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1. Introduction, Objective and Summary

The objective of this study is to assessthe feasibility of a structural systemto support the
scintillator calorimeter of the Superconducting Super Collider SSC as proposedby a Texas
collaboration. To address this feasibility study we have designed,modeled, analyzed and
evaluateda preliminarystructural systemcapableof maintainingvarious elementsof the calorimeter
within requiredtoleranceswhen exposedto operationalenvironments.

The outcomeof this evaluation provides a first-cut design for the calorimeter structural
support with dimensionsof shell, shapesof rings, reinforcements and frame members. Special
attention is given to many dimensional constraints imposedby the physics of the experiment as
well the assemblyproceduresof the calorimetersincethey are expectedto have a significantimpact
on structuralsupport designdecisions.

The primary goalof this study was to define a plausible structural conceptwith a reasonable
level of designdetails anddemonstratewith a finite elementmodel its adequateperformanceboth
from the physics and structural efficiency point of views. One should emphasizehow ever that
other concepts could be investigated that would perhaps enhance the effectivenessof the
experiment. A different approach to the calorimeter support systemcould alsobe advocatedin
order to accommodatea particularly attractive erectionprocedure. While we suggestin this report
the designand analysisof an acceptablecandidate, furtherwork should addresstrade-offstudies in
onler to selectthe bestpossibleconcept.

The analysis of a finite elementmodel wasusedto identify the deformations of the structure
under the enormous massof the supertowers, establish stress levels throughout the support
structure and provide force and moment componentsnecessaryfor the evaluation of structural
stability.

After a few iterations,themaximumdeformationundergravity loadsamountsto 3 mm at the
apex of the shell at the center of the calorimetercausedby the frameshortening2 mm and some
slight ovalization of the circular shell 1 mm. The calculatedstressesin the shell show a
maximum of approximately 16 ksi with 4 ksi from overall shell actions and 12 ksi associated
with local bending. Circular rings and longitudinal reinforcementsexhibit significantly lower
stress levels at about 2-3 ksi. Most supporting framemembers exhibit large compressiveaxial
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forcesthat requirestability checks. Generousfactorsof safetytwo to six havebeenidentified
againstlateralbuckling.

A quasi-staticloadingassociatedwith a longitudinal0.1 g accelerationwasconsideredas a
disturbancecausedby the slow motion of the entire half calorimeterstructure. The 1 cm
longitudinaldeflectioncausedby theflexing of thelongitudinalcentral framememberscouldbe
alleviatedby additional diagonalmembers.Temporarysupportscould be advocatedduring the
maneuverto minimize anypotentialsstructuralproblems. While this loadingcondition doesnot
presenta seriousproblem,morework andinvestigationarerequiredto identify thememechanical
systemcharacteristics,determinemaneuverdisturbancesandevaluatesstructuralresponses.

The total weight of thestructurefor one half of thecalorimeteris -150tons of steel so that
theentirecalorimetersupportwill requireapproximately300 tonsof steel. Assuming$1.0/lbfor
steel erectedin a complexshell structurewith tight tolerancesthe total costof thecalorimeter
supportsystemis expectedto be approximately$660,000.

This report includessix sections. Section 1 abovedefines the objectiveof the study and
providesa summaryof the technicalactivities andfindings.

Section2 addressesconsiderationsassociatedwith thedefinition of a structuralconceptfor
the calorimetersupport. Constructionissues,physicsexperimentrequirementsand constraints,
structuralconfiguration,spliceslocations, stiffnessdistributionand supertowererectionmethods
mustall be takeninto considerationin selectingan acceptableandplausiblesupportstructure.

Section 3 discussespossibleassemblyproceduresto integratethe super tower with the
structural support system. Two concepts,a modular ring method andb shell and sector
method, areexplored to establishcalorimeterassemblyfeasibility and to detectany potential
problemswhich might be encounteredduringtheassemblyprocess. Specialattentionis givento
manufacturingapproachesof supertowers,tolerancesimpacting "hermeticity" and tower
alignment.

Section4 describesthedesignof thecalorimetersupportstructureswith configurationand
dimensions,structural elementsselection,material and componentselastic properties. Two
loadingsarediscussed:a gravity loadandb a0.1 g longitudinal accelerationassociatedwith
calorimetermaneuver.

Section5 addressesthefinite-elementmodellingandtheevaluationof structuralresponsesto
the loadings. Rationalefor the FE model developmentis discussedalong with simplifying
assumptions.Deformationsand stressesillustrated with plots arediscussedand the stability of
framemembersis evaluated.

Section6 addressestechnical issuesinvolved in the design, transport,assemblyand
installationof thecalorimeterthat shouldbe thesubjectfor furtherinvestigation. Structuralsupport
designoptimizationis proposedandthe muchneededevaluationof many local structuralproblems
is emphasized.

2. Design Concept Considerations

The choiceof a structuralsupportsystemfor thecalorimeteris subordinatedto manydesign
parametersassociatedwith various phaseand modesof construction,supertowererection
sequencesandavailablespacedictatedby detectorphysicsrequirements.Figure 1 is an attemptto
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identify thesedesignparametersthat are expectedto play amajorrole in thedesignapproachand
impactdesigndecisions.

The assemblyof thestructuralsystemandThesupertowersis recognizedasthe mostcritical
issuebecauseit affectsnot only delicateconstructionprocedureswith tight tolerancesbut hasa
primordial influenceon the final designconcept. Section3 addressestheseissuesand suggests
two possibleerectionprocedures. Alignment and toleranceproblemsarediscussedwithin the
contextof the erectionproceduressuggested.While different assemblytechniqueswill create
manyintermediatestructuralconfigurationsthat needto be investigated,thepresentstudyfocuses
on the evaluationof the final structural system. Note that this systemcan be adaptedto the
demandsof manyconstructiontechniquesandmodified to reflect specialconditionsand splices
associatedwith a particularerectionmode.

The primary function of the structureis to supportthe very heavy and densemassof the
supertowerscontainedbetweentwo ellipsoids6436 Kips for half the calorimeter. Sincethe
structuremustoffer a continuoussurfaceto the supertowers’basesfor support,a ring stiffened
ellipsoidal shell was selectedas a logical model.The shell behavesasa very deepbeam and its
overall depth 9.4 m diametermaximum at the centeroffer significant stiffnesscapableof
deliveringreactionloadsto end supportframesapproximately10 m apart. Note that thecenterline
of the calorimeteris 10 m above groundthus placing specialdemandson the tall end frames
designto insureadequatestability.

In order to secureoverall stability of theellipsoidal shell sitting on the two endframesa
longitudinal centralwall wasdesignedthat providesthe necessarybracing. This 10.17 m long
wall framing into theend framesoffers additional vertical supportto the ellipsoidal shell. The
amountof gravity loadpickedup by this wall is a functionof relativestiffnessbetweentheshell
itself and thewall. Note that it is not desirableto carrya significantportionof theellipsoidalshell
massby the central wall, becauseit could distort the calorimetercircularity. Furtheranalysis
iterationsareexpectedto leadto an ideal "balanced"situation.

Figures2 and 3 show the ring stiffened ellipsoidal shell and the threesupport frames.
Relativedimensionsand memberssizesarethoseof thesuggestedsupportsystemdesignedand
analyzedin this report.

Thedesignof theseframesmustrespectmanyphysicsdrivendimensionalconstraintsandyet
providethenecessarystiffnessto insureacceptabledeformations,stresslevelsandstability. The
following limitationshavebeenplacedon thewidthof eachframe:

CenterFrame 25 cm
EndFrame 25 cm
LongitudinalFrame 20cm10cmpreferably

Onemustrealizealso that theshell plateis piercedby a largenumberof holeson a defined
grid to accommodatethepassageof the tower fibers thusreducingtheplatecarrying capacityand
imposingrestrictionson structuralreinforcementssize and locations. It is important to limit the
structurescomplexityin orderto minimize possibleinterferencewith thearrangementsof a vast
electronicnetwork.

The structural support can be viewed as a linear mechanicalsystemwhose design is
subordinatedto theconstraintsof thecalorimetercharacteristicsandrequirements.Input loadings
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associatedwith operationalconditionsproducedformations,stressesandstability conditionsthat
needto be evaluatedagainstperformancerequirements. Figure4 illustratesthe interactions
betweensystemdesignvariablesandconstraintsthat must lead to the definition of an acceptable
structuralsystemof stiffnessK andmassM.

3.0 Calorimeter Assembly Procedure

Two assemblyconceptswere exploredto establishcalorimeterassemblyfeasibility andto
detectanypotentialproblemwhich might beencounteredduring assembly.Thesetwo methods
identifiedasthe "ModularRing" methodandthe "Shell & Sector"methodbelow.

Eachhalfof thecalorimeterconsistsof an assemblyof 7680pyramidaltowers.Onehundred
and twenty-eighttowersarearrangedin a group to form the shapeof a hollow truncatedcone.
Sixty of thesehollow conesnestto form a stackthat completesthecalorimeter half.

The assemblyproceduresdescribedin thisreportassumethatthe towersare castin thin metal
sheathsSeeFigure5. The sheathsprevent galling of the towersif sliding contactoccursduring
assembly.The sheath also helpsprevent physic damageto the towersandprovidesmostof the
bendingstrength. If the sheathsextendbeyond the small endsof thetowersto form a skirt see
Figure5, they are an aid in handling the towers. Most important,though, an extended sheath
providesa way of joining the towers together at the small end of the conesseeFigure6. This
makesthe cone structuremuch more rigid and stable. Temporaryalignmentmirrors, if required,
couldalso be attachedto the sheathskirt.

The assembly proceduresalsoassumethat each towerwill have a steel threadedinsertcastin
each of the four corners of the mountingplane. Theseinsertsshouldalsobe attachedto the tower
sheath seeFigure 5. Theseinsertswill be usedto attach the towersto the support sncture.

3.1 The Modular Ring Method

In the "modularring" method of calorimeterassembly,eachconemadeup of 128 towersis
attachedto a separatesteelsupporting ring. The 60 rings are then bolted,surface-to-surface,to
form the nested stack of coneswhich completesthe calorimeterandstructuralassemblysee
Figures7 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
module is locatedat the inboardend of the calorimeter half; the end wherethe two
halvesof the calorimetercometogether.

2. The temporarytower supportis clampedhorizontallyin a cradlewhich is setin unions.
The ring is boltedto the support and thetowersareaddedto the ring to form the "cone"
see Figures 9 and10. The individual tower inner ends are supported by
turnbuckles,ora similardevice. Oneendof each turnbuckleis attachedto atowerskirt
througha reinforcingplateandtheotherend is attachedto thetemporarytowersupport.
The towers can now be roughly aligned by adjusting the turnbuckles. Reference
mirrors could be attached to the tower to aid the alignment process.

7



Constraints Constraints Constraints

Calorimeter

* Configuration
* Tower masses
* Physics requirements
* Allowable spacefor

structure

‘ r System

Structural System

K,M

Finite element
Model

Performance Requirements

* Alignments tolerances

* Limits on distortions

Output

* Deformations
* Misalignments
* Stresses
* Stability

* Operation environments

* Servicing

* Erection sequence

00 Loadings

* Gravity
* Maneuver 0.1 g lateral
* Thermal

Figure4. SuucturalSystem DesignVariables andConstraints Interactions



Tbreadwj 1Sertscast Into fourcorne010
Sheath skirtOXtençjbeyo,

Of lower

‘0

Sheatjj to Sheathfastener holes

lower

Pig lower E.b4ute



Figure& Sheath-to-SheathAttachment-ConeInnerEnd

Spacer washer
required

Sheath to Sheath
fasteners Bolts or rivets

Partialview of small end
of "cone" assembly

10



Structural Interface Plate
Ring Modules

Ring Stiffeners

Cone Assembly
T

Figure7. MOdUlar Ring Calorimeter



OPTICAL FIBER RACEWAY

TOWER SHEATHTOWER

RING STIFFENER
OPTICAL
FIBER
BUNDLE

OPTICAL FIBER
INTERFACE PLATE!

BOLT HOLES FOR
TOWER.TO.TOWER
FASTENING

RETAINING
RING
MATING
SURFACE

Figure 8. Two Ring MOdUlesandTower AttachmentDetail



ing Assembly

Tower
Turnbuckle

Temporary Tower Support

Figure9. TowerSupport-InboardRing Module

3-RIng Module

Trunnion

__

pr

Cradle

Figure10. Ring Module in Cradle

13

.1

Cone of Towers

____

Temporary
Ring Assembly

___________

Tower Support



3. The cradle is next rotated on its trunionsuntil the ring is vertical and thecone axis
horizontal.The ring moduleis lifted from thecradle and lowered into the hall whereit
is placedon three setsof crnssedrollers which, in turn, arerestingon three rails see
Figure 11. The two outboardrails are temporary. The centerrail is permanently
attachedto the verticalsupportingstructurewhich is located between the bottomsof the
"C" tanks. Crossed rollers areusedto allow motionof themodulealong the ring axis
aldpennitlimitedadjustmentof the moduleacrossthe ring axis.

There is a springand a jack, in series,betweenthe ring module andthe rollers on the
two outboard rails. The springs assure that the load distributionon the three rails is
correct despite geometricerrors caused, for example, by non-parallelismof rails and
rail deflection. Thejacks,if moved together; adjust the height of the ringmoduleandif
moveddifferentially, adjusttheangularposition of the ringmodulearoundits axis.

A wheeled"outrigger" assembly is attached to the module seeFigure 12. The
purposeof the outrigger is to stabilize the ring module andto aid in adjusting its
position around a verticaland horizontalaxis. This arrangementofthe rollers andthe
outrigger pennitadjustmentof thering module in all six degrees of freedom.

4. Tower alignment can now be re-checked and corrected. The tower skirts are now
joined as shown in Figure 6. The turnbuckles are removedand the alignment is
checkedagain. The temporary tower support remains in placeto give radial stiffness to
the rIng. The ring is now roiled along the rails until it is in place against its mounting
points on the cross-axisvertical supports, the permanentvertical supports between the
two calorimeterhalves.

The ring is adjusted about the six degrees of freedomas requiredand bolted to the
mounting points. The temporary tower support can now be removed because radial
stiffness is now provided by the cross axis vertical support. The outrigger is also
removed, as are the crossedrollers on the outboard rails. The cross rollers on the
center rail should stay in place though they could be replaced by a permanent jack or
shims.

5. The next ring in the stack, the cond ring, is placed in the cradle, assembled and aligned
asdescribed in procedure2 above.

6. The ring module is now rotatedto vertical, lowered into the hall and placed on three
crossed rollers on the three tacks as described in procedure 3 above. The outrigger
assembly is also attached to the module.
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7. Tower alignment is checkedand corrected. The cone size and cone angle is now
checked to assure that it will properly nest with the internal cone of the first ring
module and that the rings will butt when the nesting takesplace.

8. The position of the second ring module is adjusted and the module is now rolled
forward and bolted to she first module. The temporary tower support and the
outrigger can now be removed see Figure 13.

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

9. Successivering modules are added using the same assemblysequenceuntil 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 shown in Figure 14. It
is expected that only a few temporary tower supports, which will be adaptable to a
range of ring modules, will be required.

10. Calorimeter disassembly, if required, takes place in the reverse other of assembly.

Even though it is not specified in the assembly procedure, the complete calorimeter or
successive mating ring modules could be assembled above ground. This would permit fit
problems to be resolved without monopolizing the hall.

There are no identifiable safety hazards in this assembly process that are not normally
associated with this class of construction project. All adjustment and interfastening of the towers
takes place at the exposed face of the cone. It is not essential that workers enter the 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 place providing additional safety.

The assembly technique described above has the following features:

1. The assembly is modular.

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

3. Modules are of manageable weight approximately 100 tons.

4. Module assembly and preliminary tower alignment take place above ground. The fit of
each module with its axial neighbor can also be gauged above ground.
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5. In-hall assemblyoperationsconsistonly of squaringeachmodulewith thosealready in
place, final alignment,rolling the module into position and bolting it to its axial
neighbor.

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

7. It is not requiredthat a worker enter the calorimeter during assembly although it might
be an aid to more accurate nesting.

3.2 The Shell & Sector Method

An alternateconcept explored for assembling the calorimeter is the Shell & Sector method.
This method involves fabricating a reinforced shell structure that holds the lower 50%
3840towers of the 7680 towers that make up one half of the calorimeter. The upper 50% of the
towers are held in place by l80 structural sectors,or halfrings similar to the full rings used in the
modularring methodof assemblyseeFigure 15.

With this methodof assembly,the shell is constructed and attached to its permanent supports
beforeassembly of the calorimeterproceeds.

The assembly sequence to be followed when employing the Shell & Sector method is as
follows:

1. Attach temporary bracing cables to the shell from one interface flange, horizontally
across the top of the shell, to the other interface flange. These cables will prevent the
shell from spreading under the weight of the towers until the structural sectors are
added.

2. Attach the tower adapter brackets to the towers that are to be loaded into the shell see
Figure 16.

3. Load the tower that is centered and closest to the mouth of the shell first and bolt it in
place. Load a tower to the left and then load one to the right of the center tower.
Continue this alternate left-right loading until this first course of towers is complete to
the top of the shell interface flange. Check and correct the alignment of the towers and
join the tower skirts as shown in Figure 6.

4. Add the second course 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
second course to the skirts of the towers in the first course.

5. Continue adding courses of tower until the 3840 towers have been installed and the
shell is filled.
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6. Assemble the upper 50% of towers to the sectors starting with the outboard smallest
half ring or sector. Assembly of the towers on the sectors closely parallels the
assembly of the towers on the full rings in the modular ring method of assembly,
therefore this process is not repeated here.

7. When the towers have been assembled to a sector, checked for alignment and joined at
their skins, the sector is ready to be joined to the shell. Remove bracing cables that
may interfere with the assembly of the outboard sector. Lower the sector in place and
align it with its matching course of towers in the shell below. Bolt the sector to the
shell at the interface flange.

8. Continue adding sector-tower assemblies, progressively removing the bracing cables,
until the calorimeter half is complete.

As with the Ring-Module method of assembly, there are no abnormal safety hazards
associated with this assembly method.

The assembly technique described above possesses most of the advantaües of the modular
ring method and in addition has the following features:

1. The shell is a permanent structure, permanently mounted, before the towers are added.

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

3. Temporary rails and rollers are not required.

4. Because the sectors are assembled to the shell vertically there is no need to extend the
structure beyond the outboard end of the calorimeter.

3.3 Assembly Procedure Issues and Tolerances

The assembly process for the calorimeter is driven by the configuration of the unit, its
functional requirements and the structural demands of the assembly. Other factors such as safety,
maintainability and cost must also be considered.

One of the principal requirements for the calorimeter is "hermeticity" and that is directly
influenced by the issues of dimensional tolerances and alignment of tower elements. A discussion
of the assembly of the calorimeter, or any other mechanical device, is incomplete if tolerance issues
are not addressed.

Each half of the calorimeter consists of an assembly of 7680 pyramidal towers. One hundred
and twenty eight towers are arranged in a group to form the shape of a hollow truncated cone.
Sixty of these hollow cones nest to form a stack that completes the calorimeter half.

Ideally, there is perfect face-to-face contact between the adjacent towers in each cone
assembly and perfect face-to-face contact between the nesting towers in each mating pair of cones
in the stack. The ideal calorimeter would have no tower-to-tower gap between any two adjacent
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towers in the assembly. In addition, each tower axis must point 5° ±2° away from the centroid of
the assembled calorimeter two butted calorimeter halves.

Attaining this ideal of 100% tower fill with no gaps requires effort to achieve in practice.
There will be tolerances on tower crosssectional dimensions and tolerances on tower taper angle
and angle between tower faces. For example, if each tower in a cone were only one thousandth
inch 0.001 in. too small at the base dimension, 128 tower placed face-to-face in the required
circle would leave a gap of 0.128 in. between the last two towers. Conversely, if the towers were
0.001 in. too large, there would be insufficient room for the last tower because the space would be
too small by 0.128 in.

Similarly, if tower taper angles are not perfect the assembled cone angle will not be perfect,
compromising the face-to-face fit of one cone with its axial mate in the stack. Errors in the
trapezoidal cross section of the towers will lead to edge-to-edge contact instead of face-to-face
contact between adjacent towers in the cone.

The "cone" assemblies are, in fact, not cones but are 128 sided pyramids. Because the
"cones" are actually faceted, to nest a cone perfectly with its next axial neighbor the cone must have
perfect orientation around its axis. Also, if the pointing angles of the tower sets in the two mating
cones are not exactly the same, nesting will be imperfect.

The above tolerance issues are complicated by the fact that the towers are made by casting
cerro bend alloy a bismuth, lead, tin, cadmium eutectic alloy that melts at 158°F. This material
grows in dimensions volume after solidification. Five hundred hours after solidification each
linear dimension will have increased 0.0057 in. per inch. The largest diameter cone in the stack
8 meters diameter has a circumference of about 1000 in. The cerro bend growth will increase
this circumference by 5.7 in. Growth characteristics of the cerro bend after 500 hours of aging
are not available from the manufacturer.

It should be noted that the tolerance concerns discussed above are intrinsic and are almost
entirely independent of calorimeter assembly and support techniques.

Five approaches to circumvent difficulties imposed by tolerance build-up are:

1. Leave space between the individual towers in the cone assembly and between the
nesting cones.

This space would accommodate dimensional variations, pointing tolerances, and cerro bend
growth uncertainties.

This is the simplest scheme to implement but it has disadvantage of rendering the calorimeter
non-"hemietic".

2. Casting a complete cone rather than individual towers.

This would require a massive casting but with an alloy melting temperature of 158°F the
problem is greatly eased Cerro bend castings have been made "as big as a car" and a 5000 pound
melt is routine.. A large sheet metal mold, supported by sand, could easily be maintained at 158°F
in a simple heated enclosure. Melting of the alloy could take place by continuously conveying
cerro bend pellets to a small melt chamber and conducting the liquid cerro bend from the chamber
to the mold.
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The energy required is the same as forecasting individual towers. Cooling time of the large
casting should be reasonable because the cone is relatively thin walled; the surface area to volume
ratio is high. Slow cooling encourages grain growth in the alloy which increases creep resistance
and tends to increase other physical properties as well. It would be relatively simple to fly-cut the
cast cone to finish dimensions if desired.

This method would produce true cones ofprecise angle rather than 128 sided pyramids. The
result would be better cone nesting with no axial rotational alignment requirement. Because there
are no towers, there is no space between towers to consider. This approach would yield the most
"hermetic" calorimeter both circumferentially and axially, Because the cone would be a single unit
it would be far more rigid and self supporting than a cone of individual towers. Reinforcing rods
could be integrated into the cast cone if analysis showed it was desirable. Alternately, the casting
could be made with a dimensional "bias" to compensate for gravity induced sag when the cone is
turned to axis horizontal. Because the cone is cast in one piece, maintaining pointing accuracy of
the scintillating fibers should be easier. If it is undesirable to make a single cone casting, the cone
could be cast in segments of one-third, one-quarter, etc., of a cone although the full, one piece,
cone would be much stiffer.

An important consideration in casting the entire cone is the characteristic growth of the tower
alloy. The growth dimensional change would have to be compensated for in mold design. Also,
because of the calorimeter configuration, some cones would be cast with the fibers essentially
horizontal and other cones would be cast with the fibers essentially vertical.

A variation on this technique would be to cast individual towers and combine these towers to
make a complete cone by casting them in a matrix of a lower melting point alloy.

3. The third method of dealing with the tolerance build-up issue is to make one custom
tower for each cone.

With this technique, towers would be assembled into a cone but one cone would be left out
of the full complement leaving an unfilled space. After the cones were butted face-to-face and the
proper cone angle set, the dimensions of there remaining space would be taken and a custom, or
"correction", cone would be made to fit it.

This method may be workable but is awkward to implement.

4. Another method of accounting for dimensional variations is to allow the OD of the base
of the cone assembly to vary.

Using this method to make the cone, a full complement of towers, arranged face-to-face,
forms the cone. The calorimeter support structure would be required to account for the variation
in cone major diameter due to variations in tower width.

This method is acceptable for individual cones but loss ofcontrol over cone diameters makes
axial nesting difficult.

5. The axial or stack tolerance build-up is analogous to the circumferential tolerance build
up. One way of dealing with tolerance build-up axially, along the length of the
calorimeter, is to insert a customized "correction" ring module at intervals, perhaps at
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one-third the stack, two-thirds the stack and at the end of the calorimeter i.e. every
20 rings. The correction module would cancel out tolerance accumulations thus
bringing the dimensional configuration of the stack from "where it is" back to the
theoretical nominal of "where it is supposed to be" at the point of insertion of the
custom module.

Also influencing the assembly technique is the design of the individual cerro bend towers.
Because of the growth characteristics of this material, it is important that the towers be aged for at
least 500 hours before assembly is started. During this time it is necessary that the towers be
stored as cool as possible and in a manner that will minimize stress. The physical properties of this
material decrease rapidly with increase in temperature. If the towers are stored hot and under
stress, dimensional creep may be a problem.

Because the tower and tower sheath are trapezoidal in cross section, it is possible that growth
of the cerro bend after casting will bulge the sides of the sheath. This will prevent face-to-face
contact of the towers. This effect can perhaps be prevented by pm-bowing the sides of the sheath
inward before casting the cerro bend.

4. Structural Support Design Description

The structural support for the calorimeter includes two identical halves mirror images that
must be capable of moving away from each other to gain access to the inside tracker and the
calorimeter interior space. Figure 17 shows the two separate structures models in an open
position. Design, modelling and evaluation are therefore presented here for one independent half
portion ofthe calorimeter.

The main structural system is a ring stiffened ellipsoidal shell with radii a = 10.7 m and b = c
= 4.7 m. The shell modelled as truncated 10.17 in from the center offers an opening of 3.14 m
diameter for the calorimeter end plug. The 2 cm thick shell is reinforced by 10 outside rings
disposed 1 m on center. A larger ring is provided at the center of the shell as well as the end face.
The center ring is a tube intentionally stiff 36 x 36 x 4 cm because it is anticipated to provide
support for half of the center tracker as a cantilever. Eight reinforcements same properties as the
rings run the length the ellipsoid 45’ apart, around the circumference. Longitudinal
reinforcements are added also every 22.5’ for the first 4 m of the shell near the center where
additional stiffness is required.

The ellipsoidal shell acts as beam with reactions picked up by two vertical end frames. The
center frame has a width of 25 cm and uses rectangular tubes disposed in a truss like configuration
for better material efficiency. This frame is designed and configured to help preserve shell
circularity in an area of very large reaction loads. The end frame of trapezoidal shape and 25 cm
wide supports a lesser reaction load but this advantage is somewhat lost because of the 10 m
unsupported length of its members. Out of plane stability of the frame main members require
relatively large stiffness properties to insure acceptable slenderness.
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A longitudinal frame,providedunderthe shell, connectsthe two endframesthus insuring
longitudinal overall stability. The width of this frame must be minimized at all costsince the
radiation alongthe vertical centerplane of the calorimeteris more intenseand cannottrade
extremelyvaluablespacefor the structuralsupport. The vertical frameincludesfour interiorposts
with width limited to 20 cm. A reviseddesignwill increasethe numberof poststo eight while
reducing their width to 10 cm. Table 1 summarizedthe shapeand dimensionsof the main
elementsof the structuralsupportsystem.

Table1. StructuralComponentsDescription

Element ConfiguradonandDimension

Shell Plate2 cmthick

Circular Rings
andLongitudinal
Reinforcements

T Section: 22 cmx 1.5 cm web
16cmx 2cm flange

CenterRing
EndRing

Tubes: 36 x 36 x 4
30x30x2

Center Frame

EndFranie

Tubes: 25 x 40 x 4 Vertical
25 x 25 x 3 Diagonal
and Horizontal

Tubes: 25x4Ox3Vertical
and Diagonal
25 x 25 x 3 Horizontal
andDiagonal

LongitudinalFrame Tubes: 20 x 40 x 3 Vertical
20 x 20 x 2 Horizontal
andDiagonal
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The materialproposedfor the shell and the frames is a high strengthsteelof Fy = 50 ksi

with thefollowing propertiesandallowablesiresses:

Modulusof elasticity: E =30 X 106 psi = 2.068 1011 N/rn2
Density: P = 0.28#1rn3 = 7800 kg/rn3 = 76900N/rn3
Poisson’sratio: ‘¼’ = 0.3

Allowable tensionstress: Ft=30 ksi = 2.07 108 N/rn2
Allowable bendingstress: Fb =30 ksi
Allowable compressionstress: Functionof slenderness

Table 2 providesthe crosssectionalpropertiesof frame membersand shell rings and
longitudinal reinforcements.Figure18 depictsthe cross-sectionof the shell stiffeningring and
longitudinal reinforcement.

Table2. ElementCmss-SectionProperties

Cross Section Axial Bending Bending Torsion Shear
Ref. Dimensions A lxx Iyy In A

m4 m2
x104 zIG4 x104

FRAMES A
B
C
D

20 x 40x 3 Tube
25 x 40 x 3
25 x 25 x 3
20 x 20 x 2

0.0324
0.0354
0.0264
0.0144

1.889
3.265
2.17
0.546

6.0812
7.11
2.17
0.546

4.396
6.738
4.34
1.092

0.0324
0.0354
0.0264
0.0144

RINGS Ri
R2
R3

Web Flange
22 x 1.5/16x 2
36 x 36 x 4 Tube
30 x 30 x 2 Tube

0.0065
0.05 12
0.0224

0.03681
8.875
2.94

0.0069
8.875
2.94

00.005
17.75
5.88

0.0065
0.0512
0.0224

Ri reinfortingrings andlongitudinalreinforcement.
R2 circularring atcenterframe.
R3 circularring at endframe.
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Figure 18. Circular Rings and Longitudinal ReinforcementsCross Section

Loadings Discussion
The majorloading to thestructuralsystemis imposedby theheavyanddensesupertowers

attachedto theellipsoidal shell 2200tons. Thedistributionof thetowergravity loadalongthe
circumferenceaswell asthe lengthof thecalorimeteris strongly dependenton the stackingand
erectionprocedureof successivetowers.Thetowersare expectedto leanon eachotherandthe
loading distribution maybeaffectedby relative stiffnesses,connectiondetailswith the shelland
betweentowers,friction and sequenceof erection. It is thereforeimpossibleat this junctureto
anticipatetheproperloadingdistributionand we areproposingto usea uniform distributionalong
thecircumferenceat eachstationof theellipsoidal shell. From a local point of view, stressesand
deformationsmight be somewhatinaccuratebut in theoverall senseof thestructuralevaluationthis
assumptionis not expectedto affect resultsappreciably. We shouldemphasizealsothatthis type
of assumptionis in line with thesimplifications andapproximationsinherentto apreliminary or
first-cut evaluation.

The structuraldesignconceptrequiresthat the ellipsoidal structuralsystembe openedin two
halvesmoving awayfrom eachother to accessthe trackerand the insideof the calorimeter. A
mechanicalsystemmust be developedto generateforce necessaryto pull/push a massof
approximately3000tonsfor eachcalorimeterhalf. While the travellingmotionsarcexpectedto be
extremelyslow and carefully controlled, it is desirableto evaluatestructural integrity for a
longitudinal forceassociatedwith this maneuver. We suggesta longitudinal force x-direction
causedby one tenth of gravity acting on everymassof the system. This loading is expectedto
place seriousdemandson the supportingframes and might well be the governingfactor for
structuralstabilityof themembers.In casethis loadingprovesvery seriousfor theintegrity and

__
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y cg.=16.9cm 22cm 24cm
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Shell
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stability of thesystem,wecouldeasilyconsidertheuseof temporarysupportmembersduring the
maneuver.When theC-tanksare removed,additional memberscould be installedbetweenthe
ellipsoidal shelland the baseto stabilize themoving structure. This approachis recommended
sinceit avoidspenalizingthedesignfor a loading thatmight occuronly occasionallyorfar apartin
üme.

S. Finite Element Model and Analysis Results

5.1 Finite Element Model

The approachto the fmite-elementmodellingof thecalorimetersupportstructurereflectsthe
objective of this evaluation that attempts to obtain a first order estimateof the structural
performance.While simplifying assumptionare employedas legitimatemeans to keepmodelling
and analysistasksto reasonabledimensionsand complexity,it is importantto retain in the model
elasticandinertiapropertiesthat are dominant in affectingthe fundamentalbehaviorofthesystem.

By invoking symmetry about a vertical plane the finite-elementmodel of only half the
structurecan be considered. Figure 19 is a view of the model where relativedimensionsand
elementscanbe identified. The ellipsoidal shell is representedby 24 shell elementsaround half
thecircumferencewith 2 elements50 cm wide betweenreinforcing rings alongthe longitudinal
direction. Circumfeitntialand longitudinal shell reinforcementsare modelledas beamelements
with appropriateeccentricities. All the framesusebeamelementswith 6 DoF’s per node.
Boundaryconditionsalongtheplaneof symmetryhavebeenimposedto restricty-motionsandx
mtations. The supportof thestructuralsystemis pmvidedat the interfaceof all the frameswith the
gmund,10 m below thecalorimetercenterline.

Thefinite-elementmodel hasthefollowing characteristics:

# Shellelements: 528
#Beams: 618
# DoF’s: 4326

The mass of the supertowerswas assumedto be distributed uniformly along the
chvumferenceat eachstation of the shell axis. Theloading is computedfrom thevolumeenclosed
betweentwo ellipsoidsateachstation x and assignedasbody loading to theshell. Thestructural
steelmassis computedautomaticallyby theprogramand assignedto theappropriatenodes.
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Figure 19. Finite Element Model of Shell Reinforcementand Frames
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The PATRAN programwas usedto generatepart of themodel and theMASTRAN routine
pmvidedthe static responseof thestructureto thegravity loads. Displacementcomponentsateach
node,shell stressesandframememberforcejmomerncomponentsareavailablefor evaluation.

5.2 Responseto Gravity Loading

Our first design exhibited large deformationsand required modifications. Due to
a additional shell stiffening nearthecenterof the calorimeter,b a significantincteasein the
edge ring, and c bmadeningof thecenterwall, thedeformaüonsof thesiructurenow remainveiy
small with amaximumof 3 mm. Figures20 and 21 show views of theundeformedanddefonned
grosslyexaggeratedstructuralsystemfor comparison.Most of thedefonnationsoccur in the
highly stressedsupportingframeswhile the shell itself remainsvery close to its original
configurationbut undergoesrigid body motions. Resultsindicatethat deformationscan be kept
within tolerancesdictatedby performancerequirements.The maximumdistortion of 3 mm is
expectedto increasesomewhatwhenmany constructiondetails,joints andinterferenceconstraints
will be taken into considentionandwill affect flexibility.

The 2cmthickshell is stressedboth circumferentiallyhoopstressesandlongitudinallyasit
acts asa deepbeamin bending. The stmssreportedin thecolorcodedplot of Figure22 refer to a
stressstateexpressedby von Misescriterion. Themaximumstressesrecordedin theplot mustbe
increasedto allow for loss of materialdue to holes in the shell plate factor of 1.25andstress
concentrationestimatedat 2. Under theseconditionsshell stressesassociatedwith the overall
support structure remain under 5 ksi. Note that 6.894 x 106 N/M2 = 1 ksi. It should be
emphasizedthat localbendingstresseswill be significantestimatedat 12 ksi in comparisonbut
they may vary dependingon theattachmentmodeof the supertowersto theplate.

The supportingframesarethemoststressedelementsof thestructuralsystemandsincethe
frame membersaremostly in compressiontheir allowable stressesmust decreaseto insure
stability. Table3 lists all themain verticalpostsin eachframe, and the factorof safetyagainst
buckling. Actualload canbe comparedto thecritical allowableloadasdefinedby theAISC Steel
Code. Conservativeassumptionshave beenusedfor the stability checkalthoughno allowance
wasmadefor bendingwhich is howeversmall. Table3 alsoshowsthat therearegenerousfactors
of safetyaboveand beyondtheonealreadyincludedin thecritical allowableload. Resultsshow
that theendframecouldbe stiffenedin outerto evenout thedeflectionsalongthecenterline of the
calorimeter. It is evidentthatmany iterationsalsocould optimizethedesignandusematerialmore
efficiently.
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Table 3. FrameMemberStability Check

Frame
Member CrossSection

Unbraced
Member
Length

P Actual
Allowable

P Crit.
Factorof

Safety
F.S.

Central Em] [N]x106 [N]x106
Cl 25x40x4 2.50 2.08 8.65 4.1
C2 25x40x4 5.80 1.71 6.98 4.1
C 25x40x4 10.00 2.01 4.02 2.0
C4 25x40x4 1O.OO 0.98 4.02 4.1

End
El 25 x 40 x 3 3.50 2.88 6.44 2.2
E2 25x40x3 10.00 2.20 3.36 1.5
Longitudinal
Li 20x40x3 5.50 1.66 4.55 2.7
U 20x40x3 5.80 2.20 4.38 2.0
13 20x40x3 6.00 2.36 4.29 1.8
1.4 20x40x3 6.70 2.02 3.88 1.9

Notes: * Columnassumedhingedat both endsK =1.0

* Use ALSC Codewith 50 ksi yield point steel

* Slendernessratios

where L = unbracedlength
r = minimumradiusof gyration

* F.S. is abovetheFS alreadyincludedin Pcrit.

The breakdownof the tonnageof structuralsteelrequiredfor thesupportsystemofonehalf
calorimeteris asfollows:

ShellPlate 40.0 Tons
Circumferential rings 11.6
Longitudinal rings 6.1
Endrings 14.1
Centerframe 58.6
Endframe 18.0
Longitudinal franie 10.4

Total 158.8 Tons
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With anotheriteration the weight of the centerframe is expectedto decreasewithout affecting
deformationsand stressesappreciably. In summarythe structuresof the supportsystemof the
entirecalorimeterwill requireapproximately300 tonsof steel.

An estimateof the costof the structuralsupportcan be basedon a $1.0/lb for steelerected
into a complex shell structure with tight tolerances. With this assumption the costof the entire
calorimeter supportstructurewould be $660,000.

5.3 Response to Longitudinal 0.1 g Acceleration + Gravity
Loading

Eachhalf of the structuralsupportsystemis expectedto be moved longitudinally to gain
accessto thetackerandthe inside ofthe calorimeter. A longitudinalaccelerationx-directionof
0.1 g wasassumedas a reasonableinput associatedwith this maneuver.Staticforcesobtainedby
multiplyIng eachnodal massby the 0.1 g accelerationwere used to evaluatethe structural
response.Figure27 showsthe deflectedstructuresunderthe longitudinal loading andgravity
load where the maximum x-displacement is about I cm. It is obvious that themembersof the
central longitudinal frame undertheellipsoidal shell provide most of thestiffnessandundergo
relatively largedeformations.Additional diagonalbracingmembersin thethreecenterbaysof the
framecouldalleviatedistortionssignificantly. A revisionof this Mime designis plannedto reduce
its width to 10 cm andmorediagonalmemberswill be addedto increaselongitudinalstiffness. As
mentionedpreviouslytemporarysupportscould come to therescueif excessivedeflectionsor
stressesneedto alleviated.

5.4 Tower Support Issues and Local Effects

A typical tower is a 747 kg truncatedtrapezoidof squarecrosssectionwith 26.4cm sideat
the shell interface and 12 cm sideat its inside face seeFigure 8. Sincethe tower material is
primarily leadwith a low modulusof elasticity E 1 x 106 psi, it requiressteel sheathingto
providethenecessarystiffness. Physicsrequirementslimit sheathingthicknessat0.8 mm for the
end 60cm of the tower and 1.6mmsteel sheathingfor the remainder1.90m. Preliminary
calculations indicatethat asingle towerin acantileverpositionwould deflectabouthalf acentimeter
under its own weight with stressesin the sheathingreachingabout8-10ksi. This deflectioncan
be significantly reducedto less thanone millimeter by connectingthe endsof towersin a cone
formation seeerectionprocedures. Note also that the cantileverconfiguration is a worst
hypotheticalcaseand thatmost towershave morefavorableorientationsand thus would exhibit
much less deflection.

The attachmentof eachtower to thesurrounding2 cm shell is oneof the mostchallenging
design details of the entire system. The connection may be achieved by means of four corner
insertswhetheranglesorbolts that needfirm anchorinto thetower"soft" lead. Thesedetailswill
demandspecialattentionandwill requireprototypeand testing.

While theshell plate undergoescircumferentialand longitudinaldirect stressesfrom shell
action it hasto resist local bendingin some areasdue to the attachmentsof heavy towers. The
2cmthick shell can be analyzedasa "flat" plate supportedby rings 1 ni apartand longitudinal
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reinforcements1.8 m apart. Becauseof the many holesrequiredfor the exit of the fibers
bundlesthe plate carryingcapacityis significantly reduced. Neglectingshell action that is
assuminga flat plate,a 1 mm deflectioncanbe expected.Stressesincluding stressconcentration
factor of two at holeswill reachabout 12 ksi which is much larger than the 1 ksi associated
with overall shell behavior. In any case,themaximumcombinedstressesin theshell plateare
acceptableat lessthan 15 ksi. if deflectionsarenot acceptable,they can still be compensatedby
judicious temperingof manufacturingdimensionsor later adjustmentof towerconnectionsto the
shell. It is important also to keep stressesat a "reasonable"level 15 ksi is abouthalf the
allowableso asto minimizetheeffectsof creepthat couldwith time affectthedimensionalityof
thecalorimeter.

6. Technical Issues and Further Developments

Thereare a numberof technical issuesinvolved in the design, transport,assemblyand
installationof thecalorimeterthat shouldbe thesubjectof further investigation. Central to these
investigationsis developmentof a final calorimeterdesignconceptbasedon the criteria of
performanceand buildability. Whenthe generaldesignconceptis finalized an outline assembly
pmcedurecan be written andconceptsfor assemblygages,tooling andhandlingequipmentcanbe
defmed.
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6.1 Tower Casting Concepts and Tolerances

Certain studiesmustbe pursuedbeforethedesignconceptcanbe finalizedwith confidence.
Oneset of studieswouldbe to gain a full understandingof thephysicalpropertiesof cerrobend,
thetowermaterial. Long term growthdatashouldbe acquiredor reliably extrapolatedandlong
termcreepof cerrobendunderload shouldbe investigated. It is anticipatedthatthetowerswill be
castin sheetmetal sheathswhich aretrapezoidalin crosssection. It shouldbe determinedif the
growthof ceffo bendwill causethesidesof thetrapezoidto bulge,andif so, howthebulgingcan
be avoided. Trial castingseveraltowersis a way of evaluatingthis effect. If a completeconeof
towers128 towerswerecast,someassemblyprocedurescould beconfirmed.

Thereareadvantagesto castingeachof the60 "cones" in one pieceratherthanbuilding the
conesup out of 128 towers. The feasibility of this idea shouldfirst be studiedfrom the pointof
view of scintillatingfibre placement.If fibre placementis feasible,trial castingsshouldbemade.
Two typesof trial castingscould be made,one would be a 36 sectiononeeighthof a full size
cone. Becausethe samplewould be full size, geometryeffectsandcooling characteristicswould
not haveto be scaled.A secondtypeof castingwould be a one-tenthsize full 360 cone. This
wouldgive an insightinto theissuesofcastingafull closedcone.

With theseand othertestsaccomplished,a workabledesignconceptwould evolve. As the
designconceptcomesinto focus, attentionshould be directedto theimportantissueof tolerance
accumulation.This issueis vital to achieving100%hermeticity. The in-depthstudyof theeffect
of tolerancebuild-up shouldconsistof four parts:

1. Develop realistic tolerancesfor major components. For example,methodsfor
manufacturing thetower sheathsshouldbe investigatedwith thegoalofdetermining
how precisely thecmsssectionaldimensionsof this formed part can be controlled.
Also, constructionmethodsof the module ring would have to be investigatedto
determineif as-weldedtolerancesareadequateor is post-weldingmachiningrequired.
This decision,in turn, will be the outgrowth of a study into the accuracyof practical
weldingjigs.

2. Assess the effects of these realistic tolerancesand their accumulationon the
construction,assembly,pointingaccuracy,andhermeticityof thecalorimeter.

3. Devisemethodsfor compensatingfor or negatingthe toleranceerrorsandtheft effects.
For example."correction"towersand"correction"coneshavebeenmentioned.These
andotherschemesfor dealingwith tolerancebuild-up couki be pursued.

4. Devise inspectionproceduresand gagingto verify that therequireddimensionshave
beenmet.
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6.2 Calorimeter Construction Issues

Future efforts should includea preliminary investigation into the task of separating the
calorimeterhalvesandrematingthem with therequiredaccuracy. The useof Humanmllers and
otherheavyduty movingequipmentneedsto be analyzed.

Specific issuesperipheralto the actualconstructionof the calorimetermust be studiedand
specificationsfinalized. The issueof wherevariouscomponentsof thecalorimeterandits support
structurewould be constructed should receivedetailed attention. Theseissuesinclude decisionson
which assembliesor subassemblieswould be built remotelyand shippedto theSSC,which would
be built on-siteaboveground,which on site in thehail, and which would be built in place.

Related to where equipment is built is the matter of facility requirements, and services
available. Studiesleading to definition of minimum hail size,minimum hail accesssizefrom the
surfaceandlocation, hail floor loading requirements, floor level specifications,andfloor andwall
anchor bolt pull-out axe required. Storagerequirementsfor uninstalledequipmentalsoneedto be
determined.

Truck and rail servicesfrom theportof Galvestonshouldbe investigated. This study will
yield maximumshippablelength,width, height and weight parameters.Maximum craneloads
mustbe identifiedandservicerequirementssuchaselectricalpowerandcompressedair will be
estimated.

6.3 Design Finalization and Optimization

The objective of the evaluation wasto design a plausible structure to support the calorimeter
in its final configuration. With afmite elementmodel,structuraldistortionsand stresseshave been
shown to satisfy structuralperformanceand integrity undergravity loads. Sincegravity is the
predominantloadingandis "well known", the structuralsystemlendsitself nicely to optimization.
In an iteratingprocedure,it is possible to reduce the amount of material neededandredistributeit
judiciously within thestructuralconfigurationwhile both deformationsandstressescandecreaseat
the sametime. The preliminarydesignsuggestedin this study is only a point in the solution space
and significant improvementscan be expected by exploiting optimizationprocedures. In the
processof optimizing structuralefficiency, the dimensional andconfigurationrequirementswill be
treated as constraints.For exampic,of width of thecentral longitudinalframe should be minimized
andit will be limited to 10 cmin thenextdesigncycle. Additional postsmoreflexible now will
be requiredbut much lower axial loads areexpectedand will preservelateral stability. Other
variablesin the processinclude shell thickness,ring spacingandcrosssectionalproperties,
longitudinalreinforcementshapesand locationsand attachment of the ellipsoidal shell to the
frames. As illustrated by thedeformationsof the structuralsupportundergravityseeFigure21,
the relative stiffnessof the end frames and longitudinal bracing frame play a critical role in
distributing loads and thus affecting distortionsand stresses. As a result, the frame design
parametersare recognizedas themost significantor perhapscritical variablesin the structural
supportoptimizationprocess.
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6.4 Local Structural Problems

Once the overall design conceptmaturesand satisfactozystructuralperformanceis realized,a
numberof localizedstructuralproblemsneedto be addressed. A few examplesare given below:

* Shell plate local bendingfrom tower supports

* Sheilsupertowerconnection,alignmentmethod

* Shell connection with rings andreinforcements

* End rings to shellattachments

* Framesconnectionof shell reinforcementsandrings

* Framebaseplatesandattachmentsto concretebase

The evaluationof thesestructuraldesigndetailsmight requirefinite-elementmodelsand
analyses,but in the enddesigndecisionscould be imposedby erectionprocedures,practical
reasons and coordinationwith theintricateelectronicsnetworksrequirementsandavailablespace
management
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