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Abstract

The ATLAS Experiment New Small Wheel will be installed at Point 1 of the irHGeneva in 2017.

It has a vast array of detectors and triggers, yet due to its size and delicate nature, special attention needs
to be given to the installation procedures and equipmentdigsisrtatiorentails the design of the NSW
installation toolig as well as the procedure of optimising such a toalitiy Finite Element Analysis

The NSW detector design team work simultaneously with the engineering and services team which
results in constantly changing design specifications. A procedure hasxpémed to account for this

frequent change to adapt the design in an efficient manner. The overall tooling is made up of the main
tooling beam, the counter weight assembly, the rotating and locking head and the sector grabber frames.
Focus is also giverotthe optimisation via Finite Element Analysis using ANSYS Mechanical. This
covers the structural integrity of the entire tooling as well as weight minimisation. In addition a detailed

study explores the effects of stress relief grooves on a stepped shaft.



Table of Contents

IS Ao o U =T PP PP PPPPP iv
LiSt Of TADIES ... et me e e e e e e e snnes s VT
NOMENCIALUIE......oi e rmme e e e e e e e e s smmee s s s snnnnnnnneeeeeessennnnnes s M
Chapter: 1 INtrOQUCTION........iiiiiiiiiiie ettt emer e e e e e e e e e e s amemr e e e e e e e e e annnn 1
Chapter: 2 LILEratUre SUINVEY........cuiiiieiiiiiiiitieeeiite ettt e e e e e e e enens e et e e e e e e s s eeenssneeeees 4
2.1 NeW SMAll WREEL......ooiiiiiiie e ame e 4
2.1.1 = 0 ST o (0] PSP 5
2.1.2  SMAll SECIOL.......eiiiiiiiiii ettt rme e eneme e nnne e e
2.1.3 o0 B8] 01 = PP 7
2.1.4  Kinematic mounts for large and small SECtQIS:..........ccuuuviiiiccceeeieeeeeeeeeeeeeeee, 8.

2.2 INSEAllAtION TOOIING. .. eiiiiiiiiiiiiiiie ettt e e e e e s emmme e e e e e 9
221 Types of iNStallation tO0lINGS .......uuiiiiiieiiii e 9
2.2.2  WISCONSIN TOOING. ..ceiiiiiiiiiitiiiiie ettt e e e e e e e e e e ammmeeeeas 9

2.3 The Finite Element Analysis (FEA) PrOCEAUIE..........ccceiiiiiiiiiremiiieeee e iieees 10
2.3.1  DISCIEUISALION. ... ..eeiiiiiiiiii ettt ieet ettt e et e e e eer e e e e e e e e s e e e s ammee e e e e 11
2.3.2  FiNIte ElBMENIS......oiiiiiiiiiie ittt 12
2.3.3  Governing equations for computational solid mechanics....................cccccvnnnns 13

2.4 NONNNEAI FEA. .. .ottt ettt e e e e e e e eas 15
24.1 NewtonRaphson Method............oovviiiiiiiiii e 15
24.2 RAJIUS Of CONVEIGENCE......ciiiiieiiiiiiiiiieeei et eeei e e e e e e e eas 16

2.5 Basic overview of ANSYS Workbench and ANSYS Mechanical...............ccccceveeeeeee. 17
2.5.1  WOrkDenCh [AYOUL..........ccooiiiiiiiiieee e eeee e 17
25.2 DESIGN MOUEIIEL ... e e rmmee e 18
2.5.3 MechaniCal [aYOUL..............uuiiii e e e 19
2.54 ANSY'S SOIVEIS. .ttt eee e 19

2.6 SUrESS relief grOOVES. .. ..o ceeeci s e e eerer e e e e e e e e 20
2.7  Mechanical design philoSophy........ccoooii i 21

271 Eurocode complianCe..... ... 21



2.7.2  ATLAS GOOU PraCliCe.......ccoiiiiiiiiieiiii e ceet et emme e e e e e e e ann 22
Chapter: 3 DeSign @pPrOaCh.........uiiiiiiieiii e 23
3.1  Functional requirements and SyStem CONSIIAINTS...........covveeiiiircceerniiiiiiiiee e e 23
3.2  Review of eXiSting deSIQM.........ccoiiiiiiiiii e ———- 24
3.2.1 Layout of WISCONSIN TOOING ......uuuuiiiiiiiiiiiimmmre e eeees e 24
3.2.2 Principle of OPeration........... ... e e 25
3.2.3  Counter weight assembly............uuuiiiiiiiiiiie e 26
3.2.4  Overview of the rotation head and locking mechanism...............cccccoeeeeiiennnns 26
3.25  Sector COG adjUSIMENL........euiiiiiieiiiiiiiree et e e e e eeens e e e e e e e anneeees 27
3.2.6  Motorised actuation Of t00IING..........cccuvviiiiiiiii e 28

3.3 Proposed design MethodOIOgy..........ooiiiiiiiiiiieeeiiei e 28
3.3.1  Conventional design methodology for a COmMpPONENt............ccceeeviiicceeeriiiirennnn. 29
3.3.2 Design methodology for NSW Installation TOOING..........vveiiiiiiiiiiceeeceeeeeeeee, 30
Chapter: 4  Tooling coNCept ENEratiON..........cceeeeeiie e nrne e e e e e e e e e e e e e e e eee s 32
4.1  Principle of operation of the NSW Installation Tooling...............cooooe i ievvevvieviiiininnns 32
4.2 TooliNG DAIANCE.... ..o 32
4.3  Large Sector grabber. ... 33
4.4 CoUNtEr WEIGNT CAITIAGE. .. .cii ittt e e ettt e e e e e e e e st e e e e e e e s ammme e 40
4.5  Main tooling DEAML.........uiii e 42
4.6  Sector rotational orientation MECNANISIML...........oiiiiiiiii e 43
4.7  Rotatiorlocking mechaniSm:..........cccuviiiiiiiiiiicc e A
4.8 COG translation MECNANISIIL..........uuiiiiiiiiii e e e 47
4.9  SMall SECLOT GrabbEL....... e e e e e e e e e e e e enenaraaaae 48
o O I o To A=Y o101 Lo = o] oY (o 51
0 R oo [T o TRy (o] =T T=TE] = U Lo [P 53
412 Counter weight adjuStmeENt MOTOL...........uuiiiiiiiiiiiicee e eees e 54
Chapter: 5 Final design and simulation of the NSW Tooling...............cc oo 55
5.1  Large sector grabber and spacer frame............oovvviiiiiieeei e 55
5.2  Small sector grabber and grabber MouNtS..............ccuiiiieeeiiiiiie e 58



5.3  FOOt SPOKE Qrabber ... ..o 60
5.4 MaIN DEAIM ... ..ouiiiiiiiiii e e e r e e e e e 61
5.4.1 Main beam balance and bending.............cccvviiiiieeeiiie e 61
542  Main Beam Weld..........ooiiiiiiii e 63
5.4.3  Main beam hoist thread............ccveiiiiiiieee e 67

5.5 Trunnion Shaft STUAY........c.vuuiiiiiiiiiiiiieies e mnne e 72
5.6  Hoisting and spatial consideration of final tooling...................cc s D
5.7  Final design SPeCIfICALIONS. .......ciiiiiiiiiiiiiieeei e eeni e e e e e eeens 77
Chapter: 6  Design evaluation and diSCUSSION.........cciiiiuiiririieaneeeeee e e e e e e eeenreree e e e 79
6.1 Comparison of NSW Installation Tooling to Wisconsin Tooling............cccccvveeeieaeeeen.. 79
6.2  SpecialiSed FEA PrOCEAUIES........ccoiiiiiiiiiiiiieeete e e e e e e e eeeer e e e e e e e e e e eeinbreeeeeen 80
6.3  Manufacture of NSW Installation TOONG...........cueviiiiiiiiiiienie e 80
6.4  Practical StreSS analyYSiS..........ceviiiiiiiiiiiieeeiei et ————— 81
6.5 Refinement of flexible analysis programs.............cccco e 81
6.6  Final tooling CertifiCation...........cuvviiiieiiiiiiiees e e——s 82
6.7  Trunnion shaft study fiNdINGS.......coooviiiiiiiii e 82
Chapter: 7 CONCIUSION .....uuuiiiiiiieeii it ree et e e e s reess b e e e e e e e e e s snbbe e s enenssseeeeeeeeeens 83
=] (=] €= o SRR 84
Y o] 01T 0 ) NPT PP PPPPPPPSRTPPN 86
APPENTIX B e mn e e e e e e e e s nnee 107
Y o] 0 1= 0 G TP PP PP PPPPPPPPPSRTPP 114
F Y o] o L= T L5l I 157



List of Figures

Figure 1. The ATLAS Experiment with Small Wheel visible (Bini, 2013).........cccccceeeeeriiiceennn. 1
Figure 2. Wisconsin Tooling with chamber grabber (Cattai, et al., 2014).............ccccvvrrieennee. 2
Figure 21. Present Small Wheel assembly and shielding (Ponsot & Spigo, 2015)..................4
Figure 22. NSW assembly sequence (PONSOt, 2014)...........uuriiiiiiiiimmmreeeeeeieeeieeeeeeeeee e eeeennns 5
Figure 23. Make up of NSW sectors (Ponsot & Spigo, 2QL8)..........cevviiiiiiiiineiiiieeeeeeeeeeeeeee 6.
Figure 24. Front view of the NSW large sector (Ciapetti & Ponsot, 2015).........ccccceeevviiiicmennn. 6
Figure 25. Front view of the NSW Small sector (Ciapetti & Ponsot, 2Q15)...................cce e 7
Figure 26. Foot spoke of NSW (Ciapetti & Ponsot, 2015)............cceeeeeeiiiecccveevieeieeeeeees 8
Figure 27. Kinematic joints used for sector aflidxC mounting and alignment (Cattai, et al., 2084).
Figure 28. Balanced hoist tooling (University of Wisconsin, 200L)...........c.ccccccviuiineeeeeeeeeenn. 9
Figure 29. Forklift with Jib attachment (BAHRNS, 2010)...........cccooiiiiiiii i cecvvvnees 9
Figure 210. Wisconsin Tooling installing sector on CMS (Ponsot, 2014)...........cccooeeieiiieeeeee. 10
Figure 211. Basic schematic of the Black Box (Pitot, 2011)..........cccoviiiuimrimmmiiiiiiieeeeeeee s 11
Figure 212. Graph showing visual representatiomlistretisation (Pitot, 2011).........cccceeevrrnnee 12
Figure 213. Approaching the point of mesh independence (Pitot, 2011)..........ccceevviiiiennnnnnne 13
Figure 214. Displacement vector {u} of a node (Pitot, 201L)u.....uuvvieeeeiriiiiiiremiiiiieeieeeee e e 14
Figure 215. Assemblage of elemental equations to achieve global equation (Pitot,2011)....15
Figure 216. Global matrix with load and constraint (Pitot, 2011).........cccceeeriiiiiiimmmniiiiiiieeeeenn. 15
Figure 217. NewtonRaphson iteration of load increment (ANSYS Inc, 2013)...........cccvvvenee. 16
Figure 218. The radius of convergence around real solution (ANSYS Inc, 2013)................... 17
Figure 219. ANSYS R15.0 WOrkDench [ayOUL.............ccuuiiiiiiiiieeeiiee e 18
Figure 220. ANSYS R15.0 Design Modeller [ayOUL..............euvuriiiiiiiee e ceeeiinnns 18
Figure 221. ANSYS R15.0 Mechanical layOuL................ooooiiiiimeeiiiiiccicccccccee e 19
Figure 222. Force flow lines through a shaft shoulder (Schwalb, 2014)................ccooiieee. 20
Figure 223. Force flow lines through shaft with radius at step (Schwalb, 2014).................... 21
Figure 224. Stress relief groove effect on force flow lines (Schwalb, 2014)...........cccooeeneeee. 21
Figure 225. Section 5.1.1 of BS EN 13155:2003+&ae British Standard Institution, 2010).....22
Figure 31. Wisconsin Tooling Setup showing (a) the rotating head, (b) the main doedirfr) the
counter weight assembly (University of Wisconsin, 200L1).............uviiiiiiimeeeeeeeeeeeeeeeeeeeeeee 24
Figure 32. Adjusting balance of Wisconsin Tooling (Uargity of Wisconsin, 2001).................. 25

Figure 33. Assembled counter weight bank of Wisconsin Tooling (University of Wisconsin, 2601).

Figure 34. Cross section of Wisconsin Tooling trunnion assembly (University of Wisconsin, 2001).

............................................................................................................................................... 27
Figure 35. COG adjustment mechanism on Wisconsin Tooling (University of Wisconsin, 2021).
Figure 36. Drive actuation unit for Wisconsin Tooling (University of Wisconsin, 2001).......... 28



Figure 37.
Figure 38.
Figure 41.
Figure 42.
Figure 43.
Figure4-4.
Figure 45.
Figure 46.
Figure 47.
Figure 48.

............................................................................................................................................... 39
Figure 49. LS grabber concept with finalised grabber mount positions................ccvveeenvveneen. 40
Figure 410. Concepbf a mobile counter weight Carmiage. ... 41
Figure 411. Counter weight carriage with add weight SliCeS............cooviiiiiiiiiiiieeee e 42
Figure 412. Main beam tooling concept with forwabthsed hoist point....................................43
Figure 413. Modified trunnion assembly CONCEPL..........iiiiiiiiiiii e 44
Figure 414. Rotating angtationary wheel CONCERL..............ooiiiiiiiiiiceeiiicccc e, 45
Figure 415. Concept of threaded pin frictional locking SySte€mML.......ccccoeeeeiiiiiiiccceeieeeeeeeeeeee, 46
Figure 416. Modified pin locking fail safe concept with Beway.........cccccoeeieiiiiiiiiiicccnieeeeeeeee 46
Figure 417. Toggle clamp 10CKING CONCEPL........uuuiiiiiiiiiiiimr e eer e a7
Figure 418. Concept for the COG adjustméranslation system for the NSW Installation TooliA§.
Figure 419. Small sector in NSW assembly (Pinnell, 2015).............ccce e 49
Figure 420. SS grabber mount positions (Schweiger, 2015)............ccoooiiiiiicceeiiieeeeeaaens 50
Figure 421. SS grabbher CONCEPL.......uueiiiiiieii i eeee e e e e e e eenaee 51
Figure 422. Foot spoke with manting plates for LS spokes (Ciapetti, et al., 2015).................. 52
Figure 423. Universal foot spoke grabber with two mount PoSItioNS..............evviiiiiiecceenniiines 53
Figure 424. NSW Installation Tooling storage Stand.............c..uveiiiiiieeeieeee e 54
Figure 51. LS grabber simulation at @vithout spacer frame............ccccccviiiiiimmmiiiiiiie e 56
Figure 52. Deformation probe comparison of top and bottom grabber.arm.....................eee... 56
Figure 53. Von Mises stresses of LS grabber with spacer frame............ccccccovviiccce i, 57
Figure 54. Von Mises stress result of worst stressed LS spacer frame.panel...................c.... 58
Figure 55. SS grabber Von Mises stresses &t.90...........coocoiiiiiiiimmiiiiiic e 59
Figure 56. LS grabber mount and aluminium insert FEA Von Mises ploL..............cooovviiiecenl 60
Figure 57. Forces applied to foot spoke grabber in simulatiQn..............coooooiiiccieneeeeeeee 60
Figure 58. Von Mises stress experienced by foot spoke grabber................o o, 61
Figure 59. Combining bodies with separate material properties............covvvveeieeeniieiniienennenn. 64
Figure 510. Loads applied to main Deam....... ... e 65

Standard component design MethOdOIOgY........ccoeeireeiiiii i eeee s 29
NSWinstallation Tooling desigh methodology..........cccccevieiiiiiiicccieiiieeceeeeeeeeeeee, 31
First concept of NSW Installation TOOHNG......ccccoeiiiiiiiiiiiii i eeee s 32
Basic forces that make up weight balance of toaling...........cccccceviiiicceeiiniiiiinnnn, 33
Old sector grabber with side arm mounts (University of Wisconsin, 2001)........... 34
Concept for LS grabber using welded tubes..............ccvviiiiieeeiieee e 35
Concept of detachable grabber arm..............cooeiii e 36
LS with positions of STGC kinematic mounts indicated (Pinnell, 2015)................. 37

LS spacer frame with reinforced mounts for grabber mounts (Schweiger, .2015).38

Proposed grabber mount concept for sector installation and storage tooling (Singh, 2015).



Figure 511.
Figure 512.
Figure 513.

Vi

Mainbeam assembly Von Mises Stress plot............uuvviveeiiiiccceeeiiiieicceeeeeeeeeeee e 66
Weld penetration stresses of main beam.............ooovvvvviieeeiiiiiiiii e 67
Geometric modification details for bolt thread simulatian................ccccvveeeeivnnee. 68

Figure51 4. Connecti ng 6 Soimadeling.n.é....t..0....0.S.e.t.u.p.4..69

Figure 515.
Figure 516.
Figure 517.
Figure 518.
Figure 519.
Figure 520.
Figure 521.
Figure 522.
Figure 523.
Figure 61. Size comparison of Wisconsin Tooling (a) to NSW Installation Tooling (b) (Singh, 2015).
.............................................................................................................................. 79

Slical portion of main beam with hoist bolt hole............cccocviiiiiiiicee 70

Imported Cut Boundary Constraint to adopt full model solution forsedtelling.......70

Finer mesh required for accuracy of threaded hole.............ccccooiiimiiiiiiiiiinnnen, 71
Thread Von Mises stresses of front hoist point hale.............ccccceviiiccciiiiiiieee. 71
Trunnion shaft groove symbol diagram..............occvviiiieemiieeeeee e f 3
Stress experienced bynnion shaft with stress relief groove...........ccccccoveeiiiiicee.. 75
Minimum SS grabber clearance (left) and LS grabber clearance (8aigh, 2015).76
Overhead crane clearance when installing Small sector (Singh, 2015).............. 76
Full NSW Installation Tooling with LS grabber..............ocooiiiiieeeie 1.7

Sub



Vii

List of Tables

Table 51. Counter weight positions for tooling balanCe.............ccoooemiieeee 63
Table 52. Changes to Sizing Details for accurate Bolt Thread simulation in ANSY.S.............. 68
Table 53. Peak Von Mises stresses for different religfoge permutations..............cccoovviivvvieene 74

Table 54. Final NSW Installation Tooling design specificatiQns...........ccccccvviiiicceeeeeeeeeeeeeen, 18



Nomenclature

Abbreviations

3D 1 Three dimensional

AFNORT Association Frangaise de Normalisation
ATLAS 1 A Toroidal LHC ApparatuS

BS1 British Standards

BSIT1 British Standards Institution

CAD i Computer Aided Design

CERNT Eur opean Union for
Nucléaire)

CMST1 Compact Muon Solenoid
COGi Centre of Gravity

CW' Counter weight

DC1 Direct current

DM 1 DesignModeller

DSSi Direct Sparce Solver
FEAT Finite Element Analysis
FEMT Finite Element Method
LHC 1 Large Hadron Collider
LS Large Sector

MM - MicroMega

NSWi New Small Wheel

PCGi Preconditioned Conjugate Gradient
SSi Small Sector

sTGCi small Thin G@ Chamber

UTST Ultimate Tensile Strength

viii

N u cCbneedl Europernspewa ta Réchefcher e vi o



Chapter: 1 Introduction

Thepurposeof an installation tooling is to manipulate a partica@lamponeninto a positionandwould
requirespecificorientation The NewSmall Whee(NSW) of the ATLAS Experimentolliderrequires
such atooling in order t@cry outits sectorassembly. The ATLAS Experime(ATLAS Collaboration,
2008)is a 7000 ton cylindrical particlollision detector that sms 44 m with a diameter of 22 It is
one of 4 colliders on the Large Hadron Collider (LHC) 27 km |@®imi, 2013) In order to detect
particle dispersion upon collision, the detector is designed with a combinétigtindrical and end
cap onfigurations This allows a near completerée dimension capture volurimeall directions from
the central collisionpoint. The cylindrical layers of detectors track the radial trajectavieite the end
cap detectors track the moreialy biased pathsThe NSWsform part of the inner end cap muon

detectors and are therefore disc like in shegpseen ifrigurel-1.

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters = Width: 44m
\ \ - Diameter: 22m
rd \N \ < Weight: 7000t
\ \
7 \\ X Solenoid \ CERN AC - ATLAS V1997
/ \ \ \\ Forward Calorimeters

|, z \ o End Cap Toroid

O
[

g N TN
D K3 54 ) ’[
-

Weymse e
i ===
-Rv\?-ckbﬂ:ésg; >

- -

- Inner Detector ‘ - ieldi
e T Hadronic Calorimeters SRRl

Figure 1-1. The ATLAExperiment with Small Wheel visii{Rini, 2013)

Muons are sutatomic particlesometimes createatliring protorproton collisions. The muon requires
a specific type of detector to record its path as it travels away from lttseooopoint at the centre of
the collider.The muons are detected in the end dapseans of small Thin Gaphambers (STGC)
and MicroMegas (MMYATLAS Collaboration, 2013)



The NSW positioned at the central most muon detectdfigure 1-1, comprises simplified sectors in

a triangular shape to form the wheel. There aredfiget layers of thee sectors in order to capture
areas in between treectorsof the first layeras shown irFigure 1-1. This ensures a complete area of
detection along the wheel as dager detects trajectories in the gaps left by the other layer. The layer
closest to the centre is made ugsofall £ctors (§). These sectors, as the name mentionsraatier

in size than the sectors in the layer #atroundst, thelarge €ctors [S). Both sectors share the same
detector make up, but the shapes and sizes are dif(fB@mot, 2014)

In order to assemble these sectors on the NSW struthere, is a neetbr a gecialised installation
tooling. An example of a sector installation tooling would be the Wisconsin Tooling previously used at
CERN as seen iRigure1-2.

Figure 1-2. Wisconsin ©oling with chamber grabbgCattai, et al., 2014)

The exact design specifications of the NSW sectors change as the afetignsector physics are
optimised. The engineering team that designs the mechanical structures, services and toolings therefore
need to account for these changasl the physicdbased design is finalised project on a large scale

such as the NSW therefoygoses a unique warlg environment for engineering design where
requirements are altered frequen®ych projects are common among the varimmovements and
upgradesit CERN

Since CERN is a largeentrefor nuclear research in Europe, there are various protocols egénds

to engineering principles and standards that have to be adhered to. CERN also has a particular list of



supported software for design purposes to ensure literacy amongst all perEobapgmary software
for mechanical simulationased at CERN iANSYS R15.0 Workbench Mechanical. This allows
various simulations using Finite Element AnalydEA) to determine mechanical results from various

loads such as pressure, force and thermal gradients

For complex geometries and force profiles where caioms are not always linedr offers accuracy
and efficiency far greater than thatafnventional hand calculationEhe majority of the simulation

and optimisatiomprocedures in this dissertation utilises finite element analysis via ANSYS.

This dissertation is made up sévenchapters thafurther portraythe research conducted towards the
design and analysis of a suitable sector installation tooling as per the requirencbaiseén.1.

Chapter 2 is the literature survey which gives tieeessary background information and history
regarding theNSW sectors, previous tooling and fundamentals of FEEAerves to familiarise the
reader with théundamental conceptgon which the dissertation is based.

Chapter 3 Design approactdescribe the particular design appeh that the author carried out by
analysing the design functional and system requireme&hts.includes the design methodology and

analysis of previously manufactured installation toolings.

Chapter 4 Tooling concept geneiah, shows the initial tooling conceptual designs and specifically
describes théogical processand points of optimisation for the various design problems presented in

the requirements for the new tooling.

Chapter 5 forms the final design and simulateation of the dissertation. This chapter contains the
detailed procedures and results of the FEA carried out as well as the various programs written to

optimise the design process itself.

Chapter 6 is a complete evaluation of the final design and discusegarding the significant
improvements made over the previous tooling as well as the unique FEA methods used for specialised
simulations.Special mention is also made about the future manufacture of the tooling and practical

testing that can be cardeut.

Chapter Tconcludes the dissertatidry highlighting the key points of the various designs, procedures

and methods of optimisatiaitevelopedhrough thework.



Chapter: 2 Literature Survey

To initiate the study a detailed literature survesas conducted. This allowedor the required
backgroundunderstanding and evaluatioh work requirementsdetails of thedesign conditions and
theory of the=EA solver.

2.1 New Small Wheel
The NSW is made up of 2 layers of sectors. The first layer is made8upavfieSectors(LS) that are

positioned in a circular pattern around a central hub. Thenddager is made up of 8 Smalkk&ors
(SS)that are also positioned in a circular pattdmt with a 22.5° rotation about the central awish
respect to the vécal. This acts to position the second layer of sectors directly in the gaps left by the
first layerof sectorsFigure2-1 shows the Small anddtge sectors on thesent Small Wheeksembly
(Ponsot, 2014)

TGC Disk Shielding
IP side
_ Small Sector
JDPlug v
Large Sector
Gonical s29s mm
Shielding
Alignment
Bar
JD Shielding
MDT chamber
CsC
HO side
Foot with Air Pads
Detector Wheel Hub

Figure 2-1. Present Small Wheaksembly and shieldin@onsot & Spigo, 2015)

Thesmall sectors are attached via kinematic moun83epokes. These spokes connect to both the JD
shielding and JD Plug. THargesectors connect to simil&afS spokes. These spokes connect to3Be
spokes in addition to the JD Plug. Since the Small and Large sectors act to exert a carltiedered

the JD Plug, th&Sspoke area of the wheel is supported by two modified Foot spokes. These spokes
provide structural support to the JD Plug as wet aneans for the Small sectors in that area to connect

to. Figure 2-2 shows the intended assembly procedure wheghgpokesand Foot spokeare first



attached?) to JD followed by th&mallsectorq2). ThelLS spokes are then install€8). The last step

involves installing théargesectors to the assemHl).

Figure 2-2. NSW assembly sequeriPensot, 2014)

2.1.1 Large sector
ThelS comprises various layers of detectors. It has an aluminium spacer framehaniehaves as
the main structural member of the sectdicroMega detectors are then bolted onto eithde af the
spacer frame. The sTGdetectors are then attached by mearnfeafkinematic mounts to thgpacer
frame as seen Rigure2-3 (also sed-igure2-7). These kinematic mounts allow for the sTGC layers to

be aligned to one anoth@onsot, 2014)



sTGC wedge sTGC wedge
i

MM wedge

. . Sector assembly
Kinematic mount Spacer Frame

Figure 2-3. Make up of NSW sectdiRonsot & Spigo, 2015)

TheLS weighs 1460 kg and this weight is evenly distributed throughout its volume; constant density
can be assumed. Th& has a height of 3725 mm and a maximum widtB3¥6mm. A fully assembled

LS is 404 mmthick from sTGC frameo-sTGC frame. The shape ofl& is shown inFigure 2-4
(Ciapetti & Spigo, 2014)

Figure 2-4. Front view of the BW &rge sectolCiapetti & Ponsot, 2015)



2.1.2  Small =ctor
TheSSshares the same layer compositionl therefordas the samghicknessas thd.S, however with
differentfrontal dimensions. Th&Sis also3725 mmhigh, yetits maximum width is oni\.785mm.
TheSSweighs 1100 kg as a result and is also assumed tcchageant density throughout its volume.

TheSShas a simpler trizgular shape as seenHigure2-5 (Ciapetti & Spigo, 2014)

Figure 2-5. Front view of the NSW Small sec{@iapetti & Ponsot, 2015)

2.1.3  Foot oke
The Foot spoke is a modifiednall spoke that has a mount to the ground. The purpose of this is to
support the cantilevered hub of the NSW as both the Large and Small sector layers attach to the hub.
There are two Foot spokes per NS standard Small spokes are made completely of aluminium,
but since the Foot spokes need to support the additional tweggtain profiles are manufactured from
316L stainless steelhe reason for using this particular grade of stainless steel is imagmetic
propertiesso thatit will not interfere with the magnet systems of the detector or alter particle paths.
TheFoot spoke weighs 1000 kg and is asymmetrical unlike the standard spoke. In addition to supporting
the hub and providing an interface for the Small sectors to mount on, the Foot spoke alsm holds
alignment bar used to adjust sestarhenthewheel isassembled. Each Foot spoke has the alignment
bar mounted at different positigriberefore the COG of each spoke is that sameFigure2-6 shows

the left Foot spokgiewed from the outside of the collidéZiapetti, et al., 2015)



Figure 2-6. Foot spoke of NS\{Ciapetti & Ponsot, 2015)

2.1.4  Kinematic mounts for large and snall sectors:
Thelarge andmall sectors connect to their respective spokes by means of kinematic riiberg$GC
modules also connect to the sedgacer frame by means of kinematic mouiitsere are 3 types of
mounts for each sector; a spherical fixedjagt,ui de and a fork. Depending o
the kinematic joints will be placed at varying positions for the most appropriate weight distribution and
adjustment accessh& use of these kinematic mounts allow for the necessary translation of each sector
with a fine enough resolution to make appropriate alignmeigsre2-7 shows thehree different types
of kinematic joints use{Cattai, et al., 2014)

SS Spherical Joint LS Spherical Joint
SPHERICAL JOINTS KM I F‘Q *“‘ﬁ
SS Guide LS Guide
M émmm  GUIDES KM
SS Fork LS Fork

FORKS KM

Figure 2-7. Kinematic joints used for sector and sTGC mounting and align{@attai, et al., 2014)



2.2 Installation Tooling

2.2.1  Types of installation toolings
Theassembly site for the NSW, Building 191 at the Meyrin sit€BRN has a large 140 ton overhead
crane and a smooth concrete floor. This leaves two possibilities forttire nathe installation tooling
design. The tooling can either be hoisted or made to travel along the gRaursdt & Spigo, 2015)

A hoisted tooling would need a counter weight and a central beam about which the tooling ca

balanced about the hoist point as showRigure2-8 (University of Wisconsin, 2001)

Figure 2-8. Balanced hoist toolingUniversity of Wisconsin, 2001)

A floor based tooling can take the form of a modified forklift with a jib interface. Here the actual forklift
is used as the counter weiglridd can accommodate a large range of component magpa® 2-9
shows a conventional forklift with a batn jib attachmentBAHRNS, 2010)

Figure 2-9. Forklift with Jib attachmenBAHRNS, 2010)

2.2.2  Wisconsin Tooling
The Wisconsin ®oling is the current installation tooling used for sectors, wedges and chambers for the
ATLAS and CMS experiment$t was designed, manufactured and tested in 2001 by the University of
Wisconsin in Madison Wisconsin USA, from which it gets its nafftee Wisconsin Tooling is a hoist
type tooling that utilises an overhead crane for operation. Its functional featuveleiocunter balance

adjustmentor various weightssector rotation and sector centog-gravity translation adjustment. This
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allows a wide range of components to be installedimith maximum weight rangef 400 kg Figure
2-10 shows the Wisconsin Tooling installing a gas chamber in the CMS ass@drilersity of
Wisconsin, 2001)

Figure 2-10. Wiscasin Tooling installing sectoroCMS(Ponsot, 2014)

The Wigonsin Tooling has becomébaneficial asset to CERN due its robustness and versatility. It set
the benchmark for many othexdéd weight toolings that were desigrfedspecialised environments at
CERN.

Technical details and review of the Wiscon&ooling occurs in Chapter 3 of this dissertation.

2.3 The Finite Element Analysis (FEA) procedure
Finite Element Analysisas describeéh the Engineering Computational Methods notes prepared by
Jean Pitot in 2011lis a particular branch of computational analysis that specifically deals with
simulating mechanical and thermal stresses that components experience when under a particular load
FEA has become increasingly important as it offers a way to accufiatklolutions to problems that
may not have linear analytical solutions and to a degree of accuracy tfe&nsiot feasible by
experimental or analytical approach@®itot, 2011) In additionit offers greater flexibilityand
efficiency than experimental methods and has become accepted and often a legal requirement for
engineering design.
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The basic principle of computational anasyi commonly explaied by the black box. The blackxb

orders the various components of computational analysis. The first component is the mathematical
models whicharean assemblage of governing equations which define the physical parameters of the
problem at hand. The negbmponent is the numerical methods that solve these mathematical models
by providing solutios. Lastly arghe hardware and software components which offer the computing
ability and protocobr instructiondo carry out the calculations respectivétigure2-11 show asimple
schematiof how these components are utilised to achieve the desired (&5tdts2011)

The Computational Analysis "Black Box"

Numerical Mathermatical Methods
Models

& Hardware

Problem
Parameters Results

Figure 2-11. Basic schematic of the Black B@itot, 2011)

The software utilised to conduct the FEA in this dissertation is AN8M&bench R15.0ANSYS
Mechanical provides a FEA padethat makes use of the Finite Element Method.

2.3.1  Discretisation
Discretisation is the concept that represents a continuous function by a number of discrete points that
can be achieved analytically. Discretisation only gives solutions at certain points in the domain and can

therefore be used to approximate a contindonstion.Figure2-12 gives a graphical representation of

discretisationThe function f(x) is the continuous soluti

the discretised functiorx;, i and % all show discrete points;correspondstoi at t he di scr e

and to yon the continuous functigfiPitot, 2011)
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y interpolation ~‘

Figure 2-12. Graph showing visual representation of discretisa{itot, 2011)

Discretisation is the fundamental principle of how computational analysis can solve a complex problem

in small and simple discrete steps.

2.3.2 Finite Elements
In order torun the mathematical models and equations on the component, the comgeoetry
must first be divided into small and roughly homogenous elenfdistsete pointsas mentionedThis
is done so that a component of complex geometry can be broken down into simple shapes therefore
making the processing of calculations on each element simpler to complete and more accurate. A
general rule is that the findie mesh or element densjtthe greater degree of accuracy. This however
is proportional to computational time. The finer the mesh, the greater the processing time due to the
greater number of calculations that need to be dbinere is a point where a critical mesh density is
readed; any finer will not improve the result accuracy. This point is called the mesh independence
point. It is the optimum way that a model should be run to ensure the greatest accuracy at the best
available computational efficiencyigure2-13shows a visual description of mesh independépitet,
2011)
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Solution A ‘ K Cost

Discretized Solution

Solution
Error

Real \ S,
Solution T

Computational Cost

Mesh Density .
Coarse Fine

Figure 2-13. Approaching the point ahesh independen¢Bitot, 2011)

2.3.3  Governing equations for computational solid mechanics
The governing equations allow the behaviour of a component in response to a load to be monitored.
The three points of interefir FEA areusuallydisplacement, stress and strain. To obtain these results
there are three main governing eqoas that are used namely; the equilibrium equation, the

compatibility equation and theagstitutive equatiofPitot, 2011)

The euilibrium equation is expressed by:
div{0}+{F} = 4{} 1)

From the equatiodiv is the divergence operatd(]} is the stress tensor for normal and shear stresses,
{F} is the force vector} is the density of the material afd} is the second deriti@e of the
displacement with respect to time, therefore the acceleration vEo®equilibrium equation is a form

of Newt onds gualibrium ejuatioa serves Tolbaance the forces experienced by the body
by summing the internal and body fescto obtain the inertial force.

The mmpatibility equation is expressed by:
{4 =~(grad{u} + "Qi &Q ) (2)

In this equatioq} is the staintensor andjrad is the gradient operator on the displacement veajor
which accounts for displacements in both the translational and rotaliceions. The purpose of the
compatibility equation is to determine strains experienced by the volume by means of the change of

displacements.

The onstitutive equation is expressby:

{@=[C] {§ )
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The term[C] is the stiffness matrix that contains the relevant elastic and shear niddusitress

tensorof the constitutive equatios common with the equilibrium equatiamd strairis common

with the compatibility equatiomhem nst i t uti ve equation is also kno\
purpose of this equation is to determine the stresses induced in the volume based on the stain tensor

and the stiffness matrix. Thetef@ i s Youngbés Modul us termplyfammd t her
the linear elastic region of materials.

These equations feed directittad the finite element athod(FEM). A complex geometry volume is
discretised into elements and governing equations are applied to each individeat.dtaich

element has a node its corners. These nodes each have their own displacement vectors for the six
degrees of freedonthree directions of translatiand three directions of rotatiokigure2-14 shows

the node of a 2D element with the displacement vé€Btitot, 2011)

Figure 2-14. Displacement vector {u} of a no@eitot, 2011)

The interaction of an element with other nodes is given by an expression known as the Elemental

equation:

[Kle[{u}e={f}e (4)

This is a form of the Equilibrium equation, specifically one describing a spring experiencing an
external forceThe termk] is the elemental stiffness matrix derived from the element geometry and
material propertiedf}. is the elemental load vector afig. is the elemental displacement vector

which shows the movement of the nodes in response to an applied load. The displacement vector is

the unknown of the equation.

The elemental stiffness and load vectors are then assembled to form a global atiifhiessl vector

denoted by:

[KHu} = {F} (5)

Each individual element is therefore linked together by common nodes to achiglabtdenesh as
seen inFigure2-15 (Pitot, 2011)




























































































































































































































































































































































































































































