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FOREWORD

‘This document is the Large Spate Structures Fabrication Experiirlent Final
Report. It;is the final documentation of the work accomplished under NASA
‘Contract NAS 8-32471.

The study was conducted from 14 February 1977 to 25 January 1978 by the
"Advanced Space Programs organization of Convair Division of General Dynamics.
The study team operated under the technical direction of Hill‘M. Walker of the

Process Engineering Division, Chemical and Non-Metals Procésses Branch (EH 43)
at Marshall Space Flight Center.
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A primary feature of graphite composite materials is their capability to be tailored
to give near zero coefficient of thermal expansion in chosen directions of interest.
This feafure is embodied in the laminate selected for this study. The laminate
has longlmdmally unidirectional graphite fibers sandwiched between thin serim
glasscloth, In addltmn to modlfymg the laminate thermal expansion prop- )
erties, the glasscloth serves the purpose of preventing fiber spreading of the
graphite during the pressures of hot roll forming. In large scale production of
material, modifications fo laminate design to incorporate consolidation by weaving,
both in the body and the selvedge, can be effected to good advantage while retaining
basic desirable properties. The laminate outer surface carries a thin thermoplastic
film impregnated with titaninm dioxide for thermal control.

Principal features of the beam fabrication machine shown in the accompanying illustration are
as follows. Six reels of strip graphite/thermoplastic (GTP) material feed the forming

units which produce three continuous cap section members and the beam cross-

members., The cross-members are cut to length, positioned, and ultrasonically

welded in place.” Each bay of the beam is diagonally braced by crossing cords.

These are dispensed and tensioned by an oscillating arm mechanism. The cords

are fastened by welding them between the contact surfaces of cross members and

caps. Differential cord tensioning is used to correct any inherent twist in the

beam. Straighiness within construction tolerances is achieved by synchronized cap
extension.

The major study outputs are the conceptual design of a Shuttle flight experiment
for on-orbit beam fabrication, and the preliminary.design of a ground demonstration
beam fabrication employing the rolltrusion process with GTP.
~The-study-has—shown-the following:™

1. The rollfrusion process is well adaptable to on-orbit operation.

2. Complexity of the proposed flight experiment is suitable to the proposed time
frame - March 1982,

3. No high-risk development is foreseen.
4. The Large Space Structures Fabrication Experiment (LSSFE) makes an excellent,
affordasble, Shuttle experiment payload.

It is therefore recommended that NASA consider formalizing I.SSFE as a Shuttle
experiment payload for first flight in 1982.



SECTION ]
INTRODUCTION

Preliminary space systems studies for the Space Shuttle era have focused aftention
on the need for deployment of very large space structures for a variety of poten-
tially beneficial missions. Applications include communications, navigation, re-
sources and environmental survey, area illumination at night, border and coastal
water survey, and space platforms that provide common structural and opera-
tional support for various mission devices and facilities over long time periods.
Of particular interest are envisioned satellite solar power stations that use
inexhaustible solar energy flux to economically augment electrical energy supplies
when terrestrial energy resources become inadequate or depleted.

A survey of preliminary struc-

tures arrangements for these

systems and others reveals a

substantial “structural common-

ality. They are, with few excep-

tions, open truss and surface

structures arrangements, ARRAY
(Figure 1-1). This fact sim-
plifies the development of a
universally applicable orbital
fabrication technology. The
development of such technology
appears essential for economic
systems viability in construction
and in maintenance during the Figure 1-1. Solar Power Collector Construction
operational phases, which may Detfail

streteh over decades.

REFLECTOA

) I\
: SULAHCE\LL\’

. BLANKETS |

SUPPOAT
FRAME

Orbital fabrication technology should be, to the highest degree passible, generally
applicable to all large space structure truss arrays. It should permit simple
initial component deployment from the Space Shuttle payload bay or a free-flying
fabrication pallet. Subsequent fabrication and assembly should use the initially
erected structural elements as a reference for the assembly of subsequent elements
and installation of other subsystems.

The most critical considerations for large orbital arrays, aside from those of high

reliability and very long life, are dynamic and thermal response. Cumulative dis-
tortions due to thermal gradients in large arrays would cause major transient
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geometric changes that impair performance of space systems to varying degrees.
Large structure arrays of the type considered are inherently flexible and there-
fore exhibit long-period dynamic response to sharp temperature changes as they
leave and enter the earth's shadow. The same pertains to excitation by docking
forces, and thrust forces for orbital transfer and for control. This low_dynamic
natural frequency might have modes nearly resonant with pointing control fre-
quencies. In combination this could lead to very complex and costly dynamic
control systems.

Aside from the operational and dynamic control problems alluded to above, thermal
expansion and contraction pose serious problems during construction in low earth
orbit as the partially built arrays enter and leave the earth's shadow, particularly
when docked supply vehicles and other masses such as manipulators are attached
to the array. It would be difficult to quiet such arrays, and, with masses attached,
serious strength problems could arise. It is therefore mandatory for the designer
to select structure arrangements with the highest possible and practical stiffness,
and materials with the lowest coefficient of thermal expansion combined with
highest stiffness/density ratio. This requirement leads to the consideration of
composite materials with graphite fiber reinforcement. Since the structural
members must be shaped in space from basic material (strip) stock, graphite/
thermoplastic, with its ready heat formability without loss of inherent stiffness/
strength, is a natural choice.

Based on the above considerations and prior Convair experience in advanced
composite material fechnology, particularly in graphite/thermoplastic hot forming
development, this study was directed at conceptual solutions—to-the -problems—

- -associated With on-orbit fabrication of large space composite structures, their
materials and processes.

STUDY OBJECTIVES

The primary objective of NASA's Space Structures Program is to acquire the
necessary knowledge and techniques for on-orbit fabrication and assembly of
large space structures. Specific supportive objectives of this study were:

1. Conceptual design of a large space structures flight experiment.

. 2. Preliminary design of a large space structures element fabrication machine
for on~ground operation and proof of concept.

1-2



GROUNDRULES AND ASSUMPTIONS

The following groundrules and assumptions were made to scope the study tasks.

1. The dimensions of the experimental beam to be fabricated on orbit are
assumed to be an equilateral cross-section one meter high and 100 meters
long. See Figure 1-2 for typical details.

CAP'SECTION CROSS-MEMBER DIAGONAL
SECTION

R=3mm 1.0 mm DIA,
l S-GLASS ROVING

o0 mm | POLESTLFONE
gor  90°}°" ™™ NIPREGNATED
I—-m mm-‘ l BREAKING

FORCE = 980N
t=0,7l mm
. WEICHT = 1.0.g/m

MATY: GRAPHITE/ MATI; GRAPHITE/
POLYSULFONE POLYSIUILFONE

]

: |
bn L 434 mmened

BEAM WEIGHT = 1.00 kg/m TOTAL BEAM LENGTH = 100m

Figure 1-2. Beam Configuration Requirements Data

2. The beam members will be formed of graphite/thermoplastic material
by means of the "rollfrusion' technique developed by General Dynamics.

3. Fabrication processes developed for beam members will be applicable to
all future large space structures to the greatest extent possible.

4, The ground fabrication machine to be preliminarily designed will be func-

tionaily identical and physically similar fo the machine concept developed
for eventual flight experiment.

5. The on-orbit fabrication flight experiment will be assumed to be a payload

on & Shutfle flight in March 1982. The mission will be accomplished in
one shared flight.
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6. The machine will be supported by the Spacelab pallet,

7. The experimentally fabricated beam will be sectioned and returned to earth
for examinmation and festing as part of the flight experiment.

8. On-orbit dynamic and thermal response tests will be performed as part of the
flight experiment.

9. Intexfaces with the Shuttle will be governed by JSC 07700, Volume XIV.

10. The Spacelab design concept to be used is the European Space Agency (ESA)
Spacelab baseline as defined in the Spacelab Payload Accomodation Handbook,
Review Issue, PDR-B 1976, with subsequent updates.

STUDY FLOW PLAN

The study comprised three major tasks, namely:
S A materials and processes study for characterization of process variables
and materials performance.

Hi. A conceptual design for a Shuttle flight experiment and its associated
requirements.

V. The preliminary design of a beam fabricator incorporating rolitrusion
shaping and joining devices for the purpose of ground demonstration.

Note that Tasks II, Beam Element Joining, and IV, Shuttie Interfaces, were deleted from
the original study proposal owing to funding limitations. The task numbering system was
retained for documentation consistency.

Figure 1-3 illustrates the basic elements of the study flow. The main line of
progression is through Task II, wherein the eventual Shuttle flight experiment
is conceptually designed, and through Task V, wherein the ground demonstration
machine is pre-designed with relevance to the flight article, leading fo the study
output data.

Task I provided the selection of a graphite/thermoplastic laminate best suited to
the space environment and the rollirusion fabrication process. General Dynamics
-scheduled a substantial IRAD effort for 1977 in this area. Material tests relevant
tc this ftask were closely coordinated for maximum usefulness. Processing re-
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REVIEW REVIEW FINAL REPORT
NASA APPROVALS: A A A a L

Figure 1-3. Study Flow Plan
quirements for forming and joining were evaluated to guide the design of the
experimental space fabrication machine. Basic materials ‘and processes to be

input to Tasks I, and V were selected in conjunction with NASA by technical
review.

The major task of conceptual design of the flight experiment was performed in
Task III. Concepts for the total experiment system approach were evolved and
compared. Related sysitem factors of Shuttle environment, eventual operational
usage and maximum usefulness of experiment results were considered. Operational
procedures and requirements were examined and cost factors evaluated.

3
The outputs of all prior tasks were input to Task V for the preliminary design of
a fabrication machine for ground operation.

Several reviews for NASA approval of study results are shown in Figure 1-3. An
interim brochure and a final report have been prepared.
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- STUDY SCHEDULE,

A top level study schedule is given in Figure 1~-4. Duration of the three maijor tasks is -
shown, together with decision points for concepts development.

NASH-3Z4 71

1977
MialM|a{Jd|lAalslio|lnNn!lD

ITEM

3.1 Task I: Prelim Matls & Proc Feas Study

Preliminary material selection O
Heating-method selection 2
Final material selection ; i
Preliminary machine design rqmts

3.3 Task lll: Conceptual Design of FIt Expt

Preliminary concept selected Jx

Final concept selected 1‘3
3.5 Task V; Machine Predesign for Grnd Opn
Machine design specificatian i
Final predesign layouts & definition T
Fa¥ Fa¥

3.6 Reports A A A 1A A A |A

Material selection & design-rgmts review* A )
-Design:iconcept review (mid-term}t A .
Final design & study reviewt ] &

*At GD San Diego
TAt MISFC

Figure i~4. Overall Plan, Milestone, and Decision Schedule

UNITS

ST units have been used as the primary reference in this volume except where
original source quotations are given.,
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' SECTION 2

MATERIALS AND PROCESSES

Objectives of the materials and processes study were to establish the materials

-- requirements, characterize the selected material, study established manufacturing
processes, and recommend the manufacturing methods to be used in a fabrication
machine predesign for an on-orbit fabrication experiment in large space structures.
The tasks were structured around advanced graphite fiber reinforced thermoplastic
material and the unique rolltrusion concept for fabrication first demonstrated by
General Dynamics in 1975 and currently the subject of a patent application.

2.1 MATERIAILS

Composite materials, by their very nature, are capable of being tailored to
specific property requirements. At this early stage of large space structures
development a definitive set of structural requirements has yet to be set for a
major application. Howevér, there are certain generic characteristics that an
appropriate composite material should possess, namely:

1. High specific stiffness (E/p) for structural efficiency.
2. Coefficient of thermal expansion close to zero.

3. Low cost for volume production.

4. Workability at any stage of fabrication.

5. Easy automated joining process

6. Low probability of interlaminar separation during forming.
7. Negligible outgassing

2.1.1 PHYSICAL PROPERTIES. A survey of the pertinent literature on graphite
and Kevlar reinforced thermoplastics was conducted (References 1 fo 11 in Table
2-1). Most of the work to date has been on A-S/P1700 graphite/polysulfone in
the form of unidirectional tape. A very extensive design data program was run
on this system by the University of Dayton Research Institute (Reference 1), and
some property data is shown in Table 2-2. The Dayton study was conducted on
prepreg provided by Hercules, A-S/B{)O&L, which is the Hercules designation for
A-3/P1700, Extensive process optimization work has been conducted at Convair
(Reference 5), and improvements should be readily obtainable with an optimized
time-temperaiure-pressure cycle. '

Samples of Type A-S/P1700 graphite/thermoplastic composite laminate submitted by
Convair to NASA-MSFC in 1975 were tested to the requirements of the ATM Specifica-
tion 50-MO-2442. The samples were heated to 100°C in a vacuum, No outgassing
products were collected and this material is considered acceptable for space applications.
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The literature contains little data on P1700 polysulfone reinforced with other

-graphite fibers.
Technologies (Reference 11) on HM-S/P1700.
wound material and is not directly applicable to this study.

There is a large continuing effort being conducted by United
However, that effort is on filament

Included in Table 2-2

is some Boeing data (Reference 2) on P1700 reinforced with HM-S, T-300, Modmore

I, and Modmore II.
sent what would be obtainable after a concentrated effort.

This is very preliminary data, and probably does not repre-

Of this data, the HM-S/

P1700 is closest to what would be anticipated based on typical graphite/epoxy test
results.

3.

10.

11.

Table 2-1. Reference Literature

University of Dayton Research Instituta, "Mechameal Property Data
AS/3004 Graphite/Polysulfone Composite, " Afr Force Materials
Laboratory, Contract F33615-75-C-5085, November 1976.

Hoggatt, J. T., "Study of Graphite Fiber Reinforced Thermoplastic
Composites;' Boeing Co. Report No. D180-18034-1, Naval Air Systems
Command Contract No. N00019-73-C-0414, February 1974.

Generzl Dynamics Conwair Division, "Manufacturing Methods for
Fabrication and Assembly of Advanced Composite Primary Structure,
alr Foree Materials Laboratory, Report Mo. AFML~-TR~75-111,

July 1975.

Vogsg, D. K., "Composite Fabrication with Graphite-Reinforced
Polysulione Prepreg Tape," Atr Force Materials Laboratory,
Report No, AFMI-~-TR-74-217, November 1974,

Hettz, J., et. al., *"High Temperature Graphite/Thermoplastic
Composites, " Gereral Dynamics Convarr Division, Report No.
CASD-ERR~76~015, December 1976,

Hilzinger, J. E., et. al,, *Advanced Composite Materials Evaluation, "
General Dynamics Convair Division, Repori No. CASD-ERR-75-037,
December 1975.

Merz, P. L., "Development of Graphite Remforced Thermoplasde
Technology, " General Dynamics Convair Division, Report No. CASD-
ERR-T4=-043, December 1574.

Bauer, J. L., et. al., "Advanced Composites Matenials Technology,”
General Dynamics Convarr Division, Report No. CASD-ERR~-T74-053,
December 1974,

Maximovitch, M. G., "Thermeplastic Composite Development, "
Generzl Dynamics Convair Division, Report No. CASD-ERR-T3-032,
December 1373,

Hoggatt, J. T. and Vor Volkii, A. D., "Evaivaticn of Reinforeed
Thermoplastic Composites and Adhesives,™ Boeing Co. Report No.
D180~-178G3-3, Controct N00019-74-C-02268, March 1975.

Novak, R. C., "Graphlite Remnforced Thermoplastic Resins," Umted
Technologies Research Center, NASA Corntract NAS3-17833, Report

No. NASA CR-134831, July 1975, b

Some testing has been con~
ducted at Convair (Reference T)
on graphite fabric (Style W-133)
reinforced P1700. That data in
addition tc data on the same
graphite fabric with epoxy resin
is shown in Table 2-3. Graphite/
epoxy data on other styles of
graphite fabric are also pre-
sented in Table 2-3. The test-
ing of graphite fabric reinforced
polysulfone compares favorably
with that of graphite fabric rein-
forced epoxy.

Ideally, a single ply, full-thickness
fabric would be desirable for in-
space processing. This would
eliminate the ground compaction
step necessary with unidirec-
tional tape layups and would
eliminate potential local ply
separation during in-space form-
ing. The graphite fiber should
ideally be a high modulus fiber
which is inexpensive. At this
time, Convair is considering
HM-5 fiber as the baseline for
woven fabric because of its high
modulus, past history, and avail-
ability. Other fibers being

considered are Modmore I, Fortafil 5, and Thornel Type P. The latter is Union
‘Carbide's pitch base fiber. At present, this fiber has the proper modulus, but rather
low strength. Testing at Convair on Thornel P/934 graphite/epoxy has demonstrated
the ability to translate the fiber modulus into composite modulus. With the low cost
projections for pitch fiber, however, it becomes a leading candidate for in-space pro-
cessing,
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Table 2-2, Test Resulis on Unidirectional Graphite
Reinforced P-1700 Polysulfone

- Fiber
Composite Properties Type A-5 *] HM-S T-300 Mod, I} Mecd. It
Loongitudinal Tensile Strength, kst 188 175 153 90 100
Longitudinat Tensile Modulus, msi 16.3 3.5 20.0 29 21
Longitudinal Poissons Ratio 0.34
Transverse Teasile Strength, kst 5.0
Transverse Tensile Modulus, msi 1.15
Transverse Poissons Ratio 0.024

Longytudinal Compression Strength, ksi| 102

Longitudinal Comp ression Modulus, msi| 17.3
Transverse Compressicn Strensth, ksi 18.9
Transverse Compression-Modulus, msi | 1.60
In-plane Shear Strength, ksi 16.0 9.3 11.6 8.9 10.6

In-plane Shear Modulus, msi 0.56

* Daza from F33615-75~C-5085 (Reference 1) and based on panels having
fiber volume of-37 to 58 percenz. All other data from N0G0019-73-~C-0414
(Reference 2) and 13 normalized to 60 percent fiber volume,

2.1.2LAMINATE DESIGN. Three forms of laminate design have been considered
for large space siructures use:

1, Hybrid of 0° graphite tape sandwiched between thin layer of glass or
Kevlar fabric.

2. Single ply of specially woven fabrie,

3. Multiple laminate

All three formns have the promise of doingthe job efficiently. Each has pro's and
con's as follows:

1. S_andwiched 0° Tape

This concept uses several plies 0° pitch graphite sandwiched between
single plies of 104 or 120 glass cloth. The number of 0° plies and the
thickness of cloth are determined by siructural requirements (loads and
-stiffness),
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Table 2-3, Typical Properties of Graphite Fabric Reinforced Composites

Fabric
Style
mﬁggﬁ’f‘ﬁ“ . Fiberite |-Fiberite | Fihetite | Fiberite | Fiberite
A N W~133 W~-133 W-134 W-176 W-135

Type of graphite 1 r-300” | T-s00 T-300 | T-300 | Modmorm
Filaments per yarn 3,000 3,000 3,000 1,000 20,000
Weave 8H Satin | 8H Satin Plamn SH Satin | Plamn
Thread Count (Warp x FHI) 24 x 23 24 x 23 12x12 24 x 24 ix§6
Resin 334 Epoxy Po?y.s]ﬁgfogue 934 Epoxy| 934 Epoxy| 934 Epoxy
Ult. Tensile Strength (warp), kst 90 £8 80 1y 12
Ult. Teansile Strength (fill), ksi 90 80 80 60
Tensile Modulus (warp), msi 10 2.5 10 5.6
Tensile Modulus (filly, msi 10 9.5 10 8.6
Flexural Strength (warp), ksi 120 118 11¢ 125 87
Flexural Strength (fill), kst 120 123 110 125 74
Short Beam Shear Strength

(warp), ksi 9.0 8.5 8.3 8.5 5.7
Short Beam Shear.Strength

(811, ksi 5.0 8.3 8.5 3.0
Fiber Volume, 7. 65 60.1 63 85 65
Cured Ply Thickness, in. .013 . 0145 .oo7 0045 . 025

*Alt graphite/epoxy data.reported was measured by Fiberite,

Pro's

a) Allows superior fiber translation of properties in graphite.

b) Flexible Concept - gages can be changed easily with given constituent
materials. )

c) Low-cost in both R&D phases (now) and in production phases (later).

d) Lends itself to continuous processing at the fiber prepregers facility,

e) Requires low forming energy in space (See Figure 2-1).
f) Inhibits.transverse heat flow,

Con's

a) Low stiffness of glass dilutes stiffness-to-weight ratio by a small
percent,
b) Lower conductivity of thin glass may slow laminate heatup rates,

2. Woven Fabric

This concept uses a single ply of a fabric woven such that 0, 90, and +45
degree fibers are present:; the amounts of each being dependent on the
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structural requirements. The fabric would be required to be thicker than
that presently used in aerospace applications and would have to be specifi-
cally designed fo meet space platform or other specific load requirements.
Present.graphife fabric weavers are in production on 0°/90° fabrics and
there is a near term possibility for a 0°/45° fabrie. However, there is
little nearterm hope of weaving 0°/+45° fabrics, The latter can be ob-
tained by braiding, but results in a starting material that is non-uniform
in thickness,
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Figure 2-1. Temperature Profile Across Cap
Section Strip at Heating Section Exit

In order to investigate the -
one-ply woven concept under
parallel IR&D work, five
pounds of W-185/60 prepreg
was purchased from Fiherife.
The W-185 fabric was chosen
because if was thick and was
readily available. The prepreg
obtained by Convair contained
the Union Carbide P-1700 poly-
sulfone as the mairix. Flexure
and tensile testing were con-
ducted on specimens cut in both
fill and warp directions from
the 4-ply laminate. The test
results are given in Table 24,

The data generated shows good
franslation of modulus and re-
duced strength resulting from
the thicker fabric. For most

in-space fabrication of composite hardware, the strength and modulus values
obtained would be adequate. In addition, the fabric must be designed for the
specific application. Hybrids can be woven so that there are one or more
fibers in both warp and fill directions and in varying concentrations. Less
expensive fibers such as Union Carbide’s pitch base graphite (Type P),
Kevlar-49, fiherglass, etc., can all be incorporated into a finalized fabric

design.
Pro’s
a) Prevenis delamination in forming process.
b) Single ply has excellent interlaminar properties.
¢) Woven material may form more easily in the Rollfrusion machine,
d)

With glass or Kevlar fill fibers will require low forming energy con-~

sumption in space.



Table 2-4, Test Results on W-185/60 Specimens . e) Lends itself to
confinuous proces-

Tenale Tensile Flexure sing In production.
Test Direction Strength Medulus Strength - -
) i s . H Gc?od througyu til? -
- = L =TT R ~  thickness conducti-
Fill 58.1 6.6 to 9.1 78.1 vity for heat-up /
66.4 8.2 7.4 cool-down.
49.4 6,1t08.4 . 81.0
Con's

AV. 8.0 §.1 75.5

2) Special fabiics need-
ed for each appli-
‘cation.

b} Higher costs for small quantities,

¢) Crippling strength likely to be lower.

d) Type P graphite is expensive to weave,

e) Accentuates transverse heat flow.

3. Multi~ply Laminates

Multi-ply laminates are the traditional form of laminate used in composite
structures. They consist of several layers of 0° graphite plies oriented

in the directions best suited to meet the requirements of a particular

structural element, As such, they can be optimized for each application.

The process of laying up multi-ply laminates is currently best suited, however,
to wide sheets of finite length material. Air Force finded research by
Hercules Inc. , on automated multi-ply laminate (broadgoods) layup can reduce
the high cost of multi-ply laminates in the future resulting in a material which
can be slit to the width needed for LSS application.

Pro's

a) Allows superior fiber translation of properties in graphite.
b) Flexible conecept.
¢) Laminate can be optimized for each application.

- a) In an early state of development.
b) Wil require a large investment in facilities at the material supplier end
for thermoplastic matrix materials.
c} Imherently higher cost starting material (more production steps).

Recommendations

For near term development the most flexible, least.cost, and least risk approach
appears to be the sandwiched 0° tape, A typical generic laminate which is weight

- effective is [120/05/120] T glass/VSB-32T graphite/glass in a polysulfone matrix



{t = 0,71 mm). This system was set up as the baseline material for the program.
HMS fiber could be considered if VSB-32T pitch fiber in polysulfone is not

available for early development. Figure 2-2 illustrates the laminate con~
struction. For longer term development more investigation of a taflored, single
ply fabric should be conducted. Properties of the selected baseline are given

in Table 2-5. A preliminary worst case analysis for beam fabrication while
attached to the Orbiter, vernier RCS {iring, indicated a conservative minimum
required value for cap section stability of 20,7 MN/ in? (3000 psi). Pending

test results, the shear capabilily provided by glasscloth of at least 0.1 mm

(. 004 in) thickness on each side is considered reasonable.

2.2 PROCESSES

/ cospoLysurone  Lhe fundamental rollfrusion
FILM WITH Ti02 process feeds strip-form

— - - ’ graphite thermoplastic

0.10 E-GLASS CLOTH

roLvsuLronempreg | material from a reel through

prem ey e a heafing section, a roll-

0.20-FITCH FIBER
‘ =~  UNIDIRECTIONAL forming section, and a cool-
s POLYSULFONE IMPREG R . .
Y= — ing section. In a beam-builder
SYMMETRICAL machine multiple heads provide
= formed material in a confinuocus
p z g FINALTHICKNESS - prOCesS. This material is join-
~ s A — .

ed and cut as required for the

/ . / DIMENSIONS IN MM beam/truss assembly operations.

This study was performed fo

Figure 2-2. Baseline Laminate Construction evaluate processing methods

and requirements for energy-
efficient forming and joining of graphite/thermoplastic (GTP) materials, The
prime effort was devoted to heating methods for bringing the GTP up to forming
temperature and forming methods for preparing the required cross-section.

Groundrules and Assumptions

1, The maximum processing power available from Shutfle Orbifer is 7 KW aver-
age, 12 KW peak for not more than 15 minutes in any three-hour period at
27 Vde min. (ref. JSC 07700 Vol. X1IV),

2. Nominal truss forming speed is 18.3 mm/sec (3. 61 ft/min) average.
3. Initial material temperature is 255K (0F).

4, Material temperature in forming zones must reach or exceed 490 +15K
(425 +25F),

5. No free debris must be released by any process.,
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Table 2-5, Comparative Laminate Data

_-I;_;Jﬁmr.v — - ALTEIENATI;E LAMINATES - -

- --Layup-(Sed notes): - ~--- . | -poe/0n/104- 120/05/120) | (20/05/120y
t mm - (m) 0.46  {.018) 0.61  (.024) 0.81  (.032)
Ex -GN/m?2 MSD) 178 (25. 83) 138 (z0.01) | 153 (22.18)
Ey GN/m? (S 6.33  (0.92) 9.8¢  (1.43) 8.81 (.28
® - 0.19 0.17 0.17
G GN/m:’* (MSD 5.92 {0.86} 5.23 (0. 76) 5.37 (0. 78)
ay pm/m/OK (un/in/9F) | -0.623 (-0.346) =0.292 (-0.162) | -~0.445 (-0.247)
o po/r /oK Ein/in/OF) | 286.9 (14.92) 19.4 (10.78) 20,9 (11.64}
Frx MK/m? (&Sh 102 (55.5) 312 (45.3) 346 (50.3)
Fox M/ m? (KST) " g0z 58.3) a1z {45.3) 346 (50.3)
Fg MN/m?2 (KST) 69.5 (10,1} §0.5  -(8.8) 63,3 (%.2)
Fry MN/m? (K81 33.0 (4.8) 52.3  (T.6) 46.8 6.8
Foy MN/m® (EST) 53.7  (1.8) 121 (17.6} 109 (15.8)

[ kg/m® {Lb/m®) 1774 (. 0841) 1835  (.0683) | 1813  (.0833)
Note: 1} Graphite laminate thickness = 0.20 (.008™)
104 glass thickness = 0,025 (- 001"
-120 glass thiclmess = 0.10 {, 004"

2) Laminate data was based on minimal test data and required use of
"similax" material syaterns data for several parameters ineluding CTE.

Requirements . ! -

The heating task is o bring a flat strip of the composite material to 4 temper-
ature inlocalized bend areas that will allow it to be formed into the proper
shape. For the cap section the material to be formed is 18 cm. (7.1") wide by
0.71 mm (.028") thick and up to 100 meters (328 ff) long. The composite strip
will be traveling at a rate of 2.2 meters per minute for 40 seconds and then will
pause for 40 secongis while cross members are attached to the newly formed
cap sections. One haif of the required heat energy input will be supplied during
each 40 second interval, Since the strip.has to be maintained at the forming
temperature during passage through the forming section some make-up heating
will be required.

The initial heating must take place ai the 18,3 mm/sec average forming rate.
The heating rate for one cap will be:
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mm
0.05

0.10

0.20

0.20

0.10

Heat Rate = volume rate x density
x specific heat

X temperature rise

For the postulated conditions net required energy input to the material is
464 watts, comprising 190 watts to the center strip and 137 watis to each

edge strip.

The specimen material consisted of a ¢, 40 mm thick layup of graphite filaments,
unidirectional (longitudinal) impregnated with polysulfone, a 0.10 mm poly-
sulfone impregnated glass cloth layer on both sides and a 0. 05 mm thermal
protection layer of polysulfone containing titanium dioxide on both sides., See

Figure 2-3.
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Figure 2-3. Specimen Cross Section

The electrical resistance
characteristics of the specimen
were determined as follows:

The resistivity of the graphite
portion of the material was
determined from two 10 mm
wide sirips 2560 mm long., One
strip had the graphite filaments
running transversely. The
resistance on the transverse
sample was found to be so high
{greater than 3400 ohms), that
for our purposes if could be
considered non-conducting, The
resistivity of the longitudinal
sample was found to be , 0069 ohm-
c¢m considering the whole cross-
section and .0046 ohm~cm con-
sidering only the graphite layer,
{This 1ast figure would be used
for microwave conductor surface
losses.)

Since the graphite is a conductor and the glass and polysulfone are not, dielectric
losses stop at the surface of the grapbite and the graphite must be considered a
capacitor plate. Since dielectric exists on both sides of the graphite, it assumes
a neutral role and should be effectively grounded.
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In addition to radiative heating from a resistance element three types of
high frequency heating were considered.

1. Radio frequency ireating

2. Microwave heating
3. Inductiob heating

The key factor in comparative evaluation of heating methods is energy

efficiency as follows:

Percent energy efficiency =

]

Energy Out

Energy In

Energy Out
Energy In

thermal energy received by the work piece

electrical energy supplied to all necessary equii)ment

2.2,1RADIO FREQUENCY HEATING. For this application, the tooling constitutes
capacitor plates as does the graphife layer in the center of the specimen. Since the

graphite is moving and carn have no direct electrical contract,
neuwtral in a balanced,tank circuit. See Figure 2-4a for schematic.
stored In the capacitor is dissipated directly in the polysulfone (dielectric),

it is carried as a
The RF energy
If this

heating takes place at a very rapid rate, the energy conducted to the tooling is mini-

POLYSULFONE

A mE A S —

GRAPHITE

L)

a. SCHEMATIC

90% 40%
DC TO DC
AR CONVERSION DC TO RF
SoURCE & CONVERSION
REGULATION]
] \
PYROMETER == 3
==
90%

b, BLOCK DIAGRAM

Figure 2-4, Dielectric Heating
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mized, yielding a highly ef-
ficient process. The tooling
requirements would appear to
be less severe than those for
microwave heating since, by
proper tool and electrode
design, the RF fields within
the tool can be reduced to
near.zero. The technigue has
been successfully used in cur-
ing graphite/epoxy laminates.
The dielectric properties of
the polysulfone determine the
heating rates that can be
achieved., These in turn will
influence the effectiveness of
the method and tool require-
menis.

The RF heating phenomenon is
based upon the dissipation of
energy in a dielectric medium



in an electromagnetic field, The power dissipated is given by P =wetan, (£ 02/2) )
where  is the angular frequency of field, & and tang are the dielectric consfant
and loss tangent of the (thermoplastic) medium, and E, is the amplitude of the
electric field. A high-loss material (that is, a material with a high loss tangent
and dieleciric constant) can be heated directly by this technique and is desirable,
Low-loss materdals require a high-loss secondary medium to act as a heating
element to indirectly heat the low-loss material.

The frequency of the rf energy is inversely proportional to both the loss factor of
the polysulfone matrix and the square of the electrode voltage. Since the loss facfor
is low and tends to further decrease with increasing frequency and the elecfrode
voliage must be maintained at low levels to avoid arcing due to outgassing and low
ambient pressure, the frequency for dielectric heating will tend to be in the micro-
wave range where rf conversion efficiencies are relatively low, about 40%.

Figure 2-4b is a block diagram of part of a system showing the power source and
conversion and indicating a servo-control fro:n a pyrometer which will vary the
power -as needed fo maintain the temperature. Typical stage efficiencies are shown
which will total a fairly low efficiency overall (32.4%).

2.2.2MICROWAVE HEATING, For this case, resonant cavities would be used for
power fransducers. Losses in the specimen would be both dielecfric and conductive.
There would also be losses in the other walls of the chamber. This would tend fo
lower the efficiency of the fransfer, There would be chambers above and below

the specimen that would be independent. Polarization would have to line up with

the graphite to produce consistent results.

. _ Although this method is practi-
r_‘ POWER SOURCE | cal for flat areas of the speci-

- _ men, it would become increas-
ingly more difficult in the form-
ed areas of the specimen.

Figure 2-5 shows a semi-
pictorial block diagram of a
dual system. Magnetrons in
the high frequency range would
be the most efficient for this
application, Stage efficiency for
the highest power application
are shown. Lower power levels
used for holding temperatures
would be less efficient in the
Figure 2-5. Microwave Heating same system., The overall
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efficiency would be about 48%.

- 2,2,3INDUCTION HEATING, Figure 2-6 shows methods of using inductive heating
to heat specimen plaies and tooling parts from which heat could be transferred to

..the laminate. The composite.itself cannot.be heated directly -since the-unidirectional-
graphite fiber conductivity does not provide for a loop path for the current.

Some of the tooling‘could be heated this way due o the geometry of the parts, There
is little reason, however, since plates and wheels can be heated directly more ef-
ficiently.

Inductive heating requires DC to DC conversion, DC to high frequency conversion
and transmission and stray field and copper losses, Forty percent efficiency would
be optimistic.

2.2.4RESISTANCE HEATING. The objective of this study was to determine the most
efficient and reliable means of heating graphite/polysulfone strip material fo its
required forming femperature using electrical resistance heating.

The following groundrules and assumptions were made:

1. Heat will be applied only in those areas where forming is required to

maximize thermal efficiency and to aid the forming or shaping process.

2. A restart capability is required following an interruption where partially
formed materials may have cooled
between forming roller stations.

. 3. The material is that described in
- Figure 2-3 with the following
additional assumed properties:

=2 .
QL:::)-_Z a) Its forming temperature is

| 490 +15K (425 +25F) .
a. INDUCTION IN A FLAT SPECIMEN b} Is mean specific heat from
255K (0F) to 490K (425F) is

0.25 cal-g™1K~) (0,25 BTU
] -7 E 1y,
_ ¢) Its mean deusity is 1794 Kg-m™>
b PomymNg ¢ FORMING (112 1b-£77),
> - ) PLATE d) Iis thermal conductivity is a

ROLLER constant value of 0.72 Wm—iK1
(5 BTU-in-hr L #°2 F™Y) in the
directions perpendicular to the

fibers, and 3.6 Wm™! K1 (25 BTU-

Figure 2-6. Induction Heating

-
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4, The material will be 0.71 mm (0,028 in,) thick, 18 cm (7.1 in.) wide,
and will be processed at an average rate of 1.1 m - min~1 (3.6 ft-min'l)
for a fotal length of 100 m (328 ft).

5. The ambpient temperature of the material immediately prior to heating is
255K (0F).

6, Where contact occurs, perfect thermal transfer is assumed.

7. The power source for the heating of the material will be a 28 volt D.C.
Shuttle fuel cell, with a 7 Kw average, rated capacity, located on the space
shuttle within 6.1 m (20 ff) of the working area.

8. The space environment results In no measurable external convective ox
conductive gas heat fransfer, and no radiation energy input excent as
designed.

Bince the source of energy has been assumed to be the 28 volt D. C. Shutile fuel cell,
a direct resistive heating process can use this energy source direcily with no inter-
mediate energy conversions required. This immediately puts this choice ahead of all
other choices, since most energy conversions are fairly inefficient. Even a simple
D.C. to A,C. conversion, which is only the first siep required for eddy current or
induction heating, etc., is at best only 90% efficient.

To design a resistance heating system, there are several factors that must be consider-
ed. Basically, we must consider the transfer of electrical power from the fuel cell
source to the working area (an assumed distance of 6.1 metfers); the change of electrical
energy to heat energy; the transfer, if necessary, of that heat energy by conduction or
radiation into the specimen; and the losses that may exist at or in each of these areas.
Some of these factors are inferdependeni. Therefore, an iteration process is required
to compute the final resuits.

To evaluate a resistive heating system, we have fo decide between the use of external
resisfor elements, or the use of the material ifself as a resistor element. Using the
material as the resistor element has many advantages — the heat appears direetly in

the material (with litfle if any fransfer losses), and there is no time lag between cur-
rent flow and specimen heating, The disadvantages are that the current must be well
controlled, contact resistance will vary greatly, and material property variables will
affect the heating. A far greater range in voltage than 0 to 28 volts would be desirable.
Also, the ability to limit.the areas to be heated is dependent upon the abilify to 1imif or
restrict the areas in which the current flows. Using an exiernal resisfor removes almost
all of these disadvantages. The resisfance can be designed to alinost any desired value
to meet the voltage and energy requirements. It is a fixed, controlled resistance and

not affected by material variables. The heat can be applied in almost any geometric
pattern desired. TFor these reasons, the use of external resistance elements was chosen,

Preliminary analysis of the resistive heating approach showed that the largest energy
factor was the energy required o raise the temperature of the material fo its forming
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temperature. Theoretically, if only one section of the material at a time were heated,
and the heat used fo soffen it were then extracted and moved to the next section to be
formed, the total direct energy required would be very small. The ability to "pulse™ -
a heat wave through the material, with all forming action occurring within that heat

.. .pulse,.is another-way of-accomplishing this;, bul it i5 not & reasonable possibility with
today's technology. In this study, it was assumed that the heating of each section would
be accomplished directly, and no heat.transfer or recovery system would be used.

This study, therefore, took the following approach: The rate of application of .energy
required fo heaf the material was calculated. From this, the power leads and-the heat
transfer mode, i.e., conduction or radiation, into the specimen were evaluated. With
these determinations, approximate losses were calculated. The losses plus the heating
power required, with appropriate iterations where necessary, scoped the final required
design energy rate for forming the cap section. -

These were as follows:

Energy Requirement (watts)

Energy Use . Contact Tr@ﬂer Radiation Transfer
.Heating of Material 464 . 464
Resistive Losses 9 9
"Power Lead -Conduction 28 28

Reflector Losses — 30
Other losses (est.) _29 _9
. 530 540

For the material being considered, each square cenfimeter must absorb approximately
32 Joules to.reach forming temperature. Means must be established to insure that
this is accomplished. For efficiency considerations, the driving force or temperature
difference should be small (the lower the temperature of all parts the less are the
losses). However, the time available to effect this transfer is limited by the motion
of the material, Time must be varied, if necessary, by varying the length over which
the heat input occurs., Therefore, a proper compromise between temperature dif=
ferences and arez of input must be established.

Anofher consideration, however, is involved in this particular case. Due to the manu-
facturing process, the motion of the material will be in 1. 434 meter steps, with waiting
periods between motions. Because of this manufacturing requirement, heat application
can, to some extent, capifalize upon this factor by using a stationary heating surface
that contacts the specimen when it is not moving, and by heating an area equivalent, to
the amount moved in each incremental step. Alternatively, radiant heating may be

2-14



applied continuously, smoothing out energy demand. Specifically, the material will
be stationary for 40 seconds, then moved at a rate of 2,2m per minute for 40 seconds
for a distance of 1.434m, then the cycle is repeated. Thus, a contact heatf transfer
system could be designed to put heat into the material for approximately 40 seconds
out of every 80 seconds. During the 40 seconds of heat inpuf, the input rate must be
twice as great as normal. This can be done in two ways. The heating current can be
doubled during the heating period and then furned off during the non-<heating time.
(This would double the resistive losses because they would increase by a factor of 4,
being proportional to the current squared, but would occur only over half the time.)
Another way would be to let the current remain at the average rate, and have the heat
capacity of the material that forms the healing surface absorb this energy during the
time that there is no contact with the specimen. This means that the temperature of
the heater would rise during fhis time. Then, when contact was made during the next
heating cycle, the total desired energy would be transferred into the material, For
radiation transfer equal energy would be fransmitied to the laminate during the two
periods.

2.2, 5 FORMING METHODS, When heated to forming temperature the graphite/poly-

- sulfone composite attains the overall consistency of wet cardboard. Hence the forming
force and power requirements are low, Because softening is restricted to the section
fold zones the forming action will be self-centering on the sirip. Alternatives for
forming the desired section include the use of progressive roller stations, fixed
guideways to direct the laminate path-bearing on the unsoftened portions of the strip,
and matched forming {ools between which the strip passes.

2.8 TFEASIBILITY ASSESSMENT

For each of the major fabrication machine operational functions, the requirements and
alternative approaches were evaluated in order to arrive at a recommended design
solufion seleclion with supporting rationale. These selections were then carried forward
to the conceptual design tasks of the flight experiment and the ground-based machine.

2.3, 1HEATING METHODS,

Objective

Determine the optimum material heating method for 2 selected graphite thermo-
plastic strip material,

Reguirements

Specific derived requirements are:

1. Raise maferial temperature to 490K (425F) average in affected zones.
2. Do not damage laminate properties.

2~15



3. Maximize electro~thermal conversion efficiency.
4. Avoid harmful environmental effects in Orbiter cargo bay.

Alternative Approaches
Energy-sources-considered-were:

1. Electrical Energy (Shuttle Supply) -
2. Solar Energy (Direct)
3. Chemical Energy (Exotherm)

Solar and chemical energy sources-were rejected on the various individual and
combined grounds of cost, complexity, contamination, and state-of-the-art/
technical risk, Electrical energy was selected on grounds of availability, clean-
ness, and state-of-the-art conversion fo heat.

Energy conversion methods considered were:

1. Radiofrequency heating
2. Microwave heating

3. Induction heating

4. Resistance heating

5. Ultrasonic heating

Table 2-6 shows the primary factors of comparison for these methods, Figure 2-7
plots gross electrical power requirement for each method as a function of length
~ of truss (average) formed per second.

Table 2-6. Electrothermal Energy Conversion Methods Comparison

- B FACTORS OF COMPARISON
Energy : Heat
Cenversion Methed Transfer . | Characteristic| Power Conversion | Transfer | Overall Critical
Mechanism Frequency Method/Efficiency | Efficiency| Efficiency I_s_aues/msks
RF Heating 't Matrix 2.8 GHz. | DC-DC 100% 32% Shielding-for
-heating by DC-RF EMC
dielectric ~ 32%
losses
Microwave Absorption of 2.8 GHz pe-pe 100% 48% Shielding for
Hesating microwaves Magnetron EMC
R by matrx ~48% -
Induction . Fibex heating 24 MHz bCc-DeC 1009 40% Insulated
Heating by eddy current DC-HF directional
losaes <40% graphite {ibers
suppreas eddy
currents
Resistance _Radiant or DC Resistive Radlant 94% Reflector
Heating conductive Element ~ 54, cooling
heat transfer ~ 100% Conduct— i Conticet resist-
to outér surface ve Je 9T% ance. Stick-
~ 100% ing platens
Delayed
- - start-up
UYltrasonic Friectional 20 Kliz Resonant ~160% TBD Tool wear
Heating _heating of Hormn . Tool compliance
material TBD % Awaliary heatrny
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Anazlysis has shown and test
bhas corroborated that RF,
microwave, and inducfion
heating are inefficient for the
heating of GTP strip due to
the power conversion require-
ments from 28 VDC,

Resistance heating has been
demonstrated as a satisfactory
process by analysis and bread-
boarding. Application may be
by radiant energy (Figure 2-8)
or surface conduction through
a platen (Figure 2-9) depending
on design considerations,
Table 2-7 shows the major
advantages and disadvantages of
each method.
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G SECTION

’ DIRECTION
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SECTION A-A
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REFLECTIVE SURFACES \‘\

SECTION B~B

Figure 2-8. Heatling Arrangements - Radiant Transfer
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Figure 2-9, Heating Arrangements - Conduction Transfer

Table 2-7. Application of Resistance Generated Heat - Comparison of Methods

Factor

Radiant Heating
of Surfaces

Contact Heating
of Surfaces

Predictability of
Heat Transfer

Conditions of
Heat Transfer

Thermal Inertia
Control Response
Element Temperature
Thermal Losses
Vulnerability
Complexty/Reliablity

Contact with
Adhesive Surface

Problem Areas

Relative Cost

Good

Stationary and Moving Surface

Low

Fast - Measures Material Temp.
800 - 950 K

Low

Low -~ Calrods

One Side Heating - No Moving Pts.

No Contact

Reflector Cooling

1.0-

Wide variation of contact resistance
in vacuum

Stationary Surface Only

High

Slow - Measures Platen Temp.

> 625 K (Breakdown Temp 640 K)

Very Low

Low - Calrods in Platen

Two Sides Heating with Moving Platens
Large Area Contact under Pressure
Thermal Warpage of Platens

DPotential Overheating Ma[:erml

> 1,0 Linkage Motion & Control
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Resistance heating by passing current directly through the carbon filaments
of the material was considered. However, no way of making the necessary
electrical connections could be devised without damaging the laminate.

Ultrasonic surface heating has been demonstrated as a feasible technique.
There are practical problems involved in {ransferring the energy as heat

to the strip at adequate density to achieve the desired temperatures. Heating
by ultrasonics in the form transition area at start-up or during pause would

be difficult or impracticable.

Recommended Selection and Rationale

The use of electrical resistance heating is recommended on the grounds of
lowest relative cost, highest reliability, minimum risk and flexibility of

application,

The recommended energy transfer mechanism is radiation from rod heaters.
The radiation is directed at the fold areas to be heated, the other areas being
masked. This method will be used for primary operational heating, auxiliary
start-up heating, and temperature maintenance. Figure 2-8 illusirates the
general arrangement, Figure 2-10 gives parametric design data for the heater

elements.

Radiant rather than conduction heat transfer was selected for better predictability
and control of energy transfer, avoidance of moving parts, operability on both
moving and stationary strip material, and avoidance of contact with hot plastic
adhesive surfaces.

2.3.2 FORMING METHODS,
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Obiective

Determine the optimum material
forming method for a selected
graphite thermoplastic strip
material.

Reguirements

Specific requirements are:

1. Form material to the seciions
shown in Figures 2-11 and
2-12 from flat strip stock.

2. Avoid wrinkling or collapse
of heated strip.

3. Avoid delamination of heated
material.

4, Avoid resin pickup from
material surface.
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SYMMETRY \/
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Figure 2-11. Beam Cap Cross Figure 2-12. Cross Member
Section Cross Section

5. Minimize localized conductive heat loss.
6. Material strip must run true within + 8 mm.
7. Auxiliary heating must be incorporated for start-up.

Alternative Apprc_)aches

Consider the cap section, Figure 2-11. The bend zones are heated to soffening
while the strip isflat. The strip is drawn up to a final roll forming station and
subsequently cooled. In the transition from flat stock to fully formed section
the following factors are of design importance.

1. TFiber content of the laminate has zero plasticity at any time and hence
longitudinal element paths are uniquely defined by the start and finish section
shapes. Correct inflow angle @ must be determined and used (Figure 2-13).

2. Section change approximates two flat strips in helical winding with one pair
of edges joined. Tension forces and compression displacements exist
sequentially at the central fold area,

3. Owing to the helical path assumed by the strip edges, turn-down of the edge
flanges must be performed after center angle forming is complete to avoid
crippling and potential fiber damage.
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Figure 2-13. Cap Section Forming

4, Heated zones have essentially zero compression and shear strength since
the matrix is plastic and the fibers 0/90. Hence natural material flow
and avoidance of longitudinal compression crippling and shear displace-
ments must be achieved if laminate integrity is to be maintained.

5. Short fransition distances increase siresses and displacements on the
material. Use 5W0 as a guide where: W is the width of the strip in wind~
ing; 9 is the twist angle in radians.

.. Figure 2-13 illustrates the cap section progress through fransition. Between
sections A and C the central fold area is in tension. After the inflection point
the ceniral fold area is in compression as shown in section D where displace-
ments are accommodated by center area distortion. At E the full angle form is
set and the flanges turned by F. The full section goes on to cooling and form
setting.

Forming alternatives to achieve the desired section are:

1. Rollers
2, Fixed guideways
3. Mafched forming tools



Form rollers with a matched gap equal to material thickness shape the material
at.selected locations, There is some surface serubbing due fo varying roller
radius at constant strip linear speed. There is room between rollers for auxili-
ary heaters. The rollers require high temperature bearings and a non-stick
surface,

Fized guideways scrub the surface of the strip at linear speed. Contact pres-
sure will be low. Surface must be sufficiently non~stick fo prevent scraping off
of resin. Auxiliary heaters may be installed between guides.

Matched forming tools constitute a small gap continuous guideway with integral
auxiliary heating strips.

Tracking and alignment of the moving strip cannot be achieved by edge guiding.
The non-yielding nature of the laminate voids classical planar action control by
crowned rolls. However, the collimated character of the unidirectional graphite
fibers combined with selective softening of the bend areas only, assures accurate
straight line fracking.

Evaluation

Roller forming has been successiully breadboarded and used in the rolltrusion
machine, Use of guideways in a supplemental control mode with low bearing
pressures is practical.

Recommended Selection and Rationale

Roller forming with auxiliary guideways (fairleads) is recommended. Rollers
assure good shape and redress of local abnormalities if they occur. Guideways
constrain flat areas.

+2.3,.3CO0LING METHODS,

. Objective

Determine the optimum material post-forming cooling method for GTP structural
sections,

- Requirements

-Specific reguirements are:

1. Cool material to below 422K (300F) (T; = 464K (373F)).
2. Assure dimensional integrity of section during cooling.
3. Assure laminate integrity during cooling.

Alternative Approaches

Cooling methods considered were:
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1, Conduction to a cold plate

2. Radiation to a cold wall or space

3. Convection by gaseous impingement
4. Evaporation by liquid impingement

Convection and-evaporation (ideal earth-bound methods) were rejected for

logistics reasons in a downstream application.

Radiation cooling was analyzed for heat rejection to a eryogenically cooled cold
box, and to space with variable view factor representing obstructions. The
results are shown in Figures 2-14 and 2-15, In each case a nominal cooling
time of about 40 seconds is indicated and this is compatible with fabrication

machine timelines under consideration.
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Figure 2-14, Cap Temperature ~ Cooling to Cold-Box
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Figure 2-15, Cap Temperature - Cooling to Space
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To achieve close control of

final section form affer cooling
without unduly restricting
radiation cooling an open mesh
form tool would be required. Is
use would increase cooling times
and likely leave a waffle pattern
cn the laminate.

Conduction coodling was analyzed
with the formed section held in
contact with a liquid cooled form
tool or platen., See Figure 2-186.
For a mean platen temperature
of 290K the cooling requirement
is metl in 22 seconds with the
removal of~50 kilojoules of heat.
After 40 seconds of cooling a low
femperature of 366K (198F) is
achieved. A realistic contact

conductance (under hard vacuum

conditions) of 2_% Win2K1

(5 BTU hr ™+ £~ F 1) between
platen and graphite/thermoplastic
material was used. With platen cool-
ing the formed section can be held
{o final shape by maiched platens

or a single platen with a resilient
pressure member. Laboratory
tests have shown no tendency for the
cooled laminate to stick {o the
platen.
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Evaluation
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COOLING ON THO SURFaces | ™ cooling provide adequate thermal
performance-to meet machine
requirements. The cold box

mean  Tefrigeration presents logistic
$ene  and operational difficulties, Con-

w0 ) duction cooling has the greater
performance margin to cover
variations in contact resistance and
greater machine operating speeds for

200 growth development.
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° ¢ CGOLIN?T!ME{SEC?O 40 In meeﬁing the requirements for
dimensional and laminate post-
Figure 2-16. Cap Temperature - Conduction forming integrity the cold platen
) Cooling with matching or conforming

pressure member is superior,

Recommended Selection and Rationale

The use of conduction cooling through a platen is recommended because of
superior performance in meeting requirements, Platen cooling can be adequately
maintained by heat exchange to the Orbiter payload support system. Extracted
heat may be considered for use in pre-warming strip stock to effect an energy
consumption economy and provide a margin on Orbiter 6,3 KW (thermal) payload
cooling support.

2.3.4JOINING METHODS .

Objective

Determine the optimum joining method for beam assembly of rollfrusion produced
members.

Requirements

Specific requirements for the cap to eross member joint.are:

1. Cross member axial load 470 N (106 Ib) Limit
2. Adaptable to beam configuration changes
3. Able to trap and hold diagonal bracing cords

Alternati:ve Approaches

Joining methods considered were:
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1. Ultrasonic heat welding
2. Direct heat welding
3. Adhesive bonding

Evaluation

Ultrasonic welding of a flat or dimpled spot is accomplished in a fraction of
a second at moderate pressure on the faying surfaces. The polysulfone film
on each surface is melted by frictional heat and fuses. Weld cooling to below
fluid temperature is almost instantaneous by conduction into the material,
For a dimpled spotweld about 10 mm in diameter a shear strength of well
above 2000 N has been demonstrated. Joint design using three dimpled welds
and capturing a polysulfone-impregnated S-glass roving bracing cord is a
practically demonstrated approach.

Direct heat welding provides satisfactory attachment at lower energy efficienc;
due to losses and active cooling required. It is also slower.

Adhesive bonding is a well established technique which takes advantage of the
full area of the faying surfaces. Bond setup time and potential outgassing are
process problems.

Recommended Selection and Rationale

T

Ultrasonic welding is recommended as the basic joining technique for graphite,
polysulfone structural members. This method is rapid, economical of energy.
contamination free, and proven. The 20 kHz sonic energy is transmitted by
metallic probes and is not affected by vacuum operating conditions.

2.3.5 CUTTING METEODS.
Objective

Determine the optimum cufting method for severing cap and cross members to
length.

Reguirements

Specific requirements are:

1. No debris must be released
2. No splitfing, delamination, cracking of the cut edge

Alternative Approaches

Cutting methods considered were:

1. Shearing
2. Sawing
3. 'Laser cutting



Evaluation

Sawing and laser cutting cause free debris and contaminating process products,
and hence do not meef requirements. -

Shearing tests ofl flat §tTip give clean, debris-free cuts, with clean édges.
However, tool design to give a clean cut on open triangle and channel seciions
has yet to be developed.

Recommended Selection and Rationale

Cutting by shearing is the recommended selection. The method is
potentially debris free, energy economical, and long life,
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SECTION 3
FLIGHT EXPERIMENT

The primary objectives of the flight experiment are fabrication of a typical large
space structures heam using experimental equipment mounted on a Space Shuttle
pallet, monitoring of the fabrication process and its control for fabrication
capability assessment, evaluation of the erected beam's response {o dynamic
excitation and varying thermal exposure, and refurn of the beam or a portion of
it to the ground for examination.

Btructures fabrication capability in space will eventually be achieved in a number
of discrete steps. Typically these may he:

1. Design, construction, and test evaluation of a ground-bhased fabricator
unit to explore process variables and alternatives, demonstrating the
capability of a selected fabricator design within the-constraints of
terrestrial simulated space environment.
2. Development of a Space Shuttle Orbiter-based fabrication facility for
demonstration of orbital fabrication capability for basic space structures
beams. .
3. Development of space-based, free-flying construction facilities with
Orbiter resupply capability for erection of large space structures arrays.
4, Eventual development of space-based construction facilities for very large
space systems with reusable heavy-lift space fransporter resupply.
Since first-generation large space structures must support the technology for final
very large systems, fabrication techniques employed for the first large space structures
generation should be fully applicable fo construction of final systems. Prototype sys-
tems will need to be .deployed before national commitments to very large future sys-
fems can he expected.

Space Shuttle will serve as g vital link to all future large space structures and systems
development. Technology development can be pursued using Space Shuttle Orbiter
capabilities to the fullest.

This study provided for conceptual design of the flight experiment to assure that the
preliminary design of the on-ground demonstration machine is soundly based for
future flight development.

3.1 CONCEPTUAL DESIGN

The conceptual design of a flight version fabrication machine provides the basis for
concepiual design of the flight experiments to be conducted with it.



3.1.1MACHINE DESCRIPTION, The beam fabricator feeds and processes raw
materials in the form of coiled graphite polysulione laminate strip and poly~
sulfone impregnated S-glass roving cord info a completed continuous braced
triangular cross section beam of one meter depth. New technology in the roll-
trusion hot forming of. structural sections is combined with state-of-the-art
mechanical and electrical/electronic design practices to effect straightforward
flightweight product. Through an iterative design and trade study development
approach the machine shown in general arrangement in Figure 3-1 has been
evolved.

3.1.1.1 Rolltruder.Unit, Graphite thermoplastic (GTP) laminate strip which has
been produced on earth in flat, fully processed condition is stored by prewinding
on reels., Each of the 5ix reels is enclosed in a can and has a drag axzle as a hold~
back against premiture uncoiling and fo retain the strip in tension as if passes
through the forming process. Affer being drawn from the reel the GTP strip
passes through a heating section. In this unit the strip is progressively heated

to softening temperature in the structural shape bend zones only for energy
economy. The heat is applied by radiant elements backed up by parabolic reflectors. -
When the sirip passes from the heating into the forming section it is sequentially
roller formed to shape. Afier forming each formed shape is cooled between
platens which close and assure post-forming laminate and dimensional integrity.
(Assembly operations take place downstream in the machine during this pause.).
The formed strip is gripped by driving rollers situated immediately after the

. cooling platen installation. Drives for the three cap sections are synchronized by
connecting torque shafts. A differential gearing system assures equal feed rates at
each cap. Provisions for active differential drive are made but not implemented
pending a demonsirated need revealed by development testing. Each cross member
section is driven independently into the transfer mechanism recepiacle and then
sheared to length.

3.1.1.2 Assembly Unit. The assembly unit strings'the diagonal bracing cords into
position, places a cross member in position on each of the beam’s three sides to
trap the cords befween itself and the cap members at each end and then ultrasonically
welds the complete joint at each end of the three crossmembers.

Cord stringing is done by three pairs of contra-rotating concentric "windshield wiper"'
arms pivoted at the centerline of each side of the beam. Cord is fed from reels near
the pivot, along the arms and out of bell~mouthed stingers in the face planes of the
beam. The arms incorporate a preset cord tensioning device,

The cross member transfer mechanism raises and then rotates the part ninety degrees,
passing above the cords. It is then pressed down into the welding position by the weld
heads. An ultrasonic weld head at each joint makes three spot welds which trap the cord
in place and effectively brace each bay.

3-2
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Power shears af the end of the machine sever cap sections and cords when the beam
fabrication is complete.

3.1.1.3 Structural Support. A lightweight hexagonal box section spine runs the. _ .
~-length- of-the-machine. Thig Sirictural member carries machine mounting provisions,
the modular rolitrusion unifs, the assembly mechanisms, and the electrical/electronic
control gear. It forms a rigid base for weld head and shearing anvils. It cantilevers
the close profile {riangular casing for the assembly unit. K is designed fo maxi-

mize accessibility for ground maintenance and assembly.

3.1.1.4 Control System. Temperature sensing of GTP material in the heating and
forming sections of the machine is done by infrared sensors. The heater elements

are driven by a 28 VDC source through éystem processor controlled switches giving

an on-off energizing mode. Switch actuation is based on data provided by the temper-
ature sensors and the selected mode of machine operation. The cooling platen, drive
motor, and assembly operation sequences are also conirolled by the system proecessor.
A data mulfiplexer provides signal conditioning outputs to the processor via a data bus.
" The processor control bus intexrfaces with each of the functional areas via device-
peculiar interface units. The processor interface with the orbiter mission specialists
station alJlows operator monitoring and activity update of the system.

3.1.28HUTTLE INSTA LLATION, Figure 3-2 depicts the beam fabricator installed in -
the Orbiter payload bay. The maximum beam fabricator envelope dimensions (exclud-
ing the trunnion mount) are 2.30 m dia. and 6.71 m long. The beam fabricator is
installed on a two segment pallef {rain using a trunnion attachment aff and saddle
attachment forward. The trunnion also provides for deploying the machine to a vertical
position in the payload bay for fabricator operations or test. The installed payload
length is 9 m including overhang beyond the pallet and clearance for deployment. Locks
are provided to secure the beam fabricator to the pallet during launch and landing.

Standard Spacelab pallet.segments provide structural mounting hardpoints for the beam
fabricator. Other payload equipment may use inner skin mounting. Spacelab pallet
equipment. such as electrical power distribution, cold plates, igloo and igloo mounted
subsystems (e.g., computer) are not required. LSSFE equipment hardware interfaces
with Orbiter provided resources as follows:

Power - Sta X, 695, AFD and at Pallet I/T

“Signal/ Con[:rol Sta X 576, AFD and at Pallet I/F

Payload Heat Exchanger - Supply/Return Sta X 636, and at Pallet I/F
RMS - Grapple Device and End Effector

Payload equipment located at the AFD Payload Station includes fabricator operational
and test controls and displays, vibration exeiter system and analysis C&D, thermal
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tést/sunshade control and displays and instrumentation system controls. At the
'On-Orbit Station are payload provided controls for fabricator erection, launch locks,
CCTV monitor switching, CCTV cameras, and returned beam stowage devices. Pay-
load caution and warning is installed at the Mission Station.

The on-orbit fabrication flight experiment can be accomplished using one Shuitle flight,
Since the experiment equipment to be delivered and returned by the Shuttle from a low
earth orbif uses only a portion of the weight and length available to payloads, it is

highly desirable that the flight experiment shares the Shutile flight to reduce user charges.
The experiment and its support equipment will be designed to use approximately one-

half of the Orbiter payload bay length. The experiment equipment will mount on a
Spacelab pallet consisting of two standard 3-meter segments joined to form a pallet

train.

Operational flexibility, in terms of the potential for LSSFE equipment to share the Orbiter
payload bay with a variety of payload classes or types, is shown in Figure 3-3. For
example, a short Spacelab module mounted at Orbiter longeron atiach points 801.53'"

and 895.93" will provide clearance for all planned payload/RMS operations. Visibility
from the aft flight deck (A¥D) windows info the bay will be restricted in this configuration.
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However, equivalent viewing is provided through a viewpoint with a 120° field of
view (FOV) located in the module aft cone. Spacelab pallet- only payloads can also
potentiaily share flights with the LSSFE.. Integration of payload A¥D accommo-
dation requirements W111 need special conszderatlon.

The LSSFE is a potential co-passenger for upper stage delivered payloads within
Orbiter weight' and c¢.g. limitations. Upper stage airborne support equipment
remaining in the payload bay, e.g., tilt table, do not appear o constrain planned
experimental activities, and typical upper stage delivery mission timelines are

. compatible with LSSFE operations. Baselined operational procedures provide for
cuiting the 100 meter (100 Kg) experm:ental beam into lengths for return rather
than jettisoning it. Specific return packaging will be dependent on the companion
payload equipment remaining in the cargo bay. A maximuim of thirteen lengths
can be carried back cordwood style attached to the final nine meters of beam pro-
truding from the fabrication machine. In addition two lengths can be stored top-
side to the machine casing. Support requirements for the lightweight beam sections
during orbiter retfurn will be met by damped resilient constraints.



3.1.3TEERMAL ANALYSIS, The feasibility assessment given in Section 2 select-
ed radiant resistance heating as the preferred heat transfer mechanism to GTP
strip. The thermal analysis of this arrangement is as follows:

Objectives

1. Determine the amount of energy necessary to bring the graphite thermo-
plastic material from 255 K (0 F) up to a required temperature of 490 +15 K
(425 + 25 F) (transition temperature = 464 K (325 F) ) in the heating section
and maintain this temperature in the forming section for a 40 second run,

40 second pause machine operation.

2. Calculate the required mass flow rate of coolant needed fo bring the graphite
strip below the transition temperature in the cooling section, and remove
the energy accumulation in the reflectors of both the heating and forming
sections,

3. Determine a workable method that will give a proper temperature distri-
bution along the heating and forming sections at startup.

Assmnpt_ions

1. Initial material temperature is 255 K (0 F).

2. Final material temperature in cooling section must be at most 422 K
(300 ¥y, . .-

3. Of the total energy emitted by all heating elements, 6% is absorbed by
the reflectors while the rest is absorbed in the graphite thermoplastic
material,

4, Strip-thermal conductivity varies linearly with temperature as follows:

_Btu/hr-f-F _ Watts/cm-K
Length  |16at260 R |52.7at5%0 R{ .277 at 144.4 K | .912 at 328K
Direction .

Transverse|. 333 at 200 R {. 666 at 590 R|. 0057 at 111.1 K| ,0125 at 328 K
Thickness |.333 at 200 R {.666 at 590 R|. 0057 at 111.1 K| ,0125 at 328 K

—

5. BSpecific heat varies Linearly with femperature as follows:

g, Btu/1b-F gp, joule/kg-K
.10 at 260 R 418 at144,4 K
.30 at 760 R 1256 at 422.2 K
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Discussion

Heating Analygis — Detailed computer models were set up to simulate the

40 second run, 40 second pause machine operation for both the caps and
cross members. For one cap and cross member, the length of strip

modeied was the heating section length plus 30.5 cm at each end to account
for axial conduction out of the heating section. A 204.5 cm length of one
symmetrical half of the cap strip was subdivided into 20 longitudinal nodes x 6
transverse nodes. A 197.8 cm length of one symmetrical half-of the cross
member strip was subdivided into 18 longitudinal nodes x 5.iransverse

nodes.

Heat is applied only to the areas of strip that are fo be bent in the forming
section. These areas are shaded in Figure 3-4. The heating history of
each heated longitudinal nede represents movement of the strip into the
heating section in 40 seconds, followed by 40 seconds of heating while
stationary. Heat input fo the strip was adjusted to give the desired femper-
ature at the enfrance to the forming section at the end of the 40 second
pause,

Extremely high temperature gradients occur across the width of the strip
(see Figure 3-5), This is due to the low thermal conductivity (mean value
=0.,0127 Watts/cm~°K) in the transverse direction and is a desirable |
condition because it minimizes the total energy input needed to bring the
strip up to temperature.

BEAM CAP STRIP

e 190 . In the heating section, a mini-
, §, SYMMETRY | mum total of 494 watts is need-
= ! —1  edifor one cap. The cap is
/4 P ' + heated in three different areas
. a8 0,710 Where the center must receive
HEATED AREAS 78 -] 200 watts with 147 watts needed
(TYP) 38 | at each of the edge.areas. The
95 N area at the center is larger,
thereby necessitating the greater
BEAM CROSSMEMBER STRID energy input in that region.
e
l :‘-2?1 SYM For one cross member, a total
: R ‘ of 114 watts is needed in the
1Gdme | + heating section. There are two
19—t 0. 710 equal areas requiring energy
I_JE%%I}TJ’ISI{?NS 29 ] input, with each receiving 57
38— watis.
Figure 3-4. Cap and Cross Member Strip Cross
Sections
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Figures 3-6 and 3-7 show the longitudinal temperature distribution along
the heated areas of the beam cap and cross member at various time steps.
A temperature "ramp'' is seen to develop as the sirip moves under the
heaters during the first 40 seconds. The sloping temperature profile is
then raised during the next 40 seconds until at 80 seconds the forward end
is at the correct temperature and is ready to move into the forming section.

FOAMING TEMP In the forming section, one cap
431 K\ will require a minimum of 40
oy

450}

&
o
o

TEMPERATURE (K)

300

watts to maintain proper temper-
ature. This input is needed to

\ replace (1) energy that is con-
' e g  Stantly moving transversely
. Iggﬂz across the strip into the colder

areas, plus (2) longitudinal
losses to the cooling section

L
‘a
. O

\ . and areas of the heating section
STRUCTURAL not yet up to femperature. The
USE TEMP .

- 380K center area must receive 16

watts while each of the edge

areas require 12 watts, One

cross member requires 12

watts in the forming section with

i | i 6 watts being input at each of the

250
0 5 10 15 20 two heating areas.
DISTANCE {cm} - .
Figure 3-5. Cap Transverse Temperature Distri- The assumption was made that
hution at Entrance to Forming Section 6% of all the energy in both

heating and forming sections

is absorbed in their reflegtors.
Argus International states that 6% reflector absorption is a typical value for
foctised infrared heating.

Cooling Analysis — The cap and cross member temperatures must be
brought down below the fransition temperature in the cooling section. This
is accomplished by conduéting heat info aluminum platens placed against
the formed strips. during the 40 second pause interval, Freon running
through the platens removes this energy. This coolant is also used to re-
move the energy absorbed in the reflectors of the heating and forming
sections. .

The total amount of cooling reguired in the rolltrusion machine will be quife
low. For example, approximately 340 waits must be absorbed in the cooling
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Figure 3-6, Cap Strip Longitudinal Figure 3-7. Cross Member Longitudin-
Temperature Distribution in Heated al Temperature Distribution in Heafed
Area Area

section from one cap during the pause interval. Using a 0.5 Kg/min mass
flow rate for each cap, the coolant temperature would rise approximately
11.0°C(19.5 F). I the same coolant is used to dissipate the energy ac-
cumulation in the cap reflectors (approximately 33 watts) an additional
increase of 1.2 C (2 F) would occur making a fotal temperature rise of

12 C (21.5 F). Cooling services provided by the shuttle can supply 907 Kg/
hr (2000 1b/hr) of coolant at 280 K (45 F) with a maximum return temper-
ature of 328 K (130 F) if needed. It should be further noted the maximum
allowable coolant pressure drop is 310 Torr (6 psi). It is estimated the
total pressure drop would be less than 5,17 Torr (0.1 psi) if the coolant
flows continuously through heating, forming, and cooling sections.

Start Up — At start up, it is necessary to bring the material temperature
up to 490 +15 K in the forming section and have a similar temperature
distribution along the heating section as exists at every 80 second cycle
during normal operation (see Figure 3-6, t = 80)..

The major limiting factor in start up is the amount of available power in
the forming section. If the minimum value required for normal machine
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operation is used, it would take approximately 10-12 minutes fo heat the
material in the section from 255 K to 450 K,

A total time of 5 minutes has been chosen as a ground rule for start up.
Based upon this time, 105 watts must be made available in the forming
section for one cap.

A satisfactory temperature distribution in the heating section can be
created by placing two separate heating elements end to end within the
heating section, and turning each on at different times in the start-up
sequence, Figure 3-8 fllustrafes the heating element configuration, a
workable timeline for start up, plus the resulting temperature distribution
across the heating and forming sections for one beam eap.

Summary — The results of the thermal analysis show the fotal minimum
power required for normal rolltrusion operation o be approximaiely 2.0
Kw. This takes into account only the heating and forming of 3 caps and
corresponding cross members. I assumes a 6% loss into the heater
reflectors but no other losses, The shuitle has the capability of supplying
7 Kw average, 12 Kw peak for not more than 15 minutes, Energy require-
ments in the heating and forming sections for the beam cap and cross
members may be summarized as follows:

Heating Section Forming Section =~ Total (Watts)

Beam Cap 494 40 . 534
Beam Cross Member 114 12 126
for one Beam =3 (534 +126) =1.98 Kw

These are minimum total power requirements with no losses except 6%
into the heater reflectors.

3.1.4CONTROL REQUIREMENTS. The system control diagram shown in Figure 3-9

illustrates the control and data requirements for one cap section of the beam fabri-
cation machine. These are typical for each of the three cap sections involved, and
representative of the interface functions involved in the cross-member (excluding
weld heads) area. The diagram is centered around the processing sequence of the
graphite~thermal-plastic (GTP) maierial, whose flow is indicated by the heavy
dashed horizontal line across the cenfer of the page. The following paragraphs de~
fine the functional areas indicated.

First shown is the GTP heating section, whose heater elements are shown above the
material, and whose infra-red temperature sensors are shown below the material,
Next in the sequence is the GTP forming section, with heaters and temperature
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Figure '8-8. Start-up Timeline and Temperature
Digtribution

- sensors of the same type as

used in the heating section.
Both heating and forming
section heafers are shown.as. .
separately driven by an electri-
cal source (shown here as 28
volts DC; TBD) through conirol-
led switches, giving an on-off
energizing mode as opposed to
proportional-control mode, -
The respective switches are
activated based on data pro-
vided by the temperature
sensors to the system proces-
sor, and on the active mode of
the operation.

Following the heating and
forming sections, the GTP
material is cooled by cooling
Platens; thése platens are
shown as being controlled by
actuators which are activated
via a controlled switch closure
to the 28 volts DC source,

Next in sequence is shown the
drive motor which pulls the

‘GTP material through the system. This motor is driven via the application
of excitation through a controlled switch closuré. A travel sensor- provides
‘data to the processor as to the length of material which has been processed
through the system prior to cutoff of the desired net length structure.

Two weld heads join the cap section to two respective cross members and

- related diagonal stringers, Bi-directional motors transfer the weld heads
up fo and away from the material area upon command of the processor,
Final positioning of the weld heads prior to activation is based upon data to
the processor, provided via weld head position transducers. Weld appli-
cation is conirolled by the processor via control of the weld supply.

The last operational phase of the system is the shearing-off of the individual
caps of the completed system. The shears are shown as actuated through

switch closure to the 28 volts DC source.
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* A 5 volts DC-to-DC converter is shown as representative of the voltage
conversions necessary.to energize signal conditioning for the various
sensors, the data multiplexer, and the processor. The data multiplexer
provides the gignal conditioning outputs, in suitable form, to the processor
via a.data-bus. The-data bus is shoWhn as bi-directional, indicating the
control the proecessor has over data flow. The processor conirol bus inter-
faces each of the functional areas via device-peculiar interfaces, each
compatible with the individual device requirements. Not indicated in the
diagram is a processor interface to the Shuttle operator area. This inter-
face will allow operator monitor of the process, and operator update of
desired operational activity of the system.

3.1.5 EVALUATION AND SELECTION, The rolltrusion process is a stra:ghtforward
forming method usable with heat-softening materials, The alternative processing
steps have been described and evaluated elsewhere in this re-

port, These are summarized in Table 3-1. In assembling major assemblies to
form a beam fdabrication machine the following criteria have been applied to achieving
"a soundly integrated system design, and carried over to the ground machine.

. Maximize electrical/fhermal conversion efficiency
Modularize for downstream adaptability

Assure mission sharing on Orbiter flights
Minimize new development to constrain costs

p,l:\..f‘.ol\::l—*

Within the load-carrying capabilily of the shuttle orbiter weight of the experiment
‘Payload'was not critical. Standard aerospace lightweight approaches were used
throughout and overall weight minimized. Assurance of mission sharing was achiev-
ed by limiting cargo bay volume uSage to less than one half of the available space,
~Machine potential reliability was enhanced by keeping complexity to a minimum.
Where operating functions have a fixed relationship they are mechanicaily linked
- whenever possible with redundant controlled drive points. Design fixes for hypo-
thetical problems have been considered and, pending hardware tests showing a need,
installation provisions have not been inhibited.

The machine's basic structure comprises a strongback around which the machine
elements are attached as separately assemblable and testable modules. For
ground maintenance purposes all elements are easily accessible, On-orbit main-
tenance for the experimental version is not a groundruled requirement.

Every effort has been made to keep.down the costs of developing and performing the
experiment mission within preseribed groundrules. The approach {o cross member
fabrication is a case in point. The selected machine approach is to form each cross
meniber from GTP strip using the same technology developed for the cap sections.
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Table 3~1. Machine Functional Design Selections

Alternatives

Function Selection Rationale
1. Material Storage | a. Wound on reel with drag a. Controllable drag load.
brake and enclosed in can Ease of reloading.
b. Roll in 2 can running on
outside rollers. Inter-
laminar drag.

2. Heating a. RF d. Highest electrical/
b. Microwave thermal conversion
¢. Induction efficiency.

d. Resistance Lowest relative cost,
e. Ulirasonic Highest reliahility.

3. Forming a. Rollers Qe Best control of shape.- -
b. Fixed guideways Redress of abnormali-
¢. Matched forming tools ties.

4, Cooling a. Conduction to cold plate = Higher performance
b. Radiation to-cold wall or Higher final form

Space accuracy

5. Driving a. Cylindrical drive rollers 8. No scuffing.

Bb.

on flats of section
Spherical drive rollers on
flange radii of section

Drive force at
centroid,
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The members are sheared to length and mechanically placed in position for welding.
An alternative approach is to manufacture the cross members on the ground and
dispense them from magazines attached to the machine, This method reduces
electrical heating requirements by twenty per cent. It also introduces a new develop-
ment item with associated increased costs,. Since -satisfactory machine performance
is available well within the Orbiter power supply capability, the power usage re-
duction benefits was judged not worth the increase in development cost.

In the next subsection the procedures for orbital deployment, testing, and beam °
retrieval are established. The driving criteria are development of data on the pexr-
formance of the beam fabrication machine. Both dynamic and thermal testing of the
beam produced are proposed. After refurn of beam sections to the ground physical
inspection and structural testing will be performed to complete the data gathering,

The recommended beam fabricator arrangement and design approach comprises six
rollirusion heads equally spaced around a hexagonal strongback. Three heads produce
continuous cap Sections ; three heads produce and cut to length individual cross
members. Three swinging double arm cord dispensers lay down the diagonal hracing
across the beam bays. Six ultrasonic weld heads trap and weld the cords between

the cap and cross member attachment surfaces. Three shearing devices sever the
cap sections when the desired beam length has been produced. Operational control

of the machine is performed by a preprogrammed microprocessor unit with initiation~
and override controls placed at the Orbiter mission specialist station. Electrical/
electronic control equipment unifs and power supplies are mounted accessibly to
rolltruder module support structure, The modularity of major assemblies provides
flexibility for rearrangement to accommodate specific application constraints in

other uses.

There are potential problem areas which appear to require. further study and/or
breadboarding development in any next phase of this program. These are:

1. Heater element design for sturdiness, long life, and minimum thermal
inertia.

2. Temperature sensing of the GTP strip for calibration accuracy and control
sensitivity,

3. Variabilily of Orbiter power source voltage between 27 and 32 volts de
which may require experiment power conditioning/regulation to, say,
24 VDC,

4. Design of the cap section/cross member/diagonal cord welded joint to
meet structural requirements,
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3.2 OPERATIONAL PROCEDURES

The groundrules and assumptions for the flight experiment are given in Section 1.
Figure 3-10 shows the proposed mission profile for the LESFE mission.

During prelaunch operations, the LISFE payload is allocated up to 14.5 hours as part
of the Orbiter processing flow fo corplete payload installation, interface verification
and testing with the Orbifer,

During ascent to or return from the delivery orbif, the LSSFE equipment is
inactive - requiring only mechanical and caution and warning support from the
Orbiter. The nominal mission duration is 7 days, however, the LSSFE is expected
to need about 3 days - with the remaining period avilable for co-passenger payload
activities. During the experimental beam building operation, the equipment operates
automatically under control of the experiment computer, The Orbiter crew initiates
each operational or test phase and cpnti:ols_Orbiter maneuvers and RMS operations.
An experimental beam of up to 100 m length will be fabricated for on-orbit verifi-
cation of beam fabricator operations and for test, Test instrumentation is added to
the beam using EVA,

Housekeeping and test data will be stored on payload provided recorders in the bay
and also monitored at the aft flight deck payload station. Data will be fransmitted
to the ground where it will be displayed and recorded.

At the conclusion of the testing period the beam will be cut into about twelve lengths
using the RMS to grapple the structure and EVA/hand tools to sever cap sections and
cords. The beam sections will be stowed around the first nine meters of heam
protruding from the machine for return to earth., This will be done prior to begin~
ning preparations for descent (experiment fermination, gecuring, Orbifer thermal
conditioning, etc.). After landing, up to 3 hours is allocated for payload removal.

LOW EARTH ORBIT Executive control and monitor

-——~f ___»\,.,\ of the beam fabrication on-
: orbit operation is provided via
I the Orbiter RF command link
;f
oIRECT | ground controllers at the Pay-
:ggg&%ﬂg load Operations Control Center
MeCH ‘ (POGC) which is co-located with

S

5.4

— @_&_-_“

¥ g.___ e -
pact X, NS Mission Control Center - Houston
145 HR sup.nen L InR .
AUAIL 3DAYS Ac'rmes AVAIL (MCC-H), MCC-H provides

7 DAYS NOMINA L~ Orbiter and overall mission

_ o control.
Figure 3~10, LSSFE Mission Profile
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3.2.1GROUND OPERATIONS. Ground operations for LSSFE comprise three major
activities, namely, acceptance testing, equipment integration, and launch site operations.

Figure 3- 11 depicts LSSFE program activities during the development and operations - - -

- phases -Ground-operations télatéd to preflight testmg for the flight article are sun-
marized according to task. The level IV integration is assumed to be at MSFC, the
remainder af KSC.

Factory acceptance testing will include a est in which a short length of beam will be

- fabricated and cut off. A beam length about one bay (or more) beyond the cutoff plane
should be adequate. This test demonstrates the beam fabricator end-to-end functional
suitability for flight and also "primes" the machine for on-orbit operations. A vacuwum
chamber is required for this test, minimum dimensions 8.5 m long by 3 m diameter.
GSE requirements include power, heat rejection, and data acquisition/command.
Mounting will be by the buili in trunnion and saddle provisions.

After factory checkout the completed beam fabricator and support equipment will be
"delivered to MSFC for Level IV integration consisting of instailation, imterface veri-
fication, -test and checkout activities which do not require a vacuum chamber. Typical
tasks are: installation of experiment equipment on Spacelab pallets, heam fabricator
aligninent with pallet, electrical and data interface proofing, software checkout with
Orbiter GPC simulation, and function tests. A preliminary Level IV integration flow
diagram is shown in Figure 3-12. The corresponding requirements are summarized in
Table 3-2.

* PROGRAM ACTIVITIES FLOW

DESIGN/
. EXPERIMENT
.ANALYTICAL >
< NTEGRATION | SUPPORT
Y |
]
LEVEL iV tever] [reved] | ELIGHT POST- POST-ELIGHT
HARDWARE P ITTTIR =N 4 openx#nus »{ FLIGHT » TEST&
+ INTEGRATION INTEG| [INTEG| 1 OPERATIONS EvALUATION
FACTORY I
TEST |-»| MFG {»| AccepT- .
ANCE }
: !
F—PREFLEGHT TESTING |
¢ PREFLIGHT TESTING SUMMARY . TASK
FACTORY ACCEPTANCE TEST END-END FUNCTIONAL TEST AND PRIME SYSTEM
LEVEL IV INTEGRATION AMD CHECKOUT OF.EXPERIMENT
EQUIPMENT WITH PALLETS
LEVEL I1/1¢ COMBINATION AND INTEGRATION OF COMBINED
EXP EQUIP AND PALLETS WITH FLIGHT SUPPORT
ELEMENTS
LEVEL INTEGRATION AND CHECKQUT OF SPACELAB AND

PAYLOADS WITH SHUTTLE

Figure 3-11. LSSEFE Development and Operations Phase Activities
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Table 3-2. Level IV Integration Requirements Summary

FUNCTION
Install Exp. Equip

Install & C/O Service GSE

Service & Prep Exp. for Opsration

Instail  Exp. Equip in AFD GSE
‘Install & Connect G/O GSE & PCU'
Connect Exp, I/F Cebles & Lines

Load Ground Test Software &
Verify Load

Perform Power-up Checks

Load Experiment Software
& Verify Load

“Perform Elect & Mech I/F Tests

Verify Integrated Exp. Software
Compatibility

Perform Combined Syst Test

EXPER_IMENT REQUIREMENT
Install Beam Machine /Trunnion, Saddle
TASEIL and Align Returh Béam Sipports
Install Instrumentation Control and I/F
Panel
Align Machine To Pallet Centerline
Proof Install Shaker & Lines

Install & C/O (Freon Loop Servicer)

Fiil & Bleed Freon Loop

Prep TV, Film Camera, Laser

Load Tape Recorders & Film Cameras
Load Dummy Remurn Beams

Load EVA Equipment, Check Access

Instrument Control, CRT, Keyboard, C&W
Exp Signal/Control, Instrumentation

Megger, Continuity, Bonding, Groundiog,
Power Isolation

Simulation Software TBD

Check Low Power Equip Cnfl Circuits,
Instrumentation, Laser, TV, Recorders

Orbiter GPC Software
FCU Control & Monitor Software

Beam Fabricator Rotation & Lock (e.g.,
down loek, intermediate, uplock)

Return Beam Support Pivot, Dummy
Beam Clearance and Clamping

T/V & Camera Syst Operation

Experiment C/0, Control, Momtior
{Orbiter GPC, FCU, GND Test Software)

Crew Command/Control Inferfaces and
Mission Sequence Simulation

Subsequent.to. Level IV, the flight unit will be delivered to KSC for off-line integration
with the shared payload, simulation equipment, and with on-line Orbiter equipment.
The LSSFE fabrication equipment will be installed with the Orbiter in the horizontal
position.in the Orbiter Processing Facility. The LSSFE equipment will not require
special environmental monitoring or control during prelaunch ground operations nor
time critical access at the pad, Equipmént handling in the vertical position is not
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planned; however,. it is not precluded by the design. The requirements for Level II/II
integration are given in Table 3-3 and for Level I in Table 3-4,

3.2.2FLIGHT OPERATIONS, In order to synthesize and define a suitable mission
for the LSSFE i is necessary first to establish the requirements for on-orbit testing
i.e., in evaluation of the fabrication process, testing and evaluation of the deployed
beam, and réturn of beam sections fo the ground for detailed examination.

3.2.2.1 Test Requiremenis — Measurements and observations will be taken during
the fabrication of the test beam to evaluate each of the operational functions of the
-beam-fabrication machine, namely; storage, heating, forming, cooling, feeding,
positioning, welding, and shearing. A nominal operational cycle is performed as
follows:

The machine has a run period during which the caps and beams are
advanced at 2.2 mefers per minute during a 40 second run time.

Table 3-3. Level II/II Integration Requirements

INTEGRA TION OPERATIONS® REQUIRED FOR

¢ INSTALL SPACELAB PALLETS IN TEST STAND SHARED PAYLOAD

* INSTALL EXPERIMENT EQUIPMENT IN AFD GSE n
e INSTALL EXPERIMENT GSE "
e CONNECT AND VERIFY GSE - TO - EXPERIMENT INTERFACES "
e SERVICE AND PREPARE PAYLOAD FOR OPERATION FLIGHT EXPERIMENT

LOAD ~-SHAKER ‘WITH PACKAGED ELECTRICAL & FREON LINES -
PACKAGED SHAKER DRIVE ADAPTERS
RECORDER TAPE REELS (DATA & VIDEO)
CAMERA MAGAZINES
PACKAGED LAS ER REFLECTORS WITH BRACKETS
PACKAGED ACCELEROMETERS & TEMPERATURLE SENSORS
PORTABLE WELD UNIT
SERVICE - FILL AND-BLEED FREON LOOP

e POWER UP TESTS . SHARED PAYLOAD

e LOAD EXPERIMENT FLIGHT SOFTWARE AND VERIFY LOAD "

¢ PERFORM MISSION SEQUENCE SIMULATION 1

¢ RESERVICE EXPERIMENT EQUIPMENT FOR FLIGHT FLIGHT EXPERIMENT

¢ REMOVE EQUIPMENT FYROM TEST STAND AND GSE AND MOVE
TO ORBITER PROCESSIVE FACILITY

¥ CONDUCTED IN THE OPERATIONS AND CHECKOUT BUILDING
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Table 3-4. Level I Integration Requirements
® INSTALL SPACELAB PALLETS IN PAYLOAD BAY
o INSTALL EXPERIMENT EQUIPMENT AT A¥D PAYLOAD STATION & ON-ORBIT STATION
e CONNECT AND VERIFY ORBITER TO.PAYLOAD-INTERFACES- —

POWER ~ STA Xy 695, AFD AND AT PALLET I/F

SIGNAL/CONTROL - STA X, 576, AFD AND AT PALLET /T

PAYLOAD HEAT EXCHANGER - SUPPLY/RETURN STA X, 636, AND AT PALLET I/F
RMS GRAPPLE DEVICE. ) '

& PREPARE FOR ORBITER INTEGRATED TESTS

LOAD EXP., TLIGHT SOFTWARE AND VERIFY LOAD
# PERFORM ORBITER INTEGRATED TESTS
+ PAYLOAD FINAL SERVICING

CONNECT ORDNANCE (JETTISON DEVICES)
VERIFY LAUNCH LOCKS
REMOVE LENS COVERS FROM TV/CAMERAS

* STOW EQUIPMENT IN ORBITER CARIN

NOTE: TIME, ACCESS AND RESOURCES ARE ASSUMED TO BE SHARED WITH OTHER
ORBITER PAYLOAD E1E MEI‘\ITS

. After 1.434 metfer beam extension, a pause of 40 seconds is made for
cross-member and diagonal cord attachment. During the pause period
the formed cross-members are grasped by the transfer mechanism,
cutoff, and positioned on the caps. The diagonal cords are aligned
between the cap and cross-member by the cord feed mechanisms and
the -cord and cap are ultrasonic weld joined o the cap. The.machine
then repeats the operating cycle.

Parameters. such.as temperature, pressure, flow rate, position, voltage and current
will be measured and recorded for post flight analysis and for comparison with pre-
flight test results. Important process control parameters will be displayed at the
operating control panel and may also be displayed at the ground monitoring station.

Film and television cameras will be employed to observe and record the operation

of feed, placement and clamping devices and to evaluate the operation of the cap and
cross member cut-off shears. TV swiiching circuitry-will be added to enablé selective
observation of the cameras on the CCTV monitors and transmission to the ground.
Figure 3-13 shows typical camera locations and functions, :

An electro-optieal dis;placement measuring system will be employed to assess the

geometric aceuracy of the beam during and at the completion of the construction
rhase.
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Figure 3-13. Typical Process Conirol Evaluation Measurements

The system will employ three laser transits which track the X-Y plane motion of
optical targets mounted at the outboard end of the beam. The targets will be
secured to the beam before flight using composite attachment brackets that are
ultrasonically welded in place. The arrangement-is illustrated in Figure 3-14.

The output signals from the eleciro-optical frackers will be compufer processed

to evaluate bending and/or rotational distortion of the beam geometry. Since the
beam sfructure will be excited by machine-induced forcing functions to osciliate

at various. natural frequencies as its length increases during the fabrication process,
the tracker system must measure the peak-to-peak displacement and the direction of
apparent motion of each of the three targets. The oscillatory motion must then be
mathematically eliminated to determine the neutral position for each target. The
computed neutral positions must then be compared fo the location at which each tar-
get would reside if there were no bending or twisting deflection, and the static bending
and/or twisting bias computed.
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~@———LASER * OPTICAL DISPLACEMENT MEASURING SYSTEM UTILIZES
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Y — AXIS'BENDING X~ AXIS-BENDING ROTATION

TARGET TRANSLATION/ROTATION RESULTING FROM MISALIGNMENT

Figure 3-14. Geometric Displacement Measurement

Expérimental beam tests are required to verify the analytical models for vibration
and thermal response developed to permit advancement to full scale large space
structures. On-orbit tests are needed to obtain valid responses because of ground
testing limitations related to vibration response in air vs. vacuwumn, gravity vs.
zero gravity beam supports, and reproduction of thermal stimuli/response data.

A suitable ground test facility would be prohibitively expensive to accommodaie a
100 m beam and provide vibration and thermal inputs under vacuum conditions.

Requirements for vibration tests are given in Figure 3-15. Tests will be per-
formed using the 100 m long experimental beam, secured in the beam fabrication
machine. Natural modes of vibration will be excited in bending and torsion. Beam
responses will be measured to determine natural frequencies, mode shapes and
structural damping factors. .

Vibration forcing functions will be induced into the beam by alternately firing the
Orbiter RCS thrusters {0 excite the lower frequency bending modes, and by em~
ploying an electrodynamic vibration exciter for the higher frequency bending modes
and the torsional modes.
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Figure 3-15. Vibration Test Require-
ments

The bending mode shapes for
the higher frequency modes
will influence the forming
function input location and the response measurement locations. Provisions should
be made for vibration exciter inputs at several locations to insure non-coincidence
with nodal points.

When using the RCS system for exciting the lower frequency bending modes, structur-
al damping can be determined using the logarithmic decrement method. For the
higher frequency modes, the vibration exciter force input measurement and beam
response measurements can be digitally processed using Fast Fourier Transform
techniques which yield natural frequencies, damping factors and mode shapes.

The lower frequency bending modes can be excited by alternately firing the Orbiter
RCS thrusters to produce angular acceleration about the roll axis or translation
acceleration along the Y-Axis, This is shown in Figure 3-16.

¥ roll excitation is employed, firing can be restricted to use only downward firing
thrusters to avoid impingement.of the exhaust gas plume. Slight orbital perturbations
would result from downward-only firing. If transtation excitation is employed, thruster
plume impingement effects are avoided but a roll moment is created if only horizontal
firing thrusters are fired. This can be neutralized by additionally pulsing downward
firing thrusters on the opposite side.

Excitation by the RCS system is not expected to be useful for the torsional mode tests
because they will have relatively high natural frequencies and because the beam neutral
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Figure 3-16. Vibration Excitation

Options

axis cannot be conveniently located at the yaw
axis,

Use of the Orbiter thrusters for exciting heam
natural modes of vibration appears to be
feasible for exciting the lower frequency bend-
Ing modes, but additional investigations need
to be made. into several areas.

Generating an oscillatory motion using the
thrusters requires that a control signal be
introduced into the Orbiter's GN&C subsystem.
This will require that a feedback signal re-
presenting the beam's amplitude and phase
response be measured, computer processed,
and infroduced at an appropriate place in the
control loop. Analyses of the RCS subsystem
must be performed to verify that the proposed
mode of operation will not degrade the thrust-

* ers nor the structural mountings, plumbing,

ahd ‘associated components.

Ideally, the forcing function waveform should be a pure sinusoid, tuned to each of the
individual beam resonant frequencies. However, the square wave nature of the
thruster-produced force vs, time history will tend to excite the odd numbered higher
harmonicd and cause a complex response which obscures the desired response,
-Further study should be made of the possibility of constructing a ""shaped' transient
forcing function by selectively programming the on-off sequence of the individual

thrusters. -See Figure 3-17.

FI, . | ‘/_\ .

3
NO. 2
THRUSTERS |
FIRING/ 1
QUADRANT 2

"SHAPED" TRANSIENT

Figure 3-17. Forcing Function

Wave Forms

= YA

© TRANSIENT SINUSOID

Beam natural modes of vibration, bending and
torsional, can also be induced by incorporating
electrohydraulic exeiters in the mounting trun-
nion assembly. This method adds to the weight,
complexity, and cost of the basic installation.

-1t also requires the beam fabrication machine

to transmit the vibratory force to the experi-
mental beam, thereby adding new design loads
and possibly impairing machine reliability.

Another available method is use of an electro-

dynamic vibration exciter. unit with lightweight
armature and large stroke capability.
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One of the Orbiter RMS manipulators will be employed to position the electrodynamic
shaker at several beam locations within the area accessible to the manipulator and
within the operator's field of view, Figure 3-18. '

A + WORKING RADIUS The shaker will be 2 low force
\ ggs?‘ﬁ%rﬁ?ngs RANGE OF POTENTIAL {50~150 ibf), long stroke unit,

SHAKER / POSITRONS FOR driven by a DC~coupler ampli-
; - /\:ﬁggL fier. The vibratory force input
o~ SPOT to the beam. will be measured
using a mechanical impedance
head. The force and accelera-
tion signals will be fed back to
a digital processor for system

conirol and modal analysis.

A high compliance suspension
. system will be used to mount
Figure 3-18, RMS Positioning of Shaker the shaker to the RMS end

effector, such that the shaker
acts as an inertial mass freely suspended in space. Prefabricated drive adaptors
will be installed at several locations and orientations during fthe beam construction
process by an EVA crewman., The adaptors will be stiff, lightweight assenblies con-
structed of composite material that will be witrasonically welded to the beam- cross
members. Mechanical drive couplings will be employed that can be quickly engaged
and disengaged by an EVA crewman.

Installation and relocation of the exciter at several beam stations and orientations
will require the use of two RMS manipulators in a non-simultaneous operational
mode, one for shaker positioning and one for EVA crewman mobility.

The factors which will influence the vibration test configuration are the type and input
location of forcing function, accessibility by the RMS and EVA crewman, and visibilify
from the Orbiter aff flight deck, as illusirafed in Figure 3-19.

For those. bending modes excited by using the RCS thrusters the beam fabrication
machine will be rotated upward, aligned along the Orbifer Z-Axis., Operation of the
thrusters to produce rell or translation displacement will produce oscillatory beam
response in the Y-7 plane, referenced to the Orbiter. Response monitoring ac-
celerometers are mounted at eleven stations along the beam during the beam fabri-

cation process; therefore, RMS accessibility to the beam is not required for this
phase of the testing.

For the bending and torsional modes excited using an electrodynamic vibration
execiter, the beam fabrication machine will be rotated downward to approximately
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Figure 3-19. Dynamic Modal Survey Configurations
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Figure 3-20. Shaker System Interfaces

30 degrees above the X-Y plane
At this angle, the RMS can
reach to about the 12th hay of
the test beam, and field of

~view-(FOV)-from the RMS™ ~ ~

operator station covers from
the 6th to the 16th bays.

The shaker system interfaces
with the experiment equip-
ment and the Orbifer are shown
in Figure 3-20,

* Modsal survey measurements

are both optical and inertial.
Optical measurements use laser
transits mounted on beam fabri-
cator which provide output sig-
nals (digitized) which indicate
X-Y coordinates of laser targets.
Real time data processing is
required to separate bending and
torsional misalignment (bias)
from osciilatory responses.
Accurate preflight alignment of
the lasers and EV4 installation
of targets is required. TV
cameras mounted on the beam
fabricator provide a visual
reference to crewmen control~
ling vibration inputs by display
on monitors at the on-orbit
station. The data is also record-
ed on a video recorder, Film

cameras mounted on the pallet provide metiric data for post flight analysis (low fre=-

quency modes only).

Inertial measurements use accelerometers installed at multiple stations along the
- experimental beam to provide response data needed to obtain the transfer functions.
Many stations are desirable in ordér to provide sufficient amplitude and phase data
for good resolution of the higher modes. However, installation of accelerometers
and cabling requires EVA astronaut activity to unreel cables, position and secure

transducers and tie down cables, during the beam fabrication process.
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of transducers and associated eabling would mass load the beam and add damping,

thus influencing modal responses. ¥ast Fourier transform (FFT) technique will enable
using a limited number of accelerometers to obtain the data necessary to employ
curve fitfing algorithms for modal analysis.

Accelerometer assemblies are installed at 10 m intervals at 11 stations along the
test beam. Two assemblies are installed at each station at two of the three corners.
Bending and torsional vibration response componenis are resolved by the vibration
analysis hardware and soffware. The vibration measurement instrumentation sys-
tem instalied on the beam must be designed for minimum mass and damping, and
for ease of installation by EVA astronaut. Frequency range of interest is approxi-
mately 0.06 Hz to 30 Hz. Additional vibration measurements will be taken on the
beam fabricator structure and on the pallef.

Beam-mounted instruwmentation is pre~connected and stored in a protective con-
fainer on the pallet. There are 22 accelerometer assemblies (44 channels) and

4 temperature sensors (8 channels). Additional accelerometers gre instalied on the
beam fabricator structure and on the pallet during preflight gperations. Other
dynamic measurements to be made are vibration exciter force and acceleration
inputs to the beam at the drive point. Tofal measurement channels proposed are:

Acceleration: 59
Temperature: 8
Force: 1

An accelerometer assembly installation is shown in Figure 3-21. The assembly
contains two sensing elements with signal conditioning and multiplexer elecironics.
Assemblies are spotwelded to cross members by an EVA astronaut during beam
fabrication. Twentytwo assemblies are required. Operational characteristics:

Frequency Range: "0 -50Hz

Acceleration Range: ~10to ¥10 g

Temperature Compensation: +2% 172 to 338K

Internal A/D Conversion

Thermal response tests will be conducted to verify analytical predictions of beam
element temperature stabilization under various lighting and shadowing conditions.
The proposed configuration is shown in Figure 3-22.

During mission Day 2, temperature measurements will be taken as the Orbiter passes
from the earth's shadow info full sunlight and again 2 orbits later when it passes

from sunlight into shadow. In addition fo temperature vs. time recordings for each
location, data describing Shuifle orientation and sun and earth viewing angles will

be obtained to support post flight data analysis,

3-29



SPOTWELD TC
CROSSMEMBERS
8 PLACES

Py

J:]

\ TO DATA
SYSTEM

Figure 3-21. Accelerometer Assembly
Installation

SUNSHADE LENGTH
T0M
STA 358

STA 645

SUNSHADE

DEPLOYED

CUTOEF SOLAR VECTOR
DEVICE SUNSHADE T S0LAR VE

SUNSHADE

STORAGE -

REEL TEMP. SOLAHFLUX

l I
BOOM STORAGE (Hon

REEL & DRIVE

MoToR DEPLO\’MENT
800M
T=BEAM CAP TEMPERATURE // SHADOW
—  MEASUREMENT LOCATIONS SUNSHADE ~rEmp.

MEAS.
VIEW A.A  [COLD)

Figure 3-22. Thermal Test Configuration
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" During mission Day 8, tests will

be conducted to determine worst
case cap-to-cap At conditions.

A ten meter long section of one of
the beam caps will be artificially
shadowed using a deployable sun-
shade perpendicular fo the solar
vector, thus producing a maximum
heating condition on two of the caps.
The third cap, in the shadow created
by the sunshade, will stabilize at a
low temperature. Temperature vs.
time measurements will be taken on
the caps gt the centers of the 3rd
and 5th bays as the Orbiter passes
into and then out of the earth’s
shadow.

During the thermal tests, the
electro-optical displacement
measuring system will be employ-
ed to detect thermally induced
distortions, if measurable.

Temperature measurements will be
taken at four beam cap locations,
However, due to the very low thermal
conductivity in the transverse direc-
tion of the glass/graphite laminste,

a single measurement would not be
representative of the cap tempera-
ture for non-uniform cap insolation
conditions. For example, the two caps
facing the sun in Figure 3-23

would each have one hot leg and

one cool leg, due to self shadowing.

To obtain the required temperature
data, dual temperature measure-

ment fransducers will be employed at
each location that measure the temper-
ature on both legs of the cap.
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Figure 3-24, Return Beam Handling and
Storage Concept

The temperature measurement
transducers will be installed by an
EVA crewman during the final phase
of beam construction. The trans-
ducer will be designed to easily slip
into place inside the cap and will be
held in place with the desired con-
tact pressure by integral spring clips.
The transducers and their mounting
provision must have no significant
thermasl effect on the cap response.

Tmplementation of a concept to handle
and store beamed sections returned
for post flight fest and evaluation is
shown in Figure 3-24. The payload
provides supports for the returned
beam sections and a special grappler
device with jaws which aftach to a
beam cap, straddling a cross mem-
ber. The Orbiter provides the RMS
to interface with the grapple device.
The returned beam supports are
located on the pallet sill and on the
beam fabricator. Sill mounied sup-
ports pivot to provide clearance be-
tween fabricator rotation and the
stored return beam. Mechanisms
which extend beyond the Orbiter mold
line during operation are equipped
with pyrotechnic jettison devices,
Nine of the eleven beam sections are
clustered about and attached to the
first nine meters of beam over~
hanging from the beam machine. All
beam sections are severed to length

by an EVA astronaut and handled into stowage position by the remote manipiiator
system. During this process all crifical locations, e.g., beam grapple point,
storage locations, can remain in direct visual confact with the RMS operator st the

On-Orbit Station.

Part of the fabrication flight experiment involves return of beam sections fabricated
on -orbit for post flight test and evaluation. Typical ground evaluation tests of the
returned specimen are identified in Figure 3-25. The returned samples must be of
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& REQUIREMENT -- FABRICATE BEAM ON ORBIT & RETURN TO EARTH
FOR POST-FLIGHT TEST EVALUATION

POST-FLIGHT TESTS TEST OBJECTIVE TYPE
- CAP UNIFORMITY, DIMENSION | PROCESS QUALITY CONTROL EVAL | NONDESTRUCTIVE TEST

START/STOP EFFECTS.
POWER LOSS EFFECTS

CUT-OFF ' MATERIAL SURFACE CONDITION NONDESTRUCTIVE TEST

WELD WELD STRENGTH, CONDITION SPECIMEN CONSUMED IN TEST

BEAM DIMENSIONS PROCESS QUALITY CONTROL EVAL NONDESTRUCTIVE TEST
(STANDARD BAY & SHORT BAY}

BEAM STRAIGHTNESS/TWIST, STIFFNESS BEAM FABRICATOR PERFORMANCE NONDESTRUCTIVE TEST
CRIPPLING LOADS BEAM FABRICATOR PERFORMANCE SPECIMEN CONSUMED IN TEST

GRAPPLE DEVICE INTERFACE HANDLING EFFECTS NONDESTRUCTIVE TEST

¢ DERIVED REQUIREMENTS/CONSTRAINTS — REPRESENTATIVE SAMPLES FOR PROCESS QUALITY
- . CONTROL EVALUATION

— RETURNED BEAM LENGTH COMPATIBLE WITH MISSION
SHARING AND ADEQUATE FOR GROUND TESTING

Figure 3-25. Return Beam Test and Evaluation

adequate length for the various fests and be representative samples of the on-orbit
fabrication process. The return beam dimensions ave further constrained by
Orbiter bay length and with compatibility with potential shared payloads. Up/down
payloads may differ; airborne support equipment for deployed payloads may remain
in the payload bay throughout the flight.

Process quality confrol evaluation will benefit by having the total tested beam avail-
able for inspection. Two beams, each six bays long (~ 9m) are recommended for the
major testis,

3.2.2.2 Mission Synthesis — Experiment orbit criteria and constraints are sum-
marized in Figure 3-26 for an assumed launch in mid FY 1982, Acceptable orbit
inclinations range from 28 1/2 to 57 degrees. Higher inclinations are not available
until affer 1982, nor are they required. Acceptable orbit altitudes range from 296

km to about 500 km. Above this altitude a typical payload would require one or more
Orbiter provided OMS kits - which reduces payload bay length available. The lower
altitude (296 km) is a standard parking orbit for upper stage delivery flights and is
shown at the lower limit of the 13 payloads surveyed in the 1982 payload traffic mani-
fest. These payloads are considered to represent typical candidate payload orbits
which might be shared with the Large Space Structures Fabrication Flight Experiment.
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e LAUNCH DATE — MID FY 1982
CRITERIA CONSTRAINTS

THERMAL TEST REQUIREMENT — LIGHT DARK EYELES LOW ALTITUDE EARTH ORBIT

DYMAMIC TEST BEQUIREMENT — NATURAL ILLUMINATICN DESIRED LONGER PERIODS OF NATURAL

DURING TEST PERIODS FOR TV/CAMERA ILLUMINATION AVAIL ABGVE ~50°
INCLINATION, LAUNCH WINDOW
CONSTRAINED.

COST — STANDARD SHUTTLE ORBIT — ETR 281" & 56° INCLINATION

STANDARD SHUTTLE ORBIT ~ WTR 30° & 104° INCL AVAIL AFTER 1982
STANDARD SSUSAHUS DELIVERY ORBIT 28%° AT 296 kin R .
L 600 . .
POTENTIAL FOR MISSION SHARING — BASED ON TYPICAL ORBITS - .,
ASSIGNED FOR FY 14982 PAYLOADS IN TRAFFIC MANIFEST . 400 |- e —
(13 PAYLOADS SURVEYED) ALT DBPL 2P
{tem} 200 2 PfL

ol 1 11 1 |
0 20 40 60
INCL {Deq}

LENGTH AVAILABLE TO PAYLOAD OMS REQUIRED ABOVE ~500 km,
REDUCES LENGTH AVAIL BY 2.9m

© ORBIT CHARACTERISTICS — ACCEPTABLE 28%° TO 57°, 296 kin TO 500 km
— RECOMMENDED 28%° @ 296 km MEETS TEST REQUHREMENTS WITH
STANDARD ORBIT AND GOOD POTENTIAL FOR
MISSION SHARING

Figure 3-26. Experiment Orbit Characteristics

The on-orbit thermal fest requires periods of light and darkness that are available
from low alfitude earth orbits. The dynamic test has no "hard" orbital require-
ments although additional natural lighting available from certain higher inclinations
orbits could be beneficial for supporting TV/camera instrumentation (accelerometers
are the primary instrumentation planned for the dynamic modal survey).

The recommended orbit of 296 Km at 28. 5 degrees meets the test requirements and
uses a paseline Shuttle orbit from ETR with standard trajectory, mission planning,
ete., available to payloads without special user charges. The orbit will also maximize
_ potential opportunities for sharing the QOrbiter weight/length/capabilities available

to payloads.

Characteristics of a representative fabrication flight experiment mission are shown
in Figure 3-27. The mission was synthesized to provide orbit constraint data for
timelining experiment operations and tests.

A nominal orbit from within the acceptable range was selected. The launch date is
consistent with current program plans. During each orbit a light/dark cycle occurs.
The time period in total darkness during which the Orbiter is oceulted from the sun

by the earth, appears adequate to acquire thermal distortion and temperature measure-
ment data used to validate analytical models. A plot of the beta angle is shown for a
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Figure 3-27. Representative Mission
Characteristics

7 day mission (g is the angle measur-
ed between the earth-sunline and the
orbit plane). The beta angle history
of the representative mission pre-
cludes the need of any special Orbiter
thermal conditioning maneuvers during
the test pericd. At the end of the mis~-
sion, up to a 12 hour period of thermal

+ conditioning will be required prior to

reenfry, The mission timeline analysis
indicates that a period of approximately
3 days will be needed for the on-orbif
activation, checkout, fabrication and
test operations. The remaining period
is available for operations related to
the shared payload. The sequencing of

co-passenger payload operations is not critical to the LSSFE payload. For example,
an upper stage payload could be delivered before LSSFE operations begin.

The TDRSS will be operational and provides adequate communication contact coverage
for ground monitoring and support hased on the representative orbit characteristics
and test orientations (X - Loeal Vertical, Z-POP or X - Loecal Vertical, Y - POP),
TDRS contacts are sensitive to the orientation due to Orbiter blockage of the Ku -

Band antenna. The addition of the optional Orbiter KuBand communications kit does not
appear warranted. However, sizing of experiment recorders should congider com-
munications gaps of up to about 20 minutes during eritical test periods.

EVA appears well suited as a cost effective method to implement complex, non~-
repetitive experiment operations which involve installation of test instrumentation.
An example is removing prepackaged accelerometers/temperature sensors with
brackets and associated wiring from storage containers and welding them to the

experimental beam during hold periods in the fabrication process.

EVA can also

be used to install laser reflectors and drive adapters and, with the support of the
RMS, position/guide the attachment of the vibration exciter to the test beam.

Handholds will be required on the payload equipment to access the worksite (in
addition to those already provided by the Spacelab pallet and along the Orbiter sill).
A portable workstation such as deseribed in JSC Report 10615 could be aftached to
the fabricator before launch and provide erew and tool restraints. Provisions for
test equipment storage will be required, as well as a portable weld unit and its

supporting resources (e.g., power).

A major concern in the design of the payload

systems and structures will be compatibility with the exfra vehicular crewman's
support equipment - particularly the life support systems and space suit components.
EVA design criteria are documented in J5C-10615, May 1978,
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Timeline analysis indicates that at least.two one-man EVAs will be required for
attaching test instrumentation. Less than half of the 24 EVA manhours available
from the baseline Orbiter are needed for the plahned fabrication flight experiment
-EVA operations. TFigures 3-28, 8-29, 3-30.show preliminary timelines for typical
experiment opsrations covering three days on orbit,
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Figure 3-29. Mission Timeline — Day 2

3.2, 3STS INTERFACES. Figure 3-31 illusirates the experiment equipment installation
and the major physical and functional interfaces between the pallet and the Orbiter.

The beam fabricator is installed on a two segment pallet train using g frunnion attach-
ment aft and a saddle attachment forward. The trunnion also provides for deploying
the machine to a vertical position in the payload bay for fabricator operations or test.

The installed payload length is 9 m including overhang beyond the pallet and clearance
for deployment. Locks are provided o secure the beam fabricator to the paliet dur-

ing launch and landing. Standard Spacelab paliet segments provide structural mount-
ing hardpoints for the beam fabricator, Other payload equipment may use inner skin

mounting. :

The -power. input cable, coolant supply and refurn lires, and the process countrol, TV,

and test equipment/instrumentation cable harnesses mate with the pallet at an experi-
ment provided interface panel-to simplify Level I integration tasks, ALl experiment
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Figure 3-30., Mission Timeline — Day 3

equipment and interconnecting cables and fluid lines aboard the pallef will be in-
stalled and verified during prior integration activities.

Experiment equipment will be installed at the three work stations in the aft Flisht
Deck, Their locations are shown in Figure 3-32. The Payload Station will contain
experiment equipment to operate and monitor the beam fabricator, test instru-
mentation, and vibration and thermal fest equipment, The On-Orbif Station will
house experiment equipment {o control the erection of the fabriqgtor by the trunnion
assembly and to release and re-apply mechanical 1atches and rotational locks.
Orbiter-provided eguipment at the On-orbit Station will be used for Orbiter attitude
adjustments, CCTV control and moniforing, external lighting conirol, and operation
of the remote manipulator arms,
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MISSION STA - ON-ORBIT STA 0.07 m3 AVAIL

“/ : =

PAYLOAD STA 0.39 mS AVATL

 TOTAL SURFACE 9
AREA=1.6m

VOLUME = 0.87 m®

o el

AVAIL TO P/L:
Mission T
Station . On-Orbit Station Payload Station
Caution & | Fabricator erection controls | Fabricator operational controls & displays
warning Launch lock controls Fabricator evaluation test displays
displays | CCTV monitor switching Vihration exciter system conirols & displays
CCOTV camera controls Vibration analysis system controls & displays

Supshade operational controls
Thermal test displays )
Instrumentation system controls

Figure 3-32. Payload Equipment Located at AFD

The Mission Station will contain an indicator light panel for cgution and warning
displays for flight safety critical functions such as launch locks. The Mission
Station will also employ Orbiter provided equipment to control the transmission of
test data and T.V. signals to the ground.

3.3 COST FACTOR EVALUATION

Experiment-related costs have been broadly assessed in two areas, namely, (a) a
total flight experiment and (b) 2 ground demonstration fabrication machine. To
accomplish (a) if was necessary fo structure a preliminary development plan and
this is presented also in this section.

3.38.1 PRELIMINARY DEVELOPMENT PLAN. This preliminary planning data
provided top level development planning for Phase C/D of the Large Space Structures
Fabrication Experiment (LSSFE) program. For preliminary planning purposes,

the phases of the LSSFE program are:
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LSSFE Study - Thermoplastic Composite approach with follow-
(This Report) ing objectives: . -

1. Conceptual design of a large space structures
flight experiment. . . —

2. Preliminary design of a large space structures
element fabrication machine for on-ground
operation and proof of concept.

LSSFE Phase A - Conceptual definition of flight experiment.
Completion of ground machine design.

LSSFE Phase B - ¥light Experiment Definition including predesisn
of composite fabrication machine (see schedule in
Figure 3-33).

LSSFE Phase C/D ~ Final design, construction, integration and
operation for the on-orbit Fabrication Flight
Experiment.

3.3.1.1 Program Definition for Cost Estimation — The program definition for cost
estimation provides the data base for preparation of preliminary development plan and
cost analysis data for the on-orbit fabrication flight experiment phase of the LSSFE
program.

Ground Rules and Agsumptions”

The following Ground Rules and Assumptions have been made to scope the Phase C/D
tasks: = 7~

1. The dimensions of the experimental beam to be fabricated on orbit will be
assumed to be an equilateral cross-section approximately one meter high
and 100 meters long.

2. The beam members will be formed of graphite/thermoplastic material.

3.  Forming of members will use the 'rolltrusion" technique developed by
General Dynamics. )

4, Fabrication processes developed for beam members will be ‘Epplicable to
all future large space structures to the greatest extent possible.

5.  The machine concept developed for the flight experiment will be functionally
identical and physically similar to the ground fabrication machine.

8. The on-orbit fabrication flight experiment will be assumed to be a payload
on a Shuttle flight in 1982,

7s An intexface with-the Spacelab pallet will be assumed.
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8. The experimentally fabricated beam will be returned to earth for examination
~and testing as part of the flight experiment.

9.  On-orbit dynamic and thermal response tests will be performed as part of the
flight experiment.

10. Interfaces with the Shuttle will be governed by the latest revision to
JSC 07700, Volume XIV.

ii. The Spacelab design concept to be used is the European Space Agency (ESA)
Spacelab baseline as defined in the Spacelab Payload Accommodation
Handbook, Review Issue, PDR-B 1976, with subsequent updates.

On-Orbit Fabrication Flight Experiment Mission Summary

The on-orbit fabrication flight experiment will be accomplished using one shared
Shuttle flight. The equipment will be.delivered and returned by the Shuttle from a low
earth orbit.  The experiment and its support equipment will be designed to use
approximately one-half of the Orbiter payload bay. The experiment equipment will
mount on a Spacelab pallet consisting of two standard 3-meter pallet segments joined to
form a pallet train. On-orbit, an experimental beam of up to 100 m will be fab-
ricated. The heam will be subjected to dynamic and thermal response tests while still
attached to the Orbiter. The beam will be cut up and returned to Earth in sections

for test and evaluation.

Tables 3-5 through 3-7 list the overall mission characteristies, the on-orhit flight
experiment equipment, and equipment mass properties. The stowed and {ieployed orbiter
installation and heam configuration requirements are shown in Figures 3-2 and 1-2,

Table 3-5. Mission Characteristics

MISSION CHARACTERISTIC
Shared Shuttle Flight - % by length 50%
Duration (max.) 3 to 7 Days
Launch Date 3/1/82 - 6/1/82
Delivery Orbit (acceptable), Incl. 28% to 57 Degrees
Delivery Orbit (acceptable), Alt. 296 to 550 Km, circ.

Mission Objectives

‘Fabricate' Experimental Beam 100 m, max.
Install Evaluation Instrumentation -
Perform Beam Response Tests, Dynamic/Thermal -
Evaluate Beam Fabrication Stop/Start Cycle -
Cut Beam into Sections TBD Length
Return Beam Sections to Earth -
Evaluate Returned Sections -

3-41



Table 3-5. Mission Characieristics (continued)

ORBITER SUPPORT

Power

Thermal

RMS (1 provided in baseline)
Crew (Cmdr., Pilot, MS-1)

PS or MS~2
Airlock
Orbiter GPC
Orbiter Keyboard, CRT
Orbiter MDM
Structural Interface
OMS Kit

EVA (Portable Work Sta., Tools, etc.)
Orb/Exp Umbilical (For Ground Power, Fluid, Data)

SPACELAB SUPPORT

Standard Pallet Structure (w/Hard Points)
Subsystem Igloo
Thermal Control (Cold Plate, etc.)

Elect. Power Control/Distribution
CDMS (Computer, EXP RAU, High Rate Multiplexer,
Memory, Input/Output)

Operations Support

Flight Operation

TDRSS
POCC (Control/Monitor)
MCC-H (Std. Orb/Msn Control)
Ground Operations
Launch/Landing Site
Level IV
Off Line/On Line {Level II/I)
Post Mission {(Equipment)
Data Processing/Eval/Distribution

Raseline Orbiter -7TkW
Radiator Kit + Payload

2 Heat Exchange.
Baseline Orbiter
TBD

Bé seline Orbiter

Baseline Orbiter
1t 1A ]

tr t

Not Required
Required
TBD

2
Not Required*

1" n

MR

KSC

MSFC

KsC
KSC/MSFC
TBD

*Au alternative experiment coucept would use Spacelab pallet subsystems to

provide resource support in lieu of direct Orbiter interfaces.
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Table 3-6. On-Orbit Fabrication Flight Experiment Equipment/Support

Quantity
Ground Devel-
ITEM opment/Qual
_ Test Flight
Beam Fabricator 1-E/A* 1
1 - Qual*
Beam Material (Thermoplaétie Composite) TBD 100 kg +TRBD
v (Stored on
Reels)
Test Instrumentation-(Accelerometars, . TBD
Laser Target, etc.) )
Dynamic Excitation Equip (Pallet mounted) TBD
P/L Provided Support
AFD Mounted - Control & Display TBD
Bay Mounted - Fabricator Trunnion Mount 1
- - Beam Fabricator Saddle . .
Support Struct. i 1
-~ Beam Return Support 2
Structure
- Interface Equip. fo Cables & Liunes
Orbiter, Pallet (Elect., Incl. in
Avionics, Mech, Fluid) W Exp. Equip.
Software TBD Orb GPC I/F
Exp. Peculiar
Grapple Device (RMS Mounted) TBD 1

* E/A = Engr. Article, Qual = Qualification
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Table 3-7. Large Space Structures Fabrication Experiment
Preliminary Mass Properties -~ Shuttle Experiment Payload

SUMLIAB.Y
ITEM QTY WEIGHT
(kg)
Beam Builder Support Structure 1 281.2
Cross Member Cutoff Mech 3 i8.0
Cross Member Translation Mech 3 42.0
Bobbin & Traverse Mechanism 3 48,0
Ultra Sonic Weld Heads 8 30.0
Weld Head Positioning Mech 6 24.0
Cross Member Rolliruder Assy 3 417.3
Beam Cap Rolltruder 3 712.8
Beam Cut Off Mechanism 3 21.0
Electrical Equipment - 236.0
Raw Material 100 m Beam + 120.0
Subtotal for Beam Builder 1950. 3
Beam Builder Trunnion Mount 1 250, 0
Beam Builder Saddle 1 100.0
Two Segment Pallet Train 1 1300.0
Return Beam Support Structure and Grapple Device SET 35.0
Subtotal for Support Structure 1685.0
AFD Mounted Control & Display SET 70.0
Instrumentation for Test SET 1129, 0
Experiment Support Equipment SET 763.0
Optical Measurement/Observation Equipment SET 225.0
Subtotal for Evaluation Test Equipment 2187.0
TOTAL PAYLOAD WEIGHT 5822, 3
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Ground Operations Scenario

After factory checkout the completed beam fabricator and support equipment will be
delivered to MSFC (or other integration site) for Level IV integration consisting

of installation, interface verification, test and checkout activities. Typical tasks

are identified in Table 3-8. Prior to (or during) the Level IV integration flow, a short (length
TBD) section of the experimental beam will be fabricated (this can only be done in

a vacuum chamber) and cut off thereby demonstrating complete end~to-end functional
suitability for flight. The flight unit is thus "primed" for on-orbit operation, Subsequent
to Level IV, the flight unit will be delivered to KSC for off-line integration with shared
payload, simulation equipment,and with on-line Orbiter equipment. The LSSFE
fabrication equipment will be installed with the Orbiter in the horizontal position

in the Orbiter Processing Facility. The LSSFE equipment will not require special
environmental monitoring or control during any ground operations phase or time

critical prelaunch access at the pad. Equipment handling in the vertical position is
_not planned, however, it is not precluded by the design.

Post mission operations will include equipment inspection, removal of the beam
. fabricator, support equipment and beam specimen(s) from the pallet. The location
of post mission inspection/removal operations is assumed to be at KSC. The analysis of
the returned heam(s) is assumed to be conducted by NASA/MSFC. Post mission
analysis of the on—-orbit test data including reduction, evaluation, and distribution
is TBD.

Table 3-8. Typical Level IV Integration Tasks

) Integration )
Level Type * Task Reason
v I Install equipment on
Spacelab pallets
v A% Electrical, data inter- -1st time all together
face proofing {avoid later delays)
v T & C/O Software C/O with 1
Orbiter GPC simulation
v T & C/0 Align beam fabricator 1"
with pallet, funct. test
Pre-Levell T & C/O Produce beam segment Prime fabricator systems
IVor and functional verification
Level IV

# V= Verification, I = Installation, T & C/0 = Test and Checkout

Categories of experiment peculiar GSE and unique facilities/special test equipment

are identified in Tables 3-9 and 3-10, respectively, Equipment quantities are TEBD.
It is assumed that a GSE necessary to handle transport service,checkout and
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maintain the Spacelab pallets is provided by the Spacelab program. Spacelab GSE
will be available to suppert hardware installation and integration of the experimental
flight equipment, and will provide simulations of any Spacelab interfaces which
are required. Orbiter AFD interface simulation is assumed to he nravided. .

Table 379, GSE - Experiment Peculiar

Handling & Transport

Dollies X

Shipping Containers X

Slings X
Servicing .

Thermal Fluid (Freon) X

C/0 & Maintenance

Integration ~ Software X

- Elect/Funct. C/0O Various
Auxiliary Power Supply ’ X
Ground Heat Exchanger X

Special (Auxiliary) : TEBD

Sim. / Trainers _

Special EVA Tools ’ TBD
Exp. Peculiar RMS Tech. (Uses Avail JSC X
Simulator)

Mission Support Provided
POCC * Console & Computer & MCC=H I/F Equip. by POCC
POCC Software (e.g., Data Formatting) "
Signal Format & Conversion Factors - Exp. Supp.

* POCC = Payload Operations Control Center
X Required - Quanfity TBD— .. .. . ...

Table 8-10. Unique Facilities/Special Test Equipment

Design/Development - Fabrication ) _ Clean Area {100, 000 Class)
- Test Vacuum Chamber

Integration . Clean Area (100,000 Class)

Prelaunch

Mission Support " None

Post Mission None
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Mission Operations Scenario

During prelaunch operations, the LSSFE payload is allocated up to 14.5 hours as part
of the Orbiter processing flow to complete payload installation, interface verification and
testing with the Orbiter.

During ascent (or re-entry) to or from the delivery orbit, the LSSFE equipment is inactive
- requiring only mechanical and caution and warning support from the Orbiter. The nom-~
inal mission duration is 7 days; however, the LSSFE is expected fo need about 3 days -
with the remaining period available for co-passenger payload activities. During the
experimental beam building operation, the equipment operates automatically under

control of the experiment computer. The Orbiter crew monitors the operation at the

aft flight deck (A¥D) and observes directly and with TV, The Orbiter crew initiates each
operational or test phase and controls Orbiter maneuvers and RMS operations. Short
beams will be fabricated, cut off and stored for earth return and evaluation. An experi-
mental beam of up to 100 m length will be fabricated for on-orbit verification of beam

fabricator operations and for tést. Test instfumentation is added to the beam using an
EVA work station.

Housekeeping and test data will be stored on P/IL provided recorders in the bay and also
monitored at the AFD payload station. Data will be transmitted to the ground where it
will be displayed and recorded. ;

At the conclusion of the testing period the Orbiter RMS will grapple the beam and the beam
will be severed by the beam fabricator cut-off device. The severed beam will be swung

In close to the cargo bay and cut into sections using EVA and both RMSs. The sections
will be stored in the cargo bay. The Ozbiter will then begin preparations for descent
(experiment termination, securing, Orbiter thermal conditioning, ete.). After landing,
up to 3 hours is allocated for payload removal,

Executive control and monitor of the beam fabrication on-orbit operation is provided via
the Orbiter RF command link ground controllers at the Payload Operations Control
Center (POCC) which is co-located with Mission Control Center - Houston (MCC-H).
MCC-H provides Orbiter and overall mission control.

Technology
Technology for the LSSFE program is considered to be within the state-of-the-art,

Required technology for on-orbit fabrication techniques is identified in Table 3-11
and related to other program technology activities.
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Table 3-11. LSSFE Technology

On-Orbit Fabrication Relation to Other Program Ranking
o Technique _____Activities N
Beam Fabrication Functions demonstrated by
ground machine
. Material Storage and Feed| . Low
. Heating . Medium
. Forming . Low
. Cooling . Low
. Driving . . Low
. Welding . Low
-+ Shearing . Low
. Process Control ) " . Medium
Beam Joining Demo in later flight tests . Medium

3.3.1.2 Prel\hﬁ_ir‘a;rv Development Plan -

Sbl_ledulg i

A preliminary LSSFE program schedule is shown m Figure 3-33. Schedule and
durations are based on the following guidelines and assumptions:

1. Phase B is required and produces the following products (as a minimum):

a. Requirements in the form of specifications,
b. Definition of the flight experiment.

c. A selected system predesign.

d. Plans and cosis for development,

2. The design and analysis task and the ground test program will benefit
from prior program activities. The ground test machine activities will be
particularly important since the ground test machine is essentially a
shuttle flight test prototype.

3. Analytical infegration includes definition of the integrated payload system
and compatibilities with the STS, mission and flight operations, verifi-
cation, software integration, reliability and safety analyses, and con-
figuration management. Analytical integration starts at the same time
as design and analysis and concludes (for cost purposes) at the completion
of the flight (sustaining support may be required until program completion).
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4. Hardware integration span times are based on extrapolations of other

Spacelab payloads.

.Test Program

A preliminary estimate of LSSFE development and qualification festing for the on~
orbit fabrication experiment is contained in Table 3-12. Key ground tests at the sub-
system and system level are identified for development of mechanical and avionics
equipment. A preliminary identification of component and subsystem qualtification
testing is included.” It is assumed that one engineering article will be adequate for
design support testing and one ship set will be used for qualification. Tests which
‘require beam fabrication will he performed in a vacuum chamber. )

EVENT FY

1977

1978

1579

1980 | 1981

1882

1983

LSSFE STUDY
LSSFE-STUDY EVALUATION
LSSFE SYSTEM PHASE B
{2 CONTRACTS)
LSSFE SYSTEM PHASE C/D
DESIGN & ANALYSIS
DESIGN SUPPORT {GROUND
DEVELOPMENT TEST}
MATERIAL DEVELOPMENT
PROTOTYPE DEVELOPMENT — MECH
PROTOTYPE AVIONICS
QUALIFICATION
COMPONENTS
SUBSYSTEMS
MANUFACTURING
SYSTEM ENGR & INTEGRATION
ANALYTICAL
LEVEL IV
KSC OFFLINE/ONLINE
POST MISSION
MISSION OPNS

i

*-
ul

fom [

IGHT

Figure 3-33. Preliminary LSSFE Program Schedule
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Table 3-12, Preliminary LSSFE Development and Qualification Ground Test Program

Type/Purpose

we, . Test

I. DEVELOPMENT (DESIGN SUPPORT)
A. Material Development

(1) To choose the correct materials, lay
up configerations, and assembly to
satisfy the design specification.

(2) To develop manufacturing criteria

for design of the beam fabricator.

B. Prototype Mechanical Systems
1 - Forming (Beam Fabricator)

(1) To verify the function of the heating,
rolltrusion, cooling sections.

{2) To verify the parts are manufactured
to design requirements.

It is presumed that sufficient developfnent work wi 1l already have
been done to demonstrate that the design of the beam is sub-
stantially correct. These tests will be.to optimize the final
design and manufacturing requirements. Structural tests will

be performed on samples of material lay ups to determine

their struciural characterigtics. Measurements will be made of
the thermal characteristics. ‘

)

(2)

The equipment will be as near to final design as practical
including drives, controls, and sensors. It will be operated
to rolltrude caps and crossmembers of the configuration
required for final assembly. Measurements will be made
to confirm the power requirements, speed of: rolltrusion,
heating and cooling rates, etc. When the assembly is
performing correctly, it will be placed in a vacuum chamber
to demonstrate its function in a space environment. Zero
ngh simulation will not be required. Consideration

should be given to exposing the equipment to a vibration
environment,

Struclural, dimensional and NDT tests of the paxts will be
used to verify the manufacluring process.
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Table 3-12. Preliminary LSSFE Development and Qualification Ground Test Program (Coni'd)

Type/Purpose

Tesl

. DEVELOPMENT (DESIGN SUPPORT) (Cont'd)

B. Protoiype Mechanical Systems (Cont'd)

9 - Agsembly (Beam I'abricator)

(1)

&)

To verify ttie function of the assembly
section.

To verify the péu;ts are manufactured
1o design requirements.

3 ~ Cutoff (Beam I'abricator)

(1)

(2)

To verify the function of the cutoif
section.

To verify the parts are culofl 1o
design requirements.

(1)

(2)

@

(2)

The equipment will be as near to final design as practical
ineluding the drives, controls, and sensors. It will be
operated to assemble the caps, crossmembers, and diagonal
cords. Measurements will be made of the power require-
ments, speed of operations, ete. The machine will be placed
in a vacuum chamber in a verlical or horizonlal orientation Lo
demonsirate ils [unction in a space environment. Zero "g"
simulation will not be required, although ihe assembly may
be supporied if the beam is rolliruded in the horizontal position.
Consideration should be given to exposing the equipment to a
vibralion environment.

Structural, dimensional, and NDT tesils of the parts will be
used to verify the manufacturing process.

The equipment will be as near Lo the final design as pract-
ical including the correct drives, control and sensors, The
culoff will be operated to shear the elements produced in
B-1 and the beams assembled in B-2 above. The operation
of the equipment will be observed and measuremenis will

be observed and measurements made ol power inputs, ete.
The cutofl seclions will be examined for the characteristics
of ihe culoff edges to delermine if crushing or deformation

is present, or if edge cracks arxe induced.



Table 3-12.  Preliminary LSSFE Development and Qualification Ground Test Program (Cont'd)

" Type/Purpose

Test

I DEVELOPMENT (DESIGN SUPPORT) (cont'd)
B. Prototype Mechanical Systems {Cont'd)

4 - Beam Specimen

To determine the characteristics of the
the assembled beam

C. Prolotype Avionics System

1 - Beam Fabricator Controls

(1) To assist in the development of the
choice of the control system com-
ponents, and system design.

(2) To demonstrate the feasibilily of
the control system,

(1)

(2)

3)

(4)

1

(2)

An assembled bean segment will be subjected to bénding,
compression, tension and torsion tests to determine its
characteristics.

An assembled beam segment will be used for thermal-
vacuum tests to determine its thermal deformation in a
space environment.,

An assembled beam segment will be used for no dal survey
testing.

Re~entry vibration test - requirement TBD.

The development will include computer simulations, hybrid
hardware/computer tests, and breadboard mockups of the
control system, These tests will progress to the point that
prototype control units can be fabricated and demonstrated.
The off-the-shelf hardware will require little validation
testing, but entirely new hardware should be demonstraled
under the Space Shuitle induced and space natural environ-
ments.

Ideally, . the hardware will be available for use in the beam
fabricator prototype tesis above, so that il can actually be
used to control the beam building processes automatically,
where feasible.
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Table 3-12. Preliminary LSSFE Development and Qualification Ground Test Program (Cont*d)

Type/Purpose Test

I DEVELOPMENT (DESIGN SUPPORT) (Cont'd)
D. Supporl Equipment

The avionics equipment and software should [be tested in conjunction with the avionics tests under C above.

II QUALIFICATION
A, Comporenls
1 - Mechanical
2 - Elecirical
3 - Avionics

To verify suitability of production paris to The components should be qualified Lo the required Mil Spec,
perform saiisfactorily in a space environ- | such as MIL 1540-A. Components should be qualified to satisfy
ment, the environments anticipated during ground handling, Shuitle
ascent/descent, and on-orbit assembly and deployment. The
tesls to be congidered are funeclional, thermal-vacuum, thermal
cycling, pyro shock, acceleralion, humidily, pressure, leak,
B, Subsystems/Assemblies EMC, life, and'other special tests.

1 - Beam Fabricator (1) The beam fabricator will be lesied in ils entirety in a one-g
environment to insure it operates correctly as a mechanism,
Tollowing a successful readiness checkoul, it will ba installed
(1) To operate as a mechanism. in a vacuum chamber and aperated. The lests will include
measurement of power requiremenis, fabrication speed, ete.
It is assumed Lthe component tests will have qualified the
components so that the demonstration of function will suffice
for qualification. It may be desirable to perform some modal
and structural tests Lo yield data for analysis of suitability

to meet the Shuttle and other spec reguirements. The iesling

will be in the automalic mode so as to demonstrate the control
system assemblies.

To qualify the beam fabricator.

(2) To manufacture beams meeting the
design speeilication.
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Table 3-12, Preliminary LSSFE Development and Qualification Ground Test Program (Cont'd)

Type/Purpose

Test

II QUALIFICATION (Cont'd)
1 - Beam Fabricaior- (Cont'd)

2 - Beamm  *

3 ~ Grappler Assembly

To qualify a grappler assembly.

(2) The beams produced should be tested to insure they
will meet the design specifications. " A rerun of the
tests of Section I-B~4 will be performed. ‘

A beam will be used for structural loading, modal survey,
and simulated solar heating tests,

The testing will be a structural evaluation. Components will
have been tested under II-A above,



3.3.2.

PRELIMINARY COST ANALYSIS

Introduction

The results of this cost analysis of the LSSFE are presented and documented herein.
This cost data represents preliminary top level estimates that can only reflect the
program definition work performed to date and therefore cannot be considered
complete or final, It does, however, represent a reasonable estimate based on
information available at this time and is usable for planning purposes.

Worls Br.e\a.kdown Structure (WBS)

The preliminary WBS for the LSSFE program is shown in Figure 3-34.

Groundrules and Assumptions

The general groundrules and assumptions established for this cost estimate are as

follows;

1,

2.

Costs are estimated in current/constant FY'77 dollars.

Costs are estimated for nonrecurring (development), recurring production
(umrit flight hardware), and recurring operation phases.

The costs include all experiment payload.related costs through the
launch and nominal 7 day flight of the fabrication experiment.

The flight will cgcur in FY 1982.
Prime contracter fee is not included in these estimates.

The Shuttle User Charge is assumed to include all Shuttle related
activities such as on-line payload installation (OPF), MOC activities,
flight crew costs and other common ground/mission operations and
activities.

Pallet User Charge.and Shuftie Mission Peculiar Support Equipment
(2nd RMS) are TBD and not included in the current estimate,

Phase B study cosis are not included.

The program estimated is'defined in Section 2 above (LSSFE Program
Definition for Cost Estimation).

This cost data is provided for plaming purposes only.
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Cost Estimate

A summarized cost estimate is presented in Table 3-13. As may be seen, a total
program cost of about $16.5Mhas been estimated exclusive of the Shuttle trans-
portation user charge.

A second level cost breakdown is shown in Table 3-14, Specific assumptions made,
relative to the LSSFE, for purposes of this estimate are included below.

1.

o

5.

10.
11,

12.

1t is assumed that three complete units are produced, 1) an engineering test
unit, 2) a qualification unit refurbishable to a backup flight unit, and
3) the primary flight unit.

Fabrication experiment hardware weights are assumed to be those in Section 2.

Pitch fiber was assumed for the composite material and a conservative
cost of $50/1b was used.

Orbiter baseline aft flight deck controls and displays equipment are
adequate and no additional equipment (or interface equipment) is
necessary.

All software development for beam fabricator is included
in the development cost for those items.’

It is assumed that all flight support equipment and interface hardware
requirements are satisfied by the basic design and no additional
equipment is reguired.

Cost for refurbishment of the qualification article to flight backup
configiration is included.

Minimum GSE development is assumed with the majority of the avionics
and electronics checkout GSE being off-the-shelf.

Minimum spare and repair parts are assumed (components will be
repaired and parts will also be available from the backup unit).

Transportatiou for trips, San Diego to MSFC, MSFC to KSC, and
KS8C to MSFC is TBD.

Ground Operations assumes 1) "Level IV integration activities at
MSFC, and 2) off-line preparation, on-line Orbiter installation and

postmission removal at KSC.

Mission operations includes both a 7-day launch/orbital operations
period and a
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Table 3-13. Preliminary LSSFE Program Cost Estimate
(Millions of 1977 Dollars)

i

RECURRING

NONRECURRING RECURRING
- (DEVELOPMENT) (PRODUCTION) | (OPERATIONS) |
FLIGHT HARDWARE . 1
EXPERIMENTAL BEAM .40 13 —
~ AIRBORNE SUPPORT EQUIPMENT BEAM FABRICATOR 6.70 1.93 —
SYSTEM ENGINEERING & INTEGRATION 1.07 —_ —
SYSTEM TEST HARDWARE 3.54 — e
SYSTEM TEST/SUPPORT .94 .10 i
GSE (PECULIAR) .36 — —
SUPPORT OPERATIONS — _ .24
GROUND OPERATIONS — — . 119
MISSION OPERATIONS .05 — 07
FACILITIES — —_ e
PROGRAM MGMT/ADMIN .65 a1 .03
SUBTOTAL 13.71 2.27 53
TOTAL 1651
SHUTTLE USER CHARGE* 9.95
PROGRAM TOTAL 26.46 '

*PALLET AND ORBITER MPE CHARGES TBD




Table 3-14. LSSFE Program Cost

1100

1110
1111
1112

1120
1121
1122
1123
1124
1125

1200
1210
1220
1230

1300
1310
1320
1330
1340
1350
1360
1370

1400
1500
1600

1610
1620
1630
1640
1650

1700
1710
1720
1730
1740

1800
1810
1820
1830
1840
1850

1900

2000

Estimate 1977 M §.

FLIGHT HARDWARE
Experimental Beam
Beam Structure
Instrumentation/Insttuments
Airbome Support Equipment
Beam Fabricator
Controls & Displays
Software
Test Instrumentation/C&D
FSE/IFHAW

SYSTEM ENGINEERING & INTEGRATION
System Eng/Sustain Engineering

System Integ/Analytical Integ,

Product Assurance -

SYSTEM TEST

Engineering Test Article
Qualification Flt Backup/Article
System Test Ops

Test Software

Test Article Refurb

Test Support

Acceptance Test

GSE (PECULIAR)
SUPPORT OPS

GROUND OPS

Analytical Integration Support
"Level IV" Integration (MSFC)
Off Line Preparation (KSC)
Orbiter Installation Launch (KSC)
Post MSN QPS
Maintenance/Refurb (Post Flt)

MISSION OPERATIONS
Mission Control

Data Handling/Processor
Software

Support

FACILITIES
Dev/Test/Mfg
Integration (MSFC)
Integration (KSC)
Mission Support
Post Mission

PROGRAM MANAGEMENT/ADMIN.
Subtotal

Project Total
Shutde Transportation

* Included in 1121

=¥ Included in 1200

GRAND TOTAL

1

e g
NONRECURRING RECURRING RECURRING
(DEVELOPMENT } PRODUCTION (MFG) OPERATIONS
.19 017 -
.21 .116 -
5.83 1,40 -
* - -
.75 .500 -
.12 .025 -
1,07 -
1.38 - -
2.16 - -
.32 - -
.03 - -
43 - -
.16 - -
- .10 -
.36 - -
- - . 245
- - Lo
- - 144
- - .G25
- - . 005
- - .014
- - TBD
- - 017
- - .020
.05 - -
- - .034
65 1 . 025
13,71 ) 2.27 .53
16.51
9.95
26.46
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13. No cost for postflight refurbishment of spaceborne equipment: is
included.

Annual Funding Needs
The preliminary program annual funding needs for the Phase C/D period are shown in
Figure 3-35. A peak funding requirement of less than $8M is shown for FY 1981.

10
_ SHUTTLE TRANSPORTATION COST NOT |NCLUDED

8-

s
M |

4

20—

0 -

1980 . 1981 1982
FISCAL YEAR

Figure 3-35. Program Annual Funding Needs
(1977 $M)

3-60



?m RAES REANE NEEL FENEE

_SECTION 4

MACHINE PREDESIGN FOR GROUND OPERATION

The machine predesign task objective was the functional and physical definition of a
suitable protolype fabrication machine for ground operation. The purpese of ground
operation would be the development of the new technology processes and applications
essential fo the successful and reliable fabrication on orbit of large graphite/
thermoplastic space structures.

The beam fabrication machine developed for ground operation must of necessity be as
functionally, physically, and operationally similar as possible to its in-space counter-
part in order to assure applicability of results. This guideline has been implemented
throughout the predesign task, Differences between flight and ground machines are
confined to operational redundancy and flight-rating aspects. Upgrading of the

ground machine fo flight condition is entirely feasible,

4.1 DESIGN PARAMETERS

4,1.1 GENERAL REQUIREMENTS, These predesign requirements apply to the
physical and functional definition of a prototype fabrication machine that can be
ground operated in vacuum to demonstrate the practicability of manufacturing large
graphite/thermoplastic structural trusses on orbit.

The beam fabrication machine developed for ground operation will be as functionally
and operationally similar as possible to the flight experiment version. These
requirements are established to attain this similarity and ensure early verification
of this fabrication approach and a capability to upgrade the ground machine to flight
status. The ground operation machine will be configured to produce the same one-
meter-deep beam as the Orbiter-attached flight test experiment. The maximum
fabrication rate is determined by Shutile constraints. Manufacturing tolerances are
derived from tentative: full-scale construction criteria; e.g., for a solar power
station, Since the ground test machine is essentially a Shuttle flight-test prototype,
many of its physical characteristics are dictated by Shuttle interface requirements.
It must be designed: fo permit test verification in hard vacuum; to operate under
zero gravity condifions; and to withstand non-operating exposure to the Shuttle
launch environment.

Because cost is an important design parameter, target cost goals have been establish-
ed for the machire design, manufacture and ground test prograin.



4.1.2 FABRICATION CAPABILITY.

4.1.2,1 The machine shall fabricate g triangular cross section truss from pre-
processed graphite thermoplastic (GTP) strip material stored on reels. The. .
machine shall Provide the operations and. equipment*ne'cesgai-y' to assemble truss

_ elements (e..g., -crosgs members o cap Sections) and cut the truss to required
length, Truss dimensions are given in Figure 4-1,

4.1.2.2 The truss fabrication process shall produce 2 completed beam at a minim
average rate of 0,018 m/sec. (0,7 in/sec). A maximum average rate of 0,05 m/
sec (2 in/sec)-shall be a design goal. )

4.1.2.3 The completed beam twist error shall he controlled to + 520 microradians
(2 minutes). per bay by the fabrication Process, and + 520 microradians oversl]

1

CAP SECTION~~ | . CROSS-MEMBER DIAGONAL, |
B SECTION

R=3mm 1.0 mm DIA.

_L S-GLASS ROVING

L J20 mm| POLYSULFONE
90°  go° IMPREGNATED

L 40 mm.J f BREAKING
FORCE = 980 N

t=0.71 mm

WEIGHT = 1.0 g/m

MATL. GRAPHITE/ MATL: GRAPHITE/

POLYSULFONE - POLYSULFONE
1.0m

}-:—71.15111——] " ;F1J434M‘_.-IJ—{

BEAM WEIGHT = 1.00 kg/m.  TOTAL BEAM LENGTH =100 m

Figure 4-1. Truss Configuration Requirements Daty
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4,1.2.4 The completed beam overall straightness (bow) shall be controlled fo four
parts in one-thousand (160mm in 100m) measured at the cap section heel under
isothermal and unloaded conditions.

4,1.2.5 The feed section shall store and feed the flat strip stock material and
prevent unwinding of the material during gll phases of operation.

4,1.2.6 Material shall be graphite fiber, thermoplastic resin based composite.
The stored flat strip stock used for cap and cross member sections shall be as follows:

Width: 190 mm (7.5 in.) (cap) T6mm (3.0 in.) (cross member)
Thickness: 0.71 ram (,028 in.)

4.1.2.7 Storage reels shail accommodate the material specified in sufficient length
to produce a complete truss up fo 100m in length.

3.1.2.8 The beating and guiding section shall heat and monitor the temperature of
the GTP material hefore it enters the forming section. I.shall be equipped with
necessary guides to provide smooth low friction flow of maferial from the feed
reel fo the forming section,

4.1.2.9 Heat shall be concenirated on the bend zones of the material. Heafers
shall raise the temperature of each bend zone from its assumed prevailing input
temperature of ~ 255K (0F) to the required temperature 490 + 15K (425 + 25F),

4.1.2.10 The heating and guiding section shall be thermally insulated to limit heat
loss to 12% maximum from all sources during stabilized operation in space.

4.1.2.11 Power overload devices shall shut down the heaters and the process in
the event of a malfunction.

4,1.2,.12 Heater controls shall provide digital (on-off) operation of heaters as a
function of mtérial temperature limits and state of operation. Heaters along each
fold line shall.be independently controlled as a function of material temperature.
The heater is turned off when the material approaches the required temperature.
High temperature override protection is required, based on temperature and
temperature rate.

4.1.2,13 Heater controls shall be designed to fail "off".
4,1.2,14 A sensor shall be provided at the entrance to the heating and guiding section

to shut down the process drive and heaters at the end of the drive cycle when the end
of the material strippasses by.
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4.1.2.15 The forming section shall form the cap or cross member to the required
cross section configuration. Additional heaters within the forming section shall
preheat the material bend zones for system start-up. The heaters will also main-
tain material temperatures along each fold line during system operation.

4.1.2.16 The forming section shall have provisions for manual feed through of
leader material for initial loading. Heating and cooling may be manually sequenced
during ground loading operation.

4.1.2.17 The forming section shall be thermally insulated fo minimize heat loss.
4.1.2.18 The cooling section shall cool the formed GTP section below the thermo-
plastic glass transition temperature. Al cooling system equipment (e.g., pumps,
reservoirs, regulators, ete.) that interface with the payload heat exchanger shall be
provided by the flight experiment.

4.1.2.19 Cooling fluid shall be supplied at 280K (45F).

4.1.2.20 Cooling fluid shall be returned at 328K (130F) max.

4.1.2,21 Type of cooling fluid sh4ll be Freon 21.

4.1.2.22 Cooling fluid flow rate shall be 0.25kg/sec. maximum,

4.1.2.23 The drive section shall provide the pull force on the material necessary fo
move the material from the feed reel through the entire process and beyond.

4.1.2.24 Drive section control shall provide necessary logic interlock to prevent
drive unit activation when material temperatures or conditions are not ready for
processing.

4.1.2.25 The drive section shall move all three cap sections in synchronism at all
points of the required stroke,

4.1.2.26 Drive unit shall automatically shut off at end of required stroke,

4.1.2.27 Cross member section material stroke shall be controlled within + 6 mm
(+0.25 in},

4,1.2,.28 T]:ée cap members drive shall limit the beam acceleration to +130 mm/sec{2
(5.0 in/sec”).

4.1.2.29 The assembly section shall provide the necessary storage, dispensing,
clamping and fastening functions to joln the side members and diagonal bracing
to the beam cap sections to form the completed beam.
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4,1,2.30 The beam cutoff section shall provide a means to sever the compleied
beam at the reguired length.

4.1.2.31 Control of the cutoif function shall be by operator command.

4.1.2.32 Debris resulting from the cutoff function shall be eliminated or prevented
from escape into the surrounding environment.

4,1.2.33 A process controller shall be provided to control the process in accordance
with the requirements specified herein._

4.1.2.34 Process control shall provide necessary status monitoring lights and
manual switching override controls at the Orbiter control station.

4.1.2.35 Synchronization of all machine functions shall be provided by electronic
controls or mechanical devices.

4.1,.3SHUTTLE. COMPATIBILITY (REF). The final application of space fabrication
technology is the utilization in orbit of g space fabrication module or modules.
Therefore specific design constraints will be considered in the ground demonstrator
to permit future conversion to a flight article. These constraints are as follows:

4.1.3.1 The fabrication machine shall be capable of sustaining shuttle Iaunch loads
and operating in a space environment; i.e., under hard vacuum and zero gravity
condifions.

4,1.3.2 Contamination of adjacent space vehicles {e.g., Shuttle Orbiter, Space Station,
satellites) shall be eliminated or minimized, This relates to the release of fluids,
lubricants, vapors, gases, and particles stemming from the fabrication process.

4.1.3.3 If contamination potential exists, special provisions for capturing contamin-
ants shall be considered and utilized.

4.1.3.4 The fabrication machine shall be capable of operational attachment to a
two-pallet Spacelab train in the Orbiter cargo bay.

4.1.3.5 In a stowed condition, the total fabrication experiment shall occupy less than
half the cargo bay space; i.e., less than 15 feet diameter and 30 feet long. The experi-
ment shall be compatible with launch, operation, and refurn in either the forward or

aft half of the bay to the extent practicable.

4,1.3.6 In general, the fabrication machine shall be compatible with the document
"Space Shuttle System Payload Accommodations' (JSC 07700, Volume XIV),
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4.1.4ENVIRONMENTAL CONSTRAINTS. The fabrication machine will accom-
modate flight article environmental design parameters to the extent necessary to .
permit ground test verification of the concept.

4.1.4.1 The fabrication machine shall withstand vibration resulting from acoustic
spectra generated in the Orbiter cargo bay during ascent and entry.

4.1.4.2 The fabrication machine shall be protected from solar radiation to the
extent necessary to assure satisfactory thermal control.

4.1.4.3 Coolant fluid piped into the machine for thermal control shall be of quantity
and condition approximating that to be expected operationally,

4.1.4.4 The electrical power system shall be restricted in total energy draw fo
TkW average and 12kW peak for fifteen minutes in any three-hour permd The use
of 115 VAC rather than 28 VDC is permissible.

4.1.4.5 The electromagnetic compatibility needs of operational missions shall be
considered.

4.1.4.6 Compatibility of machine controls accommodations to eventual operational
requireiments shall be considered,

4.1.4.7 The eventual safety needs of manned orbital operations shall be considered.

4,1.5C0ST GOALS. As with all NASA~funded programs, cost is an important design
parameter. The estagblishment of design-to~cosi goals is an important guideline for
downstream development. These goals are preliminarily set as follows for the
ground fabrication machine program, subject to NASA approval (1977 dollars),

4.1,5.1 The cost goal for Design and Anslysis shall be $510K.

4.1.5.2 The cost goal for Procurement and Manufacturing shall be $580K.
4.1.5.3. The cost goal for Test shall be $160K.

4.1.5.4 The program cost goal shall be $1310K.

4.1.5.5. Program duration shall be twelve months.

4.2 DESIGN APPROACHES

A ground operation beam fabrication machine hag been predesigned to the require-
ments given in Section 4.1 above. Several alternative design approaches were
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considered and these have been discussed earlier. In addition, alternative point
solutions to each selected approach were developed. The least complex solution
was chosen in each case that would meet requirements. Some solutions were
driven by the physical inferrelationships of the functional components when mounted
to the basic structure.

4.2,1 GENERAL ARRANGEMENT., The recommended conecept for the beam fabri-
cator machine consists of a light weight strong back support structure with the
following machine elements mounted on it:

Three cap section rolitruder assemblies.

Three cross member section rolltruder assemblies.
Three cross member transporter installations
Three diagonal cord dispenser installations,

Three ultrasonic welder mechanism installations,
Bix beam supbort rollers (two at each cap section).
Three beam cutoff mechanisms (one at each cap section).
Six weld system 20k Hz power supplies,

Three heater interface switching units.

. One temperature sensor signal conditioner.

. One temperature sensor dafa multiplexer.

C.OOO-Zlo‘aUIﬂL‘CONJI-'

et
o

Figure. 4-2 shows the general arrangement of the machine which will fabricate a
continuous friangular beam 1.0 meter deep.

Description — The support structure has a mounting flange on one end that is suitable
for atlaching the machine to the ground test stand or a deployment trunnion in the
Shuttle payload bay.

The mounting flange is attached to a hexagonal cross section core structure (420 mm
across the flafs) and three cap section rolltruder support beams attached to the core
structure at 120° spacing. The three cap section rolltruders (Figure 4-3) are mounted
on these beams and the three crossmember section rollfruders (Figure 4-4) are
equally spaced between them. The heater interface switching units, temperature
sensor (s'ig'nal conditioner, femperature sensor data multiplexer and six weld gun
power supply units are mounted on the webs of the beams supporting the cap section
rolltruders. The 6 630 mm long hexagonal core structure extends the full length

of the beam fabrication machine and provides support for the cross member transporter
installation (Figure 4-6), the weld gun hinge and anvil fittings (Figure 4-7) and the
anvils for the beam cutoff mechanism (Section FF of Figure 4-2), A triangular
externdl structure is attached to fittings on the ends of the cap section rolltruder
support beams. The 2 015 mm long structure provides for installation of the beam
support rollers, the diagonal cord dispenser frame (Figure 4-5) and the beam cutoff
mechanisms are located at a point that permits cutting off a section of beam without
disturbing the rigging of the machine {o allow fabrication of several beam sections.
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Operstion ~ The beam cap section rollruder drives move the cap sections one bay
length (1434 mm) while each cross member rolliruder drive delivers the length
(1111 mm) required for a cross. memher fo the transporter and cuts i off. During
this period the diagonal cord dispenser stingers align the cords for ulirasonic
pierciné‘ of the cross members. Then the transporter delivers the cross member
4o the plercing position, The ulirasonic weld guns move fo the intermediate position
piercing the cross member and the cap section to hold the cross menber in place
with the plercing pins. The transporter refurns to the receiving position as the
diagonal cord dispenser aligns the cords in the weld position and tenslons them over
the piercing pins. The ultrasonic weld guns are moved to the fully enpaped position
and the cap sectiong, diagonzl cords aud cross members are fused fogether. The
weld guns refract clear of the newly installed cross member and the cyele repeats
until the length of beam desired has been generated. At this point the heam cuioff
mechanisms are actusied to sever the beam ¢aps and diagonal cords.

4,2.1.1 Can Section Rolltruder — Figure 4-3 shows the general arranpgement of
rolltruder for forming the beam cap section.

]jescrigtio — The machine element for forming the cap section eonsists of g long
box frame with {he reel for the laminate sirip mounted at one end and the drive for
pulling the laminate through the machine mounted at the other end. The reel
(Section A-A Figure 4-3) has an adjustable drag brake on one hab and is hooded to
contzin the “clockspring” tendency of the Iaminate in the event of drag brake mal-
function. A set of rollers that maintains a minimum bend radivs of 300 mm from
full to empty reel is loecated on the frame adjacent to the reel, Next to the rollers
is the heating module {8ection B~B) which is one beam bay (1434 mmy} in length.
The heat is confined to the bend zones in the lamimte by using linesr resistance
heaters in pargholic reflectors.

Coolant flowing through four passages in each heater block carries away the small
amount of heat ghsorbed in the reflecior.
Temperature sensors are installed on the opposite side of the laminate to provide feed- |
back to the temperature control system. Coolant flowing through two passages pro-
vides thermal contrel of each sensor to assure a stabilized tempersture reference.
A forming module (sections C-C, D-D, E-E and F-F) consisting of a series of rollers
and gunideshoes Interspersed with heaters is located immediately downstream of the
heating module. The components in this module are placed on a curvature that has
been carefully developed to coincide with the natural flow of the laminate during the
forming process to avoid any wrinkling/makformation in the plastic bend zones that
woild damage the graphite fibers in the laminate., The laminate is formed to a Vee
shape as shown in Bections C~C and E-E then the flanpes are formed as shown in
Section F-F, Heafer elemenls similar to the arrangement shown in Section D~D are
interspersed between each forming stage., Tach linear heater set bas a controlling
sensor. ‘The heaters in the heating
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and forming sections are controlled o provide a bend zone temperature of 425
+25°F in the forming section. The plastic bend zones are protected from scuffing
by relief cuts in the gnide shoes and taflon coating on the idler rollers.

The cooling module {Section G-G), consisting of two articulated external chill forms,
‘three articulsted internal clamping bars and an actupting mechanism, is 100 mm
longer than the beam bay length o assure that the section is properly chilled by

the time it Jegves the cocling module. Coolant fluid flows through five passages
located in the hend zone areas of each chill form. The mechanism is powered by an
electriosl linear actuator driving fwo torsion shafts mounted on the module sidewalls,
The chill forms are gitached to the torsion shafis 3 places (at 500 mm spacing) by
links on one side and spring carfridges on the other. The torsion shaft linked by

the spring cartridges is also linked three placed by logt motion links and idler
cranks to the clamping bar actuating plungers, This lost motion arrangement zllows
the chill forms to close before the clamping bar plungerg move. The clamping bar
mechanism plunger drives the apex bar through a spring to permit clamping the
apex bar first and then "wiping” the side bars inio place.

The drive modules. of 21l three cap rolliruders are powered by a single source
through a torque shaft arrangement.

Operation — The beam cap section fzbrication is a step process that produces one
bay length of cap section each step, The process consists of releasing the clamping
bars and chill forms in the cooling section of all three cap section rolliruders, The
beam fabrication machine then powers the cap section rollireder drive modules to~
move the laminate strips one bay length., The chill forme and clamping bars reongage
to ool the herd zones while the heating seetion brings the bend zones in the next hay
length up to temperature,

4.2.1.2 Cross Memher Rolltruder — Figure 4-4 shows the general arrangement of
a rolltruder for forming zhd cutiing off the beam cross memher channels,

Description —. The machine element for forming the cross member channels is very
similar to the eap section rolltruder with the following variations:

1. The laminate width is redueced from 190.0 mm to 76,0 mm,

2. The numher of bend zones is reduced from three fo two,

3. The length of the heating section is reduced from 1434,0 mm to 1111,0 mm.

4. The length of the cooling section is reduced from 1534,0 mm to 1211.0 mm,
% - B2 A éufoff module (sections H-H and J-J) is added,
The cutoff module coniists of a outler anvil, two cutter clamps, a cuiter blade and
-an ‘actuating-mechanism powered by a linear electrical actuator. The actuator is
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attached to belicranks on two forsion. shafts mounted on the module sidewalls, One
shaft drives the cutter clamps and the other drives fhe cufter blades. A forsion
spring on the cutter blade shaft delays rotation until the clamps are engaged.

Operation — The cross member rolltruder operation is identical to the cap section
rolifruder operation except that its cutoff module clamps, cuts, and releases a
section of channel fo deliver if fo the cross. member transporter.

4.2,1,3 Diagonal Cord Dispenser - The pair of cords used for diagonal bracing
between cross members on each face of the beam are fed, positioned and tensioned
by the dispensing mechanism shown in Figure 4-5,

In addition to meeting the requirements of Section 4.1 this mechanism must

1. Store and feed the cords.

2. Position the cords for ultrasonic piercing of the cross member and cap
section,

3. Position and tension the cords on the piercing pins for welding.

Description — The diagonal cord dispenser assembly consists of an external tri-
angular frame located 100 mm "downstream of the cross member weld station
on which is mounted:

1. Three pair of storage reels for the diagonal cords.

2, Three pair of co-axially pivoted reciprocating dispensing arms.
3. Two Tunaround cable systems to actuate the dispensing arms.
4. One cord dispenser power input unit. :

The dispensing arm pivots are located at the weld station above the mid-points of
the cross members. The pivot pins have hardened cord guides at each end.

The dispensing arms consist of spring centered tubular stingers pivot mounted on
the hanjo assemblies (Detail B). Blades on the outer ends of the stingers provide
contact points for stops on the external dfructure at the "piercing positions'
(Section A-A and Detail C). The inside or lower stinger has a slipper to deflect
the cord being dispensed by the oulside stinger when they pass in transit (Section
A-A). The cord tensioning mechanism consists of a feed roller and a takeup pulley
on a spring positioned swing link (Detail B). The geometry and spring rate were
selected to provide a nearly uniform tension of 80 to 90 newtons (18 fo 20 1b) on
the cord being fed into the stinger. When this tension is exceeded the spring
cartridge bottoms and the cord reel brake controls the tension at a level of 135 to
150 newtons (30 to 34 1b). Each banjo assembly has a cable drum concentric with
its pivot (Section A-A) which is connected to a runaround cable that drives the
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corresponding dispenser arms on each beam face. The cord dispenser power input
unit drives the cgble runarounds in opposite directions through cable drums mounted
on coaxial shafis. The cord storage reels and brakes are mounted on the frame
opposite the dispenser arm pivois.

Operation — When the cross member weld is completed the dispensing arms swing

to the piercing position as the beam advances paying ouf the cord under a 30 to 34 1b
tension.load. When the new cross member is secured in place with the piercing pins
‘the power input unit swings the dispenser arms to the mid point and then reverses
direction a few degrees to allow the fakeup pulley in the tension mechanism to move
approximately 30 mm from the stop position to reduce the cord tension to the proper
level for welding. Since each pair of cords is installed in alternate diagonal positions
in each succeeding bay, the effect of any disparities in tension load is likewise cancel-
led in each succeeding bay. When the weld is completed the cycle is repeated.

4,2,1.4 Cross Member Transporter Assembly — The cross member fransporter
moves the cut off member from the forming unit inside the beam envelope to the
weld position outside the beam envelope,

In addition to meeting the requirements of Section 4.1 this mechanism must:

1. Receive cross member as if is rollfruded from forming machine inside the
beam envelope.

2, Hold or secure the cross member to maintain control of if after cutoff,

3. Move the cross member to clear