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Abstract. This work introduces an efficient approach to fluid-structure interaction fea-
turing the coupling of modally reduced multibody system analysis with particle-based
fluid mechanics. While the multibody system is computed with respect to a small set of
generalized coordinates, the transformation to the full set of actual coordinates is done in
the fully parallel framework of the fluid particle simulation. The efficiency of the method
is demonstrated and validation is provided along with several numerical examples.

1 INTRODUCTION

In the most general case, fluid-structure interaction (FSI) deals with problems involv-
ing any kind of fluid—gases, liquids, multi-phase or particulate fluids, or even granular
systems—in contact with a mechanical system. FSI is involved in a wide range of natural
phenomena and technical applications, and, therefore, of significant importance from both
a scientific and an engineering perspective. Exemplarily, we mention problems in the field
of biomechanics, in structural engineering, and offshore applications.

Experimental investigations are often difficult, expensive, or limited in scope, and
analytical solutions usually rely on severe simplification. Hence, a lot of effort has been
expended on the development of accurate, efficient, and versatile numerical approaches to
perform simulation of FSI in order to cope with the ever-increasing complexity of state-of-
the-art applications (see, e.g., [1, 3]). Current challenges in computational FSI are diverse
but particularly involve large rigid-body motion, possibly with small superimposed flexible
deformation or even large deformation of the structural components. Furthermore, free
fluid surfaces or a large number of rigid or flexible particles or fibers immersed in a flow—
with mutual mechanical contact—also pose severe difficulties.
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As sketched in Fig. 1, our approach [9, 11] is based on the coupling of flexible multibody
systems with particle-based fluid dynamics by means of an explicit co-simulation between
two open-source simulators. The framework of flexible multibody dynamics allows for
versatile modeling and simulation of complex mechanical or mechatronical systems, in-
cluding rigid and deformable bodies, loads, constraints, contact, and control. As to the
fluid, the meshfree particle method smoothed particle hydrodynamics (SPH) is well suited
for handling fluid dynamics in complex domains and also capable of treating free-surface
flows. Real-world problems in multibody dynamics often require a model-order reduction

Coupling of flexible multibody systems and fluids
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Figure 1: Coupling of flexible multibody dynamics and particle-based fluid dynamics.

in order to make a transient analysis feasible in the first place. To this end, the floating
frame of reference formulation (FFRF) can be combined with component mode synthe-
sis (CMS) to describe small flexible displacements superimposed to a large rigid body
motion. The generalized component mode synthesis (GCMS) is an alternative approach
using absolute coordinates only which has recently been proposed by Pechstein et al. [§].

As particular feature of the present approach, the linear transformation between the
reduced set of generalized and the full set of actual coordinates, velocities, and forces, as
well as the computation of the fluid-structure contact, are performed fully MPI-parallel
within the particle simulation environment. Therefore, also complex structural problems
having a large number of degrees of freedom (DOF's) with fluid interaction can be treated
efficiently by serial computation of the mechanical system in terms of the reduced set of
generalized system coordinates only. The possible bottlenecks in the context of both a
significant amount of data transfer over the co-simulation interface as well as, generally,
the coupling with a (massively) parallelized particle-based fluid simulation are eliminated.
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2 FLEXIBLE MULTIBODY SYSTEMS AND THE GENERALIZED COM-
PONENT MODE SYNTHESIS

The key idea of CMS in multibody dynamics is to approximate the flexible deforma-
tion using appropriate mode shapes of the individual bodies that capture the essential
behavior of the considered system. Employing such approach, the number of degrees
of freedoms involved can be reduced drastically enabling an efficient transient analysis
of complex problems. Conventionally, a body’s small flexible deformation is introduced
relative to a floating frame that represents rigid body motion. Such FFRF-based CMS
approach [12] allows a straight-forward evaluation of elastic forces in the modally reduced
space, however, at the expense of a non-linear relationship between the total displacement
and the generalized coordinates. The relative description of the flexible displacements re-
sults in non-linear inertia terms including a deformation-dependent non-constant mass
matrix and, not least, complicated constraint equations representing kinematic joints.

The fundamental idea of the GCMS formulation [8] is to abandon such description of
flexible displacements relative to the rigid body motion in favor of an interpolation of
the total displacements in terms of absolute coordinates, i.e., generalized coordinates that
are related linearly to the total displacement vector. To briefly outline how to construct
an appropriate set of generalized modes, the total deformation of a body is split into an
arbitrarily large rigid body motion 7 and a small flexible displacement u;. The rigid-
body motion, in turn, is decomposed into the translation of a referential point on the
body, u;, and a rotational component w, = Ax, where A is a an orthogonal rotation
tensor and @ the position of a material point in the initial configuration. Accordingly, we
can express the total displacement of a material point located at » with respect to some
fixed inertial frame as

u=r—zrz=w+u +ur—xr=u+(A-I)x+uy. (1)

In terms of the displacement gradient Vu = A — I+ Vuy, Green’s strain tensor reads
1
E=2 (ATVu; + Vui A + VuiVuy) . (2)

If the flexible deformation is sufficiently small, the quadratic term in the above relation
can be ignored employing a co-rotationally linearized strain tensor instead:

- 1
E = 5 (A"Vu; + VU?A) = sym (A" Vuy). (3)

In order to obtain the reduced set of equations, the total displacement is approximated
by means of a set of generalized modal shape functions, N9M5(z),

T
’U,(ZE, t) — NGCMS(m)qGCMS(t), qGCMS — {(q?CMS)T’ (QSCMS)T, (q?CMS)T} ’ (4)

where g““™3 denotes the corresponding vector of generalized coordinates. The individual
shape functions are gathered in the matrix NG“MS guch that the first three coordinates
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represent the translational motion u;, the following nine are related to the rigid body
rotation u,, and the remaining ones to the flexible displacement w;. The shape functions
used for representing translations and rotations are given by

NEMS () = zie;, 4,5 =1,2,3. (5)

NSZ'CMS (.’L’) = €, r,ij

To illustrate the flexible mode shapes, we start from the conventional FFRF-based CMS,
in which the flexible displacements relative to the floating frame—which is indicated by
a prime—are interpolated using ny modal shape functions N} and ¢}, coordinates,

Z NmOd C]f, (6)

With respect to the inertial frame, the flexible displacements are given by

ny ny o3
d de GCMS ( GCMS
up = Auf = AN =" q)AuNEe, Z Z NG SFas. (7)
i=1 i=1 k=1 i=1 k=1
Apparently, the flexible displacement can be represented as a linear combination of 9 x n;
generalized modal shape functions N%g}/{s and associated degrees of freedom q%z%ws, which

are related to FFRF-based CMS counterparts via

NYS = Nider, g™ = dpiAu. (8)
Provided the stress response corresponds to that of a linearly elastic solid, i.e., the strain
energy is assumed to be a quadratic function of the strains (3), the reduced set of 124+9xn
equations for a single body is obtained upon inserting the approximation (6) into the
variational formulation of the equations of motion, see [8] for a detailed derivation,

MGCMSdGCMS+KGCMSq{i§MS+ Z q{g;eng TA, K 0ALq f(ﬁng a(/;élcii/{s — £ (9)
i1 8AZ] 8q
Here, MS“MS and KGCMS are the reduced mass and stiffness matrices, which are related

to the full matrices of, e.g., a finite element (FE) analysis, by the reduction matrix ®%¢MS:

MGCMS _ ((I)GCMS>T MFEGCOMS  GOMS _ A (q)GCMS)TKFEq)GCMSAgd. (10)

)
The vector of generalized forces is denoted by f¢. Obviously, the mass matrix is con-
stant, while the stiffness matrix is a co-rotated but otherwise constant matrix K =
(PUCMSTKFEGCECMS ' where Ay is a block-diagonal matrix with A on its diagonal. For
further details on the implementation, e.g., the structure of the reduction matrix, the
construction of the rotation tensor or the extraction of the flexible content of the gen-
eralized coordinates g™, see [8]. Compared to the FFRF-based CMS approach, the

non-linearity is shifted from the inertia terms to the internal forces, which is computa-
tionally more efficient, however, at the expense of a larger number of degrees of freedom.

4
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3 PARTICLE-BASED FLUID MECHANICS AND FLUID-STRUCTURE
INTERACTION

3.1 Smoothed particle hydrodynamics

The meshfree Lagrangian particle method Smoothed Particle Hydrodynamics (SPH)
was first applied to problems in fluid dynamics in the early 1990s (see, e.g., [5]), and
since then has become increasingly popular in this field due to both its robustness and
ability to capture complex flow phenomena. In SPH, the fluid continuum is represented
by a set of discrete particles, each of which is associated with a certain mass, volume,
and density, as well as other field variables such as velocity, energy, or pressure. In
contrast to physical particles in granular systems, SPH particles are just points, which,
mathematically speaking, form the basis for an unstructured interpolation by means of
a so-called smoothing kernel. The value of any continuous function at any given point
in the simulation domain may thus be approximated by a smooth interpolation of the
function values at the particles in the vicinity of that point [6].

Applied to the Navier-Stokes equations, this approximation yields a discrete system
of particle dynamics similar to granular systems and classical molecular dynamics [4, 6].
While the accuracy and consistency of SPH depends on the local particle distribution, and,
generally, is inferior compared to classical mesh-based methods (e.g., the finite volume
method), its main strengths lie in the robustness, simplicity and flexibility with respect
to complex, time-dependent fluid domains and, especially, fluid-structure interactions.
While interface tracking, mesh adaption or even dynamic remeshing is required with
classical approaches, often posing severe difficulties, the meshless Lagrangian nature of
SPH eliminates the need for any of these techniques. As an additional benefit from
the computational point of view, it should be noted that the typically explicit particle
dynamics of SPH are very well suited for efficient, (massively) parallel implementations,
allowing for fast computations with large numbers of particles, which compensates the
low order of consistency and accuracy. For further information on the method SPH, its
properties and applications, see, for instance, [4, 6].

3.2 Modeling of the fluid-structure contact

Physically, fluid-structure interaction happens at the surfaces of any object immersed
in or in contact with the fluid. Hence, in order to couple flexible multibody systems with
particle-based fluid mechanics, a model for the interaction between the surfaces of the
multibody system components and SPH particles close to that surface needs to be intro-
duced. That fluid-structure contact model then has to reproduce the essential boundary
conditions between a viscous fluid continuum and any kind of immersed structure, which
are the kinematic boundary conditions, and the dynamic equilibrium:

Vsolid = Ufluid on I' (11)

Osolid "M = —Ogpig-n onl (12)
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Here, I' denotes the interface between fluid and solid domains, i.e., domain boundaries
and surfaces of any bodies in contact with the fluid, n is the surface normal on I', and
O fluia and o4 are the solid and fluid stress tensors. Note that Eq. (11) restrains any
relative motion between fluid and solid surface on I', which, by integration, is equivalent
to the condition that fluid and structure share the same interface at all times.

While in case of mesh-based methods the application of such boundary conditions is
often straight forward, this is an issue of its own with meshless approaches such as SPH.
Several approaches have been proposed and discussed in literature, the most popular of
which are the use of ghost or virtual boundary particles on the one hand, and a penalty
or force-field approach on the other hand (see [4] for further details). Originally based
on [7], we have developed and implemented a force-field-type approach, where repulsive
and viscous forces act between the surface of the bodies and nearby SPH particles, such
that Eq. (11) is approximated in a similar way as in classical penalty approaches. The
discrete balance of forces and moments between the particles and bodies is fulfilled exactly,
which, in turn, approximates condition (12). A crucial point here is how, specifically, the
fluid-structure contact forces are computed. With r,,; and v, denoting the relative
distance and velocity vector between an SPH particle and a local point on a surface I,
the corresponding repulsive and viscous forces are written in terms of surface convolution
integrals as

Frep = / frep(rrel) dS, Fm’sc = / fvisc(rrela vrel) ds. (13>
T T

Here, f,., and f,is. designate the surface densities of the short-ranged force fields, defined
on the fluid-structure interface I'.

Now, for any rigid or flexible body in contact with the fluid, a surface mesh is defined in
terms of material coordinates in reference configuration. If the body is already discretized
as, e.g., in the case of a continuum finite element formulation, the corresponding surface
mesh can be used. Based on that mesh, for each surface element and each SPH parti-
cle in interaction range, the integrals (13) are computed by Gauss-Legendre quadrature
(cf. the sketch in Fig. 2). This effectively means to compute pair interactions between
SPH particles and local Gauss integration points, resulting in a distributed force on the
corresponding surface element. Benefitting from this simple procedure, we have efficiently
implemented the fluid-structure force computation fully parallelized within the framework
of the particle simulation environment LIGGGHTS. Furthermore, note that this approach
can be easily applied to both 2D and 3D geometries, and, since the computation can be
done for each surface element independently, does not necessitate to distinguish between
inside or outside of closed surfaces or to keep track of mesh information, and also allows
for topological changes of the simulation domains. Further details can be found in [9].

3.3 Co-simulation approach to fluid-structure interaction

From the technical viewpoint of implementation, we are working with a so-called
weakly-coupled partitioned approach based on the coupling of the two open-source sim-
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Figure 2: Sketch of the fluid-structure interaction between a triangular surface mesh and the SPH
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€

ulators HOTINT (see www.hotint.org, [2]) and LIGGGHTS (see www.liggghts.com)
for the simulation of the multibody system and the fluid, respectively (cf. also Fig. 1).
The two tools are coupled via TCP/IP, which provides high flexibility and allows to use
different machines, and possibly different platforms, for each of them. While HOTINT
provides a graphical user interface and “online visualization” of the simulated system dur-
ing computation, the simulator LIGGGHTS is just called as a client, and, particularly,
can also be run on (large) parallel machines.

The co-simulation scheme is a semi-explicit force-displacement scheme with equal
macro- and micro-stepsizes (i.e., the stepsizes of the respective integrators). Therefore, the
information of positions and velocities of the components’ surfaces and the fluid-structure
interaction forces is exchanged between the simulators once in every time step (cf. Fig. 3).
The stepsize is usually restricted by the stability conditions of the fast explicit integration
of the particle dynamics (Velocity-Verlet). The multibody system, in contrast, is typically
integrated using a higher-order implicit algorithm, For further information, refer to [9].

3.4 Extension for support of generalized coordinates

There are two basic options for the inclusion of GCMS elements in our framework
of coupled simulators, differing with regard to where the GCMS transformation (4) is
computed—on the multibody or on the fluid side. In the first case, the interface described
in the previous subsections can be used directly, and the approach is just applied to the
discrete surface of the underlying FE mesh of the GCMS elements. In the second case,
the reduction matrix @SS cf. Sec. 2, must be included in the interface as additional
information along with the nodal reference positions x”, and the generalized system
coordinates qS“MS, g9“MS and f¢. Note that both x# and ®%“MS are constant, and
thus, only need to be assembled and exchanged once for a given multibody system. Then,
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Figure 3: Sketch of the explicit force-displacement coupling between multibody and fluid simulator for
data transfer and synchronization (red arrows). Position and velocity vectors r and vr of the discretized
surface and the corresponding contact force vector Frgr are exchanged once in every step.

GCMS GCMS

in every time step, q and q are passed from the multibody simulator to the
particle simulator, where the conversion to the FE positions and velocities »# and v¥,

qGCMS7 FE _ q)GCMSqGCMsy (14)

is computed, the fluid-structure interaction is evaluated as described in Subsection 3.2,
and the resulting forces ff'¥ are transformed back according to

fe — fFE((I)GCMS)T‘ (15>

Benefitting from the linearity and the time-independency of the transformation, as well as
the fact that ®9CMS consists of blocks of multiples of 3 x 3 identity matrices [8], Eqs. (14)
and (15) can be computed very efficiently and parallelized within the particle simulation
environment. Furthermore, the amount of data in the interface is reduced significantly and
the GCMS elements in the multibody system only require the reduced set of coordinates.
This significantly reduces the computational effort on the multibody side, especially in
case of large underlying FE systems, and eliminates possible bottlenecks with respect to
both the interface data transfer and the coupling of the multibody code to a (massively)
parallel particle simulator. In the present work, both variants have been implemented
and are discussed in what follows.

FE _ o FE | §GOMS

r v

4 NUMERICAL SIMULATIONS

In the following sections, our approach is validated (Sec. 4.1), the scalability and ef-
ficiency is discussed (Sec. 4.2), and, finally, a more advanced application is presented
(Sec. 4.3). In all cases, water is assumed as fluid, modeled as weakly compressible fluid
with a density of 103kg/m? and a kinematic viscosity of 107 m?/s.

4.1 Benchmark examples and validation

In order to validate our computational approach to FSI, a 3D dam break on a wet bed
against a rigid fixed obstacle is simulated at first (cf. left part of Fig. 4). In [10], details

8
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on the set-up of this example, as well as both computational reference data (obtained
by a marker-and-cell method) and measurement data from experiments can be found. A
comparison of the total force on the obstacle in direction of the wave motion is given in the
right part of Fig. 4. Even with the relatively coarse spatial resolution used here—31000
particles, with a total CPU time of approximately 2 hours—we can see good agreement
of our results with the reference data. Note that a higher spatial resolution and smaller
time steps would improve accuracy and smoothness of the results. Secondly, the GCMS

Fy [N]
40

30
20

10

-10

Figure 4: Left: Snapshots of the dam break simulation at simulation times 0.006s (upper image) and
0.582 s; particle colors represent flow speed. Right: Net force on rigid obstacle in direction of wave motion
(green line) with computational reference data (red line) and experimental data [10] (blue markers).

model is validated against a direct finite element computation. The numerical test is
based on the same setup as the previous example, but with a flexible beam (Young’s
modulus F = 10°N/m?, density p = 10 kg/m3, Poisson ratio v = 0.3) clamped at the
ground instead of the rigid obstacle (cf. left part of Fig. 5). The beam is discretized by a
hexahedral mesh with a resolution of 8 x 4 x 48 elements, and has the same dimensions
as the rigid obstacle, except for half of the thickness. A total of 8 modes, i.e., 72 flexible
GCMS degrees of freedom, is used in the computation. Note, that the transformation
(14) here is performed (in parallel) on the fluid side. In Fig. 5, the tip displacement of
the beam is plotted over time for both approaches, showing very good mutual agreement
along with a significant reduction of CPU time in the GCMS case.

4.2 Efficiency and scalability

To assess the efficiency and scalability of the approach, several CPU time measurements
were performed. As underlying test case, a 45-degree impact of a flexible cylinder shell
(same material parameters as above) on water is simulated (see Fig. 6). For the flexible
displacements of the shell 12 free-free modes (108 flexible GCMS DOFs) are used. In all
cases, approximately 8000 particles are used to resolve the fluid. The left part of Fig. 7
shows the total CPU times and relative speedup versus the number of MPI processes, for
the FE computation and both variants of the GCMS computation. Obvisouly, the GCMS
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Figure 5: Left: Simulation snapshot; colors correspond to (flow) speed. Right: Tip displacement of the
flexible structure during dam break over time for GCMS (red) and FE (dashed green line) computation.

simulations are significantly faster than the FE case, and, as expected, the GCMS variant
with the coordinate transformation within the parallel particle simulation framework is
superior. To demonstrate the benefit of computing the GCMS transformation parallelized
on the particle side, a set of simulations was run with both variants, using an increasing
number of modes, i.e., increasing computational effort for the transformation. The relative
speedup is shown in the right part of Fig. 7. As expected, the efficiency increases with
the computational costs for the GCMS transformation. This is particularly relevant in
case of complex mechanical systems with large underlying finite element meshes.

4.3 Advanced numerical examples

Eventually, one more advanced example is presented in a qualitative manner. Similarly
to the cylinder shell above, an impact simulation of a hollow rocket-like structure is
performed. In this case, a tetrahedral finite element mesh with approximately 10* elements
is used and the fluid is modeled with over 10° SPH particles. With 10 modes for the
GCMS model and the parallel implementation of the GCMS coordinate transformation,
the computational time for the full impact simulation on a standard desktop quad-core

Figure 6: Simulation snapshots; particle color and the contour plot correspond to the (flow) speed.

10
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Figure 7: Left: Total CPU times for FE computation (red circles) and GCMS variants with the coor-
dinate transformation performed within the serial multibody framework (green squares) or within the
parallel particle simulation environment (blue checks), respectively, versus the number of MPI processes.
Right: Relative speedup between the parallel w.r.t. the serial GCMS variant versus the number of modes.

CPU is still only about 15 minutes. Fig. 8 shows two snapshots of the simulation.

Figure 8: Snapshots of the impact simulation of a hollow rocket-like flexible structure on water. The
colors of the contour plot on the structure correspond to the total strain magnitude of the structure.

5 CONCLUSIONS

Based on the coupling of flexible multibody systems including modally reduced el-
ements with particle-based fluid mechanics, a versatile and very efficient approach to
deal with complex fluid-structure interactions has been presented. Both its accuracy and
efficiency has been shown by various numerical computations.
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