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DEVELOPMENT OF AN ALL-COMPOSITE SPACECRAFT BUS FOR
SMALL SATELLITE PROGRAMS

TimothyC. Thompson,Cathleen Grastataro,BrianG. Smith
LosAlamosNationalLaboratory,LosAlamos,NM

Gary Krumweide,Gary Tremblay
CompositeOpticsInc., San Diego, CA

A common practice for constructing small
spacecraftstructures is to use an all-aluminum

The Los Alamos National Laboratory (LANL)in spacecraft bus. This reduces the payload
partnershipwith Composite OpticsIncorporated cape,city significantly,however the cost of the
(COl) is advancingthe developmentof low-cost, aluminum structure has historicallybeen lower
lightweight, composite technology for use in than one that usesadvanced composites.LANL
small satellites. The use of advanced missionrequirementsdictatethe need for a long
composites in space, applications is well term solution that substantially increased the
developed, but the application of an all- ratio of payload to structural mass while
composite satellite bus has never been maintaininga low-risklow-cost approach.LANL
achieved.This paperinvestigatesthaapplication "intends to use the concept developed for
of composite technology to the design and FORTI_ on future missions requiring similar
fabricationof an all-compositespacecraftbusfor enhanced payloadcapacities.
smallsatellites.

Mission Oblectives/Science
The satellite program Fast 0n-Orbit Recording LANL and-Sandia National Laboratory are
of Transient Events (FORTI_) is the second in a developingfor space flightthe FORTi_ satellite,
series of satellites to be launched intoorbit for an advanced radio frequency (RF) impulse
the US Department of Energy (DOE). The detection and characterization experiment.
FORTE program objective is to record Launch is scheduled aboard an Air Force
atmosphericburstsof electromagneticradiation. Pegasus-XL vehicle in October 1995. The
This paper will discuss the issues of design, spacecraft will be at +5° nadir pointingwith a
analysis, testing, and fabrication required to circular earth orbit of 800 km at a 680-70°
deliver the spacecraft and its associated inclination. Mission emphasis is on the
components within a two-year period. The measurement of electromagnetic pulses,
spacecraft willbe launched intolowearthorbit in primarily due to lightning, within a noise
late 1995 from a Pegasus-XL launch vehicle, environment dominated by continuous-wave
Due to the extremely tight time constraints, a carders, such as TV and FM stations. Optical
novel low-cost solution using graphite fiber sensors such as a lightning imager and high-
reinforcedplastics composites was required to speed radiometerwillaugment the RF systemin
achieve the performance goals of the mission, characterizinglightningevents. A principalgoal
The details of material selection, charac- is to developa comprehensiveunderstandingof
terization of design allowables, and the the correlationbetween the optical flash and the
approach used in determining the structural very-high-frequencyemissionsfromlightning.
geometry that will provide the optimum
performance for thismissionare presented. Mission science data will be made available to

researchers studying lightning and the
INTRODUCTION ionosphere. The extensive database generated

by FORTE on the global distributionof lightning
Overview as detected from a satellite platformcould be
There is currently considerable interest in the used in studying,for example, the correlationof
use of low-cost, small satellites to increase the global precipitation rates with lightning flash
ratio of payload-to-structure performance for ratesand locations.It is also plannedto combine
future missions. An inherently higher risk is these data withthose from simultaneousground-
acceptable for achieving long-range goals of based measurements as part of lightning
puttingmany packagesintoorbit, physicscampaigns.



FORTI_ will also conduct ionospheric physics 1994. The geometry is simple and modular for
experiments. The effects of large-scale low cost and improved maintainability and
structures within the ionosphere, such as repairability.The configurationselected allowed
traveling ionospheric disturbances and us to efficientlyuse the solar substrates as a
horizontalgradientsin the total electroncontent, load-bearingmember.Finally,materialsthat are
on the propagationof broad bandwidthsignals critical to the project's success have already
willbe studied, been proveninspace.

Aluminum vs. ComDosites Desion Considerationsv

LANL and its industrialpartner COl are pursuing The basicspacecraft configurationwas dictated
an all-graphitecomposite spacecraft structure, by the Pegasus-XL.The octagonalshape of the
Incorporatingadvanced materials and unique spacecraft lends itself to using a modular
manufacturing techniques, this structure will construction.Because the cost of developing
enable higher fractions of useful payload (as a and employingmoldedfabricationtechniques is
percentage of total launchweight) to be placed high, an approach developed at COl was
in orbit.The FORTE experimentwill providethe adopted.
test bed and space validation for this structure
and for other key aspects of these technologies The spacecraft has several design
that will be used in other space programs.This considerationsthat were addressed in addition
major technology development will make a to the standard structuralissues. Many payload
significant contribution to the nation's many .elements have relatively tight temperature
industrial pursuits that involve advanced constraints because of the requirements of
spacecraft, delicate electronic components. All payload

components have to be electrically grounded.
Stayingclose to knowndesignsand well-known High separationshockloadsrequirethe need to
materialscan go a longway in reducingriskand mitigate shock between the bus and launch
cost of the spacecraft. The original proposed vehicle. The cage-to-deck interface requires
designwas an all-aluminumboltedstructurethat positive metal-to-metal contact. This contact
didnot meet the weighttarget. Composites have permits a well-controlledinterface and efficient
a clear advantage in performance over load transfer throughthe structure. In addition
aluminumand are requiredto meet the mission the spacecraft was required to have an RF
weightobjectives, shielding.

L_b/lndustry RelationshiD The resulting design drivers for the spacecraft
Due to the inherent high risk, large potential bus are weight, strength, stiffness, and launch
payoff,and shorttime line, the developmentof vehiclevolume.The overallcost, schedule,and
such a structure for small spacecraft is associated risks with performance, cost, and
appropriate for a team formed between a schedulealsohave a significantinfluenceon the
national laboratoryand an industrialpartner.The design.
diverse skills and facilities of a national lab,
teamed with an industrial collaborator having Description of Spacecraft and Payload
considerableexperience,reduce the riskand the The FORT_ spacecraft primary structure
total cost of adding advanced technologies to consists of 6 major structural components, 3
the US aerospace industry'scapabilities, structural trusses, 3 instrumentdecks, and 24

solar array substrate (SAS) panels. The
SPACI_CRAFTCONFIGURATION fundamental principles behind this unique

spacecraftdesignare simplicity,modularityand
Desion ADDrOaCh interchangeability,as shown in Fig. 1.
Several factors influenced the FORTI_ design.
The approach used by LANL was to do a The three frame structuraltrusses are termed
sufficient amount of analysis to validate the the lower,mid and uppercages. The lower and
design concept and to thoroughly test the mid cages are identical to each other.
concept through rigorous testing of the Rectangularframesubassembliescomprisethe
spacecraft. The schedule permitted two design lower and mid cages. The uppercage assembly
iterationsthat allowed the Engineering Model is constructed using trapezoidal frame
(EM) to be thoroughly tested and subsequent subassemblies.Eight frame subassembliesare
changes to be fed back into the final flight bonded together to form each of the three
hardware that will be constructed in the fall of octagonalcages, as shownin Fig. 2.
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Fig. 1. Fully assembled spacecraft structure Fig. 2. S_'uctural components of the FORT_
withSAS panels installed, spacecraft.
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The three decks are termedthe lower,mid and
upper decks. The lower and mid decks are
structurally identical to each other. Aluminum
honeycomb core is sandwich-bondedbetween
graphite/epoxy (Gr/E) skins. The upper deck
closes out the structureand is fabricatedfrom
aluminum honeycomb sandwich-bonded
betweenGr/E skins.

5¢/UMm4EB.
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The SAS panels are fabricatedfrom the same
materialsas the upperdeck. Aluminuminsertsin L_ aOxI
the panels mate up againstthreadedblock-type
inserts in the cages. The substrates are then
bolted intoplace.

The payloadand equipmentdecksare the lower
and mid decks respectively. The decks have
aluminum threaded inserts with hole patterns
and hardwaresizes specificallylocatedfor each g=.tosr^_tqCCOROER

tI3UNTScomponent. There are 25 different components
on the three decks. Some of these components _c=_v_

are identifiedinFig. 3. Fig. 3. Spacecraftstructurewithpayload
components.
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The decksand cages are mechanicallyfastened protectthe delicateinstrumentsmounteddirectly
to each other via aluminumcomer fittingsthat to the lowerdeck.
are bondedinto the cages and decks as shown

in Fig. 4. This arrangement ensures that the /LOWERDECK
highly loaded structure has excellent load i , i,
transferinthe cornersof the cage. i =H_""

I !! I! \

L_ FLEXURE
c_ ASSEHSLY

,0d_ SEPARATION RING "/_

Cross-sectionthroughseparation
ringand flexure.
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Fig. 4. Spacecraftcage structureand deck joint
detailwithouterskinremovedfor clarity.

The cross-sectionalview of the cage corner is
shown in Fig. 5. This view shows how the outer
clip and inner clip are used to join the cage
subassembliestogether for a robust structural
joint. Fig. 6. Shockattenuationmountand

separationring.

P.gUS_TRA TE

/ _'_x _-ours,o_c,-_,_,_ STRUCTURE REQUIREMENTS
_\ \\\\/ CLIP

LO_RO_--__-cA_ ,_e The structural requirements for the FORT_
_.uu,_u_,W._A_,_',._____'_II]""1 primaryspacecraft structurecan be divided into

,,vr_r,,cE_oo_ Jl_! two broad categories: launch phase, and on-orbit requirements. The launch phase
_ c_-_ _ _j _ requirementsare well defined in the Air Force

I1,, I1,,i_ SOLA_,'A,_. Small LaunchVehicle (AFSLV) interfacedesign
Sp,,cEcR,,.,'T---.I III s_es.'_Ar_" document, while the on-orbit specificationsare
sr_,ucru_ L..._I. set by the missionsciencerequirements.

Fig. 5. Cage structurejoint detail. The launch consists of approximately 10 steps
that range from dropping the vehicle from the

The shockattenuationmountand the separation carrier aircraft to orbit insertion and can last
ringare shown in Fig.6. The useof a bolted joint more than 10 minutes. Of the possible 10 steps
attenuates the shock caused when the in the launch, the initial drop from the carrier
separationringjettisonsthe spacecraft from the aircraft and the accelerationduring the burning
launch vehicle.The mount attenuates the shock of the third stage.create the most demands on
from3500 g to approximately1000 g, which will the structureanddictate itsdesign.

4



The initial drop from the carrier aircraft lasts Mass Property_Comparisons
approximately five seconds. Transient The original FORTi_ spacecraft was all
accelerations occurringat drop are dependent aluminum. Switching from aluminum to
on the payload mass and stiffness.Becausethe graphite/epoxy produced a weight savings of
motion is oscillatory, a large dynamic approximately46 pounds as shown in Table 1.
amplificationoccurs throughoutthe spacecraft. The SAS panels (required in both designs)
In the specificcase for the FORTI_ satellite,the added an additional 33.9 pounds to both
AFSLV design documentrecommendeddesign structures.
accelerationsof +12.9 g and :1:2.5g inthe lateral
directions and -4.5 g in the spacecraft's The aluminum design was from an earlier
longitudinaldirection. After furtheranalysis and concept and did not have sufficient cross
review of the ALEXIS satellite data (not bracing, which had to be added to the later
launched on Pegasus-XL), the 12.9 g designs. An additional 30% would have to be
accelerationwas replacedwitha linearlyvarying added tothe valuesfor the three aluminumcage
acceleration distributionthat ranged from+8.5 g structuresfora trueweightcomparison.
at the bottomdeck to +18.5 g at the spacecraft ,
upperdeck, whichmore accuratelyreflected the
loading conditionsfor the FORTE cantilevered TABLE 1. Aluminum vs. GrlE Weight
spacecraft. Comparison

The other severe launchconsiderationis during Component Gr/E Aluminum Difference

third stage acceleration. This portion of the (Ibs) (Ibs) (Ibs)
launch subjectsthe satellite to -10 g longitudinal ii

acceleration. LowerCage 17.10 16.00 -1.1

Because of the need for access to MidCage 17.10 16.00 -1.1
payload/equipment, and to reduce weight and
cost, half of the cage structureopenings were UpperCage 19.42 25.60 6.18
left with no additional crossbracing.To do this
the SAS panelsmustact as shearpanelsas well LowerDeck 13.90 34.18 20.28
as carry the delicatesolarcells.The SAS panels
willreactto the primarystructureshear-outloads MidDeck 13.80 25.69 11.89
as in-planeloads.The panelswere designednot
only as lightweight,thermallystablepanels, but Upperdeck 2.65 3.41 .76
also as panelscapableof carrying large in-plane ShockMounts 3.48 3.48 -
buckling loads and resisting extremely high
shear inthe vicinityof the attachmentpoints. Separation 8.00 8.00 -

Ring
On orbit the structure will be continuously
temperaturecycledfrom sunexposureto shade. Fasteners - 9.60 9.60
Temperatures on the decks can reachextremes
of -45°C at the coldestpointsin the orbitto 60°C Subtotal 95.45 141.96 46.51
at the warmest position, and this must be
considered inthe structuralanalysis. Substrates 33.90 33.90 -

DESIGN/ANALYSIS SUMMARY Total 129.35 175.86 46.51

The designof the FORT_ spacecraftcomposite
structureand solar panelsubstratescan best be Spacecraft mass properties are always

discussedby addressingthefollowingareas: important.interestin ThetheFORT_pr°pertiesmassspacecraftthatarearemass,Of
• mass propertycomparisons center of mass, and the mass moments of
• structuraldesignheritage inertia. Table 2 shows the spacecraft mass
• design-to-costconsiderations propertiesfor boththe deployed andundeployed
• parametersusedin designanalysisstudy configurationswiththe bottomof the lower deck
• dynamic loadsanalysis defined as Z=0. "The maximum weight of the
• structuralanalysissummary, spacecraft,includingall margins,is 430 Ibs.



_ ' ................ many of the structuralcomponentsas possible
TABLE 2. Spacecraft Mass Properties similar to the original design to further reduce

the cost ofthe structure.

Deployed Undeployed
Because of the apparent economic and
structuralbenefitsof this basic designapproach

.Weight-Ib 394.94 394.94 for composite structures, engineers at LANL
thought it prudent to replace the heavier
aluminumdesignbeing consideredfor FORTI_.

- X Bar-in -0.i3 -0.13 LANL's subsequentstructuralanalysis effort for
FORTi_ was supportedby an extensive material
databasethat substantiatedthe suitabilityof this

. Y Bar-in 0.0() 0.00 typeof compositestructuraldesignconcept.

The FORT_ spacecraft with its fixed SAS
._'Bar-in -5.86 -21.11 panels has a structural design heritage from

prior projects. COl developed a similar
compositespaceframe designfor the ultraviolet

. IXX in2-1bs 2.075x 106 2.05 x 105 coronagraphspectrometer(UVCS) shownin Fig.7. COl also developed a similar advanced
.composite solar panel substrate design in

i i

i* IYY in2-1bs 2.075x 10s 2.05 x 105 supportof the Clementineprogram.The payloadand equipment decks use construction
techniques similar to those used for the SAS

I. IZZ in2-1bs 9.14 x 1()'4 8.74 x 104 panels.
Desion.to-Cost Considerations
A conceptassociatedwithcomposite structures

, is that they are much more expensive than
aluminum structures. Technological advance-

Strugtural Desicm Heritaae ments in the design and manufacturing of
The premise for the FORTI_ design concept composite structureshave disproved this idea.
originatedfrom eadier work LANL had done for The cost of the FORT_ spacecraft structure is
the SuperconductingSuper Collider (SSC) in very near that of the aluminum spacecraft
Texas. LANL designed an ultra-stable support structureit replaced.This was accomplishedby
structure for the SSC GEM Silicon Tracker. usingadvanced design and manufacturing
FORT_ is usingthisconcept again, keepingas technology.

Fig. 7. Ultravioletcoronagraphspectrometer(UVCS).



For FORT_, the followingdesign featureswere ' .... _J .....
establishedto minimizemanufacturingcost. TABLE 3. Material Properties

1. Design to maximize use of flat composite
laminatesto: Property Gr/E Aluminum Aluminum
• eliminatelargeproductionmolds T50/ HoneycombHoneycomb
• increasethe rate (poundsof prepreg ERL1962 1/8-5052- 1/4-5052-
per hour)at whichcompositescan be (in-plane) .0007 .002
laid up
• minimizeinspectiontime Elastic 10.5x 10s 7.5x 104 1.4x 10s
• facilitateuse of programmable Modulus
routers/waterjetmachining (psi)
• reducescheduleby usingexisting ,,
compositestockmaterial.

2. Design incommonalitybetween partsto: Shear 3.98x 10s 4.5x 104L 6.6x 104L
• minimizetooling Modulus 2.2x 104W 3.0x 104W
• improvethe learningcurve(detailsand (psi)
assembly)
• allowlaminatestackingfor waterjet

Density 0.0600 0.0018 0.0024
machining. (ibs/ina)

3. Design inself-fixturingtechniquesto:
• minimize tooling
• minimizesubassemblytime .....
• minimize inspectiontime. Poison's 0.32 .30 .30

Ratio
Along with these specific features that reduce
the manufacturing cost comes a reduction in L i , |l

time needed to fabricate a unit. Time factors
have a significanteffect on the overall FORTI_ CTE .36 13.00 13.00
spacecraft programcosts. (pprnPF)

P._rameter4Used in Deslan Analysis Study_ ........
The basic structural parameters used in the CME" 218 0 0
designoptimizationare as follows: (ppmP/•M)

• deck honeycombthickness
• deck materialthickness ......
• numberof fasteners '=; ....
• numberof cross braces
• materialthickness.

The skin-and-stringerFORTe: structure utilizes _t"......... _,.....__

the substrates to carry most of the cantilever
loads in the spacecraft. This requires lookingin
great detail at some of the possible failure m
scenariosfor the SAS panels and the comers of

the cage structure.Table 3 showsthe properties _.__ __

of the materialsusedon FORT_. o. "'. ,",,,...-

Dvnamlc Loads Analvs!s
The analysis effort-of the FORTI_ primary
structurefocused on calculatingthe loadsof the .........,,,_,;.-.
structureduring the drop portion of the launch. 4 =,
The structure was analyzed using a general
purpose finite element program, ABAQUS, to .m , - .. , . .......o'= u= cua o,o4 0.=

determine the maximumforces during launch. T_, (a

Time histories of the X-component (gravity) Fig. 8. Time historyof the droptransient X-
acceleration on the top deck, mid deck, and corrponentacceleration.
lowercomponentdeckare shownin Fig.8.



Using the drop transient shock response
spectrumfor a Pegasus launchas a guide, the
goal was to design the spacecraft structure so
that the primary modal response would be at
about 35 Hz. Preliminary analysis showed
primary modes in the 20 Hz range with
excessive deformation at the corners of the
lower deck. Stiffeners added at the eight deck
comers of the lower deck brought the primary __
modes up to the 50 Hz range. This is in the
regionof maximumresponse,which is not ideal, =-"1 ==.7_
but is adequate• If the modal frequencies shift, L
any changes in frequency will lower these

responses,whichwouldbedesirable. Fig. 9a. Firstmodelowerdeck.

A frequencyanalysisshowed the first 19 modes
to be between35 Hz and 74 Hz. Summarized in
Table 4 a.,xIillustratedin Figs. 9a through9c are
several of the keyvibrationalmodes.

II I'"

TABLE 4. Natural Modes

Mode Number Modal Participating
Frequency Component

(Hz)

1 35.7 =. LowerDeck

Fig. gb. FirstbendingbodymodeY-direction.
ii

s 51.4 Body

11 53.0 Mid Deck

ill

14 53•3 Body

i i,i

16 54.3 Body _ _z,=

................ , Fig. 9c. First bending body mode X-dire,_.tion.



Structural Analysis Summary_ transient accelerations. Analysis showed this
The analysis effort of the FORTi_ primary arrangement was not feasibleand studieswere
spacecraft structure focused on evaluating its undertakento determine the minimum number
performance and optimizingits design for the and location (acceptable to access
drop portion of the launch. The structure was requirements) of necessary cross bracing
alsoanalyzed duringthe thirdstage acceleration additions. In addition to the cross bracing, the
but as noted earlier this was not the critical numberof fasteners inthe substrateshadto be
loadingcondition, increased from 6 per panel to 10 to meet the

design allowable of 666 Ibs shear-out for in-
A finite element model (FEM) of the structure plane failure of the substrate.Figure 11 shows
was constructed using the COSMOS\M finite the component forces acting on a typical SAS
element package. The structurewas modeled panel whileTable 5 shows the resultantloads.
usingthree-dimensionalbeam elementsfor the
iongeronsthat wouldmake the backboneof the
structure once the cages and decks were
assembled. The decks were modeled using
isotropic plate elements• The mechanical BOm_-X, _LL-0Ur

propertiesfor the aluminumhoneycombgraphite i,SERT_ t J

skin combination were calculated and used as ___,E _IN

input. To simulate the mass of the components
on the decks,the mass was distributeduniformly
overthe surface.The SAS panelswere modeled -

in an identical fashion. They were attached to - -_ui ,.,._T--'--, J-,i i i ii _v.._7_-_u_M._

the rest of the structure with short beam SHE_-OUT"%=_"_._ CH0_c°_elements so that an estimate of the in-plane
shear forcescouldbe identified.The model was _/E SKZN
fixed at itsbase with springelementsto simulate
the shockattenuatingflexures.Figure 10 shows Fig. 11. SAS panel showingmaximumloads•
the FORTi_ spacecraft and its associated
boundaryconditions.

| ii litIH I iii i i i i i ,i

TABLE 5. SAS Panel Resultant Loads

Load Maximum Allowable
Calculated

Pull-Out 5 516

1
MAX LOAD MAX LOAD MAX LOAD MAX LOAD
11,=0t) 1,is0b ssot_ sist) Shear-Out 265 666

(Ibs)
Fig. 10. FORTI_ spacecraftloadingduringdrop•

The most severe acceleration that developed Tolque-Out 5 72.6
during the drop launch was a lineady varying (in-lbs)
lateral X-concK>nentaccelerationof 8.5 g at the ,
base and 18•5 g at the structuretop deck. A
constant lateral accelerationof2.5 g orthogonal Forcesfrom the beam elementswere calculated
to the linearly varying acceleration and a and put intoa detailedmodel of the cage corner
longitudinalacceleration of 4.5 g compressed interface. A detailedsketchof the comer jointis
the structure, shown in Fig. 12 with the results of the drop

transientanalysis. A detailed FEM was made of
The initial design had no cross bracing in the the joint area to predict adhesive stresse_.
cage structure and relied solely on the solar Figure 13 illustrates the joint FEM and the
array substratesto camj the shearfromthe drop resultsare summarizedin Table 6.
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x,o ,b TABLE 7. Substmts Buckling Results

12 Ib
7.5 pf_,J 13 tD.In

a_,,a., CriticalLoad Load
70b

,,._. ?\_11 Column 5614 Ibs 390 Ibs
Buckling

'° F.ce 3 .7ksi 3i_ ,b-,,, Yielding

_"_'--_= =o,a Shear 2.03 x 10s psi 1.20 x 103psi
_"_,0 m.,_._.._ m ,=-,,, Crimping .....

Fig. 12. Comer joint detailwithmaximum Face 6.67 x 10s psi 3.77x 104psi
loading. , Dimpling

Face 2.37 x 10s psi 3.77 x 104psi
Wrinkling

I
,-.. I ill

,To gain confidence in the analytical results,
-.. modal testing was performed on the substrate

panels. The first five natural frequencies were
calculated using finite elements and then the

"-" panel'sactual first five frequencieswere found.
Table 8 showsthe analytical modes compared

__ to the measured values. Figure 14 shows the
experimentalmode shape for a Type A panel.
The natural frequencies were found by
subjecting the panels to sine sweep on the
functionand lookingfor peaks on the frequency
response function (FRF). The panels were
excited at frequencies close to the resonance
frequency and sand was used to identify the
nodalpointsof the modeshape.

Fig. 13. FEM of the structuraljoint.

TABLE 8. Analytical and Measured Results
...... ' for Fundamental Mode Shapes of a Type A

TABLE 6. Joint Res_PIt$ SAS Panel
i i=, ......

Longeron-AluminumBlock
MaximuminPlaneShearStresses 324 Mode# FEM FRF % Difference

(psi) ..... ....
Longeron-AluminumBlock 517 1 64.8 165 0.1% ii

MaximumPeelStresses_,'d)
2 203.3 214 5.0%

MaximumOuterSkinVonMises 2500
' Stress(psi)

3 349.1 373 6.4%
,, III

The shear resu;,s in the SAS panels were then 4 375.5 389 3.5%
used to determinethe bucklingcharacteristics.
The panel was analyzedusingfiniteelementand 5 456.2 483 5.5%
conventionalcomposite techniques.The results
are summarizedinTable 7........... .
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SAS Panels
The 24 SAS panelsfor the upper,mid, andlower
cages were fabricated and machined from 8
large panelsthat couldproduce 16 loweror mid
panels and 8 upper panels. The large panels
were 0.020" thick precuredpanel assembliesof
Gr/E T-50/ERL1962, [01451901135]with either
co-cured0.2 mil copperon one sideor co-cured
2.0 mil Kaptone. Figure 15 showsa typicalcross
sectionof an SAS panel.

These precured skins were then bonded using
Fig. 14. Measuredfundamentalfrequencyofa FM-300-2U film adhesive to .25" aluminum

Type A SAS panel, honeycomb core (1/8" cell; 3.1 Ibs/ft3). All
aluminuminsertswere postpotted inCorefil615
and bonded using room temperature epoxy

__N adhesive,HysolEA9394.

When bolted together, the 3 frame structures,3 Insert locationswere machined intothe variolm
equipmentdecks, and 24 SAS panelsconstitute panels at the time the sandwichsubassemblies
the complete primary structufrefor the FORT_ .were cut from the larger panels. Then, usi=l_
spacecraft, as shown previouslyin Fig. 1. The master bond plates that are commont_.)th,,se
followingdiscussionaddresses toolingand the used for the corresponding fr_n_
various FORT_ spacecraft structure subassemblies,all insertswere locatedinto the
components and illustrates the simple SASpanel.
manufacturing approach affordedby this loW" KAPTON F ILH

coststructure. SOLAR CELLS % .020" TH 1CK

Toollno I _ -, -. \ \ ..e..

The lis{ of tooling used for the vadous FORTl-" ,_ , __i,'_:_ J 11 iistructure components is very short and what i'122 ! i'£_'£t ._,',', ;, .

couldhave been very complexis verysimple,as \ ,_ \depictedinTable 9. \ I \ _2o- THIC_
BONDED- 1_1 CORE/ .0002 \ GR/E SKINTHICK ._" THICK

The actual hardware (for the upper, mid, and INSERT MAPOTTINGTERI AL CLAoDICOPPERNG_YCoMBALUMINUM
lower decks) is used to as_semblethe eight coA_
frame suba._;e,embliesinto upper,mid, arid lower
cageassemb;;es. Fig. 15. Typicalcrosssectionof an SAS panel.

i i i ii_i iiiii iiii i i i i i i

TABLE 9. FORTI_ Tooling LI_

Component ToolType Description Qty

I Upper,Lower& Middeckis BondPlate I/4"Graphite/ToolingResin I

2 Lower&Mid-frames(subas_sys) BondPlate I/4" AluminumPlate(commonto both) I

3 UpperFrames(subassy_0 BondPlate I/4" AluminumPlate I

4 Lower& MidSAS Nonerequired SameI/4" framesubassemblyplate(above) .

5 UpperSAS Nonerequired Same1/4"framesubassemblyplate(abo',e)

6 Finalassembly Nonerequired Self-fixtudng .

I1' ,, I ""' '
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Spacecraft Structure panelsbeing fittedto the lower frame assembly.
The space frame assemblies and equipment Because of commontooling,the fit was exact.
decks that make up the spacecraft structure AllSAS panelsare interchangeable.
differ in construction. The decks are
manufactured similarly to the SAS panels,
except that copper was co-curedon both sides
of eachdeck. The spaceframe is made fromflat
laminates.The upperdeck isthe same thickness
as the SAS panelsbut the midand lowerdecks
have a one inch thick aluminumcore (1/8" cell,
4.3 Ibs/fl3). Figure 16 shows a lower deck . / t-
bonded and machined.The skinthicknesson all Fig. 16. Lowerdeck.
decks is 0.030" with an orientation of
[0/60/120]s. • :- "_'--_"-'_ -.""-- i"___j

The frame subassemblies are made from flat /'_)_]1] I

0.048" thick laminates of T50/ERL1962 with a =. J
[0/45/90/135]s orientation. As is typical of flat
laminateconstruction,all detailscan be "rested"
tightlyon largercured laminatesand machined
out witha waterjetmachininghead mountedto a
programmable router. Figure 17 shows all the ._._,_.,-_._ _.=_=._

details for FORTI_ structure nested on two " __//-__/'__

laminates. Four laminates of one configuration
and two laminates of the other configuration

weremechined. (_=,_i(l...tl !l!.l,! !l__' !l.!l iUtilizing COl's concept for a self-fixturing ..... _=_. ..........
fabrication process (the Short Notice _,=,,=.,,_,
Accelerated Production Satellite or
SNAPSATTM*),all details are removed from a Fig. 17. Water jet cuttingpattern showingthe
completely processed panel (prepped for nestingof componentsusingflatstock
bonding) and "snapped"together.The snapping GdE.
together feature uses mortise and tenon joints
that are precision machined into the details.
Figure 18 showsthe tool setup for bonding ribs
to an upperframe skin (the secondskinhas yet
to be bonded).

Note that the frame subassemblies (two skins
and ribs bondedtogether) have only bonded in
at thissubassembly stage.thosemetal fittingsto

whichthe SAS panelsattach Figure 19 showsa _,,_
portionof this frame assembly. Note that blade _,_:_,,._
Iongeronsand inner and outer angle clips are
not bonded at this time. The deck angular Fig. 18. Structuralbondingof ribs.
interface fittings are what initially ties the
structuretogether. These are visible in Fig. 20.
Figure 21 shows the corner splicing angles
installedthat cover up the blade Iongeron, and
illustrateshow the upper and lower decks are
used to assemblethe frame. Alsoshownare the
angularinterfacefittingsreadyto accept the mid
frame subassemblies.Note the copper plating
on this lowerframe assembly.This electroplated
copper was plated on the outer surface of ,_;:
outside panels only. Figure 22 shows the SAS _

"SNAPSA'r TM isa patent-pendingtrademarkof Fig. 19. Cage panel framesubassemblyshowingthe interfacefittir,gs.
COl.
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"_ Final Assembly
By'repeatingthe above processfor all decksand
frames, the final assembly'shown in Fig. 23 is
achieve(_ The SAS panels have not yet been
installed. Note that the mid and upper frame
assemblies are unplated for this first unit. This
was done in order to evaluate the RF shielding
effectiveness of unplated vs. plated Gr/E.
Pending the electromagneticinterference(EMI)
test results on the EM, the flight unit will be
configuredfor EMI protection.The copperon the
back of the SAS panels provides the EMI
protectionfor the spacecraftequipmentand also
serves to electricallyshieldthe spacecraft from
itsantenna system.

Fig. 20. Cage comerdetail.

Fig. 21. Structuralsplicingangles.

Fig. 22. SAS panelsbeingfitto the lower Fig. 23. Finalspqcecraftassembly.
frame assembly.
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TESTING
TABLE 10. Corner Static Load Test

Matedal Testln0 Mean Ultimate Allowable
The uniqueness of the FORT_ primary Shear-Out Shear-Out
spacecraft structure meant that some of the (Ibs) (It)s)
detaileddesign informationwas lacking.Partsof AllCoupons
other spacecraft devices were similar but not Combined 940 750
exactlythe same. A testingeffortwas initiatedto
define design allowables in critical areas. The
primary concerns were the high shear stress NonThermal
areas of the SAS panels, the shear stress Cycled 1003 881
betweenthe graphiteand the aluminumangular Coupons
interface block corner joints, and the deck Thermal
componentinsertpulloutallowables. Cycled 877 666

The SAS panelswereviewed as the mostcritical Coupons
area of the structureand no designdata existed
for them. Edge coupons were fabricatedby COl
and tested at I.ANL. The coupons were Anothercritical area for which littledesign data
designed to carry a maximum shear load existed is the cage structur.= corners where
throughthe comer of the couponsince analysis -aluminumangularinterfaceblocksare bondedto
showedthe maximumshearforcewas along this the graphite skins. Initially the publishedshear
direction. Along with determiningthe absolute strengthfor the adhesivewas used to determine
design allowables there was also an interestto the design allowabl,a. Fifteen single lap shear
know the effects of thermal cycling on the coupons were fabricatedand tested at COl. Of
bonded joints, the 15, 5 were not thermallycycled and 10 were

subjected to the same thermal cycle as the
The spacecraft wouldbe maintainr'd near room comer coupons. The mean ultimate shear load
temperature during the launch phase, but it showedno dependenceon thermalcycling.The
would be cycled from -65°C to 80°C five times design allowables varied substantially, ranging
priorto launch as part of itsqualificationtesting, from 507 psi for all 15, 473 psi for only the
Therefore it would be imperative to know the thermallycycledset, to 231 psi the non-thermal-
effects of thermal cycling on the shear-out cycled set. The very low value for the non-
designallowable. Ten couponswere tested with thermal-cycled set is a reflection of the small
thermal cycling and ten coupons were tested sample set size, given that the mean and
without thermal cycling.The cycle commenced standarddeviationare almost identical to those
at room temperaturewith the coolingto -65°C at of the othercases (Table 11).
a rateof lO°C/min. This extremewas held for 10
minutesand thenthe part was heatedto 80°C at
10°C/min and held at that extreme for 10 TABLE 11. Shear Coupon Load Test
minutes. Then the part was returned to room
temperature.This cyclewas repeatedfive times. Measured Calculated
All coupons were then tested at room BulkArea BulkArea
temperature. MeanUltimate Allowable

ShearStress ShearStress
The results of the two tests are summarized in (psi) (psi)
Table 10. The average ultimate shear-out load
for the thermal cycled coupons degraded by AllCouponsCombined 895 507
13% and the designallowablewas decreased by (15Coupons)
24%.

Non-Thermal-

Ten additional coupons were tested after a Cycled 888 231
modified thermal cycle. The extreme (5Coupons) ,I

temperatures were held for one hour. The Thermal-Cycled
increased soak times at the extreme (lOCoupons) 900 438
temperaturesonly decreased the mean ultimate
shear-outload an additional9% and the design
allowablean additional 17%.
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Analytical solutions and FEMs of the coupons ese! .s"/753.5 i
were created to determine the stress distribution sees. 2 [<_

r /at failure. The analytical solutionsuggested by _ sess.•
Ojalvo and Eidinoff (1977) shows a bulk shear = s2eo.s
stress of approximately660 psi and a peak at x 4300. I d
the edge of the bond area of more than 5000 v 3511.0 1
psi. Their results indicate a peak peel stress at 2GG3.4
the bond edge of 3550 psi. A plane two- IOlS
dimensional model showed the same stress 9G(;.I;9 - _"
distributions as suggested by the analytical 110.32 .......... -_ _
solutions but a bulk area shear stressof about • 1
125 psi and a correspondingpeak of 8600 psi
(Fig. 24: the stresses are plotted from the lt et s_ce
bonded joint center to the edge because of Fig. 24. Adhesivemidplaneshearstress.
symmetry).Figure 25 showsthe peel stress vs. t3473
bonded joint length (also plotted from the joint I I 711?
center). The bulk area peel stress is initially s I I Ill - -
close to zero, then becomescompressive near 1 8413. •
the edge and peaks at the very edge at almost ,_9 sl:'t, 4

• 5049.0 I13,500 psi.
y 3354.3

The actual joint in the FORTI_ structure 11;G1.8
unfortunately does not resemble the lap shear -10.11 3 :_. :c_-.: "-J"_ .";
coupons. In the structure a relatively thin - 1"/05. :! " "- ._= !
graphite skin is bonded to a relativelymassive -33•z .e _ -'_ "
aluminumblock(Fig. 4). Therefore,furtherstudy l 1
of the lap shear finite element modelwas done I)10t _ce
to determine the effect of considerably
increasingthe thicknessof one adherenton the Fig. 25. Adhesivetop-planepeel stress.
stress distribution. The results showed a 3131.t
dramatic change in both the shear and peel 3501.3
stresses. The bulk area shear stress was T 3111 ,_ • JWBL

reduced slightly to 580 psi (Fig. 26). The shear • 2eel .e
stress then peaks at the bond edge at slightly " 2s32 _ ,0
over 3800 psi. The bulk area peel stress, as x 22(11,2 _,
shown in Fig. 27, is initially 170 psi and y 1082.4 1j_r-I $$./.7
increasesto 435 psi.The peelstress thenpeaks I ;132.9 . -J="

at the bond edge at -2227 psi. These results 900. I I ._ _-indicate that the peel stress is reduced 503.34 '_
significantlywhen one adherent is muchthicker II t
thanthe adhesiveandthe otheradherent.

Otetsnce

The resultsalso show that the bulk area shear Fig. 26. Adhesivemidplaneshearstress.
stresses are lower than those determined from 436.50

the lap shear coupons tests (indicated in Table 17e. Is ._ _, _ - .
11). To determine thosevaluesthe ultimate load s - s•. 27•
was divided by the bond area. From the finite t -3s2.1 b
element model shown in Fig. 13 the maximum g -S;rS 13 !

Ill • "

shear stress calculated was 324 psi and the z -09_.59 ,,
peak peel stress was 517 psi, far below the -1162v L
analytical results or the finite element -14211.4
predictions.These are slightly larger than the -IG94.9
allowables determined by testing, but when -tgGt .3 .
compared to the analytical resultsor the FEMs -222"Jr.1
the peak stresses may be considered • 1
acceptable. " Dtet s_(:e

Fig. 27. Adhesivemidplanepeel stress.
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The last area where testing was required to structurewill be cooled from room temperature
provideaccurate design data was for the deck to -65°C at 10°C/min and held at -65°C for 15
inserts.A deck coupon with twelve insertswas minutes. It will then be warmed to 80°C at
made and test,_dby COl. The resultsof this test 10°C/min and held at 80°C for 15 minutes.The
are shownin Table 12. The deck insertsare not cycle will be repeated five times. The main
bonded in place but rather aro held secure by a purpose of the cycle is to submit the structure
threaded fastener as shown in Fig. 28. and eventually the assembled flight article to
Therefore, thermal cycling is not an issue with identicalcircumstancesas the components. The
these inserts, temperature of the structure will be monitored

duringthermalcycling.
, I

TABLE 12. Deck Inserts Pull-Out Results After thermal cycling the structure wdll be
submitted to lateral static load testing. The
structurewillbe mountedto the floor and forces

Mean Allowable Maximum
Ultimate Load Calculated that simulate the design drop transient

Load Loadat accelerationswillbe applied (see Fig. 10). The
Launch correspondingloadsare 1140 Ibs at the bottom

(Ibs) (Ibs) (Ibs) "eck, 1450 Ibs at the mid deck, 550 Ibs at the
transition area, and 515 Ibs at the top deck.
During loading,deflectionswill be monitored at

Pull-out 659 493 143 .each point of load apl:licationand in the same
plane but in the orthogonal direction. The
structurewill then be rotated 90 degrees about

Shear-out 877 660 158 the longitudinalaxis and the procedurerepeated
three additionaltimes.

_OLT COMPONENT Strain gauges will be mounted to both sides of
MFT^LW^S_R _'L^_-_ the SAS panels located over the cage structure

\ _ -. o0o2" withcrossmembers.One of the comer jointswill
\

THICK also be equipped with strain gauges to monitorZ__T._.\ \ \\ c_PER_- CLADDING loads going into perceived critical areas of the

I ) aR,E SKIN
-I.00" THICK
^LUM:NUM The structure decks will then be loaded to

YCOMB simulatea -10 g longitudinalacceleration on the
I I I } \J' -. o3o- THICK structure.The correspondingloadsare 1590 Ibs

GR/ESKIN on the bottom deck, 1600 Ibs on the mid deck,-. 0002"
THICK and 860 Ibs on the top deck. The same strain
COPPER gaugeswillbe monitored.BONDED- IN CLADO ING

INSERT WITH

HELICOIL CONCLUSIONS

Fig. 28. Deck fastener detail. LANL and CIO have designed, analyzed, and
demonstrateda simplified,cost-effectivemethod

Acceptance testing of the assembled for the production of small satellite spacecraft
engineeringmodelstructurewillbe performedat structures. This process produces an all-
COl. Three typesof tests are planned:a thermal compositespacecraftstructurethat is lightweight
cycling test, lateral static load tests, and a and very strong, providing substantial
longitudinalstaticload test. Before commencing improvement over aluminum designs in its
any acceptance testing, and after each test, the payload-to-weight ratio. The fabrication
structure will be thoroughly inspected by the technology that has been developed produces
coin-tapmethod.If problemsare detected froma savings in productiontime and expense over
coin-tap examination that cannot be resolved, previouscomposite processes. It is competitive
then more extensive methodswillbe employed, with aluminum structure processes in expense
such as ultrasoundor thermography, and speed of productionand is applicable to a

wide varietyof strt/ctures.The simplebut robust
The entire structure will be subjected to the spacecraftstructureprovidesa platformthat will
identical thermal cycle that the comer coupon be useful fora widevarietyof applications.
was run through for its shear-out tests. The
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