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Abstract 

The qualification of nuclear components is facing a significant increase of load levels (seismic acceleration, 
nozzle loads ...) for safety as well as the industrial need for a reliable estimate of the safety margins. These industrial 
constraints require  more advanced numerical models through nonlinear transient analysis. Realistic modeling of 
nuclear component behavior needs a systematic consideration of coupling between different physical sciences. This 
document presents the methods used to analyze the mechanical behavior of nuclear components affected by fluid 
movements such as immerged structures. In the developed approach, the fluid is taken into account with a CFD 
mesh free method integrated in a transient analysis solver “Virtual Performance Solution”, the most efficient in case 
of large displacement and deformations.  

Virtual Performance Solution (VPS), developed by ESI Group, includes (among other capabilities) a 
structural finite element software for non-linear, high velocity, dynamic simulations (PAM-CRASH), as well as a 
coupled, mesh free CFD module, FPM (Finite Point Method), developed in partnership with Fraunhofer ITWM. 
This solution accurately predicts fluid structure interactions, taking into account non-linear structural effects 
(contacts, friction, damping…) as well as complex fluid influences.  

 
Introduction 

The problem concerns storage racks for spent fuel assembly. Usually, structure is modelized with beam 
element and Fritz’s hydrodynamics mass matrix (for the fluid structure interaction) under small displacement 
hypothesis. But, with the gradual increase in level of solicitation, linear approach are not well adapted and it’s 
become important to find more accurate method with no CPU intensive request. The case presented in this paper has 
been adapted to VPS from the model developed by Moudrik (Ref [2] chapter III). The work performed by Moudrik 
is acknowledged by EDF as one reference for the validation of response of immersed free standing structures.  
 
PRESENTATION OF THE SIMULATION SOFTWARE 
 

The PAM Crash module from VPSTM is three-dimensional, Lagrangian, finite element, explicit and 
implicit, vectorized and multi-tasked structural software for the non-linear dynamic, large displacement and large 
deformation analysis of solid structures in the realm of computational structural mechanics (CSM). It analyzes 
phenomena at discrete points in space and time. Space is discretized with finite element methodology, which is 
based on the displacement method of structural analysis, where the discrete nodal displacements and rotations 
constitute the unknowns of the problem. VPSTM is based upon an explicit time integration scheme, widely used  for 
simulations of problems which change rapidly in time or exhibit large non linearities such as contact.  

 
Some structural simulation software are coupled to fluid simulation software, which treat problems in the 

realm of computational fluid dynamics (CFD), in order to treat fluid-structure interaction dominated problems. Most 
structural simulation softwares are provided with alternative spatial discretization schemes called particle methods, 
where a solid, fluid or gaseous medium is represented by mesh-less discrete (mass or integration) points, such as in 
the most common mass-point smooth particle hydrodynamics (SPH) scheme. A much better suited mesh free 
formulation for CFD called Finite Point Method (FPM) based upon generalized finite difference scheme has been 
developed by KUHNERT Ref[[8, 9, 12, 13]. This allows solving certain classes of FSI problems within structural 
simulation softwares, without the necessity to couple with separate fluid simulation software, and for problems 
including large displacements, where the standard mesh based techniques would fail completely due to mesh 
distortions. 
 
 
 
 



Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India Div-III: Paper ID# 198 

 2

Numerical CFD Analysis 
The mesh free formulation of FPM overcomes the issue of remeshing or interpolation of the geometry 

(using interpenetrating mesh techniques) in presence of large displacements of the structures surrounding the fluid. 
This is particularly well suited in the case of earthquake analyses where the structures can slide on large distances. 

 
FPM mesh free method solves the general Navier Stokes equation as written below in a Lagrange form here 

for laminar flows: 
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Figure 1 :   Incompressible Navier Stokes equation 

FPM does not require the support of a mesh and therefore values are known at discrete ‘interpolation’ 
points which do not have a fixed connection like finite elements between them. The list of neighbour points is 
determined for each point at each time step in order to construct afterwards a proper interpolation function as 
described in Ref [12,13]  using a 2nd order Moving Least Square (MLS) method 

 

Figure 2 :   Sphere of influence and definition of the smoothing length h 

As FPM is a mesh free method, the interpolation points move with the fluid velocity, enabling an accurate 
description of the free surface of the water without simplification. Implicit time integration scheme available in FPM 
allows for bigger stable time step which is critical for the earthquake response analyses which may last one or 2 
minutes. 
 
Coupling between VPSTM  and FPM (fluid structure interaction) 
 

The fluid pressure is applied over the wetted external surfaces of the structures. Then the structure deforms 
and moves according to the applied fluid and all other loadings (gravity, contacts, earthquake accelerations…). The 
deformation of the structure is provided back as the geometrical boundary conditions for the fluid to define the fluid 
boundary conditions for the next time step. 

 

THE FSI METHODOLOGY ON A MOCKUP OF A NUCLEAR FUEL RACK 

As already mentioned, the purpose of this section is  to check, compare and validate the response of an 
immersed storage rack mockup in a storage pool subjected to earthquake, empty or filled with nuclear fuel 
assemblies with a new CFD approach. 

 
In order to check that FPM is well adapted to treat this FSI problem, we have performed several tests based 

on analytical and experimental results. The aim of these validation cases is to compare pressure measurment and 
fluid added mass effect. Only one of these tests is presented below.  
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Validation of motion of the relative displacement of 2 immersed structures (Fritz) 
 

This case refers to the work done by R.J. Fritz Ref [1] which shows the hydrodynamic effects created by 
the relative lateral motion of two long concentric cylinder.  

The 2 immersed structures can be represented by added diagonal and coupling non diagonal masses for 
small displacements. The fluid is incompressible and we consider 2 coaxial cylinders with infinite length. The inner 
cylinder has a radius a=x1 and the outer cylinder b=x2 separated by a layer of fluid. 

  
Prescribed accelerations resp.  et   are applied on 

the inner and outer cylinders. The displacements are considered 
as small so that the added and coupling mass may be taken as 
constant. 
 

Reaction forces are given [Fritz, 1972] by :   

       and           

 

 

 : added mass displaced by the inner cylinder 

 : total mass that the outer cylinder could contain in the absence of the inner cylinder 

, coupling non diagonal mass due to the water blade between the 2 

cylinders 

 

For the comparison between FPM and the reference, the inner cylinder was fixed. A sinusoidal 

acceleration (amplitude 1.579 ms-2, frequency 20Hz) is prescribed to the outer cylinder. The force applied on 

the inner cylinder can be written as follows :          

 

The model charcteristics are:  

• An inner cylinder with a radius a = 0.0895 

• An outer cylinder with a radius b=0.14  

• The both cylinder have a length equal to 0.8m  

 

 

Figure 3 : Fluid Force and Velocity contour 

 

In the PAM-Crash model, the acceleration has been introduced  on the external cylinder by a prescribed 

displacement. Due to the incompressible hypothesis on the fluid and the boundary condition on the fluid, 

there is a numerical peak value which is not significant at the start time.  

 

The FPM results (108N) match well the results obtained by the analytical formula (107N), valid in the range 

of small displacements.  This test shows the hydrodynamics effects .  
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Response of an immersed storage rack mockup in a storage pool subjected to earthquake
 

This part refers to Moudrik’s 

Atomique (CEA, France) in 1996, Ref [2]

The following results are based on an important set of analysis that were previously performed to 

verify that the VPSTM model of rack 

in air and water  and contact friction analysis 

 

 

Figure 

For earthquake response analyses, two criterions are compared : the maximum sliding

the rack during one sliding phase, the maximum relative displacement over time of the rack vs the support.

The mockup which was constructed for the exper

mockup includes 16 fuel channels

square section. 

 

The VPSTM model includes :  

• The fuel channels are represented by an 

equivalent beam element for the 16 

channels, section Seq=16*S

Ieq=16*Ialv .  

• The connection between the fuel channels

the support plate is made with rotational 

springs 

• The support plate has been modeled with a 

network of beam elements and equivalent 

mass 

• The support feet are modeled as individual 

beam elements 

• The external shells are rigidly connected to 

the central beam on each horizontal plane to 

allow bending; these shells were included in 

order to define the surface elements for Fluid 

Structure Interaction with FPM
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Figure 4 : View of the initial shell model of the mockup 

For earthquake response analyses, two criterions are compared : the maximum sliding

the rack during one sliding phase, the maximum relative displacement over time of the rack vs the support.
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For earthquake response analyses, two criterions are compared : the maximum sliding distance of 

the rack during one sliding phase, the maximum relative displacement over time of the rack vs the support. 
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As a first step of validation, the first modes of the PAM-CRASH/FPM model were compared with 

MOUDRIK reference results for a rack in air and an immersed rack in water. The following table sums up the 

principal results. 

 

 Système considéré  Maquette de  
R. MOUDRIK  

FPM Model 
VPSTM  Implicit  

FPM Model 
VPSTM  Explicit  

Error  

Only Fuel Channel  18.99 Hz  18.96 Hz  --  0.2%  

Empty Rack in air  20.7 Hz 
74.3 Hz(*)  

20.66 Hz  20.1 Hz 
74 Hz (*)  

0.3% / < 3% 
0.4% (*) 

Empty Rack in Water ~ 13 Hz  Not Adapted  12 Hz   < 4%  

*2nd mode 

 

In air, the frequency of the first mode with VPS/PAM-CRASH is very close to the MOUDRIK reference . 

The 2nd mode compares also very well (74 Hz vs. 74.3 Hz). 

 
Response of a rack mockup to earthquakes 

Usually, an earthquake is defined by a Shock Response Spectrum (SRS) in the frequency domain. 

There is an infinite number of combinations of acceleration time histories which brings the same SRS 

response. The acceleration time history curves applied on the table had to be reconstructed from the SRS 
(Figure 5) 

 

Figure 5 : Shock Response Spectrum (SRS) in the frequency domain and one of accelerogram 

Therefore, in accordance with the reference (Moudrik Ref [2]), the earthquake analyses have been 

repeated for 4 different accelerograms (g1, g2, g3, g4) and for increasing magnitudes (0.35g, 0.5g, 0.8g). Two 

criterions are compared : the maximum sliding distance of the rack during one sliding phase, the maximum 

relative displacement over time of the rack vs the support.  The simulations were run with VPSTM/FPM FSI 

solution. The comparison between the simulations and the tests is shown below : 

 

 
Figure 6 : Maximum sliding distance for an empty rack in air (simulations: g1, g2, g3, g4) 
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Figure 7 : Maximum relative displacement over time for an empty rack (simulations: g1, g2, g3, g4) 

 

 

Figure 8 : Maximum sliding distance for a full rack in water (simulations: g1, g2, g3, g4) 

 

As we can see,  obtained results are consistent with the experimental ones . The dispersion observed 

in the numerical simulations is very similar to the MOUDRIK reference. One can note that the observed 

dispersion is well known phenomenon which is integrated into the regulatory analysis of seismic resistance 

using recomposed earthquake signal. From the multiple tests which have been done, it seems that the 

phenomenon of “tilting rack” has a  important effect on the results dispersion. This phenomenon has been 

identified as connected with the contact non-linearities. 

 As already mentioned, the acceleration time history curves applied on the table had to be 

reconstructed and the solution in order to get the same SRS response is not unique. It is believed that the 

accelerograms used in the simulation were smoother than for Moudrik case, leading to the reduction of the 

peak values, especially for the 0.35 g and 0.5 g cases. As the peak values of acceleration time history –for 

which we do not have access to measurements- are underestimated, the mockup will have less rocking and 

sliding which explains the underestimation of the response for these 2 loadings. It is less sensitive for the 0.85 

g case.  
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Figure 9 : Velocity of the Fluid and Hydro-dynamic pressure  

The results presented above illustrate the possibilities offered by the introduction of 3D CFD coupled 

approach. These approaches allow to analyze the influence of the free surface and the phenomenon of 

sloshing. The hydrodynamic pressure could be used in engineering analysis for the installation. One can note 

again that the presence of the rack close to the wall creates water blade effect which increases the 

hydrodynamic pressure. 

 

CONCLUSION 

The most important perspective of the presented work concerns the justification of the mechanical 

behavior of nuclear components in compliance with the safety regulations with new approach. As the 

qualification of nuclear components is facing a significant increase of load levels (seismic acceleration, nozzle 

loads ...), justification phase will require 3D realistic in which the hypothetical assumptions will be reduced to 

a minimum.  

We have been shown in a first step that the non linear approach using accurate Fluid Structure 

Interaction models reproduced the results already validated in the linear range and therefore covered 

classical analysis. In the second step, the results obtained by a PAMCrash/FPM FSI approach for a full 

transient responses are similar to an earthquake were conducted in the same conditions as the experiment. 
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