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The ERCOFTAC Best Practice 

Guidelines for Industrial 

Computational Fluid Dynamics 

The Best Practice Guidelines (BPG) were commissioned by 
ERCOFTAC following an extensive consultation with 
European industry which revealed an urgent demand for such 
a document. The first edition was completed in January 2000 
and constitutes generic advice on how to carry out quality 
CFD calculations. The BPG therefore address mesh design; 
construction of numerical boundary conditions where 
problem data is uncertain; mesh and model sensitivity checks; 
distinction between numerical and turbulence model 
inadequacy; preliminary information regarding the limitations 
of turbulence models etc. The aim is to encourage a common 
best practice by virtue of which separate analyses of the same 
problem, using the same model physics, should produce 
consistent results. Input and advice was sought from a wide 
cross-section of CFD specialists, eminent academics, end-
users and, (particularly important) the leading commercial 
code vendors established in Europe. Thus, the final document 
can be considered to represent the consensus view of the 
European CFD community. 
Inevitably, the Guidelines cannot cover every aspect of CFD 
in detail. They are intended to offer roughly those 20% of the 
most important general rules of advice that cover roughly 
80% of the problems likely to be encountered. As such, they 
constitute essential information for the novice user and 
provide a basis for quality management and regulation of 
safety submissions which rely on CFD. Experience has also 
shown that they can often provide useful advice for the more 
experienced user. The technical content is limited to single-
phase, compressible and incompressible, steady and unsteady, 
turbulent and laminar flow with and without heat transfer. 
Versions which are customised to other aspects of CFD (the 
remaining 20% of problems) are planned for the future. 
The seven principle chapters of the document address 
numerical, convergence and round-off errors; turbulence 
modelling; application uncertainties; user errors; code errors; 
validation and sensitivity tests for CFD models and finally 
examples of the BPG applied in practice. In the first six of 
these, each of the different sources of error and uncertainty 
are examined and discussed, including references to 
important books, articles and reviews. Following the 
discussion sections, short simple bullet-point statements of 
advice are listed which provide clear guidance and are easily 
understandable without elaborate mathematics. As an 
illustrative example, an extract dealing with the use of 
turbulent wall functions is given below: 
� Check that the correct form of the wall function is being 

used to take into account the wall roughness. An 
equivalent roughness height and a modified multiplier in 
the law of the wall must be used. 

� Check the upper limit on y+. In the case of moderate 
Reynolds number, where the boundary layer only 
extends to y+ of 300 to 500, there is no chance of 
accurately resolving the boundary layer if the first 
integration point is placed at a location with the value of 
y+ of 100. 

� Check the lower limit of y+. In the commonly used 
applications of wall functions, the meshing should be 
arranged so that the values of y+ at all the wall-adjacent 
integration points is only slightly above the 
recommended lower limit given by the code developers, 
typically between 20 and 30 (the form usually assumed 
for the wall functions is not valid much below these 
values). This procedure offers the best chances to 
resolve the turbulent portion of the boundary layer. It 
should be noted that this criterion is impossible to satisfy 
close to separation or reattachment zones unless y+ is 
based upon y*. 

� Exercise care when calculating the flow using different 
schemes or different codes with wall functions on the 
same mesh. Cell centred schemes have their integration 
points at different locations in a mesh cell than cell 
vertex schemes. Thus the y+ value associated with a 
wall-adjacent cell differs according to which scheme is 
being used on the mesh. 

� Check the resolution of the boundary layer. If boundary 
layer effects are important, it is recommended that the 
resolution of the boundary layer is checked after the 
computation. This can be achieved by a plot of the ratio 
between the turbulent to the molecular viscosity, which 
is high inside the boundary layer. Adequate boundary 
layer resolution requires at least 8-10 points in the layer. 

All such statements of advice are gathered together at the end 
of the document to provide a ‘Best Practice Checklist’. The 
examples chapter provides detailed expositions of eight test 
cases each one calculated by a code vendor (viz FLUENT, 
AEA Technology, Computational Dynamics, NUMECA) or 
code developer (viz Electricité de France, CEA, British 
Energy) and each of which highlights one or more specific 
points of advice arising in the BPG. These test cases range 
from natural convection in a cavity through to flow in a low 
speed centrifugal compressor and in an internal combustion 
engine valve. 
Copies of the Best Practice Guidelines can be acquired from: 

ERCOFTAC ADO 
Chaussée de la Hulpe 189 Terhulpsesteenweg 
B-1170 Brussels 
Belgium 
Tel: +32 2 643 3572 
Fax: +32 2 647 9398 
Email: anne.laurent@ercoftac.be 
 

The price per copy (not including postage) is: 
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 First copy   Free 
 Subsequent copies  45 Euros 
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1LaMSID, UMR CNRS-EDF-CEA 2832, Clamart, France
2 IMFT, UMR 5502 CNRS-INPT-UPS, Toulouse, France

The goal of this Special Issue proposed by the ERCOF-
TAC Special Interest Group 41 on Fluid Structure In-
teraction is to gather state-of-the-art research devoted
to interfacial modeling and numerical simulation in the
field of fluid and solid mechanics coupling. A large panel
of topics is addressed including the following numerical
and physical aspects: direct and iterative solvers for non-
linear fluid solid coupled system computation, interfacial
non-matching formulation and discretization, field trans-
fer and interpolation, model reduction, free-surface mod-
eling, hybrid eulerian lagrangian formulations on moving
and non-moving grids, interface tracking, stability limit
numerical prediction, vortex-induced vibration, turbu-
lence modelling in respect of non-equilibrium effects in
interaction with moving solid frontiers.
As far as flow-induced vibrations are concerned, chal-
lenge to real scale remains a priority in order to enable
industrial investigation of multi-physics multi-scale large
size problems. A large variety of configurations is con-
cerned by this issue in several domains like nuclear safety,
aeronautics, civil engineering, mechanical structure de-
sign, hydrodynamics, naval engineering, biomechanics.
The challenge lies in predicting local effects impacting
global systems. Therefore the combination of strategies
convenient simultaneously for multi-physics, multi-scale
and large size system computation is required. Heuris-
tic models based on empirical concepts are often used

for design. Based on theoretical and experimental anal-
ysis, physics modeling is more and more improved to
better capture the fluid-structure interaction in the nu-
merical approaches, enabling local phenomenon reliable
prediction with higher accuracy. However fully-coupled
non linear fluid solid system computation remains expen-
sive due to the multi-physics patterns and to the large
number of degrees of freedom to be involved. In this
context, when experimentation is not reachable and nu-
merical simulation is unavoidable but prohibitive, hybrid
strategies are involved to take advantage from both nu-
merical local and empiric global solutions.
For these reasons, it is interesting to gather in the present
issue several articles dealing with connected issues by us-
ing different numerical strategies and showing the numer-
ous possible combination of computational methods. Hy-
bridation of models, optimization of methods as well as
High Performance Computing environment are required
in order to build the new generation of solvers enabling
real size problem computation. This set of publications
on advanced numerical methods in the field of fluid struc-
ture interaction is a real opportunity for new exchanges
in our scientific community and for improvement of un-
derstanding, prediction and control of flow-induced vi-
brations in academic and industrial situations.
Information on the activity of SIG41 and next scheduled
workshops can be found in the ERCOFTAC’s website.
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Immersed Stress Method for solving Fluid-Structure

Interaction

E. Hachem1, S. Feghali1, T. Coupez1

1Ecole des Mines de Paris, Centre de Mise en Forme des Matériaux (CEMEF),

UMR CNRS 7635, Sophia-Antipolis, France
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Abstract

A new monolithic approach for solving elastic/rigid body
immersed in an incompressible fluid is presented in this
paper. The used monolithic formulation gives rise to
an extra stress tensor in the Navier-Stokes equations
coming from the presence of the structure in the fluid.
With each immersed structure comes an appropriate law
(rigid, elastic, viscoelastic). The proposed solver must be
able then to welcome any behavior law and treat the full
monolithic approach by a direct parallel finite element
solver. The system is solved using a finite element varia-
tional multiscale (VMS) method, which consists in here
of a decomposition for both the velocity and the pres-
sure fields into coarse/resolved scales and fine/unresolved
scales. The distinctive feature of the proposed approach
resides in the efficient enrichment of the extra constraint.
This choice of decomposition and spaces enrichment is
shown to be favorable for simulating complex immersed
structures at high Reynolds number. We assess the be-
haviour and accuracy of the proposed formulation in the
simulation of 2D and 3D examples.

1 Introduction

Fluid Structure Interaction (FSI) is of great relevance
in many fields of engineering as well as in the applied
sciences and material forming with applications ranging
from bioengineering to aerodynamics and from civil en-
gineering to automotive. Often, when interaction effects
are essential this comes along with large/small struc-
tural deformations and/or with turbulent flows. How-
ever, many available approaches may lack robustness
especially in such severe situations. The components
in all engineering fields are continuously pushed to-
wards higher performance by seeking new developments
that must be able to deal with different situations and
regimes. In particularly it must be able to treat encoun-
tered problems ranging from the mesh adaptation issues
to the coupling engines between different codes, and from
small/large deformations to low/high Reynolds numbers
flows.
Most of the commercial software packages solve FSI
problems using an Arbitrary Lagrangian Eulerian (ALE)
formulation [1, 2, 3]. The solid domain is treated with
a Lagrangian formulation. The nodes belonging to the
interface between the solid and the fluid are moved with
the solid. The displacement of the nodes in the fluid do-
main do not depend on the fluid motion, but only ensures
the continuity between the fluid and the solid domain,

and a good mesh quality. ALE methods are robust and
accurate, and do not need any extra degrees of freedom.
However, important problems arise if the deformations,
displacements and rotations of the solid becomes very
important [4, 5, 6].
A higher popularity has been gained recently by parti-
tioned approaches which allow the use specific solver for
each domain. The difficulty remains in transfering the
information between the codes. The coupling between
the two phases can be enforced using different schemes:
weakly or strongly coupled version. The former approach
manages with just one solution of either field per time
step but consequently lack accurate fulfilment of the cou-
pling conditions. The latter requires sub-iterations. The
predominant approach consists in solving the problem it-
eratively, using fixed-point schemes [7] or Newton Krylov
methods [8, 9, 10, 11]. Actually, the fixed-point methods
with dynamic relaxation seem to be the most interesting
variant [12]. This approach allows the use of fluid and
solid solvers for each of the two phases. It is accurate
and quite efficient but present an inherent instability de-
pending on the ratio of the densities and the geometry of
the domain [13]. As a result, the numerical cost increase
drastically and coupling algorithms may not converge.
For 3D problems, such difficulties become even more se-
vere.
Monolithic approaches have been proposed to overcome
these drawbacks. The whole domain (composed by fluid
and solid phases) is considered as a single one, meshed
by a single grid, and solved with an Eulerian framework.
The continuity at the interface is then obtained naturally
and there is no need to enforce it, as it was the case in
partitioned methods. If the multi-mesh approaches per-
mit the use of classical fluid and solid solvers, monolithic
approaches impose the use of an appropriated unique
constitutive equation describing both the fluid and the
solid domain. Interface tracking, between the two differ-
ent domains, can be completed by Immersed Boundary
(IB) methods [14] where the interface is convected on a
Lagrangian way. Other methods such as the fictitious
domain [14, 15] treat the coupling between the domains
by applying a constraints across the rigid body using a
Lagrange multiplier.
Here in this work, a new monolithic method is devel-
opped: the Immersed Stress Method. This method
can be seen as an extension of the Immersed Volume
Method (IVM) [16] to treat real fluid-structure interac-
tions. The motivation of pursuing such general approach
comes from the desire of not solving two equations, e.g.
one in the solid and another in the fluid, where in some
cases; one may still need to provide the boundary con-
ditions between the two domains. Recall also that the
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complexity to ensure such conditions is amplified when
simulating turbulent fluid structure interactions. When
dealing with a large diversity of shapes, dimensions and
physical properties of structures, such simulations be-
come rapidly very costly, time consuming and limited. A
complete description and details about the immersed vol-
ume method but used for a different context (developed
previously and applied to thermal couplings) is given in
[17, 16].
Therefore, we retain the use of a monolithic formula-
tion for fluid/solid and coupling it to some additional
features for accurate resolution, in particular at the in-
terface. The monolithic approach in here is made of a
unique mesh in which the different domains are taking
place by the level set function. Consequently, different
strcutures are immersed in a larger domain of different
material properties so that boundary conditions at the
interface can be replaced naturally.
The second important ingredient of the approach is the
use of anisotropic mesh adaptation [18, 19, 16] at the in-
terface between two different materials. The idea is to
apply a fast mesh generation algorithm that allows the
creation of meshes with extremely anisotropic elements
stretched along the interface, which is an important re-
quirement for FSI problems having internal/boundary
layers. It is successfully applied for fixed and some mov-
ing objects [17, 16].
The last and most important ingredient focuses more on
the finite element solver: on modeling the interaction
between the fluid (laminar or turbulent) and the struc-
ture in question (rigid, elastic, viscoelastic, etc). For
FSI simulations of elastic/rigid body immersed for in-
stance in an incompressible fluid, the global behavior is
described by the classical Navier-Stokes equations, with
an extra stress tensor. For instantce, we simulate a rigid
solid using the Navier-Stokes solver under constrains to
impose the nullity of the deformations. This can be done
by simply penalizing the strain rate using a very impor-
tant viscosity in the solid, which can sometimes be suf-
ficient [20, 17]. It is also possible to enforce directly the
nullity of the strain by using an Augmented Lagrange
Mulptipliers method [21, 22, 23], solved by an iterative
Uzawa algorithm. The problem is then solved by adding
an extra-stress tensor comming from the presence of the
structure in the fluid. Linear or harmonic mixture laws
of the mechanical properties characterizing each domain
are then applied at the interface.

2 Finite Element Formulation

2.1 Governing equations

The governing equations are considered to be three-
dimensional and unsteady. Using a monolithic approach,
a unique constitutive equation will be solved on the
whole domain, with a variation of the parameters de-
pending on the phase that should be modelled. Recall
that the the concept of the Immersed Stress Method
(ISM) is based on solving the single set of equations by
differentiating the subdomains and refining the mesh at
this interface using the level set method. The ISM allows
the immersion of any strucutre using the level-set func-
tion, mixes the physical properties (ρ and η) and finally
applies the anisotropic mesh adaptation at the vicinity
of the interface.

The strong form for the whole domain reads then:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ρ(∂tv + v · ∇v) − ∇ · (2ηfεεε(v) + τs − p Id) = 0

∇ · v = 0

εεε(u) − 3
2E

τs = 0

∂tu + v · ∇u = v

+ Boundary conditions
(1)

where τs is the extra stress tensor reflecting the presence
of the immersed structure (elastic/rigid...) in the incom-
pressible fluid and E is the Young modulus. Note that
depending on the value of E, the treated structure will
inherit the appropriate law (rigid, elastic, ...).

2.2 Stabilized finite element method

Based on a mesh Kh of Ω into set of Nel elements K, the
functional spaces for the velocity, the pressure and the
stress are approached by the finite dimensional spaces
spanned by Vh, Ph and Th. The variational multiscale
method is used to stabilize the Galerkin formulation and
allows the use of equal order continuous interpolations
for the velocity and the pressure unkowns (see [24] for de-
tails). A piecewise constant interpolation for stresses can
be used. It consists in here of a decomposition for both
the velocity and the pressure fields into coarse/resolved
scales and fine/unresolved scales. The distinctive feature
of the proposed approach resides in the efficient enrich-
ment of the extra constraint. We first solve and then
we substitute the fine-scale solution into the large-scale
problem providing additional terms, tuned by a local
time-dependent stabilizing parameter, that enhance the
stability and accuracy of the standard Galerkin formu-
lation for the transient Navier-Stokes equations. Such
approach can deal with laminar/turbulent FSI problems
and can handle large/small deformations. Additionally,
when higher accuracy is needed, by applying a robust
and fast mesh adaptation it provides a much more com-
putational efficiency than coupling solvers.
The enrichment of the functional spaces for the veloc-
ity, pressure and stress solutions is performed as follows:
Vh ⊕ V ′, Ph ⊕ P ′ and Th ⊕ T ′. To this end, v, p, τ will
be approximated as:

v = vh + v′ ∈ Vh ⊕ V′, p = ph + p′ ∈ Qh ⊕ Q′ (2)

τ = τh + τ ′ ∈ Th ⊕ T ′ (3)

3 Numerical simulations

We assess the behaviour and accuracy of the proposed
formulation coupled to the levelset method in the sim-
ulation of 2D and 3D examples. Results show that the
present implementation is able to exhibit good stability
and accuracy properties using anisotropic mesh adapta-
tion.
In Figure (1), four solids objects with different densities
are falling due to gravity in an air-filled channel. The
objective of this test, referred as the Tetris benchmark,
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is to show the capability of the dynamic mesh adapta-
tion as well as the method to handle high discontinuities
of the solids and fluid physical properties. As shown in
Figure (2), the convection dominated flows of the sur-
rounding air, the four rigid solids movement as well as
the representation of the objects are all well taken into
account using one a single domain with one set of equa-
tions.

Figure 1: The Immersed Stress Method with dynamic
anisotropic mesh adaptation

Figure 2: Immersion of four rigid bodies: velocity vectors
at different time instants

Figure (3) presents the parallel numerical simulation of
unsteady flow around 3D helicopter in forward flight
using the proposed monolithic fluid-structure approach
with fixed anisotropic mesh adaptation. The mesh gen-
eration algorithm allows the creation of meshes with ex-
tremely anisotropic elements stretched along the inter-
face, which is an important requirement for FSI prob-
lems having internal/boundary layers. The final ob-
tained mesh reflects the capability of the method to ren-
der a well respected geometry in terms of curvature, an-
gles and complexity. Contrary to others techniques, this
promising method can provide an alternative to body-
fitted mesh for very complex geometry.

Figure 3: Numerical simulation of unsteady flow around
helicopter in forward flight

References

[1] C. W. Hirt, A. A. Amsden, and J. L. Cook. An ar-
bitrary lagrangian-eulerian computing method for
all speeds. Journal of Computational Physics,
14(3):227–253, 1974.

[2] T. J. R. Hughes, W. K. Liu, and T. Zimmerman.
Lagrangian-eulerian finite element formulation for
incompressible viscous flow. Computer Methods in
Applied Mechanics and Engineering, 29(3):329–349,
1981.

[3] J. Donea, S. Giuliani, and J. P. Halleux. An ar-
bitrary lagrangian-eulerian finite element method
for transient dynamic fluid-structure interactions.
Computer Methods in Applied Mechanics and En-
gineering, 33(1-3):689–723, 1982.

[4] D. Benson. An efficient, accurate, simple ale method
for nonlinear finite element programs. Computer
Methods in Applied Mechanics and Engineering,
72(3):305–350, 1989.

[5] M. Souli, A. Ouahsine, and L. Lewin. Ale formula-
tion for fluid structure interaction problems. Com-
puter Methods in Applied Mechanics and Engineer-
ing, 190(5-7):659–675, 2000.

[6] R. van Loon, P. D. Anderson, F. N. van de Vosse,
and S. J. Sherwin. Comparison of various fluid-
structure interaction methods for deformable bod-
ies. Computers and Structures, 85(11-14):833–843,
2007.

[7] P. Le Tallec and J. Mouro. Fluid structure inter-
action with large structural displacements. Com-
puter Methods in Applied Mechanics and Engineer-
ing, 190(24-25):3039–3067, 2001.

[8] M. A. Fernández and M. Moubachir. A new-
ton method using exact jacobians for solving fluid-
structure coupling. Computers and Structure, 83(2-
3):127–142, 2005.

[9] J-F. Gerbeau and M. Vidrascu. A quasi-newton al-
gorithm based on a reduced model for fluid structure
interaction problems in blood flow. Mathematical
Modelling and Numerical Analysis, 37(4):631–647,
2003.

[10] C. Michler, E.H. E.H. van Brummelen, and
R. de Borst. An interface newtonŰkrylov solver for
fluidŰstructure interaction. International Journal
for Numerical Methods in Fluids, 47(10-11):1189Ű–
1195, 2005.

[11] J-F. Gerbeau, M. Vidrascu, and P. Frey. Fluid struc-
ture interaction in blood flows on geometries coming
from medical imaging. Computers and Structure,
83(2-3):155–165, 2005.

[12] U. Küttler and A. W. Wall. Fixed-point fluidŰstruc-
ture interaction solvers with dynamic relaxation.
Computational Mechanics, 43(1):61–72, 2008.

[13] P. Caussin, J.-F. Gerbeau, and Nobile F. Added-
mass effect in the design of partitioned algorithms
for fluid-structure problems. Computer Methods
in Applied Mechanics and Engineering, 194(42-
44):4506–4527, 2005.

6 ERCOFTAC Bulletin 86



[14] C. S. Peskin. The immersed boundary method. Acta
Numerica, 11:479–517, 2002.

[15] R. Glowinski, T. W. Pan, T.-I. Helsa, and D. D.
Joseph. A distributed lagrange multiplier/fictious
domain methods for particulate flows. International
Journal of Multiphase flow, 25(5):755–794, 1999.

[16] E. Hachem, T. Kloczko, H. Digonnet, and
T. Coupez. Stabilized finite element solution to
handle complex heat and fluid flows in industrial
furnace using the immersed volume method. Inter-
national Journal for Numerical Methods in Fluids,
pages online, http://dx.doi.org/10.1002/fld.2498,
2010.

[17] Elie Hachem. Stabilized Finite Element Method for
Heat Transfer and Turbulent Flows inside Industrial
Furnaces. PhD thesis, Ecole Nationale Supérieure
des Mines de Paris, 2009.

[18] Thierry Coupez. Génération de maillage et adap-
tation de maillage par optimisation locale. Revue
européenne des éléments finis, 9:403–423, 2000.

[19] Cyril Gruau and Thierry Coupez. 3D tetrahe-
dral, unstructured and anisotropic mesh generation
with adaptation to natural and multidomain met-
ric. Computer Methods in Applied Mechanics and
Engineering, 194(18-49):4951–4976, 2005.

[20] J. B. Ritz and J. P. Caltagirone. A numerical con-
tinuous model for the hydrodynamics of fluid par-
ticle systems. International Journal for Numerical
Methods in Fluids, 30(8):1067–1090, 1999.

[21] R. Glowinski, T.W. Pan, T. I. Helsa, D. D. Joseph,
and J. Periaux. A fictitious domain approach to the
direct numerical simulation of incompressible vis-
cous flow past moving rigid bodies: application to
particulate flow. Journal of Computational Physics,
169(2):363–426, 2001.

[22] M. Coquerelle and G.-H. Cottet. A vortex level
set method for the two-way coupling of an incom-
pressible fluid with colliding rigid bodies. Journal of
Computational Physics, 227(21):9121–9137, 2008.

[23] J. Janela, A. Lefebvre, and B. Maury. A penalty
method for the simulation of fluid-rigid body inter-
action. ESAIM Proceedings, 14:115–123, 2005.

[24] E. Hachem, Rivaux B., T. Kloczko, H. Digonnet,
and T. Coupez. Stabilized finite element method
for incompressible flows with high reynolds number.
Journal of Computational Physics, 229(23):8643–
8665, 2010.

ERCOFTAC Bulletin 86 7



A GENERAL PARTITIONED FLUID STRUCTURE

INTERACTION MODEL FOR NON-MATCHING

UNSTRUCTURED MESH

K. Suresh1, A. Kumar K. R1, A. Tripathi2
1Fluidyn Software and Consultancy (P) Ltd, Bangalore, India

2Fluidyn France, Saint-Denis, France

amita.tripathi@fluidyn.com

1 Introduction

Fluid-structure interaction studies are now increasingly
being used in many areas. Examples include response of
aircraft structures to wind loads, failure analysis of walls
of process equipments subjected to transient flow fields,
interaction of flow and heat transfer through porous heat
exchangers and filters, interaction of electric fields and
multi-phase flow fields in electrolysis, coupling of mag-
netic fields and flow of conducting fluids through cooling
channels. Many situations of fluid-structure interaction
involve process with a wide range of length and time
scales. Hence it is very useful to have a solution method,
which is flexible enough to allow the treatment of indi-
vidual processes according to their characteristic length
and time scales and at the same time is accurate and suf-
ficiently coupled. In general two approaches are used in
fluidstructure interaction modeling: (a) monolithic and
(b) partitioned. A review and comparison of different
fluid-structure interaction methods are given by Loon et
al. [1]. Also, even though the fluid-structure interaction
takes at a surface modeling of some flow and heat trans-
fer processes requires interaction between co-existent vol-
umes. One example is the heat transfer between a fluid
and a deforming porous media. In this paper we de-
scribe a general three dimensional flexible partitioned
fluidstructure interaction solver, Fluidyn-MP, developed
to study interaction of flow, stress, temperature, electric
and magnetic fields. Section 2 describes different aspects
of the model and Section 3 describes two case studies to
illustrate the use of this model.

2 Fluid Structure Interaction
Model

The computational model includes the equations for mul-
tiple fluid flows through porous media, heat and electric
conduction and displacements in porous and solid struc-
tures, and the additional conditions at the solid-fluid in-
terfaces.

2.1 Fluid Flow Solvers

Fluid flow solvers solve three dimensional unsteady or
steady Navier-Stokes equations along with conservation
equations for electric, magnetic and any additional user
specified scalar fields and specific models for porous me-
dia, gaseous and surface reactions and two phase flows.

They are based on finite volume methods and are imple-
mented for both the unstructured and multi-block struc-
tured mesh. The equations are solved in both steady
and transient mode, with the latter using both explicit
and implicit methods. All the variables are computed at
the element centers and are interpolated on to the nodes
to exchange them with the structural solvers. The con-
vective flux calculations are modified to include the mesh
movement due to the domain deformation resulting from
structural displacement.

2.2 Structural Solvers

The stress and thermal analysis solver for the structural
analysis is a finite element code for non-linear transient
analysis of structures. The element library includes 2-
noded 3D-beam element, 3-noded shell element and 4-
noded tetrahedral element and 8-noded hexahedral ele-
ment. Both geometric and material non-linearity may be
handled. Material non-linearity includes elastic-perfectly
plastic, elastic-linearly plastic and piecewise linear stress-
strain relationship. For thermal analysis the material
properties may be constant or temperature dependent
(specified as a polynomial function of time).
The stress analysis solver uses convective coordinate ap-
proach. The use of convective coordinate approach and
incremental strains enables handling problems involving
large displacements. The boundary conditions include
specified nodal forces, nodal displacements, pressures,
body forces and nodal temperatures. The external load-
ing may be constant or time dependent (specified as a
piecewise linear function of time).
Temperature distribution in the solid is obtained by solv-
ing the steady or unsteady heat conduction equation us-
ing finite element method. The thermal boundary condi-
tions include specified boundary temperature, boundary
heat flux, element/nodal heat generation, convective and
radiation boundary conditions. If there is a specified con-
vective surface present as a fluid boundary to the solid
then the convective flux that enters the solid from the
fluid according to Newton’s law of cooling is calculated
using the local heat transfer coefficient and the fluid tem-
perature. Electric and magnetic fields in the structure
are also calculated in similar way.

2.3 Fluid-Structure Coupling

In FSI applications, pressure load at fluid boundary faces
at F-S interface is transferred to the corresponding struc-
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tural boundary faces. The pressure load is converted to
nodal forces at structural nodes. The nodal displace-
ments calculated from these external nodal forces are
transferred back to the fluid nodes. In CHT applica-
tions, the heat flux (in the form of the film coefficient
and temperature) at fluid boundary faces is transferred
to the corresponding structural faces. The face-centred
flux value is transferred to structural nodes for thermal
calculation. In the thermal solver, the facecentred flux
value is used to compute the nodal heat values for ther-
mal conduction calculation. The resulting nodal temper-
atures are passed back to the fluid nodes as boundary
temperatures.
The above coupling scheme is exact in case of match-
ing mesh (node-node and face-face matching). In this
case Fluidyn-MP generates F-S interface data (node-
node correspondence and face-face intersection data) us-
ing polygon intersection algorithms for tracking fraction
of structural face area covered by a fluid face. This pro-
cess involves specifying required nodal, angular (for non-
planar interface) and length tolerances. Complex F-S
interface could pose problems by requiring different tol-
erances to be used in different parts of the mesh for ex-
tracting F-S interface data. Also in case of non-matching
(dissimilar) mesh at the F-S interface, the load and dis-
placement transfers are not only not straight forward but
involve interpolation that may be awkward for some F-S
geometries. The problem is compounded in case of non-
matching mesh at non-planar F-S interface, due to the
presence of gaps and/or overlap in the two meshes.
To facilitate the use of non-matching F-S interfaces, an-
other coupling method is used [2, 3]. The evaluation
of loads on the structure induced by the fluid and the
displacement of the fluid mesh induced by the struc-
tural motion must satisfy the requirement of conserva-
tion of work and accuracy. The principle of virtual work
is used to ensure conservation of energy. This coupling
scheme involves converting facebased values on the fluid
boundary face to values on the fluid nodes and using
an interpolation matrix to transform fluid nodal values
to structural nodal values. Considering a general non-
matching interface, this matrix is a non-square matrix.
The displacement of CFD grid xf is expressed in terms of
the structural displacements xs using the transformation
matrix [G] as:

xf = [G]xs

The requirement of conservation leads to a corresponding
matrix for the transformation of forces:

fT
s dxs = fT

f dxf = fT
f [G]dxs

fs = [G]T ff

The coupling for conjugate heat transfer between solid
and fluid is done through an exchange of boundary con-
ditions at the F-S interfaces of interest. Like in the case
of pressure, the flux and temperature exchange across
possibly non-matching F-S interface is done using a suit-
able transformation matrix. Conservation of heat flux
condition ensures accurate exchange of heat flux across
the boundary.

2.4 Remeshing

In the case of Fluid-Structure interaction, the structure
undergoes deformation due to pressure or heat transfer
from the fluid. Consequently, the fluid boundary at the
Fluid-Structure interface is displaced. So suitable con-
ditions must be prescribed along the fluid-solid interface

expressing that relative sliding of the fluid and the solid
is permitted. The conditions that must be prescribed
at each point of the interface are: (1) the grid velocity
of the fluid coincides with the velocity of the solid, (2)
the normal velocity of the fluid coincides with the nor-
mal velocity of the solid and (3) the tangential velocity
of the fluid is unconstrained. The objective of autoad-
aptive remeshing is to modify the fluid mesh so as to
reduce the distortion and improve the mesh size and as-
pect ratio of the mesh, which has a direct bearing on the
time step. The fluid mesh could become highly distorted
if only the fluid boundary is changed. The mesh size at
the F-S interface also could become so small as to hinder
the progress of solution. Hence the fluid mesh is adapted
by moving the nodes of the fluid mesh.
Fluid nodes may be classified as: (1) interior nodes (in-
terior to fluid domain), (2) boundary nodes at the F-S
interface, and (3) boundary nodes not at the F-S inter-
face. During remeshing the interior nodes may be moved
anywhere within the fluid domain, the boundary nodes
at the F-S interface follow the corresponding structural
nodes, and the boundary nodes, which are not at the F-S
interface, may be modified, subject to the condition that
the fluid domain boundary may not change.

3 Case Studies

3.1 Fluid-Structure Interaction: Defor-
mation of Structure

The implemented method has been used to study the
fluttering of a wing with symmetrical profile [4]. This is
a problem where the flow and structure interacted at a
surface. The results obtained by the direct time-domain
simulations were in good agreement with the experimen-
tal data, in terms of dimensionless flutter velocity and
frequency ratio. The section below demonstrates the
use of the same model to calculate the deformation of
a porous structure due to the flow through and around
it.
The physical problem involves a liquid flow around and
through a hollow tubular filter causing flow induced vi-
bration (Figure (1)). The filter was modeled both as a
solid and a fluid to perform the stress analysis and to
study fluid flow through it, simultaneously. Fluid mesh
has 134184 elements and 150066 nodes. Structure mesh
has 2560 elements and 5186 nodes. All are hexahedral
elements. Flow is considered to be incompressible and
viscous. Velocity is specified at the inlet and pressure
at the outlet. Uniform volume flow rate is specified at
the top of the filter to account for the fixed flow rate
from that boundary. The filter structure has a volume
porosity of 0.84. The nodes of the structure at the top
of the filter are completely constrained. All other struc-
tural nodes are unconstrained. Initially the pressure and
velocity in the whole domain is set to zero, and obtained
a steady state solution. Then a small asymmetry is in-
troduced in the flow field to initiate/capture vortices by
initializing pressure and velocity in a small region around
the filter to zero. The rest of the domain is reinitialized
with the steady state results and a transient analysis was
performed.
Figure (2) shows the velocity vectors, which indicates the
different recirculation zones and the instantaneous flow
asymmetry behind the structure due to vortex shedding.
Figure (3) shows the instantaneous displacement of and
effective stress in the structure due to the pressure dif-
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ferential. In this case the transient pressure loading at
the external surface of the structure, due to the vortex
shedding, and that inside the porous structure due to
the flow through the filter are considered. The latter is
done using the three dimensional extension of the F-S
interface coupling model.

(a) Schematic for the flow through and around a porous struc-
ture

(b) Mesh

Figure 1:

Figure 2: Velocity vectors at an instant

3.2 Fluid-Structure Interaction: Flow
and Heat Transfer in Porous Media

The objective of this study is to validate the vol-
ume based F-S interaction for conjugate heat transfer
with local thermal nonequilibrium model implemented

(a) Displacement of structure in the x-direction

(b) Effective stress in the structure

Figure 3:

in Fluidyn- MP with experimental data of Calmidi and
Mahajan [5].
The heat transfer between the porous solid and the fluid
flowing through it is modeled using Local Thermal Non-
Equilibrium (LTNE) model [5]. In this model, the energy
equations are solved separately for the solid and the fluid,
and are coupled through the local heat transfer between
the solid and the fluid. This model is found to be more
appropriate, than the dispersion model (where an effec-
tive conductivity is used) when the conductivities of the
solid and fluid are highly different or in the presence of
large heat generation in the domain.
Figure (4) shows the problem domain. It consists of
airflow through aluminium metal foam. In the experi-
ment the foam is heated from one end and the tempera-
ture variation at the top surface of the sample along the
length is noted with the help of thermocouples. The av-
erage Nusselt number is calculated using the average of
the measured temperatures along the wall. The Nusselt
numbers obtained from the computation, for different
flow conditions are compared with the above values.
In this study, the steady volume-averaged momentum
equation that governs fluid flow in porous media is con-
sidered. The source term accounts for the pressure drop
due to viscous friction at the walls of the metal foam
and pressure drop due to the form drag. The former
is calculated using Darcy’s law and the latter is calcu-
lated using Forchheimer model. Simulations are done
for different inlet velocities. Figure (5) shows the experi-
mental and computed Nusselt numbers for different inlet
velocities. Comparison is very good at lower velocities.
At higher Reynolds numbers (higher velocities) there is
a difference of about 8%. This error can be attributed
to due to the average boundary wall temperature speci-
fied at the heated wall instead of measured variable tem-
perature. Figure (6) show the longitudinal variation of
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Figure 4: Schematic for flow and heat transfer through
porous media

Figure 5: Variation of Nusselt number with product of
Reynolds and Prandtl numbers (Re Pr)

temperature in the fluid and the solid, respectively. It is
expected that near the inlet the fluid temperature would
be much less than the solid temperature, which is cor-
rectly captured by the present model.

Figure 6: Longitudinal variation of temperature in the
fluid (left) and solid (right)
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1 Introduction

The computational time is an important issue/task in
field of computational mechanics, moreover important
when coupled problems are considered. Indeed, for cou-
pled problems, typically fluid structure interaction, a
classical method used two solvers, one fluid and one
structure, and the smaller time step is used, which in-
crease the computational time. This aspect of the com-
putational mechanic is an important limiting factor for
few applications as active control,for which real time is
needed or shape optimisation, for which running a com-
putational model for each configuration is too expensive.
The objective of the reduced order modelling is to re-
duced this computational time.
There is different issues to approach the reduced order
modelling in fluid structure interaction. Vierendeels et
al. [1] proposed to reduced the coupling iterations be-
tween the fluid and the solid solver. Another approach
consists in reducing the computational time either for
the fluid or the solid solver, or for both.
For this approach, the most efficient technique in fluid
mechanics, the Proper Orthogonal Decomposition [2],
has also been used for fluid structure interaction prob-
lems.
The difficulty of the POD application for FSI problems
is the use of a spatial basis ( no time dependent) on time
dependant domains. It has been successfully applied for
small displacements of the structure by Lieu et al. [3].
For bigger displacements Placzek et al. [4] proposed a
formulation written on the reference datum linked to the
solid. It has been successfully applied for the imposed
oscillations of an NACA airfoil. Liberge and Hamdouni
et al. [5] have proposed a multiphase formulation. This
formulation is explained in the following sections.

2 The Proper orthogonal Decom-
position

The Proper Orthogonal Decomposition (POD) leads to
a spatial basis, built from a set af snapshot of the ve-
locity field. This basis is optimal in the kinetic energy
sense and has been intensively used as ROM tool in fluid
mechanics. The POD has been introduced in this area
by [2], in order to extract coherent structures in a turbu-
lent fluid flow. A detailed methodology has already been
proposed in the literature [2, 6, 7, 8, 5].
Consider a space Ω ⊂ R

d, d = 1, 2 or 3, (O, x1, x2, x3)
a reference datum tied to this space, T ⊂ R an interval,

x ∈ Ω, t ∈ T. The POD consists in finding a spatial
function Φ, in a Hilbert space V, which gives the opti-
mum representation of a field v ∈ L2 (Γ, V). Considering
M snapshots of the velocity field during a period T, and
Φi a vector of the POD basis of v, the snapshot POD [9]
consists in solving the following eigenvalue problem :

1
M

M∑
k=1

(v (ti) , v (tk))Ak = λAi for i = 1 . . . M, (1)

Where (•, •) is the scalar product of V = L2 (Ω). Next,
the POD basis (Φi) is obtained using the coefficients Ai

k
and the snapshots v of the velocity field.

Φi (x) =
M∑

k=1

Ai
kv (x, tk) , for i = 1, . . . , M. (2)

This basis is orthonormal and fullfills the free divergence
1 in case of an incompressible fluid, and the relative con-
tribution of each mode i is captured by the eigenvalue
λi. For a given n, the POD basis (optimal in L2) is the
best decomposition which can be obtained in sense of the
kinetic energy.

3 Multiphase ROM-POD formu-
lation

Figure (1) shows a schematic description of the prob-
lem domain of interest. Let Ωf be the fluid domain, Ωs

the solid domain, ΓI the fluid-solid interface and n the
outward normal of Ωs. We note Ω the global domain
(Ω = Ωf (t) ∪ Ωs (t) ∪ ΓI (t)).
A classical use of POD in fluid mechanics consists in
building the POD basis from a set of snapshots obtained
by a CFD calculation. Next, the Navier-Stokes equations
are projected on the truncated POD basis, which leads
to a low number of coupled ordinary differential equa-
tions. The main idea in fluid structure interaction is to
reproduce this scheme. One way consists in reducing the
most expensive problem, i.e the computation of the fluid.
If an ALE formulation of the Navier-Stokes equations is
used, the snaphsots of the velocity field are obtained on
a time variant grid, which is not in adequation with the
POD formula. Indeed, considering the formula [Eq. (1)],
for two differents time steps, the fluid domain is not the
same. Consequently, the scalar product of the velocity
field at two different time steps doesn’t make sense. For

1. In sense of distributions.
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Figure 1: Schematic description of the problem domain

small displacements of the solid domain, the perturba-
tions of the fluid domain are enough small to have any
consequence of the computation of the POD basis. Thus,
this POD formulation can be used, as shown in [3]. But,
for bigger displacement of the solid domain another for-
mulation has to be used.
Liberge and Hamdouni [5] proposed as solution a mul-
tiphase ROM approach for fluid structure interaction
problems. This approach is similar to the methods which
extend the Navier-Stokes equations to the solid domain
(immerged boundaries method [10], fictitous method
[11]). The snapshots result from a classical fluid struc-
ture interaction resolution in ALE, and each snapshot is
interpolated from the time variant grid to a fixed one.
Next, the POD basis is computed for the global velocity
field (fluid and solid) defined on this fixed grid.
The difference with a classical approach is that it is not
the fluid equations in ALE which are projected but the
multiphase Navier-Stokes equations. The Navier-Stokes
equations are extended to the solid domain, by adding
a rigid constraint. This approach is explained in the
following.
Let vf be the fluid velocity field and vs the solid. The
global velocity field is :
∀x ∈ Ω, ∀t ∈ T

v (x, t) = vf (x, t) IΩf
(x, t)+vs (x, t)

(
1 − IΩf

(x, t)
)

, (3)

where IΩf
is the characteristic function of the fluid do-

main :

IΩf
(x, t) =

{
1 if x ∈ Ωf (t)
0 else if

(4)

The solid constraint in modeled using the following equa-
tion :

D (v) =
1
2

(
�v + �T v

)
= 0 in Ωs. (5)

This constraint is penalised in the variational formula-
tion by a viscosity μs, that a lagrange multiplier λ is as-
sociated with. Considering Γv

f the part of the bounadry
of Ω where the velicity field is imposed, the following
variational formulation associated to this problem is :

HvΓ =
{

v|v ∈ H1 (Ω) , v = vΓ (t) on Γv
f

}
,

H0
vΓ =

{
v|v ∈ H1 (Ω) , v = 0 on Γv

f

}
,

L2
0 (Ω) =

{
q ∈ L2 (Ω) |

∫
Ω

qdx = 0
}

,

∀v� ∈ H0
vΓ and q ∈ L2 (Ω), find v ∈ HvΓ , p ∈

L2
0 (Ω) , λ ∈ H1 (Ω) such as :∫

Ω
ρ

(
∂v

∂t
+ v · ∇v

)
· v�dx −

∫
Ω

p∇ · v�dx

+
∫
Ω

(
1 − IΩf

)
D (λ) : D (v�) dx

+
∫
Ω

2μD (v) : D (v�) dx +
∫
Ω

q∇ · vdx = 0,

(6)

ρ and μ are defined on the global domain Ω :

ρ = IΩf
ρf +

(
1 − IΩf

)
ρs (7)

μ = IΩf
μf +

(
1 − IΩf

)
μs, (8)

Where ρf is the fluid density, μf the fluid viscosity and
the solid viscosity μs is the penalisation factor of the
rigidity constraint, ρs is the solid density and vΓ is the
velocity fluid on Γv

f .
Thus a weak formulation is obtained for the global do-
main Ω with information about fluid and solid domain
that are contained in the density ρ and viscosity μ func-
tions.

3.1 Low order dynamical system

3.1.1 First approach

The low order dynamical system has been obtained by
choosing POD modes Φi, i = 1, · · · , N for a virtual ve-
locity field. N is searched as the truncated POD basis
captures almost 99% of the total energy. The decompo-
sition of the velocity field on the truncated POD basis is
:

v =
N∑

i=1

ai (t) Φi (x) ,

This decomposition is introduced in Eq. (6) and, due
to the free divergence of the POD basis, the following
dynamical system is obtained :
∀t ∈ [0, T ] for n = 1 . . . N⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

N∑
i=1

dai

dt
Ain =

N∑
i=1

N∑
j=1

ai (t) aj (t)Bijn

+
N∑

i=1

ai (t)Cin + En + Dn,

∂IΩf

∂t
+v · ∇IΩf

= 0,

(9)

with

Ain = −
∫

Ω
ρ (x, t) Φi (x) · Φn (x) dx,

Bijn = −
∫

Ω
ρ (x, t) (Φj · ∇Φi) · Φn dx,

Cin = −2
∫

Ω
μ (x, t) tr (D (Φi) · D (Φn)) dx

En = −
∫

Ω

(
1 − IΩf

)
tr (D (λ)D (Φn)) dx,

The last term Dn takes in account the nonhomogeneous
boundary condition and is treated by a penalisation
method [12]. There are some differences compared to the
low order dynamical system obtained using POD basis in
classic fluid mechanics [8, 13]. In fact coefficient A, B, · · ·
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are time variant and must be computed at each time step.
λ is computed using an Uzawa algorithm. The compu-
tational cost at each time step should be considered as
a limitation of the method, but in fact for a small num-
ber of POD modes the computational expense is less as
compared to that of a FSI problem solved with the ALE
method. This method does not require a remeshing step
and secondly, the initial problem is transformed into a
low order set of ordinary differential equation.

3.1.2 Second approach

The computational time can also be reduced by the ob-
tention of a system with non-time dependent coefficients.
The decomposition of the characteristic function IΩs on
a POD basis Φc, and the decomposition of the Lagrange
multiplier on the same basis of the velocity field yields
the following :

a) IΩs (x, t) =
Nc∑
i=1

bi (t) Φc
i (x) ,

b) λ (x, t) =
Nl∑
i=1

ci (t) Φi (x) ,

(10)

Nc and Nl denote the number of POD modes retained for
the characteristic function and the Lagrange multiplier.
Nl is chosed equal to N .
It leads to the following dynamical system :
∀ i = 1, · · · , N p = 1, · · · , Nc

ρf
dan

dt
+ (ρs − ρf )

N∑
k=1

Nc∑
p=1

dak

dt
bpApkl

+ρf

N∑
k=1

N∑
l=1

akalB1
kln + 2μf

N∑
k=1

akC1
kn

+(ρs − ρf )
N∑

k=1

N∑
l=1

Nc∑
p=1

akalbpB2
pkln

+2 (μs − μf )
N∑

k=1

Nc∑
p=1

akbpC2
kpn

=
Nl∑

h=1

Nc∑
p=1

bpchDphn + Gn,

(11)

a)
dbp

dt
+

N∑
k=1

Nc∑
l=1

akblEklp = 0,

b)
Nc∑

p=1

N∑
k=1

bpakFpkn = 0,

(12)

Apkl =
∫

Ω
Φc

pΦkΦldx

C2
kpn =

∫
Ω
Φc

pTr (D (Φk)D (Φn)) dx,

B1
kln =

∫
Ω
(Φk∇Φl) · Φndx

C1
kn =

∫
Ω

Tr (D (Φk)D (Φn)) dx,

B2
klpn =

∫
Ω
Φc

p (Φk∇Φl) · Φndx

Dphn =
∫

Ω
Φc

pTr (D (Φh)D (Φn)) dx,

Eklp =
∫

Ω
(Φk · ∇Φc

l ) Φc
pdx

Fpkn =
∫

Ω
Φc

pTr (D (Φk)D (Φn)) dx.

(13)

The Eq. (12).a) is the reduction of the convection equa-
tion of the characteristic function and the Eq. (12).b) is
the reduction of the rigid constraint Eq. (5) defined on
the solid domain. Thus, an algebric differential equa-
tion system, whose coefficients can be computed once, is
obtained.
In the present paper, two low order dynamical systems,
which transformed the initial problem into a more simple
system of ordinary differential equation in ai(t) with low
degrees of freedom have been presented. In practice, a
basis using only a few POD modes takes more than 90%
of the kinetic energy. The methods will be compared in
the next section.

4 Application

y

x

E

S

p2

f of

L1

D

L2

Figure 2: Schematic description

The method has been tested on the configuration de-
scribed on Figure (2), a cylindrical rigid body, attached
to a spring, has been immersed in a fluid flow at Reynolds
number Re = 1690.
For the fluid parameters, we consider the fluid density
ρf = 1000 kg.m−3, the viscosity μf = 0.001 kg/m.s,
the inlet velocity vΓ = 3.38 · 10−2m.s−1. The solid pa-
rameters are the radius R = 0.025 m, the mass equal to
ms = 11.78 10−1 kg, which implies a solid density equal
to ρs = 60 kg.m−3. The stiffness of the spring was chosen
k = 0.559 N · m−1 and the damping to 2.7825 kg · s−1.
The low order dynamical systems is built with 6 POD
modes. Table (1) compares the computational time using
the STARCD software and the multiphase ROM, the first
approach (F.A) and the second (S.A).
The gain in term of CPU times obtained by the
multiphase-ROM is significant.
Figure (3) compares temporal coefficients obtained by
the low-order dynamical system (Eq. (11)) and POD di-
rect. The temporal coefficient a′

2 is plotted versus a′
1.
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Table 1: Comparison of CPU times

STARCD ALE F. A. S. A.

CPU time 726 143 21
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Figure 3: Limit cycle a′
2 versus a′

1 : −, POD direct so-
lution; +, obtained by ROM with 6 POD modes

If the low-order dynamical system is run for time period
longer than the snapshot period, an outline circle is ob-
served. This circle can be used to study the stability of
the solution. The plot of a2 versus a1 has to approach
the outline of this circle as much as possible.
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time
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Displacement of the cylinder

Multiphasic method
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Figure 4: Position of gravity centre : −, initial solution;
+, obtained by our ROM method with 6 modes; •, ob-
tained by the direct method with 6 modes

Figure (4) plots the position of the gravity center accord-
ing to axis x2 (the displacement has been blocked along
x1). The result has also been compared with a classical
POD approach, which consists in projecting the Navier-
Stokes equations without taking account that the fluid
domain is moving. The same number of POD modes
has been considered for both, the direct method and the
method proposed in this article. The result obtained by
low order dynamical system agrees with the results of the
reference case. Moreover, the ROM give good descrip-
tion of the solid displacement for a period longer than
the snapshot period (the blue curves on the Figure (5)).
The velocity field is also well rebuild as shown on the
figure Figure (6)

Figure 5: Position of gravity centre : −, initial solution;
+, obtained by our ROM method with 6 modes; •, ob-
tained by the ROM for a longer period

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-0.4

-0.2

0.0

0.2

0.4

-0.0256-0.0176-0.0096-0.00160.0064 0.0144 0.0224 0.0304 0.0384 0.0464

(a) v (150, 1)
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Figure 6: First component of the velocity field. UP :
snapshot velocity field; DOWN : obtained by low-order
dynamical system

5 Conclusion

The Reduced Order Modelling in fluid structure interac-
tion is a research field in important development. The
most efficient approach today are using the POD, with
few variants according the problem studied. For impor-
tant displacements of the solid domain, the multiphase-
ROM approach proposed in this paper give an impor-
tant gain of computational time, and a good prediction
of the displacement of the solid. This method uses a
multiphase formulation of the Navier-Stokes equations,
extending the Navier-Stokes equations to the solid do-
main and adding a rigid constraint on the solid domain.
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Abstract

This article is provides a brief review of the major exist-
ing strategies in the simulation of fluid-structure interac-
tion (FSI) and comments on their advancement towards
the development of general approaches that are robust
and accurate, even when large deformations exists.

1 FSI Challenges and Existing
Strategies

The need for more accurate results in many engineer-
ing simulations has necessitated consideration of multi-
ple, coupled physical processes. FSI is one of the most
important categories of such analyses which in general
are challenging in terms of both modelling and computa-
tional issues. Extensive research has been carried out in
this field and satisfactory results are now being obtained
in a number of areas of engineering interest. Many soft-
ware packages now include modules that allow limited
analysis of certain types of FSI problem. Nonetheless,
much remains to be done to develop robust, accurate
and less case-specific approaches for industrial applica-
tions [1].
When tackling FSI problems, one should consider five
aspects: the fluid and the structure spatial models; the
treatment of their interface, time stepping and supple-
mentary algorithms [2]. The combination of the strate-
gies implemented in tackling the problem must satisfy
conditions such as energy conservation, time accuracy,
stability, etc (see [2] for a more comprehensive list).
There are two computational coupling strategies; the
monolithic and the partitioned approaches. The former
is based on the fully-coupled discretization of the gov-
erning equations of the fluid and the solid which renders
complete control over the implementation of the solvers.
The approach lacks software modularity. It can also be
very burdensome to set up, which leads to high com-
putational costs. Most engineering applications exhibit
complex behaviour in both the solid and fluid domains
and thus the partitioned approach is used instead [3, 4]].
With this approach, separate solvers are used for the
fluid and the structure fields which exchange information
and exert their respective influence via their boundary
conditions. Hence there is an opportunity to select opti-
mal solvers for each field [5, 6]. The partitioned strategy
has proved to be the most convenient and flexible ap-
proach [4]. The challenge then lies in the exchange of in-
formation between the two solvers at the interface; this is
accompanied by concerns about stability, accuracy and
the convergence of staggered time stepping schemes [6].

Undoubtedly FV and FE are the most commonly used
methods for tackling CFD and CSM calculations [7].
In the FSI field, many strategies have been deployed
in transferring data between solid elements and fluid
cells. Having reviewed these methods, it is obvious that
they all have their strong and weak points depending on
the applications. However it is apparent that significant
work is being done in tackling the challenges that arise
from the exchange of data between two different meth-
ods. An FSI algorithm is needed to ensure appropriate
coupling between the interfaces [8, 9].
One key issue is that of the deformation of the fluid
mesh as it follows the structural mesh displacements.
This movement contradicts the Eulerian description of
the fluid. There are two classes of principle approach
in dealing with this aspect [10]: those that let the fluid
mesh move (mesh moving strategies) and those that are
based on the Eulerian description of the fluid mesh (fixed
grid strategies). A mixture of the two can also be used.
The most commonly used approach of the first category
is the Arbitrary-Lagrangian-Eulerian (ALE) approach
[1, 11] in which the fluid control volume can track the
structural deformations at the interface. This method
permits differing fluid and structure mesh densities but
coupling and matching at the common boundary of the
fluid-structure (FS) interface is the main challenge [12].
However, even the best ALE methods are followed by an
expensive and time consuming re-meshing/mesh update
technique [1], when large deformations occur [10]. This
is because the method requires some prior knowledge of
the solution, which for large deformations, is not readily
available [12].
In the fixed-grid approach, the solid mesh can move
through the fluid mesh. Moreover, the FS interface di-
vides the fluid domain into a physical and a fictitious
field to be discretized and solved. The problem with
such methods is that it is impossible to decouple fully
the two fluid fields with respect to the kinematic and
stress fields and thus additional time-consuming calcula-
tions are required for the fictitious field [10].
Two important examples of such methods are the Im-
mersed Boundary (IB) method and the Distributed
Lagrangian Multiplier/Fictitious Domain (DLM/FD)
method (which are used for incompressible flows), the
Lagrangian structure mesh moves on top of the fluid
mesh and forces the fluid material inside the structure
to deform with the structure [12]. In IB methods the
fluid and structure interact through distributed nodal
forces and by interpolating nodal velocities between the
two domains, through a smoothed approximation of the
Dirac delta function. The benefit of this method is that
the FS interface is tracked automatically [13]. A draw-
back of DLM/FD methods is that the structural degrees
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of freedom are not removed [1]. When used with volume
occupying structures, both methods require the coupling
to be carried out between the fictitious flow field and
the structure field. This results in incompressible defor-
mation of the structure and the production of artificial
viscosity terms. This can create additional errors in com-
plex physical problems [12].
Another fixed-grid approach is the XFEMmethod, which
originated as a method to track discontinuities such as
cracks, and is now being used in the FSI field [12, 13]
with the aim of reducing some of the problems with the
strategies mentioned above. This method enriches the
approximation space to make it possible to capture weak
and strong discontinuities [14]. One obvious character-
istic of this method is that there is no influence of the
fictitious fluid domains and thus computations can be
performed much faster. Whilst this method is not de-
pendent on the mesh resolution, one must choose the
most appropriate Lagrangian multiplier method, which
is an outstanding issue of research [12].
In general, a fixed grid approach that can be applied
to general FSI problems involving incompressible flows
requires: 1) the physical and fictitious flow region are
physically decoupled to avoid energy transfer across the
interface; 2) the coupling takes place along the interface;
3) the fluid and structure mesh sizes are independent
and; 4) the fictitious domain can be switched off for in-
creased efficiency [3, 12].
Overall the existing fixed grid methods do not satisfy one
or more of the above criterions and several proposals ex-
ist in solving the shortcomings [1]. In comparison to fixed
grid methods, correctly implemented ALE schemes may
be used as a comparator in terms of accuracy, stability
and generality [12] except for large deformations cases.
A second major issue in FSI problems is that of non-
matching meshes at the FS interface. Non-matching
meshes imply that the interface is based on nodally con-
forming meshes along the interface [8] and there maybe
gaps and overlaps between the meshes [6]. This is be-
cause FV methods are less accurate and hence they re-
quire much finer meshes to represent the flow [5, 6]. Con-
sequently an interpolation or projection method is re-
quired to transfer information between the fluid and the
solid. Several strategies have been introduced to couple
the non-matching meshes [5]. It is important that the
method used ensures global conservations of energy and
loads over the interface, as well as maintaining accuracy,
and conservation of the order of the coupled solvers as
well as their computational efficiency[5].
In general the interface methods can be segregated into
three categories: 1) primal i.e. there are no additional
interface variables (AIV); 2) dual: dual type AIVs are in-
troduced and; 3) primal-dual: dual and primal type AIVs
are introduced [2]. These three classes of methods can
be used in both partitioned and monolithic approaches
if suitable. The simplest method is a primal method
known as nearest neighbour interpolation in which infor-
mation obtained from the nearest neighbouring point in
the other mesh. This method is accurate when the degree
of misalignment of the meshes is low. A more accurate
method is the projection method in which a point or an
element is orthogonally projected to another to obtain
data of that mesh [5]. Another primal method derives
from spline based methods. A common dual type method
is the Mortar scheme which is founded on the usage of
Lagrangian multipliers [2, 8]. The application of Mortar
methods in the FSI field is very recent [5]. A primitive
method of the primal-dual category is the Localized La-

grangian Multiplier (LLM) scheme. In this method a
kinematic frame is placed between the fluid and struc-
ture at their common interface. Multipliers are located
at the interface between each domain and the kinematic
frame.
As mentioned previously the selection of the correct al-
gorithm can be a difficult task. A review of some of
these methods is presented in [5], but it is clear that the
current state of art is far from definitive.
In considering the existing strategies, it is apparent that
while there is significant scope for developing less case-
specific approaches than the traditional methods cur-
rently used in CFD and CSM, there is as yet no con-
sensus that a single strategy could be developed to cover
all the attributes mentioned in [2]. Thus it seems that
the methods themselves could be the root of the problem.
One could look at the transport equations of a contin-
uum and argue that the fluid and structure equations
are essentially identical, and that their differences have
risen from the way they have been developed to suit the
physics of the system they represent. In fact FVM can
be thought of as a special case of FEM with a Galerkin
weighting [15]. Indeed many attempts have been made
in using FVM and FEM in tackling structural and fluid
problems, respectively [15]. Some of these have resulted
in useful techniques such as the flow-condition-based in-
terpolation (FCBI) finite element scheme [7] which en-
ables the usage of coarse fluid meshes [15]. An important
development is the usage of cell-vertex FVM in which the
displacement and stress variables are stored at the ver-
tices of the cells, thereby enabling the use of the method
with distorted meshes [7]. Despite these developments, it
is evident that research in this area is somewhat compart-
mentalised into extensions of either fluids or structures.
This emphasises just how different the various method-
ologies are and why transferring data between them is
somewhat problematic.
Meshless Methods (MMs), as exemplified by, say
Smoothed Particle Hydrodynamics (SPH) were intro-
duced with an aim to eliminate the problems of mesh-
based methods originating from making approximations
based on a mesh. Such problems include errors due to
low quality or distorted meshes, the need for re-meshing
and the inability to model discontinuities. An important
benefit of MMs is that they are capable of treating prob-
lems both with moving discontinuities and large deforma-
tions easily and robustly [6]. The drawback of the MMs
is that the shape functions require high-order integra-
tion to be correctly computed. Moreover, the treatment
of essential boundary conditions can be complicated. As
a consequence, in general, MMs are more expensive com-
putationally than FEM [6].

2 Concluding Remarks

This paper is concerned with the coupling of fluid solid
interaction. Despite the significant number of develop-
ments in this area, it is evident that current research
is somewhat compartmentalised into extensions of either
fluids-based or structures-based approaches. This em-
phasises just how different the various methodologies are
and why transferring data between them is somewhat
problematic. The following conclusions can be drawn
from this brief discourse:

• Partitioned strategies are preferred over monolithic
approaches because they are more flexible;
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• The ALE method provides a good reference test
against which other schemes can be contrasted;

• No single method presently provides the complete
solution;

• A possible new direction is to re-examine the funda-
mentals to homogenise solid and fluid formulations
for improved coupled analysis.
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Abstract

This paper presents a CFD simulation of the fluid flow
and of the fluid forces generated by large lateral displace-
ments of cylinder arrays in the presence of an axial turbu-
lent flow. A Morison-like expansion of the force consist-
ing in an inertial term and a drag term is proposed, and
the dependency of the dimensionless coefficients as func-
tions of the Keulegan Carpenter number, of the Stokes
number and of the axial Reynolds number are investi-
gated.

1 Introduction

In the nuclear industry, the seismic design of reactor
cores requires the structural analysis of fuel rod assem-
blies undergoing transient excitations. The fuel assem-
blies are classically described by vibrating beams, and
the fluid is usually taken into account with the help of
an added mass and an added damping coefficient incor-
porated into the structure model [1]. Such a represen-
tation is of current usage, but recent advances in CFD
have made feasible thorough evaluation of the fluid forces
nowadays.
In Power Water Reactor plants, fuel assemblies are con-
stituted of stacks of 17 by 17 rods with a diameter D
equal to about 9 mm, and a pitch to diameter ratio
equal to about 1.33. The steady state axial fluid velocity
reaches values equal to 5 m/s, which corresponds to an
axial Reynolds number of the order of 105. In standard
calculations, the amplitude of the lateral displacement of
a fuel assembly during a seism can reach a few diame-
ters, and the corresponding frequencies range from 5 to
20 Hz. The velocity of a rod can hence reach values up
to 2 m/s, which implies that the displacement-induced
fluid flow is also turbulent. The dimensionless oscillation
amplitude can be described by the so-called Keulegan-
Carpenter (KG) number [2], equal to 2π X/D, where X is
the lateral rod displacement: in the framework of seismic
analysis, the KG number varies from 0.1 to 20.
The scientific literature provides data about large am-
plitude oscillations of cylinders arrays in quiescent fluid,
whereas studies of axial flows are focused on small lateral
displacements [3]. There does not seem to exist a large
amount of reference data dealing with axial flow and a

large amplitude of the lateral displacement. Some ex-
periments [4] have shown that the equivalent structural
damping could reach values exceeding 30 %, and CFD
simulations [5] have corroborated this order of magni-
tude.
The purpose of the present paper consists in evaluating
the unsteady fluid forces exerted upon a rigid tube array
moving laterally with KG numbers varying from 0.1 to
20. The system under study is kept as simple as possible,
in order to facilitate the identification of the key param-
eters, and in order to better understand the physics of
the fluid flow
The choice of a controlled sine displacement is made to
facilitate the analysis of the fluid dynamics. Such a repre-
sentation cannot be used as it stands for seismic analysis,
for non-linear terms in the fluid forces forbid to expand
a transient displacement in Fourier terms. However, this
approach constitutes a first step in the understanding of
fluid dynamics.

2 Approach

For the sake of efficiency, the simplest possible config-
uration is considered, namely, a 3 by 3 cylinder array
inside a rectangular box in two dimensions. Such a sim-
plified representation is to be used the following way:
the central cylinder stands for the inner fuel rods, the
four corner cylinders stand for the corner cylinders of a
fuel assembly, and the four lateral cylinders stand for the
outer rods of a fuel assembly. It is here assumed that the
presence of a series of rods is screened by one single row
of cylinders.
The cylinders have the same diameter as the actual fuel
rods, i.e., 9 mm, and they are separated by gaps equal to
3 mm. A rectangular box is arranged around the cylin-
der array, with a gap equal to 2 mm in the y-direction,
and a variable gap in the x-direction. The displacement
of the cylinder array is a controlled sine oscillation with
a frequency varying from 2 to 15 Hz and an amplitude
varying from 0.05 to 4 diameters. An axial flow is im-
posed, with an average value inside the array varying
from 2.5 to 7 m/s. The dimensionless values associated
with these figures are given in Table (1): the case number
2 is chosen as reference.
As shown in Figure (2), the fluid mesh around the cylin-
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ders is constituted of hexahedra only as required by the
best practice in fluid dynamics, with a small width in
the axial direction associated with one cell. The mesh
generator GMSH [6] was used to generate it; it exhibits
19560 cells. The skew ratio of the cells is always lower
than 0.5, and the maximum edge ratio is equal to 1.9.
Unsteady Reynolds Averaged Navier Stokes (URANS)
simulation is performed with the help of the finite vol-
ume fluid dynamics solver Code_Saturne [7] using the
Arbitrary Lagrangian Eulerian method (see for instance
[8] for a detailed description of the ALE). The choice was
made to use a k −ε model with a standard two-scale law.
A 2D simulation is performed by applying periodic condi-
tions in the axial direction, i.e., by forcing the upper and
lower velocity vectors to coincide. The net flow in the
axial direction is generated by the addition of a momen-
tum source term to the Navier-Stokes equations, which
compensates the friction force along the cylinder walls
and the box walls. Such a procedure ensures a two-
dimensional solution of the fluid dynamics equations,
without forcing the velocity nor the pressure at the mesh
boundaries.
The ALE method is applied in its simplest form: the dis-
placement of the boundaries of the fluid domain are pre-
scribed, and the mesh is automatically compressed and
expanded with the help of a Laplacian algorithm which
keeps the mesh almost unchanged close to the cylinders.

Figure 1: Sketch of a fuel assembly, from the WNA web-
site www.world-nuclear.org

The calculations are performed with an 8 processor Linux
station: in the reference case, 20000 initial time steps
of 0.2 ms are first dedicated to the stabilization of the
axial flow pattern, followed by a smooth transition to a
final series of controlled oscillations of the cylinder array
during 15000 time steps. The Courant-Friedrichs Lewy
(CFL) number obtained is lower than 4.

3 Flow pattern and unsteady
forces

Visualization of the fluid flow are achieved with the help
of the free software Paraview [9]. The unsteady forces
obtained during the calculations are illustrated in the

Figure 2: Partial view of the cylinder array mesh, the
lateral parts are not shown

Table 1: Flow and oscillation conditions

Case Keulegan Stokes Axial Confinement
# Carpenter Reynolds

1 12.56 162 37622 11.5
2 12.56 405 37622 11.5
3 6.28 405 37622 11.5
4 0.31 405 37622 11.5
5 25.12 405 37622 11.5
6 12.56 810 37622 11.5
7 12.56 405 17442 11.5
8 12.56 405 54566 11.5
9 12.56 1215 37622 11.5
10 12.56 405 37412 5
11 12.56 405 37320 3
12 12.56 243 37622 11.5
13 12.56 324 37622 11.5
14 12.56 648 37622 11.5
15 0.69 405 37622 11.5
16 0.2 405 37622 11.5
17 12.56 972 37622 11.5
18 2.51 405 37622 11.5

reference case by the following figures, where the fluid
velocity in the x-direction and the axial component of
the vorticity are plotted. The x-direction goes from left
to right in the Figure (3) and Figure (4), the y-direction
form bottom to top and the z-direction is the axial di-
rection, perpendicular to the Figure (3) and Figure (4).
A simple flow pattern is observed, with flow separation
downstream of each cylinder and the formation of a wake
behind the last row of cylinders. The unsteady vortices
in the wake appear to vanish quite quickly, most prob-
ably because of the turbulent axial flow. It can be also
be observed that the leading cylinders at the beginning
of the backwards displacement interact with the residual
vortices as shown in the fourth subfigure, which corre-
sponds to an intermediate time shortly after the maxi-
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mum displacement. The fluid forces exerted upon the

Figure 3: Sketch of the x-velocity along one cycle of os-
cillation, in ms−1

cylinders exhibit a sine-like shape, with a phase differ-
ence with the array displacement equal to about −0.95
in the reference case illustrated in Figure (5) and Fig-
ure (6). This phase shift indicates that the drag force
dominates in the range of displacement amplitude and
of fluid velocities considered, and that inertial effect are
also present. Such a description overlooks unsteady ef-
fects like the interaction of cylinders with the wake vor-
tices, but it is meaningful as a first approximation. It
is worth mentioning the fact that the axial velocity does
not adapt instantaneously to the position of the tube ar-
ray, as illustrated in Figure (7): the axial velocity in the
wake of the cylinders remains close to zero during a part
of the oscillation cycle. This results probably from ax-
ial inertia combined to the vanishing velocity condition
along the cylinder walls.

4 Inertia and drift coefficients

A simple attempt to fit the computed forces can be based
on the Morison expansion originally derived for single
cylinders in quiescent flow, namely:

F Morison
x = −αm

πρD2

4
Ẍ − αd

ρD

2
|Ẋ|Ẋ

where αm is the dimensionless coefficient of the added
mass term, assumed to be proportional to the accelera-
tion of the cylinder. In the above expression, the drag
term follows a quasi-steady law, and unsteady effects
are overlooked. Nevertheless, such an expression has the

Figure 4: Sketch of the axial vorticity along one cycle of
oscillation, in s−1

merit of simplicity, and as the term |Ẋ|Ẋ is reasonably
close to a sine, the identification of a couple of dimen-
sionless coefficients αm and αd is straightforward.
Following this line of reasoning, it is proposed to expand
the x-forces in Morison-like coefficients according to

Fx = ω2
(

αm
πρD2

4
sinωtA − αd

ρD

2
|cosωt|cosωtA2

)

where ω and A are the circular frequency and the am-
plitude of the oscillation, respectively. The coefficients
obtained that way are still related to the drag and to
the fluid inertia, but they may depend on the oscillation
parameters, especially the frequency and the amplitude.
Such an expansion cannot cover all the details of the fluid
flow, and presumably not the interaction of the cylinder
array with the axial flow. It is used in the present study
because it the simpler expansion that can be proposed.
The coefficients obtained throughout least square esti-
mations for four out of nine cylinders are plotted in the
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Figure 5: Evolution of the x-component of the force ex-
erted upon the upper center cylinder during one cycle of
oscillation, for a displacement of the array proportional
to sin2πft. Black line: result of the computation of the
reference case, gray line: Morison-like fit of the result of
the computation (see next Section )

Figure 6: Evolution of the x-component of the force dur-
ing one cycle of oscillation for the central cylinder for
a displacement of the array proportional to sin24πft..
Black line: result of the computation of the reference
case, gray line: Morison-like fit of the result of the com-
putation (see next Section )

next figures as functions of parameters listed in Table (1),
i.e., the dimensionless amplitude (KG), the dimension-
less frequency fD2/ν, a.k.a. Stokes number, and the
axial Reynolds number. The width of the box was not
found to have a significant influence on the coefficients
in the range of widths tested (see Table (1)).
It appears that the mass and the drag coefficients ob-
tained that way are, as an order of magnitude, close to
unity. These values are consistent with the classical val-
ues of the added mass of a single cylinder estimated by a
potential flow model (αm = 1, see for instance [10]) and

Figure 7: Sketch of the axial velocity along one cycle of
oscillation for the reference case, in s−1

with the drag coefficient of a cylinder which is close to
unity in a wide range of Reynolds numbers (αd ∼ 1, see
for instance [11]).
As can be seen in Figure (8), a strong dependency of the
drag coefficient with the Keulegan Carpenter number is
observed. The strong increase of αd for small values of
KC seems to indicate that the scale laws of the above
equations may require some further elaboration.

5 Perspectives

A CFD calculation of the fluid forces exerted upon a 3
by 3 array of cylinders with large Keulegan Carpenter
could be achieved with URANS and ALE. Further work
is needed to experimentally validate the principle of this
calculation, and special attention should be given to the
two dimensional nature of the fluid flow. Another aspect
of the approach deals with the nature of the confine-
ment; one effects the alpha coefficients to significantly
be altered if the surrounding box was opened on both
ends. Further calculation are required to investigate it.
Nevertheless, the approach of the present paper consti-
tutes a first attempt to grab the essential features of large
lateral displacements of cylinder arrays in the presence
of axial flow.
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Figure 8: Mass and drag coefficients vs. Keulegan Car-
penter number. •:center cylinder, �:left central cylinder,

:central upper cylinder, �: upper left cylinder
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Abstract

In this work we discuss a way to compute the interaction
between free-surface flows and nonlinear structures. The
approach chosen rely on a partitioned strategy that al-
lows to solve strongly coupled fluid-structure interaction
problem. The software coupling is ensured in an efficient
way using the Communication Template Library (CTL).
Numerical examples presented herein concern 2D valida-
tions case but also 3D problems with a large number of
equations to be solved.

1 Introduction

The recent and dramatic events in Japan underline the
need of accurate predictions for civil engineering struc-
tures in interaction with free surface flows. In most of
the current applications, the fluid loading is applied stat-
ically on the construction, taking into account its dynam-
ics and the interaction effects with only security coeffi-
cients. Obviously, the problem is coupled (the more a
coastal protection resists, the higher the fluid level, and
therefore the loading is), and there is a need to com-
pute both the resistance of structures and the flow main
characteristics, especially when the failure occurs.
In this work we focus on fluid-structure interaction prob-
lems, with free-surface flows. The free-surface flow prob-
lem is described by the Navier-Stokes equations with two
phases (water and air), set in an ALE framework [1, 2, 3]
and discretized with a VOF strategy [4, 5, 6, 7] For the
structure part, it is natural to follow material point mo-
tion in a Lagrangian formulation and a discretization
with FEM [8].
For the coupled problem, the monolithic approach is
abandoned in favor of the partitioned approach [9, 10,
11, 12, 13, 14, 15, 16, 17]. The latter is preferred for its
modularity and the possibility of re-using existing soft-
ware. The partitioned approach used here is based on
a simple fixed-point strategy based on the Block Gauss-
Seidel algorithm (DFMT-BGS) with an adaptive relax-
ation parameter [18] that shows sufficient performances
for the example proposed. The properties as well as sta-
bility of the implicit coupling DFMT-BGS algorithms
used herein are presented in detail in [19].
In this work, a general fluid-structure interaction frame-
work based on existing software was used. This frame-
work was built using the middleware Communication
Template Library (CTL) [20] which offers good perfor-

mances, and can therefore be used for scientific comput-
ing of large systems. An important feature is the possi-
bility to couple types of software product that were ini-
tially not programmed to be coupled (here FEAP for the
structure and OpenFOAM for the fluid), even if they are
based on different discretization techniques (respectively
FV for the fluid and FE for the structure) and were pro-
grammed in different languages, C++ and Fortran. For
more details on the implementation, see [21]
The outline of this paper is as follow: in the subse-
quent section we present the chosen formulations for the
structure and fluid sub-problem. In Section 3, we de-
scribe the coupling between the fluid and the structure
sub-problems. In Section 4, we give and comment the
results of illustrative numerical examples dealing with
free-surface flow impacting a structure in two and three-
dimensions as well as comparison with existing works.
The concluding remarks are given in the last section.

2 Description of the free surface
flows and the structures

We will not here gives the detailled PDE for the structure
and the fluid, but give directly the semi-discrete form
of the problem. For the structure, it can be set in a
matrix notation by using the real valued vectors us ∈
R

nd−o−f that give a discrete approximation of the 3D
displacement vector field us :

Rs(us;λ) := Msüs + f int
s (us) − fext

s (λ) = 0 (1)

where M is the mass matrix, f int
s with a geometrically

nonlinear problem, and fext
s the consistent nodal forces.

Here the λ represents the boundary forces computed
from the fluid flow problem and imposed on the fluid-
structure interface. In order to complete the discretiza-
tion process, the time integration of the structure prob-
lem can be carried out by using standard time-stepping
schemes [8]. In particular, the Generalized HHT-α
method is used herein.
The semi-discrete form of the discretized fluid problem
can be written in a matrix form as follows. The discrete
fluid mesh motion considers that um is imposed by the
motion of the interface u:

Rm(um;u) := Kmum − Dmu = 0 (2)

where Dm is a projection/restriction operator and Km

governs the extension of the boundary displacement.
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The (discrete) volume fraction ι, the 3 components of
velocity v and pressure p are coupled through a set of
non-linear equations. Written in a matrix forms, it gives
the following semi-discrete problem:

Rf (ι, vf , pf ;um)

:=

⎡
⎢⎢⎢⎢⎣

Mιι̇ + Nι(vf − u̇m)ι
Mf (ι)v̇f + Nf (ι, vf − u̇m)v + . . .

. . . Kf (ι)vf + Bf pf − ff (ι)
BT

f vf

⎤
⎥⎥⎥⎥⎦

= 0

(3)

where Mι and Nι are the matrices associated to the ad-
vection problem of the fluid volume fraction, Mf is a
positive definite mass matrix, Nf is an unsymmetric ad-
vection matrix, Kf is the conduction matrix describing
the diffusion terms, and Bf is for the gradient matrix,
whereas ff is the discretized nodal loads on the flow.
This matrix form also takes into account the boundary
conditions; special care has to be taken concerning the
discretization of boundary conditions – and especially
normal flux – when using the Finite Volume Method [22].
One way to solve the flow problem is to consider a mono-
lithic solver handling all equations simultaneously. An-
other way is to consider a split between the mesh motion,
the volume fraction advection, the momentum and the
continuity equations, and to use an operator split-like
procedure often referred to the segregated approach [23].
This approach is favored for its computational efficiency
compared to the monolithic scheme. Indeed, even with
a simple fixed point iteration strategy its cost is less im-
portant than that of the monolithic approach for large
size problems [24]. In the work presented herein, the seg-
regated approach will be used because of its efficiency.

3 Coupling strategy and imple-
mentation

By enforcing the continuity of primal variables at the
interface we can eliminate the energy errors that charac-
terize the explicit interface matching. When coupling
incompressible flow with structure, the implicit inter-
face matching is required for stability reason, as proved
in [19]. This ought to be done by iterating on the fol-
lowing residual to reduce its value below the chosen tol-
erance:

rN+1 := us,N+1 − uf,N+1 � 0 ≤ TOL (4)

In this way we obtain an implicit algorithm requiring
more than one iteration to enforce the interface matching
condition. The chosen order of iterations, corresponds to
the Block-Gauß-Seidel algorithm for fluid-structure in-
teraction problem [14]. Let us note that not only the
value at synchronization points Tn or Tn+1, but also the
interpolated evolution of variables have to be exchanged
in the entire time-interval t ∈ [Tn, Tn+1] when the time
steps are not matching between fluid and structure sub-
problems.
Contrary to explicit algorithms which generate spurious
energy at the interface, the present implicit interface
matching algorithm enforce the same evolution of the
primal variables at the fluid-structure interface. In other
words, an iterative solution for primal (displacements)

continuity as well as the dual (forces) equilibrium equa-
tions at the interface is performed by using the Picard
iteration:

u(k+1)
N+1 = G

(
u(k)

N+1

)
; G = Ss

−1 ◦ −Sf (5)

where Sf and Ss are Steklov-Poincaré operators for fluid
and structure defined as define in [15]. These operators
can be formulated using transfer operators and equa-
tions (Eq. (1)), (Eq. (3)) and (Eq. (2)):

Ss = T λ
s ◦ Rs ◦ T u

s ; Sf = T λ
f ◦ Rf ◦ Rm ◦ T u

s (6)

where the transfer of structure displacement to fluid-
structure interface displacement is T u

s , the transfer of
fluid displacement to interface displacement T λ

s , the
transfer of structure stresses to the interface T u

f and the
transfer of fluid stresses to the interface T λ

f .
The Picard iterations will continue until convergence of
interface residual is achieved:

r(k)
N+1 = u(k)

s,N+1 − u(k)
f,N+1 = G

(
u(k)

N+1

)
− u(k)

N+1 (7)

It is clear that this fixed-point algorithm based on Picard
iterations has the main drawback that the search direc-
tions for u and λ variables at the interface do not exploit
any information from the fixed-point function G nor the
Steklov-Poincaré operators Sf and Ss. Therefore, quite
a few iterations may be needed to reach the convergence.
The stability of such a coupling algorithm is studied
in [19]. We give a formal proof of potential numerical
instability due to the added-mass effect also observed
in [16, 10]. In order to improve the convergence of the
DFMT-BGS method, we can use a relaxed update:

u(k+1)
N+1 = u(k)

N+1 + ω(k) r(k)
N+1 (8)

Our favorite choice for constructing ω(k) is using a secant
methods which can keep the cost of each iteration as
low as possible. The Aitken’s relaxation strategy has
been extensively used in fluid-structure interaction [15,
18], and shown sufficient performances to be used in the
following.
The use of different different solvers, for the fluid and
the structure part, do not provide in general a matching
mesh at the interface. Furthermore, even for matching
meshes, as the geometries of the domains are not the
same on both sides of the interface, an optimal num-
bering of the nodes can lead to different orders for the
interface nodes. In the examples proposed herein, only
this latter point is of interest. Last but not least, dif-
ferent discretization techniques (Finite Element versus
Finite Volume) or different order p of the polynomials
can be used for constructing solution to fluid-structure
interaction problem. In the domain of FE applied to me-
chanical engineering, extensive literature can be found
on how to build a consistent interpolation for both sub-
problems at the interface [25]. For the fluid-structure
interaction problems, an interesting review can be found
in [26]. In our framework, it was decided not to favor any
mesh-based representation of the interface, since, in the
most general case, the fluid problem can also be solved
by a meshfree-based method [27]. Namely, an interpo-
lation strategy relying on radial basis function is here
chosen. This method has already been employed for FSI
in [28, 29].
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The algorithm presented here is simple to implement.
We use for this work the Communication Template Li-
brary (CTL, see [30, 20]) that allows to re-use exist-
ing codes in a generic way, either called as libraries on
the same computer, or as remote executables through
network. With the CTL, we are able to couple ex-
isting stand-alone software, in a quite straightforward
way, even if they are programmed in different langages
(Fortran for the structure part, C++ for the fluid part),
and to conserve the inner parallelism of each component.
For more details on the implementation, the reader is in-
vited to see [21].

4 Numerical simulation

The problem solved is a 3D generalization of dam-
breaking event that brings about a sloshing wave impact
on a rigid [31, 5] or flexible structure as presented in 2D
in [32, 33]. At initial time t = 0s, a the three-dimensional
water column starts falling down under the gravity load-
ing and eventually hits the obstacle placed in the way.
The flexible obstacle is a slender plate-like body made of
elastic material that can undergo large deformation. The
chosen dimension of the problem, as well as the boundary
conditions are given in Figure (1). Let us note that we
propose to use open boundary conditions far from the
obstacle in order to avoid the water bounces-back and
hits again the structure after breaking off the walls. For
that reason, only the left and bottom planes of the fluid
domain are defined as non-slipping walls, while the oth-
ers are defined with boundary condition of atmospheric
pressure.

g
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Figure 1: Three-dimensional water column impacting an
obstacle: geometry (given in mm) and boundary condi-
tions

The material properties are chosen as follows: the den-
sity and the kinematic viscosity are ρf,1 = 1×103kg.m−3

and νf,1 = 1 × 105m.s−1 for the high density fluid (wa-
ter in the reservoir), versus ρf,2 = 1 × 103kg.m−3 and
νf,2 = 1 × 106m.s−1 for the low density fluid (air in
the remaining part of the domain). The mesh motion
problem is solved by using a Laplacian smoothing mate-
rial where the diffusion coefficient is a quadratic inverse
function of the distance to the interface between solid
and fluid.

The results are computed for two meshes with the chosen
discretization and the number of cells given in Tab. Ta-
ble (1). For the finest grid, around 64, 60 and 40 cells
are used in ex, ey and ez direction. The mesh is refined
gradually refined around the structure, and initially the
cell dimensions are between 8.9 × 10−8 and 3.2 × 10−5.
For this finest grid, the maximum skewness of the mesh
observed is 2.947, that does not generate too large errors.
The fluid is handled by second order space discretization
and a Van Leer limiter is used for the advection terms.
The time integration scheme employed in this computa-
tion is implicit Euler. For such a scale of modeling it is
not required to consider surface tension between the two
fluids. For this problem the fluid computation is par-
allelized, but reduction of the CPU time is obtained by
using a Generalized Algebraic-MultiGrid (GAMG) linear
solver. Note that small time steps are required for the
explicit solution of the phase function indicator equation,
as well as the half-implicit nature of the coupling between
the momentum predictor and the pressure corrector.
For the structure part, we propose here to use three-
dimensional elements with quadratic shape functions,
where each element has 27 nodes. The material proper-
ties used for the solid are: a neo-Hookean elastic material
with Young’s modulus Es = 1 × 106Pa and Poisson’s
ratio νs = 0 and a density ρs = 2500kg · m−3, which
can represent finite deformation. The time integration
is carried out by a Generalized-α scheme with the same
parameters as the one used for the 2D case.

fluid solid number of
d-o-f d-o-f time steps

Coarse 63 × 103 1.1 × 103 1 × 105

Fine 520 × 103 6.6 × 103 1 × 105

Table 1: Number of d-o-f for coarse and fine discretiza-
tion of the three-dimensional dam-breaking problem

The computation of the coupled problem (with total
number of d-o-f given in Tab. Table (1)), is carried out
by an implicit iterative scheme. The results of fluid
and solid computations are matched for a time step of
1×10−4 for the coarse and 2×10−5 for the fine discretiza-
tion. The coupling scheme used is DFMT-BGS with
Aitken’s relaxation. The initial parameter is ω = 0.25
and the predictor is of order 1. The absolute tolerance
considered is:

‖r(k)
N ‖ ≤ 1 × 10−6 (9)

The number of iterations required to reach the conver-
gence criteria is given in 2(a). Note that there is no it-
eration required before the water hits the structure since
the effect of air flow can almost be deemed negligible
with respect to the structure. The number of iterations
required for the coarse and fine mesh is small. This prop-
ertie is observed for most of the simulation carried out
with free-surface flow when the convergence of the pres-
sure solver is easily reached. For the finest grid, the total
time required to perform the whole coupled simulation
on a single 3.0GHz Intel processor is 279 × 103s.
In Figure (3), the high density fluid domain is repre-
sented, as well as some part of the fluid mesh and the
structure displacement. The first 0.1s of the simulations,
the water column falls under the gravity loading. There
is no effect whatsoever on the structure until the high
density flow reaches its bottom. The maximum ampli-
tude of the motion is obtained at t = 0.25s, before the
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(a) Number of iterations in order to make the DFMT-BGS algo-
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(b) Three-dimensional dam break example: obstacle displacement
in ex direction of center point of the top face (40; 6; 80) and com-
parison with 2D models [33, 32]

Figure 2: Results of three-dimensional simulations

solid comes back to its initial position and oscillates after
the shock.
In 2(b) the motion of the extremity of the solid obstacle
is plotted. Contrary of the two-dimensional example,
small drops of high density fluid are not interacting with
the obstacle after the main shock. Therefore, the motion
of the flexible structure remains fairly smoothed and it is
rather well described with the coarsest grid. We present
for comparison the results obtain with 2D models using
either a monolithic stabilized-FEM strategy [32] or tight
coupling strategy between a FV and FEM solver [33].
The use of 2D models ad well as the difference in strategy
explain the differences observed (our results are closer for
a 2D simulation, as presented in [34]).

5 Conclusions

The proposed solution method allows to perform coupled
simulations and obtain reliable solution to complex fluid-
structure interaction by using the existing codes, that
were initially developed to support either fluid or struc-
ture motion computation. This is achieved thanks to the
use of the component technology [21, 20] providing the
coupling between existing software products. Therefore,
the proposed solution method for fluid-structure interac-
tion can utilize very different discretization strategies to
obtain the optimal accuracy; The case in point concerns
FE for the structure and FV for the fluid. The use of
these popular methods for the fluid and solid parts allows
to benefit from the advanced features of the two families
of methods, each developed by the experts from the cor-

responding domain. Accordingly, on the fluid side, it is
possible to use a very efficient semi-implicit solver for in-
compressible flow (PISO), inverse techniques (Algebraic
Multigrid) or advanced models for free-surface flows. A
very good performance of the proposed technology for
fluid-structure interaction is illustrated with 2D and 3D
models for dam breaking examples, which also involve
flexible obstacles.
Even if the convergence is quite easy to achieve, the use
of semi-implicit coupling strategy [35] could by a good
way to decrease the computational cost without loosing
accuracy. An other point of interest is the extension of
this work to more complex behavior, for both the fluid
(turbulence, non Newtonian flows, debris flows. . . ) and
the structure (non-linear behavior, cracks and failure).
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1 Introduction

The running rate of a nuclear power plant or on-board
stokehold steam boiler intrinsically induces several vibra-
tory levels, especially concerning the boiler tube bun-
dle [1, 2, 3, 4]. It is shown that fluid-elastic instabili-
ties can occur in such a configuration [5, 6, 7], leading
to a certain destruction of one or more tubes: this is
why the study and a precise comprehension of this vi-
brations phenomenon are crucial. But, this good com-
prehension stays difficult because of the high number
of parameters that play a role in vibrations generation
[8, 9].The high resource level that is necessary to set up
this fluid/structure interaction problem is a still a prob-
lem: accurate and robust numerical codes have to be
developed [10, 11] and, to be as close as possible to real
conditions, a fully 3D turbulent flow has to be computed
[12], added to the cost of the structure coupling. In an
industrial configuration, such a computation is not pos-
sible, first because of the resource cost, second because
of the CPU time involved.
We propose an alternative that could offer perspectives
in the study of tube bundle vibrations, using reduced
models. Theses models are well-known and widely used
in the domain of fluid mechanics [13, 14] as well as struc-
ture mechanics [15], but they still represent a challenge
within the frame of fluid/structure interaction [16, 17].
They however could give a better comprehension of the
physics of this fluid/structure interaction problem, mak-
ing possible the access to some parameters or informa-
tion. The reduced model that we propose to set up in this
paper is the Proper Orthogonal Decomposition (POD)
[18, 19], which is used in many fields [20, 18, 21].
This paper is organized as follows: vibrations problems
of tube bundle of heat exchangers are quickly recalled.
Then, Proper Orthogonal Decomposition is described as
well as its potential contribution specifically for this cru-
cial question of tube bundle vibrations. Finally, in the
third part, first numerical results in the use of POD are
proposed and perspectives for a future work are exposed.

2 The heat exchanger tube bun-
dle and its vibrations problems

On-board stokehold steam boilers of water pressurized
reactors (WPR) and civil nuclear steam boilers contain
a tube bundle that is constituted of long, fine and numer-
ous tubes that are close from each other. Thus, because

of the surrounding flowing fluid, theses tubes are leaded
up to vibrate. A very large number of specific parameters
have to be considered while studying this configuration.
Main variables used in this paper are depicted in Ta-
ble (1): Classically, the motion equation of one tube is

Variable Definition

ρ Fluid density (kg.m−3)
μ Fluid dynamic viscosity (kg.m−1.s−1)
D Diameter of one tube (m)
P Step between two tube diameters (m)
[M ] Total mass matrix
[C] Damping matrix
[K] Stiffness matrix

Table 1: Main variables of the system

the following:

[M ]{Q̈(t)} + [C]{Q̇(t)} + [K]{Q(t)} = {Fext} (1)

where {Q(t)} represents the motion generalized coordi-
nates vector, {Fext} is the fluid forces vector to which
the tube is subjected.
Before presenting different tubes excitation phenomena,
it is necessary to redefine dimensionless numbers that
govern the fluid flow, the Reynolds number and the
Strouhal number. These dimensionless numbers are re-
spectively defined as:

Re =
ρUpD

μ
; St =

fsD

Up
(2)

The step fluid velocity Up takes into account the tube

confinement. It is defined as Up = U∞
P

P − D
where U∞

is the equivalent mean flow velocity which would have
been imposed in an infinite domain. fs is the vortex-
shedding frequency, when vortices appear behind the
tube.
Four vibratory excitation mechanisms are susceptible
to exist under transversal flow: turbulent excitation,
vortex-induced vibration, acoustic resonance and fluid-
elastic instability. Fluid-elastic instability is the most
spectacular vibratory excitation phenomenon [22][23]: it
leads to a very quick ruin of the tubes that have been
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excited. For theses grounds, researchers particularly
focused on this mechanism in order to avoid it at all
costs. A very large number of models, empirical or semi-
empirical, have been proposed in the hope of avoiding
such a situation. But, flow passing a tube bundle is a
system containing a very high number of degrees of free-
dom, so a precise analytical description of exciting efforts
is not possible; moreover, several modes can be excited,
considering relatives cylinders motions. For each vibra-
tion mechanism, experimental data have been collected
and exploited by various authors in order to define cri-
teria to respect [6][24][25]. Sometimes, semi-analytical
models have been developed, particularly in the case of
the fluid-elastic instability phenomenon; see [23] for ex-
ample. Moreover, CFD models have been set up in order
to avoid experimental costs and to observe a large num-
ber of parameters. Fluid-elastic instability stays very
hard to model because of the number of parameters that
are involved. The numerical modelling of interactions be-
tween fluid and structure motions is still a challenge in
such a configuration, because a complete numerical reso-
lution of the fluid-structure interaction in a tube bundle
in functioning regime cannot be carried out. In this con-
text, the use of Reduced Order Models (ROM) can be
a solution to achieve the realization of such a study. A
ROM allows solving a problem which formulation con-
tains the bulk of the system information with a reduced
number of degrees of freedom. In the framework of fluid
dynamics studies, the criterion that ensures the fact that
"the bulk of the system information" is kept can be an
energetic criterion. Using this criterion, the optimal ap-
proach is the well known Proper Orthogonal Decomposi-
tion (POD). This method is the subject of next section;
its potential application for the study of fluid-structure
interactions in tube bundles is also developed.

3 Proper Orthogonal Decomposi-
tion (POD)

In classic computational fluid dynamics studies, approx-
imated Navier-Stokes equations are computed on a bi-
dimensional of three-dimensional domain Ω for a time
interval [0, T ]. In the case of a large three-dimensional
domain, and if the flow is turbulent, calculation times
can be very long. Moreover, if a parametric study has
to be set up, it is necessary to lead as many calcula-
tions as there are values of the parameter in question
to test. The Proper Orthogonal Decomposition allows
saving calculation time on computations, and provides a
projection basis that can be reused in parametric stud-
ies: in an industrial context, theses advantages have to
be taken into account. Proper Orthogonal Decomposi-
tion has notably been introduced by Lumley [26] within
the framework of coherent structure extraction of turbu-
lent flows. A rigorous description of POD can be found
in [18] for example; a large amount of domains are in-
terested in using POD techniques, see [21], [16], [27] for
example. Here we briefly present the POD formulation.
Let us consider a domain Ω of the set of all real numbers
and a time interval [0, T ] where T is a real maximal date.
Spatial and time variables are respectively x ∈ Ω and
t ∈ [0, T ]. Let v(x, t) be the unknown field, for example
the velocity field (unknown of Navier-Stokes equations),
with v(x, t) ∈ H(Ω, T ), H is a Hilbert space. Proper
Orthogonal Decomposition consist in determining a de-
terminist basis {Φn}n=1,..,N of functions which give the
optimum representation of the field v(x, t) . N is the
size of the POD basis. A practical approach of POD

has been proposed by Sirovich [28], it is called Snapshot
POD: this method is based on making the most of sam-
ples of experimental or numerical data. Let consider M
snapshots of the velocity field v(x, t) (these snapshots
can be equally taken from an experimental or numerical
set), these snapshot have been sampled during a period
T . Snapshot POD consist in solving the following eigen-
value problem:

M∑
k=1

1
M

(
v(ti), v(tk)

)
L2(ΩAk = λAi (3)

For each i = 1, ..., M , where λ contains eigenvalues.
Each element of the POD basis is a linear combination
of snapshots, coefficients are Ak

n, n = 1, ..., N :

Φn(x) =
M∑

n=1

Ak
nv(x, tn) n = 1, ..., N (4)

The POD basis {Φn}n=1,..,N has interesting character-
istics: it is orthonormal and if we study an incom-
pressible flow, each element of the basis (each POD
mode) satisfies the incompressibility condition as well
as the boundary conditions of the problem. For a given
n ∈ [1, 2, ..., N ], the energetic contribution of the POD
mode Φn is captured by the corresponding eigenvalue
λn and the eigenvalues are ranked in descending order
(λ1 > λ2 > ... > λN ). Thus, the Proper Orthogonal De-
composition is optimal in an energetic sense. When POD
modes {Φn}n=1,..,N are determined, a low order dynam-
ical system is solved. For that, the partial differential
equations are projected on the POD basis constructed
for the field v(x, n). Then, a system of ordinary differ-
ential equations, which size N∗ is less or equal to the
POD basis size, is obtained. To determine this size N∗,
an energetic criterion is used, based on eigenvalues of the
problem; then the POD basis is truncated to N∗ modes.

4 Tube bundle configuration

A tube bundle configuration is then proposed in order
to be closer to the problem we are interested in. How-
ever, the chosen configuration remains simple: a 2D do-
main and only one tube and its neighbors are considered,
with periodic boundary conditions. Thus, the domain is
representing an infinite regular tube bundle. Reynolds
number of this case is Re � 2600. First, the central
tube remains fixed. Figure (1) gives the global fluid ve-
locity flow for two different dates in the time interval
[0, T ], and Figure (2) shows vorticity and stream lines
that enhance recirculation zones. The case where the

a) t = 40.05s b) t = 41.05s

Figure 1: Snapshots of global velocity field in the tube
bundle configuration

central tube is allowed to move in transverse direction
has also been treated. Figure (3) represents the central
tube displacement along y-direction, i.e. the cross-flow
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a) Vorticity b) Stream lines

Figure 2: Recirculation zones in fluid domain

Figure 3: Temporal evolution of the central tube dis-
placement along y-direction.

direction. Only the fixed case has been treated with
the POD approach. The fluid-structure interaction with
model reduction will be implemented in a future work.
For the moment, for either fixed or moving configura-
tion, no turbulence model has been considered. One of
the improvements for the present study will thus con-
sist in the use of a model that could better represent
the physics of the phenomenon. Thus, POD method has
been implemented on the fixed configuration; first POD
modes magnitude can be observed on Figure (4). When

a) 1st mode b) 2nd mode c) 3rd mode

d) 4th mode e) 5th mode f) 6th mode

Figure 4: First POD modes for instantaneous flow field
in fixed tube bundle configuration

POD modes are obtained, the following step is to project
Navier-Stokes equations on these POD modes for the
present tube bundle configuration and compare the fluid
flow field obtained after projection to the original set of
snapshots. From now on, the fluid flow configuration ob-
tained thanks to the complete calculation is considered
as a reference, even if it is not representing a real con-
figuration. The important part of the present work is to
check the POD reduced order model efficiency to repro-
duce a velocity field. A future work will consist in work-
ing on cases that can be compared to literature, in order
to check if the complete calculation of the flow is cor-
rect. To the authors’ knowledge, present configuration
has not been numerically studied (inline 2D square array

of fixed tubes at Reynolds number Re � 2600). However,
the CFD code used in this study, Code_Saturne [29], has
been validated for fluid-structure interactions in various
tube bundle configurations; see [30][10][31]. Time coeffi-
cients obtained thanks to a direct POD computation are
constructed knowing POD modes and velocity field from
the complete calculation:

an(t) =
(
v(x, t),Φn(x)

)
L2(Ω) ∀n = 1, ..., N∗ (5)

Using incompressible Navier-Stokes equations:⎧⎨
⎩

∂v

∂t
+ (v · ∇)v = −1

ρ
∇p + νΔv

∇ · u = 0
(6)

where p is the pressure field and ρ, ν respectively flow
density and cinematic viscosity. Low-order dynamical
system obtained from the projection on the POD basis
is:

dai

dt
= −

N∗∑
n=1

N∗∑
m=1

an(t)am(t)Bnmi(x)

−ν

N∗∑
n=1

Cni(x)an(t) − Di(x)
(7)

for each i = 1, ..., N∗, with spatial coefficients B, C, D
defined in Table (2); n is the unit vector normal to the
fluid-structure interface. Coefficient D cannot be calcu-
lated through the reduced-order model, since informa-
tion is only given for the velocity field. Thus, it is neces-
sary to model this coefficient. Various solutions exist to
obtain the new pressure field. In this paper, coefficient D
has not been modelled yet; it is a short-term perspective
for our future work. Figure (5) represents the compar-

Coefficient Definition

Bnmi

(
(Φn · ∇)Φm,Φi

)
L2(Ω)

Cni

(
∇Φn, ∇Φi

)
L2(Ω)

Di
1
ρ

(
p,Φi · n

)
L2(∂Ω)

Table 2: Spatial coefficients of the POD reduced model for
incompressible Navier-Stokes equations

ison between the fluid velocity field from the complete
calculation and the fluid velocity field obtained after the
projection of Navier-Stokes equations on the POD ba-
sis on the same time period. 1000 snapshots have been
taken to constitute the data sample on one pseudo-period
of the velocity signal. The POD basis is constituted of
N∗ = 20 modes. A stabilization technique has been used
for the dynamical system with an additional viscosity,
which value is adapted to the projection on each POD
mode, as proposed in [13], in order to improve the sys-
tem response. Observation of Figure (5) shows that the
reduced-order model gives satisfying results in the recon-
struction of the velocity flow field for the fixed tube bun-
dle configuration. The challenge now consists in treating
the case of a bundle which tubes are allowed to move. As
the Proper Orthogonal Basis is fully spatial and based
on time snapshots, its use within a fluid-structure inter-
action resolution is not immediate. Indeed, if the numer-
ical sample from which the snapshots are extracted has
been obtained thanks to a moving mesh technique, the
construction of the POD basis has no sense, since the
POD modes are not time-dependants. Thus, in the case
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a)

b)

Complete calculation Reduced-order model

Figure 5: Comparison between global velocity field ob-
tained with a complete calculation vs. the reduced-order
model solution at a) t= 40.042 s and b) t = 40.802 s.

of fluid-structure interaction problems, an extension of
the Snapshot POD is necessary. This has been proposed
by Liberge and Hamdouni [16] who propose to work on
a static spatial domain using a projection of snapshots.
This method will be applied to the tube bundle configu-
ration in a future work.

5 Conclusion

In this paper, the crucial problematic of vibratory ex-
citation of a heat exchanger tube bundle is presented.
Fluid-elastic instability is one of the most violent vibra-
tion mechanisms and a lot of studies have been led in
order to define the critical fluid velocity and avoid such
a phenomenon. This problematic is well known but not
well understood. A way to improve our comprehension
of tube bundle vibrations is to work with reduced or-
der models (ROM). The most widespread ROM method,
called Proper Orthogonal Decomposition (POD) and its
properties are briefly presented. First applications to
the tube bundle are proposed; future work will consist of
taking into account the fluid-structure interaction thanks
to Liberge et al. works [16] and modelling the pressure
term.
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Abstract

We have developed at IMFS a three-dimensional paral-
lel automatic overlapped grid method to solving steady
and unsteady viscous flow. The finite-volume Navier-
Stokes solver used, is based on the dual time-stepping
artificial compressibility scheme. Overlapped grids are
used to discretize complex wall confined geometries. A
criterion based on the local nearest wall distance allows
to account for multiple overlapping. The communication
at the interface of overlapped grids is provided by inter-
polation in buffer layers. The chimera method has been
applied to study the flow around confined bodies: a 2D
static cylinder in a channel, a sphere uniformly translat-
ing near a wall or in a tube and a 2D cylinder falling in
a channel.

1 Solution Method

We have implemented the chimera method in our Navier-
Stokes Multi-Block (NSMB) code [1, 2, 3]. The NSMB
code solves the compressible Navier-Stokes equations us-
ing a finite volume formulation on Multi-Block struc-
tured grids. Various spatial discretization schemes are
available like Jameson’s central difference [4], Roe [5]
or AUSM+ [6]. The time integration is based on the
full matrix implicit LU-SGS (Lower-Upper Symmetric
Gauss-Seidel) method and on the dual-time stepping. In
the present work, the artificial compressibility method
[7] is employed. NSMB is parallelized using the Message
Passing Interface.
The chimera method is based on the management of in-
dependent overlapped grids. It significantly simplifies
the generation of meshes. This method provides a good
alternative to unstructured grids. The principle is to de-
compose any complex geometry into simple sub-domains
independently meshed with curvilinear grids. Beyond
simplifying the mesh generation, this technique offers a
powerful and simple solution to manage moving bodies.
The pioneers of the chimera method were Benek et al.
[8]. The huge possibilities offered by this approach ex-
plain its successful use in many and diverse applications
like high-speed reaction flow [9, 10, 11], blood flow [12],
combustion [13], aerodynamics [14, 15, 16, 17, 18, 19, 20],
flow around ships [21], separation of the spacecraft or-
biter from boosters [22] or aerodynamic noise [23]. It
is associated with other numerical tool to increase ef-
ficiency (such as Automatic Mesh Refinement (AMR)
coupled with chimera method [24] for example).
In NSMB, the chimera method follows four main steps
described here :

• 1st step : the overlapped cells are detected based on
their coordinates.

• 2nd step : the nature of the overlapped cell is de-
termined. Following [25], three kinds of overlapped
cells exist :

a) Calculated cells : the values come from the res-
olution of the Navier-Stokes equations.

b) Interpolated cells : the flow values are obtained
by interpolation on grids where the governing
equations are solved.

c) Hole cells (or blanked/masked cells) : these val-
ues are never used in the discretization scheme
nor in the overlapped boundary conditions so
they are not interpolated nor calculated.

• 3rd step : the interpolations parameters are com-
puted.

• 4th step : the values are interpolated.

These steps can be grouped into two categories: the first
one includes the steps 1 to 3 and represents the chimera
set-up. During these steps, the grids are analysed and
the overset parameters are defined. These steps depend
only on the grid definition. The second category includes
the 4th step and represents the communication itself. For
static grids, the meshes do not change and the chimera
set-up needs to be performed only once. In case of rel-
ative grid motion, the modification of the coordinates
requires a repetition of chimera set-up. The static and
mobile cases can be studied in the same way but a par-
ticular attention on the computation time of the chimera
set-up is required for moving grid. These steps are now
more detailed :

Detection of overlapped cells

The search of overlapped cells is based on a test of in-
clusion on the coordinates. In order to accelerate the
search, the mapping of coordinates in a virtual uniform
Cartesian grid is performed. This method is well known
as the bucket method [26, 27, 28]. An inverse mapping
algorithm creates an index array that link virtual grid
to the real coordinates. The search begins on the vir-
tual grid and it continues on the physical associated grid
points. The creation of link array is time consuming but
the gain in the research is significant (at least a factor
20).
Another issue concerns the points that are inside a solid
body. In this case, the cells are not detected as over-
lapped cells. To remove these cells, two methods are
implemented: for simple cases (cylinder, sphere) we use
an analytical function and for general cases, for more
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complex geometry we compute the dot product of the
vector from the nearest wall cell center to cell center and
the vector of the associated wall normal vector. If the
dot product is negative, the cell is in the solid region,
otherwise the cell is out of the solid region. The general
method is 30 times more expensive than the first one for
the configuration of a sphere in a tube, with 6 millions
of cells and 65 000 wall cells.

Determination of the nature of overlapped cells
The second step of the chimera method is the definition
of the nature of the overlapped cells (calculated, inter-
polated or hole). In this step, among several overlapped
cell, the best candidate to predict the flow state (calcu-
lated cell) and to give the flow solution to the other cells
(interpolated cells) is chosen. The criterion that justifies
the choice is based on the best resolution of the phys-
ical problem. We distinguish four techniques based on
the criteria associated to the following quantities: user-
defined grid ranking, user-defined cell quality, cell size,
nearest local wall distance.
For simple overset, the definition on an overlapped hier-
archy of each block is enough for the cell type selection.
All the cells of the highest ranking of the grid are defined
as calculated cells. This solution is simple and fast but
not suitable for complex overlapped layers where the def-
inition of chimera grid ranking given by the user is then
needed. Based on the fact that the cell size is a criterion
indicating the best discretization, Siikonen et al. [28] or
Liao et al. [29] justify this choice by assigning the cal-
culated cells type to the smallest ones. This criterion is
locally adapted, automatic and requires no user input. A
third criterion is added to the previous one and based on
a user-defined cell quality. This way the user can force a
specific kind of cell (calculated or interpolated) by asso-
ciating to this cell a high quality value. This technique
can force cell type by protecting or immunising specific
cells but the user input is binding and does not follow the
grid movement. The cell size in the wall-normal direction
was introduced by Landmann [25]. The selection use the
intersection segment between normal nearest wall and
cell boundary. This technique is fully automatic and it
is based on an important physical quality: the boundary
layer. This test requires to search for the nearest wall
and to calculate the intersection for each cell. In order
to find a lighter, accurate and automatic criterion, we
developed a similar criterion based on the distance from
a cell to the nearest local wall. The nearest local wall
is the wall in the same block where the cell is defined (
Figure (1)). With this criterion, the overlapped cell with
the smallest local near wall distance is calculated and
the others are interpolated. This approach guarantees
the resolution of Navier-Stokes equations in the nearest
wall region and consequently each boundary layer is ac-
curately computed. Moreover, this technique is based on
the local wall distance and this quantity does not change
with moving grid (an update is needed only for deformed
meshes) whereas the criterion based on the wall normal
intersection need an update after each grid movement.
In the case of the sphere in a circular tube, the criterion
based on the cell size complicates the generation of the
mesh. The same problem may be encountered in the
configuration of a sphere near a plane wall. The cell
aspect ratio of the near wall mesh is not the same as
that of the spherical wall mesh and the cell volume is
very difficult to control. In our case of a sphere in a tube
with a cylindrical grid overlapped by a spherical grid,
the criterion based on the volume does not give a proper
solution. The new criterion based on the local near wall

Mesh 1 Mesh 2

C1

Global nearest wall distanceLocal nearest wall distance

Figure 1: Definition of local nearest wall distance and
global nearest wall distance for the cell C1 of the mesh 1
in the configuration of two overlapped polar meshes.

distance give the best answer. The Figure (2) represents
the visualisation of the calculated cells in the 3 planes
crossing the sphere centre for various criteria.

Figure 2: Visualisation of the calculated cells for the
chimera cell selection before cell selection (1st row), us-
ing cell volume criterion (2nd row) and using the nearest
local wall distance criterion (3rd row) for the cross sec-
tion of the tube (1st line), the streamwise plane in the
symmetric plane (2nd line) and streamwise plane perpen-
dicular to the symmetric plane (3rd line)

Interpolation

The interpolation is a key element of the chimera
method. It allows the transfer of flow information be-
tween overlapped grids. In NSMB, the whole state vec-
tor (W = (p, ρu, ρv, ρw)T for the artificial precondi-
tioned system) is interpolated and three interpolations
are implemented: the trilinear, the tetravolumic and the
weighted inverse distance interpolations.
The weighted inverse distance interpolation is based on
the distance between the points. Its implementation is
simple and the stencil of points is very flexible. The
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formula used is given by the following relation :

fM =

∑N
i=1

fi

dα
i∑N

i=1
1

dα
i

(1)

where N is the number of the stencil points, fi the value
at the point i, α is the weighting exponent (in our case
equal to 2) and di is the distance from the stencil point
i to the interpolation point M .
The second interpolation is the tetravolumic interpola-
tion based on the tetrahedral volumes composed by the
four nearest cell centres. The interpolation weights are
given by the opposite of the tetrahedral volume. For the
two-dimensional example of the Figure (3), the formula
is given by :

fM =
∑

i=A,B,C Wifi

with WA = VBCM

VABC
, WB = VACM

VABC
and WC = VABM

VABC

with W the weight of the interpolation and VACM the
volume of the triangle (ABC). In three dimensions, the
triangle volume is replaced by the tetrahedral volume.
The last interpolation is the trilinear one. We use a trilin-
ear interpolation based on a linear interpolation in each
direction. In the two-dimensional example of the Fig-
ure (3), the first linear interpolation yields the values fQ

and fP then a second linear interpolation provides fM .
In three-dimensions, three steps of linear interpolation
are required.
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Figure 3: Schemes of the principle of the tetravolumic
interpolation (a) and the trilinear interpolation (b).

2 Results on static objects

2.1 Cylinder in uniform translation par-
allel to the walls

The first study is about an uniform forced motion of a
cylinder in a quiescent fluid between two plates. For
the simulation, the plate walls are give the same velocity
of the inlet velocity. Two distinct overlapped grid are
used in this case: the first one is a polar mesh refined
around the cylinder and the second is a Cartesian grid
with refinement near the lateral walls. The upstream
length Lu is equal to 10d where d is the diameter of the
cylinder and the downstream length Ld is equal to 25d.

The number of cells is equal to 354 964 cells. The two
plates are separated by 3.3d.
Two parameters are studied, the distance L/d which rep-
resents the dimensionless distance between the bottom
plate and the centre of the cylinder ([0.6−1.65]) and the
Reynolds number ([10 − 40] and 100).
For the steady flow, the same behaviour than the un-
confined cylinder is found for the drag coefficient: it
diminishes with increasing Reynolds number and for a
fixed Reynolds number, it increases with L/d. The drag
of the confined cylinder is much higher than the uncon-
fined one. Concerning the lift and the torque coefficients,
they are negligible for the free stream cylinder or when
the cylinder is in the middle of the two plates but their
values increases when L/d diminishes. This is due to
the fact that the lower vortex behind the cylinder van-
ishes when the cylinder get close to the lower wall. At a
fixed location, the lift and the torque decrease with in-
creasing Reynold number. The torque coefficient is due
entire to the viscous effect and naturally decreases with
the increase of Reynolds number.
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Figure 4: Influence of the dimensionless distance L/d
number over the lift coefficient (left) and the torque co-
efficient (right).

Lei et al. [30] studied the vortex shedding suppression
for flow over a circular cylinder near a plat boundary and
find a critical distance where the unsteady state became
steady. For the Reynolds number equal to 100, the crit-
ical distance between the centre of the cylinder and the
wall is equal to 1.5d. The main difference with our study
is that in Lei et al. case there is only one bottom wall.
The vortex shedding suppression occurs for L/d =]0.7 :
0.75[. Versus dimensionless distance L/d, the amplitude
of the variation of the drag coefficient increases until
L/d = 0.9 and then decrease. The amplitude of the
lift coefficient is bigger than the one of drag coefficient
and the behaviour is increasing when L/d increases. The
frequency of the vortex shedding is smaller near the wall
than on the middle of the channel. Concerning the evo-
lution of the Strouhal number (2.1), the wall proximity
tends to slow down the vortex sheeding and the Strouhal
shows a saturation for a distance to the wall L/d higher
than 1.1.

2.2 Flow over a sphere translating along
a plane wall

We now consider the configuration of an interaction be-
tween a sphere and a moving wall. We simulate the
flow past a sphere in a uniform translation parallel to
a plane wall which has been previously reported by Zeng
et al. [31] and Takemura & Magnaudet [32]. The pa-
rameters for this configuration are the distance between
the sphere centre and the wall (L/d) and the Reynolds
number Re = U.d/ν, with U the velocity of the sphere
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Figure 5: Mean, maximum and minum of the drag, lift
coefficients and Strouhal number versus dimensionless
distance L/d and for Re = 100.

translation and ν the viscosity of the fluid. The geome-
try is meshed with a first Cartesian grid, which is refined
along the plane wall, and a second spherical one, which
is refined near the sphere wall. The criterion for chimera
cell selection is based on the definition of a boundary
layer for the background grid where the cells are always
calculated. Elsewhere the cells of spherical mesh are cal-
culated. The motion of the sphere is implemented with
the wall condition of the plate and with an inlet bound-
ary condition. The mesh for parallel simulations is de-
composed into 32 sub-blocks. The range of the Reynolds
number is 10 ≤ Re ≤ 250 and the studied distance is
L/d = 1 and L/d = 0.75.
The presence of the plane wall breaks the axisymmetric
geometry, and at all Reynolds numbers a lift force exists.
Two mechanisms are the source of this force (Takemura
& Magnaudet [32]): the first one is related to the strong
interaction between the wall and the wake of the sphere.
The Figure (6) shows the isovalues of the streamwise ve-
locity in the wall normal plane for the case Re = 200
and L/d = 1.00. The distribution of the flow looses
the up/top asymmetric and it results into a lift force di-
rected away from the wall. The second mechanism is
related to the high velocity in the gap associated to a
low pressure. This behaviour gives a force with oppo-
site direction (attractive force) to the first mechanism.
The resultant force tends to push the sphere away from
the wall. The streamlines plotted along the streamwise
wall normal plane ( Figure (7)) represents the vortex
structure for Re = 200 and L/d = 0.75. The same case
performed by Zeng et al. [31] is plotted sideline our re-
sults for comparison ( Figure (7)). The overset border is
not visible and proves one more time that the chimera
communication is sufficient. Zeng et al. [31] found the
same representation of the flow reproduced in Figure (7).

Figure 6: Isovalues of the streamwise velocity in the
plane normal to the wall (-0.3 to 1.1 with a increment of
0.2)

The results on the aerodynamic coefficients are in good
agreement with those of Zeng et al. [31] for both the
drag and lift coefficients (Figure (8)). The differences
between the results of Zeng et al. [31] and ours remain
below 1%.

Figure 7: Streamlines in the plane normal to the wall
for the case Re = 200, L/d = 0.75 for the present study
(left) and extract to Zeng et al. [31] (right)
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Figure 8: The drag and lift coefficient for L/d = 1.00
and versus Reynolds numbers

2.3 Flow over a sphere translating along
a circular pipe

The last simulation on fixed objects consists in the study
of the flow around a sphere in uniform translation along a
tube. The translation is constant and it is parallel to the
pipe wall. This study is similar to the sedimentation of a
sphere in a tube. The parameters are the sphere diameter
d, the tube diameter D, the velocity of the sphere U , the
viscosity of the fluid ν, the smallest distance L between
the centre of the sphere and the tube wall. This problem
can be characterised by three dimensionless parameters:
the diameters ratio (D/d), the Reynolds number Re =
Ud/ν and the distance L/d. The range of the studied
Reynolds number is 50 ≤ Re ≤ 350 to stay in steady
flow. Two distances L/d are considered, one correspond
to the sphere on the tube axis (L = D/2) and the second
is out the tube axis, L/d = 1. Two confinements are
chosen (D/d = 3.3 and 5) and two distances L/d are
considered.
Firstly, the configuration with the sphere out axis is
treated. Like the sphere near a plane wall, the spatial
configuration is non-axisymmetric that gives rise for all
Reynolds number to a non axisymmetric flow. The visu-
alisation of the velocity field shows a good continuity of
the flow at the chimera border (Figure (9)). The down-
stream velocity is maximum in the narrow gap associated
with a low pressure. This characteristic has already been
observed in the last case of the sphere translating along
a plane wall. This flow acceleration results to an attrac-
tion force of the sphere to the wall because of the low
pressure area. But the asymmetric distribution of the
vortex up/down confers to the sphere a more important
force in the opposite direction. The resultant force is a
repulsive one.
The value of the force in the tube is greater than the one
near a plane wall (Figure (10)). This behaviour is not ob-
vious but it can be explained by the tube confinement:
the vortex behind the sphere is stronger and induce a
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higher repulsive force. The pipe wall increase the drag
coefficient. The lower is the diameter of the pipe, the
more the drag coefficient is affected and increases. This
behaviour is not surprising and the experimental obser-
vation shows the same effect on the sedimentation of a
particle in a vertical pipe. For the effect on the lift force,
the behaviour is more complex. The confinement and
the proximity of the wall increases the lift force which
corresponds to a repulsive force. The lift coefficient is
composed by a viscous and a pressure part. For small
Reynolds number (Re ≤ 100), the viscous effect dom-
inates and decreases with increasing Reynolds number.
When the viscous part of the lift force does not domi-
nate and the pressure effect increases, the lift force in-
creases (Re ≥ 120). The Hopf bifurcation appears for
closer critical Reynolds number than the one described
for non-confined sphere.

Figure 9: The isovalues of the velocity on the slide Oxy
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Figure 10: Drag and lift coefficient induced by the flow
around a sphere

3 Free cylinder falling in a chan-
nel

In this section, the movement of a 2D cylinder falling
in a channel is simulated with the chimera approach.
The influence of the initial position and the Galileo

number, defined as Ga =

√
gd3ρf (ρb − ρf )

μ2 or Ga =√
gd3ρf (β − 1)

ν2 is studied. g is the gravity acceleration,
ρf and ρb respectively the densities of the fluid and the
body and μ the viscosity of the fluid.
The two fixed parameters are the diameter ratio (D/d)
equal to 3.3 where D is the channel height and d the
cylinder diameter, the density ratio (β = ρf /ρb) equal
to 2. The varying parameters are the Galileo number
Ga and the initial transverse position y0. The range of

the Galileo number studied is 151 ≤ Ga ≤ 300. The
results are compared to the simulation of a unconfined
falling cylinder in order to determine the influence of the
wall.

Trajectories

The following movement equation is solved and coupled
with the Navier-Stokes equations :

ẍi == gi (1 − β) +
2β

π
Ci (2)

α̈i =
16
π

β Cm,i (3)

The trajectory for Ga = 200 (Figure (11)) is different
depending whether the cylinder is confined or not, and
for the confined configuration, if the initial position is
in the middle plane or not. For the unconfined falling
cylinder, a deviation of the transverse position appears
in the first part. In the second part of the trajectory, the
transverse position oscillates around a value that is not
equal to the initial transverse position. For the confined
falling cylinder with y0 = 0, the deviation doesn’t exist
and for the periodic pattern, the transverse oscillation is
located around the initial value (i.e. the middle axis).
For the confined falling cylinder with y0/d = −0.65, the
first part is different when the cylinder is placed symme-
try axis. The second part of the periodic oscillation is
similar to the one with y0 = 0, with an oscillation around
the middle axis and the same frequency and amplitude.
Yu et al. [33] found the similar behaviour in the case
of the sedimentation of a cylindrical particle in a chan-
nel. The first motion of the particle is the migration to
the channel axis. This approach of the centerline is not
monotone and Yu et al. [33] described this movement as
a "wagging motion". They explain the variation by the
vortex shedding under the critical Reynolds number.
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Figure 11: Trajectories for Ga = 200

The temporal variation of the velocity components is rep-
resented in Figure (12). The dimensional time (t∗) is
non-dimensionalised with the terminal velocity Ut by the
relation t = t∗d/Ut. The behaviour of the x-component
is linear and dominated by the strong gravity effect. The
y-component is dominated by the wake induced force.
In this case, the Von Kármán vortex shedding produces
a periodic oscillations. For Ga = 200, the amplitude
of the transverse oscillation is equal to 0.09801 for un-
confined configuration and 0.08155 for the both confined
configurations. Those amplitudes are less than 3% of the
distance between the channel walls. The confinement de-
creases the amplitude of the transverse oscillations but
increases its frequency. We will discuss after the corre-
lation between the Strouhal and the Reynolds number.
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Moreover, the confinement fixes the axis of the oscillation
to the centre axis between the two walls.
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Figure 12: Components of the position x/d and y/d ver-
sus the dimensionless time for Ga = 200

Velocities of the cylinder

The velocity is represented by the Reynolds number
Re = U.d/ν, with ν the kinematic viscosity. The x-
component of the velocity (gravity direction) is repre-
sented by Rex and the y-component (transverse direc-
tion) by Rey. The variation of Rex is composed of three
parts (Figure (13)). When dropped the cylinder has no
velocity and the first part is an acceleration phase with
a strong increase of the falling velocity. The second step,
called over-shoot, is a phase during which the increase
of velocity stops and even decreases due to the the onset
of the vortex shedding. This over-shoot is more visible
for the unconfined falling cylinder than for the confined
configuration. The last phase of the motion is a periodic
oscillation of the velocity about a constant mean value
(Rex).
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Figure 13: X-component of the velocity defined by
Rex = Uxd/ν versus dimensionless time for Ga = 200

The influence of the Galileo number on the mean termi-
nal velocity and on its amplitude is represented in Fig-
ure (14). The amplitude of the oscillations of the ve-
locity increases with the increase of the Galileo number
in the unconfined case. To the contrary, for the con-
fined falling cylinder, the amplitude of oscillations of
the falling velocity does not increase with the increase
of Galileo. The relation between the mean falling ve-
locity and the Galileo number is practically linear. We
found the relation Rex = 1.092Ga+2 for the unconfined
case and Rex = 0.915Ga − 12 for the confined cylinder.
For the unconfined configuration, Re > Ga and for the
confined case Re < Ga.
The transverse velocity is represented by Rey. The first
observation is that its value is lower than 10% of the
falling velocity. This velocity is just induced by the
vortex shedding forces which are weaker than gravity
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number for a confined and an unconfined falling cylin-
der and for Ga = 200

force. The Figure (15) show the time evolution of the
transverse velocity for the confined and the unconfined
cylinder with Ga = 200. The behaviour of the trans-
verse velocity is similar for the unconfined cylinder and
for the confined configuration with an initial position at
tha middle axis. Oscillations increase progressively and
these oscillations appear faster in the confined case. For
the confined configuration with an initial position out
the middle axis (y0/d = −0.65), the oscillations appear
immediately with an amplitude close to the final ampli-
tude. The wall effect creates an asymmetric geometry,
a powerful force appears, and the asymmetric geometry
facilitates the onset of the vortex shedding.
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Uyd/ν versus dimensionless time for Ga = 200

The evolution of Rex and Rey versus the transverse po-
sition y/d for the falling cylinder in the unconfined and
confined cases for Ga = 200 during the periodic state is
presented in (Figure (16)). The maximum of the trans-
verse velocity appears when the cylinder is on the mean
transverse position and the transverse velocity is equal
to zero when the cylinder is at the extreme position of
the motion.The behaviour of the falling velocity is oppo-
site with a maximum velocity for the extreme position,
and minimum velocity when the cylinder is at the mean
position. The variation of the angular velocity is differ-
ent and the maximum appears for 1/4 of the maximum
displacement.
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Frequencies of the falling cylinder

The frequency defined by the Strouhal number (St =
fd/Ux) was first linked to the Reynolds number by
Williamson et al. [34] for the fixed cylinder by the fol-
lowing function :

St = A +
B√
Re

+
C

Re
(4)

This function can be simplified with C = 0 for the range
of Reynolds number Re < 188. With the present results,
the coefficients are determined and we have obtained the
following coefficients :

unconfined : St = 0.2086 +
0.0548√

Re
− 5.9004

Re
(5)

confined : St = 0.2527 +
0.8581√

Re
− 9.3165

Re
(6)

fixed cylinder : St = 0.27661 − 1.1129√
Re

− 0.4821
Re

(7)

The fitted functions and the data are plotted in Fig-
ure (17). The behaviour of the the Strouhal number
is well represented by the function [Eq. (4)]. The con-
finement accelerates the oscillation and the frequency is
higher. The difference with the unconfined case is sig-
nificant. The flow in the gap between the wall and the
cylinder is more accelerated and drives the vortex out
more rapidly.

Structure of the flow

The wake of the cylinder is due to the motion of the cylin-
der. The speed of the cylinder is such that the vortices
at the rear of the cylinder are not steady but they are de-
tached periodically resulting in the Von Kármán vortex
shedding. This vortex shedding induces the oscillation
of the position. In the unconfined case for Ga = 200, we
choose the starting time t1 when the cylinder is at the
maximum transverse position and we examine the vor-
tex structures over one period of oscillation (Figure (18)).
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The transverse position is directly linked to the vortex
shedding. At the time t = t1, the vortex VS,5 is ejected
from the cylinder. This vortex is a clock-wise vortex
with negative vorticity. At this time the lift is minimum.
Then the vortex VS,6 grows. It’s a counter clock-wise
vortex associated to positive vorticity and due to vis-
cous effects it will attract the cylinder to it so that the
cylinder will move to a negative y position. As a result
of this positive vorticity the lift increases. At the time
t = t1 + T/4, the cylinder is at the axis. At the time
t = t1 + T/2 the vortex VS,6 is ejected, the lift is maxi-
mum and the cylinder has reached its minimum position.
The vortex VS,7 grows. The negative associated vorticity
will attract the cylinder to positive y positions. Again
at t = t1 + 3T/4 the cylinder crosses the y axis, the lift
is zero.

4 Conclusion

We have implemented in our parallel Navier-Stokes
solver a fast and efficient automatic chimera method for
the simulation of static/moving complex geometries. We
carried out a series of numerical test cases to validate
the algorithm and to assess its feasibility in complex
geometries. The computed results demonstrated that
our method gives good results both for simple two-
dimensional and three-dimensional complex confined
configuration. The chimera method appears to be a
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very simple and powerful tool to simulate flow around
moving object. We are currently exploiting this solver
on the simulation of free sphere falling in a tube.

The authors would like to thanks the national com-
puting center CINES, the Direction Informatique of
the University of Strasbourg and the Grid’5000 exper-
imental testbed (being developed under the INRIA AL-
ADDIN development action with support from CNRS,
RENATER and several Universities as well as other
funding bodies) for allowing us to use their computer.
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Abstract

The present paper presents a partitioned coupling pro-
cedure between a computational fluid mechanics solver
and a computational solid mechanics solver in order to
perform the calculation of fully-coupled fluid-solid sys-
tems. The fluid flow is governed by the incompress-
ible Navier-Stokes equations and modeled using a frac-
tional step scheme combined with a co-located finite vol-
ume method for space discretization. The motion of the
fluid domain is accounted for by a moving mesh strategy
through an Arbitrary Lagrangian-Eulerian (ALE) formu-
lation. Solid dynamics is modeled by discrete or beam
elements in the linear elasticity framework and systems
are solved through a finite element method. The result-
ing strongly coupled fluid solid set of non linear equations
is solved by means of a partitioned solution procedure. A
fixed point method combined with an under-relaxation
technique is designed to ensure the optimal convergence
of the iterative procedure. The flutter phenomena of a
flexible pipe conveying an internal fluid is numerically in-
vestigated to demonstrate the consistency of the present
fluid-structure solver.

1 Introduction

Mechanical structures are, in many industrial applica-
tions, surrounded by complex turbulent highly energetic
flows. Among others, tube bundles in heat exchang-
ers [1], pipe systems [2] or buffeting airfoils [3] can un-
dergo significant flow-induced loads causing possible vi-
brations and damages. Most of the predictive techniques
available for these problems are semi-empirical models
relying on experimental measurements. Alternatively,
computational fluid dynamics now tends to encompass
a large variety of flow phenomena and numerical simula-
tions of turbulent motions along with a resolution of the
structure dynamics are capable of providing comprehen-
sive informations on fully coupled fluid-structure inter-
action phenomena. Such an approach is highly valuable
and may shed a new light on the interplay between the
turbulent flow development and the mechanical structure
response [4, 5].
Solving a nonlinear fluid-structure problem is nonethe-
less a challenging task that inherits technicalities from
both computational fluid dynamics and computational
mechanics. Such calculations commonly relies on two
main approaches: monolithic methods and partitioned
coupling methods.
The monolithic methods treat the interaction between
the fluid and the solid synchronously at the interface [6].
The approach is theoretically straightforward but the de-

sign of a specific solver is required for this purpose. Both
sub-systems are formulated in the same framework and
solved with the same numerical methods. Even though
the method may have good convergence properties, tak-
ing into account both computational mechanics and com-
putational fluid dynamics in a single numerical procedure
dramatically increases the complexity of the practical im-
plementation of the method.
To the contrary, for partitioned schemes, the fluid
and the structure equations are alternately integrated
in time and the interface conditions are solved asyn-
chronously [7]. Different discretizations, either in space
or in time, with possible non-matching interfaces, can
be used. In spite of the extra computational cost re-
quired to ensure convergence of the fluid and structural
solutions at the coupling interface, the approach is con-
venient since available softwares with minor changes may
be used for this purpose.
The present paper presents a partitioned fluid-structure
coupling between Code_Saturne and Code_Aster, two
open-source solvers developed by Électricité de France
(EDF) for computational fluid mechanics and computa-
tional solid mechanics, respectively. The basic features
of the scheme are provided in section 2 and some results
obtained with the coupled software are provided in sec-
tions 3 and 4. Conclusions are finally drawn in section 5.

2 Partitioned fluid-structure cou-
pling scheme

2.1 Fluid and solid solvers

The partionned fluid-structure coupling scheme is based
on two separate solvers, one for the fluid and one for the
structure.
Flow motions are solved here using Code_Saturne, an
EDF in-house open CFD tool [8] based on a collocated
finite volume approach. The velocity-pressure coupling is
treated using a SIMPLE1 Consistent, or SIMPLEC, algo-
rithm with a Rhie and Chow interpolation to avoid odd-
even decoupling on structured meshes. The momentum
equations are solved by considering an explicit mass flux
so that the three components of the velocity are uncou-
pled. Further details about the solver Code_Saturne and
its capabilities may be found in Archambeau et al. [8].
The structure dynamics is determined thanks to
Code_Aster, a general mechanics solver also developed
by EDF [9]. Code_Aster offers a large range of multi-
physical analysis and modelling methods, including non-

1. Semi-Implicit Method for Pressure-Linked Equations
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linear mechanics.
A key component within any solution procedure for cou-
pled fluid-solid problems is the numerical implementa-
tion of the coupling mechanism between the turbulent
flow and the structural displacement. Specific boundary
conditions at the fluid and solid interfaces, respectively
denoted Γs/f and Γf/s, are required. In particular, one
must ensure that the energy exchanges across the fluid-
structure interface remains consistent. The energy trans-
ferred per unit of time and surface is given by the product
of the mechanical stress acting on the interface and the
interface displacement velocity. Therefore, the energy
conservation is ensured if, at least, the velocity and the
stress are continuous across the fluid-structure interface:

⎧⎨
⎩ ui =

Dus
i

Dt
on Γf/s

σijnj = Tijnj on Γs/f

(1)

where us designates the displacement of the interface,
u the fluid velocity field, D/Dt the material derivative
and Tij the solid stress tensor. After space and time
discretization, these conditions must still be fulfilled.

2.2 Solving fluid motions around moving
bodies

Fully coupled fluid-structure interaction problems may
involve multiple moving bodies. The computational
fluid dynamic numerical procedure must therefore have
the capability to handle moving boundaries. Several
techniques may be implemented such as the penaliza-
tion methods [10], the so-called Chimera techniques [11].
The present solver makes use of the the Arbitrary
Lagrangian-Eulerian (ALE) approach which is based on
a moving reference frame [12]. An arbitrary referen-
tial coordinate is then introduced in addition to the La-
grangian and Eulerian coordinates. The cells themselves
are deformable so that the mesh topology may be ad-
justed in order to always enforce body-fitted boundary
conditions.
Within the ALE theoretical framework, the continuity
equation and the momentum equations are given by,

ρ
∂ui

∂xi
= 0

∂ui

∂t
+ (ui − vi)

∂ui

∂xj
= −1

ρ

∂p

∂xi
+ ν

∂2ui

∂xj∂xj

(2)

where v designates the cell velocity evaluated at the cen-
ter of the gravity of the cell in a framework of collocated
finite volume approach, and ρ and p the density and the
pressure.
Solving the Navier-Stokes equations on an arbitrary ref-
erential frame requires to introduces in the momentum
equations a new convective terms based on the mesh ve-
locity v. For incompressible flow, the Geometry Conser-
vation Law (GCL)[13] is ensured for uniform flows with
a first order approximation. It ensures numerical conser-
vation of physical fields: the variation of an elementary
volume during a time step Δt is balanced by the flux
through the volume faces during the same period. The
integral form of the GCL is provided by,

∂

∂t

∫
V

dV =
∫

δV

vc · ndS (3)

Several formulations are possible to impose the grid ve-
locity. In the present work, a Poisson elliptic equation is
used to control the cell deformation [12]:

⎧⎪⎨
⎪⎩

∇ • (λ∇(v)) = 0
v = Dus

Dt on Γf/s

v = 0 on ∂Ωf \ Γf/s

(4)

where the boundary conditions are defined according
the displacement of the moving or non-moving domain
boundaries. The parameter λ is a specific so-called
“mesh viscosity” allowing a fine control of the cell de-
formations. In the mesh regions with large viscosity λ
the cell shapes will undergo few changes. Such a proce-
dure enables for instance to keep a constant mesh size
close to solid surfaces.

2.3 Solution convergence at the
solid/fluid interface

The present strategy relies on a partitioned coupling
scheme between the fluid and solid solvers. The fluid and
the structure equations are alternately integrated in time
and the interface conditions are solved asynchronously.
In order to provide a solution continuous at the interface
at each time step, an iterative procedure is implemented.
The major features of the iterative process are based on
the following steps:

• the displacement of the structure is transfered to the
fluid solver;

• the position of the fluid mesh is updated;

• the fluid system is advanced in time and the new
pressure field is computed;

• the new structural load is deduced from the new
pressure field;

• the structural system is advanced in time under the
fluid-induced load;

• one checks that a convergence criterion is fulfilled.
If not, another iteration is performed.

A schematic view of the iteration process is proposed in
Figure (1). After the initialization stage, the flow field
is determined for the current mesh geometry and fric-
tion and pressure forces acting on the fluid/solid inter-
face are determined. These loading data are sent to the
structural solver as boundary conditions. The structural
solver then computes the deformations, which are used
to update the geometry of the fluid mesh. Afterwards
the flow solver is started again.
A fixed point method is used here along with a consistent
predictor and corrector terms for kinematics and stress
field transfer in order to improve the convergence of the
coupling scheme. In addition, data transfers between
the fluid mesh and the solid mesh are carried out using
a projection algorithm. A condensation scheme is also
available when simplified structural modelling (e.g. one-
degree-of-freedom or lineic modelization) are used while
the fluid domain is three-dimensional.
As pointed out, the partitioned coupling iteration loop is
repeated until an arbitrary convergence criterion εFSI is
reached. This work makes use of a single scalar which is

ERCOFTAC Bulletin 86 47



End

Comp. Wall Forces

Comp. Deformation

Interface Interface

Compute Flow Field

u
v , pi

underrelaxation of
structural displacement

� multigrid
    finite grid generation

� FEM

Structure solver

Flow solver

next coupling step

last time step?
no

next time step

yes

yes

no

� FVM
� SIMPLE

� shear forces
� normal forces

static and adaptive

forces displacements

Start

converged?
FSI

� moving grids

� linear, elliptic, trans�
Mesh Movement

Underrelaxation

Figure 1: Flow chart of partionned coupling procedure
for fluid-structure simulations.

defined using the displacement averaged over the struc-
ture:

εFSI =
1
N

N∑
k=1

‖uk,m−1 − uk,m‖∞
‖uk,m‖∞

< ε , (5)

where m is the FSI iteration counter, N is the number
of interface nodes, and ‖ · ‖∞ denotes the infinite norm.
A one-step implicit scheme is equivalent to an explicit
coupling method.
It should be pointed out that various test computations
have shown that the coupling scheme is rather sensi-
tive with respect to the deformations, especially in the
first FSI iterations. Situations that are far away from
the physical equilibrium can consequently arise and may
lead to instabilities or even the divergence of the FSI it-
erations. In order to counteract this effect an adaptive
under-relaxation can be employed. By using a relaxation
factor αm

FSI the computed displacements ũm are linearly
weighted with the values um−1 from the preceding iter-
ation to give the new displacements um+1:

um+1 = αm
FSI ũm + (1 − αm

FSI)um−1 , (6)
where 0 < αm

FSI ≤ 1. Note that the under-relaxation
does not change the final converged solution.

3 Oscillation of a flexible duct
conveying an internal axial fluid
flow

The dynamical system involving a fluid-conveying pipe
has been mainly studied because of its applications. This
is a system of great relevance in the field of fluid structure
interaction as this is a model problem for a large variety
of fluid structure interaction systems [14]. The identifi-
cation of the dynamical instability threshold in such a
configuration has been extensively studied from an ex-
perimental point of view under many mechanical and
hydraulical conditions. Analytical models have been de-
rived and good agreement has been obtained between an-
alytical predictions and experimental observations. Nu-
merical simulations have although been performed by us-

ing boundary condition linearized formulations for exam-
ple [15].
One considers a flexible cylinder of circular cross section
of diameter D and length L conveying a fluid. The flow
is incompressible and the velocity v0

f is uniform along the
initial axis of the cylinder (see Figure (2)). The cylinder
is fixed upstream in the flow direction and it is free down-
stream. This means that the motion of the downstream
extremity of the duct depends on the interaction with
the fluid flow and conversely. The cross section diameter
is uniform and only small flexion motion is allowed along
the cross direction. Gravity and external perturbations
are neglected. Only fluid forces acting on the cylinder
wall are taken into account. Reference analytical solu-
tions are available [16].
A two-dimensional modeling is used. Until a laminar
Poiseuille flow profile has been reached, solid walls are
fixed. The coupling process is then ignited. An initial
impulsion is introduced in order to create an asymme-
try by using the mode shape of the second mode of the
structure. The second mode is chosen because it is ex-
pected to be unstable in the configuration that is consid-
ered according to the analytical theory [16]. The solid
modeling is formulated along the mean axis of the cylin-
der. Using a two-dimensional modeling implies connect-
ing solid walls at each time step of the computation so
that they move in accordance. For fluid mesh deforma-
tion and node displacement computation an algebraic
method combined with an adjacent cell tracking process
is involved.
Examples of meshes used for fluid and solid modeling are
shown in Figure (3). The configuration parameters are
described in Table (1) and correspond to those of a pre-
vious work [15]. Results are compared to those obtained
by a non-moving mesh method in a small displacement
framework with a boundary condition linearization ap-
proach. Two instantaneous mode shapes are plotted in
Figure (4) for reduced velocities 4.0 and 4.5 where the
reduced velocity is defined by the ratio between the flow
velocity and the product between the duct diameter and
the frequency of the second mode of the solid. According
to the Argand diagram, the critical velocity corresponds
to the dynamic instability threshold where the damping
of the system falls to zero. The critical threshold is in be-
tween 4.0 and 4.5 as shown in Figure (5). The numerical
results are therefore consistent with previous solutions
established numerically [15] in terms of critical reduced
velocity threshold estimate.

Figure 2: Snapshot of the pressure field in the pipe at the
initial stage of the coupled fluid-structure simulation.

Moreover the solution obtained in the present work may
be more consistent in the post-instability range since
the solution resulting from the boundary linearization
method is not reliable for large motion magnitudes.
From these first results one can conclude that the par-
titioned procedure is convenient for simulation of flut-
ter and identification of instability threshold. The full
system damping estimate seems to be acceptable which
tends to show that the numerical diffusion generated by
the partitioned procedure does not affect the results sig-
nificantly.
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Figure 3: View of the fluid and solid meshes. The solid
mesh is one-dimensional whereas the fluid mesh is fully
three-dimensional.

Table 1: Parameters of the simulation of a flexible duct
conveying fluid.

Tube length L = 1.0 m
Tube diameter D = 4.0 10−2 m
Young modulus Es = 1.5.109 Pa
Poisson coefficient νs = 0.3
Solid density ρs = 160 kg.m-2

Fluid density ρf = 1.0 103 kg.m-3

Dynamic viscosity η = 5.0 10−2 kg.m-1.s-1

Reduced velocity v̄red ∈ [0, 7]
Initial magnitude Ampl = 1.84 10−6 m.s-1

motion

Figure 4: Instantaneous snapshots of the cylinder mode
shape obtained for a reduced velocity equal to 4.0 (top),
and 4.5 (bottom).

4 Instability threshold in tube ar-
ray under cross flow

The stability of a flexible tube in a rigid tube array under
cross flow has also been investigated. The details of the
study are not reproduced here but they may be found in
Huvelin et al. [17]. The results turn out to be encourag-
ing. In particular, it is shown that the critical reduced
velocity deduced from the simulation is in good agree-
ment with the one predicted by Connors theory [18].

Figure 5: Evolution of the total damping (fluid and
structural) as a function of the reduced velocity.

5 Conclusion

A partitioned coupling scheme between a computational
fluid mechanics and a computational solid mechanics
solver has been presented. The CFD simulation relies on
the ALE procedure to allow the calculation of unsteady
flow motions around moving bodies and an interpolation
procedure has been designed to permit information ex-
changes between the flow and solid solutions. The fluid
and the structure equations are alternately integrated
in time and the interface conditions are solved asyn-
chronously. An iterative algorithm along with a relax-
ation procedure is implemented to improve convergence
at the solid-fluid interface. To illustrate the ability of
the present solver to tackle complex fully coupled fluid-
structure problems, the oscillations of a fluid-conveying
pipe have been computed. A good agreement has been
found with the previous numerical investigation of Fer-
nández Valera [15], hence demonstrating the consistency
of the proposed partitioned fluid-structure solver.
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Abstract

The present work focuses on Vortex-Induced Vibrations
(VIV) of an elastically mounted cylinder in a cross flow
at moderate Reynolds number. The dynamic response
of the cylinder freely moving in the lift direction is in-
vestigated by means of a three-dimensional Large Eddy
Simulation (LES) in an Arbitrary Lagrangian Eulerian
(ALE) framework using an iterative method for compu-
tation of flow interaction with solid moving boundary.
Numerical simulations are performed at Reynolds num-
ber 3900 in several configurations, at low mass-damping
ratio, for several reduced velocity values. A brief physi-
cal analysis is provided. This work has been performed
in the framework of a PhD Thesis. It will be published
in further articles.

1 Introduction

Fluid structure interactions occur in a wide range of
industrial domains including vibrations of mechanical
structures submitted to external thermohydraulics flows
in nuclear devices such as those encountered in steam
exchanger cylinder arrangements. Vortex-Induced Vi-
brations (VIV) have been extensively studied over the
last past decades [1, 2, 3, 4]. In the case of an elastically
mounted cylinder at low mass-damping, three types of re-
sponses can be observed as described in [5, 6, 7]. For low
reduced velocities, an initial branch is associated with a
vortex shedding mode involving two-single vortices shed
per cycle (2S mode). For intermediate and larger reduced
velocities, an upper and a lower branches associated with
a vortex shedding mode emission involving two pairs of
vortices shed per cycle (2P mode) are observed [5, 6].
The article is organized as follows : firstly, recall on nu-
merical background, secondly, discussion on numerical
results and comparisons to reference solutions.

2 Numerical Background

Navier-Stokes equations governing an incompressible
fluid flow in interaction with freely moving solid bound-
aries are considered. Space discretization relies on a
collocated finite volume approach on unstructured mesh
and a fractional time step procedure is involved for fluid
pressure velocity coupled computation through a pro-
jection method [8]. An Arbitrary Lagrangian Eulerian
(ALE) approach is involved to describe solid boundary
motion by introducing an arbitrary referential domain

for Navier-Stokes system computation. The associated
time-depending reference space mapping is used to derive
the full system in the computational coordinate system.
Governing equations for incompressible flow are written
as follows :

∂ui

∂xi
= 0

∂ui

∂t
+ (ui − vgi)

∂ui

∂xj
= −1

ρ

∂p

∂xi
+ ν

∂2ui

∂xj∂xj
− ∂τij

∂xj

where vg represents the grid cell velocity, u and p desig-
nate the spatially filtered velocity and pressure respec-
tively, with local coordinates (x, t) in the space time
domain. ρ and ν designate respectively fluid density
and viscosity. The subgrid scale tensor τ is modeled
by the Smagorinsky model which is based on Germano
identity[9] and Lilly minimization[10]. The deviatoric
part of the subgrid-scale tensor is given by :

τij − 1
3

τkkδij = −2νtSij = −2(CsΔ)2‖S‖Sij

where Sij represents the filtered strain rate tensor,
‖S‖ =

√
2SijSij , νt denotes the subgrid-scale viscosity,

Δ is the filter width and Cs is the Smagorinsky constant
(Cs = 0.065). Only hexahedral computational cells with
volume Ω are considered in the present work and one
uses Δ = 2Ω 1

3 . The term
1
3

τkkδij is taken into account
in the pressure gradient.
From a mathematical point of view, the introduction of
an arbitrary computational reference system means the
introduction of a grid mesh impacting convective terms
in the momentum equation. For incompressible flow, the
Geometry Conservation Law (GCL) [11] is ensured for
uniform flows with a first order approximation.
Several formulations are possible for the choice of grid ve-
locity dynamics like transfinite mapping strategy, spring
analogy or linear elasticity approach.
The assumption that LES filtering commutes with par-
tial derivatives is generally considered valid on fixed grids
with uniform cell width. On deforming unstructured
grid, Temporal Commutation Errors (TCE) must be
taken into account[12]. In the framework of the present
work it is assumed that these errors can be neglected.
At fluid solid interface, conditions describe continuity of
velocity and stress. The former corresponds to the kine-
matic no-slip condition and the latter is the equilibrium
condition as follows :
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⎧⎨
⎩ ui =

Dus
i

Dt
on Γf/s

σijnj = Tijnj on Γs/f

where us designates the displacement of the interface, D
Dt

the material derivative and Tij the solid stress tensor.
The interfaces of solid and fluid domains are Γs/f and
Γf/s respectively.
The motion of an elastically rigid circular cylinder os-
cillating freely in a cross-flow is considered. The one-
degree-of-freedom dynamic equation of the structure
reads :

m ÿ + c ẏ + k y = Fy

where y is the solid displacement in the cross direction,
ẏ the velocity, ÿ the acceleration, m, c and k are the
structural mass, damping and stiffness respectively and
Fy represents the action exerted by fluid in the lift direc-
tion. In the framework of rigid motion theory (similarly
for linear elasticity), a lagrangian formulation is used
to describe the time evolution of the solid kinematics.
System remains linear and time integration relies on a
Newmark algorithm.
To deal with computation of the fully-coupled fluid solid
system, an iterative method is involved in order to look
for a solution ensuring continuity conditions through the
interface [13, 14, 15, 16, 17]. A fixed point method is
used with consistent predictor and corrector terms for
kinematics and stress field transfer. A projection and a
condensation methods are used in order to enable one-
degree-of-freedom systems for modeling solid dynamics
[18]. Under-relaxation may be introduced to improve
the convergence properties of the iterative process.

3 Results and Discussion

Low mass-damping LES computations are performed at
Re = 3900 for various reduced velocities. A particu-
lar attention is paid to high amplitude response corres-
ponding to the upper branch. The size of the computa-
tional domain is 20D × 20D in axial and cross directions
and the length upstream the cylinder is equal to 10D
where D designates the cylinder diameter. The spanwise
length of the domain is set to 4D. Computations are per-
formed using 32 grid points along the spanwise direction.
The total number of cells is equal to 2.106. The time step
is Δt = 0.001D/U0 and U0 is the inlet velocity. The cor-
responding maximum CFL number is equal to 0.8. As far
as boundary conditions are concerned, a constant veloc-
ity in both space and time is specified at inlet boundary.
Laminar flow conditions are considered upstream of the
cylinder and periodic boundary conditions are used in
the spanwise direction. Dirichlet conditions for pressure
and homogeneous Neumann conditions for velocity are
applied at the outer boundary. At the fluid solid mov-
ing boundary Dirichlet conditions are imposed on the
velocity field with respect to the kinematic consistency
condition. Finally, symmetry boundary conditions are
employed at upper and lower transverse boundary faces.
One considers the numerical parameters of experimen-
tal work providing reference solutions[19]. Low mass-
damping conditions are studied for m∗ξ = 0.04 where ξ
the reduced damping is defined by c = 2 m ω0 ξ with ω0
the system pulsation. The mass ratio is set to m∗ = 1.
Several reduced velocity values are investigated.
Figure (1) displays an example of flow field in the wake
of a static single cylinder submitted to a cross flow at

Reynolds number 3900. Figure (2) shows results pro-

Figure 1: Flow field (Re = 3900, static cylinder)

vided by computation of dynamic single cylinder re-
sponse. It is pointed out that LES succeeds in compu-
ting the typical branch responses for low mass-damping
configurations. Simulation at U∗ = 3 corresponds to
the initial small amplitude response branch. The high
amplitude upper branch can be clearly identified for the
range U∗ = [4− 5]. In particular, the highest amplitude
response is close to those observed experimentally [19].
Finally, the reduced velocity range corresponding to the
small amplitude lower branch is approximatively defined
by U∗ = 5.5 − 10. A qualitatively good agreement is re-
trieved with reference experimental data[19].

Figure 2: Comparison of the response amplitude with the
experimental data[19] (Re = 3900, m∗ = 1 and m∗ξ =
0.04)

Table (1) summarizes the value of the mean amplitude
Amean based on the average of the peak amplitude of
the tenth last periods of oscillations provived by compu-
tation. The coefficient of variation COV = STD/Amean
ranges from 6.5% to 23.45%. The linear growth of the
response is expected up to U∗ = 7. As far as the lock-in
region is concerned, LES simulations predict a reduced
frequency close to one which indicates that the synchro-
nization regime has been reached.

4 Conclusion

VIV of a rigid cylinder freely vibrating in a cross-flow
is investigated by means of LES at Re=3900. A wide
range of reduced velocities is examined in order to char-
acterize the three-branches response model for low mass-
damping. The displacements amplitude on the upper
branch as well as the reduced frequency in the lock-in
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U∗ Amean/D Amax/D Amin/D STD

3 0.380 0.416 0.352 0.02
4 0.794 0.892 0.663 0.052
5 0.795 1.01 0.639 0.056
5.5 0.721 0.898 0.562 0.107
6 0.715 1.08 0.547 0.149
7 0.661 0.821 0.550 0.072

Table 1: Statistical properties of the amplitude response
as a function of the reduced velocity at m∗ = 1 and
m∗ξ = 0.04

region are compared to experimental results. The tran-
sition from the upper branch to the lower one is retrieved.
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Abstract

The fluid-structure interaction in a tube bundle is stud-
ied at high Reynolds number by means of URANS and
Hybrid turbulence modelling, to analyse the origins of
appearance of fluid-elastic instabilities at high Reynolds
number. Especially the Organised Eddy Simulation
(OES) approach [1] is used to allow development of fluid-
structure interaction modes. The simulations are carried
out by means of the code NSMB (Navier-Stokes Multi
Block).
A comparative study between the k−ε−OES, k−ω−OES
and URANS k−ω−SST [2] turbulence models is provided
with a discussion of their predictive capabilities. The
study is carried out for two geometries of (3 × 3) and
(4×5) cylinders, first on a static configuration and second
in case of one cylinder oscillation. The contributions
of the structural motion and of the turbulence on the
unsteady loads due to the fluid-structure interaction are
quantified.
Finally a 3D simulation using a Delayed Detached Eddy
Simulation approah with the Spalart-Allmaras (SA) [3]
turbulence modeling in the URANS part is used in order
to quantify the 3D aspects of the flow.

1 Introduction

The prediction of fluid-elastic instabilities developped in
a tube bundle is of major importance for the current
design of heat exchangers for cooling the nuclear plants
and for the prevention of accidents associated with mate-
rial fatigue, shock between beams and severance of solid
walls. The fluid-elastic instabilities in tube arrays appear
in the laminar regime and persists up to the turbulent
regime.
In the industrial context, the high Reynolds number
gives a complex interaction between non-linear instabil-
ity due to the movement of the solid structure and the
near-wall unsteady turbulence around the cylinders. To
correctly take into account this interaction and efficiently
predict the unsteady loads, it is necessary to develop re-
liable turbulence modeling approaches, able to separate
the effects due to the structure motion (low freqyebcues,
well distinct peaks) and the random effects due to the
turbulence background.
The development of near-wall turbulence around moving

cylinders produces an interaction with non-linear modes
from the structure and requires specific turbulence mod-
elling approaches. Indeed, approaches such as URANS,
derived from assumptions of statistical equilibrium, tend
to underestimate the global coefficients (drag, lift) and
their amplitudes (see the European program DESIDER,
Detached Eddy Simulation for Industrial Aerodynamics
[4]).
The LES approach is less suitable for high Reynolds
number wall flows as the present industrial problem.
Hybrid-type approaches (URANS near the obstacle and
LES into the regions of flow detachment) are more
promising, and especially the Detached Eddy Simula-
tion, (DES). Furthermore the Organised Eddy Simula-
tion, (OES) approach ([1], [5] and [6]), being in be-
tween the URANS and the DES, is quite promising,
based on a number of previous studies [7], for captur-
ing predominant instability modes around bodies at high
Reynolds number. OES uses a separation of the ern-
ergy spectrum into an organised part (resolved turbu-
lence), that includes all the predominant wavenumber
and a chaotic part (continuous spectrum) that extends
from the low to the high wavenumber range and con-
stitutes the part to be modeled. OES uses the phase-
averaged Navier-Stokes equations system and modified
URANS turbulence modelling closures to take into ac-
count non-equilibrium turbulence effects by using DRSM
(Differential Reynolds Stress transport Modelling) to-
wards adapted two-equation modelling. In recent works,
the turbulence stresses by means are modeled by means
of a tensorial eddy viscosity concept [8] and [1]. This
is derived by means of experimental studies in the re-
search team “Interaction Fluide-Structure Sous Turbu-
lence” carried out in the wind tunnels of IMFT [9]
by using phase-averaged three-component PIV for flows
around a circular cylinder at high Reynolds number (The
IMFT’s circular cylinder “DESIDER test-case”).
In this paper URANS, OES and DES approaches are
compared for predicting the fluid-elastic instabilities in
the tube array at Reynolds number 20 000, correspond-
ing to an inter-tube Reynolds number of 60 000, based
on the inter-tube distance. This study is a collabora-
tion between EDF, CEA and IMFT. Comparisons with
experimental results from industrial partners will be pre-
sented. In the present study, an adaptation of OES to
scalar eddy-viscosity is used [5].
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2 Configuration

The fluid structure interaction is studied on two different
meshes : the 2D−20 cylinders, and the 3D−20 cylinders.

configuration cells blocks
near-wall

grid spacing

2D − 20 392 600 80 1, 5.10−4 D

3D − 20 21 930 648 560 1, 5.10−4 D

Table 1: Meshes configuration (D = cylinder’s diameter,
array of 20 cylinders)

At the the entrance of the computationnal domain,
the boundary conditions are freestream. At the outlet
boundary, non-confining boundary conditions are used,
corresponding to non-reflective equations [10].
In the spanwise direction, (spanwise length 3D), periodic
boundary conditions are used to simulate an infinite bun-
dle.

3 Numerical Method

The computations are carried out with the code NSMB,
Navier-Stokes Multi Block, (NSMB) [11]. This is a struc-
tured finite volume solver used by a number of euro-
pean Institutes and aeronautics industries in the con-
text of the NSMB consortium. IMFT participates in
the consortium for the development of turbulence mod-
elling. The multi-bloc approach allows mesh production
of realistic industrial configurations, like the tube bundle.
Moreover, thanks to the multi-block approach, NSMB
is a massively parallelised software in MPI architectures
and offers increased efficiency in current super computers
platforms.
The numerical scheme used for the convection terms, is
an upwind 3rd order Roe scheme [12], with the MUSCL1

limiter. The diffusion terms are discretised by central
differencies. The temporal integration is performed by
an implicit Runje-Kutta 3rd order scheme, using dual
time-stepping.
For the mesh deformation, the Arbitrary Langrangian
Eulerian (ALE) method is used [14] with a Newmark
algorithm for the structural modal analysis.

4 Results

All the computations detailled in the following section,
are time-dependent simulations that need an order of
30 000 hours of CPU time for a whole 3D computa-
tion, using 64 parallel processors on the supercomputer
"JADE" (SGI Altix ICE 8200 EX) at the CINES (Centre
Informatique National de l’Enseignement Supérieur) in
Montpellier.

4.1 Static configuration

First, the fixed cylinders configuration is computed. The
values of drag coefficients obtained with the k − ω−SST
model are higher than those derived from the k−ε−OES
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Figure 1: Meshes and cells details

1. Monotone Upwind Scheme for Conservation Laws [13]
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and from the k − ω−OES models. This behaviour con-
firms that conventional URANS models tend to overes-
timate the drag.
The velocity-pressure fields obtained by OES modeling
show the wake effect. The statistically averaged veloc-
ity fields show a "triangle-like" shape of the iso-contours
downstream of the last column of cylinders array (Fig-
ure (4)).

Model CL StCL CD StCD StCD /StCL

k − ω−SST 0, 07 0, 36 0, 37 0, 67 1, 87
k − ω−OES 0, 09 0, 39 0, 22 0, 74 1, 88
k − ε−OES 0, 01 0, 43 0, 20 0, 61 1, 43

Table 2: Frequences ratio on drag and lift instationnary
loads. StCL

and StCD
are the most energetic dimension-

less predominant frequency peaks in the spectra of the
drag and lift coefficients respectively.

The spectra of the hydrodynamic global coefficients allow
evaluation of the predominant frequencies of the fluid in-
stability of Von Kàrmàn type. The drag coefficient oscil-
lations of the fundamental frequency are approximately
doubly faster than the fundamental oscillations of the lift
coeffcient. The predominant frequencies are of the same
order as in the experiments by CEA and EDF. A more
detailed comparison is under way.
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Figure 2: Power spectral density of the drag coefficient,
k − ω−SST, k − ω−OES and k − ε−OES models.

Figure (5) shows that the turbulent kinetic energy is sy-
metric and increases due to the cylinders bundle : there
is no turbulent energy in the entry of the computation
domain.
On Figure (6) and Figure (7), it can be seen that the 3D
turbulence structure is developed. We can also observe
on the slice ( Figure (6)) that 3D vertical vorticity seems
to aglomerate with the flow : there are around 8 layers
of vortices on the first vertical row and around 5 in the
last one. The size of the structure becomes higher down-
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Figure 3: Power spectral density of the lift coefficient,
k − ω−SST, k − ω−OES and k − ε−OES models.

stream, corresponding to the turbulence development.
Drag coefficient values on Table (2), obtained with
URANS−k − ω−SST model are higher than these are
obtained with OES in both k − ω−OES and k − ε−OES.
Moreover, it can be seen in the vorticity pattern of Fig-
ure (5) that OES, which is a sort of modification of
URANS modeling, reveals more structures in the flow
than URANS standard approaches. The evaluation of
the unsteady loads on the solid structure including the
turbulence effects is very important in fluid-structure in-
teraction, and for this reason, this modeling aspect can
be of importance for the design.
The results obtained by means of the OES approach in
2D configuration are quite promising, given the rich sta-
tistical content of the simulations and the tendency of
not overestimating the dragh coefficient. Consequently,
a 3D DDES [15] using OES approach in the URANS part
near the bodies is carried out in comparison with DDES-
SA. The hybridation of DES and of OES is presented in
detail in [1].
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Spanwise Vorticity

(a) u/uref.

U →

Spanwise Vorticity

(b) u/uref.

U →

Spanwise Vorticity

(c) u/uref.

U →

Spanwise Vortiticy

(d) u/uref.

U →

Figure 4: Instantaneous longitudinal velocity and span-
wise vorticity with k − ω−OES (a), k − ε OES (b),
k − ω−SST (c), SA(d).

4.2 Dynamic configuration, free motion

To reproduce the fluid elastic instabilty, the central cylin-
der is allowed mooving vertically, according to one degree

Figure 5: Instantaneous turbulent kinetic energy k, k −
ω−OES.

���
U

Figure 6: Instantaneous vorticity slices, DDES−k − ω−
SST.

���U

Figure 7: Instantaneous vorticity isosurfaces, DDES−k−
ω−SST.

of freedom ( Figure (8)), with modal parameters in the
Table (3)
A comparative study between 1 and 2 degrees of freedom
can be done in the future.
The dynamics equations are resolved with Newmark al-
gorithm [16], (Eq. (2)), with parameters :

(αs ; δs) = (1/4 ; 1/2) (1)

(constant averaged acceleration hypothesis). The mesh
is modified by means a the ALE method [14].
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Figure 8: Schematic representation with middle cylinder
motion, in the general case of two-degrees of freedom.

(xs)n+1
i = [a0 M + a1 A + R]−1

×
{

F n+1 + M [a0 (xs)ni + a2 (ẋs)ni + a3 (ẍs)ni ]
+A [a1 (xs)ni + a4 (ẋs)ni + a5 (ẍs)ni ]}

(2)

(M, A, R) are the mass, damping and stiffness matrices,
[(xs)i, (ẋs)i, (ẍs)i] is the position, the speed and the
acceleration of the structure on the i axis. (a0, · · · , a5)
are function of (αs, δs).
The dimentionless equation for 1 degree of freedom (�z,
crossflow direction), (Eq. (3)), used allowes evaluation
of the drag and lift coefficients.

m∗ ∂2z∗
s (t)

∂t∗2 + a∗ ∂z∗
s (t)

∂t∗ + r∗ zs(t)∗ = Cz(t) (3)

with :

z∗
s =

zs

d
Cz =

2 fz

ρref. d u2
ref. l

t∗ =
t uref.

d
a∗ =

2 a

ρref. d uref. l

m∗ =
2 m

ρref. d2 l
r∗ =

2 r

ρref. u2
ref. l

d and l the diameter and the length of the structure, uref.
and ρref. the flow reference speed and density.

Mass m [kg] 3.384
Damping c [kg/s] 0.00286
Stiffness k [N/m] 1.44
Natural frequency f0 [Hz] 0.1
Reduced velocity 1.18
Mass-damping 0.013

Table 3: Caracteristic parameters of the structure (tube)

Figure 9: Lift coefficient spectrum of the central cylinder
motion and Von Kàrmàn frequency after order shedding

Figure 10: Reduced amplitude (A/D) of the cylinder
displacement as a function of time

On Figure (10), the displacement of the free motion
cylinder is shown. This motion leads to the appearance
of a second high-energy frequency peak on the spectrum
of the lift coefficient on Figure (9). This means that the
motion is not only due to the Von Kàrmàn instabilty,
but also ruled by a fluid-structure interaction process
that induces a new frequency.

5 Conclusions

This present study discusses the prediction of fluid elastic
instability, and of the unsteady loads in a tube bundle at
high Reynolds number. The NSMB, Navier-Stokes Multi
Block, code has been used.
Comparison of turbulence modeling approaches has been
carried out to capture the unsteady dynamic loads due
to the fluid-structure interactions. The oscillatory car-
acteristics is well predicted, particulary concerning the
drag coefficients. The OES modelling improves the co-
herent structure prediction in the cylinders bundle that
is attenuated in classic URANS approach.
The dynamic case allowed evaluation loads evolution in
case of fluid structure interaction, and quantification of
the loads due to turbulence as well as of those due to the
structure’s motion, by comparison of the static case to
the dynamic one.
The DDES approach is promising for the generation of
three-dimensionnality and for creation os spanwise pre-

58 ERCOFTAC Bulletin 86



dominant wavenumbers. These 3D computations are
continued to provide converged statistics and a detailed
comparison with the experiments.
In future developments, a comparison will be carried out
between experimental results provided by CEA, EDF
and simulation results provided by IMFT, for this typical
configuration.
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