The 8th European Congress on Computational Methods in Applied Sciences and Engineering
ECCOMAS Congress 2022
5-9 June 2022, Oslo, Norway

FULLY INTEGRATED MESH GENERATION
IN FLUID-STRUCTURE INTERACTION

Thomas-Peter Fries, Domagoj Bosnjak, Richard Schussnig

Institute of Structural Analysis
Graz University of Technology
Lessingstr. 25, 8010 Graz, Austria
e-mail: fries@tugraz.at, www.ifb.tugraz.at

Key words: Fluid-structure interaction, FSI, multiphysics, mesh generation, transfinite maps,
moving domain

Abstract. In fluid-structure interaction (FSI), the fluid and solid domains are permantently
changing, coupled along a time-dependent, moving fluid-structure interface. The update of
the fluid domain, i.e., in the numerical context, the mesh update is critical for robust and
efficient simulations. Herein, we propose to inherently embed the mesh generation into the
simulation. The FSI domain is defined based on structured building blocks that imply all
the relevant information needed for the automatic mesh generation: Topology, geometry, and
grading information. Transfinite maps play a crucial role for the definition of sub-meshes with
any desired order and resolution in each building block. In every time step, a new mesh is
generated, taking into account the deforming FSI interface. This generation is fast compared to
the overall work load in each time step which is still dominated by the (iterative) solutions of the
systems of equations. It is also very robust and removes any mesh entanglement by construction
provided that suitable building blocks are selected once initially. Numerical results confirm the
success of the proposed FSI strategy with integrated mesh generation.

1 Introduction

Mesh generation may be distinguished into structured and unstructured meshing [10]. Un-
structured mesh generators only require boundary data of some domain of interest without the
need to further specify topological information (e.g., the number of holes in the domain etc.).
Therefore, they are very versatile and most modern mesh generators fall into this class. How-
ever, there is usually no direct control over the number of resulting elements and nodes and
most algorithms only support linear (or other low-order) meshes.

On the other hand, structured mesh generators either require simpler geometries (e.g., block-
shaped domains) or, for more general domains, require a set of building blocks which are topolog-
ically equivalent to the domain of interest [1, 23]. The topological representation of the domain
based on coarse-scale building blocks is often semi-automatic and usually requires more user
information than the unstructured generators. Nevertheless, provided that the full geometry
information (in addition to only the topology) and further information concerning the grading
of elements towards singularities or to resolve boundary layers near walls is given, structured
mesh generators enable a fast and robust generation of higher-order and high-quality meshes.
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For the same level of accuracy, they often result in far less elements than unstructured mesh
generators.

In structured meshing, the number of resulting elements and nodes is directly controlled.
This is of particular importance in the present paper where some parts of the boundary, i.e.,
the fluid-structure interface, are moving. Then, the resulting number of elements and nodes
should remain fixed, so that mesh velocities as needed in the ALE framework are computed
naturally without any need for search and projection schemes. It is noted that unstructured
mesh generators result in different numbers of elements and nodes even for small changes of the
domain of interest. Then, search and projection schemes are required in applications with moving
domains which spoil the accuracy, rendering higher-order simulations virtually impossible.

In our structured mesh generator, (i) the topology is described via building blocks which may
be thought of as coarse-scale, linear elements in a first step. Next, (ii) the (exact) geometry
information of the domain of interest is associated to the edges or faces of the building blocks in
two or three dimensions, respectively. Finally, (iii) element grading may be prescribed via the
edges of the building blocks and is then carried over to the faces and block interiors thereafter.
We allow for any shape of the building blocks such as triangles and quadrilaterals in two di-
mensions and tetrahedra, hexahedra, prisms, and pyramids in three dimensions. This naturally
results into mixed higher-order elements which, in turn, may be transformed to single-element
type meshes. For the geometry information, we enable the explicit definition via higher-order
surface elements, B-splines, NURBS [13, 17| and generic function evaluations on the one hand
and implicit definitions via level-set functions and root-search algorithms [12, 11, 18] on the
other hand.

The key ingredient for the success of the structured mesh generation are so-called transfinite
maps. In the first step, the geometry and grading information is taken to obtain higher-order
elements on the exterior of each building block. Then, in the second step, the desired mesh is
generated in the interiors of the blocks. The number of elements per building block and the
desired order is prescribed by the user. In this way, meshes with millions of (higher-order)
elements are generated within seconds; however, usually much less elements are required.

In applications where a fluid interacts with a structure, frequent mesh updates are required to
consider for the moving fluid-structure interface. In the usual definition of the coupled boundary
value problem modelling FSI, the fluid equations are formulated in an ALE framework and the
solid in a total Lagrangean framework [3, 14, 15]. Therefore, mesh updates are required in the
fluid domain only and mesh velocities have to be computed in this part of the overall domain.
The topic of mesh updates has always played an important role in FSI simulations. A large
number of approaches may be distinguished, see, e.g., [9, 19, 20, 22]. These approaches involve
different complexities and computational efforts and feature some characteristic pros and cons.
However, a shared feature is that they tend to be less successful for increasing element orders
and that FSI simulations are still more likely to fail due to unsuccessful mesh updates rather
than, say, convergence issues of the coupled iteration loop or the individual (non-linear) models
for the fluid and the solid. Herein, we propose to replace any of these mesh update techniques
and rather fully remesh the fluid domain in every time step of the simulation. We find that
this is not only more robust and applicable to any order of the elements but also more efficient
than many of the other mesh update techniques, in particular those which require the solution
of large systems of equations.
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The paper is organized as follows: In Section 2, the governing equations of FSI are described.
Section 3 focuses on the mesh generation and the inherent coupling into the FSI framework.
Numerical results are presented in Section 4 and confirm the benefits over classical mesh update
techniques. Conclusions and an outlook are given in Section 5.

2  Fluid-structure interaction (FSI)

Fluid-structure interaction is a coupled problem, where some d-dimensional flow field in
Op C RY exerts a load on a structure in Qg € R? which, in turn, deforms and thereby changes
the geometry of the flow domain, hence the flow field itself. We approach this coupled problem
by a classical partitioned approach which, for the sake of brevity, is only shortly summarized
here. We assume an incompressible flow modeled by the incompressible Navier-Stokes equations
in Arbitrary Langrangean-Eulerian (ALE) formulation allowing for moving fluid domains. For
the solid, we use a St. Venant model in total Langrangean description always referring to the
initial domain. The interaction of the fluid and solid fields are sketched in Fig. 1, highlighting
the iterative procedure carried out in every time step: We first compute the flow field in the
fluid domain of the current time step, extract the loading on the fluid-structure interface I'pgr,
and obtain the deformation, velocity and acceleration of the solid. From this, we extract the
displacement of I'rgr which implies a change in the geometry of the fluid domain which classi-
cally requires a mesh update of the corresponding mesh, which, however, is replaced by a full
remeshing step herein.

The instationary, incompressible Navier-Stokes equations are considered in velocity-pressure
formulation. These equations are in an arbitrary Lagrangian-Eulerian (ALE) framework [§]

or (ur+u-Vou)—Vy-oc—f = 0, onQpx(0,7T), (1)
Ve-u = 0, onQpx(0,7), (2)

where (1) is the momentum equation, (2) the continuity equation, w are the velocities, and
or is the fluid density. The advective velocity 4 = u — un takes movements of the reference
ALE-coordinate system into account and wuyg is the mesh velocity. The stress tensor o of a
Newtonian fluid is defined as

o (u,p) = —pl +2ue (u), with € (u) = % (Vmu + (un)T> , (3)

where p is the pressure, and p the dynamic viscosity; for non-Newtonian fluids, see, e.g., [14, 15].
In the solid domain Qg C R?, the St.Venant model is chosen, resulting in the governing

equations [2, 24]
osd — Vx - (FS) — f =0, on Qg x (0,T), (4)

where pg is the density of the structure at the initial time step and f describes volume forces.
The deformation gradient is F = Vxd + I, the second Piola-Kirchhoff stress tensor is given as
S = A (trE) I + 29E and the Green-Lagrange strain tensor is E = % (FTF —1).

A complete description of boundary conditions is omitted here for brevity, however, it is
noted that fluid and solid domain share a common boundary, called the fluid-structure interface
I'rsr. Geometrical consistency and mechanical equilibrium at the moving, hence, time-dependent
I'psi(t) must be ensured in the numerical treatment of the FSI problem. We use a standard
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Figure 1: FSI as a coupled problem. Herein, we propose to replace the mesh update by a full remeshing
of the fluid domain.

stabilized, yet higher-order finite element framework for the spatial descrization and the finite
difference method (Crank-Nicolson scheme) for the temporal descrization. The weak statement
of the FSI model as required for the FEM approximation is not shown here because the focus is
rather on the integrated mesh generation.

3 Mesh generation

In FSI-applications, the fluid and solid domains are changing throughout the simulation due
to the movement of the fluid-structure interface I'pgy(¢). As the fluid model is based on the ALE
framework, the corresponding fluid mesh has to be frequently updated to account for the moving
interface. Herein, we propose to fully remesh the fluid domain in every time and iteration step
which requires to inherently couple the mesh generator into the simulation. It is seen in Eq. 1
that the mesh velocity wy is required to compute the advective velocity w = w — wy;. This is
only simple when the number of elements and nodes remains fixed during the whole simulation;
otherwise, cumbersome projections between different meshes would result and spoil the accuracy.
Therefore, it is crucial to use a structured mesh generator rather than an unstructured one.

3.1 Structured mesh generation

The fluid and solid domains are represented by building blocks which may be seen as coarse-
scale linear elements, see Fig. 2. Next, the (exact) geometry information is assigned to the
edges or faces of the two- or three-dimensional building blocks, respectively. The geometry
may either be defined explicitly via higher-order elements or NURBS, see Fig. 3(a) and (b), or
implicitly via level-set functions, see Fig. 3(c) and (d). Note that the same two-dimensional
geometry in Fig. 3(a) and (c¢) may result from both approaches. In Fig. 3(d), the geometry of a
human aorta is defined implicitly based on convolution surfaces [5]. Next, grading information
is associated to the edges of the building blocks in order to resolve boundary layers. Based on
these three ingredients—topology, geometry and grading—higher-order and high-quality meshes
are generated in each building block and combined to one final mesh, see, e.g., Fig. 2(c).

3.2 Structured mesh generation in FSI

In the present context of FSI, it is important to note that only in the initial mesh generation
(at t = 0), the position of the fluid-structure interface I'pgr(0) is prescribed purely by given
geometry information. The user may then generate this initial mesh with some desired number
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Figure 2: (a) Schematic sketch of the FSI domain (similar to [16]), (b) topology representation via
building blocks including the assignment of fluid and solid blocks, (c¢) the generated mesh.

(a) 2D domain, explicit (b) 3D domain, explicit (¢) 2D domain, implicit (d) 3D domain, im-
plicit

Figure 3: Assignment of geometry data to the edges/faces of the building blocks: (a) and (b) explicit
definition via high-order line or surface elements, resp., (¢) and (d) implicit via level-set data.
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Figure 4: The proposed integrated mesh generation in FSI: (a) Snap shot of a classical FSI benchmark
with deformed flap in a flow field, (b) the corresponding coarse-scale building blocks, (c¢) the actual
position of the moving flap, i.e., T'pgi(t), (d) representation of I'pgr(t) by the blue higher-order line
elements resulting from the solid simulation, (e) the generated fluid mesh.

and order of elements per building block. In all future time and iteration steps, the interface
Ipsi(t > 0) results from the displacement field of the solid, see Section 2, i.e., it is part of the
solution. Then, for the geometry information of the neighboring building blocks of I'rgr, the
initial geometry information must be replaced by the set of higher-order elements resulting from
the solid deformation.

This is illustrated in Fig. 4 for the example of a classical FSI benchmark where a flap behind
a square block is moving in a flow field [21, 16]: Fig. 4(a) shows some snap shot of the FSI-
simulation with some flap deformation. The task is now to generate a fluid mesh representing
this geometry. Fig. 4(b) shows the building blocks where only the end points of the flap are
considered by the position of the block corners. A zoom of the situation around the flap is seen
in Fig. 4(c) where the actual position of I'pgr(¢) is shown in blue. Fig. 4(d) shows the nodes
on the edges of the building blocks, the black ones are prescribed geometry data from the user,
whereas the blue ones are rather resulting from the solid deformation. The final generated mesh
near the flap is seen in Fig. 4(e).

Hence, the central aspect is that in order to fully integrate the mesh generation into the
FSI simulation, some parts of the geometry definition are based on simulated data (the solid
deformation at I'pgr) rather than on prescribed user data. It is noted that this generation is
very efficient and robust: Structured meshes with several million of elements are generated in a
few seconds. Hence, this remeshing is typically much faster than mesh update techniques which
require the global solution(s) of system(s) of equations.
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Figure 5: Procedure for the generation of sub-meshes in a triangular building block: (a) edge grading
assigned to the edges of the reference building block, (b) prescribed geometry data at the edges, (¢) edge
grading in the physical building block, (d) generation of inner nodes using transfinite maps, (e) resulting
higher-order mesh.

3.3 Transfinite maps

It remains to outline how the inner sub-meshes inside the building blocks are generated
based on the geometry and grading data assigned to their exterior (boundaries). The procedure
is sketched in Fig. 5 for the example of a triangular building block in which a user-defined
number and order of higher-order elements is generated. The procedure falls into the following
steps: Generation of outer nodes on the edges of the reference building block, see Fig. 5(a),
according to the desired grading; the number of nodes on each edge is already related to the
desired number and order of elements. Based on the geometry data assigned to the edges of the
building block, see Fig. 5(b), these nodes are mapped to the physical domain, see Fig. 5(c). It
is recalled that this geometry data may either refer to a prescribed fixed part of the boundary
or—as in FSI-—to some time-dependent interface I'rgi(¢). The next task is to generate inner
nodes inside the building block according to the position of the outer nodes, see Fig. 5(d) for
which transfinite maps are required, see below. Finally, the nodes have to be associated with a
connectivity matrix relating them to higher-order elements, see Fig. 5(e).

A crucial step in this procedure is the generation of inner nodes based on the outer nodes
using transfinite maps. These maps are quite trivial for tensor-product elements (here: building
blocks) and are closely related to Coons patches [4] and the blending function method of Gordon
[6, 7]. For other types of building blocks such as triangles and tetrahedra, transfinite maps are
found, e.g., in [25]. Herein, we restrict ourselves to the definition for tensor-product elements,
see Fig. 6, which is shortly summarized as follows.

Let there be four edge curves implying the outer contour of some arbitrary shaped quadri-
lateral with four corner nodes xf, i = 1,2,3,4, as shown in Fig. 6(b). They are defined via
parametrizations x;(c;) where the local coordinate ¢; € [—1,1] is defined along the individual
edges as seen in Fig. 6(a); there is an obvious relation between ¢; and the reference coor-
dinate system (r,s). The start and end points of the edges must coincide with the corner
nodes x§ mentioned before. Associated with each edge, linear, one-dimensional shape functions
Nil,]f(ci) =1(1-¢) and N&QD (¢;) = 3(14¢;) are defined. One may now generate bubble functions
of the edge parametrizations as

xp(c;) = wi(ci) — wi(—1) - N}P (i) — zi(+1) - N'D(c), i = 1,2,3,4.

Setting ¢y = r, cg = 8, ¢cg = —r, and ¢4 = —s results in four individual bubble functions az? (r,s)
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Figure 6: Transfinite maps are used to map points inside reference elements to physical elements of
which only the boundary data (i.e., the exterior or hull) is given.

over the whole quadrilateral reference element as in Fig. 6(a). Introducing the bilinear shape
functions in the reference quadrilateral,

M) = 31-n)(1—5),  Na(r) = {1+ 7)1~ )
N(r) = J1+0)(1+5),  Na(r) = 3(1-r)(1 +5)

one may now define ramp functions associated with the four edges as
Ry = N1+ Na, R = No+ N3, R3 = N3+ Ny, Ry = Ny+ N1

Finally, the transfinite map for quadrilaterals is defined as

4 4

x(r) = Ni(r) o +> Ri(r)-z)(r).
=1

=1

Similar constructions lead to transfinite maps for hexahedral elements.

4 Numerical results

For the FSI benchmark with the flap behind a square block [21], we compare the mesh
quality between two different approaches: The first approach realizes the fluid mesh update
by considering the deformation of some virtual pseudo-solid in Qp [3, 19]. Zero-displacements
are prescribed on all boundaries of Qg except for the fluid-structure interface I'rgy, where the
displacement is extracted from the solid deformation in €)g. This approach is notorious for mesh
entanglements, (locally) resulting into invalid elements featuring negative Jacobians. A crucial
aspect is the assignment of element-specific stiffness parameters (Young’s moduli) depending on
the size and/or location of the elements. The resulting stiffness distribution used herein is seen
in Fig. 7. The second approach for the mesh update is, in fact, the proposed full remeshing as
outlined before.

Both results were able to generate valid meshes, however, it required significant fine-tuning in
the assignment of the element stiffnesses to obtain valid meshes using the pseudo-solid approach.
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Figure 7: Distribution of Young’s modulus for the pseudo-solid approach of the mesh update: (a)
considering corners, (b) considering the flap, (c¢) resulting sum.
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Figure 8: (a) Initial mesh, (b) deformed mesh according to the pseudo-solid approach, (c) resulting
mesh for the integrated mesh generation as proposed herein.
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Figure 9: Time-dependent quality measures of the meshes resulting from the pseudo-solid approach
(blue) and the full remeshing (black): (a) Jacobian of the deformation gradient, (b) maximum and
minimum of the angles between neighbouring edges.

In contrast, the full mesh generation turned out to be much more robust without any abortions
during the simulations. Some meshes near the flap are shown in Fig. 8 for one snap shot of the
simulation. When comparing Figs. 8(b) and (c), it is seen that some elements in the fluid mesh
are highly squeezed in the pseudo-solid approach which is not the case for the full remeshing.
This is also confirmed when computing typical parameters for the assessment of the mesh quality
(over time) such as the Jacobian of the deformation gradient or the maximum and minimum of
the angles between neighbouring edges within all elements, see Fig. 9. As seen, the pseudo-solid
approach squeezes some of the elements to almost zero-area and leads to maximum angles close
to 180° and minimum angles close to 0°. In contrast, these quality measures are much better for
the newly generated meshes. A number of other FSI simulations have confirmed these results
but are omitted here for brevity.

5 Conclusions

We propose to integrate mesh generation into the simulation of FSI. Instead of classical
strategies for the mesh update, we show that it is often faster and more robust to fully remesh
the fluid domain in every time and iteration step. This requires advanced structured meshing
strategies which are outlined herein: The topology is implied by building blocks, the geometry
is assigned to the boundaries of these blocks and grading information is defined at the edges.
Then, higher-order and high-quality meshes may be generated efficiently.

Uniting the mesh generator and FSI simulator comes at the cost of implementing the mesh
generator and increasing the software complexity. The benefit are efficient, robust and higher-
order accurate FSI simulations with large displacements.
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