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ABSTRACT

The International Space StatifisS) primary structuralelementsare to beassembled and
operated in the severe on-orthiermal environment. This environmentiglely varying,
resulting in abroad range of structural load conditiotsfined byparameters such as
spacecraft articulating geometry, orbitlination, flight attitude and altitude, and the
annual solar cycle. Thizaper describethe integrate@dnalysisapproach developeadsing
detailed MSC/NASTRAN structural models, to comptitermally inducedoads and
deflections specificationfor the ISS pre-integrated truss (PI3ggments. Fatigue load
spectra development due to orbitatrmal cycling isalso described. Aspects of interface
attachmentmechanisms t@accommodate thermal expansion and contraction and allow
autonomous alignment and mating of the ISS PIT segments are described. An approach is
also presented foevaluating thermal/structural effects fure large array of thermal
conditions under which on-orbit assembly operations can occur.
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INTRODUCTION

The International Space StatiQi$S) primary elementare to beassembled andperated
in the severe on-orbihermal environment. This environmentiglely varying, resulting
in a broad range ahermally inducedstructural load conditiondefined by parameters
such as spacecraft articulating geometry, angiination, flightattitude and altitude, and
the annual solar cycle.The ISSAssembly Complete (AC) configuration is shown in
Figure 1[1]. The ISS primary structure consists of pressurized and unpressurized
elements. The pressurized elementsthermally controlled to maintain specified interior
temperaturdimits. The unpressurized elements, suchthes pre-integrated truss (PIT)
segments, are exposed to the nattinakmal environmentvithout active temperature
control. Segment structuralementtemperaturesmay range from about -200°F to
+200°F within the annual solar beta angle spectrum.

This paper is an overview of the integratadalysisapproach thahas been developed
using detailed MSC/NASTRANtructuralmodels toproducethermally inducedoads and
deflections ofthe integrated ISS.A unique substructuringpproach,implemented to
managehe voluminousstructuralmodel andemperature data required &S integrated
analysis, iglescribed. Awo step approach based tmear superposition is presented to
circumvent the limitations of standard thermal loadanalysis methods, that typally
assume uniform material referenegnperatures at th#eme of structuralassembly. The
present approach correctly accounts for effects of on-aligitment andolt-up of PIT
segments under the rangeassembly thermatonditions. Development of fatigue load
spectra associated with orbital thermal cycling is also described.

PROBLEM DEFINITION
ISS On-orbit Thermal Environment

The solar thermal radiation environment of ISS is the dominant driver for on-orbit thermo-
structural behavior. The environment model of this study used a direct solar raftliation

of 451.23 BTU/Hr-F%, earth-emitted infrared &6.56 BTU/Hr-F2, and albedo 00.27.

To characterize thnermal environment in arapleway, the solar betangle,3, has been
defined. It istheangle fromISS orbitplane tothe sun, i.e., theomplement othe angle
between the sun vector and the orbital angular momentum vector. The greatest magnitude
of B occurswhenthe sun is at a solstice (23.5° measured from the eaghator). The

ISS will fly at a 51.6° orbital inclination, which equates to &3 variation between
approximately+75°. For orbitswith solar betaangles exceeding a rangeaifout #0°,

the spacecraft does not experience solar eclipse due to earth shading.

Figure 2 shows the variation of the solar beta angle over one year, where the starting point
has been selected to guarantee orbits near the exirefirtee actual date of occurrence of

the extremeB is determined by launctate. The presence of tingher frequency
variations is a result of orbit nodal regression, caused by the non-sphericity of the earth.



ISS On-orbit Thermally Induced Loads

In the standard approach tleermally inducedoadsanalysis,reference temperatures are
specifiedfor which the structurafinite element memberare undeformed; foexample,
temperatures dime of fabrication or assembly. &ference temperaturespecified as a
finite element materigbroperty. In practice, reference temperaturegyguieally assumed
to be uniformover the entirdinite element model. An equivalestatic load is then
developed corresponding to unconstrained deformations dihtteeelementsassociated
with variation of appliedemperatures from the reference temperajdfe The static
solution is obtained bgpplyingthe equivalent loadrector to the constrained structural
model. Thisapproach is also standard fanalysis of combined omerged structural
systems, e.g., Superelement analysis [3].

The integrated IS$nodel is formed from several lardgmite element modelshat are
conditioned and then combined. Tassembly oSS structural components in the on-
orbit environmentnvalidatesthe standard assumption ofiaiform referencéemperature
for combinedstructural systems. The temperaturegha&ttime of assemblycan vary
widely with time due to the solar betangle, flightattitude andother environmental
effects. To illustrate this problem, considembiningtwo typical ISS segments, the SO
and S1 pre-integrated trugRIT) segments. ThéSS SOand S1PIT segments are
identified in Figure 3, andomputer generated plots of tfieite element models are
shown in Figures 4 and 5.

The ultimate goal othe thermal loads analyst is to determine internal member loads and
deflections ofthe modelsdue to theapplied loading. Usinghe standard approach, i.e.,
with a uniform referencéemperature, equations governing timernal loads of the
combined SO and S1 segments can be expressed individually as:

KeoXg = Pgt+ Fg (1a)
KaXg =Pgt+ Fg (1b)
and Fg=—Fy (1c)

These are the static solution equations, whdgeand Ps; are theequivalent static loads
due toappliedtemperatures, anffsg and Fg; are equal and oppositaterface loads
between the SO and S1 segments.

During ISS assemblythe S1 segment is positioned foerthing to SO usinghe Shuttle
Remote Manipulator SystefSRMS) robotic arm. The Segment to Segment Attach
System(SSAS)mechanismmounted at the segmenterface bulkheads allover interim
berthing andinal mating operations. The SSAS must accommodh&mally induced



relative deflections othe interfaces by self gning prior to bolt-up forany and all
environmental conditions. TH&SASmechanisnshear axes self alignment provisions are
depicted in Figure 61SS trusssegment interface loads and deflections of interettisn

study are in the shear directions, i.e., in the Xsspks®e (Figure 1) athe trusssegment
attachment fittings. The referendkght attitude is designated Local Verticaébcal
Horizontal (LVLH). In thisattitude theXss-axis points alonghe velocity vector, the
Yss-axis points outboard along the starboard truss, and the Zss-axis points to the center of
the earth.

Self alignment in the shear directions, which has the effenttializing theinterface shear
forces to approximatelyero attime of assemblhand bolt-up, isot properly represented
with the standard solutioformulation of Equation 1Alignment of the attachment
mechanism at assembtgn be modeled as an interface preload efidgith can be the
dominantcontributor to peak loads developed later in B8 service life. Atwo step
approach based dmear superposition has be@nplemented to includehe effective
assembly preload. This procedure is described in the Analysis Section.

ISS Thermally Induced Fatigue Load Spectra

The ISS igdesigned for a servidde of 15 years. A solar betangle histogranfior the 15
year servicdife is shown in Figure 7. The general shape &mdodal character are
preserved over the ISS range of ombdination andaltitude, with the peaks occurring at
3 near +30°.

Thermally inducedoad spectra are developed dgterminingpercentage ofnaximum

load versus solar betangle and countinthe number of cyclegorbits) inincremental beta

angle buckets. Altitude cycling, orbiter approach and docking operations, attitude
variations, shading of articulating surfaces, etc., have secondary effects on the 15 year beta
angle distribution and the load spectra.

ANALYSIS

A two step approach that correctly accountstifi@rmal conditions ahetime of on-orbit
assemblyhas been implemented foredict thermally inducedloads of thelSS PIT
segments. The approactvolves combiningntegratedanalysisresults associatedith
the configurations/conditions durirgssembly ofthe segments with integratexshalysis
results associated with future configurations/conditions of intedssemblyComplete in
this case.

Temperature cases representing bothadsembly flightscenario and AQSS integrated

model configurationsare developedrom high fidelity TRASYS/SINDA models and

analyses. Aprocedure to converthermal modeltemperature predictions to the
MSC/NASTRAN structural elements;alled mapping, results ithe production of

MSC/NASTRAN temperature BULK DATA cards. When this procedusegmplished

for each of the ISS PIT segments, the integrated model static analysis is run.



Step 1: On-orbit Assembly Integrated Analysis

The 1SSassembly flight 9A isised herein as aaxample ofon-orbit assemblyintegrated
thermal loads analysis. During flight 9A, the S1 segment is delivered to the ISS and mated
to the orbiting SO segment.

A nominal assembly flight timelingl] wasassumed fothe thermal analysis of flight 9A.
For thenominal timelinethe orbiter is docke@ith ISS at L+48 hourglaunch time plus
48 hours). The S1 segmeartnains inthe orbiterpayload bay untiL+64.5 hours. Over
the next 90minutesthe SRMSdeploys S1 fromthe orbiter andeffects a series of
maneuvers to position it for berthing. Becatise thermal conditions aassembly are
highly dependent on solar besmgle (launcldate)andflight attitude,which are usually
uncertainwell in advance of thélight, a range oflight attitudes and solar begagles are
included intheassembly analysis. A summary of flight 9A assembly anatgsiditions is
described in Table 1. The code fight attitude representgaluesfor the sequence of
roll, pitch and yawflight anglesmeasured from LVLH in degrees, where M = -15°, T =
+25°, P = +15°, and Z = 0°For example, MZMrepresents -15° roll, 0° pitch, -15° yaw
flight attitude.

Table 1. Flight 9A Assembly Thermal Load Cases

Description Case Summary
No. Orbits/Condition 3

No. Static cases/Orbit 13

No. Static Cases/Condition 39 (=3x13)
No. Solar Beta Angle Conditions 7

-75, -52, -26, 0, 26, 52, 75 (deg.)

No. Flight Attitudes (roll, pitch, yaw) 8

MZM, MZP, MTM, MTP, PZM, PZP, PTM, PTP

Total No. of Conditions 56 (=7x8)
Total No. of Assembly Static Cases 2184 (=39x56)

Example SO to S1 interface shéass) loads for the -52° solar beta, MZhght attitude,
9A assemblycondition are shown in Figure 8. Theerface loads were calculateding
the standard method, i.e., representingntioglels combined at unifortemperature (70°
F).



Step 2: Assembly Complete Integrated Truss Analysis

ISS AC configuration thermally inducetbads and deflectionare required for strength

and fatigue load assessments andupportflight control instrumentatiorsensing and
equipment pointing objectives. bhe normal LVLHflight attitude, the Photd/oltaic

(PV) arrays continuallyrack the sunresulting in a complete cycle ¢fe SolarAlpha
Rotary Joint (SARJ) rotatioangle,a, during each orbitycle. Torepresent the ISS AC
configuration, eight primangtructuralelement MSC/NASTRAN modelsncluding the
mated SO segment/U.S. Laboratory Module, and tseggnentsP4, P3/SARJ, P1, S1,
S3/SARJ, S4, werassembled. The segmeatgidentified in Figure 3.For sun tracking

PV array conditions, at each orbit positamalyzedaround the orbit, the outboahalf of

the two SARJ models along with S4 and P4 rotate relative to the inboard truss segments.

The PIT segment models range in size frdm000 degrees of freedom (DOF) to over
95000 DOF with aombinedtotal of about 350000 DOF for theegments incorporated
into the AC truss model. The segment finite element models were developed separately by
several organizations without governing requirementadititate integrated thermal loads
analysis. A uniqusubstructuringanalyticalapproach wasnplemented to a) manage the
extensive data associatedvith high resolution temperature datfles and detailed
articulating geometryinite element modelsand 2) to obviate the need fdeveloping
specialsimplified and mutually compatible model®r the ensuingintegratedanalysis. In
the approach, theodelswereinitially reduced to thedjoining segment boundarie<.,
conditionedindividually, thereby reducing thetiffness model andbad vector data to
minimal quantity. The modelsvere later merged as required to adsle the desired
integrated model configuration. Trapproach had thadditional benefit ofenabling
calculation of internal membéwads, in the detailefihite element modelprovided by the
segment developersthat were case consistewith the interface fitting loads
specifications.

The AC trussmodel wasassembled byhe process shown in Figure 9. TéembolR
designates static reduction [5] of the segment modelstiiens-set (global-set) to the A-
set (analysis-set)[6] displacementcoordinate systems. The process spiccessive
reductions produces a unique integrated mdéalekelected positions around the orbit,
associated with a corresponding SARation angle,a. The static solution of the
integrated modeproceeds in the SO G-set coordinatstem and interface loads and
deflections of each ofthe segments are obtained kgpplication of recovery
transformations.

For this study seven AC solar betagle conditionsvere run, one orbit each, withvelve
orbit positions (30° incrementper orbit. AC orbital temperatures are steathte,i.e.,
cyclic from one orbit to the next.

A 70° F uniform referencéaemperature was assumed fibre static solution of the
integrated model. Interface loads, selected deflections and intenmddemiads of each



of the primary structuralelementswere calculated.Examples ofthe SO to Slsegment
interface shear loads (Zss) are shown in FidreDeflectionswere calculatedelative to
the ISSNavigation Base reference point, locatggbroximately irthe center of SOyhich

served as the grounding constraint point of the model for the static solution.

Once theassemblycondition interface preloadse calculated for superposition with the
AC interface loadsthe segmentnternal loads can beomputed in MSC/NASTRAN.
This isdone for theassembly completeonditions for each segmemnidividually using a
DMAP ALTER of MSC/NASTRAN Solution 101. The purpose of the DMAP ALTER is
to combineboth theassembly compte interface force ahe segment boundariebgg,
and theassemblyinterface force preloadfs, to the temperature load for the static
solution. Forexample, segment SO internal lodds assemblycomplete condition,
assembled under assembly conditjpran be calculated as follows:

Examples of thermally inducddad spectra associated with orbitgtling of the segment
interface loadsire presented in Figures 11 &l These figuresvere selected to show
the variation in distributions observed in t@alysis. The location of the statistical mode
varied from less tha®0% of maximum togreater than 90% ofaximumwith other
multimodal examples found also.

DISCUSSIONS

Figure 13 illustrates how results from Figures 8 and 10 can be used to curtdiimed
AC loads plus assembly preloads. Example idor Zssaxisshear at the SO/Siterface
fitting grid point identification number261001. Note that theiniform reference
temperature igffectively canceled fronthe analyticalsolution. The procedurneroperly
representsnechanical alignment dhe berthing mechanismand properly represents AC
interface loads. Sinany ofthe assemblyconditions argossible, themll of the interface
loads calculated for thessemblyconditions argpossible preloadfor AC andotherlater
occurring conditions. Figure 14 provides a way to evaltheenaximuminterface shear
loads atassembly completéor all possible preloads. The figure showsw thermal
conditioning prior to assembly tends to reduce maximum peak loads at assembly complete.
The figure has also been used to illustthie tradeoff betweedesigningthe segment
interfaces forworst case loads versus mitigatinge worstcase loads by operationally
adjusting the on-orbit assembly timeline.

CONCLUSIONS

Themechanical assembly space structures in the on-ortiiermal environment presents
interesting problems tthe structural designer arhalyst. The attachmentechanisms
must be able taaccommodatesignificantly large thermal distortions. Attachment of
structures under extreme temperature conditions can result in severe peakdoaas/



not manifest themselves until monthsdat Atwo step approach to account feffective
preloads due tassemblytemperature conditions has been develdpatl overcomes the
limiting assumption of uniforntemperatures at structuradsembly.The approaclutilizes
the powerful MSC/NASTRAN DMAP anddata recovery featuresnd hasbeen
instrumental in development of ISS load specifications and on-orbit strudésigh loads
and loads spectra.
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Figure 2. Solar Beta Angle Cycle,
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Figure 4. SO Segment Finite Element Model
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Radiators

Figure 5. S1 Segment Finite Element Model
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Figure 7. Solar Beta Angle Distribution (15 Years)
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Figure 14. Maximum Assembly Complete Segment Interface Shear Loads
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