load o
carrying capability of 831 1b/in. This is shown by 4 x 32¢ x .81 x 0.78 = 831 lb/in. The de- -
sign ultimate load was previously given as 823 lb/in, ' -

It should be noted that the siructural efficieccies below 106 percent in Table X1V are
extreme cases not specified for the normal mission environment, where the thermal control
coating is designed to maintain 75“F on tie tunnel interior and the radiation exposure of the
structyral layer is calculated to be at lzast one order of magnitude lower than ife test sample
exposure.

e. ‘Temperature Control. Both laboratory fest data and apace sei vice data are available
for thermai cuntrol coatings that would satisfy ihe requirewents deterinined by the tunnel
thermal analysis for space-stzble thermai radiation yroperties of the thermal cont*ol ‘ayer.
Measurements of solay ahsorgtarce (g) and emnittance {(¢) were made before and aftey ultra-
violet exposure under vacuum conditions. GAC laboratory tests consisted of exposing the
theirmai controi ccating specimen 1o simulated solar radiation under vacuum at 10~ 7 torr or
iower, 3Solar absorptance and thermal emittance of the faboratory specimens were measured
using a dynamic thermal vacuam technigque similar to that 1n Reference 19, p 192. A com- ;
parison of aptical characteristics for the specified coatings is given in Table XV,

The tunne! thermal analysis indicates tiat the exterral surface should have a ratio of
solay absorptance {a) to emittance {5} betweer 1 ard 3, with the absolute values of o and ¢ ar
low a8 possible, These criteria may be satisfied by using an external thermal control coatizng
of aluminized film v = 0,128, €= §.037, a/e¢ = 3.5) covered in part by aluminum powder i
sibicone pulat (@ = €.24, €= 0.45, a/€ = J.86) and possibly covered with an overcoat of sili-
con monaxide (o = 9,133, €= 0.512, a/i = 0.27). By varying the quantity of the individual
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Table XIV. Summary uf 8tructural Cloth Tests

Strength Obytn.) 15346 Dacron
‘type of Test Condition [ HRoom (% Origina} Room .
Temp | -100F | 110°F} Tomp Amb Value)
Srip Teneile (15248 Decron Cloth)
One Ply :
Ambient, Warp/Fili Orlginal 270/277 100 -
Ambient, War>/Fin After radiation (106 rads) 387/289 106
rour Ply uwo Seam
] Ambient, Warp Original 1008 % (4x 270) = 102
Four Ply (One Ply Seamed)
Ambient, Warp Origiral 956 102
Aarment, Warp Original 940 % (4x 210) = 87
Ambient, Warp Originel 924 08
Ambient, Warp After creasing 970 103
Ambient, Warp After radiatfon (108 rads) 930 99
Vacuum (10-4 torr), Warp Original 976 104
Vacuum (104 torr), Warp Original 1038 110
Vacuum (10-4 torr), Warp Original 988 103
Strip Tensue (15246 Dacron Cloth Floor Joint)
J/umbjent, Warp Original 974 9
Ambient, Warp Original 1079 % (4 x 270) = 100
Ambient, Warp Original 1008 93
Ambient, Warp After radiation (108 rads) 998 92
Vacuum (10-4 torr), Warp Original 1110 103
Va..um (10-4 torr), Warp Original 1088 101
Vacuum (10-4 torr), Warp Original 956 88
; Cylinder Burst (15246 Dacron Cloth)
i Four Ply
; Ambient, Warp Original 872 % (4 x 270) = 81
{ Ambient, Warp Alter cycling 916 F. (4 x 270) = 85
! Strip Tenstle (15292 Dacron Cloth)
One Ply
Amblent, Warp, Fill Original 329293 i

BT i v LT b ettt

Tabie XV. Optical Characteristics of Thermal Conirol Coatings

i St e et e et .

! Suriace

Y e —

arld

L ) T Outer e R O 7Y .
~ et Alunuasized Siliton Motmis M Powder Ti
Character:stic Mviar on o Myl in Silicone in Stlicom

Tyee of surface. . . . Evaporated Lvapoiaied e aliig-1y pe - Atr-cured
fitm fitm pigment white paimt
Souree . . o4 4 o4 . o - Ref 17, 18, and Red 19 and 20 Rei 19 Ref 19
s
Couating thickLess | | 2000A 20, 6004 0. 001 tn. 0.002 in.
2 {inftiad}, , . . . . , 0.i00 - 0,129 &, 138 .24 0.24
sfmal) . . L L. e = (D177 da = (o)1) 3¢ = negligible EV- SN
€ Goitad) L ... 6.037-0.048 | 0,512 0.25 9.6
¢ {finald .. .. L A¢ = pegigible A¢ = negligible | A€ = negligitic , ¢ = negligible
a € imial) . ... 5.5 0.27 0.56 1o
e inal) . . o .. . ale, = ()17 ! Alese)x (o) 15 Aese s nigligible. 1Al e o) 80
 Hxposurc . L
Labcravory " witial Initial Initial initiat
Orbitad fHight. . - 1 vear 200 days 124 ays .80 days
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Figure 91, Cylinder Burst Specimen
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coating areas, the effective a/¢ ratio may be established at any desired value between 1 and 3.
The interior of the tunnel is designed to have a low value of solar absorptance (@ = 0.34, white
surface) for improved lighting and a high va'ue of emittance (¢ = 0.76) to minimize extreme
temperature variations within the tunnel. For the interior coating on the tunnel design, a ti-
tanjum dioxide pigmented silicone paint is selected. For the prototype model, a more econom-
ical titanium dioxide pigmented white Hypalon paint was used for the tunnel interior.

To correlate the interior and exterior tunnel wall surface temperatures as predicted by
the thermal analysis, thermal conductivity tests were conducted on a sample of the tunnel com-

posite wall ma&erm, utilizing the cryogenic guarded hot plate method. The test was in a
vacuum of 10~ mm Hg, and the measured data indicates a conductivity of 0.07 Btu-in, /hr-ft2-

OF; the major portion of the composite thermal resistance is attributed to the 2-inch thick
polyether foam.

f. Elastic Recovery. To demonstrate chelf life characteristics of the tunne! wall, time-
load tests were coiﬁlcted on small samples of the micrometeoroid barrier foam layer to as-
certain the maximum length of time that the tunnel can be packaged with a high reliability of
elastic recc.ery when unpackaged. Figure 92 shows the recovery characteristics of the foam
urder vacuum ~onditions of 10-4 torr for varying temperatures and packaged durations. From
Figure 92 it can be seen that the packaged structure must be insulated against extreme cold if
full recovery is to be achieved.
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Table XVI. Vacuum Off-Gassing of Composite Wall Materials

m—

|

— PR AT S AR

Percent Weight Time to Vacuum

Material Loas Staoilize Level

(hr) (torr)
Total Composite 2.63 40 10-8

Outer Cover 0.36 1.5 4x 108

2-Inch Foam 0.3% 1.5 4.8x 108

Structural Layer 0.12 1.0 10-6
Pressure Bladder 6.3 96.0 10-6

g. Environmental Effects. Environmental effects to be considered include combined
vacuum and ultraviolet radiation, the thermal environment, and high energy radiation from
VanAllen eiectrons. Only the thermal control coating is affected by the combined vacvum and
ultraviolet radiation. This effect has already been discussed. Thermal effects relative to
extremes in temperature combined with vacuum were evaluated in testing for structural in-
tesrity and elastic recover;. Also, strip ten-.ie tests on the structural layer irradiated with
10° rads of gamma radiation were evaluated. The tolerance of the other com%nlte layers to
nigh-energy radiation is higher than the anticipated dose of appraximately 10° rads. Finally,
tests on the composite wall material and ite component lzyers under vacuum conditions were
used to evaluate off-gassing effects on the material physical properties (see Table XVI). An
initial off-gassing is encountered, resalting from boil-off of plasticizers and volatile solvents,
with a negligible weight loss, which subsequently levels off. The hard vacuum exposure also
proved that the pressare bladder construction technique was successful in preventing delamin-
ation of the bladder composite. Curves of off-gassing versus time are shown in Figures 33
through 91.

h. Taxicity. Tests were made to assure that no foxic by-products, such as those used in
the pressure éadder polymer type materials, are given off while under the deployment en-
vironment of 5-psia, 100 percent axygen atmosphere. A surveyv of taxic materials known to be
usea !n the pressure bladder material construction was made, and the materials were found to
be toluene, xylene, methy! ethyl ketone and methylere chloride solvents, and toluene-dii=-~ya-
nate (TDI). Although it was not known if carbon monoxide {8 presert, 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 vess~! that was evacuated and subsequently pressurized to 5 psig with
100 percent axygen. The test material was exposed for 24 hours prior to chemical analysis
of the taxic gases, and ail were found to be below the threshald limit values for atmosphsric
contaminants established for occupational exposure, The values as determined by a calorim-
eter type of chemical tester or mass spectrometer are shown in Table XV0.

i. Abrasion Elfects. Tests were conducted to determine {he abrasion characteristics of
the tunnel lirer with respect to the outer layer of the astronaut's space suit - the Nomex white
reflecting nylon. The test was conducted in accordance with Federal Specification CTC-T
191b, Method 5304- Abrasion Resistance of Cioth (Oscillatory Cylinder Method), except that
the specimens were run for 600 cycles instead of 250 cycles. Rrip tensile breaking strength

' before and after testing is used as the measure of abrasio:: resistance. Te¢st resuits indicated
less than 10 percent decrease in breaking strength after abrasion testing, with no change in
visihie appearance of the ciath.
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Table XVII. Threshold Li'nits for Atmospheric Contaminants

Test Result Threshold
Gases Value® Limit Valueb

(PPM) (PPM)
Toluene 200.0 200.0
Xylcne 200.6 200.0
Methyl Ethyl Ketone 200.0 200.0
Methylene Chloride 200.0 500.0

Toluene-Diisocyanate 0.01 0.02
Carbon Monoxide 25.0 1060.0

? Note that the values shown are minimum sensitivity values of the instru-
ments used in testing. In all cases, no trace of the contaminants was
found, therefore proving if there were minute traces of contaminants, the
concentration is below the threshold limit value.

bAmerican Conference of Governmental Industrial Hygienists, 1963, or
National Bureau of Standards.

5. Repair Techniques

Repair materials were evaluated for repairing tears or known particle penetration loca-
tions in the inner pressure bladder layer of the composite wall structure. A cemented patch
repair technique was selected as the most suitable for application to the damaged area. The
patch was made from the same film-cloth laminate-as was used for_the pressure bladder com-
ponent layer. The environmental effects on the patch are the same as the effects-on the pres-
sure bladder component material. Dow Corning 90-092 silicone rubber adhesive was used for
the cement application. The 90-092 adhesive, a cne-part, ready-to-use adhesive that is ap-
plied directly from squeeze tubes onto the desired surface, is cured upon exposure to moisture
inte a tough, rubbery solid. The moisture-curing mechanism of 90-092 adhesive does not lib-
erate acetic acid, andtherefore avoids the corrosion and toxicity problems that would be as-
sociated with acetic acid-evolving systems in space structures. Once extruded, the 90-092
adhesive stays where it is placed, and will not sag or slump from its own weight, which is
especially significant in a zero-G application. The adhesive has a nutty-like consistency and
is easily tooled with a spatula to position the adhesive or to smooth its surface. Reference 21
reports that putty-type sealants with the consistency of the 90-092 adhesive will effectively seal
holes up tn 1/4 inch in diameter in space structures. The film-cloth laminated patch material
is placed over the adhesive layer to prevent accidental displacement of the adhesive before
complete cure. For small patch size areas, the adhesive line will cure in about 24 hours at
ordinary room teniperatures. Excellent peel strength is developed between the patch and re-
paired surface after adhesive cure. The repair materials will operate satisfactorily in the
tunnel environmental conditions of vacuum and 100 percent oxygen atmosphere. Reference 22
reports a negligible weight loss rate for silicone rubbers, with the weight loss occuring in the
first fow hours at 10-7 torr range. Reference 23 reports silicone rubbers to have a radiation
tolerance of 107 to 108 rads, well above the expected exposure.
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SECTION V1

PRELIMINARY QUALIFICATION TESTING

A, GENERA.

The completed prototype tunnel was subjected to a series of preliminary qualification
tests to substantiate the structural integrity, gas tightness, and some of the operational as-
pects of the design in order to evaluate the application of such structures to actual space mis-
sions. The test program included packaging, pressure proof and leak tests, cyclic pressure
test, and a vacuum chamber deployment test. Zero-G flight tests are to be conducted on the
KC-135 zero-G aircraft at Wright-Patterson AFB, and the results of these tests will be re-
ported in Part I of this report.

A steel framework test carrier wiih hatch mock-ups simulating the Gemini and MSS ac-
<55 hatches was fabricated to support the prototype tunnel during the preliminary qualifica-
ticn testing. Each access hatch is fitted with a hatch cover utilizing an O-ring seal for pres-
sure tightness. The test carrier is also equipped with a canvas catcher to catrh the canister
cover when it is jettisoned for deployment. The completed prototype tunnel mounted or the
‘est carrier is shown in Figure 13. The test carrier design is shown in Figures 98 and 99.

B. PACKAGING TEST

1. General

The purpose of the packaging test was to establish the minimum height into which the ex-
y-andable tunnel ¢ould be folded and packaged in the canister. The minimum attainable packag-
iny; height is desirable to reduce the effects of aerodynamic drag on the packaging canister dur-
ing the launch phase.

-~

2. Test Procedure

Air was evacuated from the foam meteoroid barrier of the composite wall via a vacuum
line attached to one of the plastic pressure relief valves installed through the wall outer cover.
When the expaadable wall was compressed as much as possible, another vacuum line was at-
tached to a fitting in the cover of the MSS access hatch for evacuation of the tunnel interior
As the tunnrel interior was being evacuated, the fold pattern of the collapsing wall was con-
trolled by a crew of technicians. The start of the interior evacuation is shown in Figure 14.
In all cases. the {»lding procedure utilized a vertical accordion fold with the creases running
lengthwise along the tunnel wall. Attaining the minimum packaging height became a matter of
determining the most efficient method of folding the hemispherical tunnel ends. In all cases,
the fclded tunnel presented a fairly flat package it a base having approximately the same
overall dimensions as the tunnel floor. One of the attempted {olding patterns is shown in
Figure 100. .

After each of the end folding patterns was attempted, the canister was placed over the
folded tunnel and strapped down tightly to the test carrier bed. The height of the canister rel-
ative to the test carrier was then measured. When the pattern that produced the minimum
height had been determined, the tunnel was again folded in this most efficient pattorn and the
canister was strapped tightly in place. The canister attachment holes were then match drilled
with the canister support brackets attached to the tunnel floor.

3. Test Results

The most efficient folding procedure utilized the vertical accordion fold with the creases
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Figure 100. Tunnel Folded during Packaging Test

running lengthwise along the tunnel and had the hemispherical ends folded back across the tops

of the lengthwise folds. The folded configuration is shown in Figure 5, and the packaged tunnel

is shown in Figure 15. The minimum packaging height was established as 3-3/8 inches from
the top of the tunnel floor to the inside surface of the canister. The packaging volume from
the bottom surface of the floor to the inside surface of-the canister is 14. 8 cubic feet. With
the tunnel floor; composite wall, lighting,and locomotion aids weighing 198. 4 pounds, the
packaging density is 13.4 pef. The total packaging volume provided by the canister with the
side fairings resting against the launch vehicle is 20. 8 cubic feet. The volume contained be-
low the floor except that occupied by the attachment -Ings and canister support brackets is
wasted space, although recessary for the configuration enclosure. Based on the total volume
and weight, the packaging density is 10.2 pcf.

C. PRESSURE PROOF TEST

1. General

The purpose of the pressure proof test was to establish the structural integrity of the
tunnel by maintaining an inflation pressure of 10 psi, 1,33 times the design pressure of 7.5
psi. for a period of 7 days.

2. Test Procedure

After completion of the packaging test, the prototype tunnel mounted on the test carrier
bed was placed in the GAC pressure test room for the pressure proof and leak tests and the
cyclic pressure test. A temperature indicator was installed in the cover plate on the Gemini
access hatch to monitor internal tunnel temperature. The tunnel with the temperature indica-
tor installed so that it could be read in a mirror from the window of the pressure test room is
shown in Figure 101, A dial mercury manometer and a filtered shop air supply line were at-
tached to a port in the cover plate on the MSS access hatch. The air supply line was equipped
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Figure 101, Tunnel in Pressure Test Room

i3

; with two pressure regulators in series, capable of maintaining pressure within £0. 2 inch

y of mercury, 0.1 psi. The regulated side of the air supply line was equipped with a 21-inch

maximum pressure (10. 3 psi) U-tube mercury manometer to serve as a pressure relief de-
vice to guard against over-pressure due to thermal expansion or regulator malfunction. The
regulators and manometers were located outside the room by the window. The test arrange-
ment is shown in Figures 16 and 17.

The tunnel was pressurized to 10 psi (20. 4 inches of mrercury), and after the pressure
and temperature had stabilized and were recorded, the test time period was started. The 10-
psi pressure was maintained for a period of 7 days while pressure and temperature were
monitored periodically.

3. Test Results

The prototype tunnel withstood the 10-psi proof pressure tor 7 days with no visible change
in contiguration and with no visual signs of damage.

D PRESSURE LEAK TEST
1. General

The purposc of the pressure leak test was to establish the gas tightness of the prototype
tunnel by determining the leak rate at the decign pressure of 7.5 psi for a period of 7 days.
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2. ‘Test Procedure

The only change m the test arrangement from the proof test was changing the pressuri-
zation air supply from the shop air line to a bottle of compressed air, which was placed on a
calibrated platform scale. The initial part of this test included deiermination of the tunnel
volume when presgurized to 7.5 psi. The actual barometric pregsure and the weight of the
compressed air bottle were recorded, and the tunnel was pressurized to 7.5 psi (15. 3 inches
of mercury). The air supply was carefully regulated so that the pressure was 7.5 psi when '
the internal tunnel temperature was stabilized. The pressure, temperature, compressed air
hottle weight, and aclual barometric pressure were then recorded, and the test time period
was started, The weight of air used to pressurize the tunnel was used to determine the inflated
volume. The 7.5-psi pressure was maintained for a period of 7 days while pressure, temper-
ature, and compressed air bottle weight were monitored periodicaily. At the end of the 7-day
period, the pressure, temperature, compressed air bottle weight, and actual barometric pres-
sure were again recorded.

3. Test Results

Prior to the packaging tests, a one-day (24- hour) leak test was conducted to establish a
reference leak rate to be used for evaluating possihle degrading effects of folding and packag-
ing. The 24-hour leak test was conducted by pressurizing the tunnel to 10 psi, reading baro-
metric pressure and temperature, and monitoring the pressure decrease for 24 hours, At the
end of this time period, the temperature and barometric pressure were again recorded,

The equation cf state of an ideal gas is used to determine the pressurizeu volume and the
significant gas weights. This equation in other forms is used to convert the test leak rate to
a leak rate of a gas mixture of 50 percent nitrogen and 50 percent axygen under orbital condi-~
tions of an internal pressure of 7.5 psia and an external pressure of 0 for practical purposes.
The absolute pressure used in determining the converted leak rate is based on a constant vol-
ume of gas at = reference temperature of 750F,

The equation of state of an ideal gas is

44 p,p V = wRT' " T (14)

where

Pap * absohite pressure {(psia),

V = volume (1t3),

w = weight (b,

R = specific gas constant (ft-1b/1b-OR),
- T' = temperature (OR).

When the pressure, weight,and temperature are known, the volume of a specific gas can
be found from Equation 74 in the form »
; [ . .

S | . N (75)
144 pap . : . :

When the pressure, volume, and tcmperature are known, the weight of a specific gas
can be found [rom Equation 74 in the form ‘

W o i (18)
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When the weight and volume of a specitic gaa are held constant, the ratio of the pres-
sure to the temperature is comstant. This is expressed as

wR '
(17)

Pap VT
™ < 114V ° constant,
From Equation 77,
PP Ty i
Ty Ty by~ T o
where

py = pressure (psia) at temperature T)} (R),
py = pressure (psia} at temperature Té (°R).
E

When the volume and temperature of a specific gas are held constant, the ratio of the
weight to the pressure is constant. This is cxpressed as

W MV onstant. 75)
PAP  RT

From Equation 79, ,
w Wy wil i '
Sl T e wy - Lo b (80)
Py Pg P .

where
wy = weight {Ib) at pressure py (psia),

wg = weight (") at pressure pg (psia).
The equation of state of an ideal gas, Equation 74, can also be expressed in another sys-

tem of units in the form

4 p,p Vo= 3 R'T (81)

w
N
whern

% = temperature (°K),

M = molecular weight (Ih mole),

R' - universal gas constant having the same value for all gases (ft-1b/mole -%K).

When the same pressure, volume, and temperature are held constant for any two gases,
Fquation 81 incicates that the ratios of the gas weight to the molecular weight of the two gases
are equal. This ts shown by

w / 144 p Vv
g B PAPY  onstant (82)

M] My TRt
whore

wy = weight of gas (ib) with molecular welght My (lb/1mnole),
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Wa = weight of gas (Ib) with molecular weight M, (Ib/mole).

It is also known *hat the weight of gas flowing througﬁ an orifice is proportional to the
velocity of flow. The.. for a specified period of time,

w = Cv (83)
where

w = weight flow ‘1b),

C = proportionality constant (1b/Mach number),

v = velocity (Mach wumber).
Equation 83 can then be expressed in the form

w w

_IA; 2 C = constant (84)
where

wy = weight flow (b} in a specified time at a velocity of vy (Mach number),

it

wg = weight flow(Ib) in the same specified time at a velocity of vg (Mach number).

When the tunnel was initially pressurized from the compressed air bottle, the inflation
pressure and the gas temperature and weight were recorded. Using the test data recorded in
Table XVIIO and Equation 75, with R = 53. 30 ft-1b/1b-OR for air and 0.072 pcf for the density
of air at 29. 15 inches of mercury and 77°F, the expanded tunnel volume is determined:

_wRT'  {we + pV)R (460 + T) (3,88 + 0.072V)(53. 30)(460 + 77)
V = = =
144 p, 43 ppp 144 (21.83)

144(21.583} V = 53,30 (537) (3.88 + 0.072V).

Vo= 103 3.

The leak rate is established for the one-day (24-hour) leak test and the seven-day leak
test by determining the weight of air lost in leakage per day and converting this loss into an
Zquivalent loss of a mixture of 50 percent nitrogen and 50 percent oxygen at a pressure of 7.5
psia at 759F leaking into a vacuum. :

The weight of aiv lost is given by,
WL = Wi W o+ W | 7 o - (8%)

where

wy = weight uf air lost during the test (1b),

wy = initial weight of pressusized air (Ib),
wp = [inal ‘veight of pressurized air (1h),
we = welght of air added due to cylinder weight decrease (1b).

From Equation 76 with V = 103 £t3 and R = 53. 30 ft-1b/1b-°R for air,
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144 p, o (103) 218.3p, 1y

Y17 53,30 @60 + Tp) 40+ Ty )
where

Papr = initial pressure (psia),

Ty = initial temperature °F).
Also,

YT = TE60 + Ty ®7)
where

papp = final pressure (psia),
Tp = final temperature (°F).

The average pressure for the leak test is corrected to the value at the reference tem-
perature of 752F by using Equation 7&,

_ Pact * PACF

where

pZp = average leak test pressure {psia),

|

saci= initial corrected pressure (psia),
PACF ™ final corrected pressure (psia).

Ir. converting the weight of air lost during the test to the weight that would have been lost
in orbit at an inflation pressure of 7.5 psia, Equation 80 is used.

»

7.0 wyT
WLp ¢ ———)—_—-:—-—' (89)
PAT

where
le_ = converted weight of air lost (Ib) due to a different pressure.
3
The velocity of flow through an orifice is a function of both the absdlute pressure and the
pressure differential across the orifice. The velovity of flow {Mach number) as a function of

absolute vressure and pressure differential is given w standard tables. From Equation 34,

WLTVO

Wiv Y T 90)
1
where
Viiy converted welght of mir jost {Ib) due to a different 1. o velocity,
v - velocity of flow 1 orbitad conditions (Mach number?,
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vp = velocity of flow during the leak test (Mach number).

In ccnverting the weight of air lost during the test to the weight of a gas mixtu~e of 50
percent nitrogen and 50 percent a<ygen, which would have been lost ir orbit under identical
conditions, Equation 82 is used.

¥Lm ~ Y'%}‘;E“ ©@1)
where

Vim = converted weight loss {lb) of the mixture due to different molecular weights,

My = molecular weight of mixture {(Ib/mole),

molecular weight of test gas, air (Ib/mole).

5

Thus, the factors that r.ust be (onsidered in converting the leak rate in terms of the
weight loss of air during the .est to the vquivalent weight loss of a mixture of 50 percentnitro-
gen and 50 percent oxygen with a pressvre of 7.5 psia &’ 750F leaking into a vacuum are the
absolnte pressures involved, the velocitie; of the loss flow, and the molecular weights of the
gases ronsidered. The weight loss of the mixture under orbital conditions is then determined
by combining Equations 89, 90, and 91 as follows:

vo\ /M
YLo T LT ( = 5)(»_(3‘) /KFN"\ 92)
PR/ \vr/ \Mr/
where
V1o *® converted equivalent weight logs of the nitrogen-oxygen mixture under orbital

conditions (Ib).
Since the weight of air icst during the test, wp T in equation 89, is determined for the

total test ‘ime, it should be 2xpressod in terms of a daily Lasis for determining the egquivalent
orhital leak rate. Therefore,

_ "L7I
Yurp T T 93)

where
wprp = daily weight of air lost during the test (b day),

r

total tesi time (days).

Equaiion 92 can then be expressed in *erms of a daily weight 12ss by the use of Equation 93.
Then

<4 7 M.v

=W Etmound w s
Lob ~ MLt (pKT[ \op) B

where

wiop = vonverted equivalent daily weight loss of the nilrogen-oxygen mixture under or-
hita' ~onditions {Ib day).

Using Equations §5, 86, 87, 93, aud 94 i conjunction wit™ the daty i Table XVIII, ite
leak rates are deterimined,
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Table XVIII. Ambient Atmosphere Leak Test Data

L] b d - ®
Test mt’}g““’%m r v |% | PBu | Pon |PGP" | Pan Pap’| Pac’| PaT
) (F) (days)] °F){ (b} | (in. Hg)|{in. Hg)|(psi) | (in. Hg)| (psia)| (psia) | (psia)
Volume X 7 [3.88(29.15 [15.30 [ 7.51{44.45 | 21.83] -- -
Determination
One-Day X 0 [ | -- {20.30 [20.40 [10.0249.70 | 24.41]24.32
Leak Test 23. 06
X 180 | - |20.10 |15.70 ! 7.71]4a4.80 | 22.09]21.80
Seven-Day X 0 (72 | o0 ([28.83 [15.40 | 7.56[44.23 | 21.72{21.84
Leak Test 21.88
X 7 |75 |7.75(20.15 [15.50 | 7.61|44.55 | 21.93{21.93

a
PGp

Pap

(460 + 75) 535pAP

0.4912pGy-  ®Pay “Ppn *Ponr Pap "

(See Equation 78.)

d -
PaCc "7460 + T

&0+ T

0.4912 PAn

Pact * PacF .
| -
PAir = 3 See Equation 88.)

The values in 7 ble XVIII used in determining the leak rate for the one-day leak test

are as follows:

Mach 0.89 (p'S 23 psia, Ap'= 9 psia).

Mach 1.00 (p' = 7.5 psia, Ap' = 7.5 psia).

tb/mole (air).

30 Ib. mole (50°¢ nitrogen, 50" oxygen).

Popy = 24.41 psia. T = lday.
T, = T0F, Vp 7
PAPF = 22. 00 psia. vo =
Tp = 80°F Mp = 29
PaT = 23.06 psia. My =
Wo = 0.
From Equation 86,
219 I0ARL_ 278.3 @4.41) | e
YI T 460 T, a60 + 171 T = .
From Equation 87,
-
. 218 30apF  278.3 2000 L3 1
TFO460 - I 460 . g0~ 7 )

From Equation 83,

W, s W
¢

it 55 S B
From Equition 93,
W

YL1D =0

LT 131

12.65 - 11.34 5 0

1,31 day,

144

= 1,31 1b.
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From Equation 94,

Yroo © YLD (;;)(vg) <WT) = 1.3 (fﬁ"" ) ((11 gg)('@) = 0.50 Ib/day.

The leak rate for the one-day leak test is therefore 1.31 Ib/day for air under ambient
conditions. The equivalent loss of the nitrogen-cxygen mixture under orbital conditions is
C.50 Ib/day.

The values in Table XVIII used in determining the leak rate for the seven-day leak test
are as follows:

Paopr = 21.72 psia. T = Tdays.
T, = 72°F. vp = Mach C.78 (p'* 22 peia, Ap'Z 7.5 psia).
Popp- 2193 psia. Vo = Mach1.00 (p' = 7.5 psia, &p = 1.5 psia).
- o -
Tp = 75 F. Mt = 28 1h/mole (air).
PAT = 21, 88 psia. My = 30 lb/mole (50% nitrogen, 50% oxygen).
w_ =17.751b.
C
From Equation 86,
278.3paAp1  278.3 (21.72)
Mg, T ae0.7z - L6
From Eruation 87,
o 218.3p4pF  278.3 (21.93) L4l b,
2 460 + Ty ~ 460+ 75

From Equation 85,

Wip = Wy - Wp - W, = 11,36 - 11,41 + 7.75 = 17,70 1b,

woon o= ==L 2 270 40 1p ‘day.
1)

From Equation 94,

. 7.5\ (Yo} My /7.5 (1.00) (30 .
wLOD - wLTD(pAT>< )(W(T) = 110 (Eiil—éhé) (bu"’a) (29) = 0,80 1p day.

The leak rate for the seven-day leak test is therefore 1.10 ibsdav for «ir under ambient
conditiona., The | uivaient loss of the nitrogen-oxygen mixture under orbital conditions is
0.50 1b day. Thus the equivalent leak rates under orbital conditicns are the same for the one-
day leak test prior to folding and puckagiug an {ur tie seven-day leak test subsequent to the
packaging test., The conclusion is then drawn that foiding and packaging have no degrading ef-
fects un the gas tightness of the composite tunnel wall, i.e., the pressure hladder.
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From Equation 94,
We o =W 7.5\(Y0\ (MN) _ 5, ( 1.5 )(1'°°)(§9) = 0,50 Ib/da
Lop ~ YLTp \pz \vy/\M;) = 7" \23708/\0.80/\20) = ™ y.

The leak rate for the one-day leak test is therefore 1. 31 lb/day for air under ambient

conditions. The equivalent loss of the nitrogen-oxygen mixture under orbital conditions is
C. 50 1b/day.

The values in Table XVIII used in determining the leak rate for the seven-day leak test
are as follows:

21.72 psia. T

7 days.

PApI

T, = 12°F, v

i Mach 0.78 (p'T 22 psia, Ap'= 7.5 psia).

PApF= 21.93 psia. Yo

]

Mach 1,00 (p' = 7.5 psia, Ap' = 7.5 psia).

o H
T 75°F. Mr

F

]
1}

29 Ih/mole (air).

21.88 psia. 30 1b/mole (50% nitrogen, 50% oxygen).

2
4
n

PAT

w

7.75 1b.
c

From Equation 886,

o =278.3pAp1 _278.3 (21.72) _
1 460 + T, ~  460+72

11.36 1b.

From Equation 87,

_218-3p,pp  278.3 (21.93) _

F 260+ T, 460 7 75 - 11.411b.

w

From Egquation 85,

w = W

LT "W

I *w, = 11,36 - 11,41 + 7.75 = 7.70 1b.

F
From Equation 93,

w
% e A [
WiTD S 4 T < 1.10 1b/day.

From Equation 9+, . 7

M
YLop © YLD (g}%) G%) (’ﬁ.%> = 1.10 (i%'gﬁ) (ilbf'gg)

The leak rate for the seven-day leak test is therefore 1.10 1b/day for air under ambient
conditions. The equivalent loss of the nitrogen-oxyg~n mixture under orbital conditions is
0.50 1b,/day. Thus the equivalent leak rates under orbital coaditions are the same for the one-
day leak test prior {o folding and packaging as for tiile seven-day leak test subsequent to the
packaging test. The conclusion is then drawn that folding and packaging have no degrading ef-
fects on the gas tightness of the composite tunnel wall, i.e., the pressure hladder.

(%) = 0.50 Ib/day.

145




E. CYCLIC PRESSURE TEST

1. General

The purpose of the cyclic pressure test was to establish the structural integrity of the
tunnel from the standpoint of durability with respect to cyclic loading intended to simulate
possible pressurization and depressurization cycles in orbital applications. The test con-
sisted of cycling the tunnel internal pressure from a vacuum to a pressure of 7.5 psig for 60
cycles in a short period of time while the structure was observed for possible deformations.

2. Test Procedure

The test arrangement was similar to the proof test with filtered inflation air supplied
by a shop air line except that a vacuum linc was also attached to the cover plate on the MSS
access hatch., Starting the test with the tunnel internal pressure at ambient atmospheric pres-
sure, the tunnecl was rapidly pressurized to 7.5 psig in approximately 20 seconds. After the
pressure was allowed to stabilize for a few seconds, the vacuum line was opened and the
tunnel was evacuated until the expandable wall started to collapse. The vacuum line was then
closed and the air supply line was opened to start the pressurization part of the next cycle.
This procedure was repeated until the tunnel had been pressurized 60 times.

3. Test Results

The ~ere no visual signs of rigid structure deformation during the test. At the com-
pletion of the test, no visible signs of any damage could be detected. The cyclic pressure test
together with the pressure proof test demonstrated the structural integrity of the tunnel.

F. VACUUM CHAMBER DEPLOYMENT TEST
1. General

The purpose of the vacuum chamber deployment test was to demonstrate the operational
aspects of the tunnel by a deployment and pressurization sequence performed under vacuumn
conditions of 10~4 torr and to establish the tunnel leak rate under the same conditions by a 24-
hour leak test. The test was intended to simulate packaging, canister ejection, and subsequent
tunnel deployment in orbit. The test was conducted in the Aerospace Environmental Facility
(AEF) 40 by 80 foot Mark I vacuum chamber at the Arnold Engineering Development Center
(AEDC), Tennessee. .

2. Test Procedure

The detailed test plan is presented in Reference 24, which was submitted to AEDC for
formal approval by ARO, Inc and the Air Force. The procedure discussed here is a resumé
of the procedure presented in Reference 24,

The test carrier with the packaged tunnel attached was lowered into the vacuum chamber
through the 22-foot diameter access port. This operation is shown in Figure 102. The pack-
aised tunnel was rotated into an inverted position for deployment so that the canister cover
~ould be jettisoned in the one-G environment. The instrumentation and controls were then
connected to the tunnel and the instrumentation penetration flange in the chamber wall. The
tunnel installation is shown in Figure 103, and the instrumentation flange is shown in Figure
104, After all of these connections were checked, the connections were made to the instru-
mentation control panel and the entire system was checked. The instrumentation coatrol
panel is shown in Figure 105. GAC-supplied equipment and instrumentation are shown in
Figure 106. The chamber was then sealed, and pump-down was started,

During the pump-down to 3 x 10-9 torr, the solenoid valves mounted on the access hatch

cover plates were actuated to allow the packaged tunnel internal pressure to decrease roinci-
dentally with the chamber pressure. This was done so that the elastic recovery action of the
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Figure 102. Tunnel Being Placed in the Mark I Chamber

meteoroid barrier foam as a deployment device could be evaluated. If the solenoid valves had
not been opened, the pressure of the entrapped gas in the packaged tunnel would have increased
sufficiently to deploy the tunnel to the desired configuration when the canister was ejected.
When the chamber pressure was stabilized at 3 x 10-5 torr, the solenoid valves were closed.
The pressure of the tunnel entrapped gas was 4 torr.

The canister caver was ejected by firing the nyrotechnic guillotines that cut the 12 canis-
ter separation screws, allowing the canister cover to fall into the canvas catcher. Canister
separction and ejection occurred as pianned, with the guillotines supplying enough separating
force 1o actually hurl the canister cover away, However, the elastic recovery action of the
foam ‘vas not sufficient to overcome the stittness of the packaging folds and shape the tunnel,
It was neceessary to pressurize the tunnel to about 0, 25 psia to completely expand it to the
proper design confipuration.

The tunnel was then further pressurized to 7.5 psia with carbon dioxide. After the pres-
sure, temperature, and growth had been allowed to stabilize for almost two hours, thc 24-hour
leak check was started. During the test period, the tunnel pressure and temperature and tiie
chamber pressure were monitored and recorded. At the end of the 24-hour test period, the
chamber pressure was allowed (o return to ambient.  When the chamber pressure reached the
internal tunnel pressure, the solenoid valves were again actuated to allow the tunnel internal
pressurz to increase with the chamber pressure. This was done to prevent the tunnel from
being crushed against the test carrier and the lower canister part, When the Mark I chamber
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Figure 103,

Packaged Tunnel Installation in Mark I Chamber

Figure 104, Instrumentation Flange
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Figure 105. Instrumentation Control Panel

Pigure 106, GAC-Supplied Test Enuipment and Instrumentation
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Figure 107. Tunnel Pressurized at 2 PSIG after Depivyuicun Tesi

pressure reached ambient atmospheric pressure, the solencid valves were closed, and the
tunnel was pressurized to 2 psig with carbon dioxide. The chamber access hatch was then
opened, and the tunnel was examined for damage. The tunnel pressurized to 2 psig after the
ieak test was completed is shown in Figure 107. There were no visible signs of damaoge to the
tunnel as a result of the vacuum chamber deployment test.

3. Test Results

The packaged tunnel in the evacuated Mark I cha:uber just prior to deployment is shown
in Figure 19. The chamber nressure was 3 x 10-9 torr, and the packaged tunnel internal
pressure was 4 torr., Ten minutes before the deployment sequence was initiated, the lighte
were turned on in the chamber so that photo coverage of the test could be made. At that time,
the chamber pressure was 1.2 x '0-5 torr. When the canister was jettisoned with a complete
and very rapid separation, the elasiic recovery action of the comipesite wall foam was not suf-
ficient to shape the tunnel. The deployed unpressurized tunnel is shown in Figure 20. It was
necessary to pressurize the tunnel to about 0. 25 psia to completely expand it to the Jdesign
configuration. Sequential pressurization is shown in Figures 21 through 23.

The 24-hour leak test was started after the tunnel pressure and temperature had been al-
lowed to stabilize for almost 2 hours. The exact pressures 2nd temperatures at the beginning
and the completion of the test are given in Table ¥IX. Thne actual stabilized tunnel pressure at
the beginning of the 24-hour period was about 7.7 psia. The pressure had decreased to7 psiaat
the conapletion of the test. During the test period, the Mark I chamber pressure, which had
risen to 5.5 ¥ 10~ torr during the tunnel pressurizationwith the lights on, decreased at a
nearly linear rate to 2.4 x 107° torr.
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Table XIX. Vacvoum Chambur Leak Test Data

TR 1 Pamv Pam | Pan® | Pap® | Pac®| Par®
1)) (F) °F) {torr) (torr) (in. Hg) | (psia) | (psia} | (psia)
X 90 5.5x 10-9 397 15.63 7.68 | 7.47 .

X | 92 2.4x10°5 | 362 s | e | s |
“pamy = the Mark I vacum chaniber pressure.
bpag = 0.03937ppp.
€ pap = 0.01934nsp,

= 0.4912pp 5.

d PACs tuniel internal pressure corrected to a reference temp of T5°F,

p (460 + 75) 535p
= Ageo —— =T fg . (See Equation 78.)
- Pact + PacrE
‘PAT = "LI‘E—&L (See Equation 88.)

The same procedure is used to determine the leak rate for the vacuum chamber test as
was used for the ambient atmosphere leak tests. The weight of carbon dioxide gas in the pres-
surized tunnel at both the beginning and completion of the leak test is determined from the
equation of state of an ideal gas. The weight of gas lost during the 24-hour periad is then the
daily iean 1atc. The test leak rate is converted to an egqnivalent leak rate of a niixture of 50
per~ent nitrogen and 50 percent oxygen at a pressure of 7.5 psia and a reference temperature
of 759F, simulating orbital conditions. The tunnel interna! pressure used in converting the
leak rate is the average test pressure corrected to the reference temperature of 75°F.

The leak rates are determined by using Equation= 85, 86, 87, 93 and 94 modified by the
use of R = 35, 13 ft~1b/1b-OR for carbon dioxide instead of R = 5§3. 30 {t-1b/1b-OR for air, and
with w_ = 0.

c

The values in Table XIX used in determining the leak rate for the vacuum chamber leak
test are as tollows:

Papr = 7,68 psia.

T, = 90°F.

PApF = 7.00 psia.

T = 82VF,

Pap 7.12 psia.

T = 1 day.

Vp = Mach 1.00 (p' 7 pmua, Ap' T 7 psia).
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Mach 1.00 (p' = 7.5 psia, Ap' 7.5 psial.

-«
b

0
M = 44 lb/mole (carbon digxide).
MN = 30 Ib/mole (50% nitrogen, 507 oxygen).

From Equations 86 and 87 with R = 35. I3 ft-1b/1b-“R,

Y oM (ppPt09)  422.2Pppr  422.2 (1.68) _ . oo
1= 3513 (4607 T) ~ 460 + Ty ~ 460 + 90 U0

o - 122.200pp 4222 (7.00)
F=480+ Tp 460 + 92

From Equations 85 and 93 with w, = Cand 7= 1,

= 5,35 1b,

VLT
Wiep = —3 = Wy~ Wp = 5.90 - 5.35= 0.55 1b/day.

From Equation 94,

M ) ,
7.5\ [ Yo\ {Mn\ _ 2.5) (LOVAN g g
YLop © YLTD (pgT) (\v,;,/’\m,,,) = 0.55 (73 (1.00)\44} = U.4v ib/0ay.

The leak rate for the 24-hour leak test is then 0.55 lb/day for carbon dioxide under
vacuum chamber test cusditions, The equivalent loss of the nitrogen-oxygen mixture under
orbital conditions is 0.40 1b/day. This leak rate compares quite favorably with the leak rate
of .50 !b/day established by the Lmmbient atmosphere leak tests; being only 80 percent of the
ambient atmosphere test value. The conclusion, therefore, is that the vacuum environment
has no degrading effects on the gas tightness of the pressure bladder of the tunnel composite
wall.

. ZERO-G FLIGHT TEST

The purpose of the iiight tests is iunnel evaluation and check-out from a human factors
standpoint under conditions of no gravity (zero G). The flight tests will be conducted at.
Wright- Patterson AFB in the KC-135 zero-G aircraft, which is capable of simuiating zero-G
in multiple trajectories, each up to 30 seconds in duration. During these tests the tunnel will
be unpressurized and wili depend entirely on the inherent stiffrexs of the composite wall ma-
terial to maintatn the expanded tunnel geometry. Transfers will be conducted in both pressur-
ized and nonpressuriced space suits from both ends of the tunnel, simulating either exit from
or return to either the MSS or the Gemini capsule. The astronaut will be encumbered by um-
buical cables tu determing tneir eilect un {rausier,

The objective of these flight test. will be to _neck out the tunnel geometry and the loco-
motion devices and interior lighting needed for ¢ifective iransfer through the tunnel, In addi-
tion to ascertaining man’s ability to transfer through the tunnel in zero G, thc ability to trans-
fer equipment will also be evaluated. In this respect, simulated equipment packages of ap-
proximately one cubic foot in volume will be used. & addition, tests wili be conducted to de-
termine whether or not an incapacitated astronaut can be transferred through the tunnel by
another astronaut. The final area to be evaluated is man's ability to use the GAC repair it in
zero G io repair simulated tunnel damage.

Since the tunnel expanded geometry and locomotion aids were prescribed by the simulated
tunnel mock-up previously used successfully to demonstraie wero-G transfers, no m2jur prob-
lems are anticipated in reiard to the test flights. The results c. the flight tesis will be re-
ported in Part HI of tiiis report.
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

A, CONCLUSIONS

Under this contract, the design aspects of an expe  dable modular crew transfer tunnel
were investigated, and practical solutions were evolved. A preliminary detailed design with-
in the current state of the art was then executed, and a prototype tunnel wus fabricated. Pre-
liminary qualification testing was conducted on the prototype tunnel to estabiish the feasibility
of the design for appiicaiion to acidai space missions. Tae tcating srogram involved deter-
mination of the structural integrity and gas tightness of the structure and evaluaticn of opera-
lional aspects of the design.

The design was oriented specifically toward operational and packagii.y fntegration with
the Geinini- MSS vehicle, with a minimum amount of vehicle modificatior. and a minimum ef-
fect on vehicle operation and flight characteristics as design goals. The preliminary design
features an expandable tunnel that when folded and prepackaged as a unit in the packaging can-
ister, can be delivered to the launch pad as a module and is attached to the launch vehicle only
at the Gemini and MSS hatch locations with quick-disconnect fasteners. In the event of mis-
sicn abort, the entire tunnel system can be jettisoned as a unit. leaving the Gemini hatch clear
f~r astronaut ejection. The packaging canister is designed to present a minimum drag area
when the packaged tunnel is attaciied to the vehicle in the launch configuration. Detail design
of the canister for specific mission applications with the attendant aerodynamic i.ads and aero-
dynamic heating involved was beyond the scope of this program effort.

The supporting analysis portion of the program, which was conducted in conjunction witn
the design effort, gave emphasis to the following:

(1) Thermal analysis indicates that the tunnel internal temperature can be maintained
at a comforiable leve! by the use of nassive thermal control coatings for most pos-
sible orbits and tunnel orientations. The same coatings will also maintain the tem-
peratures of the tunnel structural eleme:us within the thermal limits of material
capabilities.

(2) Structural analysis indicates that maintaining safety factors of five on the expand-
able material and three on the hard structure presents no problems with the use of
existing materials and fabrication techriques.

(3) Enwironmental hazards analysis indicates that (he tunnel material has a reristance
to high energy space radiation considerably in excess of the expected mission dosage
wiih no significant degradation,while providing micrometeoroid protection with a
probability of zero penetrations ‘or a 60-day mission of at least 0,995.

(4) Materials selection, wnich included the investigation and selection of the most de-
sirable fabrication techniques and the sample quzlification testing ot canaidate
materials and processes, was instrumental in establishing the materials designated
for use in the tunnel design. The selection resulted in the use of materials that have
been proved satisfactory from stardpoints of structural integrity, abrasion resist-
ance, fabrication applicability, and resistance to environmental conditions. The
latter group includes resistance to radiation dainage and micrometeoroid penetra-
tion, good permeability and nontoxic off-gassing characteristics in vacuum condi-
tions, and thermal capabilities within the limiations established by the passive
thermal control coaung.
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The prototype tunpel preliminary qualification testing program was successie o the
following areas:

(1) The practicality of the launch configuration of the tunnel was established by packag-
ing tests, which determined the most efficient folding procedure to achieve a mim-
mum packaging height. The packaging tests also established the inherent stiffness
of the composite wall material hy demonstrating that the tunnel mal...ains its design
configuration i. a non-pressurized condition even after repeated folding and pack-
aging operations,

(2) The structural integrity and durability of the tunnel were established by the pres-
sure proof test and the cyclic pressure test. The prototype tunnel was pressurized
for seven days at 10 psi, 1.33 times the 7.5-psi design pressure, and then subjected
to 60 cycles of pressure loading. Each cycie consisted of evacuating the tunnel to
an internal vacuum condition and then pressurizing the tunnel to the desipgn nressure
of 7.5 psi in approximately 20 seconds, At the completion of these tests, no signs
of excessive deformation or damage could be detected.

(3) The leak tightness . the tunnel was established by a one-day leak tesi prior to
packaging, a sevei.-day ambient atmosphere leak test subs. quent to the packagiug
tests, and a onc-day leak test in a vacuum chamber at an average pressure of 4 x
10-5 torr following the vacuum chamber dep'oyment test. Both the one-day and
seven-day leak tests under ambient conditions established leak rates converted to
orbital conditions of 0.5 1b/day, which is only one-hail U.e allowed value, indicating
that folding and packaging have no adverse effects on the leak rate. The one-day
vacuum chamber leak test established a converted leak rate of 2.4 1b,/3ay, Subistu -
tiating the results of the leak tests under ambient conditions.

(4) The vacuum chamber deployiient test successfully demonstrated the operational as-
pects of canister separation and tunnel deployment. The deploymant test at a vacuum
chamber pressure of 3 x 10~° torr resulted in a clean and very rapid canister sep-
aration and ejection and a partial deployment of the packaged tunnel with no internal
pressure. A pressure of about 0,295 psia was necessary to completely expand ihe
tunnel to its design configuration.

Finally, the prototvoe tunnel will be evaluated and checked out from a human facfors
standpoint under conditions of no gravity by tests sirnulating aclual transfcrs in the KC-135
zero-G aircraft at Wright- Patterson AFB. Since zero-G flight tests have already been suc-
cessfully perforimed in a simulated tunnel wooden mock-up, no problems are anticipated in
this area.

The results of this program effort show that every develonment objective has been met.
The expandabie Gemini to MSS modular crew transfer tunnel is entirely feasible and within
the preaent state of the art. In addition, the materials and fabrication techniques used in this
program have demonstrated characteristics that should make them attractive for other expand-
able space structures applications. The characteristics of nrimary interest include leak tight-
ness, structural integrity, resistance to the effects of space environment, packagability,
ability to be integrated with "hard" structure, and adaptability to desired geometric configura-
tions,

B. RECOMMENDATIONS

In view of the results of the preliminary design, prototype fabrication, and preliminary
qualification testing program, further detailed definition of the design and extensive qualifica-
tion testing, culminating in operaiicnal space-qualified and man-rated flight hardware via an
unmanned space flight, are recommended. Specifically, the following efforts are recommended
as a logical extension of the picrram:
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(3)

@)

Direct further detailed design efforts toward reducing the packaging height and
launch weight of the preliminary design.

Initiate studles of spccific mission applications with respect to the cesign of delindte
passive thermal control systems associated with specific orbits and orientaticns.

Construct scale-model canistc. s and conduct wind tunnel tests to determine aero-
dynamic loading and heating characteristics on the canister ard to determine canis-
ter effects on the vehicle system flight characteristics.

Construct several full-scale tunnels for extensive qualification testing and installa-
tion compatibility checks. The testing program should terminate in an unmanned
test flight to establish the tunnel as space-qualified and man-rated flight hardware.

In line with these recommendations, a program development plan i8 included in Section
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SECTION VI

PROGRAM DEVELOPMENT PLAN

A. PHASE O - EXPANDABLE TUNNEL PRELIMINARY QUALIFICATION

The tunnel prograr development plan is shown in Figure 108, The Phase I program is
scheduled for completion in six months. During the program, wind tunnel tests will be rup on
the Gemini- MSS vehicle with a ~anister to determine the aerodynamic loads and heating on the
cansster and the effects of the canister on launch vehicle aerodynamics., A full-scale transfer
tunnel will be fabricated using the Phase I design with a modified canister. During Phase III
the tunnel will be used as & mock-up and also to run design proof tests of breadboarded subsys-
tems,

Operational analysis tesis will be run using the cxisting tunnel model to determine the
most feasible methods for deploying the tunnel from both a mechanical and a human factors
viewpoint. Emphasis will also be placed on defining the MSS-tunnel integration requirements.
Work will also be started on defining subsystein z2reas and writing preliminary specifications
for each area. Where necessary, prccuremert specifications wili be prepared to shorten the
procurement cycle in Phase II. The object of the Phase II effort will be to obtain the neces-
sary design and test data to complete a 1irm base-line design.

B. PHASE Il - EXPANDABLE TUNNEL QUALIFICATION PROGRAM

Phase I includes final detailed design of the tunnci, fauricaiton of five wiits, final
ToiNienion t eting ay ) delivery

1. Final Design

Fuase [l deti'led design is scheduled to stait the seventh month, and by the end of the
iwelfth month, the final deswen wiil be completed and all drawings will have been released to
the shop. During 'h> design program, deployment tests will be run using the tunnel fabricated
in Phase II. The effort will inciude astronaut locnmotion tests, vision and lighting tests, latch
operation tests, otc.

2. Fabrication

Pians now call for five units to be fabricated. Uniis No. 1 and 2 will be used for system
qualification tests. Unit No. 1 will then be shipped to the launch site to be used for compata-
bility cheeks,  Untt No. 3 will be used for the fligint test, and unit No, 4 will be used as the
spare, The fifth unit will remain at GAC as backup hardware,

Fabrication of the tooling and handling fixtures will start in the tinth month, Five sets
of soft tooling will be required, one for each unit fabricated. Tiere is a possibility that an
expandable mandrel couid be fabricated and reused, thereby eliminating two sets of soft (ool-
ing. The last set of tooling must be completed by the sixteenth month in order to start fabri-
cation of the last flight vnit by the middle of the nineteenth month, The fabrication area must
be excewtionally vlean and free from all types of debris (dirt, metal shavinga, dust, etc), and
the humidity and temperature must be controlled. Therefnre, a specific area will be set aside
and imiproved for the labrication of the tunnel units.

3. Quality Control and Reliability
A full-fledged reliability and quality control program will be conducted during the Phase

I design, fabrication, andtesting to provide tiue maximum degree of assurance that the tunnel
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units will satisfactorily meet al! test cbjectives. A more detailed set of procurement and sys-
tem specifications will algo be prepared during the Phage II program.

4. Testing

The test program will be designed to space-qualify the hardware prior to the flight test.
The tests will include standa.d component and subsystem qualification, launch s. ~uiation and
environmental tests, electro-explogive separation and abort deploy nent icsts, and pr« ssuriza-
tion tests of the expandable crew transfei tunnel.

5. Delivery

The compatibility unit (No. 1) will be shinped to the launch site at the end of the eighteenth
month. The flight hardware unit (No. 3) will te delivered the end of the twenty-t' ird month,
and the flight unit spare (No. 4) wiil be shipped on the twenty-fourth month after program go-
ahead.
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sure leai testiang in a vacum chamber at ar average vacuum of 4 x 10-5 mm Hg for
one day estabiished & leak rate of Q.40 1lbsday of inflation gas under crbital cor-
ditions. Tunnel deployment testing in a vacuum chamber confirmed the opersticnsal
agpects of the design. Fabrication of an operational expandable crew transfer
tunnel, which is estimated to weigh 375 nounds iaclvding the packaging canister, is
entirely feasible and within the present staie of the art,
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