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Computer-Aided Technologies (CAX)

CAX
Computer-Aided Design  Computer-Aided Engineering Computer-Aided
(CAD) (CAE - e.qg. FEA, CFD) Manufacturing

(CAM)




Computer-Aided Design and Engineering (CAD/CAE)

CAD/CAE
Design and Virtual Physical Final Product
Analysis* Prototyping Prototyping Testing

: ¢ ,@3'7 $ Relatively cheap

=% $$ Not so cheap
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$$$ Really expensive

*The more time spent here, the less money and time spent later




CAE Fields

Computational
Fluid
Dynamics

(CFD)

Multibody

Multidisciplinary
design

DynamiCS optimization
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FEM Theory in a Nutshell

Physical > ;:;t?g::g& > Finite element
phenomenon | e BCs Approximation equations
* Solid Mechanics i[AEﬂ]+b=0 \
e.g. Axially loaded elastic bar dx | dx
* Fluid Mechanics i[ LD ) L0=0
e.g. Poiseuille flow in pipe de{  32pdx )
— | PP |[K|[{u} = {F} Static problems
* Thermal Conduction d_(AkIJJFQ:O > L BCS een
.£. 1-D heat flow -'- X X . . .
eg 1-D heat flow  -! (Boundary  [M]{ii} + [C]{i1} + [K]{u} = {F} Dynamic problems
« Diffusion i['ADEJJr 0=0 Conditions)
e.g. 1-D diffusion dx \ dv
» Electrical Conduction i( AJIJ+Q=O Linear problems: [K1,[C],[M] = [K,], [Col, [Mo]
e.g. 1-D electric current flow dx \ X )

Nonlinear problems: [K],[C], [M] = f (u,,il)




FEM Theory in a Nutshell

The displacements of all the points in a continuum
under the action of external forces depends on the
displacements of discrete points known as nodes.

This dependence is regulated by interpolating
functions known as shape functions.

To study a body with FEM, we must thus
discretize the continuum in a finite number of
elements, each one featuring a number of nodes
which depends on the type of element chosen.




FEM Theory in a Nutshell %/ o
0
FEM: solving for the nodal displacements {s} {s} = [K]"Y{F} 0
After calculation of {s}: 0] =5 /ay
{fu} = [N]{s} m Shape functions 60
: /az
{e} = [0{u} = [0][N]{s} ® compativility Equations
{c} = [D]|{c} = [D]|0]|IN]{s} @ Material Constitutive Law (e.g. Hooke’s law)

m + e + @ — . Solution known in all points of the
structure (not only at the nodes!)
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Properties of shape functions

1. It must be a continuous function, and must possess a derivative at least until to the
n-1 order required by the problem under study (e.g. n = 1 for a truss element, n = 2
for a beam or plane element, etc.)

2. It must reproduce rigid motion of the element with a null deformation energy (i.e. in
an eigenvalue problem, the rigid motion d.o.f. gave a null eigenvalue = in a 3D Complete
space, for an unconstrained body there will be 6 null eigenvalues) Conform

3. It must guarantee a constant deformation along the element (minimal condition
when element size tends to zero)

4. It must guarantee continuity among elements (i.e. identical displacement field on a

segment belonging to two adjacent elements) Compatible

-

5. It should be geometrically isotropic (i.e. displacement field is invariant wrt the
reference system, not presenting preferential directions)

-

Polynomials




Shape function of a truss element

a,, a, are coefficients that can be
calculated imposing the b.c. x; = 0,x, =1

=
|

(1-7) 1l

Displacements will be varying linearly over the length of
the element, while strains and stresses will be
constant

This shape function respects the properties discussed
earlier, in particular the n order of the problem under
study

Choose the right element for the right problem! In case of
bending and shear, use a beam element instead




Distributed load

Linear vs quadratic elements

AAAAAAAAAAAA

Fixed support

Linear elements Quadratic elements

Bending stress (MPa) Bending stress (MPa)

Linear elements: computationally more efficient, but when a nonlinear stress state is
expected, use quadratic elements or more linear elements over the thickness




FEM Solvers

o . . 06‘
= Fxnlicit snlvers: derive the 1inknowns (disnlacem~ e\,‘(\
= Explicit solvers: suggested for fast transient 'e“‘\“@’bﬁ'g‘
n 1Cl . ~ (0 s g
Implicit solvers: suggested for slow tr e\e 6\1 e“‘o 6’50‘

equilibrium equations at the time * “{\‘e

wconm &/ U R\ XS ¢
. (@) ‘\6?0 ‘e(\v‘\e a\‘“e \QV(‘G“G‘(@“ small time steps T

lh\\ N e G 'L\ \\0\,\)‘ \\06‘ 6“8 = «Lumped» matrix multiplication _

. . AV \

> O- 66“ “?\‘ 50\ = Uncoupled equations >
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FEM tips: from reality to model

= Simplification of the model: removal of details not contributing to the solution of the problem
under study

= Screws, welds typically defeatured in the FEA, and calculated “by hand” extracting internal
loads from FEA

= Chamfers, radii can be verified via submodels
= Loads and boundaries:.
= As accurate as possible representation of the real working conditions
= Compromise sometimes to be made to simplify the problem (e.g. nonlinear contacts, etc.)
= Most critical step of the process
= Safety factors! (i.e. factor of ignorance)

= When approximating, always be on the conservative side
= Start simple, complexify later




Particle accelerator components: typical loads

Temperature . :
Pe Mechanical forces Electromagnetic
gradient forces
Temperature ‘Slz SA x10*
Type: Temperature ¥
Unit: °C Time: 0.99718 s 8
Time: 1 26/10/2020 10:49
21/02/2020 10:58 1
. Pressure 2: 3.9e+005 Pa

:73.97:8M“ . Moment: 3500. N-m 6

-i4‘954 . Moment 2: 3500. N-m g
ml -36.322 . Atm p: 1.0133e+005 Pa

| 3;2;: . Fixed Support 4

-100.39 3
El -121.75

-143.11 2
H -164.46
. -185.82 1 . .

Can be typlcal |y studied

-228.54 50000 i

Displacements Accelerations Beam loads (RF & W|th |m p||C|t FE COdeS

particle losses)

Total Deformation
Type: Total Deformation
Unit: mm

Time: 1
26/10/2020 13:34

M: IHV+IVV nen lin and plasticity
Static Structural
Time: 23757 s
26/10/2020 11:12
1.0271 Max
091299
0.79886
0.68474
057062
045649
034237
022825
011412
0Min

|A| Acceleration: 23.306 m/s?
E Displacement




Examples




FRESCAZ2: a facility for testing SC samples

INNER HELIUM
.~ VESSEL (IHV)
. INNER VACUUM
VESSEL (IVV
LAMBDA SSEL (IW)
PLATE
Ny OUTER VACUUM

~ VESSEL (OVV)

Simplified model
for computations

.~ OUTER HELIUM
VESSEL (OHV)

—
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FRESCAZ2: design of the OHV

Two main design cases:

F 4
3

— INNER HELIUM
F - VESSEL (IHV)
| s INNER VACUUM
L= VESSEL (IVV
LAMBDA i (IwW)
PLATE i
™. it § OUTER VACUUM

_ VESSEL (OVV)

- e
=]

- | OUTER HELIUM
VESSEL (OHV)

SAMPLE HOLDER
(SH)

FOOT SUPPORT

-

i
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1. Operation:

Internal pressure in the OHV 3.9 bara
Thermal gradient 2-300 K
EM torque 3500 Nm

Most likely failure scenario is by plastic
deformation

2. Vacuum loss during OHV purging:

External pressure on the OHV 1.5 bara
Most likely failure scenario is by buckling




FRESCA2 OHV: operational scenarlo

Imported Body Temperature

Time: 1. s
Unit: K
23/04/2020 16:21 Max = Use shell elements
g v wherever possible wrt solids
B ii;jﬁ Min = Nonlinearity of materials
| 201.23 (temperature, strain, ...)
. 168.01 o )
134.79 = Structure verified against EN-
] ;Z;ZZ 13445 Direct Route: plastic
I 35 121 strain must be less than 5%
1.899 Min ) )
SA = T field can be calculated in a
;‘;;g;z-zzyf;sg e separated thermal analysis,
- then imported into structural
= ;szn:ﬁp;r;mponems = - (thermomechanical coupling)
. Pressure 2: 3.9e+005 Pa G
. Helium
B Moment: 3500. Nm | 0.00 1000.00 2000.00 (mm)
B Moment 2: 3500. Nm _50000:_150000:|

@ Standard Earth Gravity: 9.8066 m/s”
. Atm pressure on top: 1.0133e+005 Pa




FRESCAZ2 OHV: operational scenario

abs(eptt3) - 1. s
Expression: abs(eptt3)
Time: 1

23/04/2020 17:25

Direct route requires max(|&|, |&21, le3]) < 5%

= How to make sure of accuracy of the results?

0.0041661 Max = Convergence study

. 0.0037032

0.0032403

0.0027774
0.0023145

. 0.0018516

0.0013887
0.0009258

I 0.0004629

3.6958e-10 Min

= Submodeling
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FRESCAZ2 OHV: vacuum loss during purging

eptt3 -1.s
?A i Expression: abs(eptt3)
ime: 1.s Time' 1 Max

22/04/2020 16:25

22/04/2020 16:21

A Fixed Support

. Magnet + subcomponents

. Pressure 2: 1.5e+005 Pa

@ Standard Earth Gravity: 9.8066 m/s’
- Atm pressure top: 1.0133e+005 Pa

0.00079133 Max  0-08%
000070341

| 000061548

| 0.00052755

0.00043963

0.0003517

-~ 0.00026378

000017585

8.7928e-5

2.2043e-9 Min

= Direct route check: 0.08% < 5% -> not enough!

= (Especially) with external pressure, important to verify buckling




FRESCAZ2 OHV: vacuum loss during purging — Buckling
" / E'““i“hir“’“““—“":y Geometrically non-linear

elastic: GNA

— S+ Geometrically

non-linear elastic with

m imperfections: GNIA

Plastic collapse: MNA

{\- Geometrically and

materially non-linear with
imperfections: GMNIA

S
4

True structure
strength

=  Which kind of buckling study? Deformation
= When going with FEM, better to directly take the most accurate one (GMNIA)

= Also required by direct route. It accounts for large deformation theory, material nonlinearities, and initial
geometry imperfections (e.g. shape errors, etc.)




FRESCAZ2 OHV: vacuum loss during purging — Buckling

. Total Deformation LBA
HOW '[O perform a CMANANIILAD Equwarlenf St.resf,z hdlee oy o Tvpe: Total Deformatid
3.5E-03 plier (Linea
Steps: Non linear buckling analysis 1046
. 5M
1. LSA:Runalin 3 o
imperfections) I ’
5E- 85
2. LBA: Perform| _ " o
buckling) and | £ / 2
& 34
and the load n g 2050 17
@ |
3. GMNIA: Run g2
deformation aj © ***
1 2
geometry of (4 &
Increase the Iq  1oc0s
=  Buckling (
5.0E-04
" The Sa‘fet‘ —Vessel with shape defect and weldings
0.1 0.2 0.3
reaChed —\essel with shape defect; weldings not modelled Pressure [MPa]
0.0E+00 -

15[;000
Pressure (Pa)

T T T T 1
50000 100000 200000 250000 300000



Conclusions

Nowadays, Computer-Aided Engineering (CAE) is of paramount importance in the design phase of
components, to decrease cost, time, risk for the project

CAE require a number of iterations with CAD, with the goal of optimizing the component

What cannot be calculated, must be validated through tests / prototypes (calculation cannot
replace everything!)

Thanks to the increase in the computational power, the Finite-Element Method (FEM) has been, in
the last years, the most adopted tool for CAE

When engineering particle accelerator components, implicit codes are typically adopted over
explicit ones

Explicit codes become necessary when dealing with short transient simulations (e.g. beam impact
on dumps, windows, etc.) and with strongly nonlinear problems (e.g. fabrication technologies:
cutting, welding, brazing, forming, etc.)

Graphical interfaces of FEM tools are becoming simpler: easier for the work, riskier if we do
not well master the method!




Symbols

[M]: mass matrix [kg]

[C]: damping matrix [N/(™/s)]

[K]: stiffness matrix [N/m]

{ii}: acceleration vector [m/s?]

{u}: velocity vector [m/s]

{u}: displacement vector [m]

{F}: external force vector [N]

{s}. nodal displacements vector [m]

[N]: shape functions matrix [—]

{e}: strain vector [—]

[0]: strain-displacement matrix [m™!]
{o} : stress vector [Pa]

[D]: material constitutive matrix [Pa]
{a}: polynomial coefficients vector [—]
[P]: position matrix [m]

{a}: nodal position matrix [m]

£1: maximum principal strain [—]

&,:. middle principal strain [—]

£5: minimum principal strain [—]




Thank you!
Questions?




Backup slides




FEM Theory (backup)
® © v

EQUILIBRIUM COMPATIBILITY MATERIAL LAWS
Displacements & strains Stress & strain

1= e G @ are satisfied everywhere inside and on the surface of an elastlchody

strand strain fields are exactly correct L |

BUT, impossible for complex structures ! 5

FE usually guarantees two of the laws are satisfied exactly: e @

G is approximated, by: Principle of Virtual Work 1
Principle of Minimum Potential -

Solution will converge to exact answer as number of elements tends to infinity.

Federico Carra (CERN, EN/MME) - 06/11/2020




Manual FE in 10 steps

| .Displacement u=[NJ{s}.

U £~ 0O« P
Il. Strain {€}=[B]{s}. [k] {U}: {p}

lll. Define material property matrix [D].

Differential egn. to Algebraic

IV. Stress {o}=[D][B]{s}. [ > P

using integral method

V. Determine element stiffness matrix and A
>
force vectors. =1c £
2|3 3
VI. Transform nodal variables to global. g 5 =
= =
. . ol x =3
VIl. Assemble the global stiffness matrix ©4 w
and load vector. Material Law
» € > O
VIIl. Boundary conditions. (Constitutive)

IX. Get unknown displacements and reactions.

X. {0}=[D][B[{u}.




Derivation of shape function for a truss element

u=atax=[1 Af}=1Pla} p w=01 w3} w=0 xl{}}

b.C.: x]_:O, Xoy= x1+l=l (l)

R o [ R C R e K P VT R I [P

W+@-u=P s =0 2300 ) =10-3) 316

X

[N] = P[4l = |(1 - 7)
&N

NS



Calculation of the element stiffness matrix

Deformation matrix [B] = [0][N]

Applying principle of virtual works: [K] = fV [B]T[D][B]dV




Implicit and Explicit Problems

Implicit analysis

- aim to solve the unknowns {x} through matrix inversion.

- in nonlinear problems - the solution is obtained in a number of steps and the solution for the current step is based on the
solution from the previous step.

- for large models - inverting the matrix is highly expensive and will require advanced iterative solvers
- these solutions are unconditionally stable and facilitate larger time steps.

Despite this advantage, the implicit methods can be extremely time-consuming when solving dynamic and nonlinear

problems.

Explicit analysis

- aim to solve for acceleration {x}

- in most cases, the mass matrix is considered as lumped — a diagonal matrix — inversion is straightforward
- once the accelerations are calculated in nt" step, the velocity at n+1/2 step and displacement at n+1 step are
calculated

- in these calculations, the scheme is not unconditionally stable and thus smaller time steps are required.

To be more precise, the time step in an explicit finite element analysis must be less than the Courant time step (the

time taken by a sound wave to travel across an element).




Explicit vs Implicit
Epr|C|t ImpI|C|t

robust, even for strongly non linear can be unconditionally stable
models « eventually problematic for strongly non-
« low memory requirements linear models | | |
« expensive to conduct long term * high memory requirements(inverting
simulations stiffnes matrix)
« conditionally stable * relatively inexpensive for long duration
 equations are uncoupled analygls
» only matrix multiplication * equations are coupled

* matrix inversion
* convergence problem




Examples of studies performed (2)

Crab cavities (BE-RF)

Studies for the design of dressed 1 186 MPa
| E()h-'lPa

Stress on He vessel
and DQW cavity

> 75 MPa
> 50 MPa I,

cavities and cryomodule,
optimization of the thermal loss
balance

DQW bowl and diabolo

20 MPa BT T T 0 MPa

Explicit analyses for the sheet metal forming of cavity
components (bowl, diabolo, etc.), to explore different
tool shapes and forming steps as well as predict the
stress-strain field and thickness distribution

+00

P
AR R R R R
Jd8:=8888388¢%2
IR R R R EREE
$13333383%8%848¢8




Job example: TIDVG5 hipping
= User: EN-STI

Problem: TIDVGS cooling circuit bursting
during hipping

Method: FEA (implicit + explicit)

Geometry
29/09/2019 18:10

CuCrzr
[@ stainless steel
] large displace:
otal &

lacements and harder material 620 bar_CuCrZr

D: 3D plastic, large displacements and harder material 620 bar
0_1 4566 Ma) Total equivalent strain

012830 Expressions ERTTINT F ractu rel
0.11329 Time: L .
1,087106 [Lo1

0.080822
0.064738
0.048553
0.032360
0015134
9.9952e-14 Min

e
20/09/2019 1811

2400
. 0.95378
. 066663
. 0.77949
0.69235
. 0.6052
. 0.51806

0.43082
0.34378 Min

Proposed solution: reduce pipe/housing
gap, adapted shape of housing

Future developments: standardize
bending process

Hipping, infinite gap = e

E: Workbench LS-DYNA - 0.01mm Tooling

Total Deformation F: Copy of Explicit Dynamics
Type: Total Deformation Tatal Deformation
Unitim Type: Total Deformation
Tirne: 2.e-002 Unit; m
21/08/2019 17:26 Time: Le-002

0.18452 Max Cycle Number: 209265

0.16402
0.14352

= 0.12302 0.18962 Max
L 010251

0, 16855
0.08201

30/09/2019 1432

0.06150
.. 0.04100
g 0.020503
0 Min

0.14748
0.12641
0.10534
0.084275
0.063206
0.042137
0021069
0 Min

Pipe bending, LS-Dyna ‘ Pipe bending, Autodyn

16 November 2020 Federico Carra



