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* Rapid interactions of particle beams with solids induce Dynamic Responses in matter.
* Three main Dynamic Response Regimes exist, depending on several parameters:
 Deposited Energy and Energy Density
* Interaction Duration

*  Material Strength ...

Regime 1: Stress waves and vibrations in the elastic domain

H . 1.20E-05
* Low deposited energy density. Flexural displacement [m] S S——
° Neg/lglble Changes in density. 1.00E-05 4 ——— - Experimental Data: - TeA- o0,
* Wave at Elastic Speed of Sound (C,) Courtesy 1. Lettry
* Treated via analytical approach or with 8.00E-06 1 ‘ ‘ ‘

standard FEM codes (implicit or explicit)
Example: CNGS target rods

6.00E-06 -

4.00E-06 -

100 mm Target
Rod (Graphite)

2.00E-06 +

0.00E+00 ~

-2.00E-06 \ 1 \
0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03

A. Bertarelli, A. Dallocchio et al.; Journal of Applied Mechanics -- May 2008 -- Volume 75, Issue 3

Thermally Induced Dynamics
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 Deposited Energy and Energy Density
* Interaction Duration
*  Material Strength ...

Rapid interactions of particle beams with solids induce Dynamic Responses in matter.
Three main Dynamic Response Regimes exist, depending on several parameters:

Regime 2: Stress waves and vibrations in the elastic/plastic domain

* Medium deposited energy density.

* Permanent deformations appear.

* Wave slower than sound speed.

e Can be treated with standard FEM
codes (implicit or explicit).

Example: Collimator Metal support
After SPS - TT40 robustness test in 2004

A. Dallocchio; PhD Thesis -- CERN-THESIS-2008-140

A. Dallocchio - CERN

Area of residual
plastic strains

ally Induced Dynamics
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* Rapid interactions of particle beams with solids induce Dynamic Responses in matter.
* Three main Dynamic Response Regimes exist, depending on several parameters:
 Deposited Energy and Energy Density
* Interaction Duration

. Uniaxial Strain
*  Material Strength ... Hypothesis

Regime 3: Shock Waves

* High deposited energy density. of sound

e Strains and pressure exceed a critical value. B Y e
* Wave faster than elastic sound speed. Change of density.
* Require special numerical tools.

Wave velocity
higher than speed

Shock
Wave

Q

Example: Cu Target hit by 233U beam at GSI

Plastic Wave

Stress/ Pressure

Comparison between simulated beam impact in Autodyn
and Metallurgical analysis of impacted Cu target (Courtesy
H. Richter / J. Lettry)

Strain / Volume Change

Thermally Induced Dynamics
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Shock waves in beam-induced accidents ...

*  For W shock waves are produced at ¢, > 15% and for Cu at g, > 7.5% (assuming uniaxial strain)
e Strains are intimately related to temperature changes, e.g. for Tungsten:

g oca(T -T)With ar, 4, =6.8x10°K ™ and T =3340°C => ¢ =2.3% < &,

 Shock waves do not appear (in metal based materials) unless changes of phase
occur!!!

@ Engineering Department

... and the tools to treat them

e Standard structural mechanics tools (e.g. Ansys) are unable to treat problems with changes of
phase and of density.

* A new class of numerical simulation tools is necessary = Hydrocodes.

* A Hydrocode is a non-linear numerical tool developed to study very fast, very intense loading
on materials and structures.

e  Originally it assumed a hydrodynamic behaviour of material (no strength = fluid-like material).

e Up-to-date Hydrocodes keep material strength into account.

Simulation Tools

A. Dallocchio - CERN
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To investigate this phenomenon, a fundamental aspect is the development of methodologies of
analysis of the complete problem. To do this, it is essential to look to a multidisciplinary approach.

Physics
Thermodynamics
hydrodynamics

Structural/mechanical
engineering

PARTICLE BEAM

A. Dallocchio - CERN

Types of Thermall

93 Solid

84 liguid
7.5

Complex geometry, material behavior, boundaries...

T Shockwaves

-
’— -~~

6.5

Plasma
5.6

46

Plasticity at High Strain Rate,
Pressure and Temperature

Thermally Induced Dynamics
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Standard FEM Codes Hydrocodes
Linear Elastic Behaviour Complex Equations of State (EOS)
AV —
P=K -2 4+3¢-AT P f(P’E(T))
~ V ,
Stress - v' Mie-Gruneisen
i v’ Tabular EOS (SESAME)
I N~ Replaced by £ v Tillotson
v

modulus !
E l

—>
£ Strain
Static Yield Strength Multi-parameter Strength Models
v" Johnson-Cook
_ _ : v' Steinberg-Guinan
5 O, Rp0-2 RePIaCEd by Oy f (8’ &1 ’) v Johnson-Holmquist
& Vo
=
&
§' Static Failure Strength Dynamic Failure Models
jol0
£ o, =R, Replaced by Damage = f(¢,¢,T,P,,P....K....)
c
go . .
6 Material Modelling

A. Dallocchio - CERN
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Stress tensor = hydrostatic tensor + deviatoric tensor
(change in volume) (change in shape)

Gruneisen
Polynomial
Tillotson, Puff, GRAY

Tabular (SESAME, EOSPRO...)

Pressure (GPa)

Von Mises stress (MPa)

Johnson—Cook

Steinberg—Lund
Zerilli-Armstrong

Material Modelling
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Different analytical Models for different
regions of p-T space for best fitting:

W EOS (Kerley Technical Service) '/Ax

X

Tungsten EOS
Pressure plotvs .
Density and

. |Temperature

Polynomial EOS

Tabular EOS Polynomial interpolation:

* defined over the Region of interest
*P=f(E) with f linear

« 2 different polynomials for Compression
(c, u<0) and Rarefaction (T, u>0);

P, = A, + A5 + Ay +(By+Buir) poe

Pr =T + Tz:UT2 + By 0,8

10* =T min Begion of _ ,0 ,00
T interest E lLl
max p
5 Cu EOS (SESAME) 0
10° |
0 E=p,e
10° |
/‘P
e
102[
10™ 10° 10"

p (kg/dm?)

Material Modelling

A. Dallocchio - CERN
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v'There is not a unique Failure Model
v’ Different Models for Different Failure Mechanisms and Materials

Ductile Failures on Ductile Failures on low Ductile-Brittle Failures with

high deformable deformable materials very high strain rates
materials (Cu): (W Alloys): (Shock Wave propagation):
Johnson-Cook Plastic Strain Spall Strength
Failure Failure (Failure due to

Rarefaction Wave)

Ag
&' =|D,+D.e> |1+ Dynlé |1+ DT P { =
Pressure Strain rate Temperature D = l D — 1

dependence dependence dependence

v'Identification of Parameters Depends on Failure Conditions
v'Need for Specific tests to Validate Failure Models

Material Modelling
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T Lagrangian Mesh: L SPH Mesh: single-node elements
multi-node elements *( >* interaction modeled via Weighting
1€ :>X with shared nodes. & >* Function (W) and Smoothing Length
h (h); Density (p) expressed as a
See—Y function of W and h.

SPH Tips and Tricks:

Mesh size:
Accurate damage assessment (splashing) vs. CPU Time

[x"x’|/m

Time Step
5-10 times smaller
w.r.t. Lagrangian mesh.

Possibility to study crack
propagation inside the target
and motion of expelled
fragments/liquid droplets.

R

Algorithms of Solution

@ Engineering Department
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T Lagrangian Mesh: L SPH Mesh: single-node elements
multi-node elements *( >* interaction modeled via Weighting
1€ :>X with shared nodes. & i Function (W) and Smoothing Length
h (h); Density (p) expressed as a
See—Y function of W and h.
¥ SPH Tips and Tricks:

N
p[ :ijwu (XI _XJ,h)

Failure Model for Tungsten: Spall Strength
Failure due to Rarefaction Shock-Wave

Failure model:

Distance between Interacting
SPH Particles must be < 2h
(to avoid energetic errors);
Plastic Strain Failure Models
could leads to energetic
instabilities.

WI-JJ
os

a4
oy
o
a
T
.2 15 4 as o LS 2
—
h

Possibility to study crack
propagation inside the target
and motion of expelled
fragments/liquid droplets.

R

Algorithms of Solution

@ Engineering Department
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K Lagrangian Mesh:
multi-node elements
€ :>X with shared nodes.

>ec—

Smoothed

| SPH Mesh: single-node elements
% >x interaction modeled via Weighting
‘( >‘ Function (W) and Smoothing Length

h (h); Density (p) expressed as a
function of W and h.

N o SPH Tips and Tricks:
o' :ZmJWIJ(X[ _XJ,h) P
SPH-Lagrangian Mesh Interaction:
Effects of highly energetic droplets 10%-103 m/s
, : RU ‘m_ L I m
O (P

Possibility to study crack
propagation inside the target
and motion of expelled
fragments/liquid droplets.

A. Dallocchio - CERN
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ial condi

Radius (mm)

Deposition as ini

Radius (mm)

LHC Collimation
"~ Project

Radius (mm)

0 200

400 600
Length (mm)

A. Dallocchio - CERN

800

1000

351.5

2812

2109

140.6

788

63.0

473

31.5

15.8

27.0

216

16.2

10.8

5.4

-0.0

Deposition as 8 bunches profile

Radius (mm)

Radius (mm)

Radius (mm)

Pressure (GPa)

t{——-‘-——:-"as .
200 400

200

t=0.5ns

600 800

Pressure (GPa) t=77.1ns

800

41.6

333

25.0

16.6

Cu thin rod hit by 8 LHC bunches
x 10

Energy Deposition

400
t (ns)

600
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CERN (Autodyn), Politecnico di Torino (LS-Dyna) and GSI (BIG-2)

Pressure (GPa) - 5

Element no.

\ LS-Dyna |~
\

. sl f
5025
3 / 5050
€ 02 - JJ \ T
@ =
3 0 §15 II \y \
£ g
E 510
.E -OI2 g &’\\
° | — \\ \\\\
0.4 \
ol \ ¥
0 0.5 1 15 2
0 Time (E-06)
0.4
€ 0 oo WO . X, TR AUtOdyn _
g 0.2
3 —
E‘ 0 %1.5 10" —
H o
qé %10*107—---- N AL . W, (T, S
& -0.2 c
° . :
: — (1)Gauge# 9
: — (2)Gauge# 18
0 20 40 60 g0 100 0.0*10° \i — gggzﬂgﬁ 2
0 5 10 15 20
Length (cm) e}
TIME (ms)

M. Scapin, A. Dallocchio, L. Peroni, “Thermo-mechanical modeling of high energy particle beam impact”. ACE-X 2010, Paris. Under review for publication
on “Numerical Modeling of Materials Under Extreme Conditions”, Springer.

Benchmarking of Numerical Codes
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+/-10 mm
through 5th
axis

Stiffener
(Glidcop
modeled as OFE-Cu)

Screw (x40)
(Stainless Steel)

oo |eoflo| o

Bloc Support
(OFE-Copper)

' Cooling Pipes

Jaw bloc (x5) (Cu(89%)-Ni(10%)-Fe(1%)
N (W(95%)-Ni(3.5%)-Cu(1.5%) modeled as OFE-Cu)

' partly modelled as pure W)

| Mateial | _____EOS | _ Strengthmodel | ____Failuremodel ____
Tabular (SESAME) Johnson-Cook Plastic strain/ Hydro (Pmin)
Polynomial Johnson-Cook Johnson-Cook

Shock Johnson-Cook Plastic strain

__ Water | Shock : Hydro (Pmin)

Engineering Case Study

@ Engineering Department 'i&
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Bunch Deposited
spacing Depth |Energy on Jaw| Equivalent
[ns] [kJ]

Impacting | Particles

Case | Energy | Emittance Bunches | per Bunch

_ 3.5 3.50 1 1.3x10™ - 2 38.6 9.2

“ 5 7 1 1.3x10™ - 2 56.2 13.4
5 3.5 1 1.3x10™ - 2 56.5 13.5
- 5 1.75 1 1.3x10™ - 2 56.6 13.5
“ 5 1.75 2 1.3x10™ 25 2 111.3 26.6
“ 5 1.75 4 1.3x10™ 25 2 216.1 51.6
5 1.75 8 1.3x10"" 25 2 429.8 102.7

Three different damage scenarios, with increasing severity:

 Level 1 (Collimator need not be replaced). Permanent jaw
deformation and damage are limited.

* Level 2 (Collimator must be replaced). Collimator and
other components (e.g. Screws) are fatally compromised.

 Level 3 (Long down time of the LHC). Catastrophic damage Jaw Damaged Area (red)

to collimator leading to water leakage into beam vacuum Level 1: H< 8 mm
Level 2: H> 8 mm

ring Case Study

(pipe crushing, tank water circuit drilling ...)

@ Engineering Department
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Simulations v'Lagrangian Simulations

First W Sector of Jaw (Length 200 mm) Complete Jaw (Length 500 mm)
Lagrangian Parts

All Lagrangian parts
SPH Part

Lagrangian Mesh: Shock Wave propagation
SPH Mesh: W Insert LOCAL Damage due along the entire structure (W inserts, Cu
to Beam Impact; Surrounding Lagrangian Jaw, Cooling Pipes, Stiffener)
parts for Boundary Conditions

g Case Study

@ Engineering Department
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Single-bunch @ 5 TeV.

Pressure Waves -
E 5 —2mm
o =3 mm
_ % 0 \\ w4 mm
' g -5 \ =5 mm
o G mm

0 1 2 3 4 5 =7 mm
Time (us)

admodel
Cycle D
Time 0.000E+000 ms
Units mm, mg, ms

Acclident Simulations for TCT

A. Dallocchio - CERN



1)
2)
3)
4)
5)

A. Dallocchio - CERN

1 Bunch @ 3.5TeV
1 Bunch @ 5TeV

2 Bunches @ 5 TeV
4 Bunches @ 5 TeV
8 Bunches @ 5 TeV
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e 1LHCBunch @ 5TeV.
* Plastic deformations on cooling pipes and screws remain limited.

e 8mm damage on impacted jaw.
. Particle Spray on a larger area on opposite jaw.

R T,

Max 1.4% (on |
Water Pipes)

9600601 G
i 1 1247002
560001 i
—  8.400e01 s (el
et 00001 R e, | f— 1.085e-02
1  7.600e-01 -
. " 9761003
[ ——  9219.03
—  6.400e01 .
Gl 6.000e-01 — ik
N I 759203
[ B 0.
B :Iﬁ:ﬂ = gs08e03
' == sos5ems
= ;72222:21 —  5423e03
1 3.200e-01 — 4.881e-03
| 2.800e-01 | 4.338e-03
2400001 = 3708003
2.000e-01 — 3254003
1.600e-01 = 2711e03
1.2006-01 2169003
8.0005-02 I 162703
4000602 1.085e.03
0.0008+00 5.4230-04
0.000e+00

casebv2

Cycle 26465

Time 5.009E-002 ms
Units mm, mg, ms

a0
E
L

Plastic Strain

TIE T o0 TE-00Z T

Particle spray on opposite jaw.
Sticking droplets?

Units mm, mg, ms

Case Study

A. Dallocchio - CERN
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4 LHC Bunches @ 5TeV impacting at 2mm from jaw surface

Severe plastic deformations on cooling pipes and screws.

Permanent damage to opposite jaw due to particle spray.

TSI [ [ [ ||

admodel
Cycle 5825

1.029¢-01

9.824e-02
9.356e-02
8.888e-02
8.420e-02
7.952e-02
7.485e-02
7.017e-02
6.549e-02
6.081e-02
5.614e-02
5.146e-02
4.678e-02
4.210e-02
3.742e-02
3.275e-02
2.807e-02
2.339e-02
1.871e-02
1.403e-02
9.356e-03
4.678e-03
0.000e+00

Time 5.910E-002 ms
Units mm, mg, ms

. Dallocchio - CERN

Plastic deformation
of Pipes (max 12%)

i
.

Damaged Zone on W Jaw > 20 mm

g Case Study
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e 8 LHCBunches at 5 TeV.
 High probability of water leakage due to very severe plastic deformations on pipes.
* Impressive jaw damage :

e Extended eroded and deformed zone.

*  Projections of hot and fast solid tungsten bullets (T=2000K, V__ =1 km/s) towards
opposite jaw. Slower particles hit tank covers (at velocities just below ballistic limit).

* Risk of “bonding” the two jaws due to the projected resolidified material.

maXx

1.704e-01
1.630e-01
1.556e-01
1.482e01
1.408e-01
1334001
1.260e-01
1.187e01
1.113e01
1.038e-01
9.649e-02
891002
817202
743302
5.694e-02
5955002
5.216e-02
4478202
3.739e02
3.000e-02

is

_____ IINENNNNNNEEREREN

cased

Cycle 156

Time 2.700E-005 ms
Units mm, mg, ms

admodel
Cycle 20680

Time 2.254E-001 ms
Units mm, mg, ms

ring Case Study

A. Dallocchio - CERN
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Flies in the ointment

* Most pure material EOS are drawn from military research (mainly Los Alamos).

Unfortunately these data are frequently inaccessible as they are classified.

e EOS for specific mixtures and alloys are often totally unavailable.

* There is no “fit-any-material” Strength or Failure Model. There is a generalized lack of

experimental data for these models under extreme conditions (e.g intense beam
impacts).

e Approximations and extrapolations are inevitable for each of the three “ingredients”

of the Hydrocode tools.
Data for pure metal (more easily available) are often used in place of alloys.

* All presented results are unavoidably affected by these uncertainties.

* Only dedicated experimental tests can provide the correct inputs for simulations.

=2 HiRadMat Facility at CERN

Experimental Validation

A. Dallocchio - CERN
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HiRadMat:

High Radiation to Materials Project:

development of a new facility at CERN. =

Multi-bunch beam impact tests using
SPS Beam up to 450 GeV.

Material Test Bench

Several Material candidates
(“standard” + advanced).
*Metals

* GlidCop, W, Mo
*Ceramics

e Graphite, SiC
*Metal-Diamond Composites

e CuCD, MoCD...

Material Properties
(EOS, Strength and Failure Models)

Numerical Simulation of the
HiRadMat tests

(FLUKA, LSDYNA, AUTODYN)

Experimental Measurements

(LDV Laser Interferometer, PVDF,
Strain Gauges, Thermal probes

+ post mortem analysis)

N 7

Validation of Material Models and of
Numerical Tools.

Experimental Validation

A. Dallocchio - CERN
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Conceptual Design of

Materials:

Glidcop, W, Mo, C, SiC, CuCD, MoCD

Different Target materials

SPS Beam

A. Dallocchio - CERN

Horizontal
Movement to
change Impact
location

W sample hit by
one SPS bunch

PVDF and Strain Gauges

LDV measurements

L.

*Validation of the EOS:

LDV, PVDF, Strain Gauges and Thermal
probes

*Validation of Strength and Failure models:
*Post-Mortem Analyses
*Specific Experimental tests for the

Vertical Movement to
change target samples

characterization of the strength models.

Experimental Validation




@ Engineering Department

LHC Collimation

Project

Beam-induced structural effects up to the melting point can be reasonably well
treated with Standard FEM Codes.

When changes of phase occur and shock-wave phenomena are in place, advanced
tools must be used (Hydrocodes).

Main aspects of complex numerical simulations have been discussed:
 Advanced material modelling.
e Algorithms of solution.
e Benchmarking between numerical tools.
* Energy Deposition.

State-of-the-art 3D analysis of complex Collimator model carried out including:
* Simulation of Shock-wave propagation
e Simulation of permanent damages

* Particle spray do to change of phase

Conclusions

A. Dallocchio - CERN
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e W and Cu are well-known materials (Los Alamos): quite good confidence in results
reliability...

e ...anyway Constitutive models required by Hydrocodes are well beyond commonly
available material data . Most important limitation of these simulations.

* Specific tests in HiRadMat are hence highly recommended as well as detailed
characterization of strength models via advanced experimental mechanics.

* Conceptual design of HiRadMat sample holder has been showed.

 With a suitable calibration of beam parameters (humber of bunches, dimension of
the spot, etc.) it would be possible, thanks to HiRadMat, to investigate material
behavior at high pressure and strain-rate with this new kind of “impacts”.

e Coupling between FLUKA and Hydrocodes (LS-Dyna, Autodyn) is ongoing to evaluate
effects of relevant variation in material density for multi-bunch impacts.

Conclusions

@ Engineering Department
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Thank you for your
attention

We wish to warmly thank the FLUKA team (F. Cerutti, V. Boccone EN-STI) for the
quality and quantity of their inputs.

The work of H. Richter (DGS/RP) and D. Campanini (EN-MME) in developing and
making available Fluka-Autodyn interfaces is also kindly acknowledged.
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300 x r ,
250 pmin
— Pmax
200+
= Energy deposition Compression Pejement<Pboundary
a 150} (0.5 ns) ~isodensity § e =
o) Shockvawe
o 1 00 B !:l ExPanSion pelelement>pboundarv
TR p (kg/dm®)
Pcut-off , : : :
Spallation Element deletion P < Pipreshoid P < Pretreshold
Tabular EOS 0 50 100 150 200 250 300

(G. Kerley)

@ Engineering Department
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The EOS includes solid and fluid phases and the dependent
variable (pressure) is defined as function of independent
variables (internal energy and density).

E (GJ/m®)

Material Modelling
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Johnson-Cook

' T-T
O'y=(A+B<9:| 1+Cln.i 1- ref
Eo T .—T

melt ref

Steinberg-Guinan
(Jy=00[1+,8 5p,,+5 ]” /G < Oyax
%0 =1+ bPv*" — h(T = 300)]

Tmelt = TmO exp[Za(l — v)]v_2(7/0 -a-1/3)

-

\

When the temperature reaches the value of
the melting temperature the shear strength
of the material model becomes zero and
starts to be considered like a fluid (pure
hydrodynamic behaviour).

|

m

“These models have typically been tested
and calibrated with experiments on
Hopkinson bars, Taylor cylinders, and with
high-explosive (HE)—driven shock or
compression waves at pressures up to a few
tens of GPa and strain rates of 103 to 10° s1”
Remington et al.

For the future, improvement in
the material strength model is a
fundamental aspect!

Copper (FCC)

Tungsten (BCC)
New materials? Cu-Diamond, Mo-Diamond

Material Modelling

A. Dallocchio - CERN
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A shock Wave propagating through the interface between two solids (A and B) can be reflected
and transmitted depending on the incident angle.

Impedance Z=p, U, (po - initial density, U, - sound speed inside the material)
We can define 3 cases:

v'Z,>Z; = Reflected and Incident Pressure Waves have opposite sign;

v'Z,=7Z; =» The Incident Pressure Wave is totally transmitted (No reflected Pressure Wave);
v Z,<Z; = Reflected and Incident Pressure Waves have same sign.

Through the interface W-Cu (with Z,,, > Z ) the Pressure Wave is reflected with opposite sign.

x 10"
s A|

45

Pressure Vs. Particle Velocity

na

: i i i
% 500 1000 1500 2000 2500 3000
U (mis)

Accident Simulations for TCT

@ Engineering Department
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Shock-wave propagation (5TeV Single-bunch impact)

Damage is confined to W as energy escaping W blocs is limited (shock impedance at W-Cu barrier),

A. Dallocchio - CERN

— ] W

2.2 GPa \ \ §
/5 ’I[ | -

Compression Wave
reaches W-Cu interface

b
;
J

—
.

max Compression Wave Compression Wave
500 MPa reaches Cu-Ni Pipes bouncing back in W jaw

B Accident S_imulations fo?TCT



e Single-bunch cases: Maximum Pressure < 30 GPa
8 bunches case reaches 148 GPa

AUTODYN-30¥12.1 from ANSYS -

sressreqon Case 1: P, 19 GPa i Case 2: P

AUTODYN-SD vi2.1 fom ANSYS

Case3and 4: P__.. 29-30 GPa

26 GPa

max

1.9200407 2601407 max 2018807
1850807 . 25720407 28960407
17720007 24630407 2774e407
ot msenr R 2652407
161407 22 25306407
F— tsmer  z1me 24078407
pa— 1 4570407 —i 2029e407 2285407
— 1.378e407 — 1.820e+07 2.163e+07
1007 F—  teier 20818407
— 1221407 1 1.703e+07 1.919e+07
— 1.143e407 — 15850407 1.797a+07
— 1.064e+07 —1 1.486e+07 1674407
| 9.854e+06 1 1.377e+07 1.552e+07
— 9 068405 — 1.26898+407 1.430a407
— 82810408 — 1.160e+07 1.308e+07
— 7 4950406 — 1.082e+07 1.186a+07
1 6,709+ — 9.429e+06 1.064a+07
1 59230406 — 8343406 9.415e408
5.137e+06 — 7.257e406 B.193e+06
4.351e+6 B.171e+06 B6.971e+06
== 3 5658406 = 50858406 5750406
B 277508 B 3990..05 45280408
1.992e+06 2913406 3.306e+06
1.206e+06 1827e+06 2 085e+06
4 202e405 7.408:+05 8631405
3.660e 405 -3.453e+05 3586405
AUTODYNAD ¥121 fom ANSYS AUTODYN-2D ¥12.1 flom ANSYS AUTODYN-30 V12 1 flam ANSYS
PRESSURE (kFe) C 5_ P 56 GP PRESSURE (+P4) C 6_ P 97 GP PRESSURE (+a) Case 7' P 148 GPa
ase o. a ase o. a _ * ¥ max
55040407 max 98530407 max 1.4790408
' 5.369e+07 9. 2760407 l 1.420e+08
51456407 88080407 1.3618408
= 4920407 B.501e+07 — 1.302e+08
— 4695407 B.114e407 — 1.243e408
F  ddmes7 |  777ear F—  tieseoe
— 4245407 —1 7.340e+07 —1 1.124e+08
— 40200407 — 69530407 — 1.0850+408
I a7ssesr | B8sses7 —  100ses0s
F  asmoear —  eiBesr | assresr
— 33458407 1 57918407 | B.875e+07
— 31206407 — 5 40407 — 8.284e407
F 2eser = == R
1 2670e+07 | 4629e+07 — 7.100e+07
— 24458407 — 42420407 — B.509e+07
— 22200407 J— 3 8550407 — 5917407
i 1.995e+07 == 3.468e+07 1 5.325e+07
pa— 1.770e+07 1 3081e+07 s | 4733407
— 15458407 — 2694e407 —1 4182407
— 1.320e407 =i 23060407 — 3.550e+07
1.0958+07 = 1.919e407 == 2.958e+07
B8.704:406 1.532e407 i 2.365e+07
6.454e406 1.145e407 1.775e407
4.205e 406 7 577e+406 1.183e+07
1.9558+06 3.705e+06 5.913e+06
29422405 16702405 4 637403

é’” lons for TCT
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= iﬁc’éil:hn?‘fg IO Dy
c\ERNy N B (DX
X K7

AUTODYNAD V12 1 fiom ANSYS.

PRESSURE (kPa)

[TTTTTTT 1111 [T

Cycle 28639

Time 5 450E-002 ms

HEEE . ANEEEEEC

CERN |

1.370e+08
13150406
1.260e+06.
1.206e+06
1.151e+08
1.096e+06
1.041e+06
9.864e+05
9.3162+05
87682405
8.220e+05
7.672e+05
71242405
B.576e+05
6.028e+05
5.480e+05
4.932e+05
43840405
3.836e+05
3.288e+05
2740e+05
21920405
1 644e+05
1.096e405
5 480e+04
0.000e+00

9.544e+02
9.162e+02
8.780e+02
8.399e402
80176402
7 635e+02
7.253e+02
6.872e+02
6.430e+02
6.108e+02
5.726e+02
5.345e+02
4963402
4.581e+02
4.19%e+02
3.818e+02
3.436e+02
3.054e+02
2672e+02
2291402
1.909e+12
1.527e+02
1.145e+02
7.635e+01
3.818e+01

55 us Maximum Speed 954 m/s
0.000e+00 3 e e e

A. Dallocchio - CERN

The generated particle spray hits the Stainless Steel Tank
after ~55us generating a Pressure Peak about 1.37 GPa on
Tank inner surface, but without plastic deformations on
Tank even after 100 us

Maximum Impacting Speed 954 m/s at 55 us, limited to
few SPH particles. At 100 us the maximum speed is limited
to 508 m/s.

AUTODYN-3D vi2.1 fiom ANSYS

ABS VEL. (m/s)

5.081e+02
4,878e+02
4 675e+02
4.471e+02
4.268e+02
4.065e+02
3.862e+02
3.658e+02
3.455e+02
3.252e+02
3.049e+02
2.845e+02
26420402
2.439e+02
2.236e+02
2.032e402
1.829e+02
1.626e+02
1.423e+02
1.220e+02
1.016e+02
8.130e+01
6.098e+01
4.065e+01

2033¢401 100 us Maximum Speed 508 m/s

4.969e-03

ENNNERNNNNERRNNE]




LHC Collimation

Project

«  The maximum pressure on water in the single-bunch cases is 200 bar, above the tested
value of 120 bar but without provoking damages to the copper pipes
 The energy deposited during the impact on the water is negligible, leading to an increase

of temperature smaller than 0.1 K and to a pressure of less than 1 bar. Therefore the
incoming pressure on water is only due to the wave propagation

Maximum pressure on water ~ 200 bar

energy along the water line 3
0.1 T T T T T

001 ¢

Energy [GeV/em3 primary]
o
g

0.0001

1e-05 -
-60

z [em]

1.522e+03

7.610e+02
0.000e+00
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