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Abstract

We describe the space-time finite element techniques we developed for computation of fluid-structure interaction
(FSI) problems. Among these techniques are the deforming-spatial-domain/stabilized space-time (DSD/SST) formula-
tion and its special version, and the mesh update methods, including the solid-extension mesh moving technique
(SEMMT). Also among these techniques are the block-iterative, quasi-direct and direct coupling methods for the solu-
tion of the fully discretized, coupled fluid and structural mechanics equations. We present some test computations for
the mesh moving techniques described. We also present numerical examples where the fluid is governed by the Navier—
Stokes equations of incompressible flows and the structure is governed by the membrane and cable equations. Overall,
we demonstrate that the techniques we have developed have increased the scope and accuracy of the methods used in
computation of FSI problems.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Fluid-structure interactions (FSI) is one of the most challenging classes of problems in computational
engineering. Some of the computational challenges are encountered also in other classes of fluid mechanics
problems involving moving boundaries and interfaces, such as free-surface, two-fluid interface, and fluid—
object interaction problems. For example, the spatial domain occupied by the fluid changes in time, and the
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mathematical model to be used will need to be able to handle that. Also, the mesh needs to be updated as
the spatial domain occupied by the fluid changes, and this could be complicated for 3D problems with com-
plex geometries. In addition, we face a number of computational challenges that are more specific to FSI
problems, such as the solution of the coupled fluid and structural mechanics equations. Many researchers
took various approaches to address different aspects of the challenges involved. As examples of the papers
published on FSI in recent years, see [1,2]. Additional examples can be found in [3]. In this paper, we focus
on the stabilized space-time finite element techniques, with emphasis on mesh update and light structures.

The deforming-spatial-domain/stabilized space-time (DSD/SST) formulation [4-7] was introduced in
early 1990s for computation of flow problems with moving boundaries and interfaces. The DSD/SST meth-
od is based on stabilized finite element formulations, which are written over the space-time domains of the
fluid mechanics problems considered. The stabilized methods are the streamline-upwind/Petrov—Galerkin
(SUPG) [8-11] and pressure-stabilizing/Petrov—Galerkin (PSPG) [4,12] formulations. An earlier version
of the pressure-stabilizing formulation for Stokes flows was reported in [13]. These stabilized formulations
prevent numerical instabilities that might be encountered in solving problems with high Reynolds or Mach
numbers and shocks and strong boundary layers, as well as when using equal-order interpolation functions
for velocity and pressure. Furthermore, this class of stabilized formulations substantially improve the con-
vergence rate in iterative solution of the large, coupled nonlinear equation system that needs to be solved at
every time step. The stabilized space—time formulations were used earlier by other researchers to solve prob-
lems with fixed spatial domains (see for example [14]).

The space—time computations are carried out for one space—time ‘““slab’ at a time, where the “slab’ is the
slice of the space—time domain between the time levels #» and n + 1. This spares a 3D computational prob-
lem from becoming a 4D problem including the time dimension. Additionally, in most space—time compu-
tations, all the nodes of the space—time slab are at time level n or n + 1, and the spatial mesh at level n + 1 is
simply a deformed version of the spatial mesh at level n. These additional special features are exploited in
the special DSD/SST (S-DSD/SST) formulation to make the calculation of the element-level vectors and
matrices more efficient.

In general, we address the mesh update challenge with an automatic mesh moving method [15,7]. In this
method, the motion of the nodes is governed by the equations of elasticity. The mesh deformation is dealt
with selectively based on the sizes of the elements. When the mesh becomes too distorted, a full or partial
remeshing (i.e., generating a new set of elements, and sometimes also a new set of nodes) takes place. We
introduced a number of enhancements to this general mesh update technique, including the solid-extension
mesh moving technique (SEMMT) [16-18]. The SEMMT was introduced to address the challenge involved
in moving the very thin fluid elements typically seen near the solid surfaces.

The fully discretized equations of fluid and structural mechanics need to be solved in their coupled form,
and we propose a number of ways to accomplish that. They are: block-iterative coupling, which we have
widely used in our computations (see [19-22]); quasi-direct coupling; and direct coupling. The direct cou-
pling approach is based on the mixed analytical/numerical element-vector-based (AEVB/NEVB) computa-
tion technique introduced in [7,23,24].

The core methods we developed are applicable, and have been applied, to a wide range of FSI problems
(see, for example, [25,26,20,21,27]). The enhancements we describe in this paper, which include the ad-
vanced mesh update methods and the robust solution techniques for the coupled fluid and structure equa-
tions, are also applicable to a wide range of FSI problems. In this paper, however, we explain these
enhancements in the context of a specific class of FSI problems. In this specific class of FSI problems,
the fluid mechanics is governed by the Navier—Stokes equations of incompressible flows and the structural
mechanics is governed by the membrane and cable equations. These governing equations are reviewed in
Section 2. In Section 3 we describe the finite element formulations, including the DSD/SST formulation.
The mesh update concepts are covered in Section 4, and that includes the SEMMT and some test compu-
tations. The block-iterative, quasi-direct, and direct coupling techniques are described in Section 5. We
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present two examples of FSI computations in Section 6, and provide some concluding remarks in Section 7.
The S-DSD/SST formulation is described in Appendix A.
2. Governing equations
2.1. Fluid mechanics
Let Q, C R™ be the spatial fluid mechanics domain with boundary I', at time ¢ € (0, T). The subscript ¢

indicates the time-dependence of the domain. The Navier—Stokes equations of incompressible flows are
written on Q, and Vz € (0,7) as

d
p<a—l;+u~Vu—f>—V-a:O, (1)
V-u=0, (2)

where p, u and f are the density, velocity and the external force, respectively. The stress tensor ¢ is defined as
o(p.u) = —pl+ 2ue(u),  s(u) = X((Vu) + (Vu)"). (3)

Here p is the pressure, I is the identity tensor, u = pv is the viscosity, v is the kinematic viscosity, and g(u) is
the strain-rate tensor. The essential and natural boundary conditions for Eq. (1) are represented as

u=gon (I),, n-¢=hon (I), 4)

where (I';) and (I',), are complementary subsets of the boundary I';, n is the unit normal vector, and g and
h are given functions. A divergence-free velocity field ug(x) is specified as the initial condition.

2.2. Structural mechanics

Let Q8 C R™ be the spatial structural mechanics domain with boundary I';, where nyy =2 for mem-
branes and n,q = 1 for cables. The parts of I'} corresponding to the essential and natural boundary condi-
tions are represented by (I7), and (I7),. The superscript “‘s” indicates the structure. The equations of
motion for the structure are written as

JEy | dy .
p(@—i—na—f)—v-a =0, (5)

where p°, y, f* and ¢° are the material density, structural displacement, external force and the Cauchy stress
tensor [28,29], respectively. Here # is the mass-proportional damping coefficient. The damping provides
additional stability and may be used in computations where time-accuracy is not required, such as in
determining the deformed shape of the structure for specified fluid mechanics forces acting on it. The
stresses are expressed in terms of the second Piola—Kirchoff stress tensor S, which is related to the Cauchy
stress tensor through a kinematic transformation. Under the assumption of large displacements and
rotations, small strains, and no material damping, the membranes and cables are treated as Hookean mate-
rials with linear elastic properties. For membranes, under the assumption of plane stress, S becomes (see
[30):

SV = (1, GIGH + 1, [G'G* + G*G'])Ey, (6)

where for the case of isotropic plane stress
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A, = ——fmbm (7)
(Am + 248,

Here, E;, are the components of the Cauchy—Green strain tensor, G” are the components of the contravari-
ant metric tensor in the original configuration, and 4,, and p,, are the Lamé constants. For cables, under the
assumption of uniaxial tension, S becomes

Sll :ECG”G”E]], (8)

where E. is the Young’s modulus for the cable. To account for stiffness-proportional material damping, the
Hookean stress—strain relationships defined by Eqgs. (6) and (8) are modified, and Ej; is replaced by Ej,,
where

Ew =Eu+ (En. )

Here ( is the stiffness-proportional damping coefficient and Ej, is the time derivative of Ej,.

3. Finite element formulations
3.1. DSDISST formulation of fluid mechanics

In the DSD/SST method [4], the finite element formulation of the governing equations is written over a
sequence of N space-time slabs Q,, where Q,, is the slice of the space-time domain between the time levels ¢,
and ¢, (see Fig. 1). At each time step, the integrations are performed over Q,. The space-time finite ele-
ment interpolation functions are continuous within a space—time slab, but discontinuous from one space-
time slab to another. The notation (-), and (-), denotes the function values at ¢, as approached from below
and above. Each Q, is decomposed into elements Q¢, where e = 1,2,. . .,(n,.),. The subscript n used with n,,
is for the general case in which the number of space-time elements may change from one space—time slab to
another. The essential and natural boundary conditions are enforced over (P,), and (P,);, the complemen-
tary subsets of the lateral boundary of the space—time slab. The finite element trial function spaces (Vﬁ)n for

velocity and (y;’,)n for pressure, and the test function spaces () and (7" ;’,)n = (yﬁ)n are defined by using,
over Q,, first-order polynomials in space and time. The DSD/SST formulation is written as follows: given
(u"),, find u" € (#}), and p" € (S1), such that yw" € (¥7), and Vq" € (¥7),:

Fl’l+ 1

Pn

tn

I'n

Fig. 1. Space-time concept.
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Here tsypg, Tpspg and vy gic are the SUPG, PSPG and LSIC (least-squares on incompressibility constraint)
stabilization parameters. For ways of calculating tsypg, Tpspg and visic, see [31,32,24]. This formulation is
applied to all space-time slabs Qq, 01, 0a,. .., On_1, starting with (u"), = ug. For an earlier, detailed refer-
ence on the formulation see [4].

3.2. Special DSDISST (S-DSDISST) formulation

Although it is not a requirement, we assume that the space—time slab Q,, has uniform thickness. In most
space—time computations, all the nodes of the slab Q,, are positioned at time level n or n + 1, and the spatial
mesh at time level n + 1 is arrived at simply by deformation of the spatial mesh at time level n. These special
features, which we expect to see in most DSD/SST computations, are exploited in the Special DSD/SST (S-
DSD/SST) formulation for more efficient calculation of the element-level vectors and matrices. The S-
DSD/SST formulation is described in more detail in Appendix A. Furthermore, for cases where the spatial
mesh consists of linear triangles or tetrahedra, we propose that the spatial part of the integrations over the
parent space-time domain be performed analytically. This approach will become more clear in Appendix
A.2, where we describe the element-level integrations carried out in the S-DSD/SST formulation.

3.3. Semi-discrete formulation of structural mechanics

With y" and w" coming from appropriately defined trial and test function spaces, respectively, the semi-
discrete finite element formulation of the structural mechanics equations are written as

2 h h
/ w.p y dQS—i—/ wh-npsdldQs—i— SE : S"d* :/ W (t+ p*f) de. (12)
4 o dt o o

The fluid mechanics forces acting on the structure are represented by vector t. This force term is geomet-
rically nonlinear and thus increases the overall nonlinearity of the formulation. The left-hand-side terms of
Eq. (12) are referred to in the original configuration and the right-hand-side terms in the deformed config-
uration at time ¢. From this formulation at each time step we obtain a nonlinear system of equations. In
solving that nonlinear system with an iterative method, we use the following incremental form:

M n (1 —a)yC
BAF PAt

+(1-0)K|Ad =R, (13)
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where
C=nM+ (K. (14)

Here M is the mass matrix, K is the consistent tangent matrix associated with the internal elastic forces, C is
a damping matrix, R’ is the residual vector at the ith iteration, and Ad’ is the ith increment in the nodal
displacements vector d. The damping matrix C is used only in stand-alone structural mechanics computa-
tions with specified fluid mechanics forces while establishing a starting shape for the FSI computations. In
Eq. (13), all of the terms known from the previous iteration are lumped into the residual vector R’. The
parameters o, 5, y are part of the Hilber-Hughes-Taylor [33] scheme, which is used here for time-
integration.

4. Mesh update methods

In FSI computations with the DSD/SST formulation, how the mesh is updated depends on several fac-
tors. These factors include the complexity of the fluid-structure interface and overall geometry, how unstea-
dy the interface is, and how the starting mesh was generated. In general, the mesh update could have two
components: moving the mesh for as long as it is possible, and full or partial remeshing (i.e., generating a
new set of elements, and sometimes also a new set of nodes) when the element distortion becomes too high.
In mesh moving strategies, the only rule the mesh motion needs to follow is that at the interface the normal
velocity of the mesh has to match the normal velocity of the fluid. Beyond that, the mesh can be moved in
any way desired, with the main objective being to reduce the frequency of remeshing. In most 3D applica-
tions, remeshing requires calling an automatic, unstructured-mesh generator, and therefore reducing the
cost of automatic mesh generation becomes a major incentive for reducing the frequency of remeshing.
Maintaining the parallel efficiency of the computations is another major incentive for reducing the fre-
quency of remeshing, because parallel efficiency of most automatic mesh generators is substantially lower
than that of most flow solvers. Reducing the frequency of remeshing to every 10-time step or less, for exam-
ple, would sufficiently reduce the influence of remeshing in terms of its added cost and lack of parallel effi-
ciency. In most of the complex flow problems we computed in the past, the frequency of remeshing was far
less than every 10-time step. In our current parallel computations on a PC cluster, typically we perform
remeshing on one of the nodes, which, with its 2 gigabytes of memory, is powerful enough to generate large
meshes. If remeshing does not consist of (full or partial) regeneration of just the element connectivities but
also involves (full or partial) node regeneration, we need to project the solution from the old mesh to the
new one. This involves a search process, which can be carried out in parallel. Still, the computational cost
involved in this, and the projection errors introduced by remeshing, add more incentives for reducing the
frequency of remeshing.

4.1. Automatic mesh moving technique

In the automatic mesh moving technique introduced in [15], the motion of the internal nodes is deter-
mined by solving the equations of elasticity. As boundary condition, the motion of the nodes at the inter-
faces is specified to match the normal velocity of the fluid at the interface. Similar mesh moving techniques
were used earlier by other researchers (see for example [34]). In [15], the mesh deformation is dealt with
selectively based on the sizes of the elements and also the deformation modes in terms of shape and volume
changes. Mesh moving techniques with comparable features were later introduced in [35]. In the technique
introduced in [15], selective treatment of the mesh deformation based on shape and volume changes is at-
tained by adjusting the relative values of the Lamé constants of the elasticity equations. The objective
would be to stiffen the mesh against shape changes more than we stiffen it against volume changes. Selective
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treatment based on element sizes, on the other hand, is attained by altering the way we account for the
Jacobian of the transformation from the element domain to the physical domain. In this case, the objective
is to stiffen the smaller elements, which are typically placed near solid surfaces, more than the larger ones.

4.2. Jacobian-based stiffening

When altering the way the Jacobian is accounted for was first introduced in [15], it consisted of simply
dropping the Jacobian from the finite element formulation of the mesh moving (elasticity) equations. This
results in the smaller elements being stiffened more than the larger ones. The method described in [15] was
augmented in [36] to a more extensive kind by introducing a stiffening power that determines the degree by
which the smaller elements are rendered stiffer than the larger ones. To describe the method, we first write
the global integrals involved in the finite element formulation of the mesh moving equations as follows:

L[.-.]dgzzej/g[--.]efds, (15)

where [- - -] symbolically represents what is being integrated, = is the finite element (parent) domain, and the
Jacobian for element e is defined as J° = det(0x/3&)¢, with x and & representing the physical and element
(local) coordinates. We alter the way we account for the Jacobian as follows:

/ [ U dEe / [ (j—(:)xdE, (16)

where y, a nonnegative number, is the stiffening power, and J°, an arbitrary scaling parameter, is inserted
into the formulation to make the alteration dimensionally consistent. With y = 0.0, the method reduces
back to an elasticity model with no Jacobian-based stiffening. With y = 1.0, the method is identical to
the one first introduced in [15]. In the general case of y # 1.0, the method stiffens each element by a factor
of (J°) 7% and y determines the degree by which the smaller elements are rendered stiffer than the larger
ones.

4.3. Solid-extension mesh moving technique (SEMMT)

In the mesh moving technique introduced in [15], the structured layers of elements generated around so-
lid objects (to fully control the mesh resolution near solid objects and have more accurate representation of
the boundary layers) move “glued” to these solid objects, undergoing a rigid-body motion. No equations
are solved for the motion of the nodes in these layers, because these nodal motions are not governed by the
equations of elasticity. This results in some cost reduction. But more importantly, the user has full control
of the mesh resolution in these layers. For early examples of automatic mesh moving combined with struc-
tured layers of elements undergoing rigid-body motion with solid objects, see [37]. Earlier examples of ele-
ment layers undergoing rigid-body motion, in combination with deforming structured meshes, can be found
in [4].

In computation of flows with fluid—solid interfaces where the solid is deforming, the motion of the fluid
mesh near the interface cannot be represented by a rigid-body motion. Depending on the deformation
mode of the solid, we may have to use the automatic mesh moving technique described above. In such
cases, the presence of very thin fluid elements near the solid surface becomes a challenge for the automatic
mesh moving technique. In the solid-extension mesh moving technique (SEMMT) [16-18], we proposed
treating those very thin fluid elements almost like an extension of the solid elements. In the SEMMT, in
solving the equations of elasticity governing the motion of the fluid nodes, we assign higher rigidity to these
thin elements compared to the other fluid elements. Two ways of accomplishing this were proposed in
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[16-18]: solving the elasticity equations for the nodes connected to the thin elements separate from the elas-
ticity equations for the other nodes, or together. If we solve them separately, for the thin elements, as
boundary conditions at the interface with the other elements, we would use traction-free conditions. We
refer to the separate solution option as “SEMMT—multiple domain (SEMMT-MD)” and the unified solu-
tion option as “SEMMT—single domain (SEMMT-SD)”. In [38-40], with several test computations, we
demonstrated how the SEMMT functions as part of our mesh update method. We employed both of
the SEMMT options described above. The test computations included mesh deformation tests [38—40]
and a 2D FSI model problem [40]. In Sections 4.5 and 4.6, we provide brief descriptions of some of those
test computations.

4.4. General test conditions and mesh quality measures

The tests reported here are carried out with the standard technique (where y = 1.0 for all the elements,
and all the nodes are moved together), SEMMT-SD (with y = 2.0 for the inner elements and y = 1.0 for the
outer elements), and SEMMT-MD (with y = 1.0 for all elements in both domains). The mesh over which
the elasticity equations are solved is updated at each increment. This update is based on the displacements
calculated over the current mesh that has been selectively stiffened. That way, the element Jacobians used in
stiffening are updated every time the mesh deforms. As a result, the most current size of an element is used
in determining how much it is stiffened. Also as a result, as an element approaches a tangled state, its Jaco-
bian approaches zero, and its stiffening becomes very large. To evaluate the effectiveness of different mesh
moving techniques, two measures of mesh quality are defined, similar to those in [41]. They are element arca
change (f) and element shape change (f%;):

log <AC) log (j}li) ‘ (17)

Here subscript “o” refers to the undeformed mesh (i.e., the mesh obtained after the last remesh), and 4R¢ is
the element aspect ratio, defined as

AR = w";;) , (18)

=

e
’ fAR

where £, is the maximum edge length for element e. We define array norms for the set of element mesh

quality measures as

1/p 1/p
If.ll, = {Z(fi)’”} o Ikl = {Z(ffm)”} ; (19)

e e

where f 4 and f 4r are the arrays of mesh quality values f, and f 4z for all elements of interest, and p is the
norm indicator. In the following examples, we will consider the norm where p = co, and

||fA||oo = meax(f;)? HfARH - max ) (20)

Thus, for a given set of elements, global area and shape changes are defined to be the maximum values of
the element area and shape changes, respectively.

4.5. Mesh deformation tests with SEMMT

In this set of tests we use a 2D unstructured mesh consisting of triangular elements and an embedded
structure with zero thickness. The mesh spans a region of |x| < 1.0 and |y| < 1.0. The structure spans
»=0.0 and |x| < 0.5. Three layers of elements (with £, = 0.01) are placed along each side of the structure,
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Fig. 2. 2D test mesh for SEMMT.

with 50 element edges along the structure (i.e., £, = 0.02). Fig. 2 shows the mesh and its close up view near
the structure. The test cases involve three different types of prescribed motion or deformation for the struc-
ture, identical to the motions prescribed in [36]: rigid-body translation in the y-direction, rigid-body rotation
about the origin, and prescribed bending. In the case of prescribed bending, the structure deforms from a line
to a circular arc, with no stretch in the structure and no net vertical or horizontal displacement. For each test
case the maximum displacement or deformation is reached over 50 increments. Those maximum values are
Ay = 0.5 for the translation test, a rotation of A0 = /4 for the rotation test, and bending to a half circle
(0 = m) for the bending test. Fig. 3 shows, for the SEMMT-MD and the standard mesh moving technique,
deformed meshes for the translation, rotation, and bending tests. For more on this set of tests, see [38-40].

4.6. 2D FSI model problem with SEMMT

Test computations for this 2D model problem were carried out to show how the SEMMT works in the
context of the type of FSI problems encountered in parachute applications. The model represents a para-
chute-like structure. The “canopy’ is modeled with 50 membrane elements and the “suspension lines” with
22 cable elements. Two layers of elements extend outward from the upper and lower surfaces of the canopy.
Detailed information on the flow conditions, structural parameters, and the solution steps can be found in
[40]. In this test computation the % term in Eq. (10) has been dropped. Fig. 4 shows the deformed meshes
for the standard mesh moving technique and the SEMMT-SD. The orthogonality of the mesh lines at the
canopy surface is much better preserved with the SEMMT-SD. For more on this test computation, see [40].

5. Solution of fully discretized equations

Full discretizations of the finite element formulations described in Sections 3.1 and 3.3 lead to coupled,
nonlinear equation systems that need to be solved at every time step of the simulation. In a form that is
partitioned with respect to the models represented, these nonlinear equations can be written as follows:

Ni(d;,dy) = Fy, (21)
Ny(dy,dy) = F, (22)
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Fig. 3. Mesh deformation tests with the SEMMT-MD and the standard mesh moving technique.

where d; and d, are the vectors of nodal unknowns corresponding to unknown functions u; and u,, respec-
tively. In the context of a coupled FSI problem, u; and u, represent the fluid and structure unknowns,
respectively. For the space—time formulation of the fluid mechanics problem, d; represents unknowns asso-
ciated with the finite element formulation written for the space—time slab between the time levels n to n + 1
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(see [4-6]). Solution of these equations with the Newton—-Raphson method would necessitate at every New-
ton—-Raphson step solution of the following linear equation system:

Aix; +Apxs = by, (23)
AoiX; + Apxs = by, (24)

where by and b, are the residuals of the nonlinear equation system, x; and X, represent the correction incre-
ments computed for d; and d,, and
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oN
Ay ==L

Y ad:) . (25)

In FSI, keeping the coupling matrices Aj, and A, in the picture would require taking into account the
dependence of Eq. (21) on the mesh motion. In Sections 5.1-5.3, we describe different ways of handling the
coupling between Egs. (21) and (22) in solving them.

5.1. Block-iterative coupling

In block-iterative coupling, we do not keep the coupling matrices A;» and A, in the picture. In an iter-
ation step taking us from iterative solution i to i + 1, we solve the following set of equations:

ON,

1l a))
N (Ad)) = Fy — Ny(di*! ). (27)
6d2 (d‘;*l,dg)

The linear equations systems given by Egs. (26) and (27) are also solved iteratively, using the GMRES
search technique [42].

Because the matrix blocks representing the coupling between the fluid and structural mechanics systems
are not in the picture, in FSI computations where the structure is light, structural response becomes very
sensitive to small changes in the fluid mechanics forces and convergence becomes difficult to achieve. In
Sections 5.2 and 5.3, we describe ways of keeping the coupling matrix blocks in the picture.

In FSI computations where the structure is light, in the absence of keeping the coupling matrices A, and
A, in the picture, we proposed in [24,43] a short cut approach for improving the convergence of the block
iterations. In this approach, to reduce “over-correcting” (i.e., “‘over-incrementing’’) the structural displace-
ments during the block iterations, we artificially increase the structural mass contribution to the matrix block
corresponding to the structural mechanics equations and unknowns. With the understanding that subscript
2 denotes the structure, this would be equivalent to artificially increasing the mass matrix contribution to
A»,. This is achieved without altering by or b, (i.e., F; — Ny(d;,d,) or F, — N5(d;,d,)), and therefore when
the block iterations converge, they converge to the solution of the problem with the correct structural mass.

5.2. Quasi-direct coupling

In the quasi-direct coupling approach, we keep the coupling matrices A, and A, in the picture partially,
without taking into account the dependence of A, on the mesh motion. In describing this approach, we re-
write the finite element formulations given by Egs. (10) and (12), with a slight change of notation, and with
a clarification of how the fluid—structure interface conditions are handled:

ou”
/Q whe - p(aut+uh V' — f”)dQ+/ e(Wip) : o(p",u")dO

n

[, wieseaps [ v a0 [ oo () - o)) de
Py h n

n

(ne1), h
1 ow
+ E / ’ {TSUPGP< atlE +u' VW?E) + TPSPqu?E] - [E(" ") — pf"]dO
J 05

e=1

+ Z / visicV - W}I’EpV u"d0 =0, (28)
-1 YO,
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"el

/ ¢V - uth+Z / [tpspc V)] - [L(P" u") — pf"] dO = 0, (29)

/I_(wll)n-H ((“11)n+1 ugl)dl"zo, (30)

h

Ou _ _
/ (w}l’l)n+1 p<6t +u" -V — fh) do +/Q 8((W}Ill)n+l) : a'(ph7uh)dQ — /(P ) (w’l’l)n+1 'h;fIdP
n)h

n n

(Me1), o(wh )~
* Z / % {TSUPGP (% u' v(wll)n+l):| : [L(th“h) - Pfh] do

e
n

nel
/ wsicV - (W), oV - dQ = 0, (1)

d? dy’
/ whop, oY y dQ+/ Wi py Y dQ+/ SE : S"dQ
(@) dz (@), dr (@)
= / Wi p i dQ + / wie - hhdQ — / wh - hl dQ. (32)
Q) QE Qa1

Here the subscripts 1 and 2 refer to the fluid and structure, respectively. While the subscript “I” refers to the
fluid-structure interface, the subscript “E” refers to “elsewhere” in the fluid and structure domains or
boundaries. In reconciling the slightly modified notation used here with the notation we used in Egs.
(10) and (12), we note that p, = p°, 3 =, (@), = 2, 2 = &, and Qzl and Q,g indicate the partitions
of Q, corresponding to the interface and “elsewhere”. We also note that h?; = —t, and h}; denotes the pre-
scribed external forces acting on the structure in Q,g, which is separate from f}. In this formulation, (u};), .,
and hII (the fluid velocity and stress at the interface) are treated as separate unknowns and Egs. (30) and
(31) can be seen as equations corresponding to these two unknowns, respectively. The structural displace-
ment rate at the interface, u’;, is derived from y”.

The formulation above is based on allowing for cases when the fluid and structure meshes at the inter-
face are not identical. If they are identical, the same formulation can still be used, but one can also use its
reduced version where Eq. (30) is no longer needed and h’l’I is no longer treated as a separate
unknown.

If the structure is represented by a 3D continuum model instead of a membrane model, the formulation
above would still be applicable if the domain integrations over 2, and €, in the last two terms of Eq. (32)
are converted to boundary integrations over I'>g and I'»;. In such cases, h’z’E would represent the prescribed
forces acting “‘elsewhere” on the surface of the structure.

5.3. Direct coupling

The mixed analytical/numerical element-vector-based (AEVB/NEVB) computation technique intro-
duced in [7,23,24] can be employed to keep the coupling matrices in the picture fully by taking into account
their dependence on the mesh motion. In describing the mixed AEVB/NEVB technique, we first write the
iterative solution of the equation system given by Eqgs. (23) and (24) as follows:

Py Ay, +PpAy, = b — (Ajx; + Appxy), (33)
P21Ayl + P22Ay2 = b2 — (A21X1 + 1&22X2)7 (34)
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where Ay, and Ay, represent the candidate corrections to x; and x,, and Pg,’s represent the blocks of the
preconditioning matrix P. Here we focus our attention on computation of the residual vectors on the right-
hand-side, and explore ways for evaluating the matrix—vector products.

Let us suppose that we are able to compute, without major difficulty, the element-level matrices A{, and
AJ, associated with the global matrices A;; and Aj,, and that we prefer to evaluate A;;x; and AXx, by
using these element-level matrices. Let us also suppose that calculation of the element-level matrices Af,
and A7, is exceedingly difficult. Reflecting these circumstances, the computations can be carried out by
using a mixed element-matrix-based/element-vector-based computation technique [7,23,24]:

me, o [N6(dy, dy + €%2) — N¢(d,, d

(A11X1 +A12X2) :e’i‘l(Ailxl)‘Feél E111310[ 1( L= 61612) 1( S 2)} (35)
ne na o [NS(dy + exp,dy) — N&(d,, d

(Ao A = A (aipx) + R tim [0 =T (36)

where ¢; and ¢, are small parameters used in numerical evaluation of the directional derivatives. Here,
Ajx; and Ayyx, are evaluated with an element-matrix-based computation technique, while A;,x, and
A x; are evaluated with an element-vector-based computation technique.

In extending the mixed element-matrix-based/element-vector-based computation technique described
above to a more general framework, evaluation of a matrix—vector product Agx, (for f,y=1,2,.. N
and no sum) appearing in a residual vector can be formulated as an intentional choice between the follow-
ing element-matrix-based and element-vector-based computation techniques:

N,

el

ApXy = eél(AZyX;’)’ (37)
Ne(od 4 egx,. ) —No( o ds

Agx, = A lim sl b e, ) TN ) (38)
e=1 e5—0 €p

Sometimes, computation of the element-level matrices A;,}, might not be exceedingly difficult, but we
might still prefer to evaluate Ag,x, with an element-vector-based computation technique. In such cases, in-
stead of an element-vector-based computation technique requiring numerical evaluation of directional
derivatives, we might want to use the element-vector-based computation technique described below.

Let us suppose that the nonlinear vector function Ny corresponds to a finite element integral form
Bys(Wp,uy,...,uy). Here Wy represents the vector of nodal values associated with the weighting function
wp, which generates the nonlinear equation block f. Let us also suppose that we are able to, without major
difficulty, derive the first-order terms in the expansion of By(Wg,uy, ..., uy) in u,. Let the finite element inte-
gral form Gg,(Wg,uy,...,uy, Au,) represent those first-order terms in Au,. We note that this finite element
integral form will generate 61:" Consequently, the matrix—vector product Ag,x, can be evaluated as [7,23,24]

ON

Rel
#xv = A Gy, (Wp,up,...uy,v,), (39)

v

ApX, =

where, v, is a function interpolated from x, in the same way that u, is interpolated from d,. This element-
vector-based computation technique allows us to evaluate matrix—vector products without dealing with
numerical evaluation of directional derivatives. To differentiate between the element-vector-based compu-
tation techniques defined by Eqgs. (38) and (39), we call them, respectively, numerical element-vector-based
(NEVB) and analytical element-vector-based (AEVB) computation techniques.

We propose two ways of using the mixed AEVB/NEVB computation technique to take into account the
dependence of the coupling matrices on the mesh motion. In the first way, we propose to use the NEVB
technique to compute A;,x, while including the dependence of A, on the mesh motion. This would be done
as seen in Eq. (35). In the second way we propose, we limit the use of the NEVB technique to evaluation of
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the matrix—vector products involving coupling matrices representing the dependence on the mesh motion.
This would be done by considering a three-block version of the nonlinear equation system given by Egs.
(21) and (22), where d; is the vector of nodal unknowns representing the mesh motion, and the third block
of equations represents the mesh-moving equations. The three-block version of Egs. (23) and (24) can be
solved iteratively with the three-block of version of Egs. (33) and (34), which is written as follows:

Py Ay, + PpAy, + PisAy; = by — (A;1x; + Apxo + Ajzx;), (40)
P> Ay, + PypAy, + PyAy; = by — (AgiX) + AnXs + AxX;), (41)
P3 Ay, + Py Ay, + PysAy; = by — (A x) + ApnXs + Aixs). (42)
16
14

Payload Descent Speed (ft/s)
o]

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Fig. 5. Descent speed of the payload during and after PMA retraction.

Fig. 6. Velocity vectors around T-10, before (left) and after (right) PMA retraction. The velocity vectors are colored with pressure.
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The NEVB technique can be used for computing A;3x; as follows:

A13X3 _ 'j&l llm N1 (d17d2ad3 + 61X3) - Nl (d17d27d3) . (43)

e=1 ¢—0 €1

6. Numerical examples
6.1. Soft landing of a T-10 parachute

In this test problem, we simulate the soft-landing of a T-10 parachute using block-iterative coupling. T-
10 is a 35-ft diameter personnel parachute with 30 suspension lines each 29.4 ft long. The suspension lines
meet at a single confluence point, which is connected to the payload point mass by a 20-ft pneumatic muscle
actuator (PMA). Although T-10 is designed for a 222-1b payload at a descent speed of 16 ft/s, the landing
speed is further reduced by retracting the PMA just prior to landing. In the present simulation the PMA is

—
—

Fig. 7. Time history (left to right and top to bottom) of the flag motion and the horizontal velocity on a normal plane.
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Fig. 8. Vertical displacement (left) and velocity (right) for the midpoint of the free edge of the flag.

retracted by 5.25 ft in 0.27 s. In this test computation the aalt] term in Eq. (10) has been dropped. As seen in
Fig. 5 the muscle retraction results in a significant decrease in the payload descent speed. The minimum
payload speed occurs in the post retraction phase. During the retraction, the mass matrix contribution
to A, is increased by multiplying it by a factor 10. A factor of 5 is used in the post-retraction phase.
Fig. 6 shows the parachute shapes before and after retraction.

6.2. Flow past a “flag”

In this test problem, we simulate the FSI involved in the flapping of a “flag”. Results from a very similar
problem were presented in [44]. We use the quasi-direct coupling approach. The dimensions of the flag are
1.5 m in the flow direction and 1.0 m in the span-wise direction. The fluid velocity, density and kinematic
viscosity are 2 m/s, 1 kg/m> and 0.008 m?/s, respectively. The flag is modeled as a membrane with density
1000 kg/m?, thickness 0.2 mm, and Young’s modulus 40,000 N/m?. The leading edge of the flag is held fixed
and the lateral edges of the flag are constrained to move only in a normal plane. In this test computation the
% terms in Eqs. (28) and (31) have been dropped. The FSI computations are carried out until a nearly cyc-
lic pattern of flapping is reached. Fig. 7 shows a sequence of snapshots of the flag and the horizontal veloc-
ity on a normal plane. Fig. 8 shows the displacement and velocity for the midpoint of the free edge of the
flag.

7. Concluding remarks

We described a set of techniques for computation of fluid—structure interaction (FSI) problems. The core
method is the deforming-spatial-domain/stabilized space-time (DSD/SST) formulation. We developed a
number of techniques to support and enhance this core method. The special DSD/SST (S-DSD/SST) for-
mulation helps us make the element-level vector and matrix computations more efficient. The mesh update
methods, which include the solid-extension mesh moving technique (SEMMT), help us update the mesh
effectively as the spatial domain occupied by the fluid changes in time. A number of techniques have been
developed for the solution of the fully discretized, coupled fluid and structural mechanics equations. These
are the block-iterative, quasi-direct, and direct coupling techniques. The quasi-direct and direct coupling
techniques are particularly suited for FSI computations where the structure is light. We presented test com-
putations for the mesh moving techniques we developed. We also presented results from test computations
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for FSI applications with light structures. We believe we demonstrated in this article that the techniques we
are developing are substantially increasing the scope and accuracy of the simulations for FSI problems.
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Appendix A. Special DSD/SST (S-DSD/SST) formulation

We assume that the space—time slab Q,, has uniform thickness. In most space-time computations, all the
nodes of a slab are on its upper or lower surface. Also, in most space-time computations, the mesh on the
upper surface of the slab is obtained from the deformation of the mesh on the lower surface. These special
features are exploited in the S-DSD/SST formulation, so that the element-level vectors and matrices can be
calculated more efficiently. The S-DSD/SST formulation can result in two types of savings in computa-
tional cost. First, the calculation of shape function derivatives at Gaussian quadrature points can be sim-
plified. Second, the formation of the element-level vectors and matrices can be broken down and simplified.

Because these computations need to be done for each element of the space—time mesh for each iteration
of every time step, they constitute a large portion of the overall computational cost in a simulation. There-
fore, improvements of the way in which they are calculated can have a significant impact on the overall
computational performance. The S-DSD/SST formulation can be seamlessly applied to parallel computa-
tions as well, because it is implemented at the element level. In this appendix we describe the S-DSD/SST
formulation in detail. Furthermore, in computations with spatial meshes made of linear triangles or tetra-
hedra, we propose that the spatial part of the integrations over the parent space-time domain be performed
analytically. This approach is explained more in Appendix A.2.

A.1. Shape functions and their derivatives

The S-DSD/SST formulation can be described by first separating the typical shape function into its spa-
tial and temporal parts:

NZ:NaTQ(:Na(é)T[X(G)a a=12,....n4, o=12 (Al)
where n,, is the number of spatial nodes, and

) =Y1-0),  T0)=(1+0), (A2)

Ty =4, T =+ (A3)

Fig. A.1 shows how a and « relate to the geometry of a typical space-time element. Note that the spatial
shape functions are left in a general form because the precise expressions will depend on the number of spa-
tial dimensions and the element type used. On the other hand, the temporal shape functions are explicitly
defined, based on the special features of the space—time mesh. The spatial coordinate vector is interpolated
as follows:

2 en 2 e
x=3 Y N =3 NN (A.4)
o=1 a=1 a=1 a=1
RS No(T'x, + T°x7) = ”zm:zvaxa(()) = Z Nox,. (A5)
a=1 a=1

a=1
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t

t2

a=1

X

Fig. A.1. Notation for a space-time element in S-DSD/SST formulation.

We interpolate ¢ in a similar fashion while recognizing that #* = ¢* for a = 1,2, ..., 1.

Nen

t= 22: nin:thj = 22: > NI (A.6)
a=1

a=1 a=1 a=1

2 2
= Na> =Y T =T 4 T (A7)
a=1 a=1 a=1
Without taking into account the special features of the space-time mesh, one would normally have to
calculate the inverse of an (ny; + 1) X (n,; + 1) matrix in order to obtain the derivatives of the shape func-
tions with respect to the global coordinates. Implementing the S-DSD/SST formulation would effectively
reduce the problem to taking the inverse of an n,; X n,; matrix. Because the cost of the inverse calculation
is not a trivial one, reducing the matrix to be inverted to ny X ny; can result in significant computational
savings. We will examine the calculations involved for ng; =2, or a 3D mesh in the space-time domain:

N Eoome 05\ (NG NZ,

Ny | =1& ny 0, || Noy | =R N, |, (A8)

NZ,[ é,t n, H,t NZ,U N;v

N, Xe Ve e - N, : N:

Now | =1 %0 Yu Noy | =@ ML - (A9)

Ng, Xo Yo 1o a0 a0

From Eq. (A.7) t =1, =0 and 7y = §. This simplifies the matrix Q57 as follows:
x; ye 0
" =1|xy ¥, 0 (A.10)

X0 Yo %

Now, taking the inverse becomes as simple as taking the inverse of a 2 X 2 matrix, as opposed to the
more complicated 3 x 3 matrix inverse. Similarly, a 4 X 4 matrix can be simplified to a 3 x 3 matrix. To take
the inverse of a 2 x 2 matrix, we need to calculate the determinant of a 2 x 2 matrix. The determinant and
inverse are written as follows:
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At Xe Ve At At
detQ" == det| ~ | ==J 0) =—J
(¥ QS D (v (x},, ﬂ) 2 (éana ) P )
At At
| ERE “ave 0
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=R = — At At
(QS ) %J —7.&" Ex’i 0
=XV FYoXy XoVe—VeXe J
We can rewrite R5T as
l y,n _y,cf 0
J\—x, x; 0
R = XY, T VeXy XeYVe—VoXe I E
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—J —J At
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At J At J
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2021

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

Even for n,; = 2, one can see the computational-cost savings achieved by rewriting the derivative calcu-
lations for the shape functions. The improvement in efficiency would be even more substantial for n,; = 3.
Let us now write the derivatives of the global coordinates with respect to the local coordinates in terms

of the shape functions:

S Noex(0),

a=1

X =

3 Noyxa(0),

a=1

Xy =

Nen

Xy = ZN(,
a=1

By dividing Eq. (A.18) by 4’ and defining the nodal mesh velocity as ¥, =

2
xa x(l —
2

T,
xﬁ B en. Axa B
A ZN“ At v,
2 a=1

(A.16)

(A.17)

(A.18)

Xy .
A~ we obtain

(A.19)

where V is the mesh velocity. We can now define V: and V), in terms of ¥ and R:

Ve
v,

(,))=-7r

(A.20)

Referring back to Egs. (A.8) and (A.13)—(A.15), we can rewrite our shape function derivatives as

VN*=R-VN?,

2
Ni, = (=V-R)-VeNi+ <N,

(A.21)
(A.22)
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where V; is the spatial gradient operator with respect to the local coordinates. Using Eq. (A.1), we separate
the shape functions into their spatial and temporal parts as follows:

VN; =R (VeN)T?, (A.23)
2
No=(=V-R) - (VeN)T* + = NaT. (A.24)
By substituting « = 1,2 and using Eq. (A.3) to calculate 77, we can more explicitly write the derivatives
as
VN, T
;| =R-(VeNa ; A25

Nzll,t T N, [ -1
(N(ZU> =(-V-R)- (VgNa)<T2> +E <+1>. (A.26)

It is evident that there are far fewer operations to perform than would be required for the inverse of the
full 3 x 3 matrix.

A.2. Calculation of element-level vectors

In addition to the savings from reformulating the shape function derivatives, there are also savings to be
had by reformulating the way in which the element-level vectors are calculated. To illustrate that let us con-
sider the numerical integration, over a space—-time element, of a generic term N’y by using the Gaussian
quadrature rule:

frose-£E (e,

1:0)

Wyl (A.27)

Here nlm is the number of Gaussian quadrature points in time, nlm is the number of Gaussian quadrature
points in space, ék is kth Gaussian quadrature point in space, 0; is the jth Gaussian quadrature point in
time, and W} are the integration weights in the parent spaceftime domain. We will assume »{, =2 and
use i, in place of n". Using Eq. (A.1), we separate the shape functions into their spatial and temporal
parts, and rewrite Eq. (A.27) as follows:

2 Rint
/QNZde Z Z( (ENT*(0 )yAth)

Here W) are the integration weights in the parent spatial domain. The two integration weights in the parent
time domain are both unity. Because T'*(0;) is independent of &, we can take it out of the inner summation
over k:

W (A.28)
;‘k:é/

2 Rint 5
/ Niydo=3" [Z ( ple= J) Wk] T*(0)). (A.29)
0 =1 k= &0,
Expanding Eq. (A.29) helps elucidate our potential for savings:
[ a0 = |35 (va5s)| w0+ |3 (vya)| | @ (A30)
o ° k=1 2 &0, k=1 2 &0
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It is clearer that now with the S-DSD/SST formulation, the terms to be integrated will need to be eval-
uated (at every integration point) only for each «=1,2,...,n,, rather than for each combination of
a=12,...,n,, and o« = 1,2, as was done in Eq. (A.27).

Terms with a spatial differential operator acting on N can also be integrated with the help of Eq. (A.30)
by simply having the same differential operator also act on N, on the right-hand-side. For example, in inte-
gration of the term ((u” - V)N%)y, we replace N, with ((u" - V)N,) = ((u" - R - V)N, on the right-hand-side
of Eq. (A.30).

We note that the terms in the brackets in Eq. (A.30), apart from 4, are numerical versions of the inte-
grations over the parent spatial domain at time levels 6; and 0,. If the spatlal mesh consists of linear tri-
angles or tetrahedra, we propose that those spatial integrations be performed analytically. Analytical
expressions for spatial integrations over straight-edged triangles and flat-surfaced tetrahedra can be found
in [45].

The previous examples were fairly straight-forward, and they represent a majority of the element-level
vector calculations. However, the S-DSD/SST formulation for an integral involving the time derivative
of a shape function is fundamentally different and slightly more complicated. Therefore, as another exam-
ple, we consider the integration of a term involving the time-derivative of a shape function:

2 i
[ rivao=3" 3" (v 3)

Separating N7, will not be as simple as it was for N2 = N, 7. Instead, we must refer back to Eq. (A.24).
Substituting, our numerical integration becomes

2 & 2 At
/QNé, Q Z |:( ) (vé‘Nu)T +EN¢1T,0)J}7J:|

Jj=1 k=1

W (A31)
ékv(’/

Wh. (A.32)
&.0;

Because 77(0;) and 77%(0;) are independent of &, we can take them out of the inner summation over k:

2 n;
int At ~
[ ia0=3 [ (v m- v 5| W] ()
0 j=1 Lk=1 &.0;
2 Mint 2 _
+ jz: Z < 5 J) - Wi KIT,O(OJ')' (A.33)

We already know the values of T f‘o(Hj) from Eq. (A.3), and once we substitute j = 1,2, we are left with an
expanded equation comparable to Eq. (A.30):

Nint At .
[ Viwao= |3 (v v 3 )| W] (b))
&,01
[ iy At (—1)
+ Nay—J) Wk
; ( 2 g At
+Z VR - (VN2 | w0y
2 & y 7 : k 2
L k" 2
-”im At (_1)9c
+ (Nay J) W, . (A.34)
| k=1 2 &0, At
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A.3. Calculation of element-level matrices
The savings to be had by reformulating the way in which the element-level matrices are calculated are

even more substantial. To show that let us consider the numerical integration, over a space—-time element,
of a generic term N“Nﬁ

/ N*NlydQ = Z Z (N“Nﬂ A )
0 X

1300

3

W;:/.T, ab=1,... n,, a,f=12. (A.35)

As was done for the element-level vectors, we will assume 7!, = 2 and use n;, in place of n;,,. Using Eq.
(A.1), we separate the shape functions into their spatial and temporal parts, and rewrite Eq. (A.35) as
follows:

» Mint At
[ Nevivao = Z > (M@ omiro)n )
0
Because 7%(0,)T"(0;) is independent of &, we can take it out of the inner summation over k:
o Mint At
N NlydQ = Z Z NaNwy—J

Expanding Eq. (A.37) helps elucidate our potential for savings:

Mint A
> (Nabe {J)

k=1

W (A.36)
&0,

B W,{} T*(0,)T%(0;). (A.37)
&i0;

[ vao-
o

Wk] T*(0,)T*(6,)

&0

it At
> (Nabezj)

k=1

_|_

o Wk] T%(0,)T%(0,). (A.38)
.02

With the S-DSD/SST formulation, the terms to be integrated will need to be evaluated (at every integra-
tion point) only for each combination of a =1,2,...,n,,and b =1,2,.. ., n,, rather than for each combina-
tion of a=1,2,...,n,, and b=1,2,.. ,n,, and « =1,2 and = 1,2, as was done in Eq. (A.35). For the
element-level matrices, we cut the number of evaluations at integration points by a factor of four, whereas
for the element-level vectors, we halve the number of evaluations.

Integration of terms involving the time derivative of a shape function is, again, fundamentally different
and slightly more complicated. Therefore, as another example, we consider the integration of a term involv-
ing the time-derivative of a shape function:

Mint A
[vtiao =325 (vt

iz (A.39)
&0

From Eq. (A.24), our numerical integration becomes:

i 2 At
/N“Nb »dQ = Z Z (N T“( R) - (VeN,)T* +ENbT{Z)y7J>

W (A.40)
E}(v(}/

Because T O‘((NJJ-)T ﬂ(é,—) and T o‘((NJ,-)T /‘U(é,) are independent of &, we can take them out of the inner summa-
tion over k:
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2 Nint At ~ ~
[ Nentpao =3 | S (v R (VN 5 )| | T
0 Jj=1 [ k=1 &0;
+§2: Z(NN gJ) w T“(é-)irﬁ(é.) (A.41)
y £ a byz Ek’(")]_ k j A[ o\Yj). .

We already know the values of 77 (0;) from Eq. (A.3), and once we substitute j = 1,2 we are left with an
expanded equation comparable to Eq. (A.38):

Mint At
/ NiNpydQ = |3 (Na<— V-R) (V:N@y;J)
0

k=1

| ()T D)

_|_
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_"int t s (_l)ﬂ
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