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Abstract

A partitioned formulation of compressible internal fluid-structure interaction problems is presented by employing a displacement
model for both the fluid and structure. Partitioning is effected by a localized version of the method of Lagrange multipliers, which
assigns two independent sets of Lagrange multipliers to the structural and fluid interfaces. Two major features of the present for-
mulation include: an interface compliance normalization that helps capture the predominant physics of interaction phenomena when
the interfaces are characterized by two radically different rigidities, and a novel transformation of the displacement model into a fluid-
pressure model that is suitable for both transient and vibration analyses. The present formulation first solves for the interface Lagrange
multipliers, which are subsequently used to solve for the structural displacements and the fluid displacement or pressure by employing
two independent analysis modules. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Formulation, discrete modeling and computer implementation of fluid—structure interaction problems
have attracted many researchers’ attention in the past. As a result, a variety of fluid-structure interaction
analysis approaches exist, ranging from a tightly coupled integrated analysis procedure to two independent
fluid and structural analyzers in a staggered manner. For example, for vibration analysis of coupled internal
fluid-structure interactions, it has been customary to use integrated equations of motion from which one
may obtain the coupled vibratory modes and mode shapes (cf. [11,14]). In most of their formulations, the
compressible internal fluid is modeled in terms of fluid pressure while the structure is modeled in terms of
displacements. The interaction interfaces are treated by equating the structural normal stress component to
the pressure acting on the structure. In the context of partitioned analysis of fluid—structure interaction
problems (e.g., [4,7,16,17]), such formulations lead to a tightly coupled set of system equations.

Recently, multi-physics analysis that requires to treat the interactions of more than two fields is emerging
as a new challenge as well as new opportunities. This new challenge demands not only modularity of each
single-field simulation capability, but also perhaps more importantly the interface phenomena are treated in
separate modules as much as possible. This means that a multi-physics-oriented analysis of fluid—structure
interaction problems may involve three modular attributes: a fluid analyzer, a structural analyzer, and an
interface module that accounts for the fluid—structure interaction phenomena. This has motivated us to
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develop a formulation that leads to modular computational modeling and implementation of compressible,
internal fluid—structure interaction problems.

A straightforward way of modeling a compressible internal fluid is to employ fluid displacement as the
primary variable. This can be accomplished by invoking an existing finite element structural analysis ca-
pability by introducing the fluid constitutive relation and appropriate fluid displacement interpolation
schemes. The coupled compressible internal fluid—structure interaction equations can then be constructed
by assembling the fluid and structural discrete equations together. There are two difficulties in this
monolithic approach. First, the rigidities of the fluid and the structure are typically vastly different, viz.,
E/pect ~ 10° ~ 107, where E is the structural Young’s modulus, p, the fluid density, and ¢ is the speed of
propagation of the fluid. Therefore, the solution vector on the interaction interfaces may be dominated by
the structural attributes rather than the combined interaction phenomena. This becomes especially prob-
lematic for cases that require accurate resolution of high-frequency modes being transmitted across the
interaction boundaries. Second, as the volume of the internal fluid and/or frequency resolution of the fluid
modes increase, the degrees of freedom for the discrete displacement modeling of fluid may lead to a
prohibitively large number of equations. For this reason, the analyst prefers the pressure to the fluid dis-
placement since the number of unknowns can be reduced by a third.

The objective of the present paper is to offer a partitioned formulation of compressible internal fluid—
structure interaction problems via a localized version of the method of Lagrange multipliers [20]. Specifi-
cally, the interface compatibility condition for the structure with respect to the wetted interface boundary is
enforced independently of that for the fluid. The partitioned formulation is carried out first by employing a
fluid displacement formulation. The pressure formulation of the fluid is then obtained by means of a
displacement-to-pressure transformation. A partitioned formulation that leads to a modular computer
implementation of internal-fluid-structure interaction analysis involving the structural analyzer, the fluid
analyzer, and the interface solver is finally presented.

As the localized treatment of Lagrange multipliers constitutes a central role in the present formulation of
fluid—structure interaction problems, we will first review the method of localized Lagrange multipliers. A
partitioned formulation of fluid—-structure interaction problems and its various specializations will then
follow.

2. Basic concepts of a localized version of the method of Lagrange multipliers

Consider a two-spring system partitioned as shown in Fig. 1. For the assembled system shown by
Fig. 1(a), the system energy is given by

1 .
y(ug) = “g <2Kg“g — M, — fg>>

o [Z3] o k1+k2 —kz . my + my 0 . 0
P T R B A ]

where K, is the global or assembled stiffness matrix, u, the global nodal displacement, f, the force vector
acting on the assembled system (a), and the subscript ‘g’ designates global quantities. The stationary value
of the preceding functional, namely 611, = 0, yields the well-known equilibrium equation

(1)

M,ii + K,u, = f,. )

We now illustrate two distinct treatments of interface boundary conditions when the assembled structure
is partitioned into two or more subdomains. The classical treatment of partition boundaries by the method
of Lagrange multipliers is to enforce the interface kinematic conditions. For example, when a node in an
assembled structure is partitioned into two substructural nodes, the partition boundary condition is realized
by enforcing that the two partition boundary displacements be the same. While the partitioned substruc-
tural displacements are ‘localized’, the Lagrange multiplier is of global nature in that it is common to the
two partition boundary nodes. In other words, the classical method of Lagrange multipliers employs the
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Fig. 1. Partitioning of two springs. (a) Assembled system; (b) partitioned system whose interface is modeled by classical A-method;
(c) partitioned system whose interface is modeled by localized A-method.

localized displacements in conjunction with the ‘globalized’ multipliers in constructing the partition
boundary constraint condition.

In order to employ localized variables to the maximum degree in constructing the interface boundary
constraint conditions, this paper introduces the following consideration. First, instead of requiring the
partitioned substructural displacements to be the same, we propose that the two partitioned substructural
boundary displacements be equal to a global reference displacement. When this kinematical condition is
enforced by Lagrange multipliers, the corresponding Lagrange multipliers become localized variables.
Consequently, the partition boundary condition is realized by local substructural displacements, localized
Lagrange multipliers, and a global reference displacement. We now illustrate the two methods via a simple
example.

2.1. Classical treatment of partitioned boundaries

Let us consider an assembled two-spring system partitioned into two springs as shown in Fig. 1(b). When
the classical method of Lagrange multipliers method is used to model the system, the energy functional
consists of the energy of the two substructural springs which is augmented with the partition boundary
constraint condition

1
H(u,hy) =u’ <§Ku — Mii — f) + 2 Clu,

up kl 0 0 m 0 0 0 (3)
u= u o, K= 0 k2 —kz s M= 0 my 0 s f= 0 s )"cl = 112,
Us 0 —k2 k2 O 0 my P
where the interface constraint is given by
co=u—u=Clu=0 = C'= {Cgf Cgﬂ =1[[1] [-1 0]], (4)

in which u is the partitioned displacement, K the partitioned stiffness matrix, f the partitioned force vector
acting on each spring, 1, is the interface reaction force to account for the constraint that the displacements
u; and u, are the same, and the superscript (j) denotes springs 1 and 2. Note from Fig. 1(b) that the
Lagrange multiplier 4,, is common to both the substructures 1 and 2, thus becoming a global variable.
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The stationary condition dI1(u, 1) = 0 leads to the following partitioned equation set:

i) o)

KD+ MV & 0 '
Sa = 0 K2+ M2 & ¢
c c 0 (5
ey + my & 0 0 1
N 0 JREY S S |
- 0 —k ktmE 0
1 -1 0 0

Notice that the matrix differential operator S, is indefinite. One solution method to bypass the indefi-
niteness is to eliminate the substructural displacements and solve for the Lagrange multipliers. For ex-
ample, implicit direct time integration of the preceding equation by the midpoint rule with its step size A¢,

ﬁn+1/2 —u' 4+ lﬁn+l/2, ﬁ _ é; un+1/2 =u" +ll~ln+1/2; un+1 _ 2un+1/2 _ un; (6)
leads to the following equation:
n+1/2 —\ n+l1/2
_ (u f
Scl{ } = { } s
A 0
) (1) g2 '
i K" +M"Yp 0 C, ) )
Sa = 0 K® +M<2)ﬁ2 Cg) ,
C(l) C(Z) 0

cl cl

fn+]/2 _ fn+1/2 + M(ﬁzun + ﬂlln)

Solving for the substructural displacements u for substructures 1 and 2, and substituting them into the
interface compatibility condition, i.e., the last row of (7), we obtain

Foo! ™2 = CHK + M 'P12 Fy = {CLK + f*M] 7' Cq}, (8)

where K, M and C are defined in (3) and (4). Specifically, the solution flexibility matrix F, for the example
problem shown in Fig. 1(b) becomes

1 (ky + p*my)
(ky + BPmy)  Bmy (2 + fPmy) |

Fu = {CJK+ M| 'Cy} = )

First, observe that the dynamic flexibility matrix F is obtained by summing over the interface boundary
attributes of both substructures 1 and 2. Second, while the formation of the interface boundary flexibilities
as a sum of all the interface substructural attributes is physically consistent, it may cause deleterious effects
both on the conditioning of the solution matrix and on software modularity. This can be illustrated by
examining a general case of two partitions whose interface flexibility may be expressed as

Fo = [y +F]. (10)

Observe that, if the interface involves a solid and a plate, the resulting flexibility may experience a high
condition number that will adversely affect the solution accuracy as well as efficiency if an iterative pro-
cedure is adopted. The loss of modularity, in addition to the non-unique issues associated with the classical
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A-method [20], can be a major concern for coupled-field analysis. This is alleviated by employing a localized
version of the method of Lagrange multipliers as discussed below.

2.2. Localized treatment of partitioned boundaries

This section reviews a localized version of the method of Lagrange multipliers that was introduced in the
formulation of a variational framework for treating the partition boundary constraints [18,19] and its
subsequent formalism [20]. While the classical method of Lagrange multipliers demands the partition
boundary displacements to be the same as given by (4), the localized method of Lagrange multipliers re-
quires the partition boundary displacements to be made equal to the global boundary displacement u,.
Specifically, we have from Fig. 1(c)

01:M1*Mg1:0 T/ . T . _
{cz:uz—ug1=0} = B,(u—Lu)=0 = B,u—Lyu, =0,

1 0 (11)
B =L 9% L1 o] = L=BL=||
"Tlo 1 0 01 1

where By is the partition-boundary extraction Boolean matrix, L the well-known finite element assembly
operator, and u, is the global displacement pertaining to the partition boundary, respectively. For the
example problem shown in Fig. 1(c), we have u, = uy.

When (11) is augmented to the partitioned system energy (see Fig. 1(c)), the resulting partitioned system
energy functional can be expressed by

1 ..
(u,up, ) =0’ <§Ku + Mii — f) + 4 (Bju—Lywy), A = (4 A). (12)

The stationarity of 6I1,(u, uy, o) yields the following partitioned equations of motion:

u f
Si{ A p =205,
u, 0
K"+ MY & 0 B, 0
S, — 0 K?+MP& B, 0
B/ B; 0 -L
0 0 -L, 0 (13)
[k +my & 0 0 10 0]
0 btm  k 0 1 0
_ 0 —ks b+m® 0 0 0
1 0 0 0 0 -1
0 1 0 0 0 -1
L0 0 0 -1 -1 0]

It is noted that the matrix By is a localized Boolean matrix and the Lagrange multipliers &, = (1, ;) are
also completely localized. The only global operator is the L, matrix.

Remark 2.1. Comparing the two partitioned equations, viz., one augmented with the localized A-method

(13) with the classical A-method (5), we observe the following.

e The boundary extraction operator B, is completely localized. Hence, the present formulation does not re-
quire any summation of stiffness or other system-dependent attributes across the substructural interfaces.
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e The kinematic interface compatibility condition given by the third row of (13),
B/u — Lyu, = 0, (13a)

relates the partitioned interface displacement u to the assembled global displacement u, at the partition
boundary. Therefore, regardless the number of nodes constrained to a global node, the resulting con-
straints are unique and rank-sufficient.

e The fourth row of (13) given by

L% =0 = —(Li+4)=0 (13b)

is the statement that the sum of reaction forces at a node disappears when the partitioned nodes are
assembled together, viz., Newton’s third law.

Remark 2.2. The preceding formalism possesses the following features:

e The procedure conceptually assumes the availability of the total assembled equilibrium equations.

e The partitioned equilibrium equation for each partition emanates by invoking the finite element disas-
sembly process to the system energy functional.

e The resulting time-discretized flexibility matrix Fy, forms an uncoupled block diagonal matrix

F=1 (14)

Specifically, for the example problem shown in Fig. 1(c), it becomes a (2 x 2) uncoupled matrix

S
F/ = [“‘1*/32'"') , D =det [K? + M. (15)

(ky+B>m)
0 2 ’ 2

o The resulting Lagrange multipliers possess a localized characteristic. It is this feature that will be exploit-
ed in the derivation of fluid-structure interaction problems in order to effect a modular implementation
of interaction phenomena.

3. Variational formulation of elasto-internal acoustic problem by primitive variables
3.1. Motivation

One of the most widely adopted formulations of elasto-internal acoustic problems is a family of the so-
called (u, p)-formulations (Everstine [3], Felippa [5], Felippa et al. [7], Geers and Felippa [8], Geers and
Zhang [9], Morand and Ohayon [11], Ohayon [12] and Sandberg and Goransson [25] among others). In
order to achieve a symmetric formulation, they introduced a pressure potential with a proviso that the
associated nonphysical zero-mode be projected out a priori. The resulting formulation, while achieving
symmetry, introduces a highly dense mass matrix (for more details, see Section 8.4 of [11]). A closer ex-
amination of their formulation reveals that the pointwise enforcement of the interface condition between
the fluid and structural surface dictated by

Gijn/s‘ = —P”,'S =pn; (16)

is responsible for the subsequent tight coupling between the fluid and structural governing equations. In
(16), o;; is the stress tensor in the structure, p the fluid pressure, and »; is the unit normal to the interface
surface.
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In the present formulation to be described below, we bypass the above pointwise Neumann boundary
condition by treating both the fluid and structure domains as a single continuum. A justification for this
integrated continuum modeling of fluid and structure is that we substitute the pointwise interface condition
by its weak constraint, viz., the sum of the discrete nodal is forced to vanish at the fluid—structure interface.
Specifically, we replace the pointwise interface normal stress condition (16) by a constraint functional in
terms of a set of localized Lagrange multipliers and the associated kinematical relations

7'Cg;(llf7 Ug, Uy, ;\.() = kgyg(uf — llb) + )»;rayg(llf — llb),
\’ (17)
tyg(llf — llb) = 07 E?:(us — llb) = 07 eyl‘)\.f + tys)\.s = O,

where A; and A, are the Lagrange multipliers representing a set of generalized interacting forces on the fluid
and structural interfaces, and %y and ¥ are the rigidity regularization operators (or filters) that scale the
interface kinematic constraints commensurate with the relative rigidities of the structure and fluid.

3.2. Interface regularization

Observe that A; and As are independent, which offers the possibility of modeling them to reflect the
predominant physics of each field. For example, the structure is in general characterized by much higher
frequencies than the fluid. These distinct frequency characteristics can be exploited in approximating the
two Lagrange multipliers. To this end, we will specialize the so-called flexibility normalization scheme [20]
that has proved to be effective for contact enforcement and parallel computations of partitioned structural
equations of motion [21].

In order to arrive at a rational choice of the rigidity regularization operators (%5, %¢), we first obtain a
least-square solution of the reference interface displacement (or velocity) u, from (17):

V%uf + Su,
Uy =——->—. 18
R Z (18)

Observe that the preceding relation is analogous to the well-known momentum conservation relation when
two rigid bodies (m;, m;) are in contact,

o= may + myl
my + my

(19)

which suggests that, when the interacting two bodies are elastic, a dimensional analysis suggests that the
rigidity regularization operators (%5, &) should be of the form

Sy = (cAPks +my)"?, P = (cAlke +mp)'?, (20)

where (&, k¢) are the characteristic stiffness of the structure and fluid, A¢ is characteristic time constant, and
¢ is a constant.

As a simple generalization of the above characteristic regularization parameters to the discrete matrix
system, we have chosen the following:

S = (diag (K + M), = (diag (5K + M), 6= pAr (B<1), (21)

where (K, K¢) are the partitioned structural and fluid stiffness matrices at the interface boundary, and
(M;, M) are the partitioned structural and fluid inertia matrices at the interface boundary, respectively.

Remark 3.1. It should be noted that such rigidity regularization is not available when one employs the
classical A-method.
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3.3. Variational formulation

The variational formulation of a small-amplitude elasto-internal acoustic problem in terms of dis-
placement variables can be expressed as

1 1
E/ o' edQ +§pfc%/ (Vu)* dQ, +/ u! (f; — p,iis) Qs +/ uf (fr — pyiip) dQy
a, &

s Q["
= / UZTS dr +/ uITTf dr, p= —pfc%vl]f, (22)
I Iy
with the irrotationality condition: curlu; = 0 in Q,

where (p,, p;) are the density of the structure and fluid; ¢ is the sound speed of the fluid; (us,ur) are the
structural and fluid displacement vectors; (o, €) are the stress and strain vectors of the structure; (f;, f;) are
the body forces of the structure and fluid; and (9, Q) designate the interior structure and fluid domains;
(I, I't) represent the physical boundaries of the structure and fluid; and the superscript dots (7) designate
time differentiation.

The finite element discretization of (22) (see, for example, Section 8.2-4 of [11]) can be expressed as

oIl (uy) = 5“§(Kg“g + M, — Fy),

curlu; ~ %Tuf =0,

K, 0 L
_[yT T s s
K. = [L. Lf][o Kf} {Lf}

M, 0 } L}]7 23)

_ T
M, = [L Lf]{0 ML

fs+ t
_ T T 78
fg_ [Ls Lf]{fj)f+tf}7

where L denotes a Boolean matrix that assembles elements to a global matrix, and various matrix and
vectorial quantities are given by

5| 6'edQ~ (5usTKSus,
Q
pfcfﬁ/ (Vllf)z dQ ~ 5u;rKfllf,
o
/ pséusTiisdQ ~ 5uSTMSiiS,
Qg
/ pféufTiif dQ ~ 5ufTMfiif,
Q
5/ ulf,dQ ~ oulf,,
5/ ufofdQ ~ (Su;*rfyf,
o
5/ uSTTS dI' = 5u;rts,
FS
(3/ ul T, dI" ~ ou/ t;.
Iy

It should be noted that several investigators [1,2,10,22] proposed a similar fluid-displacement formulation.
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If we augment JII(u,) with the irrotational condition, we have the following modified functional:
S (ug, p) = ouy (Kguy + Myiiy — f,) + 5" 6 ue + ouf 6rp. (25)

Hence, the governing discrete equations of motion subject to the irrotational constraint lead to the fol-

lowing equation:
u f T Ls
{ﬂg}={3’}, % =0 %E][LJ. (26)

It should noted that, for each fluid element,%r becomes (3 x nf) where ny is the total elemental degrees of
freedom. Care must be exercised in constructing the discrete irrotational operator in an analogous manner
to the incompressibility condition, which has been extensively studied (see, e.g., [23] and references therein).
Alternatively, one can employ the fluid displacement interpolation basis that satisfies the irrotational
condition a priori [24].

2
K, +M, & %,

g4z

T
3 0

3.4. Admissible rigid body modes in two-dimensional irrotational flow

The Raviart-Thomas two-dimensional irrotational flow element is touted as an innovative approach to
model irrotational flow. In connection with the present fluid displacement approach, we offer the following
observation.

The shape functions employed in [24] are given by

u=a-+cx,
(27)
v=>b+cy.
It can be easily shown that this interpolation automatically satisfies the irrotational constraint
ou Qv
() = — — — = 28
curl (u) = 5 — - (28)

The bulk strain given by

1 /Ou Ov
e—2<ax+ay)—c (29)
indicates that the pressure will be constant in each element.

The fluid displacement (or velocity) given by (27) possesses two zero-energy modes, vertical (y-direction)
and horizontal (x-direction) motions. However, when the gravity effect is absent as is the case in internal
acoustics, the fluid displacement must possess the following third zero-energy mode shown in Fig. 2.

Hence, we conclude that, when one employs the Raviart-Thomas element to model two-dimensional

irrotational acoustics problems, a fix must be introduced to accommodate the filling mode, by either pairing
two or more elements such that the superelement possesses the filling mode or some other ways.

4. Localized partitioning of fluid—structure interaction equations

A key aspect in the localized treatment of the partitioned-boundary condition as discussed in Sections
2.2 and 3.1 is to relate the partitioned-boundary displacements to the assembled displacement as formu-
lated in (11) and (17). When the partition boundary constitutes the fluid-structure interface, this can be
expressed as

Ugp _ T _ _ U _pTr _ Lbs _ Bs 0
{qu}—Lbub—O = B[u—Lbub—O, U—{uf}, Lb—BL,L— I:Lbf:|7 B, = l:O Bf:|. (30)

Hence, if the fluid domain is partitioned from the structural domain as shown in Fig. 3, the corresponding
energy functional becomes
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where & is the rigidity regularization operator discussed in (17)—(21).
The variation of I1(u, A, up, u) in terms of the six partitioned variables leads to

517(“5’ ug, As, hr, Up, nu) = 5UZ(KSUS + Mg, — f; + gs)\«s) + 5”T(g—fruf
+ ouf (Keup + Myiip — fr + Gop + Beke)

A, 0 | fu PLos A
JH%T([ {uf}_[gbf}“b>—5ug[$§s XEJ{M}, (32)

1
I (u, A, up, u) :uT<—Ku+Mii—F> +pT(6fuf+)u£T§”T(BTu—Lbug), S = [ys 0 }

0 %

0 4

R P B s B B2 D
‘o Ml %) B ) 2w S L .
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It should be emphasized that the Lagrange multipliers A; at the fluid interface nodes and those at the
structure interface nodes A; are independently defined. Setting the variational expression
Ol (us, ug, ks, A¢, up, ) = 0 we obtain the following partitioned equations of motion:

Structural equilibrium : [ K + %MS 0 B 0 0 0 ] (u
Fluid equilibrium : 0 K + S_;Mf 0 B € 0 uy
Structural interface constraint : AT 0 0 0 0 —Zu | )M
Fluid interface constraint : 0 AT 0 0 0 —Zu | | M
Fluid irrotational condition : 0 @T 0 0 0 0 u
Newton’s third law at interfaces : | 0 0 —gl —2l 0 0 | \wm
f,
fr
0 (33)
o
0
0

The above partitioned equation for compressible internal fluid—structure interaction problems is perhaps
most general in that several special formulations can be derived from it. Three specializations will be
subsequently discussed.

5. Partitioned transient analysis of compressible internal fluid—structure interactions
Time discretization of the partitioned compressible internal fluid—structure interaction Eq. (33) can be

carried out by integrating the structural and fluid displacement equations. To this end, we employ the
midpoint integration rule given by

1 Y 1
un+1/2 —u'+ EAn-ln + (EAt) ﬁn+l/27 l'ln+l/2 —_— +§Alﬁn+l/2, un+1 _ 2un+1/2 _ ll”, (34)

where At is the time step size.
Integrating the left-hand side of (33) by (34) yields

Ks + ﬁZMS 0 %S 0 0 0 u, n+1/2 g, n+1/2
0 K+ M, 0 B € 0 u g
B! 0 0 0 0 —Zul|) A )0
0 e@g 0 0 0 _gbf )vf o 0 ’
0 ¢! o 0 0 0 u 0 (35)
0 0 ~Zr =Ly 00 u, 0
g = P MU i), = /i) g =t MR o ).

For an efficient solution of the above time-discretized equation, we first solve for u”*!/? and u'r’H/ > to obtain

W = B (g - ), F = (K + M)

B (36)
u?ﬂ/z _ Ff(grf1+1/2 _ gfxwal/Z _ (gf‘u;:+l/2)’ Fr = (K; + ﬁsz) I

Substituting these into the remainder of (35), we obtain the following equation in terms of the interface
variables (Ar, A5, u,) and the irrotationality multipliers g,
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AFA, 0 0 2] ()" (2R )"
0 %?Ffﬁf %EF{%f gbf )\.f _ e@;rthf (37)
0 € Fi% 6 F% 0 n G Frg;
k728 k728 0 0 u, 0
Remark 5.1.

o If the shape functions for the fluid displacement satisfies the irrotational constraint a priori (see, for ex-
ample, [24]), the preceding equation becomes

gnggs 0 gbs )VS n+l/2 e@’ST:FSgS n+1/2
0 BB Lrop | M = % Fig : (38)
K7 Lo 0 up 0

Thus, the independently assigned localized Lagrange multipliers give rise to uncoupled system dynamic
flexibility matrices for the fluid and structure. This leads to a modular implementation for the transient
analysis of compressible internal fluid-structure interaction problems. An efficient parallel solution
procedure for solving the preceding equation is presented in [21].

e When the fluid displacement shape functions do not satisfy the irrotational constraint, one can express
(37) as

n+1/2
¢@2F5=@s 0 gbs )"S e ‘@sTFsgs v
0 Q{Ff@f &z bf Xf = @fTFl‘ e ’
ggs ggf 0 Up 0 (39)

_ A - B - Lot

M= By = P = .
{2 -
Clearly, even when the irrotationality constraint is imposed, it does not couple with the structural
flexibility matrix, including the fluid—structure boundary structural attributes.

6. Vibration analysis

A vibration analysis can be effected by replacing the time-differentiation operator (d2 /d#?) in (33) by

(~0?):

K — 0’Mg 0 B, 0 0 0 7(u f,
0 Ki—o®™; 0 B G 0 u f;
T
5! 0T 0 0 0 ~Zy|)h(_JoO (40)
0 .k 0 0 0 —Zyl|| M 0
0 A 0 0o 0 0 I 0
L 0 0 ~zlo 70 0 Jlwm 0

Efficient solutions of the preceding partitioned eigenanalysis on both sequential and parallel computers
presently constitute a challenging computational mechanics research task.

7. (ps, %, Us, Ap) formulation

In practice, some of the widely used fluid—structure formulations (e.g., [8,11,13-15,26]) involve pressure
(p;) as the primary variable for the fluid domain. This section describes a novel transformation procedure
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for obtaining the governing equations for the fluid in terms of the fluid pressure from the basic displacement
formulation (31). The motivations for such a formulation are reduction of the size of the fluid variable and
an automatic satisfaction of the irrotationality condition.

The starting point for deriving such a formulation is that the discrete pressure in an element (e) can be
obtained in terms of the elemental discrete fluid displacement uﬁe) as

p=—p@Vu = = TP, )

If this equation is augmented with the irrotational constraints for each fluid element, the resulting equation
becomes

p(e) _
0
()

Second, note that the elemental fluid displacement u;”’ can be decomposed into two parts, that is, defor-
mation d§e> and zero-energy motion r@ (see, e.g., [18,19)),

7

(o)
u . 42
%ée) £ (42)

u;e) _ dge) +r§e), (43)
where the zero-energy part can be represented by
H = RO, (44

where Rée) is the elemental zero-energy modes that depend only on the geometry of the element under
consideration, and a® is the associated generalized coordinates.

Third, the deformation vector dg") can be expressed in terms of the pressure. To this end, we substitute
(43) into the displacement-to-pressure relation (41)

PO = 2 4 of) = 20+ R = 9 )
since the zero-energy modes R;“’) do not incur any pressure change.
Similarly, the irrotational constraint given by the second row of (42) reduces to
€4 =0, (46)
Therefore, the elemental fluid deformation dﬁe) can be obtained from (45) and (46) as

e o = (e =" = (e B gyle ‘@(L))
d;) = D[(;)p(e), DAE;)) = 94 ) (@g ) 9; )) ) @E ) = { (g(fe> ’ (47)
f

Substituting (47) and (44) into (43), we obtain the following pressure-to-displacement relation:
0 = DEp + Ra. (48)

Obviously a desirable discretization is one that engenders no spurious mode. Hence, if there is no spurious
mode in the discretization, the size of azf«e) is at most six. Note also that the size of the pressure vector is
substantially smaller than that of the fluid displacement vector.

To obtain the total fluid displacement u; from the above equation, we invoke the assembly relation

“ge) =LY%,
¢ (49)
-1
=z, ¢ = (LLY) LY
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so that, by substituting (48) into the above equation, the fluid displacement u; becomes
u=D,p+ LR, D,=2DV. (50)

If R; and o are the rigid-body modes and their generalized coordinates for the assembled fluid partition, we
have the following identity,

ZRYa = Ray, (51)

since the sum of the elemental rigid-body displacements must be equal to the assembled rigid-body dis-
placements. Substituting the above relation into (50) we obtain

Uy = Dpp + Rros. (52)

Therefore, the total degrees of freedom for the fluid domain in terms of the pressure are reduced to
(1/3)(n* 4 6) from n® for an (n x n x n) cube.
When (52) is substituted into (32), the variational functional becomes

517([15, p; %r, Mg, Ap, Uy, ”) = 5“Z(Ksus -+ Mg — £ + ,@S)\,S) + 5ﬂT(g;r(Dpp + Rf“f)
+ 5(Dpp + Rf(lf)T[Kf (Dpp + Rfdf) + Mf(Dpp + Rf&f) — ff + (gf[l + e@f}\.f}

2T 0 u, L
rar(|® T{ }_{ b}ub
' 0 4 | (D,p+Rea) Lt
A
-l #){) ) (53
r
By making use of the relations
%'D,=0 <« div- (curly) =0,
%! R; = 0 since the irrotational modes are orthogonal to rigid modes, (54)

KiR; = 0 as Ry is a null space of K,
the foregoing variational functional (53) reduces to

5H(usa p, %, ;"Sa )‘-ﬁ Up, [l) = 5u;r<Ksus + Msiis - fs + %s;\'@)
+ 5(Dpp + Rfaf)T[Kf(Dpp =+ Rfdf) =+ Mf(Dpii + Rf&f) —fr + gf)vf]

AT 0 u, Ly,
Sh (|73 -7
- zq 0 @?}{(DpPJer“f)} {gbf}%)
A
~aadlen )5} (53

The stationarity of (55) yields the following partitioned system equation:

(K, + &M, 0 0 B, 0 0 ] ;
0 K,+&M, 0 0 D'z 0 ‘l‘: D'f
2 T p f
OT 0 517 Ma{a 0 Rf ﬂf 0 o !@;rff
%! 0 0 0 0 % |y 0 (56)
0 #D, AR 0 0 L || 0
0 0 ~ Ly — Ly 0 0 u, 0

K, =D)KD,, M, =D M;D,, M,, = RIM;R;,

where we have utilized the relation M,,, = DZMfRf = 0 since the pressure modes are orthogonal to the
rigid-body modes.
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The preceding partitioned equation, while equivalent to some of the existing fluid pressure and structural
displacement formulations [6,11], possesses one distinctly additional variable, that is, the fluid rigid-body
variable a;. When the fluid container is grounded, of course, there will be no fluid rigid-body motions, so
that Ry = 0. However, when the container is in a free—free state as in a rocket in motion, the present
formulation (56) will automatically account for the necessary rigid-body motion.

We will now present two applications of this formulation: vibration analysis and transient analysis.

8. Vibration analysis by (us, p;, s, u,) formulation

Of several possible further eliminations of the system variables for vibration analysis, we present the case
of eliminating oy and A; below. First, from the third row of (56) we obtain

o’ay = —MR{ (f; — Zhy). (57)
Substituting this into the fifth equation of (56), we obtain

o’ BLD,p; — BIRM R (f; — Brk) — 0> Ly, = 0,
s

58
At = My[B{R;M,'R{ f; — 0’ % D,p; + 0> Lruy)], (58)
M, = [2IRM_'RT %] .
Eq. (56) can now be reduced to read, with f; = 0 for simplicity, as

K, — o*M, 0 B 0 U, f,

0 K, — oM, 0 > L pl_JO
%3 0 0 _gbs ;\'s B 0 ’ (59)

0 W LY Ly —OP LMLy | (W 0

M, =M, — D! BM%[D,, Ly =D, BMy L.

It should be noted that a further reduction is possible, for example, the elimination of the interface
boundary displacement u,. Further work along this line may offer new insight as well as new formulations.

9. Transient fluid—structure interaction analysis by three solver modules

We now present a main result of the present paper, viz., analysis of coupled internal acoustics and
structural response by three analyzer modules: the structural analyzer, the fluid analyzer and the interface
solver. This is illustrated in Fig. 4. To this end we first time-discretize (56) by the midpoint rule (39) to
obtain

(K, + B°M 0 0 Bs 0 0 ] nt1/2 nt1/2
0 K+fM, 0 0o Dm o |[" B
0 0 FM, 0 R'z 0 :f :"
BT 0 0 0 0 ~Zul\, =10 : (60)
0 %D, AR 0 0 ~Zu| |,
0 0 ~yl 2l 0 0 u,

where we have invoked the mass-orthogonality between the pressure and rigid-body modes and the right-
hand vectors are given by
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structural
attributes

fluid
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[structural
interface
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Fig. 4. Interaction analysis by three modular analyzers.

1
Z+1/2 _ f:+1/2 + Ms(ﬁzug + ﬂﬁ:>7 p= m’

n 1 7 by 61
gPH/Z = D;ff+]/2 + Mp(ﬁzpf + Bpf). (61)
S = RIS ML (B + ).

If both the structural degrees of freedom n, and the fluid pressure degrees of freedom #, are substantially
larger than the interface unknown size n, = n;, = n,,, which is usually the case in practice, it is beneficial to
employ three separate analysis modules: the structural analyzer (the us-module), the fluid analyzer (the p-
module) and the interface analyzer (the A-module). To this end, we solve for us and (p; «) to obtain

ll:+1/2 = Fs(gu - e@s)\rs)n+l/27 FS = (KS + B2M5)717
prfl+l/2 = Fp(gp - D;»@f)\,f)n+l/2, Fp = (K[J + ﬂzMﬁ)q? (62)
“?H/z —F,(g, — R;r@f)vf)n+l/2, F,= (ﬂzMa)_l'

Substituting these into the fourth and fifth rows of (60) yields the desired interface equation

B3, 0 2 (w)"" (8 )" F, 0][D’
0 BIF B Lo A =9 8 , Fr=[D, R¢] { Op F } {RITI ]’
jgs L”gf 0 U, 0 ’ ' (63)
F, 0
g, = AFg, 25, = #/[D, Rf]{ Op Fg]{g:}

It should be emphasized that the preceding interface Eq. (63) is the same as (40) that was derived by using
an irrotationality-embedded displacement formulation. However, the origins of the two equations are
distinctly different in that the coupled fluid equations are in pressure and rigid-body variables as given by
(50). We now summarize the sequence of computations.

Step 1: Solve for (s Ar) by using (63).

Step 2: Either in parallel or in sequential mode, solve for ug and (p; o) by using (62).

Step 3: Update the variables and generate the necessary time step-dependent vectors and repeat Steps 1
and 2 until the simulation time is covered.
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Remark 9.1. It should be remarked that the interface equation by the classical A-method can be obtained by
the following relation:

C. = null < [ ﬁz{ ] ) (64)

Pre-multiplying (63) by C., and substituting

As
{ )vf } = Ccl)\-clv (65)
we obtain
n+1/2
(BB, 0 s "
{C“[ 0 %Ff%]c“'}kd - C“{ & } ’ o
since

[ggs ggf]cd =0.

Hence, the use of the classical A-method tightly couples the interface equation as seen by (66). On the other
hand, the interface Eq. (63) derived by utilizing the localized Lagrange multipliers preserves the modularity
of the flexibility matrices.

10. Discussions

The present paper has presented a partitioned formulation of vibro-acoustic interaction problems by
employing a localized version of the method of Lagrange multipliers. To preserve a general nature of the
present formulation, both the structure and fluid are modeled in terms of their displacements.

In order to illustrate the present localized version of the method of Lagrange multipliers [20], a two-
spring model is used to illustrate the basic features of both the present localized A-method and the classical
A-method. It is demonstrated that the classical Lagrange multipliers couple directly from one interface node
i to its connecting node j as characterized by its corresponding multiplier A;;. In addition, for multipoints
with more than two nodes constrained to a global node, the constraints are not uniquely constructed. On
the other hand, the present version of the localized A-method offers a unique way of constructing con-
straints for multipoints, localizes the multipliers as characterized by a single subscript A; for node i, and
renders a direct physical interpretation as each of them becomes the physical nodal force.

A variational formulation of elasto-internal acoustic problems is introduced to model small-amplitude
fluid motions and a linear structural system in terms of their displacements. The total system is then dis-
cretized as one entity. Partition of the fluid domain and the structural domain is realized employing the
localized localized A-method. It is shown that the partitioned structural and fluid equations are coupled
through the partition boundary global displacement vector that are common both to the fluid and struc-
ture, and through the sum of the localized Lagrange multipliers via Newton’s third law. The partitioned
compressible internal fluid-structure interaction equations are then specialized to: implicit-implicit tran-
sient analysis, vibration analysis using substructuring methods.

A novel procedure of transforming the fluid displacement variable to the pressure variable is introduced
via a pressure-to-displacement relation (52) that satisfies both the correct rigid-body modes in the fluid and
the irrotationality condition. The transformed partitioned formulation is then specialized to vibration
analysis using (p,u, A)-formulation and transient analysis of coupled fluid-structure interactions. It is
shown that the present pressure-displacement formulation correctly models the presence of zero-energy
modes in the fluid without which incorrect vibration characterization would result.

Additional formulations can be derived from the present variational formulation, which are presently
under investigation and will be reported in the future.
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So far we have not utilized a continuum-based variational principle that incorporates the interface
condition in continuum form. A recent work along this line for the formulation of partitioned structural
equations of motion [19] indicates that the continuum-based interface conditions can accommodate non-
collocated meshes and interface traction discontinuities. Extensions of this variational principle to coupled-
field problems are under study and will be presented in the future.
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