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Abstract  
Prediction of aircraft wing shapes in steady load conditions is a classical FSI problem. CFD and CSM tools need to be combined to 
solve it. The paper describes the use of loosely-coupled computational modules for structural (computational structural 
mechanics, CSM) and aerodynamic (computational fluid dynamics, CFD) analysis in prediction of static aeroelastic effects. The 
models are used to predict the flight shape and determine speed limits for "divergence", i.e. run-away increasing deformations, 
and "control surface loss of authority", i.e. the (in)effectiveness of control surfaces in a deformed state. 
The modularity allows a certain amount of plug-and-play of CFD and CSM modules which interact in the "Aero-Elastic Loop" by 
exchanging data in a common format, without one code knowing the characteristics of the other. 
Figure 1 pictures the loosely coupled system of a CFD module and a CSM module exchanging data through a defined data set in 
the AeroElastic Loop. The process starts with the unloaded jig shape, for which the CFD module computes the aerodynamical 
forces. These are mapped to forces (and moments) understood by the CSM module which proceeds to compute the resulting 
displacement to the jig shape. These are mapped to deflections of the CFD geometry and the process can be iterated. 
 

 
Figure 1: The Aero-Elastic Loop. 

A simplistic algorithmic loop for computing the flight shape for a given jig shape and flight state results from running the AEL as 
the figure shows. The map of displacement is the adjoint to that of forces as required by energy conservation. This holds even if 
the CSM degrees of freedom include rotations although the aerodynamic forces are only point forces and no couples. 
The classical models rely on linear potential flow models enhanced with localized vorticity in sheets (ref. 6) and "equivalent 
beam" finite element models for the structures (ref. 1). Results from a pilot system compare such computations with windtunnel 
experiments.  
The fidelity of results can be increased by replacing the potential flow solvers by CFD and the beams by detailed FE models of 
the structure. Such plug-and-play precludes easy assembly of a linearized system matrix since most CFD modules do not provide 
relevant matrices.  

The linearized problem is (K – q M AIC M
T
)dS = qb  where q is the dynamic pressure, K the tangent stiffness matrix and dS the 

displacements of the structural model. The matrix AIC is the aeroelastic influence matrix of displacements on aerodynamic 
forces and not available as natural by-product of the CFD solution process. However, its effect on a given displacement dS vector 
is computed in the AEL, so the AEL can build relevant Krylov subspaces. Deformations for a linearized aero-elastic model and 
given q can be computed by iterative methods such as GMRES (ref 3). For the linearized problem divergence occurs when q is 
the smallest positive number (if any) to give 

(K – q M AIC M
T
) dS = 0,  with dS non-zero, 

The eigenvalues q can be computed by the Arnoldi scheme requiring only AEL iterations (ref. 5). 
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