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FOREWORD

This final report was prepared by General Dynamics Convair Division for NASA-JSC

in accordance with Contract NAS9-15310, DRL No. T-1346, DRD No. MA-664T, Line
Item No. 3. It consists of three volumes: (I) a brief Excoutive Summary; (II) a com-
prehensive set of Study Results; and (III) a compilation of Requirements,

The principal study resull." were developed from August 1978 through April 1979,
followed by final documentatior. Reviews were presented at JSC on 13 December 1978
and 24 April 1979, and at NASA Headquarters on 17 May 1979.

Due to the broad scope of this study, many individuals were involved in providing

technical assistance. General Dynamics Convair personnel who significantly contri-
buted to the study include:

Study Manager Lee Browning
Mechanical Design John Bodle, Steve Hardy, Hans Stocker
Avionice & Controls dack Fisher, Ed Kieidon,

Bill Snyder, Doug Burgess
Requirements Jim Peterson
Development Plans John Maloney
Structural Design Gary Tremblay, Lee Browning
Structural Analysis Keith Kedward
Structural Dynamics Des Pengelley, Shih-How Chang
Thermodynamics Dick Pleasant
Mass Properties Dennis Stachowitz
Mfg. Technology Steve Hardy
Economic Analysis Bob Bradley
Test Integration George Copeland

The study was conducted in Convair's Advanced Space Programs department,
directed by J.B. (Jack) Hurt. The NASA-JSC COR is Lyle Jenkins of the Spacecraft
Design Division, under Allen J. Louviere, Chief.

For further information contact:

Lyle M. Jenkins, Code EW4 D. Lee Browning, MZ 21-9504
NASA-JSC General Dynamics Convair Division
Houston, Texas 77058 P.O. Box 80847

(713) 483-3407 San Diego, California 92138

(714) 277-8900, Ext. 2815
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INTRODUCTION

1.1 SCOPE

This Executive Summary 1s ono of three volumes comprising the SCATED Study Part III
Final Report. Other volumes provide the detalled results of all study tasks and an up-
dated comprehensive Requirements Documert, A corresponding 3-volume set was pre-
pared at the conclusion of the Part I/:i study effort in May 1978, Parts I/II and TII fully
document all SCAFEDS effort to date.

1.2 STUDY OVERVIEW

1.2.1 PART I/ITI SUMMARY. In Part1/II a wide range of tasks was focused on a base-
line system concept as shown In Flgure 1-1, A beam builder concept was developed to
produce the triangular beam shown. Beam elerzents used laminated graphite and glass
composite strip material with external surface coatings.

* TASKS * BASELINE SYSTEM

* MATERIAL

Raquirements
Trades Deslgn
s Beam builder
¢ Assembly }ig

o Platform -

COATING

GLASS
FABHIC

Prototype beam
Flight mission
e STS coinpat

GRAPHITE/
GLASS
FABRIC

e Ops/EVA
* Sub-systoems/
experiments
Plans/costs

* BEAM
BUILDER

* CROSS-MEMBER

N \ 10.7°
, X \ "‘I F———
7 Sy ° 85"§ 6R /l;o

4

Figure 1-1. PartI/II summary.

DIMENSIONS = mm

1.2.2 PART III TASKS. Part Il major task groups build on inputs from Part I/II and
relate to rach other per the flow illustrated in Figure 1-2. Each major Part III task
group is divided into subtasks as shown in Figure 1-3. In Task III the five subtasks
were performed, as appropriate, for each of the six alternative structural arrange-
ments shown.
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Figure 1-2. Part III task relationships.

(1 BEAM BUILDER FUNCTIONS 1 [t ALTERNATIVE ASSY JIG CONCEPTS |
* Environmental impacts * Slructurel]ig design . REFLECTORS
¢ Drives & sensors ¢ Analyses .
« Software & timing/synchronization * Orblter compaltibility
* Rollirusion update * Misslon/operations Impacts

* Matl/machine thermal char: cteristics  * Suporstructure Inslaliation
¢ Strip materlal trades
¢ Cross-member trades

* Cross-member welder PLANAR ASSEMBLIES
* BB scale effects

e Curved beam 88 !

* 88 detalled concept design ‘?0

[ 11 BEAM BUILDER DEVEL ARTICLE |
e Preliminary design

* Tost plan I
100

| IV DEVELOPMENT EXPERIMENTS |
e Ultrasonic welding
¢ Cap forming

[ v BEAM BUILDER DEVEL PLAN | [Lvi_REPORTING |
* Requirements update ¢ Prosentations
+ BB developmment plan e Documontation

* Cost ustimate
* Alternate test program costs

Figure 1-3. PartIIl detail tasks.
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STUDY RESULTS

2.1 BEAM STRUCTURE/MATERIALS

The Part I/II structural design offort developed a baseline experimental "ladder" plat-
form using a trlangular beam concept selected as a result of an integrated beam and
beam bullder trade study. The ladder platform and the overall beam size/arrangement
were retalned as program baselines for Part III. However, new materials evaluations
and machine/material compatibility considerations have since led to: (1) selectlon/
optimlzation and prediction of the thermai characteristics of a new single-ply strip
material; and (2) trades and selection of both an improved cross-member section and
improved weld joint conflguration for jolning cross-members and cords to the beam caps.

2.1.1 NEW STRIP MATERIAL, During the Part I/II effort, a "multi-ply" laminated
material design evolved which combined the benefits of glass and graphite fibers, thermo-
plastic resin, and a pigmented resin coating into a strip material suitable for the SCATE
fabrication process and service environments. However, the benefits to be achieved by
combining the deslirable features of the constituent materizis intoc a single-ply woven
strip -/ere already recognized, and are summarlized in Flgure 2-1. Private develop-
ment effort has since led to a material in which the anticlpated processing/property/
forming benefits of single-ply construction have been reallzed and this approach has
been adopted for the SCAFE application. Since the ply thickness and stacking symmetry
constralnts of the laminate approach are eliminated in the single-ply approach, the
principal objective In further strip material optimization was welght reduction via cap
gage decrease, while maintaining both beam natural frequency and a ''comfortable' mar-
gin of 2 2.0 against local instability.

e EVOLUTION
MULTI-PLY LAMINATE

p
®PIOMENTED COATING®

GLASS FABRIC®
2

® BENEFITS

o Raw material processing
a Simplicity/cost

=~ A Uniformity
anAPHlTBOLAss FABRIC® T~ _______@ e Koz"p:'ogertlea rotained
3 A . & Higl

CROSS-MEMBER (2) e ~» GRAPHITE/ A Low CTE (@)

CAP (3) ~ 7" CLASS | 4 Low transverse k
@ X FABRIC e Improved forming
@ Y ~ ALosz e;\e \Y ;

S . o 0
*POLYSULFONE > 4 No delaminution

Sl D ———(® e No tiickness constraint

{THERMOPLASTIC) RESIN {ply t/stacking)

Figure 2-1. Strip material evolution and benefits.

A new, thinner material, providing increased stiffness, significant weight decrease,
a small but acceptable frequency penalty, and a large local stability margin has resulted.
Cap/cross-member material commonality has been achieved with this material being
used in the new cross-member design discussed below.

2.1.2 MATERIAL THERMAL CHARACTERISTICS. The value of overall effective ther-

mal conductivity in the thickness direction is required to determine the temperatire
2-1
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difference between the strip top and bottom surfaces as the materlal passes between the
heaters and the temperature sensors. The overall laminate thermal resistance !s equal

to the sum of four "layer" resistances based on the material ideallzation of Figure 2-2.
Using Individual "layer' conductivities of 0.904, 0.206, and 0.260 W/m-K for the graphite,
glass, and coatings, respectively, the calculated effective conductlvity of the total strip

Is 0.484 W/m-K. Strip conductivity is Independent of the weave and has a low sensitivity
to the graphite flber conductlvity. Calculations indicate that the strip thickness-direction

AT in the heating sectlon will be between 3 and 6C.
a
l

——0

~ COATINGS |
{2 € 0.006 cm)

Flgure 2-2. Consolidated strip material cross-sectlon

2.1.3 CROSS-MEMBER TRADES, The cross-member trade study was conducted to
both Improve the reliability of mechanized handling by the clip feed subsystem and to
Increase the structural capability of the cross-section for differential drive. A lipped-
channel sectlon was selected since it met both objectives. Conflguration and evaluzation
results of the origlnal simple channel and several lipped-channel alternatives are sum-
marized in Figure 2-3. The sclected section shares a common material with the beam
caps, is 5% heavier (due to perimeter increase), exhiblts a sidesway end-moment capa-
bility of 30.0 Nm (vs. 1.9 Nm before) and fits the same clip external envelope.

® @ ® ®

|47 4= (66 o-——i ' 630 ' =50 o——-{ — so 0— (___3 o
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—29 o=| le- 20 o 29 0~ l~-20 - l‘ze 0~

(BASELINE DESIGN)

FEATURE EVALUATION
Configuration O) @ ® O) ®

Materal* A 8 B 8 B
Mass (kg/m) 0.076 0.102 0.091 0.081 0.079
Beam column M.S. 1.75 2.12 1.82 1.36 1.29
Mmax (N-m) 1.9 54.6 45.3 28.0 30.0
Meachanism compat. Poor Good Good Botter Best
Selected Design /

*Material:  A: Original laminate, t = 0.584mm, E = 128;7’GN/m2
B: Singleply,t=0.636mm,E = 1179 GN/m2

Figure 2-3. Cross-member trade/selection.
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2.1.4 WELD JOINT TRADES. The weld joint pattern trade was Inltlated primarily to
evaluate tho In-plane and \aoment resistancs necessary fo- <itferential drive, and sec-
ondartly to assess the Increase In welding power required for larger area weld patterns.
Figuro 2-4 compares the baseline weld pattern (U1/Lj) with various alure ative concepts
for the upper (U) cap/cross-member weld/s) and the lower (L) cap/cross-member/cord
weld In torms of spot quantlty, »lze, spacing, cord capture geometry, pattern width, and
moment capabllity. The selected weld pattorn geometry U1/Lg Is quite similar to the
initial pattern with a slight ares veduction. Its moment capacity ls less than that of the
cross-member (30.0 Nm) but i3 easily Increascel, if needew, by a 2lmple change to tho
Us,’Lg pattern as shown.

SPOT GPTIONS: PATTERN OPTIONS:
Uy _%_ Uz Uy Uy Selected Hi-M Alternste
::] ¢ @‘“ q) (b " 1.90 cm 1.60 cm
T —--l e ==
d {cm) 0.64 0.64 0.95 0.89% D — —Ty Uy
A (cm?) 0.317 1.63 0.713 .22 ]
Ly L2 L3 3.30 cm 3.30cm

B R . N

Atemdy 2.80 2,62 1.62 Mmay = 21.6 H-m Mmay = 48.7 H-m

Flgure 2-4., Weld joint trade.

2.1.5 BEAM CHARACTERISTICS. As a result of the selection of a new strip material
and a new cross-member sectlon, several beam and beam element character.stics have
changed. Although the overall beam dimensions remain unchanged, new values have been
computed for both the mass and all mechanical properties except torslonal stiffness, KG,
The stiffness Is unchanged, since the previous bay geometry and cord deslgn have been
retained. Flgure 2-5 summarizes the updated characterlstics of the beam assembly, cap,
and cross-member.

2.2 BEAM BUILDER DESIGN

Preliminary design and analysis and design trades were conducted on structural, mechan-
ical, and controls detalls of the SCAFEDS Part I beam bullder conceptual design. These
analyses and trades defined a beam bullder development configuration and identified criti-
cal design criteria for compatibility with Space Shuttle payload onerational, environmental,
and safety requirements.

2.2.1 BEAM BUILDER CHARACTERISTICS., Updated characteristics of the baseline
beam bullder are summarized in Figure 2-6. The length has increased 0.56 m to accom-
modate subsystem update changes. The estimated mass (launch welght for SCATFE mis~
sion) Is now 214 kg less based on updated materials and subsystem design data. The new
strip material s Incorporated in the productivity data; however, the energy and rate
values have not changed.

2.2.,2 DRIVES “ND SENSORS. The baseline beam builder conceptual design identified

the need for numerous electromechanical drives and controls sensors. The Part Il
2-3
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CROSS-MEMOER
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Flgure 2-5. Updated beam and element cnaracteristics.

* MASS: 3,404 kg
* PRODUCTIVITY

ENERGY: 160.8 kW/BAY

CAP MATERIAL STORAGE CANISTER RATE: 80 SEC/BAY
CAP FORMING & DRIVE SECTION h = 1.08 mMIN (3.53 FY/MIN)

= 0.934 kg/MIN (2 08 LBy/MIN)
Payg = 2,006W

CROSS MEMBER POSITIONEA

{ip = 0.0892 aUXJ {108.4 FIAWH)

CORD STORAQGE 5POO0L WP = 0.0078 kg/kd (61.7 Lipy/kWH

UEAM CUTOFF
SHEARS

CAP

CROSS MEMBER

COOLING 8YSTEM
RADIATOR

GROSS MEMBER -~
STORGE & FEED GuIP

CORD PLYER /

/
ULTRASONIC WELD HEAD

DIAGONAL CORD

Flgure 2-6. Beam builder characteristics update.

2-4

e g

f oy v
S ‘ii&e‘:ﬂ T ﬁ’“ﬁt‘“;w"f«!f& AR g T

R 5 ey
B S, S

EReR e s vt S




study included tasks to define and solect clectromechanical drives and sensors for the
beam builder functions. Thls definitlon also required ldentification of special materials,
lubricants, and environmental protection techniques. Flnally, the subsystem and system
design concepts were refined and analyzed to minimize the overall number of drives and
sensors and to use common eolements for cost-effectlveness where practical.

The most commonly used gensors and the most critical sensors were analyzed and
trades performed on various candidates of each type to select the sensor technologles
best sulted for beam bullder applications. The sensing technologlies selected are sum-
marized In Table 2-1., The strip heating and temperature sensing concept is lllustrated
In Flgure 2-7.

REFLECTON
Table 2-1. Sensor trade results.

o T v Pt g
TN

Measurement Selected Sensor Tachnalogy 7 |-(!,};7-|
Temperature Thermoplle L / \cap
Current Hall Effect Geaerator 2k WATERIAL
Discrete Position Hall Effect (proximity or vane) cM APENTUNE
Linear Positlon (screw drive) | Optical Rotary Shaft Encoder l L_‘_ﬁg,lgcm"
Rotary Position Onptical Rotary Shaft Encoder == =g
Force Load Call l 1 i-’fmmmpu
Cap Travel Encoded Magiiatic Tape & T

Reader Head ~ SUPPORT N

The use of a single drive motor to meet all driving Ki’fc"é}ﬁﬁ\ /APH:J:,?;W
requirements In the beam bullder has a significant cost ﬁml‘g“ _ u<__1
advantsge in procurement, test, and logistics. In order REFENEHCE E AETAA -Eg}?
to evaluate the feasibllity of using a common drive motor, JUNCTION -
a basellne dec brushless motor was selected which appeared ; %[
to have adequate power to accomplish all of the drive func-  qecinen. ) SR
tlons within acceptable time llmlits. A concept for a dual . ULATION FiLM WENT Sn:f“"m

motor drive unit, which would be adaptable to nearly every
drive application, was designed. It was found that use of
a common motor would satisfy all drive requiraments,

and tkt by applying the unlversal drive unit concept to e2ch drive function, a significant
reduction in the to:al number of drive elements could be achleved as seen in Flgure 2-8.

Filgure 2-7. Thermopile
Installation concept.

2.2.3 PRELIMINARY SUBSYSTEM DESIGN. The prellminary subsystem design effort
produced a detailed definition of all drives, mechanisms, and subsystem modules. It
also produced definitions ol all control subsystem elements to the block diagram level,
timing and synchronization timellnes for beam bullder operations, and a breakdown of
executive software elements, as illustrated In Figure 2-9.

The cross-member subsystem Is an example of the work done to minimize the num-
ber of motors and Incorporate common drive elements. Design trades of each element
of the subsystem were performed which resulted In a final configuratlion, shown in Figure

2-10, that employs only two unliversal drive units (UDUs). One central drive unit operates

the feed mechanisms on all three storage and feed clips. The second UDU operates three
handlers, three positioner arms, and the positioner carriage. The handler/positioner
nperations are sequenced using electromagnetlic particle clutches.,
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Peak ubu No, o
’ 19cm —-—. 70— Speed |Motar Torque {  Speed Motors L
* Subsystem Drives Ratio { /52) (Oz:In.) | Reduction | Required * "1
/DIFFEREMIM. Farming r‘% ‘
- @ Cooling platen 10 69 N/A [¢] |
o Cap 124 18 3:31-1 [} g 1
Cromsmember ¥
o Clip feed 347 18 10.84:1 2
® Handler 353 10 7.06:1 2 L
e Positioner rotate 1238 40 T
.7cm @ Positioner translate 8.4 30 v
QUTPUT Cord ns
o Aft cord plyer 18 40 10.32:1 2 ¥
SHAT 31 o Forward cord plyer 16 40 10.32:1 2 Sl
Jolning ’
N /1 o Weld anvil 71 a0 7.08:1 2 g
! ’ e Waeld head positioner 108.4 80 10.84:1 (] [
CHANOEABLE SPCED RATIO 20VDC BRUSHLESS MOTOR Cutoff aE
o D.P. = 48 SPUR GEARS 3,200 APM HO-LOAD @ Cap cutter 4.2 5 4.16:1 8 [
* 2 705CM CERTER DISTANCE 80 WATTS OUTPUT Total 34 .
* NATIO NANGE Note: Count Includes redundant motors. vl
1:1 70 5.42:1 BH-DIRECTIONAL TORQUE | ELIMINATED 28 MOTORS AND SOLENOIDS | %i‘i
FEED-BACK PREVENTING CLUTCH i
Fligure 2-8. Results of drive commonality analysis. : i
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Figure 2-9. Controls and software definition.
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Figure 2-10. Cross-member subsystem preliminary design.

Another major subsystem preliminary design task was performed on the joining sub-
system, which consists of six ultrasonic welders, three welder positioning mechanisms,
one anvil drive mechanism, and assoclated controllers., The welder mechanlsm design
Is shown in Flgure 2-11. The welders used in the preliminary design are 20-kHz units
with multi-spotweld horns designed to produce the selected weld joint configuration shown
in Flgure 2-4. A review of current ultrasonic welding technology Indicates that further
reductions in the size and welght of the weld head are feasible, as shown in the upper
portlon of Figure 2-11.

Automated ultrasonic welding process control is accomplished by feedback control
of critical weld parameters shown in the lower portion of Figure 2-11. Variations In
weld horn natural frequency due to tomperature change are monitored and the driving
frequency s modulated to match the weld horn resonant frequency. The efficiency analy-
zer reads energy going into the material by comparing Input energy to that reflected from
the horn tip. This device automatlcally adjusts weld time to ensure that each weld re-
ceives an equal amount of energy. This verifies the quality of each weld in process.

2.2.4 ENVIRONMENTAL IMPACTS. An evaluation of the impacts of the Shuttle Envir-

onmental Design Requirements on beam bhuilder hardware design was conducted. The
component operating and nonoperating design criteria were firct developed and the life
duty cycles were defined, based on a single SCAFE mission.
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Figure 2-11. Jolning subsystem design and evaluation.

From the prellminary design configuration, a listing of each of the basic subsystem
components was compiled and the fundamental types of devices used in the mechanical
and electronic hardware were ldentified. Using the environmental design criteria as
applied to the individual subsy stem components, the principal concerns were identified
and general recommendations which deal with each of these concerns were complled,
as shown In Figure 2-12. This evaluation revealed no major problems. Thermal dis-
tortions in the support structure and modular beam-building subsystems can cause signi-
ficant distortions in beam alignment during the assembly process. The structure shroud
concept shown in Figure 2-12 eliminates this problem by completely covering the
assembly process area with a multllayer insulation (MLI) blanket of aluminized mylar.
Velero strips are used to attach the MLI blanket to the external support structure. These
simple attachments provide easy installation and immediate access to inspect and main-
tain any of the assembly subsystems.
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® THERMAL SHROUD CONCEPT
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TUBULAR FRAML
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- ) / FOR SHROUD
R Y \ \\ SYSTEM SUPPORT BEAM :
\ § X |
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— ‘ "4 "\\‘s S b‘ ‘ 3

 RECOMMENDATIONS N
N Yo
«_Eloctricalletoctronic elements \‘ :

* Use brushless DC motors & clulches

* Provide heat conduction paths from motors
1o structure

* Shock mount optical encoders
¢ Provide shieldin
sensors * Machanical elements

¢ Rlgdly mountv. e unricate ball bearings & gears with low
vapor prassure grease

¢ Use hardened corrosion resistant bearing 8
gear metals

* Use sall-lubricating composite bearing
malorlals lor sleeves & journals

N !

Figure 2-12. Results of environmental impacts evaluation.

2.2.8 CURVED BEAM FABRICATION. An attractive approach to the construction of
contoured spacecraft surfaces (e.g., antennas) is the use of curved beams, since they
offer the potential for establishing the '"met'' contour without auxiliary standoffs. In
SCAFEDS Part I, a parametric analysis investigated the effects of cumulative cap length
mismatch on the tip deflection of 200~meter beam (Reference 2). At that time, the pur-
pose of the analysis was to help drive out requirements for straight beam accuracy control,
and It contributed to eventual selection of the internal-feedback/differential-cap-drive
control technique.

Uesing this technique it is possible to tailor the length of each cap individually. By
driving one cap some increment of length, AL, greater (or !ess) than the other two, it
is possible to create curvature of the finished beam, as shown in the upper portion of 9
Figure 2-13. The characteristics of a beam of constant curvature were computed and i
are shown in Figure 2-13. Because the maximum moment applied to the beam caps )
occurs at the end posts, the radius of curvature can be decreased by adopting a higher-
strength spotweld pattern, by installing two cross-members edge-to-edge, or both. e

2.2,6 BEAM BUILDER SCALE-UP. The baseline structural elements used to develop
scaled-up beam builder concepts were taken from Boeing SPS work. The largest of three
beam configurations used and its assoclated beam builder are shown In Figure 2-14. The
main features of this machine are: (1) it employs six forming machines of a common
design; (2) it incorporates a subsystem to store, feed, and join a closure strip for each
of the three chord members; (3) it employ: a new batten member handler and positioner,
because the battens are formed in lieu of being prefabricated and stored in feed clips;

(4) its forming machines employ a rolling contact cooling section, in lieu of cooling
platens, for minimizing the length of the machine; and (5) it operates on a 24-hour
material resupply cycle.
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Common forming machines are made possible by selecting a common forming rate
while maintaining a total of 80 seconds for the run and pause time cycle. As seen In
Flgure 2-14 the production rate Is proportional to beam bay length. The basellne 80
second cycle time is the time allowed to heat the strip materlal. A minlmum cycle
time has not been established.

2.3 ALTERNATIVE ASSEMBLY JIG CONCEPTS

A major task of Part III was to develop assembly jig and fixture concepts capable of con-
structing six nlternative structural conflgurations depicted In Flgure 1-3, using the beam
builder as the basic construction tool and the Orbiter as a construction base. The SCAFE
beam was the basic element to be used in building these structures. The task produced
concept layouts of the structures, assembly jlgs and fixtures, and superstructure instal-
lations, which were evaluated for Orbiter compatibility and mission and operation Impacts.
A reference spacecraft concept was developed for each structural shape In order to faclli-
tate the design of superstructure elements and fabricatlon and assembly sequences. Trade
studles of various assembly jig arrangements and assembly sequences resulted in a high
degree of commonality between assembly jig concepts. This included not only common
subsystem modules but also common assembly jigs for some of the structures. It was
found that the square and hex structures could be constructed with the same assembly

jig and the cross and 61 m reflector could be manufactured with nearly identlcal assembly
jigs.

2.3.1 SQUARE AND HEXAGONAL PLATFORMS CONSTRUCTION. Two structural con-
figurations, the'square and hexagonal platform, using many of the same basic structural
components, were designed for compatibility with the platform construction concept.
These platforms act as rigid planar periphery frames for a variety of flat panels which
require In-plane tenslon loads to maintain an

operational tolerance. The reference space- A \

craft seleciod for the square platform struc- TYPE I © TYPE 1| 4 gEAMS
HINGE | HINGE | 64 BAYS EACH

ture is a solar array system consisting of ‘ ] | 91.78m

elght uniaxially tensioned blankets deployed ! /9& 43m

from cylindrical canisters. The platform

|

basic structure is shown in Figure 2-15. The

hexagonal structure, which Is not shown, con- L}'NP;E' LLPGEE"
sists of six 64-bay beams joined by similar

corner hinged fittings.

The assembly jig concept for fabrica-

-~ 2
tion and assembly of the square or hexa- f:-.l /’ A /m:%\\ .
gonal structures is a common design for | \\.;;é\ ; R '\_;-\Ni" r .
both, and incorporates most of the basic % m%%nlzm =, N
features of the original SCAFE "ladder" % CARPENTER — =3,
assembly jig. This includes: (1) cradle, \L: = Tél TAPE HINGE Wi
(2) deployment actuator, (3) beam builder - e
deployment and positlonlng mechanis.ms, Flgure 2-15. Square platform structural
and (4) beam retention, guide and drive assembly.
mechanisms.
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The unique features of this jig are: (1) two-beam fabrication statlons; and (2) two-
beam turn-in mechanisms for rotation and translation of beams as they are held by the
retention and gulde mechanisms (RGMs).

The square and hexagonal structures are fabricated and assembled In the same
general sequence using the same baslc assembly jlg. The sequence for the square
structure ls shown In Flgure 2-16; however, for the hexagonal structure two additiona!
beams and Type II hinges are required. The Type I and II hinge fittings are collapsible
for stowage. They are installed by Inserting thelr graphite/polysulfone stub fittings
into the ends of the beam caps, and joining with ultrasonic spotwelds. In this case, mis-
slon timellnes permit use of manual welding techniques.

Deployment of the square structure ls accomplished by unlatching the two Type II
hinges and actlvating the motorized Type I hinges as shown In Flgure 2-17. The hinge
support fltting on the jig reacts bending loads on the swinging beam to prevent torsional
loading of the beam held by the RGMs.
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Figure 2-17. Square platform deployment sequence.
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With the solar panels encapsulated {n canlsters
mounted along one beam as shown In Flgure 2-18,
a panel deployment drive Individually deploys each
panel tn sequence.

The reference spacecraft application selected
for the hexagonal structure utilizes the hexagonal
platform to support a phased array L-band antenna
lens as part of a communicatlons satellite concept.
The deployment concept of the hexagonal structure Is
simllar to the square structure deployment, except
the additional Type II hinge joints require a sequence
as shown In Fligure 2-19. The lens array would be
prefabricated to meet predetermined dimenslons of
the finished stricture. Tenslon control devices would

be Incorporated to maintaln tautness of the membrane.

2.3.2 61lm REFLECTOR AND CROSS CONSTRUC-
TION. The reference spacecraft configuration selec-
ted for the 61 m reflector structure is a Cassegrain
type antenna, shown In Flgure 2-20. The basle struc-
ture Is an assembly of twelve radial curved beams
joined at the center to a prefabricated hub assembly.
Foldable, prefabricated gores with integral con-
toured ribs are attached to the radial beams to form
the reflective surface. The subreflector {s sup-
ported on a tower constructed of three straight

SQUARE PLATFORM (M) CATENARY
IPRLADLA BAR

7 A
' s / 4.0m MAX
rSSOLAR BLANKET)  © Lo

HOA T ma NN ) ‘
Titi.2m woe \

il dem Y |
c\mu i

)

R

DEPLOYMENT CONTROL CABLE
TAKE-UP REEL : SOLAR CIU ’

& ONvE soron BLANXEY
!
\;}}3 = SUN 4

p  CUSHION TAKE-UP
STORAGE :
e A ROLLER & DAIVE

. - CAMISTER
SUPPOAT

1 o
CLAMP A\ ‘ 4
N E
\ S~ PLATFORM BEAM

Fipure 2-18. Square platform
solar array deployment concept.

beams with prefabricated foldable end fittings, other prefabricated, prepackaged system
elements include tower mounting fittings, the subreflector, the subsystem module, and

the deployable solar panels.

The assembly jig/beam-builder stowage and deployment scheme shown In Figure
2-21 Is similar to that used for the ladder, square and hexagonal structure, except the
jlg Is rotated only 75 degrees out of the nayload bay to allow a clearance between the

structure and the Orblter vertical stabllizer.
UNLOCK

Nz  DRIVE

@ UN?OCK

t‘%ﬁ.
B33 i‘i s
= .2&},‘.‘.,‘.:!‘3..—. DHIVE D )

@ UNI%CK LOACK @

Flgure 2-19, Hexagonal structure deployment sequenc
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* ANTENNA ASSEMBLY
SUBREFLECTOR ¢ REFLECTOR ASSEMBLY
TOWER BEAM (3) TOWER/REFLECTOR

SNl AR
/AN REFLECTOR
A ey 4\ SURFACE
B AR
7 v

AR IRt

- FEED HORN
ASSEMBLY

AEFLECTOR

SUBSYSTEMS SURFACE

Ny .

X, ZCURvED

CURVED BEAM

N
RCS CLUSTER  SOLAR PANEL HUB FTTING

Figure 2-20. 61m reflector structure and spacecraft concept.
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Figure 2-21. 6lm antemna construction system and deployment.

The central hub s mounted on an automatic turntable which Is supported by an ex-
tendable fixture. Two RGMs and a beam drive mechanism are installed on a second
rotating fixture. Assembly of the reflector structure is accomplished as shown In the
Figure 2~-22 sequence. Agaln, manual techniques are used for Installing end fittings.

The technique for fabrication and assembly cf the subreflector tower is shown in
Flgure 2-23. This process requires a special damper-type tower mounting fitting which
attaches to a radial beam as shown.

The cross structure and reference spacecraft design concept shown in Figure 2-24
is constructed using a jig which is nearly identical to the 61m reflector assembly jig.
In this case, the radial beams connect directly to the central hub, with a common butt
joint used for all beam end fitting attachments. The tip antennas are installed using a
common attach fitting.

The assembly jigs for the square, hexagonal, cross, and 61m reflector.all employ
many of the elements and techniques used on the baseline SCAFE jig. The beam builder
remains unchanged from system to system, and the assembly jig deployment equipment

2-14
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Flgure 2-25. Constructlon systems

controls commonality.

+« ANTENNA PLATFORM ASGEMBLY

e R L e T

Is common. This results In a good deal of
commonallty in the controls system, as
shown In Flgure 2-25, and much of the basic
software Is also common.

2.3.3 TRI-BEAM CONSTRUCTION. The
selected large tri-beam structure provides

a large rigid platform capable of support-

ing a multi-user communlications system

as shown In Flgure 2-26. This system would
be fabrlcated In a low earth orbit (LEQ) and
transferred to a geosynchronous earth orbit
(GEO). The fabrication plan for the tri-beam
uses basellne beams for cross-member com-
ponents but a staggered cross-beam arrange-
ment Is necessary to eliminate any overlap-
ping or interference problems at the

=~

tri~beam cap apexes.

e 1]

The tri-beam assembly jig,

'Eéi’f!\?(:;/’{tiff;;’
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signlficant departure from the basic
SCAFE platform assembly jig; how-
ever, most of the baslc jig suhsys-
tem modules are also used In this
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Flgure 2-26. Trl-beam structure

craft assembly.

concept. These Include: RGMs and
beam drive mechanisms; jig deploy-
ment actuator; cross-beam handler
mechanism; and beam-to-beam auto-

and space-

matic welders. The unlque subsystem elements required for this concept are: cross-

beam positioner/welder mechanism;

beam bullder positioner mechanism; beam handling

fixture deployment mechanlsm; forward equipment cradle; and jlg structure.

CROSS-BEAM Posmouen/wmsn
' ) ‘l
nermwmfé
LONGITUDINAL BEAM ,t_
HANDLING FIXTURE —
ZSUPPORT  cyouwagE SPACE FOR / \

OEPLOYABLE
LOKO CROSS-BEAM
MANDLINB FiXTURE

"‘“ﬁ‘"‘ -

‘v i

SUPCRSTRUCTURE *
AOM
8 4 PLACES
N~ '[:1:;,‘ R

,E.,f: ‘@4 P A I

/ “FWD EQUIPMENT _ |
x/zsuppoRt/ L2

2,1051.3

Jlu CRADLE

DEAM BUILDER

mf %q st POSITIONER MECHANISM
) M
DR g BEAM BUILDER
= STOWED
8-6
Flgure 2-27.

2-16

y—{gousm r“;” *5‘ {K - l"lﬂ’li

- l‘,’[-;p{: -~ I

€

\
\

¥
A-A

Tri-beam assembly jig concept.

% éﬁﬁww‘{wwa&,r TRt m,;:,,. v tes L e

=N

G e T &



2.3.4 500m REFLECTOR CONSTRUCTION. The 500m roflector stiuctural assembly
concept, shown In Figure 2-28, 1s made almost entirely from curved beams produced
by the beam builder. Twenty-four radial parabollc curved beams establish the basic
dish contour. These radlal beams are joilned together by circular rib beams through
speclal node jolint fittings.

(311 )
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Flgure 2-28. 500m parabolic reflector structurai assembly concept.
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The construction sequence requires a minimum of eight misslons. Tri-beame for
the construction arms are fabricated using an Orbiter-based assembly jig which con-
verts to the crawler assemblies shown In Flgure 2-29. The center fabrication equip-
ment builds and installs the radlal beams while the crawlers build and install radlal
beanis automatically. The construction arms rotate with respect to the dish, via a
rotary joint, to permit progressive completion of each dish segment. The crawlers
also fabricate and Install tower beams, and install the reflector surface elements. All
jigs and fixtures are removed prior to final deployment of the finished antenna.

§0m
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Figure 2-29. 500m reflector construction detalil.
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2.4 DEVELOPMENT EXPERIMENTS

2.4,1 ULTRASONIC WELDING EXPERIMENT, An ultrasonic welding apparatus which
could be used as a Space Shuttle ''sultcase' experiment was conceptually designed. The
wolding experiment shown in Figure 2-30 is designed with theso featuroes:

a. Requires minlmal space ond power. The unit can be Installed on a bridge
beam In the Orbiter cargo bay and supplied with a 28V dc, 300 watt power

supply.

b, Performs all welding, coupon transfer, and process monitoring and control
functions automatically.

¢. The welding head can be changed as required to produce various weld patterns.

d. WIll operate both In alr and vacuum. The weld head Is automatically tempera-
ture compensated.

e. Automatically performs a series of spot welds In flat, two~plece specimens
of composlite materials,

o EXPERIMENT PACKAGE o INSTALLATION CONCEPT
_ WELDER DRIVE
e o e BRIDOY BEAm
“‘t‘ i B " e Hig i i * BTANDARD PROFILE, INTORFACED
i - —l m,‘::gg; 1,400 // + MIGSION UNIQUE DETARS
| o .
1
o : e -
! \ - 3 ; - ] l
, ‘ im
o -mmauucﬁw b
WELD HOR G i .
. (ON-ONBIT I ,/ C ' l S
"o | EXCHANGE —_ I rJ
- OPTIONAL} R )
b 7 | - e
P - COUPOH {
. - : Dmve !l
Sbwi - - f POWER GUPPLY!
" uppLY — - . CONTAOL ELECTRONICS
U - T | "~ MIO-FUSELAGE
! : T FRAME (REF)
J ‘ ‘ ! Xg TOD
TRANSPORTIWELD ' /i P/
erebete

ILaLBnenngRaaamn

...... I ]

“COUPON HANDLER

Flgure 2-30. Ultrasonic welding experiment concept.

2.4,2 CAP-FORMING EXPERIMENT. A cap-formling ""suitcase" experiment was con-
ceptually designed, which would permit the performance of the beam bullder cap-forming
module t¢ be evaluated In space. The experlment, shown in Figure 2-31, consists of a
fully loaded cap-forming machine equipped with a mounting and positioning fixture. A
set of storage canisters would be used to retaln the In-space formed specimens In a
vacuum environment for ground test and evaluation. The cap-forming machine would

be equlpped with a cap cutter, to permit multiple specimens to be produced automatically.
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Figure 2-31, Cap-forming experiment concep! .

Three optlons for mounting the experiment in the Orblter payload bay were examined
and are illustrated in Flgure 2-31. Optlons 1 and 2 use bridge beams and can be moved !
forward or aft or rotated to accommodate prime payload environments, The aft bulkhead :j
provides a third mounting option. |

2.5 DEVELOPMENT PLAN AND COST ANALYSIS

2.5.1 REQUIREMENTS UPDATE. As summarized in Figure 2-32, the Part [II require-
ments analysis task Involved the updating and expansion of requirements initially defined
in Part I/TI and collected in Volume III of the Part I/II Final Report. Changes and addi-
tions have resulted from three sources: (1) work performed in Part III study tasks; *
{2) updated ground rules and assumptions; and (3) revision of the Space Shuttle System A
Payload Accommodations document. The latter were of a bookkeeping nature rather |
than a technlcal nature. Certaln elements of the Part I/II program baseline, specifi-
cally the flight mission spacecraft, assembly jlg, and in-orbit operations/timelines, !
remalin unchanged from Part I/II. As before, SCATE detall requirements have been
published as an updated volume (III) of this Final Report.

Continuing programmatic analyses, by both NASA and GDC, led to ground rule
changes. Target first mission flight dates slipped from the ones previously planned
and a decision has been made to develop only one beam bullder end item that will first
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Figure 2-32., SCATE requirements update.

serve as the ground test development article and then be updated and refurbished for
qualification testing and agaln for the flight misslon., Program schedules have been :
modified accordingly. :

The new ground rules for the baseline development plan and cost analysis are given
In Table 2-2.

Table 2-2. Baseline development plan/cost analysis ground rules. ’;1

o Technology development and program definition prior to phase C/D
9  One machine program: GTBB ~—~FTBB 3
GTBB is flight qualifiable
® Mnadular subsystem development
e Contains all machine functions
o Nonflight type components where no compromise to function, fit, or safety
o No redundancy _
o Costs in currant constant FY79 dollars with no prime contractor fee

e  Total program costs include prephase C/D and phase C/D development/production/
uporations costs through first flight

2.5.2 SCAFE DEVELOPMENT PLAN. Formulation of a reasonable and complete pro-
gram schedule involved three steps: (1) preparation of a detailed GTBB development
plan; (2) definition of a nominal Phase C/D schedule unconstrained by artifically imposed
flight dates; and (3) integration of these into an overall schedule. Analysis of a GTBB
development plan showed that developing components and a single subsystem module
first as illustrated in Figure 2-33, and then revising the design as necessary before
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Figure 2-33. GTDBB development sequence.

commiting funding for fabrication and testing of the remaining modules In the shipset is

a low risk approach. This would take about three years. A Phase C/D program that Is
ralatively tight, but one that would take advantage of development work done cn the beam ‘
bullder, and o Phase B deflnition study which had been performed to deflne the assembly =
jig, the Instrumentation for the SCAFE, and the interfaces with the space platform
sclentific experimients, would take approximately two years and nine months. \

The total development process, from the present to flight, for the basellne approach
is shown In Figure 2-33. Following completion of this current study, a Beam Bullder
Technology program would be conducted tn parallel with a progrom to generate a GTBB E
specification. The result of these activities would support preparation of a competitive
KFP for the flight program, with source selectton/program start in late 1980.

Combining the baseline GTBB development program and Phase C/D schedule shows
that developmental testing of all subsystem mcdules can be completed before Phase C/D A
start, that the GTBB demonstration will occur concurrent with CDR, and that the system o
can be ready for flight somewhat before the second LSSSE flight mission mlilestone shown ;
in current NASA planning (Figure 2-34). The schedule ullows for a three-year develop- j
ment time for the flight experiments, which is moderately tight but attalnable based on 4
recent experience.

An alternatlve plan was Investigated. By adopting a higher level of risk, GTHEB )
development can be shortened such that demonstration of the complete machine ls accom- i
plished prior to Phase C/D ATP. The major effects of this approach are higher risk ;
and Increased Initlal funding rates but potentially lower total cost. %

4

2.5.3 SCAFE PROGRAM COST ESTIMATE. The prellminary cost sstimate for the
complete SCATE program is summarized in Fipure 2-35. Costs are presented for: the
pre-Phase C/D phases; all of the hardware and tasks assoclated with program Phase C/D
devzlvpment and test; the refurbishment, modification, and fabrication of the flight
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Figure 2-35. SCATE program funding requirements.

hardware; and the operations activities incurred during the first flight. It was assumed
that the Shuttle user charge Includes all Shuttle-related activitles such as on-line pay-
load Installation (OPF), MOC activities, flight crew costs, and other common ground
operations/mlsslon operations and activities. Other Shuttle related services such as
OMS kits, RMS, and other optlonal services are added to the Shuttle user charge for
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the baslc transportation. Potentlal user charges for tracking and data acquisition
(TDRSS, etc.) are carrled as separate program-level items.

These estimates represent total cost to customer incurred by the overall program,
not just SCAFE prime contractor costs. The costs are estimated in current constant
FY 1979 dollars and prime contractor fee Is not Included.

The estimate Included all payload~incurred costs through the first launch (1985) of
the fabrication experiment and three months of experiment orbital monitoring and data
acquisition. The program estimated Is essentlally a one~machin2 program. The GTBB
hardware produced during the pre-FPhase C/D technology development phase will be up~
dated and refurbished, and will be provided with all addltional hardware necessary to
serve as the integrated DET artlcle In Phase C/D. The DET will be converted to the
DPT article for quallfication tests and then to the flight article for the experiment flight.
The flight hardware article conslsts of the DPT ground test article refurbished to flight

configuration and standards. The costs for updating the test article are Included as
recurring production cost.

Annual funding requirements for the SCAFE program are illustrated In Figure 2-35.
These funding estimates are shown individually for: (1) the pre-Phase C/D period,
which includes program definition and the GTRB technclogy development phase (beam
bullder subsystem DET); (2) Phase C/D, which Includes completing the development
(assembly jig DET and combined beam bullder/assembly jig DPT), refurbishment of

the DPT test article to flight configuration, and flight experiment prep and operations;
and (3) the STS user charge.

2-23

e i s

I T,



CONCLUSIONS & RECOMMENDATIONS

3.1 CONCLUSIONS

Principal Part ITII conclusions are grouped by major category in Table 3-1.

Table 3-1. Study conclusions.

. CTURE/MATERIALS

Beam dimensions are unchanged.

"Tipped channel"” crogsmember improves handling and increases load Umit.

Modified spot weld pattern for crvssmember compatibility .

New single-ply woven glass,graphite strip material selected. [t improves raw material processing, retains key physical/

mechanical properties, significantly reduces beam welght, permits common material for cap and cross member, and exhibits

lower through~thickness AT to enhance temperature control.

¢ BEAM BUILDER DESIGN

Evaluaton of payload environmental requirements revealed no major problems.
Detrimental environmental effocts on subsystems are avoldable.

Thermal shroud will prevent thesnal distortions of support structure and subaystems.
Definition and selection of control and menitoring sensors completed.

Common brushless DC motor selected for all beam builder mechanical drives. Dual motor 'niversal Drive Unit 1'DU5 for
all driven mechanisms except cooling platens, provides redundant drive capability aad dual power buckup capavihitv,

Cooling platen positioning drive mechanism {s single failure tolerant.

Arrangement of avionics and control equipment {mproves subsystem modularity.

Dual-wire redwndant heater elements permit in-air and vacuum operation.

Cverall cap forming machine length increased 45.7 em to accommodate revised forming and Arive scctions.
Mass of the fully loaded beam builder has decreased from 3618 Kg to 3404 Kg.

New crossmember subsystem design has only two motor drives and provides improved crossmember feed, handling,
and positioning.

Optical rotary encoders In the cord plyers preclude a large number of position sensors.

Small ultrasonic weld head envelopes are readily achlieved and further size and welght reductions are possiole.
Ultrasonic welding process and in-process quality control can be totallv autom:ted.

Curved beams of constant or variable curvature can he produced by the baseline beam buflder.

Scaled-up beam builders can produce beams configured for solar power satellite construction. Beam production ratss
{ncrease in proportion to beam bay length to be produced.

o ALTERNATIVE ASSEMBLY JIG CONCEPTS

Baseline SCAFE agsembly Jig and platform construction system provides basic model for a wide variety of shuttle-borne
automated space construction systems.

Construction of open polygons and structures having radial bsam elements can be accomplished with nearly identical
construction systems.

Fully automated fabrication of tri beams {s possible.

Construction of very large space structures lke the 500m antenna, will require operation of Space Shuttle to its mudmum
capacity and capability on multiple missions.

¢ DEVELOPMENT EXPERIMENTS

.

- . . - a -,
Yorg o e T L e g T g e T

An automated ultrasonic welding "suitcase ' experiment can prove systems rellability, repeatability and weld charucteristics
in combined vacuum and zero-g with no {mpact on other payloads.

The baseline design fits on a single bridge fitting, requires minimal control {nterfaces, allows interchangeability of speci~
mens, horns and transducers, and will record all weld parameters.

A cap forming experimeut can be performed to verify operational characteristics in space environment prior to completion
of the Flight Test Boam Builder (FTBB).
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Various options exist for mounting to avoid conflict with other shuttlo payloads.
Tho forming oxporiment 13 Identical to a beam butlder cap forming module with a cap cutoff module added.
Storago canisters for formed tost specimens are vacuum scaled for post flight evaluation of asa-formed condition.

BEAM BUILDER DEVELOPMENT

Nominal developmant time {8 required for svaluaton and optimizadon of subsystom modules and system integration and
evaluation. This baseline GTBB Dovelopmont Program provides low risk.

A Phuse D mission cefinition study nveded to define thu spacocraft, assombly jig, mission experimonta, and user systems.

Total program costs, excluding shuttle user charges, aro estimated at $37.”M including 33. 5M pre-phase C/D
development work.

Single ghuttle (light to accomplish all mission objootives saves 323,68M by el minating rovisit mission.

3.2 RECOMMENDATIONS

Part III effort has identified several areas in which further activity is recommended.
most significant of these are collected, by major category, in Table 3-2.

Table 3-2. Recommendations.

e BEAM BUILDER TECHNOLOGY

Evaluate and optimize functions of cap forming machine to produco opeurationnl quality caps.
Davalan and sval

alos and svaluats variations of the SCAFEDs graphite thermoplastic composite strip material.
[nvestigate and evaluate ultrasonic welding in thermal vacuum and zero-g eavironmeat.
Investigate high voltage losses {nto space plasma at LEO {n connection with ultrasonic welding.
Manufacture prototype triangular truss segment.

Prepare test plan and test the prototype trusa to determine cap section strength, truss stiffness, dvnamic damping, ind
overall strength characteristicg.

Prepare materials and weld samples for space environment testing program at NAS\/LaRC.

QU EAD . E \'4 LE

Prepare detailed procuremont specifications for a GTBB.

Prepare nocessary design layouts and design analysis to define or verify specifications and control drawing requirements
Prepare Spectfication C ontrol Drawings for system and subsystem module levels,

Prepare detailed statoment of work for manufacture, development and test of a GTBB.

Prepare Contract Data Requirements List (CDRL).

Defor development of heat rejoction subsystem to flight system development program.

Use staggered system development approach to minimize risk and maintain annual funding levels.

e FLIGHT EXPERIMENT

Initiate (ight experiment program for space fabricated proof~of-cancept.

Conduct GTBB hardware developments to support {light hardware design and allow conversion to flight configuration within
projected costs and schedules.

Perform mission definition studies.

Conduct assembly jig development,

3=-2
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