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physicsrequirements.Figureus an attemptto identify thesedesignparametersthat
areexpectedto play a major role in thedesignapproachandimpactdesigndecisions.

The assemblyof thestructuralsystemand the supertowersis recognizedas
the most critical issuebecauseit affects not only delicateconstructionprocedures
with tight tolerancesbut hasa primordial influenceon the final designconcept.
Section3 addressestheseissuesandsuggeststwo possibleerectionprocedures.
Alignment and toleranceproblemsarediscussedwithin the context of the erection
proceduressuggested.While different assemblytechniqueswill createmany
intermediatestructuralconfigurationsthat needto be investigated,the present
study focuseson the evaluation of the final structuralsystem. Note that this system
canbe adaptedto the demandsof manyconstructiontechniquesand modified to
reflect specialconditionsand splices associatedwith a particularerectionmode.

The primary function of the structureis to support the very heavy anddense
massof thesupertowerscontainedbetweentwo ellipsoids6436 Kips for half the
calorixneter. Since the structuremust offer a continuoussurfaceto the
supertowers’basesfor support, a ring stiffenedellipsoidal shell wasselectedasa
logical model. The shell behavesas a very deepbeamandits overall depth 9.4 m
diametermaximumat the center offers significantstiffnesscapableof delivering
reactionloadsto end support frames approximately 10 m apart. Note that thecenter
line of thecalorimeteris 10 m abovegroundthusplacing specialdemandson the
tall end frames design to insureadequatestability.

In order to secureoverall stability of theellipsoidalshell sitting on the2 end
framesa longitudinal centralwall wasdesignedthat provides the necessarybracing.
This 10.17m long wall framing into the end framesoffers additional vertical
support to the ellipsoidal shell. Theamountof gravity load picked up by this wall is
a function of relative stiffnessbetweenthe shell itself and the wall. Note that it is
not desirable to carry a significantportion of the ellipsoidal shell massby thecentral
wall, becauseit could distort the calorimeter circularity. Further analysis iterations
are expectedto lead to an ideal "balanced"situation.

Figures 2 and 3 show the ring stiffened ellipsoidal shell and the 3 support
frames. Relative dimensionsand members sizesare thoseof the suggestedsupport
systemdesignedand analyzedin this report.

The designof theseframes must respectmany physics driven dimensional
constraintsandyet provide the necessarystiffness to insure acceptabledeformations,
stress levels and stability. The following limitations havebeenplacedon the width
of eachframe:

Center Frame 25 an
End Frame 25 cm
Longitudinal Frame 20 cm 10 cm preferably
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Figure 2 SuggestedStructural Support SystemConfiguration SideView and
Center Support Frame
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One must realize also that the shell plate is pierced by a large numberof holes
on a defined grid to accommodatethe passageof the tower fibers thus reducingthe
plate carrying capacityand imposing restrictions on structuralreinforcementssize
and locations. It is important to limit the structures complexity in order to
minimize possible interferencewith the arrangements of a vast electronicsnetwork.

The structuralsupportcan be viewed as a linear mechanicalsystemwhose
design is subordinated to the constraintsof the calorimetercharacteristicsand
requirements. Input loadingsassociatedwith operationalconditionsproduce
deformations,stressesandstability conditionsthat needto be evaluatedagainst
performancerequirements.Figure4 illustratesthe interactionsbetweensystem
designvariablesandconstraintsthat must lead to the definition of an acceptable
structuralsystemof stiffnessK and massM.

3-0 Calorimeter AssemblyProcedure

Two assemblyconceptswereexploredto establish calorimeterassembly
feasibility and to detectany potential problem which might be encountered
during assembly. These two methods identified as the "Modular Ring" method
and the "Shell & Sector"methodbelow.

Each half of the calorimeter consistsof an assemblyof 7,680pyramidal
towers. Onehundredand twenty-eighttowersarearrangedin a group to form
the shapeof a hollow truncated cone. Sixty of thesehollow conesnest to form a
stackthat completesthe calorimeter half.

The assemblyproceduresdescribedin this report assumethat the towers
arecastin thin metal sheathsSeeFigure5. The sheathsprevent galling of the
towers if sliding contactoccursduring assembly. The sheath alsohelps prevent
physical damageto the towers and providesmost of the bending strength. If the
sheathsextend beyond the small endsof the towers to form a skirt seeFigure 5,
they are an aid in handlingthe towers. Most important, though, an extended
sheathprovidesa way of joining the towers together at the small end of the
conesseeFigure 6. This makestheconestructuremuchmorerigid andstable.
Temporaryalignmentmirrors, if required,could alsobe attachedto thesheath
skirt.

The assemblyprocedures also assumethat each tower will have a steel
threadedinsertcast in eachof the four corners of the mounting plane. These
inserts should also be attached to the tower sheath seeFigure 5. Theseinserts
will beusedto attachthe towersto thesupportstructure.

3.1 The Modular Ring Method

In the "modular ring" method of calorimeter assembly,each cone made
up of 128 towers is attachedto a separate steelsupportingring. The 60 rings are
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then bolted,surface-to-surface,to form the nestedstack of coneswhich completes
the calorimeter andstructuralassemblyseeFigures7 and8.

The assemblysequenceto be followed when employing the modular ring
method is as follows:

1 The first modularring to be assembledis the largest diameterring
andcone. This moduleis locatedat the inboardendof the
calorimeterhalf; theend wherethe two halvesof the calorimeter
come together.

2 The temporarytower supportis clampedhorizontallyin a cradle
which is set in trunions. The ring is bolted to the supportandthe
towers are added to the ring to form the "cone"see Figures9
and10. The individual tower inner ends are supported by
turnbuckles,or a similardevice. One end of each turnbuckleis
attachedto a tower skirt througha reinforcingplateand the other
end is attachedto the temporarytower support. The towerscan
now be roughly alignedby adjustingthe turnbuckles. Reference
mirrors could be attachedto the tower to aid the alignmentprocess.

3 The cradleis next rotated on its trunions until the ring is vertical
and the cone axis horizontal. The ring module is lifted from the
cradleand lowered into the hall where it is placed on three setsof
crossedrollerswhich, in turn, areresting on three rails seeFigure
11. The two outboard rails are temporary. The center rail is
permanentlyattachedto the vertical supporting structure which is
located betweenthe bottoms of the "C" tanks. Crossedrollers are
usedto allow motion of themodulealongthe ring axis and permit
limited adjustment of the module across the ring axis.

There is a spring and a jack, in series,between the ring module and
the rollers on the two outboardrails. The springs assure that the
load distribution on the threerails is correctdespitegeometric
errors caused,for example,by non-parallelism of rails and rail
deflection. The jacks, if moved together, adjust the height of the
ring moduleand if moved differentially, adjust the angular
position of the ring module around its axis.

A wheeled"outrigger" assemblyis attached to the module see
Figure 12. The purposeof the outrigger is to stabilize the ring
module and to aid in adjusting its position arOund a vertical and
horizontal axis. This arrangement of the rollers and the outrigger
permit adjustment of the ring module in all six degreesof freedom.

4 Tower alignment can now be re-checked and corrected. The tower
skirts are now joined as shown in Figure 6. The turubuckles are
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removedand the alignmentis checkedagain. The temporarytower
support remains in place to give radial stiffness to the ring. The
ring is now rolled along the rails until it is in place against its
mounting points on the cross-axisvertical supports, the permanent
vertical supports betweenthe two calorimeter halves.

The ring is adjusted about the six degreesof freedom as required
andbolted to the mounting points. The temporarytower support
can now be removedbecauseradial stiffnessis now provided by the
cross axis vertical support. Theoutriggeris also removed, as are the
crossedrollers on theoutboardrails. Thecrossrollerson thecenter
rail should stay in placethough they could be replacedby a
permanent jack or shims.

5 The next ring in the stack, the secondring, is placed in the cradle,
assembledand aligned as described in procedure2 above.

6 The ring module is now rotated to vertical, lowered into the hall
andplacedon threecrossedrollers on the three tracks asdescribed
in item 3 above. The outrigger assemblyis also attachedto the
module.

7 Tower alignmentis checkedand corrected. The cone size and cone
angle is now checked to assurethat it will properly nest with the
internal cone of the first ring moduleand that the rings will butt
when the nesting takes place.

8 The position of the secondring module is adjusted and the module
is now rolled forward and bolted to the first module. The
temporary tower support and the outrigger can now be removed
seeFigure 13.

Becausesometower-to-tower sliding contact is almost inevitable,
the outer surface of the secondcone can be coated with a thin film
of an EP lubricant.

9 Successivering modulesareaddedusing thesameassembly
sequenceuntil the calorimeter is complete. When the forward
calorimeter towers are added and the outboard cross-axis vertical
supports are attached, the temporary outboard rails are removed.

The temporary tower support for the outboard ring module is
shownin Figure 14. It is expectedthat only a few temporary tower
supports, which will be adaptable to a range of ring modules,will be
required.
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10 Calorimeter disassembly,if required. takes place in the reverse order
of assembly.

Even though it is not specifiedin theassemblyprocedure,the
completecalorimeteror successivemating ring modulescould be
assembledaboveground. This would permit fit problemsto be
resolved without monopolizing the hail.

Thereare no identifiable safetyhazardsin thisassemblyprocessthat
arenot normally associatedwith this classof constructionproject.
All adjustmentand interfasteningof the towers takesplace at the
exposedfaceof the cone. It is not essentialthat workersenterthe
calorimeter while it is being assembled. It is necessary,however, for
workers to get under the calorimeter when the ring modules are
being bolted together. When this operation takes place, the
temporary outboard rails are in placeproviding additional safety.

The assemblytechniquedescribedabovehas the following features:

1. The assemblyis modular.

2. Tower alignment of each module is carried out separately.
Alignment adjustments do not effect other modules.

3. Modules areof manageableweight approximately100 tons.

4. Module assemblyand preliminary tower alignment take place
aboveground. The fit of eachmodulewith its axial neighborcan
alsobe gaugedaboveground.

5. In-hall assemblyoperations consistonly of squaring eachmodule
with thosealreadyin place,final alignment,rolling themodule
into positionandbolting it to its axial neighbor.

6. Any module can be removedfor inspection,repair, or replacement
by unbolting one or both sidesof the module ring.

7. It is not requiredthata worker enterthecalorimeterduring
assemblyalthoughit might be an aid to moreaccuratenesting.

3.2 The Shell & SectorMethod

An alternateconceptexploredfor assemblingthe calorimeteris the Shell
& Sector method. This method involves fabricating a reinforced shell structure
that holds the lower 50% 3,840towers of the 7,680 towers that make up one half
of the calorimeter. The upper50% of the towersareheld in place by 180
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structuralsectors,or half rings similar to the full rings usedin the modularring
methodof assemblyseeFigure15.

With this methodof assembly,the shell is constructedand attachedto its
permanentsupportsbeforeassemblyof the calorimeter proceeds.

The assemblysequenceto be followed when employing the Shell & Sector
method is as follows:

1 Attach temporary bracing cables to the shell from one interface
flange, horizontallyaaossthe top of the shell, to the other interface
flange. Thesecableswill prevent the shell from spreading under
the weight of the towers until the structural sectorsareadded.

2 Attach the tower adapter brackets to the towers that are to be loaded
into theshell seeFigure 16.

3 Load the tower thatis centeredand closestto the mouth of the shell
first andbolt it in place. Load a tower to the left and then load one
to the right of the center tower. Continue this alternateleft-right
loading until this first courseof towersis completeto the topof the
shell interface flange. Check and correct the alignment of the
towers and join the tower skirts as shownin Figure 6.

4 Add the secondcourse of towers, directly behind the first course
until the full course complement is installed. Check the alignment
then fasten the skirts of the towers in the secondcourseto the skirts
of the towers in the first course.

5 Continue adding coursesof towers until the 3,840 towers have been
installed and the shell is filled.

6 Assemblethe upper 50% of towers to the sectorsstarting with the
outboard smallesthalf ring or sector. Assemblyof the towerson
the sectorscloselyparallels the assemblyof the towers on the full
rings in the modular ring method of assembly,therefore this
process is not repeated here.

7 When the towershavebeenassembledto a sector,checkedfor
alignment and joined at their skirts, the sectoris ready to be joined
to the shell. Removebracing cables that may interfere with the
assemblyof the outboard sector. Lower the sector in placeand align
it with its matchingcourseof towersin theshell below. Bolt the
sector to the shell at the interface flange.

23
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8 Continueaddingsector-towerassemblies,progressivelyremoving
the bracingcables,until the calorimeterhalf is complete.

As with the Ring-Modulemethodof assembly,thereare no abnormal
safetyhazardsassociatedwith this assemblymethod.

The assemblytechniquedescribedabovepossessesmost of theadvantages
of the modularring methodand in additionhas the following features:

1. The shell is a permanentstructure,permanentlymounted,before
the towersareadded.

2. The weight of thesectorsis half the weight of the ring modules
making handling easier.

3. Temporaryrails and rollers are not required.

4. Becausethe sectorsareassembledto theshell vertically thereis no
needto extendthestructurebeyondtheoutboardend of the
calorimeter.

3.3 AssemblyFrocedureIssuesandTolerances

The assemblyprocessfor thecalorimeteris driven by theconfigurationof
the unit, it’s functional requirementsand the structural demandsof the
assembly.Other factors suchassafety, maintainabilityandcostmustalsobe
considered.

One of theprincipal requirementsfor the calorimeteris "hermeticity" and
that is directly influencedby the issuesof dimensionaltolerancesand alignment
of tower elements.A discussionof the assemblyof the calorimeter,or any other
mechanicaldevice,is incompleteif toleranceissuesare not addressed.

Eachhalf of thecalorimeterconsistsof an assemblyof 7,680 pyramidal
towers. One hundredandtwentyeight towersarearrangedin agroup to form
the shapeof ahollow truncatedcone. Sixty of thesehollow conesnestto form a
stack that completesthe calorimeterhalf.

Ideally, thereis perfectface-to-facecontactbetweenthe adjacenttowersin
eachconeassemblyandperfectface-to-facecontactbetweenthe nestingtowersin
eachmatingpair of conesin thestack. The ideal calorimeterwould haveno
tower-to-towergapbetweenany two adjacenttowersin the assembly. In
addition, eachtower axis mustpoint 5° ± 2° awayfrom the centroidof the
assembledcalorimetertwo butted calorimeterhalves.
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Attaining this ideal of 100% tower fill with no gapsrequireseffort to
achievein practice. There will be toleranceson tower crosssectionaldimensions
and toleranceson tower taperangleand anglebetweentower faces. For example,
if eachtower in a conewereonly onethousandthinch .001 in. too small at the
basedimension,128 towersplacedface-to-facein the requiredcircle would leave
agapof 0.128 in. betweenthe last two towers. Conversely,if the towerswere
0.001 in. too large, therewould be insufficientroom for the last towerbecausethe
spacewould be too smallby 0.128in.

Similarly, if tower taperanglesare not perfecttheassembledcone angle
will not beperfect,compromisingthe face-to-facefit of oneconewith its axial
matein thestack. Errors in the trapezoidalcrosssectionof the towerswill leadto
edge-to-edgecontactinsteadof face-to-facecontactbetweenadjacenttowersin the
cone.

The"cone" assembliesare, in fact, not conesbut are 128 sidedpyramids.
Becausethe "cones"are actuallyfaceted,to nesta coneperfectly with its next axial
neighborthe conemusthave perfectorientationaroundits axis. Also, if the
pointing anglesof the tower setsin the two mating conesare not exactly the
same,nestingwill be imperfect.

Theabovetoleranceissuesare complicatedby the fact that the towersare
madeby castingcerrobendalloy a bismuth, lead,tin, cadmiumeutecticalloy that
melts at 158°F. This material growsin dimensionsvolume after solidification.
Five hundredhours after solidification eachlinear dimensionwill have
increased.0057in. per inch. The largestdiameterconein thestack8 meters
diameterhasa circumferenceof about1,000 inches. The cerrobendgrowth will
increasethis circumferenceby 5.7 in. Growth characteristicsof thecerrobend
after 500 hrs. of aging arenot availablefrom themanufacturer.

It shouldbenoted that thetoleranceconcernsdiscussedaboveare intrinsic
andare almostentirely independentof calorimeterassemblyand support
techniques.

Five approachesto circumventdifficulties imposedby tolerancebuild-up
are:

1 Leavespacebetweenthe individual towersin the coneassembly
andbetweenthe nestingcones.

This spacewould accommodatedimensionalvariations,pointing
tolerances,and cerrobendgrowth uncertainties.

This is thesimplestschemeto implementbut it hasdisadvantageof
rendering the calorimeternon-"hermetic".
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2 Castinga completeconerather than individual towers.

This would requirea massivecastingbut with an alloy melting
temperatureof 158°F the problemis greatlyeasedCerrobend
castingshavebeenmade"as big asa car" anda 5,000poundmelt is
routine. A largesheetmetal mold, supportedby sand,couldeasily
bemaintainedat 158°F in a simpleheatedenclosure. Melting of the
alloy could take placeby continuouslyconveyingcerrobendpellets
to a smallmelt chamberandconductingthe liquid cerrobendfrom
thechamberto the mold.

The energyrequiredis the sameasfor castingindividual towers.
Cooling time of the large castingshouldbereasonablebecausethe
coneis relatively thin walled; the surfaceareato volume ratio is
high. Slow cooling encouragesgrain growth in the alloy which
increasescreepresistanceand tendsto increaseotherphysical
propertiesaswell. It would be relatively simpleto fly-cut thecast
coneto finish dimensionsif desired.

This methodwould producetrue conesof preciseangle ratherthan
128sidedpyramids. The resultwould be betterconenestingwith
no axial rotationalalignmentrequirement. Becausethereareno
towers,thereis no spacebetweentowersto consider. This approach
would yield themost "hermetic" calorimeterboth circumferentially
and axially. Becausethe conewould be a single unit it would befar
more rigid and self supportingthan a coneof individual towers.
Reinforcingrodscould be integratedinto the castconeif analysis
showedit was desirable. Alternately,thecastingcould bemade
with a dimensional"bias" to compensatefor gravity inducedsag
when the coneis turnedto axis horizontal. Becausethe cone is cast
in onepiece,maintainingpointing accuracyof the scintillating
fibers shouldbe easier. If it is undesirableto makea single cone
casting,the conecould be cast in segmentsof one-third,one-quarter,
etc.,of a conealthoughthe full, onepiece,cone would bemuch
stiffer.

An importantconsiderationin castingtheentire cone is the
characteristicgrowth of the tower alloy. The growth dimensional
changewould haveto be compensatedfor in mold design. Also,
becauseof thecalorimeterconfiguration,someconeswould be cast
with the fibers essentiallyhorizontalandother coneswould be cast
with the fibers essentiallyvertical.

A variation on this techniquewould be to castindividual towers
andcombinethesetowersto makea completeconeby castingthem
in a matrix of a lower melting point alloy.
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1. Introduction,ObjectiveandSununary

Theobjectiveof this study is to assessthe feasibility of astructuralsystemto
support the scintillator calorimeterof the SuperconductingSupercolliderSSCas
proposedby aTexascollaboration. To addressthis feasibility study we have
designed,modeled,analyzedandevaluateda preliminarystructuralsystemcapable
of maintainingvarious elementsof the calorimeterwithin requiredtolerances
when exposedto operationalenvironments.

The outcomeof this evaluationprovidesa first-cut designfor the calorimeter
structuralsupportwith dimensionsof shell, shapesof rings, reinforcementsand
framemembers. Specialattentionis given to many dimensionalconstraints
imposedby thephysicsof theexperimentaswell theassemblyproceduresof the
calorimetersincethey areexpectedto have a significant impact on structural
supportdesigndecisions.

The primarygoalof this studywas to definea plausiblestructuralconcept
with a reasonablelevel of designdetailsand demonstratewith a finite element
model its adequateperformanceboth from thephysicsand structuralefficiency
pointof views. Oneshouldemphasizehoweverthat other conceptscould be
investigatedthat would perhapsenhancethe effectivenessof the experiment. A
different approachto thecalorimetersupportsystemcould alsobeadvocatedin
order to accommodatea particularlyattractiveerectionprocedure.While we
suggestin this report thedesignandanalysisof an acceptablecandidate,further
work shouldaddresstrade-offstudiesin orderto selectthe bestpossibleconcept.

The analysisof a finite elementmodelwas used to identify thedeformations
of the structureundertheenormousmassof the supertowers,establishstresslevels
throughout the support structureand provide force and moment components
necessaryfor the evaluationof structuralstability.

Alter a few iterations,themaximumdeformationundergravity loads
amountsto 3 mm at theapexof theshell at thecenterof thecalorimetercausedby
the frame shortening 2 mm and some slight ovalization of the circular shell
1 mm. The calculatedstressesin the shell show a maximumof approximately16
ksi with 4 ksi from overall shell actions and 12 ksi associatedwith local bending.
Circular rings and longitudinal reinforcementsexhibit significantly lower stress
levelsat about2-3 ksi. Most supportingframemembersexhibit largecompressive
axial forcesthat requirestability checks. Generousfactorsof safety2 to 6 havebeen
identified againstlateral buckling.

A quasi-staticloading associatedwith a longitudinal0.1 g accelerationwas
consideredasa disturbancecausedby the slow motionof theentirehalf calorimeter
structure. The 1 cm longitudinal deflectioncausedby the flexing of the longitudinal
central framememberscould bealleviatedby additional diagonalmembers.
Temporarysupportscould be advocatedduring themaneuverto minimize any

3



potential structuralproblems. While this loading condition doesnot presenta
seriousproblem,morework andinvestigationare requiredto identify the
mechanicalsystemcharacteristics,determinemaneuverdisturbancesandevaluate
structural responses.

The total weight of the structurefor onehalf of the calorimeteris -150 tons of
steelso that theentire calorimeter supportwill requireapproximately300 tonsof
steel. Assuming$1.0/lbfor steelerectedin a complexshell structurewith tight
tolerancesthe total costof the calorimetersupportsystemis expectedto be
approximately$660,000.

This report includes6 sections. Section 1 abovedefinesthe objectiveof the
study andprovidesa summaryof the technicalactivitiesand findings.

Section2 addressesconsiderationsassociatedwith the definition of a
structuralconceptfor the calorimetersupport. Constructionissues,physics
experimentrequirementsand constraints,structuralconfiguration,spliceslocations,
stiffnessdistributionand supertower erectionmethodsmustall be takeninto
considerationin selectingan acceptableandplausiblesupportstructure.

Section3 discussespossibleassemblyproceduresto integratethesupertowers
with thestructuralsupportsystem. Two concepts,a modularring methodandb
shell andsectormethod,are exploredto establish calorimeter assemblyfeasibility
and to detectany potentialproblemswhich might be encounteredduringthe
assemblyprocess. Specialattentionis given to manufacturingapproachesof
supertowers,tolerancesimpacting "hermetidty" and tower alignment.

Section4 desaibesthe designof the calorimetersupportstructureswith
configurationand dimensions,structuralelementsselection,materialand
componentselasticproperties.Two loadingsare discussed:a gravity load andb
a 0.lg longitudinal accelerationassociatedwith calorimetermaneuver.

Section5 addressesthe finite-elementmodelling and the evaluation of
structural responsesto the loadings. Rationalefor the FE modeldevelopmentis
discussedalong with simplifying assumptions.Deformationsand stressesillustrated
with plots are discussedand the stabilityof framemembersis evaluated.

Section 6 addressestechnicalissuesinvolved in the design,transport,
assemblyand installationof the calorimeterthat shouldbe the subjectfor further
investigation. Structuralsupportdesignoptimizationis proposed and the much
neededevaluationof manylocal structuralproblemsis emphasized.

2. DesignConceptConsiderations

The choiceof astructuralsupportsystemfor the calorimeteris subordinated
to manydesignparametersassociatedwith variousphasesand modesof
construction,supertowererectionsequencesand availablespacedictatedby detector
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3 The third methodof dealingwith the tolerancebuild-up issueis to

make one custom tower for each cone.

With this technique,towerswould be assembledinto a conebut one
conewould be left out of the full complementleaving an unfilled
space. After the coneswerebutted face-to-faceandthepropercone
angleset, thedimensionsof the remainingspacewould be taken
and a custom,or "correction", conewould be madeto fit it.

This methodmaybe workablebut is awkward to implement.

4 Anothermethodof accountingfor dimensionalvariationsis to
allow the CD of thebaseof the coneassemblyto vary.

Using this methodto make thecone,a full complementof towers,
arrangedface-to-face,forms the cone. The calorimetersupport
structurewould be requiredto account for thevariation in cone
major diameterdue to variationsin tower width.

This methodis acceptablefor individual conesbut lossof control
over cone diametersmakesaxial nestingdifficult.

5 The axial or stacktolerancebuild-up is analogousto the
circumferentialtolerancebuild-up. One way of dealingwith
tolerancebuild-up axially, along the length of thecalorimeter,is to
insert a customized"correction" ring moduleat intervals,perhaps
at one-third thestack,two-thirds the stackand at theendof the
calorimeteri.e. every 20 rings. The correctionmodulewould
cancel out toleranceaccumulationsthusbringing the dimensional
configuration of the stack from "where it is" back to the theoretical
nominalof "where it is supposedto be" at the point of insertionof
the custommodule.

Also influencing theassemblytechniqueis thedesignof the individual
cerrobendtowers. Becauseof the growthcharacteristicsof this material,it is
importantthat the towersbe agedfor at least500 hoursbeforeassemblyis started.
During this time it is necessarythat thetowersbe storedascool as possibleand in
a mannerthat will minimize stress. The physical properties of this material
decreaserapidly with increasein temperature.If the towersarestoredhot and
understress,dimensionalcreepmay be a problem.
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Becausethe tower andtower sheathare trapezoidalin crosssection,it is
possiblethat growthof the cerrobendafter castingwill bulgethe sidesof the
sheath. This will preventface-to-facecontactof the towers. This effectcan
perhapsbepreventedby pre-bowingthe sidesof thesheathinward beforecasting
the cerrobend.

4. StructuralSupportDesignDescription

The structuralsupport for thecalorimeterincludestwo identical halves
mirror imagesthat mustbe capableof moving away from eachotherto gain access
to the inside trackerand the calorimeterinterior space. Figure17 showsthe two
separatestructuresmodelsin an open position. Design,modelling and evaluation
are thereforepresentedhere for oneindependenthalf portion of thecalorimeter.

The main structuralsystemis a ring stiffened ellipsoidal shell with radii a =

10.7 m andb = c = 4.7 m. The shellmodelledas truncated10.17 m from the center
offers an openingof 3.14 m diameterfor the calorimeterend plug. The 2 cm thick
shell is reinforcedby 10 outsiderings disposedLOU meteron center. A larger ring is
provided at the centerof the shell aswell asthe end face. The centerring is a tube
intentionally stiff 36 X 36 X 4 cm becauseit is anticipatedto providesupportfor
half of the centertrackerasa cantilever. Eight reinforcementssamepropertiesas
the rings run the length the ellipsoid 45’ apart,aroundthe circumference.
Longitudinal reinforcementsare addedalsoevery 22.5 for the first 4 m of the shell
nearthecenterwhereadditional stiffnessis required.

The ellipsoidal shell actsasbeamwith reactionspicked up by two verticalend
frames. The centerframe hasa width of 25 an andusesrectangulartubesdisposed
in a trusslike configurationfor bettermaterialefficiency. This frame is designed
andconfiguredto help preserveshell circularity in an areaof very largereaction
loads. The endframeof trapezoidalshapeand25 cm wide supportsa lesserreaction
load but this advantageis somewhatlost becauseof the 10 in unsupportedlengthof
its members.Out of plane stabilityof the frame main membersrequirerelatively
large stiffnesspropertiesto insureacceptableslenderness.

A longitudinal frame,provided under the shell, connectsthe two end frames
thus insuringlongitudinaloverall stability. The width of this frame mustbe
minimized at all cost since the radiation along thevertical centerplaneof the
calorimeteris more intenseand cannottradeextremelyvaluablespacefor the
structuralsupport. The vertical frame includes4 interior postswith width limited
to 20 cm. A reviseddesignwill increasethenumberof poststo 8 while reducing
their width to 10 cm. Table I summarizedtheshapeanddimensionsof the main
elementsof the structuralsupportsystem.
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Table 1 StructuralComponentsDescription

Element Configuration & Dimension

Shell Plate 2 at thick

Circular Rings
& Longitudinal
Reinforcements

T Section: 22 cm X 1.5 cm web
16 cm X 2 an flange

Center Ring
End Ring

Tubes: 36 X 36 X 4
30X30X2

CenterFrame

End Frame

Tubes: 25 X 40 X 4 Vertical
25 X 25 X 3 Diagonal&

Horizontal
Tubes: 25 X 40 X 3 Vertical

& Diagonal
25 X 25 X 3 Horizontal

& Diagonal
Longitudinal Frame Tubes: 20 X 40 X 3 Vertical

20 X 20 X 2 Horizontal
& Diagonal

The material proposedfor theshell and the framesis a high strengthsteelof
Fy = 50 ksi with the following propertiesand allowablestresses:

Modulus of elasticity E = 30 X i06 psi = 2.068 jh1 N/rn2
Density P = 0.28 #/1n3 = 7800kg/rn3= 76900N/rn3
Poisson’sratio v = .3

Allowable tensionstressFt = 30 ksi = 2.07 io8 N/rn2
Allowable bendingstress19, =30 lcsi
Allowable compressionstress: Function of slenderness

Table 2 provides the aosssectionalproperties of frame members andshell
rings and longitudinalreinforcements.Figure18 depictsthecross-sectionof the
shell stiffening ring and longitudinal reinforcement.
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Table 2 Element Cross-SectionProperties

CrossSection

Dimensäxis

Axial

A

,?

Bending

In

in4

x104

Bending

I>y

in4

xJt$

Tasion

In

in4

x104

Shear

A

in2

2OX4OX3Tube

25X40X3

25X25X3

20X20X2

.0324

.0354

.0264

.ff144

1.889

3.265

2.17

.546

6.0812

7.11

2.17

.546

4.396

6.738

4.34

1.092

.0324

.0354

.0264

.0144

Web Flange

22 X 13/16 X 2

36X36X4Tube

3OXBOX2Tube

.0065

.0512

.0224

.03681

8.875

2.94

.0069

8.875

2.94

.005

17.75

5.88

.0065

.0512

.0224

reinforcing rings and longitudinal reinforcement.
circular ring at centerframe.
circular ring at end frame.

Loadings Discussion

The major loading to the structural systemis imposedby the heavyand
densesupertowersattachedto the ellipsoidal shell 2200 tons. The distributionof
the tower gravity load along the circumferenceas well as the lengthof the
calorimeteris stronglydependenton the stackinganderectionprocedureof
successivetowers. Thetowersare expectedto leanon eachotherandthe loading
distributionmay be affectedby relativestiffnesses,connectiondetails with the
shell and betweentowers,friction andsequenceof erection. It is therefore
impossibleat this junctureto anticipatethe properloading distributionand we are
proposingto usea uniform distribution along the circumferenceat eachstation of
the ellipsoidalshell. From a local point of view, stressesand deformationsmight
be somewhatinaccuratebut in the overall senseof the structuralevaluationthis
assumptionis not expectedto affectresultsappreciably. We shouldemphasize
also that this type of assumptionis in line with the simplificationsand
approximationsinherentto a preliminary or first-cut evaluation.

The structuraldesign concept requiresthat the ellipsoidal structuralsystem
be openedin two halvesmovingawayfrom each other to access the trackerand
the inside of the calorimeter. A mechanical systemmustbe developedto generate
forces necessaryto pull/pusha massof approximately3000 tons for each
calorimeterhalf. While the travelling motionsareexpectedto be extremelyslow
andcarefully controlled, it is desirable to evaluate structural integrity for a

RI
R2
R3
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Longitudinal force associatedWith this maneuver.We suggesta longitudinal force
x-directiort causedby onetenth of &avity actingon everymassof the system.
This loading is expectedto placeseriousdemandson thesupportingframesand
might well be thegoverningfactor for structuralstability of themembers.In case
this loading provesvery seriousfor the integrity andstability of thesystem,we
could easilyconsiderthe useof temporarysupportmembersduringthe
maneuver. One theC-tanksare removedadditional memberscould be installed
betweentheellipsoidal shell and thebaseto stabilize themoving structure. This
approachis recommendedsinceit avoidspenalizingthedesignfor a loading that
might occuronly occasionallyor far apart in time.

5. Finite ElementModel andAnalysisResults

5.1 Finite ElementModel

The approachto the finite-elementmodellingof the calorimetersupport
structurereflects the objectiveof this evaluationthat attemptsto obtaina first order
estimateof thestructuralperformance.While simplifying assumptionsare
employedaslegitimatemeansto keepmodellingand analysistasks to reasonable
dimensionsandcomplexity, it is importantto retain in themodel elasticand inertia
propertiesthat aredominantin affecting the fundamentalbehaviorof thesystem.

By invoking symmetryabouta vertical plane the finite-elementmodel of
only half thestructurecanbe considered.Figure19 is a viewof themodelwhere
relative dimensionsand elementscan be identified. The ellipsoidal shell is
representedby 24 shell elementsaroundhalf thecircumferencewith 2 elements50
ciii wide betweenreinforcingrings along the longitudinal direction.
Circumferentialand longitudinal shell reinforcementsare modelledas beam
elementswith appropriateeccentricities. All the framesuse beamelementswith 6
DoF’s per node. Boundaryconditionsalong the planeof symmetryhavebeen
imposed to restrict y-motionsand x-rotations. The supportof thestructuralsystem
is provided at the interfaceof all the frameswith theground,10 m below the
calorimetercenterline.

The finite-elementmodel has the following characteristics:

# Shell elements 528
# Beams 618
# DoE’s 4326

The massof the supertowerswas assumedto be distributeduniformly along
the circumferenceat eachstationof the shell axis. The loading is computedfrom
thevolumeenclosedbetweentwo ellipsoidsat eachstation x and assignedasbody
loading to theshell. Thestructuralsteelmassis computedautomaticallyby the
programand assignedto the appropriatenodes.
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The PATRAN programwas usedto generatepart of themodel and the
NASTRAN routine provided the staticresponseof thestructureto thegravity
loads. Displacementcomponentsat each node,shell stressesandframe member
force/momentcomponentsare availablefor evaluation.

5.2 Responseto Gravity Loading

Our first designexhibited large deformations and requiredmodifications.
Due to a additional shellstiffening nearthecenterof the calorimeter,b a
significant increasein the edgering andc broadeningof the centerwall, the
deformationsof the structurenow remain very smali with a maximumof 3 mm.
Figures20 and21 showviews of theurtdeformedanddeformedgrossly
exaggeratedstructuralsystemfor comparison. Mostof thedeformationsoccur in
the highly stressedsupportingframeswhile theshell itself remainsvery closeto its
original configurationbut undergoesrigid body motions. Resultsindicatethat
deformationscanbe kept within tolerancesdictatedby performancerequirements.
The maximumdistortionof 3 mm is expectedto irtaeasesomewhatwhen many
constnictiondetails, joints and interferenceconstraintswill be taken into
considerationand will affect flexibility.

The 2 cm thick shell is stressedboth circumferentiallyhoop stressesand
longitudinally as it actsas a deepbeamin bending. The stressreportSin thecolor
codedplot of Figure22 refer to a stressstateexpressedby von Mises criterion. The
maximumstressesrecordedin the plot mustbe increasedto allow for loss of
material dueto holes in the shell plate factor of 1.25andstressconcentration
estimatedat 2. Under theseconditionsshell stressesassociatedwith theoverall
supportstructureremainunder5 ksi. Note that 6.894X iC6 N/M2 = I ksi. It
shouldbe emphasizedthat loS bendingstresseswill be significantestimatedat
12 ksi in comparisonbut theymay vary dependingon the attachmentmodeof the
supertowersto the plate.

The supportingframesare themoststressedelementsof the structuralsystem
and sincethe framemembersare mostly in compressiontheir allowablestresses
must decreaseto insurestability. Table3 evaluatesfor all themain vertical postsin
eachframe the factor of safetyagainstbuckling. Actual load can be comparedto the
critical allowableload asdefinedby the AISC SteelCode. Conservativeassumptions
havebeenusedfor the stability checkalthoughno allowancewas madefor bending
which is howeversmall. The table showsthat therearegenerousfactorsof safety
aboveandbeyondthe onealreadyincluded in the critical allowableload. Results
showthat the endframecould bestiffened in order to evenout thedeflections
alongthecenterline of the calorimeter. It is evidentthat manyiterationsalso could
optimize thedesignand usematerialmoreefficiently.

The breakdownof the tonnageof structuralsteelrequiredfor the support
systemof onehalf calorimeteris as follows:
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Figure 21 Structural Deformations due to Cravity Maximum = 3 mm.
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Shell Plate 40.0 Tons
Circumferentialrings 11.6
Longitudinal rings 6.1
End rings 14.1
Center frame 58.6
End frame 18.0
Longitudinal frame 10.4

Total 158.8 Tons

With anotheriteration the weight of the centerframe is expectedto decrease
without affecting deformationsandstressesappreciably. In summarythestructures
of thesupport systemof the entirecalorimeterwill requireapproximately300 tons
of steel.

An estimateof the costof the structuralsupportcanbe basedon a$1.0/lb for
steelerectedinto a complexshell structurewith tight tolerances.With this
assumptionthe costof the entirecalorimetersupportstructurewould be$660,000.

Table3 FrameMemberStability check

Frame
Member CrossSection

Unbraced
Member
Length

P Actual
Allowable
P Crit.

Factor of
Safety
KS.

Central
Cl
a
0
C4

25X40X4
25X40X4
25 X 40 X 4
25X40X4

Em]
2.50
5.80

10.00
1O.OO

EN x 106
2.08
1.71
2.01
0.98

IN x 106
8.65
6.98
4.02
4.02

4.1
4.1
2.0
4.1

End
El
U

2.5X40X3
25X40X3

3.50
10.00

2.88
2.20

6.44
3.36

2.2
1.5

Longitudinal
Li
U
13
L4

20 X 40 X 3
20 X 40 X 3
20X40X3
20X40X3

550
5.80
6.00
6.70

1.66
2.20
2.36
2.02

4.53
4.38
4.29
3.88

2.7
2.0
1.8
1.9

Notes: * Column assumedhingedat both endsK = 1.0
* UseAISC Code with 50 ksi yield point steel

* Slendernessratios

where L = unbracedlength
r = minimum radiusof gyration

* P.S. is abovethe FS alreadyincludedin P cit.
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5.3 Responseto Longitudinalo.lg Acceleration+ GravityLoading

Eachhalf of the structuralsupportsystemis expectedto be moved
longitudinally to gain accessto the trackerand the inside of the calorimeter. A
longitudinalaccelerationx-direction of O.ig was assumedasa reasonableinput
associatedwith this maneuver. Static forcesobtainedby multiplying eachnodal
massby the O.lg accelerationwereusedto evaluatethestructuralresponse.
Figure27 showsthe deflectedstructuresunderthe longitudinal loading andgravity
load wherethemaximumx-displacementis about 1 cm. It is obvious that the
membersof the central longitudinal frame underthe ellipsoidal shell providemost
of the stiffnessand undergorelatively largedeformations. Additional diagonal
bracingmembersin the3 centerbaysof theframe couldalleviatedistortions
significantly. A revisionof this framedesignis plannedto reduceits width to 10 an
andmorediagonalmemberswill be addedto increaselongitudinal stiffness. As
mentionedpreviouslytemporarysupportscould come to the rescueif excessive
deflectionsor stressesneed to alleviated.

5.4 TowerSupportissuesandLocal Effects

A typical tower is a 747kg truncatedtrapezoidof squarecross-sectionwith 26.4
cmside at theshell interfaceand12 cm sideat its inside face seeFigure8. Since the
tower materialis primarily leadwith a low modulusof elasticityE I x 106psi, it
requiressteelsheathingto provide the necessarystiffness. Physicsrequirements
limit sheathingthicknessat 0.8 nun for theend60 an of the tower and 1.6 mm steel
sheathingfor the remainder1.90 in. Preliminary calculationsindicatethat a single
tower in a cantileverposition would deflect abouthalf a centimeterunderits own
weight with stressesin thesheathingreachingabout8-10 ksi. This deflectioncan be
significantly reducedto less than onemillimeter by connectingthe endsof towers in
a coneformation seeerectionprocedures.Note alsothat the cantilever
configurationis a worsthypotheticalcaseand that most towershavemorefavorable
orientationsand thus would exhibit muchless deflection.

The attachmentof eachtower to the surrounding2 an shell is oneof the
most challengingdesigndetailsof the entiresystem. The connectionmay be
achievedby meansof four corner insertswhetheranglesor bolts that needfirm
anchorinto the tower "soft" lead. Thesedetailswill demandspecialattentionand
will requireprototypeand testing.

While theshell plate undergoescircumferentialand longitudinal direct
stressesfrom shell actionit hasto resistlocal bendingin someareasdueto the
attachmentsof heavy towers. The 2 cm thick shell can be analyzedasa "flat" plate
supportedby rings 1 rn apartandlongitudinalreinforcements1.8 m apart.
Becauseof the manyholesrequiredfor theexit of the fibers bundlesthe plate
carrying capacityis significantly reduced. Neglectingshell action that is assuminga
flat plate a 1 mm deflectioncan beexpected.Stressesincluding stressconcentration
factor of 2 at holeswill reachabout12 ksi which is muchlarger than the I ksi
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associatedwith overall shell behavior. In any casethe maximumcombinedstresses
in the shell plate are acceptableat lessthan 15 ksi. If deflectionsare not acceptable
they can still be compensatedby judicious temperingof manufacturingdimensions
or later adjustmentof tower connectionsto the shell. It is importantalso to keep
stressesat a "reasonable"level 15 lcsi is abouthalf the allowable so as to minimize
the effectsof creepthat could with time affectthe diniensionalityof the calorimeter.

6. Technical Issuesand Further Developments

There area numberof technicalissuesinvolved in the design,transport,
assemblyandinstallationof thecalorimeterthat shouldbe the subjectof further
investigation. Centralto theseinvestigationsis developmentof a final
calorimeterdesignconceptbasedon the criteria of performanceandbuild-ability.
When thegeneraldesignconceptis finalized an outline assemblyprocedurecan
be written andconceptsfor assemblygages,tooling andhandlingequipmentcan
be defined.

6.1 TowerCastingConceptsandTolerances

Certainstudiesmust be pursuedbeforethe designconceptcan be finalized
with confidence.One setof studieswould be to gain a full understandingof the
physicalpropertiesof cerrobend,the tower material. Long term growthdata
shouldbe acquiredor reliably extrapolatedand long term creepof cerrobend
underload shouldbe investigated. It is antidpatedthat the towerswill be castin
sheetmetal sheathswhich are trapezoidalin crosssection. It shouldbe
determinedif thegrowthof cerrobendwill causethe sides of the trapezoidto
bulge,andif so, how thebulging can beavoided. Trial castingseveraltowersis a
way of evaluatingthis effect. If a completeconeof towers128 towerswere cast,
someassemblyprocedurescould be confirmed.

There areadvantagesto castingeachof the 60 "cones" in onepiece rather
thanbuilding theconesup out 01128towers. The feasibility of this ideashould
first be studiedfrom the point of view of scintillating fibre placement. If fibre
placementis feasible,trial castingsshouldbe made. Two typesof trial castings
could be made,onewould bea 36 degreesectiononeeighth of a full size cone.
Becausethe samplewould befull size,geometryeffects and cooling
characteristicswould not have to be scaled. A secondtype of castingwould be a
one-tenthsize full 360 cone. This would give an insight into the issuesof
castinga full closedcone.

With theseandother testsaccomplished,a workabledesignconceptwould
evolve. As the designconceptcomesinto focus, attentionshouldbe directedto
the important issueof toleranceaccumulation. This issueis vital to achieving
100% hermeficity. The in-depthstudy of the effect of tolerancebuild-up should
consistof four parts:
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1 Developrealistic tolerances for major components. For example,
methodsfor manufacturingthe tower sheathsshouldbe
investigatedwith the goal of determininghow precisely the cross
sectionaldimensionsof this formedpart can be controlled. Also,
constructionmethodsof themodule ring would have to be
investigatedto determineif as-weldedtolerancesareadequateor is
post-weldingmachiningrequired. This decision,in turn, will be
the outgrowthof a study into the accuracyof practicalwelding jigs.

2 Assessthe effectsof theserealistic tolerancesand their accuxnu
lation on theconstruction,assembly,pointing accuracyand
hermeticityof the calorimeter.

3 Devise methodsfor compensatingfor or negating the tolerance
errorsand theireffects. For example, ‘correction" towersand
"correction’s coneshavebeenmentioned. Theseand other schemes
for dealingwith tolerancebuild-up could be pursued.

4 Devise inspectionproceduresandgagingto verify that therequired
dimensionshavebeen met.

6.2 CalorimeterConstructionIssues

Futureefforts should include a preliminaryinvestigationinto the taskof
separatingthe calorimeterhalvesand rematingthem with the requiredaccuracy.
The useof Humanrollers andother heavy duty moving equipmentneedsto be
analyzed.

Specific issuesperipheralto the actual constructionof thecalorimeter
mustbe studiedandspecificationsfinalized. The issueof wherevarious
componentsof the calorimeterand its supportstructurewould be constructed
shouldreceivedetailedattention. Theseissuesincludedecisionson which
assemblIesor subassemblieswould be built remotely andshippedto SSC, which
would be built on-siteaboveground,which on site in the hail and which would
be built in place.

Relatedto whereequipmentis built is the matterof facility requirements,
and servicesavailable. Studiesleading to definition of minimum hail size,
minimum hail accesssize from the surfaceand location,hail floor loading
requirements,floor level specifications,and floor and wall anchorbolt pull-out
arerequired. Storagerequirementsfor uninstalledequipmentalsoneedto be
determined.

Truck andrail servicesfrom theport of Galvestonshouldbe investigated.
This study will yield maximumshippablelength,width, heightand weight
parameters.Maximum craneloadsmust be identified and servicerequirements
suchaselectricalpower andcompressedair will be es!imated.
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6.3 DesignFinalization and Optimization

The objective of the evaluation was to design a plausible structure to support
the calorimeterin its final configuration. With a finite elementmodel structural
distortionsand stresseshavebeenshownto satisfy structuralperformanceand
integrity undergravity loads. Sincegravity is the predominantloading andis "well
known" thestructural systemlends itself nicely to optimization. In an iterating
procedure,it is possibleto reducetheamountof material neededandredistributeit
judiciously within the structuralconfiguration while both deformationsand
stressescan deceaseat the santetime. The preliminarydesignsuggestedin this
study is only a point in the solutionspaceandsignificantimprovementscan be
expectedby exploitingoptimizationprocedures.In the processof optimizing
structuralefficiency, the dimensionaland configurationrequirementswill be
treatedasconstraints. For examplethe width of thecentrallongitudinal frame
shouldbe minimized and it will be limited to 10 cm in the next designcycle.
Additional postsmoreflexible now will be requiredbut muchlower axial loadsare
expectedandwill preservelateralstability. Othervariablesin theprocessinclude
shell thickness,ring spacingand crosssectionalproperties,longitudinal
reinforcementshapesand locationsandattachmentof the ellipsoidal shell to the
frames. As illustratedby the deformationsof the structuralsupportundergravity
seeFigure21, the relativestiffnessof theendframesandlongitudinal bracing
frameplay a aitical role in distributing loads and thusaffectingdistortionsand
stresses.As a resultthe framedesignparametersarerecognizedas themost
significantor perhapscritical variablesin the structuralsupportoptimization
process.

6.4 Local StructuralProblems

Oncetheoverall designconceptmaturesandsatisfactorystructural
performanceis realizeda numberof localizedstructuralproblemsneedto be
addressed.A few examplesaregiven below:

* Shell plate local bendingfrom tower supports

* Shell - supertowerconnection,alignment method

* Shell connectionwith rings and reinforcements

* End rings to shell attachments

* Framesconnectionof shell reinforcementsandrings

* Framebaseplatesand attachmentsto concretebase
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The evaluationof thesestructural designdetailsmight requirefinite-element
modelsand analyses,but in theenddesigndecisionscould be imposedby erection
procedures,practicalreasonsand coordinationwith the intricate electronics
networks requirementsand availablespacemanagement.
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