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ABSTRACT In this paper, we present the global set of elements required for the numerical simula­
tion of wind effects on elementary bridge profiles, particularly possible aeroelastic instabilities. 
We also propose a possible methodology which is based on an efficient coupling algorithm, a 
finite-element solver for three-dimensional incompressible Navier-Stokes equations in a moving 
domain and a structural solver. The fluid solver is detailed, the emphasis being put on the ALE 
formulation. Numerical and experimental results are compared for cases with a structural rigid 
motion. On a rectangle, numerical simulations for forced oscillation (heaving or rotation) are 
qualitatively correct, rather inaccurate, but in good agreements with free oscillation numerical 
simulations though. On an H-shaped section close to the Tacoma Narrows bridge profile, nu­
merical results are both qualitatively and quantitatively very satisfactory and promising. 

RESUME. Dans cet article, nous presentons Ia problematique globale de la simulation numerique 
de /'effet du vent autour de profits de pont elementaires, notamment ['apparition d'instabilites 
aeroelastiques, et nous proposons une methodologie qui repose sur trois elbnents essentiels : 
un algorithme de coup/age, un solveur en elements finis des equations de Navier-Stokes 
tridimensionnelles "incompressible" en domaine deformable et un solveur structure. Le 
solveur fiuide est presente en detail, notamment son implementation en formulation ALE. 
Les resultats numeriques et experimentaux son/ compares sur des cas-tests ou Ia structure 
est e1. mouvement rigide. Sur un rectangle, les simulations numeriques en mouvement force 
en translation ou rotation donnent des resultats encourageants, assez imprecis, neanmoins 
coherents avec des simulations numeriques en mouvement fibre. Sur une section proche de 
celle dupont de Tacoma, les resultats sont qualitativement et quantitativement Ires prometteurs. 

KEY WORDS : Fluid-structure interaction, wind effects, aeroelastic coefficients, finite elements, 
ALE formulation, coupling algorithm, torsional flutter, vortex shedding. 
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1. Introduction 

Acroelastic instabilities of civil engineering constructions such as suspension high­
rise buildings and bridges have been the subjects of many experimental studies (see 
[WAS 78] for a good collection of references). With the increase in computational 
power, the numerical simulation of such phenomena is now possible and some preli­
minary works have already been reported [NOM 92]. 

In this paper, we present the global set of models, numerical methods and algo­
rithms which are required for the numerical simulation of wind effects on flexible 
structures. These elements could be compared to those required for experimental si­
mulations in wind tunnels, and our goal is to reproduce experimental results with 
computational simulations in order to reduce the simulation costs and eventually the 
design of civil engineering projects. 

We propose a possible set of numerical methods and algorithms to obtain efficient 
and accurate unsteady numerical simulations of aeroelastic instabilities of bluff bodies 
in a steady wind. The objective of this paper is to present and validate on preliminary 
simulations a global methodology. This global methodology is based on three main 
clements, which are the global coupling algorithm, the fluid flow solver and the struc­
tural solver. The global resolution is unsteady, no harmonic or modal assumptions are 
made. The coupling algorithm proposed in this paper was successfully developed for 
aerodynamic instabilities in compressible flows [PIP 97]. This staggered algorithm, 
i.e. the fluid and the structure are advanced in time successively and separately, was 
shown to be very accurate with time steps much larger than those used in this paper. 
The fluid solver deals with the incompressible Navier-Stokes equations in three di­
mensions and in a deforming domain. This necessary feature is implemented using an 
ALE reformulation of an existing code [PAR 92]. The structural solver is very simple, 
since this paper only deals with rigid sections of cylinders. The structural model itself 
is elementary (three degrees of freedom for rigid transverse motion of a section). 

Our goal here is to numerically reproduce forced oscillation and free oscillation 
experiments of two benchmark sections: a rectangular cylinder of chord to thickness 
ratio equal to 4 and a cylinder with a H-section close to the profile of the Tacoma Nar­
rows Bridge. These sections have been chosen because many experimental reports are 
available [SCA 79, SCA 71, WAS 78, WAS 80]. The simulations have been limited to 
rigid motions of deck sections to allow quick computations on a typical workstation. 
For each cylinder and for each type of experience, calculations are led under constant 
winds and numerical results are then compared with experimental results. The quality 
of these numerical results as well as their computational cost are discussed. 

In Section 2, we present the Fluid-Structure interaction models both from the ma­
thematical and from the experimental point of view. In Section 3, we describe the 
numerical methods used for the simulation. The flow is solved using a finite-element 
ALE solver, whereas the simple structural model is integrated using the trapezoidal 
rule. The coupling staggered algorithm is also given. Then, we report numerical results 
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for all benchmarks, including forced and free oscillation experiments on the rectangle 
and H-shaped cylinders. 

2. Fluid Structure interaction models 

For the purpose of this study, we only consider two-dimensional flexible structures 
in rigid motion. Such structures play the role of a section of a bridge deck. The global 
strategy developed here could actually deal with linear (or even non-linear), three 
dimensional structures in small displacements and deformations. The basic concepts 
and theories implemented are first described in detail. A state of the art review on 
fluid-structure coupling experiments in wind tunnels is then presented. 

2.1. Simulation models 

The numerical simulation of flows past oscillating obstacles requires the solution 
of the Navier-Stokes equations on moving and possibly deforming grids. This involves 
formal models both for the motion of the structure and for the flow surrounding the 
body. The coupling between those two models appears in the force term expressing 
the action-reaction principle between the fluid and the obstacle. Our objective here 
is to give a short description of the physical models used in this study. For fixed bo­
dies, those models introduce the so-called aerodynamic coefficients: drag, lift and mo­
mentum whose definition is given here. When the structure is moving, the aeroelastic 
analysis first investigated by Scanlan [SCA 71] is commonly used and applied here. 

2.1.1. Governing equations 

The main equations governing the fluid motion are given here as well as the equa­
tions governing the mechanical behaviour of the bluff body. 

Fluid equations 

We consider an external, viscous, incompressible flow around the deck section. 
Therefore, the three-dimensional fluid domain st(t), depicted in Figure 1, depends 
on time. During the last few years, direct numerical simulation (DNS) or large eddy 
simulations (LES) have made significant progress. Turbulence models have also been 
fully tested under a wide range of flow configurations [TRA 97]. For the particular 
case of unstructured moving and deforming grids, we need additional, careful spatial 
and temporal discretization methods, and a robust strategy for constructing dynamic 
meshes. For that reason, in this first stage we will deal with the laminar unsteady 
incompressible Navier-Stokes equations in three dimensions: 

{ 
au ( _ ) _ _ 8t + u.\7 u- v6.u + \lp = 0 

v.u = o 
[I] 
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Figure 1. The time-varying fluid domain !l( t ). 

where u and p denotes respectively the fluid velocity and the reduced pressure (pres­
sure divided by p F). v is the kinematic viscosity. 

The boundary 8!l(t) is made of two distinct parts: a far field boundary and the 
deck profile f( t). Dirichlet type boundary conditions are assumed on both parts of 
8!l(t). We set the following boundary conditions: 

{ 
far field boundary r 00: 

structural boundary r( t): 
u(t,i) = lioo 
u(t,i) = iis(t,i) ' [2] 

where U00 is a user set wind velocity (in this case, U00 is steady, but could be replaced 
by a function of the time lioo(t) in order to reproduce atmospheric turbulence) and 
U5 ( t,i) is the structural speed at point i and at timet. The second boundary condition 
is a no slip condition on the fluid-structure interface. 

The dimensionalized fluid forces F-;, per unit surface exerted on the structural 
surface (n denotes the local, external normal to the surface) depend on the pressure 
and the viscous stress terms. 

F-;. = PF [-pn + v (Vu + VuT) n]. [3] 

Structural model 

The structure is a simple bridge deck section (circular, rectangular or H-shaped 
cylinders) and is assumed rigid. The width D of the section (in the direction orthogonal 
to the plane of Figure 2 for example) is fixed once and for all. Only two degrees of 
freedom are given: the vertical displacement y and the rotation B around the center of 
rotation (which is also the center of symmetry). Equations for the evolutions of y and 
e are written in a dimensional form: 

{ 
mjj +SoB+ CyY + kyy 
Sojj +loB+ coB+ koB 

[4] 
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where m, Ie and Se denote respectively the mass of the section, and the inertial and 
static moments of the section around the elastic center; Cy and ce are damping co­
efficients for each degree of freedom, and ky and ke are the corresponding stiffness 
coefficients. The profile is described on Figure 2. Finally, Lx, Ly and Me are the drag, 

.... 
Section at t 

Section at t=O 

X 

Figure 2. The two degree-of-freedom deck section. 

lift and moment (around the elastic center) per unit span exerted on the section by the 
fluid. The fluid force F;, (see Eq. [3]) is exerted along the deck profile r(t). They are 
then given by: 

[5] 

Me [6] 

where r is the location vector taken from the center of elasticity and dl is an element 
of the contour r( t ). 

2.1.2. Aerodynamic coefficients 

For vortex shedding flows such as those encountered in the aerodynamic analysis 
of suspension bridges, it is essential to capture correctly the Strouhal number defined 
by S = f H / U 00 , where f is the dimensional frequency of the vortex shedding and 
H is a characteristic length scale of the obstacle in the direction perpendicular to the 
main flow. Vortex shedding is responsible for a periodicity in the pressure field exerted 
on the structure and accounts for the resulting unsteady forces. 

For fixed bodies, the commonly non-dimensional numbers used to characterize the 
behaviour of a structure submitted to a force exerted by a flow are the drag, lift and 
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moment coefficients (per unit span). Those unsteady quantities are given by: 

C _ Me 
M- 0 5 2 B2 · Poo 1/.oo 

[7] 

where the density Poo is the constant density of the incompressible flow, x is the 
direction of the wind upstream and B is a characteristic length scale of the body in the 
direction of the wind. As can be seen, the parameters affecting these coefficients are 
the velocity of the fluid, the size of the bridge, the shape of the bridge, the density of 
the fluid, and the viscosity of the fluid appearing in the expression of the force. 

The drag force appearing in the drag coefficient Cx has several sources: the fric­
tion of fluid flowing overthe bridge (viscous effects) and the difference in the pressure 
of the fluid immediately upstream and downstream of the bridge. As the air has a ra­
ther low viscosity, in most situations, friction drag remains small compared to pressure 
drag. Although it is quite small, the friction drag tends to cause a pressure drop behind 
the bridge, thus increasing the drag component due to pressure effects. It is known 
that turbulent boundary layers produce more friction and pressure drag than laminar 
boundary layers. This point will be the object of further investigations. The lift coef­
ficient Cy is the component of the aerodynamic force perpendicular to the wind. This 
parameter is particularly relevant in wing design. C M may be interpreted as the capa­
city of the fluid to make the obstacle rotate. The moment depends on the value of the 
force, and the arm. Therefore, the value of C M would vary depending on the chosen 
arm. In this study, this value is based upon the aerodynamic center (here the geometric 
center) of the obstacle. 

2.1.3. Aeroelastic analysis 

For the case of moving structures, Scanlan [SCA 71] derived a theory which cha­
racterizes the interaction between the flow and the motion of the structure. This theory 
was guided by the existing works led on airfoils in a classical flutter situation. Basi­
cally, the theory assumes linear expressions for the force exerted by the fluid on the 
structure. The effect of wind on the structure is therefore introduced by the addition, 
in the structural equations, of rigidity and decay terms which depend on the wind ve­
locity. and which tend, in general, to produce instabilities (flutter, galloping ... ). 
Moreover, the aeroelastic analysis of structures of civil engineering involves a set of 
aerodynamic data which can only be obtained from wind tunnel experiments. 
Generally speaking, the three-dimensional modelling of a given structure requires 2-
dimensional aerodynamic data from representative bluff models ("taut-strip models"). 
In order to cover a wide range of reduced velocity values in the measurement of bridge 
deck flutter coefficients using a free oscillation method, three vibration regimes were 
investigated by Scanlan: decaying, steady and diverging. As mentioned before, the 
study is confined to two-dimensional effects and to a rigid model permitting only two 
degrees of freedom (see Eq. [ 4 ]). The expressions for the lift and moment are simpli-



Wind effects on civil engineering structures 665 

fied in the following way [SIM 96]: 

~ 2 B (K H* _j;_ + K H* BB + K2 H*B + K2 H* ]!__) 
2 PU 00 1 2 3 4 B 

Uoo Uoo 
[8] 

Me [9] 

where p is the air density and H{, H2, H3, H~, Ai, A~, A~, A: are the flutter deri­
vatives and]{ = Bw with w, the flutter frequency (model response frequency). These 
sectional equation~have also been generalized beyond the section to three dimensions, 
but this is not necessary in the present two-dimensional context. The theory shows that 
the most relevant parameters are H{, A~ and A~. The H{ coefficient represents the 
response of the vertical motion with torsional motion blocked. It remains negative in 
the majority of cases. The peaks in H{ curves observed in some cases are associated 
with vortex shedding. The A2 coefficient compares the degree for torsional stability 
with the vertical motion restrained. Its sign reversal observed for the large majority of 
bridges tested reveals their intrinsic proclivity towards single-degree torsional insta­
bility (i.e. torsional mode of instability with negligeable vertical motion present). The 
A~ coefficient accounts for the aerodynamic stiffening effect [SCA 71]. 

Assuming that the coefficients H;* and Ai are functions only of the reduced velo­
city, then, Eq. [ 4] and [9] hold not only for sinusoidal oscillation, but for more general 
motions with an exponential term of growth or decay (refer to section 2.2.2). 

It is common to consider a given sinusoidal forced oscillation in heaving mode. 
This simplified approach was chosen for the present study. The expression for the 
vertical displacement is then: 

y(t) = Re[ym exp(iwmt)] [10] 

the lift force expressed in Eq. [8] reduces to: 

L ( ) R [ 1 2 B (. , H* YmWm -2 * Ym) ( . ] y t = e -pU00 zr( 1-- +I\ H 4 - exp ·twmt) 
2 U 00 B 

[II] 

Noting Ly(t) = ~pu~BRe[(CLmR + iCLm!) exp(iwmt)] where CLmR and eLm! 
are the unsteady non dimensional lift coefficients and combining with Eq. [ 11) yields: 

[12) 

A similar analysis can be done for a forced oscillation under torsional mode. 
Considering a cylinder subjected to a sinusoidal motion with constant amplitude: 

B(t) = Re[Bm exp(iwmt)] [13) 
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and assuming an expression of the type 

[14] 

for the moment, one gets: 

[ 15] 

2.2. Wind tunnel tests 

Although CFD techniques have made considerable progress during the last de­
cades, a very important part of aerodynamic research is still based on experiments, 
particularly in the field of aeroelasticity for civil engineering design. Experimentation 
often appears to be the only way to have access to some coefficients of the theoretical 
models. In this section, we give some details concerning the experimental setups and 
techniques generally used to get the main aeroelastic characteristics of the structure. 
An overview of the parameters of interest is then presented and some comments on 
the treatment of the experimental data are provided. Further comments about experi­
mental facilities may be found in [SCA 79], [OTS 74] and [WAS 78]. 

2.2.1. Experimental setup and flow conditions 

The models used for wind tunnel experiments are generally sectional models from 
which surfaces are polished and corners are kept sharp. Two end plates are often 
attached at both ends of the model to make the flow around the structure as two­
dimensional as possible. The scale of the model is typically 1/50. The model is sup­
ported by a couple of springs or by a system of rods associated with an engine. This 
system is designed to allow forced oscillations of the structure either in heaving or in 
torsional mode. 

The characteristics of the reproduced winds are homogeneous over the whole test 
section. The Reynolds number does not necessarily correspond to the model dimen­
sion due to the fact that keeping the Reynolds number unchanged would require very 
high speeds. Air is pulled across the model, rather than pushed, to avoid uncontrol­
led turbulence in the wind. If turbulence is desired, then devices are placed upstream 
of the model to generate controllable, measurable, and repeatable conditions. In the 
wind tunnel ofCSTB in Nantes [FLA 99], dynamometric balances are used to measure 
the global efforts on the model. Those measurements are made during a preliminary 
stage. During the tests, the pressures are recorded at different probes located at the 
wall around the structure. The facility allows investigation of a set of different confi­
gurations including a range of flow velocities, flow incidences and different turbulence 
levels. Moreover, the structure can be fixed or not. For this latter case, free or forced 
oscillations (for different magnitudes and at different frequencies) are allowed. 
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2.2.2. Determination of the aeroelastic coefficients 

From the pressure field and the knowledge of affected surfaces it is possible to 
extract the efforts on the body and the corresponding aerodynamic coefficients. For 
static cases, the aerodynamic coefficients are directly inferred from Eq. [7]. For dyna­
mic cases, two configurations are generally considered: 

-in the case of forced oscillations (either heaving or torsional mode), the lift 
force (respectively the moment) discloses a periodic behaviour from which it is pos­
sible to extract the non-dimensional lift coefficients C LmR and C Lmi (see Eq. [ 12]) 
using a Fast Fourier Transform technique. 

- in the case of free oscillations, the most relevant quantity is the total structural 
energy given by: 

[16] 

This quantity is discussed in Section 3.2.3. An increase in the total structural energy 
shows the fluid is able to transfer energy to the structure. This is the case for aeroelastic 
instabilities (possibly leading to destruction) or limit cycles (possibly leading to early 
fatigue). 

For both cases, Scanlan's coefficients H,* and A: are found from the theory deve­
loped in Section 2.1.3. To accomplish this, y- orB- motion is first restrained to 0 in 
separate experiments. The motion is assumed to have the following expression: 

y( t) 

B( t) 

Yme>-t sinwt 

Bme>-t sin (wt - 81) 

[17] 

[18] 

where Ym and Bm are the amplitudes; 81 is the relative phase and). is the rate of decay 
or buildup of the oscillation. Equating separately the coefficients of cos wt and sin wt 
in Eq. [4] using Eq. [9] and [8] yields expressions for the coefficients H,* and Ai. 
Details about this theory as well as the expressions for the coefficients may be found 
in [SCA 71]. 

3. Numerical simulations 

In this section we first describe the numerical techniques implemented to solve the 
fluid-structure equations (Section 3.1 ). Section 3.2 is devoted to some applications of 
the model to circular, rectangular and H-shaped cylinders. 

3.1. Numerical methods 

We provide here a detailed description of the methods and numerical schemes used 
in this study. 
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3. I. I . Computational coupling of codes 

In most cases, numerical simulations of nonlinear transient aeroelastic problems 
require the use of partitioned procedures where the fluid and the structure subproblems 
are solved by different methods. Except for structural models with very few degrees 
of freedom, the monolithic solution of coupled equations requires the development of 
case-based procedures, which is not economically manageable. This kind of strong 
coupling is nevertheless possible in some cases [THO 88]. The most general approach 
nowadays is to enforce loose coupling, where the coupled system is solved subsystem 
by subsystem, successively. Some variables on the fluid-structure interface are then 
transferred directly between codes, or between a coupling master-code and other pro­
cedures solving each physical subsystem. In both approaches, some heavy information 
transfers have to be dealt with. 

Both fields of loose coupling algorithms [GUR 89, LES 98, PIP 97, LOH 88] and 
computational coupling of existing codes, where methods tailored to different mathe­
matical models are implemented, have known an important development in the recent 
years. These loose coupling approaches allow a maximum of flexibility and efficiency, 
because existing codes are reused in a really modular way, including possible different 
time and space discretizations [FAR 98]. At the same time, many works have produ­
ced general information transfer libraries for the coupling of existing codes (lighlty 
adapted to speak common specification) [CIS97, BEC 99, COC97] and even archi­
tectures for application development based on object technology (DCOM, CORBA, 
etc ... ) 

3.1.2. Structural time-integration 

Most simulations of aeroelasticity phenomena are done with linear or rigid models 
for the structure, especially for civil engineering applications, where the deformations 
of the structure are very small. Whether the structural motion is rigid or is decomposed 
along eigenmodes, the equations of motion for a linear structure can be rewritten into 
a second order differential equation of the form: 

MsX + DsX + KsX = F, 

where X is the vector of generalized coordinates (degrees of freedom, or modal coor­
dinates), X and X denote respectively the first and second time-derivatives of X, and 
A15 , Ds and Ks are mass, damping and stiffness generalized matrices. F is the vector 
of generalized fluid forces. 

If X n' vn' An and pn are respectively numerical approximates for X' X' X and 
F at time t" = nb..t, the time-integration of the structure is usually performed using 
the trapezoidal rule: 

[19] 
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The trapezoidal rule is implicit, second-order accurate, and produces no artificial dam­
ping. Although numerical dissipation can be tuned [HIL 77] to be optimal for high 
frequencies, it can nevertheless pollute numerical results concerning overall physical 
stability, since numerical dissipation competes with the energy transferred by the fluid 
to the structure (in the case of the fluid-structure system getting unstable). 

3.1.3. Fluid time and space discretizations 

The fluid equations have to be solved in a moving domain. The most general tools 
available are based on Arbitrary Lagrangian-Eulerian (ALE) approaches, which can 
be adapted to finite element methods [DON 82, NOM 92] as well as to finite volume 
methods [BAT 90]: fluid equations are sort of rewritten in a local moving frame of 
reference and conservation equilibria on elementary volumes are actually rewritten 
on elementary moving volumes. However, this kind of method could be quite heavy, 
compared to simplified approaches like transpiration methods [HUF 93], where only 
boundary conditions at the fluid-structure interface are modified to take the structural 
motion into account [CHA 99, MED 99]. 

In the wide family of three-dimensional finite element Navier-Stokes equations 
solver, we have chosen to use a hybrid PI-bubble/PI finite-element solver [PAR 92], 
originally applied on fixed unstructured tetrahedral meshes, which could be easily 
transformed into an ALE Navier-Stokes solver (without weak reformulation ofNavier­
Stokes equations in space-time finite element spaces). This solver is known for its 
good stability for a rather small number of degrees of freedom [ARN 84]. A compres­
sible solver (specially tailored to low Mach numbers) could be used for the numerical 
simulations of wind effects on bridge decks. But an incompressible solver could be 
used as well for other fluid-structure interaction problems, like off-shore and marine 
structures (deep water riser pipes [WIL 99], pipelines [MAY 99], ships [BER 99]). 

On a fixed grid, the momentum conservation equation can be rewritten using the 
material time derivative of the fluid velocity itself: 

~lt [ii(t,x(t))]- vllu(t,x(t) + \lp(t;x(t)) = 0, 

where x(t) is the Eulerian location of a characteristic curve for the fluid velocity field 
u, i.e. x'(t) = u(t,x(t)). The following time discretization is used: for any point X, 

we can backtrack over a time step llt the characteristic curve [PAR 92] ending at x, 
yielding X~t(x). We use a first-order backward Euler implicit scheme, which yields 
for the momentum and mass conservation equations: 

{ 

>1(tn+~x)-:t·XM(x)) - vl>U(tn+~x) + V'p(tn+',x) ~ 0 

[20] 

'V. u(tn+~x) = 0 

where llt is the time step and tn+l = tn + llt. If the only term depending on ii( t" ,. ) 
is put on the right hand side, the preceding equation takes the form of a generalized 
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Stokes problem for the fields u(tn+~.) and p(tn+~.). A variational formulation is de­
rived from the generalized Stokes problem [20] and yields a linear system of the form 

A U-n+l + B pn+l _ pn+l 
hh hh -h, 

BT an+l - xn+l 
h h ·- h ' 

[21] 

where Ah is the symmetric definite positive matrix associated with the elliptic opera­
tor kIT- v/:,., Bh is the matrix associated to pressure gradients, FJ:+ 1 and x~+l are 
source terms deriving from the explicit term u(tn,Xc.t(x)) in Eq. [20] (in the weak 
variational form, products with test functions are computed using Gauss quadrature 
formulas over tetrahedra, and x is the Eulerian coordinate of the Gauss points consi­
dered) and boundary conditions. The linear system in Eq. [21] is solved with a Uzawa 
method [PIR 88], where the new linear system on p~+l is iteratively solved with a 
preconditioned conjugate gradient algorithm [CIA 78]. 

The derivation of an ALE solver of Navier-Stokes equations for an incompres­
sible viscous fluid is very simple. The fluid domain O(t) (see Figure 1) is deforming. 
Thus its discretization must be modified at each time step. This can be done smoothly 
and efficiently, by techniques (proposed by Batina [BAT 90] and generalized by Le­
soinne and Farhat [LES 93]) deriving from an elastic analogy (details can be found in 
[PIP 97]). 

Equations [20] are purely Eulerian, since the fields u and p depend on the coordi­
nate :r in the laboratory. The time scheme must be rewritten in moving coordinates ~ 
linked to the moving grid. For any~. i.e. for any grid point, we denote by x(t'\0 its 
Eulerian position at time tn. We also replace z(t,x(t,O) by z(t,O for any quantity z. 
Equations [20] can now be rewritten for any ~ as 

{ 
u (tn+~~) - u (~;Xc.t(x(tn+~O)) - v/:,.u (tn+~o) + \Jp (tn+~o) = 0 

v.u(tn+~o = o 

where x( t) is now the Eulerian location of a characteristic curve for the flow u - v 
(i.e. x'(t) = (u- v)(t,x(t))), and vis the vector field of grid velocities (i.e. v(O = 
-&:r(t,O). Characteristics based on the field u- v may seem strange, but the physical 
meaning is clear: Lagrangian characteristics should be backtracked according to u, 
but computational values, which are linked to the grid, travel with the velocity field 
v. Thus characteristics in the mixed coordinates are backtracked according to u- v. 
Indeed, this algorithm yields only a global first-order time-scheme. Improved charac­
teristics and algorithms should be considered to achieve second-order time-accuracy, 
which could be crucial for the accurate numerical simulation of phenomana like vortex 
shedding, easily polluted by artificial dissipation. 

Again, the term u (tn,Xc.t(x(tn+l,O)) in the preceding equation, can be consi­
dered as a source term in a generalized Stokes problem. We should point out here that 
all computations, including for this source term, can be done in the mesh configura­
tion at time tn+l (see [PIP 98] for details). The derivation of an ALE solver is now 
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completed. One time integration from time tn to time tn+l is done in the following 
way: 
Step 1 - Compute the vector field v of vertex velocities for the current time step, 
Step 2- Update the mesh by moving the grid points, 
Step 3- Update finite element matrices involved in [21] depending on the geometry, 
Step 4- Compute the characteristic term deriving from u ( tn ,XLl.t (x( tn+l ,0)) (again, 
in the weak variational form, products with test functions are computed using Gauss 
quadrature formulas over tetrahedra, and~ is the mixed coordinate of the Gauss points 
considered). For each mixed coordinate~, 

Step 4a- Backtrack over !::it the modified characteristic curve X starting from~­
Step 4b - Compute the mixed coordinate (of the point obtained, 
Step 4c- Get the not yet updated value u( tn ,(). 

Step 5 - Solve the generalized Stokes problem. 

3.1.4. Coupling algorithm 

The coupling algorithm might be a crucial element for the accurate prediction 
of the stability or instability of a coupled system. Near the stability limit (flutter in 
aerospace aeroelasticy, vortex shedding in civil engineering, etc ... ), the surrounding 
flow is on the verge of transmitting energy to the flexible structure. Before instability, 
the f1ow acts as a damper. Beyond the stability limit, the flow yields what is called 
negative damping. 

An important aspect of the numerical simulation of this kind of phenomenon is 
that numerical methods produce in general their own artificial numerical damping. 
Moreover, even if existing accurate methods for the numerical simulation of a fluid 
and a structure (which individually produce a very weak numerical dissipation) are 
used, the coupling of such methods can induce an artificial damping, which pollutes 
the whole simulation and can make the estimate for the stability limit very inaccurate. 

In the family of staggered partitioned procedures, some algorithms have been de­
veloped [LES 98, PIP 97], which are energy-accurate (i.e. the numerical damping of 
the coupling algorithm is very small for steady harmonic motions) [PIP 99]. For nu­
merical results presented here where numerical validation was sought, we have used a 
staggered algorithm (which can be used up to thirty time steps per period of coupled 
oscillation [PIP 96]) with rather small time steps. The coupled algorithm, for a time 
integration from time tn to time tn+l = tn + D.t, is the following: 
Step 1- Compute the structural prediction .fn+l = xn + ~~ (3Vn- vn-l). Then, 
deduce a prediction for the location of the fluid-structure interface and construct a 
new mesh by propagating the displacement to internal fluid vertices. Store the grid 
velocities v. 
Step 2 - Advance the fluid from tn to tn+l using the fluid ALE solver. Compute 

~ n+l 
the fluid forces FF of [3] on the structure at time tn+l and the corresponding 
generalized forces Fi):+ 1 given by [5] and [6]. 
Step 3 - Advance the structure with the trapezoidal rule [ 19] and with the corrected 
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forces pn+l = 2F;+l - pn. 

Note that with this kind of algorithm, the matching condition on the Huid and 
structural boundaries is relaxed: at the end of the current time step, the fluid boundary 
matches the second-order accurate prediction "yn+ 1 , which is slightly different from 
the result of the structural integration xn+l. This is not the case for all algorithms (see 
for example [LES 98] for a leap-frog type staggered schemes with enhanced matching 
properties). 

3.2. Simulation results 

In this section, we review numerical results obtained for a panel of significant test 
cases. Most cases are indeed two-dimensional, since mainly two-dimensional experi­
mental results only are available. Our really three-dimensional solver is then used in 
a suboptimal way. We intend to make further validation tests for our code in really 
three-dimensional configurations, like details at the top of bridges or structures in a 
surrounding flow. Seeking validation of the global code in fixed grid and for the com­
putation of resulting forces, we first consider fixed cylinders. 

We then study the oscillation responses of a rectangle cylinder, both for forced 
and free oscillations. Numerical and experimental results are compared. Finally, we 
investigate the aeroelastic response of a simplified Tacoma Narrows Bridge deck for 
different constant wind speeds. 

3.2.1. Fixed cylinders 

We first consider the unsteady laminar flow of a viscous incompressible fluid past 
a circular cylinder of radius R = lm. We have used u= = 1m/ s and v = O.Olm 2 j s, 
which sets the Reynolds numbers (based on the diameter d = 2R of the cylinder) to 
Re = 200. Both numerical and experimental results for this test case are reviewed in 
[LEC 84]. 

After a transient phase, a periodic vortex shedding appears. The corresponding 
Strouhal number is defined by S = fdfu=. The unsteady lift and drag coefficients 
(per unit span) are plotted on Figure 3. These adimensional coefficients are given by 
Eq. [7], taking H = d. Classically, f is the frequency f y of oscillations for the lift 
coefficient Cy. Numerical results show something commonly observed: the frequency 
fx of oscillations of the drag coefficient Cx is approximatively fx = 2fy· 

The numerical results for the fixed circular cylinder are in very good agreement 
with the results reviewed in [LEC 84]. For several values of the time step /::,t, the 
numerical results for S, as well as the average values and amplitudes for the lift and 
drag coefficients are reported on Table 1. They are compared with the averages of 
values reported in [LEC 84]. The values obtained by the fluid solver are in the range 
of other numerical and experimental values. It can be noticed that the time step /::,t has 
some (limited) influence on numerical results. This is probably due to the method of 



Wind effects on civil engineering structures 673 
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LJ..ft Cx1t) ----

Figure 3. Lift and drag coefficients (fixed circular cylinder) 

characteristics chosen for the treatment of the non linear advection term. As the time 
step increases, the second-order error in characteristic curves becomes preponderant. 

Cx Cy Strouhal S 
L'.l.t = 0.05s 1.242 ± 0.029 ±0.546 0.188 
L'.l.t = 0.10s 1.253 ± 0.029 ±0.535 0.181 
L'.l.t = 0.15s 1.265 ± 0.028 ±0.518 0.175 

Numerics [LEC 84] [1.17 - 1.58] ± 0.04 ±[0.4- 0.7] [0.15- 0.194] 
Experiments [LEC 84] 1.30 [0.16- 0.19] 

Table 1. Numerical and experimental S, Cx and Cy (fixed circular cylinder) 

We reproduce the same type of numerical simulations for a fixed rectangular cy­
linder. We consider a rectangle of chord to thickness ratio B I H equal to 4 (B denotes 
the chord, the length of the rectangular deck in the direction of the uniform flow, and 
H is the thickness of the deck in the perpendicular direction). The fluctuation of the 
flow in the wake behind the stationary rectangle also has a periodic behaviour after a 
transient phase. The periodic vortex shedding is again characterized by the Strouhal 
number S = f HI U 00 • We consider experiments with a Reynolds number based on 
the thickness H Re = Huoolv = 20000 (H =1m, U 00 = 1mls, v = 0.00005). No 
turbulence model is used in the computations. 

The unsteady lift and drag adimensional coefficients (per unit span) again are given 
by Eq. [7], with the length c playing the role of D. Again, the shedding frequency f is 
equal to the frequency of lift oscillations, and equal to the half of the frequency of drag 
oscillations (see Figure 4). Numerical simulations predictS= 0.128, which is in very 
good agreement with the value given by experiments [OTS 74], which isS~ 0.13. 
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Figure 4. Lift and drag coefficients (fixed rectangular cylinder with B I H = 4) 

3.2.2. Forced oscillation response of a rectangle cylinder 

We aim at reproducing experimental results reported by Washizu et al. [WAS 78]. 
With numerical simulations of forced oscillations in a heaving mode, we want to study 
the aeroelastic instability of a rectangle cylinder of aspect ratio equal to 4. The cylinder 
is given a forced sinusoidal oscillation y(t) = Ym cos(wmt) and the resulting aerody­
namic lift force Ly ( t) is computed over a certain number of periods T m = 27T I Wm. 

The frequency response part Lm(t) of the signal Ly(t) is defined [OTS 74] by 

with 

The numerical simulation is extended over a great number of periods (typically 
T = 30T m). It is frequently found convenient to deal with non-dimensional lift coef­
ficients (per unit span) C LmR and C Lmi defined by (refer to Eq. [ 12]) 

The non-dimensional numbers CLmR and CLmi give information on the effect of 
aerodynamic forces on the profile, when it is moving in a heaving mode with pulsa­
tion Wm. More precisely, if the coefficient CLmR is positive (respectively negative), 
the fluid plays the role of an added mass (respectively an added stiffness). The dam­
ping effect of the fluid on the structure is directly related to the coefficient C Lmi. If 
C Lmi < 0, the fluid receives energy from the structure. It plays an actual damping role 
and the frequency analysis will conclude that the structure is stable. On the contrary, 
if C Lmi > 0, the fluid transmits energy to the structure. It is a source of negative 
damping and the frequency analysis will conclude that the structure is unstable. 
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The frequency response part analysis can be performed for different values of the 
amplitude Ym and pulsation Wm of forced oscillations. The reduced velocity v m = 
u=T m/ d is usually preferred to the dimensional pulsation Wm· We first report here 
numerical results for Ym = 2cm and Vm in the range [5 : 40]m/s. The numerical 
results reported here were obtained after one simulation (with 12 successive periodic 
regimes and T = 20T m in each regime) of 60h on a Sun Ultra 170 workstation. The 
computations were made on a 2830-vertex, 7428-tetrahedron unstructured mesh. The 
three dimensional domain represents a one meter slice around a one meter span section 
of the rectangular cylinder. 

The coefficients C LmR obtained with our ALE fluid solver are compared to those 
obtained by experiments [WAS 78] on Figure 5. The numerical results for CLmR are 

0.2 .-----.--~--.----,--~--.----,---, 
Clinr ·[WAS 78] ~ 

0.15 

0.1 

0.05 

·0.05 

·0.1 

·0.15 

"0·2 0!:----=----1::';;0----,1'::-5 ---::.20,..-----,2;;;:5---::3'::-0 ---::.35:----!40" 

VTm/d 

Figure 5. Coefficients CLmRfor Ym = 2cm (numerical simulations and [WAS 78}). 

qualitatively correct. The oscillations in the range v m E [5 : 10] are present, and the 
behaviour for v m > 25 is well reproduced. However, the numerical results are far 
from perfect, since some additional oscillations are present. 

For C Lml, the numerical results seem to be shifted in the direction of larger v m 

(see Figure 6). However, both curves give comparable stability results for this rec­
tangular deck in a heaving mode. Experiments predict that the deck is stable for all 
regimes, the ranges Vm < 4 and Vm E [6: 7.5] excepted, while the present numerical 
simulation predicts instability in the ranges Vm < 6 and Vm E [7.5 : 12]. For these 
simulations, the time step used by the ALE fluid solver was b.t = 0.1s, which cor­
responds to fifty time steps per period for the smallest period T m = 5. Thus, the time 
step does not seem to be at the origin of the v m shift between the two curves. 

For a larger amplitude Ym = 10cm, numerical results for the coefficients CLmR 
are qualitatively comparable to experiments [WAS 78] (see Figure 7). The oscillations 
in the range Vm E [5 : 10] are again present, and the behaviour for Vm > 15 is well 
reproduced. However, the numerical results are far from perfect, since the sign of the 
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Figure 6. Coefficients CLrni for Yrn = 2cm (numerical simulations and [WAS 78]). 

numerical CLrnR is wrong in the range Vm E [6 : 11]. For the coefficients CLrnJ, the 
numerical results are quite accurate (see Figure 8). The dip in the range v rn E [5 : 9] 
is well reproduced, as well as the low frequency behaviour in the range Vm < 15 
(however, the computational value for v rn = 40 is suspect). Furthermore, the overall 
stability of the rectangular cylinder in the whole range v rn E [5 : 40] is numerically 
predicted. 

We have also performed numerical simulations of forced oscillations in a tor­
sional mode of the same rectangle cylinder (B I H = 4), experiments are reported 
by Washizu et al. [WAS 80]. The cylinder is given a forced sinusoidal oscillation 
e(t) =ern cos(wrnt) and the resulting aerodynamic moment M(t) is computed over a 
certain number of periods T m = 27r I Wm. The frequency response part M m ( t) of the 
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Figure7. CoefficientsCLmRforym = IOcm(numericalsimulationsand[WAS 78]). 
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Figure 8. Coefficients C Lmi for Ym = 8cm (numerical simulations and [WAS 78 ]). 

signal M(t) is defined as previously for Lm(t), yielding the two dimensional quan­
tities M mR and Mmi, and eventually the non-dimensional moment coefficients (per 
unit span) c M mR and c M mi defined by (refer to Eq. [ 15]) 

{ 
M·mR = 0.5 PooU~B2 

CMmR, 

Mmi = 0.5 PooU~B2 
CMmi· 

Again, the non-dimensional numbers C M mR and C M mi give information on the effect 
of aerodynamic forces on the profile, when it is moving in a torsional mode with 
pulsation Wm. 

The frequency response part analysis is performed with Bm = 1.91 deg for dif­
ferent values of Wm in the range [5 : 40]. The numerical results for CMmR are in 
very good agreement with experiments [WAS 80] (see Figure 9). The dip in the range 
v m E [5 : 1 OJ is present, and the behaviour for v m > 10 is very well reproduced. 

The numerical results for the coefficients CMmi compare quite well with experi­
ments (see Figure 1 0). The numerical curve seems slightly shifted in the direction of 
larger v m. However, both curves give comparable stability results for this rectangular 
deck in a torsional mode. Experiments predict the deck is unstable for v m > 20, while 
the present numerical simulation predicts instability for v m > 25. The numerical re­
sult for vm S 6 (high frequencies) might be related to a time step b.t = O.ls too 
large and the result for v m = 40 is again rather strange. The reader should keep in 
mind these discrepancies can have multiple origins, lack of turbulence models, compu­
tational constraints on the space discretization and the time step b.t to name a few. 

3.2.3. Free oscillation response of a rectangle cylinder 

In this section, we intend to reproduce free oscillation experiments. The rectangle 
cylinder is given the ability to move freely, but rigidly, in the vertical direction (i.e. 
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Figure 9. CMmRfor Bm = 1.91 deg (numerical simulations and [WAS 80]). 

heaving mode). We have noticed that, for forced oscillations at Vm = 10, the fluid 
has a stabilizing effect for Ym = lOcm and a destabilizing effect for Ym = 2cm. We 
can expect free oscillation experiments to lead to limit cycle oscillations of amplitude 
between 2cm and lOcm. 

We propose a simulation with the following parameters: B = 4m, D = H = lm, 
u 00 = lm/s, Re = 20000 (v = 0.00005) and, in Eq. [4], B(t) = 0, m = 100kg, 
cy = 0, ky = mw;. The structural pulsation Ws is taken such that Ts = 27r /ws = lOs, 
which yields u 00 Ts/ H = 10. The vertical displacement y(t) is forced to y(t) = 
y0 sin(wst) during ten structural periods T 5 • Then the structure is released. 

We first test y0 = 20cm. The vertical displacement y( t) is plotted on Figure 11 in 
function of the time t. When the structure is released after ten periods, the amplitude 

0.2 .------r---.--~.------r---,-------,----, 
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Figure 10. CMmi for Bm = 1.91 deg (numerical simulations and [WAS 80]). 
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timet (s) 

Figure 11. Vertical displacement for free oscillations (yo = 20cm, Ts = lOs). 

of oscillation decreases and a certain part of the structural energy is transmitted to the 
fluid. The stabilizing effect of the fluid (in at least the range y0 E [lOcm; 20cm]) is 
confirmed. After a transient phase, the system evolves in non-periodic pseudo-cycles, 
where the displacement amplitude is less than lOcm. 

For Yo = 5cm, the amplitude of oscillation increases and a certain part of the 
structural energy is transmitted by the fluid (see Figure 12). The destabilizing effect 
of the fluid (in at least the range y0 E [2cm; Scm]) is also confirmed. After a transient 
phase, the system again evolves in aperiodic pseudo-cycles, where the displacement 
amplitude is also less than lOcm. 

y(t)-

Figure 12. Vertical displacement for free oscillations (y0 = 5cm, T
5 

= lOs). 
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Since the rectangular cylinder is stable for any reduced velocity (see Figure 8) 
at y,n = lOcm, we can reproduce the preceding experience with y 0 = lOcm and 
different values of T8 in the range [5 : 40]. For each T8 , we have plotted on Figure 13 
the average structural energy defined by Eq. [ 16] after a pseudo-limit cycle is obtained. 
The average energy is of course bounded for all values of Ts. One can notice the strong 
resonance at T8 = lOs. This kind of lock in could be a source of fatigue for flexible 
structures like a suspended span bridge in a transverse wind. 

Long run average energy ~ 

0.02 

0 5~--~,~0----~,5~--~2~0--~2~5----~30~--~35~--~40 
Structural period Ts 

Figure 13. Long-run average structural energy for free heaving. 

Similar numerical simulations can be performed for free torsional oscillations (ri­
gid motion, withy = 0). We now use for the structure: y(t) = 0, ! 8 = 100kg.m2

, 

ce = 0, ke =lew; in Eq. [4]. For different values ofTs = 27r /ws in the range [5 : 40], 
the rotation B(t) is forced to y(t) = 80 sin(wst) during ten structural periods T 8 (with 
(}0 = 1.91 deg), and then the structure is released. 

For each T8 < 15s, the amplitude of oscillations is bounded. However, as Ts in­
creases, the motion of the rectangle gets less periodic. We have plotted on Figure 14 
the average and maximal structural energy (see Eq. [16]) after pseudo-cycles are ob­
tained. The average energy seems constant for 8 < Ts < 15, but the maximal energy 
(reached randomly) increases. ForTs = 15s, the rotation (} and the energy get un­
bounded. This kind of lock in could be a source of collapse for flexible structures 
like a suspended span bridge in a transverse wind. Pressure contours at a time with 
maximal rotation as the instability develops are plotted on Figure 15. One can notice 
the darker zone of low pressure under the rectangle, which clearly has a destabilizing 
effect (the resulting moment M(t) has the same sign as B(t)). 
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Figure 14. Long-run average and maximal structural energy for free rotation. 

3.2.4. The Tacoma Narrows Bridge benchmark 

The first Tacoma Narrows Bridge had an H-shaped cross section that is known to 
give rise to a phenomenon usually understood as vortex shedding, but more precisely 
called torsional flutter [SCA 79]. For this kind ofH-shaped decks, it has been observed 
that there is a slight tendency, as the height of the girder is reduced, for more airfoil­
like effects to enter. However, for a girder depth as small as 0.1 of the deck width, the 
tendency to instability remains strong. Scanlan and Tomko concluded that H-sections 
have very unfavorable aerodynamic stability characteristics [SCA 71]. 

The bridge collapsed at a critical wind speed of 18.8 m/ s, after a support cable 
at mid-span was snapped by sufficiently large torsional undulations. The modeling of 
the deck as an H-shaped profile is supported by studies reviewed in [SCA 71]. The ap­
proximate geometry of this girder-stiffened type of deck is suggested on Figure 16. We 
have chosen for the structural geometry and model [TRA 97], the following values: 

l 
m = 8,500 kg/m, 

e1 = e2 = 1 jt = 0.305 m Ie = 167,344 K g.m2 jm, 
H = 8 jt = 2.438 m , ky = mw~,fy = wy/21f = 0.84 Hz, 

{ n ~39ft~ IL887m k, ~ J,w,,J, ~ w,f2n ~ 1.11 H,, 
Se = cy = ce = 0, 

For the fluid flow, we have tested different values for the wind speed U 00 • We 
have taken for all computations Poo = 1.293 K gjm3 and v = 1.496 10~ 5 m 2 / s. 
The fluid domain around the deck section is discretized by an unstructured mesh of 
7,922 vertices and 22,866 tetrahedra. The three dimensional domain again represents 
a one meter slice around a one meter span section of the bridge. It was built by simple 
elevation starting from a 3,961 vertex, 7,622 triangle two-dimensional unstructured 
mesh, which is represented on Figure 17. This mesh is quite coarse (two elements for 
the discretization of the length e1 of Figure 16). On this mesh, each of the following 
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Figure 15. Pressure contours at maximal rotation forTs = 15. 

30,000 iteration computations required a computational time of four days on a DEC 
alpha 21164/500. 

Numerical results are to be compared with experimental results presented for for­
ced oscillations of the profile [SCA 71]. In this paper, no heaving instability and a 
torsional instability starting at V = 28 ms- 1 are predicted. However, for free oscilla­
tion experiments with two degrees of freedom, as the wind speed increases, a heaving 
instability (induced by vortex shedding) should appear first, then disappear, and finally 
torsional flutter should take place. 

We present here numerical results for free oscillation simulations with several 
wind speeds V in the range [20; 40]. For each test, the total structural energy (see 
Eq. [ 16]) is shown on Figure 18 in function of the time. Many conclusions can be 
drawn from these plots. Some energy is constantly transferred from the fluid to the 

E1 
~ 

{~..-------8 -~::::::o::"" 

Figure 16. Approximate geometry of the Tacoma Narrows Bridge deck section. 
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Figure 17. Discretization of the computational fluid domain. 
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Figure 18. Total energy for V = 20.5 ms- 1 to V 
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structure in some different regimes. An instability is present around V = 25 ms- 1 , 

then disappears for larger values of V, then another instability appears for V ~ 

35 ms- 1
. It appears the first instability is purely translational (heaving mode), while 

the second one is torsional. This is confirmed by plots of the vertical displacement 
y( t )and rotation B( t) for V = 25 ms- 1 and V = 35 ms- 1 (see Figure 19). These 
conclusions are in very good agreement with experimental results [SCA 71]. 

I 
V=25!- th81a=theta(l) --

! 

Figure 19. Displacement and rotation for V = 25 and V = 35 

4. Conclusion 

In this paper, we have reported numerical results for the simulation of the interac­
tion of a viscous incompressible flow and rigidly moving sample bridge profiles. We 
have presented simulations for both forced and free oscillations of the structure. On a 
rectangular cylinder, numerical results for forced oscillations have yielded satisfactory 
predictions for the possible instabilities. These predictions include the regime of insta­
bility as well as the amplitude in each unstable mode (heaving or torsional). However, 
the quantitative prediction for the stability limit in terms of the reduced speed v m is 
not very accurate. Free oscillation simulations gave results in very good coherence 
with forced oscillation simulations for the rectangle cylinder. For an H-section close 
to the profile of the Tacoma Narrows Bridge, numerical simulations have reproduced 
the heaving and torsional instabilities of the section, in satisfactory wind speed ranges. 

These preliminary results were obtained with no turbulence model, and with an 
implicit first-order time-scheme which could produce artificial diffusion. Furthermore, 
the space and time discretizations were rather coarse. All these considerations lead us 
to be both satisfied with the results obtained and careful. More physical validations 
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- especially three-dimensional and with flexible structures - are needed to obtain a 
reliable simulator for this type of fluid-structure interactions. However, numerical si­
mulations of wind effects should now be included in the design process of civil engi­
neering structures. They should at least stand as a valuable complement to wind tunnel 
experiments in the near future. 
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