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Résumé :

Les solutions disponibles pour I'analyse et la datian 3D de phénomenes d'interactions fluide-sinoe
appliqués sont généralement : soit trop lourdesa@hplexes en termes de résolution soit plutdtcddfia
gérer pour des solutions découplées utilisant dmdes de calcul séparés et communiquant entreBans
le présent article, une solution faible-forte eségentée, dans laquelle la déformation dynamiqudade
structure est résolue par une méthode éléments fila solution de I'écoulement fluide par unehude
volumes finis. Les solutions sont intégrées etmipées a partir d’'une interface unique. A partir de
modele éprouvé, des possibilités de calcul surcdesndustriels sont rendus plus aisés pour I'ingénen
mécanique, tant pour des interactions fluides stmes a interfaces séparées, que pour des cas
d'interactions volumiques (milieux poreux). Deuxpligations typiques de validation sont présentées
interaction fluide structure (FSI) et en transfetftermique conjugués (CHT).

Abstract :

3D direct simulations in the field of applied inthisl fluid-structure interaction problems are ofteither to
heavy to solve (computational resources for e.tfly fooupled methods, matching single solution with
different physical phenomena...), either difficult tmnage when the coupling is performed externally
between two independent codes. Present articlesespan integrated (interfaced) method which couples
finite volume methods and finite element methodeegpectively fluid flow analysis and structurérg¢ss or
thermal) analysis. Coupling operations are perfodnéth inhouse specific methods, which allow fliixb

in coupling and is kept open for advanced couplimgthods through user-coding. With this practicatl an
accurate tool, many industrial problems involvidgid-structure interaction can be solved by mechahi
engineers. Three specific applications of such tngre presented.

Mots clefs :Mechanical engineering, numerical simulation, FluidStructure interaction, Conjugate
Heat Transfer, Finite volumes, Finite elements

1 Introduction

Fluid-structure interaction studies are now incregly being used in many areas. Examples include
response of aircraft structures to wind loadsufailanalysis of walls of process equipments subjetd
transient flow fields, interaction of flow and hetansfer through porous heat exchangers andsfilter
interaction of electric fields and multi-phase fléields in electrolysis, coupling of magnetic fisldnd flow
of conducting fluids through cooling channels. Maityiations of fluid-structure interaction involpeocess
with a wide range of length and time scales. Hahee very useful to have a solution method, whish
flexible enough to allow the treatment of indivitlygaocesses according to their characteristic leragtd
time scales and at the same time is accurate dfidiently coupled. In general two approaches agediin
fluid-structure interaction modelling: (a) monolithand (b) partitioned. A review and comparison of
different fluid-structure interaction methods areeg by Loon et al [6]. In this paper we describgeaeral
three dimensional flexible partitioned fluid-struct interaction solver, Fluidyn-MP, developed todst
interaction of flow, stress, temperature, elecamcl magnetic fields. Section 2 describes diffeempiects of
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the model and Section 3 describes three case stididustrate the use of this model.

2 Fluid-Structure Interaction Model

The computational model includes the equationsniattiple fluid flows through porous media, heat and
electric conduction and displacements in porous soidll structures, and the additional conditionghat
solid-fluid interfaces.

2.1 Fluid Flow Solvers

Fluid flow solvers solve three dimensional unsteamy steady Navier-Stokes equations along with
conservation equations for e.g. electric, magrestt any additional user specified scalar fields spetific
models for porous media, gaseous and surface oeacind two phase flows. They are based on finite
volume methods and are implemented for both thdructsred and multi-block structured mesh. The
equations are solved in both steady and transietemwith the latter using both explicit and imjtlic
methods. All the variables are computed at the eteéncentres and are interpolated on to the nodes to
exchange them with the structural solvers. The eotive flux calculations are modified to include tmesh
movement due to the domain deformation resultinogfstructural displacement.

2.2 Structural Solvers

The stress analysis solver uses convective codedaggproach. The use of convective coordinate agpro
and incremental strains enables handling problewslving large displacements. The boundary conaktio
include specified nodal forces, nodal displacemeptessures, body forces and nodal temperatures. Th
external loading may be constant or time dependgmcified as a piecewise linear function of time).
Temperature distribution in the solid is obtaingdsblving the steady or unsteady heat conductioaisan
using finite element method. The thermal boundasgddions include specified boundary temperature,
boundary heat flux, element/nodal heat generationyective and radiation boundary conditions. #réhis

a specified convective surface present as a floithtary to the solid then the convective flux taters the
solid from the fluid according to Newton’s law obdaling is calculated using the local heat transfer
coefficient and the fluid temperature. Electric amdgnetic fields in the structure are also caledlan
similar way.

2.3 Fluid-Structure Coupling

In FSI applications, pressure load at fluid bougdaces at F-S interface is transferred to theesponding
structural boundary faces. The pressure load iverted to nodal forces at structural nodes. Theahod
displacements calculated from these external néol@es are transferred back to the fluid nodes. In
CHT(Conjugate Heat Transfer) applications, the hiat (in the form of the film coefficient and
temperature) at fluid boundary faces is transfetoethe corresponding structural faces. The facered
flux value is transferred to structural nodes fogrmal calculation. In the thermal solver, the faeatred
flux value is used to compute the nodal heat valaeshermal conduction calculation. The resultimagal
temperatures are passed back to the fluid nodeésw@asdary temperatures. The above coupling scheme is
exact in case of matching mesh (node-node andffeeematching).
To facilitate the use of non-matching F-S interfaaaother coupling method is used [2,3]. The evialoaf
loads on the structure induced by the fluid anddisplacement of the fluid mesh induced by thecstmal
motion must satisfy the requirement of conservatbwork and accuracy. The principle of virtual was
used to ensure conservation of energy. This cogigoheme involves converting face-based valueh@n t
fluid boundary face to values on the fluid noded aging an interpolation matrix to transform fluiddal
values to structural nodal values. Considering reegd non-matching interface, this matrix is a sooare
matrix. The displacement of CFD gridix expressed in terms of the structural displacésnerusing the
transformation matrix@] as:
Xi = [G] Xs
The requirement of conservation leads to a corregipg matrix for the transformation of forces:
fsT dxs: ffT de = ffT [G] dXs
fs = [G] T ff
2
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The coupling for conjugate heat transfer betwedid smd fluid is done through an exchange of bouyda
conditions at the F-S interfaces of interest. Litkeéhe case of pressure, the flux and temperatwhamge
across possibly non-matching F-S interface is dmieg a suitable transformation matrix. Conservatb
heat flux condition ensures accurate exchangeaiffhex across the boundary.

2.4 Remeshing

Fluid nodes may be classified as: (1) interior soflieterior to fluid domain), (2) boundary nodedta F-S
interface, and (3) boundary nodes not at the Ft&face. During remeshing the interior nodes may be
moved anywhere within the fluid domain, the bougdawdes at the F-S interface follow the correspogdi
structural nodes, and the boundary nodes, whicinatrat the F-S interface, may be modified, subje¢he
condition that the fluid domain boundary may ncaroe.

3 Case Studies
3.1 Fluid-Structure Interaction: Deformation of Structu re

3.1.1 Flutter Motion of Agard 445.6 Wing

The implemented method has been used to studyldttering of a wing with symmetrical profile (see
Kumar et al [4]). This is a problem where the fland structure interacted at a surface and in which
conformal mesh between fluid and structure is raaied (relatively small overall mesh sizes). Mahmyga
wood wing is considered, with orthotropic propestiBeformation modes are computed at first as desitr

in figure 1.
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FIG. 1 — Computational domain and structural maglemutation of the clamped Mahogany wood wing of
AGARDA445.6 Wing.

After that, fluid-structure computations are penfied for different Mach numbers (M= 0.64, M=0.92,
M=1.14). For each Mach conditions, parametric gsidire performed, by ranging the flight conditioms
order to capture transition from stable (dampedjristable (flutter) motions. Transition is visilttgough
variation of the dimensionless flutter velocityfided as:

= V
L¢; bswar/1t
whereV is the free-stream velocits wing chord at roote, frequency of the first uncoupled torsion mode,
M= m/ov mass ratio, witlm mass of the wingp density and/ volume related to the wing geometry, for each
Mach number. The reduced frequengy/w, is also reported (the frequency of the structurades are
affected by the presence of the fluid). Note tinat dimensionless flutter frequency is proporticimathe
square root of the dynamic pressure. Physicallyinarement of dimensionless velocity correspondarto
increment of dynamic pressure. When the dynamicsure exceeds the flutter limit, at a given Mach

3
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heaeroelastic system becomes unstabl
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FIG. 2 — Trace point of the structure at tip of tiag, and displacement record for differ&ntalues
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FIG. 3 — Fluid flow and stability transition limitsbtained compared to [5]

The fluid solver used is NSNT, available in Fluiedyi® solver library, which is a segregated iterative
collocated pressure based finite volume methoddartion of fluid flows at all speeds (includingogusonic
flows). A simple “Euler-type” flow is computed witbptimized mesh refinement along and perpendidolar
the wing.

For each simulation, the time-history of the displaent at the structural node located at wing-sige (
Figure 2), on the trailing edge, was recorded. Tilude was chosen because it is the locus of thermaj
displacement for all of the first four modes, whiehsures the possibility to detect the displacesent
associated to these mod¥sis chosen first as to be in the stable domain (desmards), and progressively
upgraded (parametrically), by increasing local anbipressure value (flight static pressure). As19ee
Figure 2 (right), limit is reached when the locaximum displacement of the wing tip results in stained
signal (limit between damped signal and amplifiighal).

The results obtained by the direct time-domain timns are in good agreement with the experimeddtd,
in terms of dimensionless velocity transition lisn{tigure 3) and validate FSI procedure for suokw§. For
values of Mach number below Mach=1 (subsonic aadswnic flows), transition to flutter motion is el
predicted while for M>1, a small discrepancy appeahich indicates that the compressible effeatiside
some different behaviour of the wing, due to premhamt shocks-waves over the wing profile.

This module has been proven to work after a pamengtudy on mesh refinement around the wing, time-
steps to be used in transient, and also on perfaenaf CFD solvers. This module is being used foran
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complex aeroelastic case studies around aerodyriadies.

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

The objective of this study is to validate the vokibased F-S interaction for conjugate heat trangté
local thermal non-equilibrium model implementedFiluidyn-MP with experimental data of Calmidi and
Mahajan [1]. In this model, the energy equatiors solved separately for the solid and the fluidj are
coupled through the local heat transfer betweenstiel and the fluid. This model is found to be mor
appropriate, than the dispersion model (where #actdfe conductivity is used) when the conductestiof
the solid and fluid are highly different or in tpeesence of large heat generation in the domagur€is
shows the problem domain. It consists of airflovotlgh aluminium metal foam. In the experiment thanh

is heated from one end and the temperature variaidhe top surface of the sample along the lemgyth
noted with the help of thermocouples. The averagsshlt number is calculated using the averageef th
measured temperatures along the wall. The Nuseselbers obtained from the computation, for different
flow conditions are compared with the above values.
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FIG. 5 — Fluid Schematic for the flow through amduad a porous structure: Geometry and FSI mesh

In this study, the steady volume-averaged momergguation that governs fluid flow in porous media is
considered. The source term accounts for the preskop due to viscous friction at the walls of thetal
foam and pressure drop due to the form drag. Foimealculated using Darcy’s law and the latter is
calculated using Forscheimer model.

Simulations are done for different inlet velociti€sgure 6 shows the experimental and computed élluss
numbers for different inlet velocities.
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FIG. 6 —Variation of Nusselt number with product of Reynolds and Prandtl numbers (Re Pr).
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Comparison is very good at lower velocities. Athdg Reynolds numbers (higher velocities) there is a
difference of about 8%. This error can be attridute due to the average boundary wall temperature
specified at the heated wall instead of measurehla temperature. Figures 7 show the longitudinal
variation of temperature in the fluid and the soligspectively. It is expected that near the ithet fluid
temperature would be much less than the solid testyre, which is correctly captured by the present
model.

312 4 312 -
310 310
> 3081 o6lmis L |
o —061mis = ,
£ 306 o 308
2 1.0 m/s 5 ——0.61mis
[} 3.2m/s ) :
g 302 + S 304 1.75 m/s
£
2 300 @ —3.2m/s
208 - Toso2
296 ; : | 300 | | |
0 0.05 0.1 0.15 0 0.05 0.1 0.15
Length (m) Length (m)
FIG. 7 — Longitudinal variation of temperature lire ffluid (left) and solid (right)
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