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The beam dump problem

Particles are dumped 1n the solid with internal heat
generation, calculated by FLUKA

emperature increases suddenly giving origin to
rmal stresses

tic waves are propagated through the structure
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SEM overview: pro
formulation

To give a short introduction to the methodology
let us assume we have to solve the following

imple PDE problem over a computational domain
with Dirichlet boundary I'; and Neumann

dary I'y

C*(Q),
f 1nQ

on |

=9 and
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Weak form

The PDE problem is turned 1n its weak form

ind ue C*(Q), such that U‘FD =g and
cVuy=f inQ n-(cVuy=h onI

(), such that u

=9 and
=) vidQ Wve Hy(©)
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Numerical approximation

The functional space H!(Q) is infinite dimensional

(Q)=1ve LX(Q) |%e 1>(Q),j =1,...,n;

. J J

A

ideas are adopted

ximate H'(Q) with the finite dimensional space V,(Q2) with
ion N, such that V,(Q)cH!(Q)

test function v among the basis of the space Wi

= U (X) Eiuj‘{’j(i)
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Numerical approximation

The variational problem may be rewritten as
follows for the finite dimensional space V,(€2),
nd it easily turns to a linear system of equations

U, with | =1,...,N such that u

=0 and

VW e V.(Q) withi=1,..,N
BAX =D
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SE 1n a nutshell

The domain 1s split
into quad or hexa

ach element 1s
pped onto a
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SE 1n a nutshell

The computational domain € is split in a finite set of
smaller elements €, and each element is obtained by a 1 to
| mapping from a reference element €2

e nodes in Q are placed in the LGL positions &p, in 1D
zeros of L’y plus -1 and +1 (L 1s the Legendre
omial of degree N)

unctions y on £ are the Lagrange polynomials
he LGL nodes &

51)---(§_§| —1)(§_§| +1)°°'(§_§N+1)
(Gﬁ _§|—1)(§| _‘:i +1)---(‘:(»:| _§N+1)

‘Y (53) a 5|J
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High order functions

Trreriace point Cross—point
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Numerical integration

Integration is performed element-wise

J fae=>"| fdo
K Kk

grations are evaluated numerically over the
ence element by the Legendre-Gauss-Lobatto
) quadrature formula

fd2~3" | f(3)I (R,

q
the particular position of the internal

e spectral accuracy
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Spectral accuracy
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Run-time high order

——— — — ——————————
Numeri‘caIWn implies | | \ _
insufficient accurgey of the : — "\!'-.“

method®

Appealing for wave prolplems with
need of accuracy depending on the

frequency of u e signal to be //

.' propagated
| FE solution;ﬁiﬁéremeshing - *
egree 1. Analysis with increased spectral

degree set to 2 at run-time.
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Reasons for SEM

Geometric flexibility of the Finite
lements

Igh computational efficiency

tral accuracy
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Failure criteria: Stassi

[sotropic materials (graphite, titanium, steel, Inconel) are
evaluated with the Stassi criterion

The Stassi criterion is suitable for isotropic brittle materials
ving different tensile and compressive strength (whereas
Mises is only applicable for ductile materials)

equivalent Stassi stress is calculated on the base of the
Mises equivalent stress, the ratio between the
sive and tensile strength and the hydrostatic pressure
alent to the Von Mises stress when the tensile and
strengths are equal

ty 1s assessed on the base of the ratio between
ivalent stress and the tensile strenght of the

- Workshop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007
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1lure criteria: Maximum Stress

For anisotropic materials (carbon composites) the
maximum stress criterion is adopted

ach component of the stress tensor is compared with the
esponding material strength, either compressive or
e

aximum ratio between stress and strength is used to
ctural resistance
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arget Collimator Dump Septum

In the first design the TCDS was 3.0 long and had the following material
composition: 1m of graphite, 2m of a carbon composite, 1.5m of graphite
again, lm of aluminum nitride and 0.5m of a titanium alloy

The core had a wedge shape determined by the extreme orbit trajectories and
realized by a set of parallelepiped blocks (80mm high, ~24mm thick and
mm long)

e revised design the core consists of 24 blocks, each 250mm long with the
ing materials: 0.5m of graphite, 0.5m of high density carbon composite,
low density carbon composite, 0.5m of high density CC, 1.75m of

1gain, followed by 0.5 of a titanium alloy and 0.25m of a nickel alloy

Phastl - _ . CZ5 CZ5

CC NB31 CC 1.75
AIN CC 1.4
Phase 2 W 1] Ti 6AI 4V Ti Al 4V
‘ INCO718
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The proton beam 1s composed

by 2808 bunches R
16
ach bunch contains 1.7 10!! o3 o
tons with an energy of oF ]
8_ —
2 A 7
e step between the S of .
: 2 or 7
E -2_— .
54 B
swept across the 7 o .
. - -
10F .
12 -
141 _
B T T
102 03 04 05 06 07 08 09 1 L 12
time
o " /
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TCDS material properties RT

Material Graphite | Titanium Steel CCl1l4X |[CC1l4YZ
Name C2020 Ti 6Al 4V 316L SG1.4 SG1.4
Density (kg m-3) 1760 4420 7990 1400 1400
Specific heat (J kgt K1) 685 586 500 685 685
Thermal exp. (10-°K-1) 3.6 9.0 16.0 1.0-50 | -1.0-2.0
Young's mod. (GPa) 9.5 107 193 2.8 10
Tensile strength (MPa) 291 1036 290 46 61
Compres. strength (MPa) 291 1036 290 69.6 82.4

1es of SG1.75 are equal to those of SG1.4 except for the

ansion coefficient along the three direction for the
e has been measured from 20°C up to 1000°C
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CDS phase 2 results: graphite

block 15 temperature Increase

AT 1n the block 15,
made from graphite

is reducing along
x1s and the mean
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r
&

S phase 2 results: graphite

block 15 ma X Stassi ratio

Max Stassi ratio in
block 15, for a
Ous simulation

stress peaks on

Max Stassi ratio
0335 0269 .50 0739 0975 1.27 I.45 1.68

-
\_ /
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e temperature
increase 1s high but
critic for material

1O PlddC 4 105

temperature increase

4% B B |

| PP
10D.

kshop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007

Max Temperature (Celsius)

tcds-phase2: maximum temperature per block
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tcds-phase2: maximum stress/stassi ratio per block
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TCDS results comparison
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TCDS conclusions

The temperature increase and the stress wave propagation
in the blocks of the TCDS have been analyzed under the
eam sweeping conditions

e carbon composite seems to have excellent material
erties, hence the relatively low values of the max
ratio

t stressed part of each block are located on the
e, and on the lateral surfaces and vertexes in
esses may be reduced by an offset of the
nd a rounding of the block vertexes
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TCDS conclusions: phase 3

A new design has then been adopted by CERN that appears as a good
compromise

Some graphite blocks are substituted by high density carbon composite, the
teel block is no longer present and the two titanium blocks are moved at the
nd of the target; the following materials are adopted: 0.5m of graphite, 0.5m
igh density carbon composite, 2m of low density carbon composite, 1.5m
igh density CC, 1.0m of graphite again and 0.5m of a titanium alloy

esults were satisfactory throughout the whole target. The highest stresses
nd in the 23rd block, made from titanium, in which a temperature

0f 401°C and a maximum Stassi ratio of 2,08 are reached. This value
,65 when an offset beam 1s considered

Phase 1 N . CZ5 CZ5

- CC NB31 CC1.75
Phase 2 .. - AIN CC14
Ti 6Al 4V Ti 6Al 4V
As built .. . INCO718
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TPSG4 beam diluter

In the first design the TPSG4 was 3.0 long and had the following
material composition: 2.4m of graphite, 0.3m of a titanium alloy, and
0.3m of a Nickel based alloy

e design has then been modified by substituting several graphite
cks with a CC composite and by adding another 10cm long graphite

ee section were composed of several blocks each having a cross
30 x 19.25 mm, the block length is 240-300mm

| cz5
Phase 1 - - - -- CC1.75

Ti 6Al 4V

Phasel - - DIIII INCO718
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PSG4: phase 1 vs. phase 2

carbon composite [ . _ ~
better mechanical My — somme
erties than graphite '
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TPSG4 beam load

For the purpose of the analysis, the LHC ultimate
beam intensity 1s considered as the worst case

Momentum 450 GeV/e
Time structure 25nsx 72 x 4

Bunch intensity 1.7 101! protons
Total intensity 3.2 101 protons
Beam size H 0.97 mm

0 1 2 3 4 5 6 7 8 9 10 11 12
tirne [ps]

Beam size V

/
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TPSG material properties RT

Material Graphite | CC 14X |CC1.4YZ | Titanium Nickel
alloy
Name CZ5 SG1.4 SG1.4 Ti 6Al 4V | INCONEL
718
Density (kg m-3) 1840 1400 1400 4420 8190
Specific heat (J kgt K1) 685 685 685 562 437
Thermal exp. (10°K-1) 3.92 1.0-50 | -1.0-2.0 8.80 12.80
Young’'s mod. (GPa) 11.4 2.8 10 111.9 207.7
Tensile strength (MPa) B3 46 61 1036 1408
Compres. strength (MPa) 125 69.6 82.4 1036 1408
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TPSG4 model

Each block has been simulated a ~
separately

The mesh dimensions are

x30mm for the section, the
th of the block is 240mm for

hite and 300mm for i
m and Inconel s
consists of 85000 -
ents and a spectral e |
‘adopted
e 1s in the
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|

£ " 1 -4 rNa Y ‘e | e Y
nase 1 results: ma

Stassi ratio
e ~

N
C
I
e’
QD

he maximuin Value tpsg4-phasel: maximum stress/stassi ratio per block
c 1.4 ;
f the Stassi stress
o are found on the 12}
—~ 1.0
°
=08}
8
@
0 0.6
i
s
= 0.4}
0.2} .| 3 graphite
E : ; : B titanium
; ; ; ; B inconel
0.05 500 1000 1500 2000 2500 3000
Axial distance (mm)

A /

39/58



k'shop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007

Temperature increase Max Stassi ratio

40/58



‘shop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007

41/58




kshop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007

o I
Max Stassi ratio
Value \
/
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results of phase 1
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e CC greatly
educes the resulting
1valent stresses

I ouUs pPllddsT 4 105

Stassi ratio
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/
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TPSG4: maximum temperature

800 ) ) ) ) )

moma phase 1

700

L=)]
=]
o

500

Y
[=]
[=]

Max Temperature (Celsius)

W
(=)
o

200

100

L I L
1500 2000 2500

Axial distance (mm)

l I
0 500 1000

I
3000 35

Max Stress/Stassi ratio

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

TPSG4: maximum stress or stassi ratio

meen phase 1

oo —

1 I I I
1500 2000 2500 3000

Axial distance (mm)

H
1000

3500

45/58



Workshop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007

TPSG6 beam diluter

In the first design the TPSG6 was 3.5m long, and was formed by
several blocks of different materials: ten 250mm long graphite blocks
were followed by a 100mm block; the final part was formed by two
S0mm long titanium blocks followed by a 100mm long block and two
YOmm long all made from Inconel

> cross section is almost constant along the diluter axis and is
m

new design the first 7 graphite blocks are substituted by high
arbon composite ones

Phase 1 -- D..I--
Phase 2 ---- D..I--

] cci7s [l tieaav ] INCcOT18

46/58



kshop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007

PSG6: phase 1 vs. phase 2
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TPSG6 beam load

For the purpose of the analysis, the LHC ultimate
beam intensity 1s considered as the worst case

Momentum 450 GeV/e
Time structure 25nsx 72 x 4

Bunch intensity 1.7 101! protons
Total intensity 3.2 101 protons
Beam size H 0.63 mm

0 1 2 3 4 5 6 7 8 9 10 11 12
tirne [ps]

Beam size V

/
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48

TPSG6 puabc 1 res
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48

SG6 puabc 1 res
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48

SG6 puabc 2 res

Stassi ratio
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SG6 results comparison
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tpsg6: maximum temperature

700

600

500

400

Max Temperature (Celsius)

200

100

moma phase 1

0

; H H
1500 2000 2500

Axial distance (mm)

i I
500 1000

I
3000

35

Max Stress/Stassi ratio

tpsg6: maximum stress or stassi ratio

0.0

1.6 ! ! ! ! '
. : : : ! | somm phase 1
I 5] : : : : i
1al T T S S S e . [ oeee phase 2.
1.2f b L e e

H H
1500 2000
Axial distance (mm)

H
1000

H
2500

I
3000

3500

/

55/58



W;)rkshop on Materials for Collimators and Beam Absorbers - CERN 3-5/09/2007

TPSG4/6 conclusions

The numerical simulations of the TPSG4 and TPSG6 have allowed to calculate
the temperature increase in the blocks, and to simulate the propagation of
elastic waves and dynamic stresses in the structures

n the first design of these targets the blocks made from graphite were subject
an high level of stress, higher than the safety limit; the Stassi equivalent

ss at some time of the simulation resulted to be higher than the failure limit
e material. High values of the equivalent stresses were found on the final
of the TPSG4, but these did not appear as dangerous due to the ductile
1es of the metallic alloys adopted

was modified substituting the most stressed graphite blocks with a
rformance Carbon Composite and increasing the length of the
pensate the lower density of the new blocks

r satisfactory, with stress levels lower than the failure limit,
ption of the final part of the TPSG4 target, in the ductile
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numerical simulations

The accuracy on material properties is essential

=  The results of a numerical simulation are deeply influenced by material
properties values

erial data for the newest materials such as carbon composite are
et well established and difficult to measure

orthotropic material has a lot more properties than an isotropic

rial, some of them are hard to measure and can only be established as
lucated guess”

criteria are important.

00d experience on isotropic materials, and on the relative
1a, anisotropic materials are less common, moreover are
simple stress patterns.

application is rather unique, some specific theoretical and
may be important
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numerical snnulations

" The continuum formulation may be at its limits, detailed

formulation of fiber, matrix and interface may be required
nd modeled

mething more can be done on solid targets apart from
se of new materials, for instance by working on the
geometry

fault tolerant design may be of interest
hanical failure does not necessarily cause the target to be

ical damage sometimes cannot be avoided but may be
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Thanks for your attention



