Virtual reality 3D simulation of fluid-particle interaction




















        
             



            

            
              




 



            



              
             



            
              


            

1292



             
               
            



             




 





 
 
 ∂
+ ( ∇ )  = −∇ + η∇   +  
 ∂


ρ


∇ =  






 ρ  
η.

           
                
          





          
              
              
                


           
             
              







1293









 
 −  



= −(  ⋅ ∇ )  − η∇ ×   
∆

∆ =







   + =  




  + − 
= −∇ 
∆











∆  = ∇ ×    = ∇ ⋅  
            

ν 



  ∇ =    =  + =   + 


          

              
            
             

            


          


                




 
            
          

            





1294



         

            
            
            
               
              

             



          
           











































1295























































               
              













1296






























































































1297










              
                 

             


 









































1298











































  




            



               












1299








































 
              
            

             


               









           


 



              







1300



             
              




 
 
 



            



               

           


              

        









1301

A LS-DYNA/FLUKA coupling for the numerical simulation of high energy particle beam interaction with
matter
V International Conference on Computational Methods for Coupled Problems in Science and Engineering
COUPLED PROBLEMS 2013
S. Idelsohn, M. Papadrakakis and B. Schrefler (Eds)

A LS-DYNA/FLUKA COUPLING FOR THE NUMERICAL
SIMULATION OF HIGH ENERGY PARTICLE BEAM INTERACTION
WITH MATTER
MARTINA SCAPIN*, LORENZO PERONI*, VITTORIO BOCCONE†, AND
FRANCESCO CERUTTI†
♦

*

Department of Mechanical and Aerospace Engineering (DIMEAS), Politecnico di Torino
Corso Duca degli Abruzzi 24, 10129 Turin, Italy
e-mail: martina.scapin@polito.it, web page: http://www.polito.it
†

CERN, EN-STI-EET
CERN, CH-1211 Geneva 23, Switzerland
Email: francesco.cerutti@cern.ch - Web page: http://www.cern.ch
♦

on leave for Université de Genève,
Département de Physique Nucléaire et Corpusculaire
24 Quai Ernest-Ansermet, CH-1211 Genève 4, Switzerland
Email: boccone@cern.ch - Web page: http://dpnc.unige.ch

Key words: high energy deposition, cylindrical shock-wave, density variation, FLUKA, LSDYNA.
Abstract. The interaction between intense high-energy particle beams and materials
provokes a sudden non-uniform temperature increase. This induces a dynamic response of the
structure entailing the generation of shock-waves, which start to travel in the component
producing a strong reduction in density in the impacted zone. FLUKA is a numerical tool for
the calculation of the energy delivered in matter based on the Monte-Carlo method. LSDYNA is a non-linear FE explicit code, which can use as input for the thermo-mechanical
analysis the results from FLUKA code.
In this work a soft-coupling method between the two codes is developed and applied for
the numerical simulation of an accidental impact of a multi-bunch 7 TeV proton beam of LHC
on a metallic collimator insert. The FLUKA model was obtained using a voxel structure
approach, while the FEM simulation was a 3D Lagrangian analysis. The FLUKA energy
distribution, calculated on the initial geometry, is updated in accordance with the density
modification during the simulation. As a matter of fact, the next bunches will impact against a
lower mass target and can penetrate more in depth in the material.
These effects were evaluated with an iterative soft-coupling of the two codes, performed in
Matlab. The number of the primary protons that need to be simulated determines the precision
of the FLUKA results. The first FLUKA simulation, performed with an unmodified material,
is followed by the first FEM mechanical analysis. At this point, at each step, the algorithm:
takes as input the density map resulting from the FEM calculations, re-defines the regions

1302

M. Scapin, L. Peroni, V. Boccone and F. Cerutti.

with different density in the target material, using the voxel structure and then runs a new
FLUKA calculation which will be used as input for the next step FEM analysis (and so on).
The first results confirm that the density reduction in the maximum deposition area provokes
a reduction in the particle beam/matter interaction with a reduction of deposited energy and a
sort of tunnelling effect. In more details, the peak of the energy deposition moves into the
component along the direction of the beam. The comparison with the uncoupled case shows
that also the pressure is affected: the maximum value decreases since the shockwave
penetrates more into the material. The results also show that to be able to appreciate the
difference between coupled and uncoupled analysis, it is necessary to obtain a quite
significant density reduction: this occurs when the shockwaves has the time to travel radially
away from the hit zone producing a significant rarefaction.
1

INTRODUCTION

Large Hadron Collider (LHC) is the most powerful particle accelerator in the world and
can accelerate two proton or ion beams up to an energy of 7 TeV/c and 2.76 TeV/u
respectively [1]. The LHC was built by the European Organization for Nuclear Research
(CERN) in a circular 27 km long tunnel about 100 meters underground the border between
France and Switzerland. The entire proton beam of the LHC is not continuous but is divided
into 2808 bunches, each having 1.15×1011 protons.
The total energy stored in each beam at maximum energy is about 350 MJ, two orders of
magnitude higher than the other large accelerator machine like Tevatron or HERA. This large
amount of energy, sufficient to melt 500 kg of copper, is potentially destructive for any
accelerator components having direct interaction with the beam (e.g. the collimation system)
in case of uncontrolled beam loss. For this reason, it is needed to provide a realistic
assessment of possible structural damage of the components in case a fraction of the full beam
is lost on them. An accurate prediction of the reliability and robustness is quite difficult, since
beam-induced damages for high energy and intensity occur in a regime in which the
possibility to perform experimental tests is limited. For this reason, it is of fundamental
importance to develop reliable methods and accurate models that could be efficiently applied
to estimate the damage occurring during a beam impact.
When a High Energy (HE) particle beam interacts with a solid target the particles deposit
their energy on the material. This provokes a dynamic response of the structure entailing
thermal stress waves and thermally induced vibrations or even the failure of the component.
The evolution of the phenomenon is quite similar to what might happen during an explosion.
The impacted part of the component reaches extremely high values of pressure and
temperature and undergoes changes of state. The sudden increase in pressure originates
outgoing shockwaves that, travelling through the component, lead to a substantial density
reduction in the impacted part. The fact that the amount of energy absorbed by the matter is
strongly density dependent implies that if a significant reduction in density occurs, this aspect
has to be considered in order to correctly evaluate the consequences caused on the material hit
by several high energy proton beam bunches. The main consequence is the generation of a
tunneling, which implies that the proton beam penetrates more in depth in the hit target.
Obviously, the effects become more and more appreciable and significant increasing the
number of bunches considered impacting against the target. The main objective of this work is
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to describe a methodology to be applied for taking into account for this phenomenon.
The evaluation of thermal loads on the material is performed using the energy deposition
maps obtained by FLUKA (a particle physics MonteCarlo simulation package, [2, 3]) as input
for a thermo-mechanical analysis, performed using the commercial code LS-DYNA [4],
which is a general purpose transient dynamic finite element program including an implicit and
explicit solver with thermo-mechanical and highly non-linear capabilities.
Several studies were performed with the main goal of understanding the phenomenon
evolution in case of energy deposition in the matter consequent to the impact of a high energy
particle beam and a solid component. Recently Tahir et al. [5] described a procedure for
taking into account the influence of the density variation of the material on the overall energy
deposition of the impinging. Their method involves the coupling between the FLUKA and the
hydrodynamic BIG2 code. The energy maps calculated by FLUKA code is used in the BIG2
code to study the corresponding thermodynamic and the hydrodynamic response of the target
that leads to a reduction in the density. The modified density distribution is used in FLUKA to
calculate new energy loss distribution and the two codes are thus run iteratively. A FLUKA
simulation is performed every time the density along the target axis changes of about 15-20%.
Unfortunately, no more details on the technical aspects of the procedure are presented.
2 NUMERICAL MODELS
The amount of energy deposited in a material by a high energy proton beam, as well as the
penetration or stop lengths, is strongly affected by the density of the material itself.
The density influences the probability of the interaction between particles and matter,
playing a key role in the calculation of the proton energy loss in case of impact against a
target. This implies that two materials subjected to the same impact condition, but with
different Z numbers, experience different energy absorption. In particular, higher the atomic
number (Z number) of the material, then higher its energy absorption. Besides, it means also
that, for the same material, if there is a density modification, it should be taken into account in
order to recalculate the energy deposition on the material in these new conditions.
To take in account those effects, a soft coupling between FLUKA [2, 3] and FE code LSDYNA [4] is developed, in collaboration between Politecnico di Torino and FLUKA Team at
CERN. The routine is implemented in Matlab and automatically, runs FLUKA and LSDYNA on a Linux platform (Fedora14).
The method is applied to simulate the beam impact against a tungsten geometry, which
represents a parallelepiped of 21×35×1000 mm. The mesh is such that 21×35×200 elements
are used, so the elements dimensions are 1×1×5 mm. The same discretization is used both for
FE and FLUKA models. For the FLUKA calculations a voxel-based method [6] is used to
build the model, while for the thermo-mechanical simulation in LS-DYNA Lagrangian 3D
solid elements with one integration point are used. The scheme of the LS-DYNA model is
reported in Fig. 1.
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