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Implicit vs Explicit codes

Implicit codes Explicit codes
= Unconditionally stable = Conditionally stable
W COMSOL
= Large time steps = Small time steps
N LS-DYNA
"\ NASTRAN .. . : t o licati
§e = Matrix inversion " «Lumped» matrix multiplication
> va
ESBS‘ﬂN(\;}l‘:Ilg = Coupled equations = Uncoupled equations %
- = Convergence problem " «Keep going» WAV=FEA

=  What about explicit codes drawbacks?

= Conditionally stable method: instabilities if time step “too large” At < L - L\/E
E

= Time step shall be sufficiently lower than a critical time step ¢

L — element length

= Critical time step: minimum time step needed for a stress wave to C-gvav;propggatignlspeed
. —roung s moaulus
propagate between one element and the adjacent one p —mass density

O



Implicit vs Explicit codes

Example

L
At < — ~ L /% = 1x1x1 mm?3 elements
c * Material: steel (p 7.8 g/cm3, E 210 GPa)

= Critical time step: 0.2 ps!

= Even for a “standard” mesh size and material, critical time step very small!

= |f the time domain of the simulated phenomenon is very short, this is not a huge problem:
* Particle beam impact on targets: duration ~ few us > some hundreds of cycles/integration steps
= |f the simulated phenomenon is “slow” transient or static, this can be a big problem for an explicit simulation:

= Bending oscillation of a structure with first mode 50 Hz = duration n * 20 ms - >10° cycles

= Quasi-static problem, duration of tens of seconds = >108 cycles




Implicit vs Explicit codes

Implicit

Low frequency response, vibration,

static application, springback
guasi-static, boundary conditions affect the structure slowly,
for low strain rates/velocity,

} Structural dynamics/statics:

Non-Linearity

Rupture

Damage

Buckling

Static Dynamic

Velocity

Explicit

Short time dynamics:
} High frequency response, wave
propagation

For large deformation, dynamic problems, for high
strain rates/velocity, highly non-linear problems

[
£

Effective Plastic Strain
0.000e+00

0.000€+00 _
0.000e+00 _|
0.000e+00_| |
0.000€+00 _
0.000€+00
o.ooomo:I
0.000€+00



Implicit vs Explicit codes
5Te

LS Dyna

= Simulating fabrication processes with large plastic
deformations: slow, but with strong non-linearities!

= We are in this “blurred” region between Implicit &
DQW bowl Explicit, no evident answer!

0.000e+00 _
0.000e+00 0 .
oy Non-Linearity
0.000e+00 _|
0.000e+00
0A000e+00]
0.000e+00

Rupture
D . .
AMEBE Explicit

Buckling

-
Static Dynamic Velocity




Implicit vs Explicit codes

Non-Linearity

=il

LS Dyna

= At CERN, to simulate forming, deep
drawing, bending, etc. we resort to
Explicit codes

Rupture

Damage

Explicit

= \We need then to overcome the limitation DQW bowl

related to the small time step / too long
computing time

Buckling

»
Static Dynamic Velocity

L p
At< — ~ L |=
C E n — number of cycles, x computing time

tior — Physical phenomenon duration

n 'At —_ ttOt




Explicit codes: dealing with long simulations

...and... increasing/optimizing the
mesh size is always important!

Either we (artificially) increase the density =2 “mass scaling”
At < - ~@

n — number of cycles, x computing time

tior — physical phenomenon duration
n-At = @

Or we (artificially) decrease the
phenomenon duration - “time scaling”




Explicit codes: dealing with long simulations

How to reduce your
l simulation time? l

Time scaling Mass scaling

accelerate your process duration
» Artificially increasing the tool/object velocity (higher than in
real process)

add mass to the system to increase the time step
defined by the Courant’s stability criteria (critical timestep

criterion)
But accelerating too much can introduce artificial » Artificially increasing the material density for selected
dynamic effects. How to check it? parts/elements (manual method)

» Automatic mass scaling proposed by software (selective
scaling: add mass only to the elements with the lowest time
step)

* Visual inspection — severe dynamic effects can be seen in
the simulation graphics;

* Check if Energy Ratio=1,(Energy Ratio = total energy /
(initial energy + External work)); peaks of variation
should be small

* Kinetic Energy / Internal Energy should be low

But adding too much mass can introduce artificial
dynamic effects. How to check it?

* Check value of added mass
Note: Parameters which depends on the velocity such strain rate should * Limit percent increase (percentage of extra mass
be adjusted in this case! added in relation to the system mass, less than 5%)




Material constitutive models

Implicit Explicit

Polynomial and tabular Equations of State

p = f(pr Eth; T)

Linear Equation of State

E) = E
A p(Een) PoC, th
P v Phase changes
__________ "~*o transitions
| ol.e ~ regions
l Soph:
ol '"ateria/ y Sticay
K L 3 alsom Mo o/ o
Ora ., 'S:
v ‘ buil d e dlfﬁc bUl‘
Strain-rate-independent Yield Multi-parameter Yield Models /re " u/l' tO
— v" Hollomon o = g, é’ T v" Johnson-tu. Ie'/
? f(g, T) v' Ludwik f( ) v’ Steinberg-Guinan e’
v' Multilinear v Johnson-Holmquist
2 v

Dynamic Failure Models

Static Failure Strength
Damage D =f(s¢T,0...)<1

o< O-ult . .
Spallation p < ps(¢, &, T,D,co, K., Y)




Material constitutive models: EOS

= The EOS expresses the relation pressure / density / energy (or T)

= Explicit simulations often used when change of phase is involved (melting, vaporization, plasma) = need
to take into account phase transformations!

= Most sophisticated type of equation of state: Tabular EOS. At CERN, we have access to the most
complete tabular EOS library in the world (SESAME from Los Alamos National Laboratory)
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Explicit simulations at CERN

In MME, we resort to explicit codes in two main fields:

1. Optimization / tuning of large-deformation manufacturing processes (e.g. forming, deep drawing,
bending, etc.), objectives:

=  Choice of the best material
= Design of fabrication tools

= Definition of process parameters (loading history, temperature, friction coefficients, annealing
treatments, etc.)

=  Benchmarking with post-production metrology

2. Response of accelerator components to accidental or operational beam-impacts
= Assess survival of the component
= Exclude major failure of the containment (vacuum tank, cooling circuit)

= Evaluate presence of hydrodynamic tunnelling




Explicit simulations at CERN

1. Optimization / tuning of large-deformation manufacturing processes (e.g. forming, deep drawing,
bending, etc.) 2 Region “A” - relatively long process duration, very high non-linearities

2. Response of beam intercepting devices (BID) to accidental or operational beam-impacts 2
— Very short duration, extreme non-linearities with changes of phase

Non-Linearity

T

Rupture

Damage

Buckling

Plasticity

Elasticity

>

Static Dynamic Velocity




Examples of Explicit simulations




Optimization / tuning of large-
deformation manufacturing processes

LS-DYNA




Hydroforming




Hydroforming LS-DYNA

Simulations

HF1 0.000e+00:l
0.000e+00

00e+00 _

00e+00 _ d
00e+00 _| 1

Manufacturing

— 00e+00 | <G 4x Seamless cavities
00e+00 __ produced in few hours
00e+00

.000e+00 :I
0.000e+00 _|
Effective Plastic Strain
0.000e+00
0.000e+00:|
H F 2 0.000e+00 _|
0.000e+00 _
0.000e+00 _
d 0.000e+00 _
0.000e+00 _| d
Z 0.000e+00 _ 2
r—> 0.000e+00 __
0.000e+00]
0.000e+00 _|
Simulations at CERN Produced by KEK
J. Swieszek M. Yamanaka, A. Yamamoto
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Deep drawing

Niobium forming

Punch
Guide

= Also used in the manufacturing of RF
cavities of complex shape

Pad |

=  Example: superconductive RFD crab cavity

Urethane film \ -~ Mould

for HL-LHC (niobium) )
Lot-1 (forming OK) Lot-2 (forming NOK)
e
Very different
outcome!

* Same material specification
* Same material supplier
* 2different material lots Why?

* Same tooling

* Same operators

* Same forming procedure
* Same press machine




D d < In-depth analysis of material used!
e e p ra W I n g Activities in full synergy with EN-MME Material, Metrology &

NDT section

Effective Plastic Strain
5.310e-01 o, Traditional FLD Upper
4.807e-01

4.304e-01 ]

3.801e-01 _
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Major True Strain

(Long Transverse

e

X

- . Direction
7.821e-02 forming area v .
2.790e-02 _| < vy ’ : Crystalographic orientation

REGION 1. MAX strain Minor True Strain and texture

1.285e-01 :I 1. Preferable

ZI_> X (Rolling Direction)

A. Gallifa Terricabras, S. Pfeiffer

Effective Plastic Strain
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4.807e-01 e
4.304e-01 _|
3.801e-01 _ 04}
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1.788e-01 R
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1.285e-01 / Position along thickness [mm)]

Hardness profile along thickness

Excessive
thinning

e
w
hardness HVD0.1

Major True Strain
)
(Y

7.821e-02 I TR VR P 0 Hardness profiles

2.790e-02 B Minor True Strain

32

IPF Map || Y
Niobium
Step size: 5 ym

Lot-1 (forming OK)

[|RD [[ND
(x) » \

Lot-2 (forming NOK)

|| T !
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3.88

L |IRD Ino [ 117D I
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~LOT-1
--LOT-2

3.6 4

REGION 2. Failure strain

R&D NIOBIUM FORMING
Simulations at CERN Nb material model
J. Swieszek « Anisotropy

* Strain rate sensitivity
Improved failure model

(2)



Particle beam impacts on accelerator
structures




Particle beam impacts

= When a particle beam hits an accelerator structure, it transfers its kinetic energy to the structure under
the form of heat

= We call this case “quasi-instantaneous heating” because the duration of the impact (ns, us) is very small
compared to the time constants of the problem:

ta <, < Tth, Timech 7,,: thermal time constant
T..ch: Mechanical time constant

LZ I L. character{'stic _d/:mension of the system
a: thermal diffusivity

(Cl ) k: thermal conductivity

p: density

c,: specific heat

c: wave speed (speed of sound in the

elastic domain)

Tth = —
a

L
C

PCp
Tmech=
= Short time phenomenon, high non-linearity (melting, vaporization, fragmentation) = typical domain of

explicit codes!
= Tool of preference for this scenario, at CERN, is Autodyn (self-implemented SESAME EOS, etc.)




Particle beam impacts

= Thermal energy deposited on the target can be evaluated through Monte-Carlo interaction and transport
codes e.g. GEANT4, MARS, FLUKA (CERN, SY-STI)

= 3D energy density FLUKA maps used as an input for the

thermomechanical simulations (Autodyn, LS-Dyna)
FLUKA: 440 GeV proton beam impact

E
e —
FLUKA Autodyn 3
3D thermal energy Target response in - i - i
distribution deposited terms of stress, strain, £ 04 ;
by beam on target temperature % -
( i : ) > 00 100 200 300 400 500 00 700 800 900 1(500

Particle beam Specimen length (mm)
*Courtesy of M. Frankl, CERN, SY-STI




Particle beam impacts on LHC collimators

= LHC collimators: objects intercepting the external halo of the circulating proton beam (steady state load)

= |n accidental cases: direct beam impact on the collimator absorber!

= Most critical case is on tertiary collimators (tungsten-based, dense absorber)

LHC TCT

Stiffener
(Glidcop
modeled as OFE-Cu)

Bloc Support
(OFE-Copper)
Jaw bloc (x5)
(W(95%)-Ni(3.5%)-Cu(1.5%)
partly modelled as pure W)

Cooling Pipes
(Cu(89%)-Ni(10%)-Fe(1%)
modeled as OFE-Cu)

Screw (x40)
(Stainless Steel)




Particle beam impacts on LHC collimators:
material testing

Material Location

TUNG.ALLOY

Materials can be tested in these conditions at CERN: HiRadMat facility
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Particle beam impacts on LHC collimators:
material testing

= Materials can be tested in these conditions at CERN: HiRadMat facility

.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e-+10
0.000e+00
0.000e-+00
0.000e+00
0.000e+10
0.000e+00
0.000e+10
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00

0.000e+00

= Maximum fragment velocity: Simulation and online observations of tungsten-

= Numerical 316 m/s

= Experimental 275 m/s




Particle beam impacts on LHC collimators

= Whatis the point in simulating so extreme accidental
scenarios? 1 LHC bunch @5 TeV impacting TCT

= Reason: we can accept failure of the absorber and
replace the collimator. But we cannot accept major
failure possibly jeopardizing the close-by environment
(full vacuum sector or even outside of the tank)

1.120e+05
8.000e-+04
4.600e+04
1 B00e+04
-1 B00e-+04
-4.8008+04
8.000e+04
-1.120e+05
-1.440e+05
-1.7608+05
B 0

= Resistance of the vacuum containment (absorber

-2.720e+05

=  Design must ensure:

= Resistance of the cooling circuit

fragments are like hot bullets!) -

admadel

Cycle D

Time 0.000E+000 ms
Units mm, mg, ms




Particle beam impacts with hydrodynamic
tunnelling

- = Depending on the energy and
« - n e, o . .
LOEH3 Shock Wave regime Hydrodynamic Tunnelling densities, a device impacted by the
[} — . . .
Lotz particle beam will undergo different
regimes
o 10RO Plastic Regime . .
5 ¢ = Most complex to study / simulate is
e the hydrodynamic tunnelling
.%i 1.0E+07 regime
E
EHHE = What’s that?
=z 1.0E+05
o Elastic Regime
106400 — : . , . ‘ — * A. Bertarelli (2016). Beam-induced damage

mechanisms and their calculation. CERN Yellow
Reports, v. 2, p. 159, Jan. 2016. ISSN 00078328.

Deposition time [s]




Particle beam impacts with hydrodynamic

*Courtesy of M. Frankl, CERN, SY-STI

tunnelling 7

= We said, for beam impacts 2 ta <, K Ttn, Tmech

=]

o
e
o

o
o
Energy deposited (GeV/cn13)

&

w

=  With FLUKA, the simulation starts from a
component with density p,

Specimen radius (mm)

03

[N)

= At the impact spot: instantaneous

- 0 B :
0 100 200 300 400 500 600 700 800 900 1000

temperature and density change Particle beam Specimen length (mm)
= However, as soon as the target remains FLUKA Autodyn
solid, the density change is small > pt)~po 3D thermal energy Target response in
L . distribution deposited terms of stress, strain,
= At a certain time of the impact 74, p. <, < py I|_bybeam on target TR
change of phase occurs. There > teu ™ 0

If t; > 14,2 the FLUKA map needs to be updated
with the new target density distribution




Particle beam impacts with hydrodynamic
tunnelling

In a nutshell

= Hydrodynamic tunnelling: the impacting beam penetrates deeper and deeper into the target, as the density of
the impact region depletes over time

= |f FLUKA map is not updated over time = strong underestimation of the beam penetration into the target 2>
could be a problem for beam dumps!

= Example: full HL-LHC beam impact on graphite target (t,> 70 ps)

t = 0.000pus

. g
Density [ ] Temperature [K]

Pressure [GPa]

2.057

1.543

1.029

0.514

0 2000 4000 6000 8000 10000 2000 4000 6000 8000 10000 0.000 Courtesy Ofl Hje”e (CERN, TE_MPE)

z [mm] z [mm] z [mm]
& A. Piccini (CERN, EN-MME)
Density depleting to zero at the axis.

2 OO0




Particle beam impacts with hydrodynamic
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No FLUKA/Autodyn coupling: beam

penetration after 70 us into target = “5m
5.625us

\

\

\

\ —— 6.875us
\ 8.125pus

\ — 9.375us

\ 10.625ps

\ 11.875us
\ 13.125ps
\ —— 14.375us
\ 15.6254s
\ 16.875ps

-—-- 16.875us (static)

o o
o @

Energy deposition [GeV/g]
o
+

8 10

FLUKA/Autodyn coupling: beam
penetration into target after 17 us -2 ,
0% 5 4 6
Target length z [m] P —

~10m (and after 70 us = ~30m!)
2.2el11 ppb

Tunnelling!
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Computational Tools Il - Summary

At CERN, and especially in the phase of designing particle accelerator components, we
most often resort to implicit tools such as ANSYS.

Explicit codes usually offer a wider range of material models and possibilities for non-
linear calculations.

However, defining / obtaining such models is a complex and laborious exercise. For this
reason, explicit tools are not the 1%t choice at CERN.

Specific fields that require to us the use of explicit tools such as LS-Dyna and Autodyn
are:

= Large-deformation processes, e.g. manufacturing by forming and bending

= Accidental (or operational) particle beam impacts on accelerator devices

Given the complexity of explicit simulations and material models, for this type of studies
extensive experimental testing and benchmarking is of paramount importance.
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Symbols (1/2)

At: integration time step [s]

L: characteristic length [m]

c: wave propagation speed [m/s]

p: density [kg/m?3]

E: Young modulus [Pa]

n: number of integration cycles/steps|[—]
tio¢: total duration of the real process [s]
p: pressure [Pa]

E;}: thermal energy [/]

a: thermal expansion coefficient [K ~1]

K: Bulk modulus [Pa]

Cp, Cy: specific heat at constant pressure or volume
U/ (kg - K)]

g: strain [—]

&: strain rate [s71]

T: temperature [K]

o: stress [Pa]

oy, Mmaterial ultimate strength [Pa]

D: damage function [—]

¢ hydrostatic stress [Pa]




Symbols (2/2)

= p.:spallation pressure [Pa]
= ¢y:sound speed [m/s]
= K_:fracture toughness [MPa - \m]

= Y: material yield strength in uniaxial
strain state [Pa]

= T,,:thermal time constant [s]

" T...ch: Mechanical time constant [s]
= q:thermal diffusivity [m?/s]

= k:thermal conductivity [W/(m - K)]

= t,: beam impact duration [s]

= T,,:time at which change of phase occurs [s]
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Modelling techniques

HYDROFORMING: 1.3 GHz single cell elliptical
Using keywords principle with LS-DYNA standalone:

Definition of the tube:

*MAT_PIECWISE_LINEAR_PLASTICITY
*SECTION_SHELL

Definition of the die and punch:
Plastic material low

Assignment of the element formulation and

*MAT_R|G|D thickness
*SECT|ON_SHELL Tools defined as rigid

Boundary conditions:

*BOUNDARY SPC

Contact:
* CONTACT_FORMING_ONE_WAY_SURFACE_TO_SURFACE

Controls and activates the output files:
* DATABASE

SRS -~

Full symmetry used

All part as surfaces (shell elements)
- inner pressure

- axial displacement

Keywords definitions based on user manual

*PART

*PART

Card 2

Variable

Type

Default

VARIABLE

HEADING

PID
SECID

MID

EOSID

HGID

1 2 3 4 5 6 7 8

PID SECID MID EOSID HGID GRAV | ADPOPT | TMID

/A lor A10 | lor A10 | | or A10 | I or A10 | | lor A10
none none none 0 0 0 0 0
DESCRIPTION

Heading for the part

Part identification. A unique number or label must be specified.
Section identification defined in a *SECTION keyword.
See Remark 7.

Material identification defined in the *MAT section. See Remark 7.
Equation of state identification defined in the *EOS section.

Nonzero only for solid elements using an equation of state to
compute pressure. See Remark 7.

Hourglass/bulk viscosity identification defined in the *HOUR-
GLASS Section. See Remark 7.

EQ.0: default values are used.

Die
Tube
Punch



Failure model

How to assess the failure?

A commonly used failure criterion:

= Maximal principal strain:

&1 S Emaz

= Maximal equivalent strain:

4
Eeq = \/55%(] + b+ bg) S 6:rrm..‘r:

=  Maximal thinning:

Effective Plastic Strain
9.032e-01
8.128e-01 ]
7.225€.01 _|
6.322e-01 _
5.419e-01
4.516e-01

| 361301

2.709e-01

/ 1.806e-01

0032802
0.000e+00 _|

Forming Limit Diagram
for failure prediction

1) Simulate

If calibrated based on uniaxial tensile (UA),
equivalent only for UA deformation,
significantly different for three-directional forming

Em(m:
€3 < —
2
2 T 3 T T
Max Principal Strain
Max Equivalent Strain
Max Thinning
15
£
s
2 \
& 1
©
2
&
i
05 ¢
conditions
0

-1 -08 -06 -04 -02 0 02 04 06
Strain ration (el/e2)

= % i

A 4 2

uniaxial laterally

tension confined

0.8 1

)
«ll=
¥

biaxial tension

2) Corelate epsl and eps2
3) Observe part deformation path:
4) Assess feasibility

Standard approach for sheet metal forming:
Failure Model : maximum strain criteria
(Distortion Energy, FLD Forming Limit Diagram)

Major strain &:

T-shape hydroforming
----- Storen-Rice n=0.534
1ISO 12004
¢ Average
Maximum

0%

-0.6

-84 -0.2 0.0 0.2
or strain €2

Maximal equivalent strain criterion
Too conservative and inaccurate for large deformation




Hydrodynamic tunnelling

Successive proton bunches impacting on a target depletes the material
density along the beam path causing particle showers of subsequent
bunches to penetrate deeper into the target.

Due to the drastic change in density, the energy distribution calculated
under nominal density will cannot be used for the full beam analysis
The energy distribution must be simulated again when the density
change due to the beam impact is significant.

Done by coupling ANSYS Autodyn with the energy deposition code
FLUKA iteratively. This coupling has been proven accurate by
experiments conducted at HiRadMat.

The density depletion front reaches a constant speed into the material.

t = 0.000us
Temperature [K]

Density [mgn—3]

e = Pressure [GPa]

1.736
€
1165 E

0.595 2513

0.024 298

200G, 4000 6000 8000 10000 2000 4000 6000 8000 10000

z [mm]
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Experiment at HiRadMat, CERN

440 GeV, 144b, 6 = 0.2 mm,
1.5e11 p*, 1.5 MJ beam energy

Copper targets after impact of SPS beams. First
experimental proof of hydrodynamic
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Hydrodynamic tunnelling — Results from some experiments and simulations

TABLE 1. Summary of hydrodynamic tunneling studies for the SPS, the LHC, and the FCC.

Proton Bunch Bunch Bunch rms beam Target Tunneling

Accelerator energy number intensity separation size material range Source

SPS 440 GeV 108 1.5 x 10! 50 ns 0.2 mm Copper 0.8 m Simulation [23]
SPS 440 GeV 108 1.5 % 10! 50 ns 0.2 mm Copper 0.795 m Experiment [24,25]
SPS 440 GeV 144 1.5 x 10! 50 ns 0.2 mm Copper 0.9 m Simulation [23]
SPS 440 GeV 144 1.5 % 10" 50 ns 0.2 mm Copper 0.85 m Experiment [24,25]
SPS 450 GeV 288 [.1 % 101! 25 ns 0.088 mm  Copper 1.3 m Simulation [11]
SPS 440 GeV 288 1.15 x 10! 25 ns 0.2 mm Copper 1.1 m Simulation [22]
SPS 440 GeV 288 1.15 x 10" 25 ns 0.5 mm Copper 0.85 m Simulation [18,22]
LHC 7 TeV 2808 1.15 x 10" 25 ns 0.2 mm Copper 35 m Simulation [13,17]
LHC 7 TeV 2808 1.15 x 101! 25 ns (0.5 mm Graphite 25 m Simulation [18]
FCC 40 TeV 10600 1.0 x 10" 25 ns 0.2 mm Copper 290 m Simulation [27]

1

FCC 50 TeV 10600 1.0 x 10" 25 ns 0.2 mm Copper 350 m Simulation [27]




Hydrodynamic tunnelling — Distribution of energy in the material for the HL-LHC beam

Energy distribution over time. Each line is how Accumulated energy over time. Each line is how the total
energy is distributed at one specific timestep. First, energy Is distributed in the material at the given time and
we see an initial maximum peak, then as density is how this increases over time as more bunches impact.
depleted the energy is deposited further into the Can see how, over time, there is close to no new energy
material with a constant amplitude. distributed where the density is depleted to zero.
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