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Prototyping r

Structural Assessments ®

Structural Analysis ¢ [

¢ CFD Analysis |

to more than 28 years of experience and collaboration in Fusion Machines like ITER, DEMO, W7X, JET, DTT, FTU,
nd ..., LTCalcoli has a demonstrated capability of assisting the design of a fusion machine by proposing design
tions to solve electromagnetic and structural issues, verifying the Fusion Machine design according to standards
omatic internally developed design tools and address toward prototypes.
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Destgn

CAE Spolutions <olutions

Traimings

m * Electromagnetic Analysis  Structural integrity studies * Finite Element Method
 Electro-mechanical according to SDC-IC, Theories
™ analysis ASME and RCC-MR. + Simulia Abaqus
- * Plasma Disruption with  Engineering consultancy « Ansys Workbench
4 MAX FEA from design to prototype * Ansys APDL
- » Structural mechanics * Design by Analysis - Hypermesh
» Thermal analysis * Design by Rule

e Thermo-structural analysis
 Fluid dynamics (CFD)

* Vibroacoustic

 Fatigue analysis

» Fracture Mechanics

* Elasto-Plastic Analysis

Q
®
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July-2025



Il LTCALCOLI

Your Partner tn Compu’ccrALded Ewgimcr’mg
Sinee 1996

9

d
=
>

®
=
(V)

LTCalcoli has an established experience in the design by analysis of Thermo-
Nuclear Fusion Reactors from a strong and long-term collaboration with:

v ITER Organization

v' ENEA (Italian National Agency for New Technologies, Energy and Sustainable Economic
Development):

o FTU (Tokamak Upgrade)
o FAST
o DTT
o IGNITOR
W7-X IPP
STEP (in Consortium with IDOM UK)
EUROFusion Program:
o DEMO
o VNS
CEA - WEST
JET

MaritimeFusion

CNR ISTP (the Italian National Research Council Institute for Plasma Physics)

AN

< N \©°

90% of LTCalcoli revenue is coming from contracts on Fusion Machines

FUSION

FOR
ENEN FOR
E DTT

UK Atomic

Energy
) |
'\_; EUROfusion | Authority

@QISTP

Consiglio Nazionale delle Ricerche  MAX PLANCK INSTITUTE
FOR PLASMA PHYSICS
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Each Contract has its “reference
numerical code”, used for each s 1
communication with Customer ' :
(mail, presentation, report ..)

Each Data referred to the
Contract is stored in the
“Referenced Code” area

Each Computer and each
Computational Server is backed
up every night into the storage
servers

CONTRACT

__________________________________________________________________________________________________
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m Softwares
@ Servers DS/Simulia (AB{\OUS)
* ANSYS/Mechanical
c  #]1 DELL 64 Cores — 768 Gb RAM * ANSYS/Fluent
— « #1 DELL 48Cores — 768 Gb RAM « MSC
h » #1 HP 24 Cores — 720 Gb RAM Nastran/Patran/ADAMS/MARC
m « #1 HP 24 Cores — 520 Gb RAM * Altair Hypermesh
(Un)  #1 DELL 32 Cores - 128 Gb RAM * Intel Fortran

 #1 DELL 24 Cores — 192 Gb RAM * Matworks Matlab

» #3 Storage servers for data managing « CATIA VS
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REVIEWER AUTHOR

CUSTOMER:
PROJECT:
ACTIVITY:

FILE(S):

AUTHOR NAME:
COMPLETION DATE:
REVIEWER NAME
REVIEW DATE:

FINAL JUDGEMENT:

CONTROL 0*°

111
112
113
114
115

All the o

System (maku
Have you definec
Are the modeliatiol
Have you made pre

Have you verified thi

Have you tested on

121
122
2.3

Geometry

Does the final geor
Have you checke:
Have you chec!
Geometry.

DRAWING

CAE MODEL

CAE MODEL

ANALYST CHECK LIST

®

INDEPENDENT CHECK LIST

POST PROCESSING

POST PROCESSING

ANALYST CHECK LIST

®

INDEPENDENT CHECK LIST

* Any task will go trough quality control procedure
at different levels of activity.

» At each level the task will be controlled at least
by two investigators. One analyst investigator and
one independent investigator
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Copyright © 2012, LTCalcoli srl :

Optimize the product by yourself in 3 steps:
Choose your model

* Minimizing model optimization cost

* Benefiting from super-computing infrastructure
while paying only for the effective use

« Saving time acting directly on the calculation model

Benefits

=9 2 Insert your parameters

All the power of Virtual Prototyping on Cloud Application

== < View your results

« Updating the results easily by changing
the pre-defined parameters

* No need for FEM knowledge

* Reducing time to market

EP 2 757 495 A1

(18)

9|

{11 EP 2 757 495 A1

(4] EUROPEAMN PATENT APPLICATION
(43} Dato of publication: (61} e CL:
Z307.2014 Bulletin 2450 GOGF 17i50 HEN
(21} Application numbar. 14151934.8
(22} Dato of fing: 21.01 2014
(B4} Dasignaied Contracting Stales: (72} lewentors:
AL AT BEBG CHCY CZDE DK EE ESFIFR GB = Lucca, Flavio
GRHRHUIEIS T LILT LU LV MC MK MT NL NO 23207 Marats (LT) (I}
PLFTRORSSESISKSMTR » Sitzia, Danicla

Dasignated Extonsion S2atos:
BAME

(30) Prioriry: Z2.01.2013 IT GE201 30002

(71} Applicars: LT. Caleeli SAL
23807 Marats (LT} (IT)

02017 Sant’ Antioca (C1) (IT)

[74) Rapresantative: Karaghiosoff, Giorgio
Alossandro
Studic Karaghiosoff @ Frizz S.r.L

Via F. Baracca 1R 4° pianc
17100 Bavona (IT}

(E4)  System for para finite

(BT} A Fnita Elemant Modaling [FEM) system, pro-
widing Finite Elamant Analysis (FEA) for numerical mod-
wling of physical systoms in a varity of anginearing dis-
ciplings, comprising means for generating a finits ole-
mant modal, dats peocassing maeans, resulk dalivering
maars for dabaring e resuits so obtained 1o a user,

i

wharaintha finile slement model genemted is further pa-
rametorized, and a user interface & provided for chang-
ing the parsmators of the finte cloment modal and for
entering such paramatars inlo said data peocessing
maans.

P by Jeurve, TEOH PAGES (13
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S, Mises
(Average-compute)
815E+06
225E+06

197E+06
169E+06
141E+06
114E+06
86E+06
S58E+06
30E+06
2E+06

Automated Tools for performing structural assessments

\UCTURAL ASSESSMENT GENERAL DATA

Multipipe Smax Total

Multipipe Smax Sij /_ Stress

Plot limit

L e ] e

Linear stress —.

(G3)al - Nonlinear

(G5j)b  Bending stre

REFERENCE Supporting —

CRITERIA LEVEL
SYMBOL VALUE
Criteria level CL A

line segment
Ref. [1] section RB3260 N

©hn Men

STRUCTURAL ASSESSMENT GENERAL DATA:

TITLE: Equatorial Port Plug # 02 SUBCOMPONENT:
COMPONENT: Port Plug Body POINT OF ANALYSIS: Path 1
ENVIRONMENTAL CONDITIONS:
Temperature T= 70 [°C]
LOADING DATA: LC#01
Criteria level CL= A [adim ]
Primary membrane stress intensity P = 110 [MPa]
Primary membrane plus bending stress intensity Pb+Py = 199 [MPa]
ALLOWABLE DATA (stress intensity):
Allowable primary membrane Sm = 147 [MPa]
Bending shape factor K 1.50 [adim.]
STRUCTURAL ASSESSMENTS:
RBE3251.11 Rules for preventicn of P-type damage - Elastic analysis
Sm 147 [MPa]
SM = — =
Pn 110 [MPa]
K*Sm 221 [MPa]
SM = =
PL+Pp 199 [MPa]

=1.33

=11

STRESS-DATA [MPa]

%3

LOAD CATEGORY STRESS BREAKDOWN SYMBOL

COMPONENT VALUES VON MISES

Gy On O Tu T Tn

cyclic loads:  iMembrane stress Pn
Bending stress P,
FATIGUE DATA [MPa & cycles]
COMPONENT VALUES VON MISES NUMBER OF
LOAD CATEGORY | STRESS BREAKDOWN SYMBOL RANGE CICLES
On On On T To Tn Cwm n;

Primary cyclic loads Cyclic primary stress range AP, +0.67°P,) 0 0 0 0 0 0 0 . o
cyclic loads tot tot = AP, +067°Py)

Sec

Automatlc

cycli
principal direction

structural Assessment Tool

Automatic report generation
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EM Wire Element in Ansys

The “EM wire element” are developed for the evaluation of eddy currents on in-Vessel and Out-Vessel pipes avoiding the use of
solid elements in electromagnetic analysis

LTCalcoli has developed and introduced into Ansys EM code the “EM wire element” defined as “grid to grid” element for the EM
modelling of pipe, see picture below, used for the evaluation of the EM loads on pipes, avoiding the use of solid elements in
electromagnetic analysis.

The evaluation of the EM loads acting on the pipes in general can be carried out with good accuracy by assimilating the to 1-
dimensional conductors with electrical properties equivalent to those of the pipes themselves.

EM-wire elements of blanket manifold
- Lorentz Forces per unit length on the
pipes modelled with “"EM wire element”

July-2025
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Example or Activities

July-2025



Your Partner tn Compu’cerALded Ewgiweeriwg

Sinee 1996

[ LTCALCOLI

Optical Systems

Outlet

Support Frame [
Copper Shell Preload

Vacuum Systems

Cryoplant _—

Thermal Insulation systems

Composite Material Components
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| . Analysis on BM#02:
ITER Blankets EM analysis: o fast DW VDE III with 36 ms leq
o fast DW VDE II

Analysis on BM#10 FE model:
o Up Major Disruption II with 36 ms Icq
o Fast UP VDE III with 16 ms ecq

All the FEM realised by means of
Ansys are based on the ITER EM
Global Model (GM) which is a
general model of the ITER VV
including all the  details
impacting the EM loads on the in
vessel components

Analysis on BM#12:
o fast UP VDE III with 36 ms Icq
o fast DW Major Disruption II with 16

For each BSM analysis the GM ms ecq
has been refined to get the .
needed level of detail in the Analysis on BM#16st:

region of interest o fast DW VDE III with 36 ms lcq

For each BSM two or three o DW Major Disruption II with 16 ms

disruptions have been analysed ecq
? (worst cat. Il and worst cat. 1) o DW Major Disruption III with 16 ms
ecq
o DW Major Disruption II with 16 ms
ecq

July-2025
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A complete analysis of ITER FW 10

2.84318
3.68695
4.53071
5.37448
6.21824
7
7
8
9
1

.06201
.90577
. 74954
+5933

0.4371

Vacuum vessel
and ribs

Coarse blankets

BECOROONN

Divertor

> T?U%uu acting on BL14PL respectto [8.718,-1.00,0.878] -MD DW exp16ms Il - LCS
SN
El
: L

EM Analysis

*  Full transient EM analysis

* Analysis of VDE / MD cat. | / cat. Il / cat. llI

* Computation of the Lorentz forces and ferromagnetic forces.

14000 L s L s L L s
270 275 280 285 280 285 300 305 310 315 320

Time[ms]
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A complete analysis of ITER FW 10

CFD Analysis
e Steady state and full transient CFD or coupled Thermal-CFD analysis
* Mesh quality, checks and convergence criteria following the ITER best practices

» Post-processing: analysis of the pressure drop, velocity of the cooling fluid.
 Computation of Heat Transfer Coefficients (HTCs).

July-2025
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A complete analysis of ITER FW 10

Thermal FE Analysis 00
* Steady state and/or full transient Thermal FE Analyses N
* Mesh quality, checks and convergence criteria in accordance with ITER best practices
* Neutronic loads and Plasma flux mapping

* Estimation of the thermal contact conductivity

* Post-processing: Temperature field, time history, thermal stabilization analysis s0

Temperature [°C]

o
-
~
w
I
o]
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A complete analysis of ITER FW 10 5, Mises

{Average-compute)

+4.446e+09
+3.600e+08

+3.043e+07
+4.693e+05

Step: EM0444

/\ Increment 5:Step Time = 1.000
X Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e+00

Thermo-Mechanical FE Analysis

* Non linear Static FE Analysis

* Mesh quality, checks and convergence criteria in accordance wih ITER best practices
 Thermal load and EM load mapping

* Post-processing: Stresses, displacements, reactions and gap analysis

* Full transient dynamic analysis with EM load for DAF evaluation

* High quality analysis reports

July-2025
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STRUCTURAL ASSESSMENT GENERAL DATA:
. TITLE: ITER SUBCOMPONENT: Beam Discontinuity
A comp]ete analys1s of ITER FW 10 SONPONENT: Pt PNt OF ALY P
.

ENVIRONMENTAL CONDITIONS:

Temperature T = 360 [°C]
Neutron damage, fluence ot = 0.00 [dpa]

LOADING DATA: LC#01

Total stress range Fm = 1300 [MPa]
Cyclic primary stress intensity APy = 0 [MPa]
Number of cycles nj = 15000 [adim.]
Elastic strain range E = 0.6589 [%]
Plastic strain due to primary stress range E = 0.0000 [%]
E = 0.0000 [%]

Local plastic strain amplification

Ag, = 00000 [%]
Total strain range E = 0.66 [%]
Linear FEM analysis
ALLOWABLE:
Fatigue cycles Nj = 6.83E+02 [cycles]
STRUCTURAL ASSESSMENTS:
Fatigue usage fraction nj 15000
= = 21.96
Nj 683

Fatigue Curve

Structural assessments PRI e
e Structural assessments with ITER SDC-IC and Nuclear code (RCC-MR)
* Stress and load categorization

* Stress linearization

* Linear and elastic-plastic M-type static strength assessments T

Total Strain Range [%]

* Linear and elastic-plastic C-type cyclic strength assessments (fatigue and ratcheting)
* Buckling assessments

e Structural Integrity Reports in accordance with the ITER procedures

July-2025
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Bolometer -Prototyping activities

* Design of the porotype (CATIA)

* Design by analysis activities (Optical, CFD, Thermal and Structural)
* Validation tests and reporting Outlet
* Patents

Reporting activities

Support Frame !
Copper Shell Preload

Preload-side view s

v

v

Analysis Prototype

Design

A

July-2025
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ENEA DTT: An example of a complete Tokamak analysis

Max: +9.000e+01
Node: PART-1-1.336261

VDE_DWN Load Cq
z ODB: VDE_DW_Slo

0
diy

X !

Y é Step: LC7a, WP_H R
Increment  6: SY e 3

ncremen 3
Primary Var: NT11¢

Maintenance
/Standard 3DEXPERIENCE

b + EARTHQUAKE

Tokamak FE analysis

* Design by analysis activities on: Toroidal coil / Poloidal Coils / Vacuum Vessel /
Support / Divertor

e EM-CFD - Thermal — Structural — Seismic FE Analysis

* Independent analysis review

July-2025
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Superconductor Coil — structural analysis of composite materials

* Themo-structural analysis of a section of the Coil to verify structural strength

* Analysis with orthotropic material properties to simulate insulation layers

* Detailed analysis performed by extensively using the sub-modelling approach

Failure Index calculated in Abaqus by considering the criterion set by the customer for this project

S, Mises
(Average-compute)
+3.547e408 LHD (EM3)
Ig‘;ﬁgigg {Average-compute)
+3.201e+08 +5.228e-01
+3.085e+08 +4.191e-01
+2.970e+08 +3.154e-01
+2.854e+08 +2.117e-01 3 .
+2.73%+08 +1.079e-01 EM3_Primary, Mises
+2.623e+08 +4.228e-03 (Average-compute)
+2.508e+08 -0.948e-02 +3.976e+08
+2.3520408 -2.032e-01 T Epan
: -3.069e-01 +3.4442+08
+2.161e+08 -4.106e-01 +3.3670+08
Max: +3.547e+08 -5.143e-01 +3.08%-+08
Elem: JACKET_AND_I} -6.180e-01 . e
ek +2.735e+08
Node: 105272 -7.218e-01 125572408
Max: +5.228e-01 12.380e+
+2.203e+08
Elem: JACKET, 150250108
MNode: 1483012 +1.848e+08
Max: +3.976e+08
Elem: PART-1-1.739700
Mode: 531349

Through-thickness
t,
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Fracture mechanics — structural analysis with flaws

e Structural analysis of a component of fusion machine incorporating initial flaws (LEFM)
* Calculation of SIF with Abaqus XFEM approach to model corner and semi-elliptical cracks (metallic materials)

* Detailed analysis performed by extensively using the sub-modelling approach with very fine mesh around the flaw
Verification of the component with the flaw by using handbook methods based on FEM results ‘/

NN

—|
e ;_‘@E 2 3
o N A o &)
it vt
— W—m
'I%\ @i
™ W———m|

+1.568e=+8
+0.000e+00 ASEe
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Wi7-X

* Developing the FE model of the whole W7X insulation system

* Modelling about 1000 connections between the insulation
system and plasma vessel using APDL programming

* Performing Implicit Dynamic analysis

EM analysis

-

MPC on PV side MPC on PV side

CP on Panel side il o CE on Panel side
MPC on PV side

Connections created automatically by APDL programming

July-2025
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Multi-body simulation — load analysis with MSC ADAMS

MBD simulation of mechanisms (remote maintenance systems, Nuclear plant)
Extract loads to be used for structural analysis

Predict the performance of the system (speed, power required, trajectory)
Flexible bodies can be added, based on Abaqus FE modal analysis

HKM_LIB

HKM_ROB

222222
1.56+05
50000.0
0.0
—_ .
£50000.0

F1.5E+05
£
w2.5E+05
¥
5

-4.5E+05
-5.5E405

00 100.0 2000 3000 4000 500.0 600.0 700.0 8000 900.0
Analysis: Last_Run Time (sec) 2023-06-06 1
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Precision optomechanical design by analysis for

ensuring:

v No risk in manufacturing aftermath (glass-metal
Diffusion Bonding)

v" Vacuum and cleanliness maintainability facing
cyclic loading

v' Structural integrity and flanging leak-tightness
facing plasma and disruption

v Thermal stability facing signal beams, lasers and
other heats

e

ITER Vacuum Vessel

(Ferrule)
$S316L(N)-IG

(Ferrule)

$S316L(N)-1G ™ T
Disks Radius
=48 mm s N /
~ z
N o "1 (Gasket)

~ x Aluminum 1098|

Y (Extension) N
SS316L(N)-IG : \
1 |
0.
9.8 mm |G
> % \ i

(Disk) ' 10 mm 4

Disks Radius
=73 mm

(Extension)
/55316L(N)-IG

Quartz
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TEWP 5, Mises )
(.qver;gg—écornpute) (Aveﬁgg_lcggp;ge) & ) )
1754 492 59Ex0e * Orthotropic glass materials
X 404, 60E+06 . . . .« .
1382 SiediErns ¢ Multi-metallic cyclic plasticity
i T seree  Thermal shrinkage and expansion effects
50.5 97.69E+06 - .
152 73 BOELe: (assembly thermoelasticity mismatch)
* Subcomponents fatigue life
» Ratcheting and shakedown induced by
v v beam and other loads

e indfement | _1:step Tme = 1.000 * Geometrical and material optimization for
integrity and functionality

Blue = deformed 0.045205 = 2.5900557129

Red= undeformed Radian = [oegree

[FZ07] 0.04521rad x 180/ = 2.59°
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Cryoplant

* Cryogenic system of the tokamak

* Thermal and Structural analysis

* Sub-models to verify all the joints and
connections

* Structural assessment based on standards

July-2025
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Exesin
attch Fanoe

Rocket Engine Components Launching System Components
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Rocket engine injector head thermo-structural analysis

Themo-structural analysis of a section of the rocket engine of a small size launcher

Firing test has been simulated by FE analysis

Complex non-linear material physical properties and thermal interactions incorporated in the model
Transient temperature field and stress distribution have been calculated

Yield and Ultimate Safety factors calculated at every step of the simulation

biits

: 1] 0.02 0.04 0.06 0.08 01 012 0.14 0.16
@ Strain
@ Test Profile

s 8
E
if

Noarke
Exeson
A Fame

TIME [s] Reference picture, real images are company confidential information that cannot be shown
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Thermo-structural analysis of Ariane 6 launch site components

Themo-structural analysis 500 [s] test has been simulated by
FE analysis

Complex non-linear material physical properties and thermal
interactions incorporated in the model

Transient temperature field and stress distribution have been
calculated

July-2025
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ITER Framework Service Contract 10/20/CT/6000000304 “Design Analysis for the ITER TOKAMAK Engineering” — (2020-2028) — Capgemini Leader of the
Consortium composed by Capgemini, LTCalcoli, ENEA Frascati, Universita di Palermo.

ITER Framework Contract ITER 10/20/CT/6000000323 “Diagnostic Infrastructure Development and Engineering Service "— (2020-2026)- Vitrociset Leader of
the Consortium composed by Vitrociset, ENEA, ISTP, LTCalcoli, University Tor Vergata

ITER Framework Service Contract ITER/17/CT/6000000207 “Engineering Technical Support for Tokamak Engineering Department” Lot I — Design Supporting
Analysis” —(2017-2022) - LTCalcoli Leader of the Consortium composed by LTCalcoli, ENEA Frascati, Universita di Palermo, Sogeti HT

ITER Framework Service Contract ITER 10/16/CT/SAP 6000000181 “Diagnostic Systems Engineering Services — (2016-2022)- Consortium composed by
LTCalcoli, Vitrociset, IFP-CNR, RFX

ITER Contract n° 10/12/43-586: “Electromagnetic analysis Support’— support to ITER EM analysis division in developing the ITER EM Global Model, Maxwell
forces for different ferromagnetic components, EM dimensioning of In-vessel as Out- vessel components, EM loads on Cables and cable trays ... —(2012-2014)
EUROFUSION Contract: “EM, Thermo-mechanical Design analysis of the new DEMO Design Concept”, (2014, 2010)

ITER Contract n° 43-599: “Engineering Support for Mechanical, Thermo-Hydraulic and Electromagnetic Analysis of the ITER Diagnostic Components” — (2012-
2017)

ITER Contract n° 10/CT/60-104: “Engineering Support to ITER Diagnostics” — Support to ITER diagnostic Group in definition, performance, design and design
analysis of ITER Diagnostics (2012- 2014)

ITER Contract n° ITER/CT/11/60-080: “Engineering Technical Support for the ITER TOKAMAK Directorate” — EM, Thermal and Mechanical Analysis for the
Design Assessment Analysis of ITER Vessel and In-Vessel components (2011- 2016)

ITER Contract n° ITER/08/382 Amd #1: “Analysis and optimization of the active and passive magnetic field reduction system of the ITER neutral beam injector”’
—(2010-2011).

F4E Contract n° F4E-2008-OPE-06-06-08 (ES-AC) — Task 8: Electro-Mechanical analysis for Preliminary Design of three First Wall modules: Blk 2, 10, 18.
(2011- 2012)

ITER Contract n° 10/10/43-318: “Design Analysis of various ITER Diagnostics components” —(2011-2012)

ITER Contract n®° 10/08/41-241: “Electromagnetic analysis for the In-Wall Shielding” — Evaluation of eddy currents and related EM forces for In-Wall Shielding
blocks in Special Configuration during plasma disruption events. — (2008-2009)
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» F. Lucca et al., Detailed Electromagnetic Analyses of the ITER in Vessel Components during Plasma Disruptions, 17th IEEE/NPSS Symposium on Fusion
Engineering, October 6-10, 1997, San Diego, CA, USA

» Ferrari, W Daenner, M. Roccella et al. The European Breeding Blanket Design for ITER 17th/NPSS Symp. On Fusion Engineering - San Diego, CA, 6-10 — October
1997

» F. Lucca, M. Roccella et al, Impact of the D_Shaped Plasmas on the new Limiters and on the Vacuum Vessel of FTU, ISFNTS5 (1999)

» F. Lucca et al, ITER reference breeding blanket design, Fusion Engineering and Design, Volume 46, Issues 2-4, November 1999, Pages 177-183

» F. Lucca, M. Roccella et al, Design of a welded box divertor cassette for ITER FEAT, Fusion Engineering and Design, Volumes 56-57, October 2001, Pages 239-242
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