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Abstract

Many fluid-structure interaction (FSI) and other moving-boundary flow problems involve localized

effects within a larger flow domain, such as boundary layers near a flexible stmcture. Accurate and realis-

tic computational analysis of such problems requires that the local flow behavior is properly represented

by the methods, with sufficient computational flexibility and reasonable computing cost. There are ba-

sically two approaches: interface-tracking (moving mesh) and interface-capturing (nonmoving mesh)

methods. In the first approach, arbitrary Lagrangian-Eulerian or space-time methods are employed to

allow the fluid mesh to deform and follow the moving structure. Moving-mesh methods are more suitable

when there are no topological changes (TC) in the flow domain, such as contact between solid surfaces,

demanding sophiscated techniques to take TC into account. In the second approach, immersed-boundary
methods are used to allow the structure to move over a mesh that is not following the interface. This

approach is seen by most as the practical way in flow problems with TC. However, the approach might

involve numerical problems due to the conditions imposed at the immersed boundary and quite often will

not have sufficient mesh resolution to accurately represent the boundary layers. We propose a method

with overlapping multiscale meshes, combining a global mesh that is constructed over the entire flow

domain and does not follow the structure and a finer and deforming local mesh that follows the structure.

For coupling the local and global meshes, a Function-space Blending Technique is developed, which is

based on local modification and superposition of the local and global bases inside a defined overlapping

region. The method is more flexible than the traditional moving-mesh methods, as the remeshing will

be less frequent and, when it happens, will be applied only to a small local mesh. At the same time, this

method overcomes the shortcomings of the nonmoving-mesh methods in boundary-layer representation.
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Fluid-structure interaction computation with multi-scale overlapping meshes

1 Introduction

Most of fem formulations for simulating moving boundary flows, fit into one of this 2 different

classes: interface-tracking (moving mesh) or interface-capturing (nonmoving mesh).

In the interface-tracking methods, formulations that allow the fluid mesh to deform arbitrarily, like

the arbitrary Lagrangian-Eulerian (ALE) [1] or space-time methods [2, 3], are employed to allow the

computational fluid domain to follow structural movements. Those are very robust methods, however,

will demand additional techniques to deal with problems with topological changes (TC) in the fluid

domain, or even some problems with very large deformations of the fluid domain at a point that it is not

impossible for the fluid mesh to accommodate the domain deformation.

In the second approach, immersed-boundary methods (see a good review in Mittal and laccarino

[4]) are used to allow the structure to move inside a fixed fluid mesh. This approach is seen by most

as the practical way in flow problems with TC. However, it might involve numerical problems due to

the conditions imposed at the immersed boundary and, for some situations, it is not impossible to use

adaptive refinement in order to represent properly boundary layers or discontinuities that may appear

very dose to the moving fluid-structure interface.

In the point of view of fluid mechanics, one can classify the problem of a structure moving inside

a much larger domain as a localized problem. Getting an accurate and realistic computational analysis

of these problems requires that the local mechanics behavior is properly represented with methods with

sufficient computational flexibility and reasonable computing cost. This allows us to deal with such

problem as a two-scale problem, with a local model dose to the structure, coupled to a global model.

Several authors have conducted studies aiming to enhance a global FEM model resolution regarding

localized effects, covering a large range of mechanical problems. Among these studies, there is one set of

methods that suggest to work both on macro- and micro-levels, with micro-fields correcting the macro-

ones (see [5, 6]).

In the context of unsteady flow problems with two-fluid and fluid-free surface interfaces, [7] and

[8] introduce the Enhanced-Discretization Interface-Capturing Technique (EDICT). In such method, the

fem function spaces are based on enhanced discretization at and near the interface. Initially a subset

of the elements in the base mesh, Mesh-I, is identified by those elements at and near the interface. A

more reíined mesh, Mesh-2, is constructed by patching together second-level meshes generated over each

element in this subset. Although the discretization is enhanced to capture the interface, meshes do not fit

to the interface of the discontinuity.

In a general context, Dhia [9], Dhia and Rateau [10], introduce the Arlequin method, which consists

in the superposition of models in defined overlapping region. In this method, the models are glued to

each other in a subzone of overlapping region called glue zone, where a Lagrange Multiplier field is

defined in order to consolidate local and global models, introducing extra unknowns to the problem.

In this work, we introduce in the context of FSI, a mesh blending method that enables us to use a

local fluid mesh overlapping with a global one. The local mesh is conform to the structure and deforms

tracking the structural motion, while the global mesh is fixed. This allows us to combine advantages

of interface-tracking and interface-capturing methods. The presence of a fine discretization dose to the

structure is ensured, in order to represent local effects, and at the same time that, by deforming only

the local mesh, a larger scale of displacements is tolerated compared to the standard interface-tracking

methods. In cases of topology change, like structural contact problems, mesh reconstruction apphes only
in the local mesh.

We perform the mesh blending by modifying the local and global basis function spaces in the over-

lap region and adding them keeping the partition of unity. This method has the advantage over other

overlapping meshes methods of no need for Lagrange multipliers, penalty parameters or other method to

glue local and global models.

We test the blending method on ID and 2D steady State problems, and then, apply it to 2D fluid-

structure interaction problem. We consider an implicit stabilized fem formulation for 2D analysis of

incompressible flows, with ALE description in the local model, coupled to a large displacement 2D
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frame dynamics solver with positional formulation [11, 12] with isogeometric discretization.

2 Mesh blending technique

Let us consider the physical domain composed by the union of a global domain Üq and containing
a local domain with the region of localized effects inside it, so that ü =

The physical boundary of the domain ,Q can be divided into the portion related to the global domain

Tg = (rG)g u (rG);^ and the portion related to the local domain Vl = (XL)g U (Ti)^, where subscripts
g and h identify Dirichlet and the Nenmmann boundaries respectively. Notice that Tg or Vl may not

exist or present only Dirichlet or only Nenmmann boundary conditions.

We also deffine non-physical boundaries (rG)^ and (ri)^ only to limit global and local domains

inside the physical domain (see figure 1).

(a) Global domain (b) Local domain

Lg

ToIb

J Local Domain

] Global Domain

(c) Physical domain

Figure 1. Physical domain decomposition

We allow Qq and Dj, to overlap defining a blending region VIb = Via fl Ül, bounded by (rG)^
and (ri)£. This method is built over the assumption that this region is larger than zero and not larger
than the local domain.

Considering that initially independent tests and trials spaces are defined for the global and for the

local domains, so that the test functions are given by: rüG(x) G Vg and wlÍ^) G Vl, and the trial
functions are given by: iig(x) G Sq and ui,(x) G Sl-

The direct union of the trial and test spaces from both models in order to provide the function

spaces for the physical domain D will resnlt into inadequate function spaces which do not hold the unity

partition property. Moreover, it is necessary a specific criteria to pic test and trial functions, which are

not necessarily limited to the blending domain.

It is done by making a weighted addition of the test and trial function (blending), so that the new
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Fluid-structure interaction computation with mulii-scale overlapping meshes

test and trial functions are givenby:

u(x) = b{-x.)uG(x) + (1 - ò(x))nL(x) (1)

and

n;(x) = ò(x)n;G(x) + (1 - ò(x))u)i(x) (2)

where b is called blending function, with value 1 over the global domain free zone (Üq — 0 over

the local domain free zone (Cíp — flc), and with a specially designed smooth transition over íljg.

The initial trial and test spaces remain unchanged in the free zones, however, in the blending region,

they are modiíied, so that for the blended physical domain we define new enriched spaces Senr con-

taining u and Venr containing w, so that the solution of a boundary value problem can now be deíined

as: find u(x) e Senr so that
B{u,w) = F{w), \/w e V.

or by: find ríi,(x) 6 Sp and ug(x) £ Sg such that, for a specially chosen function b,

(3)enrt

B{buG + (1 - b)uL, bwG + (1 - b)wL) = F{bwG + (1 - b)wL).,

ywL € Vi and Vmc £ Vg-
(4)

In the equations above -B(», •) and F{») are respectively a bilinear and linear functional operators from

^enr ^ Sgnr tO IR,.

In order to get the discrete problem based on the finite element technique, we simply multiply the

shape functions N(;(x) of the global discretization by ò(x) and the shape functions Ni of the local

discretization by (1 — ò(x)), so that the trial solution is given by:

(nnp)G

(x) = {ug)aK^){Ng)aÍ:íí)+ (^íí)a(I - í(x))(ÍVí)a(x).
h

(5)u

A=1A=1

where {nnp)G and {nnp)L are the number of shape functions respectively of the global and of the local

discretizations. One can see that the problem is now equivalent to solve a standard fem problem with

new shape functions obtained by modifying the ones akeady existing for each domain.

Such procedure, in order to lead to a single solution, requires the modified basis functions 6(x)N(j(x)

and (1 — ò(x))Ni(x) to be linearly independent over Üb- This requires ò(x) to be chosen in order to
ensure such linearly independence. However, it is important to mention that iterative solution methods

may lead to the desired solution (specially for dynamic problems, where a good initial guess is well

deíined) even with linearly dependency.

2.1 Blending function definition

In order to keep the method practical, we consider that the global mesh has the size of the domain

Ví and the boundary (rG)^ is latter deíined based on the shape of the local model. The global elements

and nodes with no physical support or very small support after the blending process are deactivated from

the analysis.

In order to define ò, we íirst define Xp as the signed distance function from the boundary (Y'b)b

(externai boundary of the local domain), considered positive inside the local domain and negative outside.

The next step is to define a signed distance Xg to {Tg)b, positive if the point is inside ,Qg and negative
if the point is outside. The blending domain Üb is deíined by the points where both signed distance are

positive. The blending function can now be evaluated as a function of Xp and Xg-

Considering shape functions of order n, in the ID case, we need ò to be a function of order n + 1 in

order to provide 2(n + 1) shape functions of order 2n + 1 over the blending zone.

We íirst define the parameter á(x) = Xz,(x) + Xg(x). This parameter coincides with the blending

domain thickness when (rG')^ and (ri,)_B are parallel.
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In this work, we apply tlie same Idea for the 2D case considering quadratic shape functions, so that

the blending function ò(x) is cubic with Xl, given by:

2 + 1 ^g(x) > 0 and Xi(x) > 0

Kx)=<i ifXi(x)<0
0 ifXG(x)<0

Considering quadratic shape functions, the proposed method will provide a basis of degree n = 5

over the blending region, with 6 nonzero shape functions at any point. The size of the domain CIb also

affects the precision of the solution. The region Qb is a region with higher order shape functions and

more nodal points, so that the quality of the numerical solution is increased when increases. However

increasing ÇIb may result in shape functions much smaller than others, damaging the precision of the
method as one can see in the numerical tests of section 3.

The size of the blending region affects the precision of the solution. At the same time that the

blending domain has a more accurate basis, it can also contain shape functions with very small support

in the physical domain, making the System ill-conditioned as D,b increases.

Figure 2 illustrates the process applied to a ID discretization with quadratic shape functions.

(6)

3 Preliminary ID tests

In order to study the numerical characteristics or the proposed method, we start by considering a ID

elastic bar of length l, clamped at both ends, with Young’s modulus E = 1 and cross section area 5 = 1,

under the axial distributed load / = cos(ttx/1). The goveming differential equation is given by:

cf u

/ = 0 = (a,ò) (7)
dx^

with u{a) = 0 and u{h) = 0, where a and h are respectively the left and the right boundary position.

Considering a = 0 and h = l.

Convergence with fixed overlap length

In order to solve this problem we use the same discretization for local and global model, with size

l. Initially we set the blending domain size equal to the length = Üq = .0l) implying 5 — 1. The

size of the elements is then modified equally for both models at same time. Four different element sizes

are considered: h = l, 1/2, Z/3, Z/6 and Z/12.
One can notice from figure 3 that the problem starts converging with the same convergence rate

as expected for a 5*^ degree basis, however it lowers the convergence rate by about one order as the

elements get smaller. It is explained by the presence of shape functions with small support when refining

the mesh and keeping the blending domain size constant.

Convergence analysis for ô = h

Following, we fix the blending domain length to the size of one element and perform a convergence

analysis expecting to get no less than the 0(hY for the error in L2 norm and less the 0(Zi)^ for the error
in Hi semi-norm. It is confirmed by the results in figure 4.

These preliminary results serve as a guideline for expanding the method to higher dimensions.

4 Incompressible fluid flow modeling

In order to model Navier-Stokes equations for incompressible flow, we use the SUPG/PSPG (Stream-

line Upwind Petrov Galerkin/Pressure Stabilization Petrov Galerkin) formulation of the finite element
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Figure 2. ID Blending.

method as described by [13], with time marching integration based on the implicit trapezoidal rule (sec-
ond order accurate).

The stabilized weak form of the goveming equations in ALE description is then given by:

h h h h
f díl +

h : a (vL^,p^+ (u ) • Vu dClw • p e wV

dtn n

h ■h^ãTw

(8)It^ei pe

*sí ((u^^-v^O-Vw^) tm (u^p^) díl'^SUPG

"•el y.e
+ V / ri,sicV • w\c () dü = 0
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Figure 4. Convergence with overlap length 5 = h.

and

(Vq^\
\ P )^^dü+y / ■ rM (u^,P^ dÇl,■ u (9)TPSPG

Q.

where is the momentum equation test function vector, p is the fluid density, is the interpolated

velocity vector, is the mesh velocity, is the interpolated body forces vector, e is the infinitesimal

strain operator, is the interpolated pressure, cr is the Cauchy stress tensor, is the traction vector at

Neumann boundary, tm is the residua of momentum equation, tq is the residua of continuity equation

and q is the continuity equation test function.

The stabilizing parameters stabilizing parameters tpspg^ '^supg and iq:,sic are computed according

to Takizawa et al. [14]. One important point regarding the use of the mesh blending procedure for the

stabilized formulation of fluid dynamics is the evaluation of the stabilizing parameters. The stabilizing

parameters for both, convection and pressure, ai'e based on a scale length, which is taken as measure
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of the element length in the criticai direction. The choice of optimal parameters in the blending zone

is still to be investigated, however, in this paper we chose to compute two parameters, (rsuPG)L ^nd
(tsupg)g. respectively for local and global meshes, considering their initial shape functions, and then

such parameters are blended by:

■PSUPg(x) = &(rsUPG)G + (1 - ^)(7'SUPg)l- (10)

4.1 Local-mesh dynamic deformation

In the blended method, considering a moving local-domain, Eq. 8 can be applied directly to the free

global domain, considering = 0, and to the free local domain, where is the computed local mesh

velocity. However, a deeper analysis is necessary in the blending region in order to allow only the local

basis functions to move. When computing material time derivatives, one need to take into account the

shape functions change in time.

In order to deform the local mesh, we apply a Laplacian smoothing for displacements, constraining

displacements at fluid/structure interface to the structural displacements, according to Fernandes et al.

[15].

4.2 Fixed domain test - Driven cavity incompressible flow

We consider a square cavity with non-dimensional sides of length l = 1, with prescribed horizontal

velocity at the top -u = 1. The walls are considered to be no-slip and the fluid viscosity is changed in

order to get different Reynolds Numbers.

Eive different meshes are used in this simulation, two for global models, being one unstructured

(mesh a) and the other structured, and three for local models as shown in Fig. 5. We first use mesh a to

get a reference solution and in the sequence local and global meshes are combined in order to test mesh

blending technique. We employed 6 nodes triangular finite elements with quadratic Lagrange polynomial

shape functions

One can see from Fig. 6, where the horizontal velocity is depicted along the central vertical axe,

that the proposed method works as expected. The use of the mesh blending technique for enriching the

discretization near the walls clearly give a more accurate representation of the problem, as seen in Figs.
7 and 8.

Moving boundary test - 2D propeller inside a cavity

In this example we consider a 2D propeller inside a cavity unitary non-dimensional length and

height, íilled with a viscous fluid with non-dimensional viscosity /i = 0.1 and non-dimensional density

p = 1, with boundary conditions and geometry described in fig. 9. The Global mesh has 1238 quadratic

triangular elements and 2563 nodes, while the Local mesh has 1626 quadratic triangular elements and
3482 nodes.

A non-dimensional time step íí = 0.01 is adopted. The propeller is initially at rest and an angular

velocity is linearly imposed from tu = 0 at í = 0 until w = 1. rad/(time unity) at í = 0.2, and is then

kept constant.

Figure 10 shows pressure and velocity magnitude distribution for some instants and fig. 11 shows

the horizontal fluid velocity at the center of the top boundary along time.

5 Fluid-structure interaction with overlapped meshes

We model the fluid as described in section 4, and couple it to a large displacement 2D frame dy-

namics solver considering Timoshenko/Reissner kinematics in the same way as described by Sanches

and Coda [12], but considering isogeometric discretization, with NURBS shape functions, instead of

C1LAMCE2019
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Figure 5. Driven cavity meshes
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Figure 6. Horizontal velocity distribution along y.

finite elements. The block-iterative coupling scheme as described in [16] is adopted in order to solve the

coupled problem.

FSI numerical example - Driven cavity with flexible bottom

This example is an extension of the rigid wall cavity problem from item 4.2. In this expan-

sion, explored by many references [17-19], the cavity bottom is replaced by a flexible bar, as illus-

trated in Fig. 12. Initially, the fluid is at rest and an oscillatory velocity proflle given by u(í) =
[1 — cos(0.47ri), 0, 0]^ is imposed on the cavity upper wall, as well as non-slip condition to the side
walls.

Based pn the results obtained with the irgid cavity problem, mesh a is chosen for the fluid global
model and mesh d for the fluid local model. The bar stmcture in the bottom is discretized by 32 cells and

35 control points forming one single cubic NURBs patch.

CILAMCE2019

Proceedings ofthe XL Ibero-Latin-American Congress on Computational Meíhods in Engineering, ABMEC.
Nalal/RN, Brazil, November 11-14, 2019



Fluid-stnicture interaction computation with multi-scale overlapping meshes

(c) Re 100 Meshes b+d(b) Re 100 Meshes b+d

Figure 7. Noti-dimensional velocity magnitude for Re 100 with some different mesh combinations.
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Figure 8. Non-dimensional velocity magnitude for Re 1000 and 10000 with mesh combination b+d.

o

v = 0

t = 0 ■t = o

CO
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0.35o

u = V = 0

1.0

Figure 9. Geometry and boundary conditions for the 2D propeller

In figure 14 we compare the vertical displacement in the center of the bar along time with the solu-

tion given by other authors ([17, 20]), showing reasonable agreement, taking into account the different

algorithms and elements employed.

Figure 14 shows snapshots of the fluid velocity magnitiude distribution and the vertical component

of structural displacements at different instants, where one can see the mesh deformation as well. From
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Figure 10. Results for 2D Propeller inside a cavity
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Figure 11. Velocity vs. time at the center of upper boundary

this example it is possible to conclude that the propósed technique is suitable to FSI a;pplications.
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U.i(í) = 1 - cos(0.47rt)
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Figure 12. Geometry, boundary conditions and material data of driven cavity with flexible bottom.
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Figure 13. Middle point vertical displacement

6 Conclusion

In this paper, we presented a method for fluid-structure interaction analysis in which a local fluid

mesh, coupled to the structure, overlaps a global mesh that discretizes the entire fluid domain. The

local mesh is deformable while the global one is flxed, and the bases functions spaces are blended in

a subdomain of the overlapping region. The local mesh can be used for enhancing discretization and

capturing smaller scale effects, as well to allow larger shape changes to the structure without entangling

elements. Another important advantage is that, if topological changes occur, only the local mesh needs to

be reconstructed. The function spaces blending method is initially tested in ID boundary value problems

to verify its numerical characteristics. Following, the method is applied to 2D incompressible flow

problems with flxed and moving boundaries, and finally, it is coupled to a 2D frame dynamic solver and

applied to FSI computation. The results of the numerical example suggests the proposed methodology

has great potential as an altemative to FSI problems with large structural shape changes.
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