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1. INTRODUCTION

Coupled fluid-structure interaction is a problem of practical importance in acoustics. When an elastic structure,
especially a thin-walled structure, is submerged in a heavy fluid such as sea water, the vibration of the structure will
be affected by the surrounding fluid, and the whole system becomes a coupled structural acoustic problem.

The boundary element method has been used extensively in acoustic radiation and scattering from bodies with known
velocity, pressure, or impedance distribution [1-4]. This method is based on a set of integral equations defined on the
boundary surface of the fluid, thereby reducing the computational dimension of the problem by one. Thus,
discretization is confined to the boundary surface only. For an exterior radiation or scattering problem, the
Sommerfeld radiation condition is automatically incorporated in the boundary integral equation. The BEM has also
been applied to fluid-structure interaction problems [5,6]. Using the BEM to model the structure as well as the fluid
is impractical when the structure is a thin shell. The reason is that nearly singular behavior may occur when the
inner and outer surfaces of the thin shell are very close.

A more general way to model the structure is to use the finite element method. A coupled technique, using the FEM
for the structure and the BEM for the fluid, is a natural choice for numerical solution of fluid-structure interaction
problems. Most solution strategies for fluid-structure interaction are in the category of structural-variable
methodology, that is, the pressure acting on the fluid-solid interface is treated as a structural loading, leading to a
perturbation of the original structural dynamic equations in vacuo. Wilton (7] developed a fluid-variable
methodology in which the finite element equations are substituted into the acoustic equations on the surface,
resulting in a system of equations much smaller than that of the structural equations. In Ref. [8}, Mathews and
Hitching applied the boundary integral formulation due to Burton and Miller [9] to the fluid-structure interaction
problem. Fer further applications of the coupled method, the reader is referred to Refs. [10,11].

In all the above formulations, either the wet surface of the structure is assumed to be smooth enough so that a
unique normal velocity is defined at any nodal point on the surface or planar (constant} elements are adopted to
facilitate numerical manipulation. The inconsistency between the finite element model of the structure and the
boundary element mode] of the flnid makes it impossible to match exactly compatibility (or continuity) conditions
on the interface surface. Usually, the continuity conditions are enforced at a selected set of collocation points. For
example, Schenck and Benthien [12] enforced approximately the continuity condition by equating the BEM normat
velocity on a constant element to the average of the FEM normal velocity across the wet surface of the
corresponding finite element.

In this paper, the coupled technique is used to solve acoustical radiation and scattering problems. Quadratic
isoparametric elements are used in both the FEM and the BEM. Continuity conditions are enforced on the fluid-
structure interface on which the normal may not be uniquely defined {e.g., at a comer). To reduce the dimension of
the fina} system of equations, the structural displacement is expressed as a linear combination of either Ritz vectors
or eigenvectors. Several numerical examples are examined including radiation of sound from vibrating structures and
scattering of sound waves from submerged elastic obstacles.
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2. DESCRIPTION OF THE COUPLED FLUID-STRUCTURE SYSTEM

Consider an elastic structure submerged completely in an inviscid fuid of density pg and speed of sound ¢. Suppose

the structure is subjected to a time-harmonic loading of angular frequency @ either from inside of the structure
(radiation) or from a surrounding fluid (scatiering). The sound pressure p in the fluid must satisfy the Helmholiz
differential equation

vZp +Kp=0, (1

where k=w/c is the wave number in the fluid. For numerical treatment, it is preferred to reformulate Eq. (1) into an
integral form. In the BEM, the commonly used integral representation of Eq. (1) is the Helmholtz integral equation

cop® = | 6PEQ - IEP.pQI S + 4@, @
5

where G(QP) = exp(-ikr)/r, r=IQ-Pl, S is the boundary surface of the acoustic fluid, n is the normal on S, and p;
regresents the sound pressure of the incident wave. In the case of a radiation problem py = 0, and for a scattering
problem p is the total pressure (incident plus scattered). The leading coefficient C(P) is 45 and zero, respectively, for
P in and out of the fluid. When P is a boundary point at which Lhere exists a unique tangent plane, C(P) is equal to
2x. Otherwise, C(F) must be evaluated {4]. It should be noted that the Sommerfeld radiation condition has been
used in deriving Eq. (2).

On the boundary, the normal derivative of scund pressure is related 10 the normal displacement through the
momentum equation

1__dp
u, = . 3
n Poﬂ’z on )

Using Eq. (3), Eq. (2) may be rewritten as

C(P)p(P) = Jr [Gpomzﬁl-ﬂ) - %% Pl ds + 4lth(P} . @)
§

In discretized form, Eq. (4) becomes
Ap = Bu + 4rp| , (5)

where p, u, and p; are the nodal value vectors of the sound pressure, displacement, and incident sound pressure,
respectively; and A and B are the assembled coefficient matrices.

It should be noted that for an exterior problem the previous formulation based on the surface Helmholtz integral
equation may fail to yield a unique solution at certain wave numbers, called critical or characteristic wave numbers.
To avoid this difficulty, several modified integral formulations have been developed. An enhanced CHIEF method is
used in the present work, .

If u, is specified on the boundary, as in a Neumann problem, Eq. (5) alone will determine the pressure p on the
boundary, or vice versa. In the fluid-structure interaction problem, however, neither u nor p is known a priori.

Proc.l.O.A. Vol 13 Part 3 {1981)

22




Proceedings of the Institute of Acoustics

HYBRID BEM-FEM APPLICATIONS

Thus, an additional set of equations governing the motion of the elastic structure must be provided.
Applying the finite element method to the structure results in

Ku-02Mu=f™ 4§82, ©
where the loading is divided into two parts, the mechanical loading f ™ and the acoustic loading f 8 due 1o the fluid.
A damping matrix ioC may be added to Eq. (6) to include the effect of structural damping, but in the current study
it is neglected for simplicity. The dynamic condensation technique is used to reduce the dimension of Eq. (6) by

decomposing the displacements into two groups, the "master” displacements to be retained and the "slave”
displacements to be eliminated. Its usage with coupled fluid-structure problems can be found in Ref. [13]). The

acoustic load f @ in Eq. (6) represents the dynamic coupling between the structure and the fluid,

fe=.Lp, N

where L is a coupling matrix. Combining Egs. (5), (6), and (7) leads to the following coupled structural acousti
equations ‘

-0®M Lyfu) (™ ®
-B A dmpy |
Eduau‘on (8) can be solved simultaneously (in a least-squares sense if the enhanced CHIEF method is used) for both
the displacement and pressure, or the pressure may be eliminated, resulting in a structural version solution of the

coupled problem. However, the more widely used approach falls in the category of fluid-variable methodology, in
which the final equation takes the form

(A +B(K - ©2M)"IL) p = 4np; + B(K - o?M)f ™" ©)

Once the boundary pressure is determined, the structural displacements and other feld quantities can be found with
linde difficulty.

3, EIGENVECTOR SYNTHESIS TECHNIQUE

Modal synthesis (or superposition) is an approximation whereby the structurat displacements are expressed as a linear
combination of the ir vacuo normal modes of the structure, i.e.,

u=Sh, (10)

where S is a matrix whose columns are the eigenvectors of the structure in vacou, and A is an unknown coefficient
vector. Under this transformation, Eq. (9) becomes

( A+B(A-0A YL ] p =4np + B(A-a?1) 1] @an

where
A = STKS = diag(h;. Ay, .a X))
B, =BS, (12)
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Ls=STL,
fg=8TEm,

In the above, the eigenvectors are mutuaily orthonormal with respect to the mass matrix M, that is,

STMS =1. (13)

4, RITZ VECTOR SYNTHESIS TECHNIQUE

The eigenvectors can be generated through a standard procedure which will not be discussed here. However, it should
be mentioned that if only part of the eigenvectors, generally the lower modes, is chosen to be used in Eq. (20), the
solution may be inaccurate. The reason is that for a given loading only a few modes dominate the response, and
these may not be the lower modes. The maodes that are not excited by the load will make little or no contribution o
the displacement. This suggests the construction of other sets of basis vectors that depend on the loading pattern.
For this purpose, Ritz vectors are commonly used as a substitute for the eigenvectors in dynamics analysis [14].
The Ritz vectors are generated from the recurrence relation 4]

*

Kq

= . i= e s N, 14
., = Ma;. i=1,2,.,N (14)

»
where g; is the i-th Ritz vector and q,+1 is the initial solution of the i+1-th Ritz vector. Equation (14) does not
1
apply to the first Ritz vector. The first Ritz vector g, should be obtained from the static equaiton
*®

qu =fm, (15)

]
where q is the first Ritz vector before normalization.
4

As mentioned before, the vector qi:l in Eq. {14) is only an initial estimate of the i+1-th Ritz vector and is subject to

an orthogonalization procedure. This is done by using the Schmidt orthogonalization scheme which takes a special
form due to Eq. (14):

Lk

E
G Bir1%ie1 = %541 - %49 - Bi9i.1 , a9
L L]
where B, | = |l q. Iy and o; = (q; . qi:l v - Here the inner product and its comesponding norm are defined as
follows:

(ab)y =3 Mb
and flall, = (a.a);f . ' an

where a and b are any two vectors and 4 is the complex conjugate of the veclor a. .
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5. NUMERICAL RESULTS

In the present implementation, quadratic isoparametric elements are used in both the FEM and BEM models. This
consistency is necessary in order to enforce the continuity conditions exactly on the interface. The K and M
matrices, the structural load vector f ™, and the eigenveciors, if needed, are generated by the ANSYS program [15).
All of the other computations and the main algorithms described above are implemented in the BEM program

BEMAP [16]. Throughout this section, the acoustic fluid is sea water with density py=1026 kg/m3 and specd of
sound c=1500 m/s.

First, the modal synthesis method is examined for a scattering problem consisting of a plane wave impinging on a
spherical shell of outer and inner radii a and a/2, respectively. By taking advantage of symmeiry, only one-half of
the shell is modeled by 12 solid elements with 90 nodes, resulting in a total of 238 degrees of freedom after
constraining 32 displacements in the z-direction on the plane of symmetry. Figure 1 shows the magnitude ratio of
the scattered pressure to the incident pressure at a distance of 3a from the center of the sphere for two cases, an
aluminum and a steel sphere. The coupled FEM/BEM results in Fig. 1 agree well with that of the pure boundary
element method (6].
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Fig. 1 Ratio of the scattered to the incident pressures at a distance of 3a
from the center of a sphere when ka=1 by full modal expansion.
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In the above example, all of the mode shapes are included in the displacement expansion, Eq. (10). Usually, only a
portion of the modal vectors is chosen in the synthesis procedure, resulting in a significant reduction in the
dimension of the final system of equations. However, problems arise as to how many and which mode shapes
should be included. In structural analysis, as a rule of thumb, the modes sclected are the lowest modes or those
whase eigenvalues are near the frequency of the exciting force. For coupled fluid-structure interaction, this procedure
may not work well.

Now consider an aluminum cylindrical shell having ends that are excited internally by a uniform pressure pg. The
length of the cylinder is 4a and the thickness is 8/4 where a is the mean radius. Plotted in Fig. 2 is the pressure
directivity for ka = 1 a1 a radius 50a from the cylinder.
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Fig. 2 Normalized pressure magnitude at a distance of 50a from the
center of the cylindrical shell by using 40 Ritz vectors and 100

cigenvectors, respectively.

Tt can be ceen from the previous example that the Ritz vector synthesis converges faster than the modal synthesis
method, i.e., to obtain a certain numerical accuracy, fewer Ritz vectors are needed. In addition, the cost of

generating a set of Ritz vectors is less than that of producing the same number of eigenvectors, Approximately n3/6
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operations are needed to construct n Ritz vectors from an nxn matrix as compared to 2n%73 operations for n
eigenvectors.

As mentioned above, some basis veciors in the displacement expansion do not contribute significantly o the
solution and may be omitted without significant loss of numerical accuracy. The Ritz vectors are usually generated
in a descending order of the participation factors, i.c., the first Ritz vector has the largest participation factor, etc,
However, the situation is quite different for the modal synthesis method in which the eigenvectors with large
participaticn factors may be sparsely spaced. Therefore, selecting (he eigenvectors with large participation factors
(17} will improve the efficiency of the modal synthesis method. As an example, consider the scattering of a plane
wave from the cylindrical shell considered above. Figure 3 shows the scattered sound pressure level at a distance of
3a from the end of the cylinder as a function of frequency for 30 selected eigenvectors. Also shown in Fig. 3 is the
result obtained using the first 60 eigenvectors. It can be seen that the improvement obtained by using the selection
procedure is significant.

14_0_' ' X
Full expansion 1

* Thirty selected eigenvectors _‘_—-T -L-}F-2
—— First sixty eigenvectors

120 -

RESSURE LEVEL (dB)
8

BOUND F

401
T T T T T T Y T Y T

0 50 100 150 200 250 300
FREQUENCY (Hz)

Fig. 3 Back scattering from a circular aluminum cylinder.
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6. CONCLUSIONS

The coupled FEM/BEM technique is used to solve fluid-structure interaction by superposition of Ritz vectors or
eigenvectors. Comparison of the two approaches shows that the Ritz vector synthesis is much more efficient than
the eigenvector synthesis. A participation factor based on the loading condition is used so that the basis vectors
which have the most contribution to the solution can be selecied even before the problem is really solved. A
consistent formulation in which quadratic isoparametric elements are used in both the FEM and the BEM permits the
exact enforcement of the continuity conditions on the interface.

7. ACKNOWLEDGEMENTS

This research is supported by the NSF/KY EPSCoR project and the Center for Computational Sciences of the
University of Kentucky.

(1
(2]

(3]

[4]

[31

[6]

(8]

9
(10}

[11]

(12]

8. REFERENCES

Chertock, G., "Sound Radiation from Vibrating Surfaces,” J. Acoust.Soc. Am. 36, 1305-1313 (1964) .
Schenck, H.A., "Improved Integral Formulation for Acoustic Problems,” J. Acoust. Soc. Am. 44, 41-58
(1968) .

Meyer, W.L., Bell, W.A_, Stallybrass, M.P., and Zinn, B.T., "Prediction of the Sound Field Radiated from
Axisymmetric Surfaces,” J. Acoust. Soc. Am. §5, 631-638 (1979) .

Seybert, A F., Soenarko, B., Rizzo, F.L, and Shippy, D.J., "An Advanced Computational Method for
Radiation and Scattering of Acoustic Waves in Three Dimensions,” J. Acoust. Soc. Am. 11, 362-368
(1985) .

Shaw, R.P., "Integral Equation Formulation of Dynamic Acoustic Fluid-Elastic Solid Interaction
Problems," J. Acoust. Soc. Am. 53, 514-520 (1973) .

Seybert, AF., Wu, T.W. and Wu, X.F., "Radiation and Scattering of Acoustic Waves from Elastic Solids
and Shells Using the Boundary Element Method,” J. Acoust. Soc. Am. 84, 1906-1912 (1988) .

Wilton, D.T., "Acoustic Radiation and Scattering from Elastic Structures,” /nt. J. Num. Mec. Eng. 13,
123-138 (1978) .

Mathews, 1. and Hitching, D., " Acoustic Radiation for Three-Dimensional Elastic Structures,” in
Innovative Numerical Analysis for the Engineering Sciences, edited by R.P. Shaw et al., U.P. of Virginia,
Charlotiescille, 69-78 (1980) .

Burton, A.J. and Miller, G.F., “The Application of Integral Equation Methods to the Numerical Sclution of
Some Exterior Boundary Value Problems,” Proc. R. Soc. London Ser. A 323, 201-210 (1971) .

Chen, L. H., "Acoustic Emission from Submerged Structures,” in Developments in Boundary element
Methods 2, edited by P.K. Banerje~ and R.P. Shaw, Applied Science Publishers Ltd., England (1982} .
Everstine, G.C., Henderson, E.A_, Lipman, R.R. and Taylor, D.W., "A General Low Frequancy Acoustic
Radiation Capability for NASTRAN," in Proc. of the Fourteenth NASTRAN Users’s Colloquium, NASA
CP-2419, 293-310 (1989) .

Schenck, H.A. and Benthien, G.W., "The Application of a Coupled Finite Element Technique to Large-
Scale Structural Acoustic Problems,” in Advances in Boundary elements, Vol. 2, edited by C.A, Brebbia

Proc.l.O.A. Vol 13 Part 3 {1991}

23




Proceedings of the Institute of Acoustics

HYBRID BEM-FEM APPLICATIONS

(13]

[14]
[15]
(16)

(17}

and J.J. Conner, Computational Mechanics Publications, Southampton, 309-319 (1989) .

Wu, T.W,, Seybert, AF, and Li, W.L., "Application of the coupled FEM/BEM technique to

Structural Acoustics Using Consistent Isoparametric Elements,” in ASME Vib. Contro Mech. Struct.
Fluid-Struct. Systems PVP-Vol. 202, 25-30 (1990) .

Wilsen, E.L., Yuan, M.W. and Dickens, J.M., "Dynamic Analysis by Direct Superposition of Ritz
Vectors,"” Eearthquake Eng. Struct. Dyn. 10, 813-821 (1982) .

DeSalvo, GJ. and Swanson, J.A., ANSYS-Engineering Analysis System User's Manual for ANSYS
Revision 4,2, Swanson Analysis Systems, Inc. (1985) .

Seybert, A.F., Wu, T.W. and Wan, G.C., BEMAP User's Manual, Version 2.43, SPECTRONICS, Inc.
(1989) .

Seybert, A.F., Wu, TW. and Li, W.L., "A Coupled FEM/BEM for Fluid-Structure Interaction Using Ritz
Vectors and Eigenvectors,” submitted to ASME for presentation in Atlanta, USA, December, 1991 ,

Proc.1.O.A. Vol 13 Part 3 (1991)

23



