Commun. Comput. Phys. Vol. 30, No. 1, pp. 1-33
doi: 10.4208/ cicp.OA-2020-0079 July 2021

A Polygonal Discontinuous Galerkin Formulation for
Contact Mechanics in Fluid-Structure Interaction
Problems

Stefano Zonca'!'*, Paola F. Antonietti! and Christian Vergara?

I MOX, Dipartimento di Matematica, Politecnico di Milano, Italy.
2 LABS, Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”,
Politecnico di Milano, Italy.

Received 6 May 2020; Accepted (in revised version) 2 December 2020

Abstract. In this work, we propose a formulation based on the Polygonal Discontinu-
ous Galerkin (PolyDG) method for contact mechanics that arises in fluid-structure in-
teraction problems. In particular, we introduce a consistent penalization approach to
treat the frictionless contact between immersed structures that undergo large displace-
ments. The key feature of the method is that the contact condition can be naturally
embedded in the PolyDG formulation, allowing to easily support polygonal/polyhe-
dral meshes. The proposed approach introduced a fixed background mesh for the
fluid problem overlapped by the structure grid that is able to move independently of
the fluid one. To assess the validity of the proposed approach, we report the results of
several numerical experiments obtained in the case of contact between flexible struc-
tures immersed in a fluid.
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1 Introduction

The numerical modeling of the contact process in mechanical problems requires to in-
troduce inequalities in the mathematical formulation, see e.g. [60, 85]. In particular, the
contact could be modeled by means of two inequalities, one prescribing a kinematic non-
penetration condition on the displacements, the other one prescribing a dynamic condi-
tion on the tractions; an additional equality ensuring the compatibility between these two
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conditions is added to the model, see e.g. [60, 85]. Moreover, depending on the applica-
tion of interest, a friction law may be prescribed to model the tangential behaviour of the
contact tractions [60]. From the numerical viewpoint, these conditions can be imposed via
different approaches. In [38], a penalty method is employed to impose the kinematic non-
penetration condition. In [35-37,39,40,69] and [25-27,76], the authors used a Nitsche-DG
and augmented Lagrangian formulations, respectively, that guarantee the consistency of
the numerical formulation. In [41,44, 58,59, 61,75, 83, 84], a Lagrange multipliers tech-
nique is presented for prescribing both the kinematic and the dynamic non-penetration
conditions.

Another important process involving many engineering applications is the interac-
tion between a solid body and a fluid, see e.g. [19, 23, 4648, 52,53, 67,72, 86, 87]. The
inclusion of the contact model in a fluid-structure interaction (FSI) framework features
additional challenges from the mathematical and numerical point of view, due to the
need of modeling fluid slip at the fluid-structure interface, a condition that allows con-
tact to take place. There are several applications that require the numerical approxima-
tion of FSI problems involving contact mechanics. For example, in the context of the
modeling of the cardiovascular system, we mention the dynamics of the heart valves, see
e.g. [12,21,54,65,74,80,81].

The physical process that takes place during the contact between two bodies im-
mersed in a fluid has not been completely understood yet, though several recent works
addressed the physical behaviour through experiments, see e.g. [18,62,71]. For this rea-
son, the derivation of a suitable mathematical model that describes the contact in FSI with
proper coupling conditions is not fully understood. From the theoretical viewpoint, sev-
eral works show that the contact may happen only under specific conditions on the fluid
and structure, or on the topology, see e.g. [13,34, 50, 51,57]. In particular, an important
result [13, 34] shows that in the case of an incompressible fluid, for a smooth structure
geometry, the standard no-slip kinematic coupling condition at the fluid-structure in-
terface does not allow the contact between approaching bodies, since a thin fluid layer
remains trapped between them. Thus, it is required to consider a slip condition to allow
the contact.

For the numerical treatment of the contact, several approaches have been proposed
in the literature. In [77], the authors proposed a fully-Eulerian approach to discretize
the FSI problem by using no-slip conditions at the fluid-structure interface. This choice
avoids the penetration between the structures, though it never allows their actual con-
tact. In [49], the fully-Eulerian approach has been extended to the contact case with a
penalization approach to prevent the penetration of the structures. In [78], the authors
proposed a penalty approach to treat the contact problem in the framework of the Space-
Time Finite Element method developed in [79]; in [20], a Fictitious Domain approach for
the FSI problem with immersed thin structures is proposed and a penalty approach is
employed to incorporate the non-penetration condition into the formulation. Lagrange
multiplier approaches have been used as well to handle the contact conditions in FSI, see
e.g. [12,45,68,80].
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Recently, a wide range of literature has been focused of the development of consis-
tent penalization methods, such as the Discontinuous Galerkin (DG) scheme. In [24], a
fully-Eulerian approach is used to formulate the discrete FSI problem and the DG ap-
proach is employed at the interface to prescribe a frictionless contact condition with both
no-slip and slip couplings at the fluid-structure interface. The authors prove a stabil-
ity result and show some two-dimensional numerical examples obtained with conform-
ing meshes. In [2], the Cut Finite Element Method (Cut-FEM) is employed to discretize
the FSI problem and frictionless contact conditions are included via a consistent penalty
method. In addition, it is proposed a transition from no-slip to slip coupling condition
close to the contact limit, based on the general Navier condition, see e.g. [62,71]. The
authors present two-dimensional numerical examples with unfitted meshes in the case
of contact between flexible structures immersed in a fluid. Finally, in [1], the authors ex-
tended the previous contact model by coupling it with a poroelastic model to represent
the surface roughness in a layer surrounding the structures.

Despite the great advances made, owing to the above-mentioned works, for the FSI
contact numerical modeling, some points need in our opinion to be still developed and
improved: i) the standard Finite Element method and its extensions, such as the eX-
tended Finite Element Method (XFEM), use the Lagrangian basis functions that do not
allow to easily implement a high-order space discretization. This could be of great in-
terest in some applications, such as to reduce dissipation and dispersion in numerical
schemes for elastodynamics problems; ii) since the XFEM uses standard mesh element
shapes, such as triangles and quadrilaterals, from the implementation point of view in
general it requires a specific treatment of the fluid polygonal elements resulting from the
intersection with the structure and of the corresponding degrees of freedom (for example
their doubling).

The aim of this work is to design a method that could give some concrete answers
to the previous open issues. In particular, we propose a DG formulation for the contact
problem in presence of the interaction with a surrounding fluid, valid for meshes with
arbitrary polygonal elements. This allows us to develop a consistent, high-order accurate
and geometrically flexible numerical method. In particular, the idea is to use discon-
tinuous Finite Elements modal basis functions which are built directly on the polygons
generated by the intersections between fluid and structure. This allows us to i) easily
implement any order of discretization and ii) manage the degrees of freedom of the cut
elements directly on the physical polygons, simplifying their treatment. In the class of ap-
proaches based on polygonal elements, we mention [15] for an example of a FSI problem
discretized via the Virtual Element method.

Here, we consider the Discontinuous Galerkin method on polygonal grids (PolyDG)
[6,8-10,14,28-32,64,73,82] and, in particular, the FSI formulation presented in [11]. Start-
ing from this work, we propose a new consistent contact formulation for the FSI contact
problem, where the contact conditions are written in the framework of the PolyDG ap-
proach. This allows us to naturally incorporate these conditions in the formulation. As
a consequence, we are able to present a scheme that naturally features high-order space
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accuracy for the contact FSI problem and can easily handle non-conforming arbitrarily
shaped fluid and structure meshes. This provides us with a gain in geometric flexibility.
Notice also that the proposed formulation is valid both for the two and three-dimensional
cases.

The paper is organized as follows. In Section 2, we introduce the FSI problem and
the contact model; in Section 3, we present the PolyDG contact FSI formulation; finally,
in Section 4, we show several 2D numerical experiments to assess the performance of the
proposed formulation.

2 Fluid-structure interaction and contact model

In this section, we introduce the governing equations for the FSI problem and for the
contact model.

Referring to Fig. 1, for any time t € [0,T], being T >0 the final observation time, we
consider a fluid domain Q¢ (t) CR* and a structure domain ) (t) C R? such that Q=
Qr (1) UOs(t), Qf (£)NQs(t) =D. We assume that both the fluid and structure domains
are polygonal.

We also assume that the structure domain is completely immersed in the fluid one,
so that 9Q); () represents the fluid-structure interface. We denote by #n;(t) and 7;(t) the
outward unit normal and the unit tangential vectors to d();(t), respectively, for i = f,s.
We also set n=mns=—n; and T =1 = —7; on 9Q); (f). To ease the notation, when it
is not necessary, we drop the dependence on time. For the sake of exposition, we also
assume that the bottom boundary of Q)¢ () is a straight line defined as T';, = {(x,y) :y=0}
that represents a rigid wall with outward vector normal 7, and unit tangential vector
Tw. We indicate with 'y the fixed external boundary of the fluid domain. In fact, we are
considering the case of one immersed structure entering in contact with a rigid wall. The
case of two flexible immersed structures will be numerically addressed in Section 3.3.

Our mathematical model is based on the following two assumptions, which accord-
ingly introduce a splitting of d()s in three subregions I'c, Egjip, Znoslip, Where different
coupling conditions will be applied:

i) A thin layer of fluid is assumed to be always present between structures, also at the
contact region. The latter is denoted by I'¢, see Fig. 1. Thus, the bodies may directly
exchange forces even though their geometries do not get in touch. In particular, we
assume that the contact happens whenever the distance between the two bodies is
lower than £ > 0, for a suitable ¢. This choice is introduced to simplify the resulting
numerical approximation, see also Remark 2.1. Owing to this, the fluid structure
interface is still (), also during the contact;

ii) To allow the contact between the bodies, we need to prescribe slip conditions be-
tween fluid and structure at the contact region. We extend to X, the region where
slip conditions are prescribed, even if no contact occurs here, see Fig. 1. This is done



S. Zonca, P. F. Antonietti and C. Vergara / Commun. Comput. Phys., 30 (2021), pp. 1-33 5

[—w (x)

Figure 1: Sketch of the fluid and structure domains Qf and Qs with the contact conditions. Iy, is the rigid
wall. 9Q); is partitioned in Zpq_gjip (solid line), Zgji, (dash line) and T'¢ (bold line). The function g¢ (x) indicates
the distance between x and its projection ITs ;(x) on I'y. The threshold distance gqi, separates the Zq glip
and X, regions, while ¢ separates the Y, and T'c regions.

Ty

in order to allow the fluid between the flexible and rigid structures to slip away, so
that they could move closer each other.

On the remaining part of the interface, po1ip, standard FSI coupling conditions
are prescribed, see Fig. 1.

The structure problem is written in a Lagrangian framework; accordingly, the quanti-
ties in the reference configuration are denoted with ™. The fluid and contact problems are
instead written in an Eulerian framework.

We consider an incompressible Newtonian fluid with T¢(u,p)=—pI+2p¢D(u), where
D(v)=1(Vo+Vo"), u and p are the fluid velocity and pressure and yi is the fluid dy-
namic viscosity. For the structure, we consider a linear elastic material with T;(d) =
As(V-d)I+2u;D(d), where d is the structure displacement, Ag,y; >0 are the Lamé pa-
rameters. We also introduce the fourth order elastic tensor C;s such that Ts(d) =Cs;D(d),
see e.g. [66]. To pass from the Cauchy stress tensor T;(d) to the Piola-Kirchhoff stress
tensor T, (c?), we use as usual the following formula:

T.=JT.F T,

with | =det(F) and where F = Vx is the deformation tensor, with the gradient evalu-
ated in the reference space coordinates and x the coordinates of the points in the current
configuration.

To prevent the penetration of the solid domain () into the rigid wall I';,, we impose
that their distance g¢ is greater than a specific threshold e e R, where gc:9Qs — R is the
gap function defined as

gc (x) = (Hs%w (x) _x) Ny,
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and where we have introduced the map Il;_,,:9Q — 1T, defined as IT;_, (x) = (x,0)
that projects a point from the boundary of the solid domain to the wall. Notice that

gc(x)=gc(X —Hﬂ , where X are the point coordinates in the reference configuration. For

the sake of notation, in what follows we will write gc (d) instead of gc (X +d) to highlight
the dependence of g¢c on the structure displacement.

The contact region I'c is identified as the subregion of d(); such that gc =¢. Here, a
repulsive “force” (contact traction) A¢:9Q) — R? is prescribed to the solid:

Ac=Acny+@cTw,

where Ac is the normal component aligned with n,, and ¢¢ the tangential one, which is
assumed to be zero. This leads to a contact model which is friction-less and is prescribed
via an asymmetric main/secondary approach [60,85], i.e. the contact conditions are pre-
scribed only on the secondary body. In our framework, the secondary body is the solid
domain (), while we consider the wall I';, as the rigid and fixed main body. Then, given
¢ >0, the conditions that account for the contact between the structure (); and the wall
I',, read as follows [24]:

gc>e, Ac<0, (e—gc)Ac=0 on dQ), (2.1a)
pc=0 on 9. (2.1b)

Notice that, to impose conditions (2.1), the (constant) normal n,, appearing in the defini-
tion of gc has to be translated and applied to 9.

Remark 2.1. In condition (2.1a), the relaxation parameter ¢ > 0 has been introduced so
that the contact arises when the gap function gc is equal to the threshold distance ¢. This
choice is motivated to avoid changes of topology in the discrete setting. Indeed, the
non-linear nature of the contact conditions requires an iterative procedure for solving the
resulting non-linear problem, and its solution fulfils the constraints only at convergence.
The first inequality in Eq. (2.1a) prescribes that the distance between the solid domain
and the wall has to be greater than or equal to ¢, i.e. no-penetration of the structure in the
region far at most € from the wall I', is allowed. The second inequality prescribes that the
normal contact traction on the solid domain acts as a compression, i.e. a repulsive force.
The last condition in (2.1a) ensures that at least one of the two previous inequalities is
zero. Finally, condition (2.1b) prescribes no friction.

The standard fluid-structure interface X,ip is the portion “far away” from the con-
tact region, defined as:

Z‘no-slip = {xE 00 gc (x) > gslip}/

where gg;, > € is a suitable threshold distance and where we assume standard FSI condi-
tions.
Instead, Zshp is the portion “close” to the contact region, defined as

Z‘slip = {xGBQS 1 € <gc (x) Sgslip}'
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On such a portion of the interface, slip conditions are prescribed. These prescribe the
standard continuity of velocities and tractions in the normal direction, whereas in the
tangential direction homogeneous Neumann conditions for both fluid and structure are
imposed, i.e.

un=od-n, Tr(up)n-n=Ty(d)n-n on X,

2.2)
T¢(u,p)n-t=0, Ti(d)n-t=0 on Zgp.

As observed, close to the contact region I'c, a thin fluid layer of size ¢ is still present.
Thus, here we apply the slip fluid-structure interface conditions in presence of contact
that, due to the additional contact “force” Ac, become:

u-n=0o:d-n, Tf(u,p)n-n: T;(d)n-n—Ac onTg,
T¢(u,p)n-t=0, T(d)n-t—¢pc=0 on Ic.
Remark 2.2. We point out that the definitions of X,jip, Zeip and I'c are valid also in

the case of a non-convex solid domain ()5, where each of these regions may be non-
connected.

The resulting contact problem in presence of FSI reads as follows: for any t € (0,T],
find the fluid velocity u, the fluid pressure p, the solid displacement d, and the contact
force Ac, such that

Fluid equations:

proiu+pu-Vu—V-Tr(u,p) = fr in Qy, (2.3a)
V-u=0 in Qy, (2.3b)
u=0 on I'fUI'y; (2.3¢)

Structure equation:
00y d—V -Ty(d) = f, in O; (2.3d)
No-slip conditions at FSI interface X, sjip:

u= atd on Z‘no—slip/ (236)
Tf(u,p)n =T; (d)n on Z‘no—slip; (2.3f)

Slip conditions at FSI interface Xq;p:

u-n=0;d-n on Zgip, (2.3g)
T¢(u,p)n-n=T(d)nn on Zgip, (2.3h)
T¢(u,p)n-t=0 on Zgip, (2.31)

(
Ts(d)n-t=0 on Xgjip; (2.3)
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Slip conditions in presence of contact on I'c:

u-n=0;d-n onI'c, (2.3k)
T¢(u,p)n-n=T,(d)n-n—Ac on T, (2.31)
T¢(u,p)n-t=0 on T, (2.3m)
Ti(d)n-t—pc=0 on I'¢; (2.3n)

Contact conditions:

gc>e, Ac<0, (e—gc)Ac=0 on 9Q),, (2.30)
pc=0 on o), (2.3p)

where p; and ps are the fluid and structure densities and f; and f; the forcing terms.
Problem (2.3) is supplemented with (regular enough) initial conditions u(x,0) =u%(x) in
Qf(0), d(x,0) =d°(x) in Q, and 3;d(x,0) =3°(x) in Q.

3 Numerical discretization

In this section, we present the semi-discrete PolyDG formulation associated to the weak
form of problem (2.3) (Section 3.1), then we discuss the time discretization and the treat-
ment of the non-linearities and report the corresponding fully discrete formulation (Sec-
tion 3.2) and finally we describe how to extend the numerical formulation in the case of
two deformable structures (Section 3.3).

3.1 Polygonal Discontinuous Galerkin approximation

We introduce the background mesh 7, and solid mesh 7, that cover the entire fixed
domain () and the structure domain (), respectively, see Fig. 2 (top-left). Notice that,
while 7y, is fixed in time, 7; ;, depends on time. We point out that the elements belonging
to 7, and 7, may be polygonal elements of arbitrary shape. The intersection of the
background and structure meshes induces a set of background elements that are crossed
by the boundary of 7; , see Fig. 2 (bottom-left), defined as:

Gn={KeT,: 0#KNOs CK}. 3.1)

Each element K € G, can be partitioned into elements of arbitrary shape {P}} j resulting
from the intersection with the boundary of the structure mesh, see Fig. 2 (bottom-right).
The computational grid 7, associated with the fluid domain ()¢ is obtained as the union
of the elements of 7}, that are not intersected by the structure domain, plus the cut ele-
ments that are partially covered by the structure domain, i.e.,

Tin={KeTp: KNKs=@VK; € Ty} U{Py CKEGy: PyNQy #2}, (3.2)
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Figure 2: Top-left: background mesh 7, (gray) and structure mesh 75 (black). Top right: fluid mesh 7.
Bottom-left: elements belonging to the set Gj, defined as in (3.1) (blue). Bottom-right: detail of an element
Ke gy, that is cut into Pll< and PIZ< (blue).

see Fig. 2 (top-right).

In what follows, we assume that s and C; are piecewise constant over the mesh.

We denote by F;j, i ={f,s,no-slip,slip,C}, the set of one-dimensional edges compos-
ing T, Tsns Enosslips Zslip and I'c, respectively, and Fx j; = Froslip,n U Fslip it UFC -

In what follows, we introduce the DG Finite Elements spaces of order /, defined as

Vin(t)={o(t) € [L2(Q (1)) vlx € [P (K) P VK E Tra(t)},
Qi (1) ={a(t) € L2(Q(t)): qlx € P (K) YKE Tr(1) }, (3.3)
Vi, ={we L2 () wlk e [P/ (K)PVK e Tou),

where 7A;,h is the structure mesh in the reference (initial) configuration and P!(K) denotes
the space of polynomials obtained over the polygon K of total degree at most />1. Notice
that the polynomial space P‘(K) is based on a modal expansion that allows to easily
build high-order DG spaces. Moreover, the shape functions and the degrees of freedom
are directly generated on the (polygonal) physical element K with the “bounding box”
technique, as described in [32]. This simplifies the implementation with respect to the
Finite Elements methods. Indeed, for the XFEM the shape functions and the degrees
of freedom are defined on the original triangular/quadrilateral element K, yielding the

assembling of the local matrices corresponding to { Py }; more tricky.
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Remark 3.1. Notice that in the present work, the fluid-structure interface is represented
as a piecewise linear interface, even if the polynomial approximation degree ¢ may be
greater than one. This choice is motivated to simplify the computation of the inter-
sections between the fluid and structure meshes. A possible extension to a high-order
isoparametric mapping with Cut-FEM is proposed in [63] for elliptic problems, while
in [7] a high-order isoparametric representation of the interface with the DG methods is
proposed for elliptic problems on surfaces.

Remark 3.2. Notice that the total degree ¢ for the polynomials in the space P! can be in
general chosen differently for the fluid velocity, fluid pressure and solid displacement. To
ease the exposition, in what follows and in the numerical experiments we consider the
same order for all the three spaces.

On any interior edge F € F;j,, i ={f,s,no-slip,slip,C}, and for regular enough vector-
valued and symmetric tensor-valued functions v and T, respectively, we define the aver-
age and jump operators as

1
{T}:E(T++T_), [o] =0 OnT 4o On~,

where v* and T+ denote the traces of v and T on any edge F between elements K* and
where vOn=(vn!+nv’) /2. Notice that [v] is a symmetric tensor-valued function. On a
boundary edge F € Fy ), where an homogeneous Dirichlet condition is prescribed, we set
analogously

{T}=T, [v] =vomn.

We also introduce the L?-inner products over the domain Z and edges F; , with the short-
hand notation (+,-)z and (-,-) 7,,, respectively.
The semi-discrete PolyDG approximation reads as follows: given 6€[0,1], oy €L (F ),

G, € L®(Fup), 05 € L®(Fep), 0c € L®(Fep), fr € [L*(Qf)]* and fs € [L2(Q)]?, for any
te (0,T], find (uy,(£),pn(t),dy(t)) € Vi, () x Q) (1) x VI, such that

Afg (W, v, P00, qn) + As (&\h/ﬁ\’h) + Ano-slip i (Uns Prs A1 0n,Gn, wh)
+ Astip i (h, Py An;On, G, wp,)

+Ac (uy, pr,dp;on,qn,wp) = Fy(vp,wy,), (3.4)

for all (vy,,q, @) € Vﬁh(t) x Qf (t) % Vslih' Here, we have set

Ay (s, 0, Gn) =05 (Osttn, 0n) ey +ay (n,0n) + (i, on) = b (G, ) +c (an, e, 01)
= ({TrGupn) }olonl) 2, = (] A Tr (o =) }) 7,
+ (o [ual, [[vh]])]:f,h +51 (Prqn); (3.5)
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+ (& [[dh}],[[wh]])ASh; (3.6)
Ano-stip (W, P, A 0n,qn,wy) =— (8T¢ (up, pr)n+ (1—6) To(dy)n, vh_wh)}—mshp/h
— (u,—0rdy, 6 Ty (v, —qp ) n+ (1—0) Ty (wy)n )]:no-slip,h
+ (o (un—ordy) on—wn) g, (3.7)
Agtip i (W1, P, A 0, G, wp) = (5 (un, pp)n-n+(1=08)Ts(dyp)n-n,v,-n—wy- );shph
— (uy-n—0¢dy,-n, 6Ty (vy, —qp)n-n+(1—06) Ty (wy,)n- n)Fshp/h
+ (o (uy-n—0ody-n )vh-n—wh-n)fshp/h; (3.8)
Ac i (un, pudp;op, qnwy) =— (0T (uy, pp)n-n+(1—06) Ty (dy )n-n,v,-n—wy, - )]_.Ch
— (u-n—0ydy,-n, 6Ty (vy, —qp)n-n+(1—06) Ty (wy,)n- n)]_. .,
+ (o (uy-n—0dy,-n), v, -n—wy- )Fc,h
—(ocge(dn),wy-n)r,,
— (6 (T¢ (up, pp)n—T(dy)n) - n,wh-n)FC/h
—((1=0) (T (up, pn)n—To(dy)n) - n,vh-n)FC/h; (3.9)

Fyy (v, wy) = (ff,vh)0f+ (fs,@h)ﬁ - (ch,wh'n);clh-

In (3.5)-(3.6) the bilinear forms ay: Vﬁh X Vf n— R, b: Qh p—~Randas: V B X Vé —R
are defined as

as(u,0) =21 (D(w),D(v))g,,  blpu)=—(p,V-0)q,,
a, (d,w) ( L(d), Vw)QS =, (v-d,v-w) o 2Ms (D(d),D(w)>ﬁs,
whereas the trilinear form c: Vﬁh X Vﬁh f , — Ris defined as in [42] and is given by

c(w,u,v)=ps (w~Vu,v)Qf + %f (V-w,u -v)Qf

—pr ({0l [u)- ({0} 5, — L (el n {0} 5,

In (3.5), sp,: sz X sz — R is the Interior Penalty term for pressure stabilization [42] with
parameter 7,, that allows us to use equal order elements for velocity and pressure. A
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theoretical study on possible pairs of spaces that satisfy the inf —sup condition for the
proposed method on arbitrary polygonal/polyhedral meshes is under investigation. See
[3,22,43] and [5,16,17,33] for a study of the Stokes problem on general meshes with the
Hybrid High-Order and the Virtual Element methods, respectively.

In (3.5)-(3.9), Ufﬁs,(fz,ac are the four positive penalty functions which are piecewise
constant over the edges F belonging to F;;,i ={f,s,X,C}. Their definition over F is as
follows:

- 20k F=aK oK~
Oplr=1y max y — =0, =K MK €Fyy,
_ “c b
% =7 max { h;'K}, F=0K NIK €F,
os 5 =5 max § & (26154 (1-6)C,x) b, F=aK IR € 7
ZF—’YthK_ ik Mr sk) ¢, F= 0

2_
oclr :'YCECS,K/ FeFcp-

Here, h is the diameter of the element K and C, x = ||Cs|« | 2. Moreover, 7¢, s, 7, and
¢ are positive constants that will be chosen later on.

Remark 3.3. The parameter ¢§ arises from the weighted average operator at the fluid-
structure interface in the consistency and symmetry terms. This parameter allows to
unbalance the contributions of the fluid and solid stresses at the interface. In [11], in
the case of a FSI problem without contact, the stability analysis shows that the PolyDG
method is stable for the choice § =1, while there is no theoretical result for 6 #1. At the
best of our knowledge, there is no stability analysis for the PolyDG method in the case of
a FSI problem with contact; the stability analysis for this case is under investigation.

Remark 3.4. Notice that the last two terms in (3.9) arise as a consequence of consistency.
Indeed, after the integration by parts in the fluid and solid bilinear forms, a term depend-
ing on Ac appears on I'c which can be replaced by exploiting equations (2.31) and (2.3p).
Thus, in fact the contact force A¢ does not appear as an explicit unknown of the discrete
problem.

Remark 3.5. We point out that in the PolyDG formulation (3.4) the inequalities appearing
in Eq. (2.30) are “hidden” in the definition of I'c. Indeed, if gc (x) >¢ for all x, then Tc =0
and the term A, is zero and does not introduce any force to the system, i.e. Ac =0;
otherwise, if g¢ (x) =& for some points x € 9Q);, we have I'c = {x: gc (x) =¢} and the term
Ac j, prescribes a repulsive force Ac <0 on I'c.

3.2 Time discretization

Let At be the constant time discretization parameter, let " =nAt, n > 0, be the n—th
time step, and, given the unknown z(t), let z" be the approximation of z(¢"). The same
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notation is used for domains and spaces.

Given r €N, to discretize in time the semi-discrete problem (3.4), we apply a Back-
ward Difference Formula (BDF) scheme [55] of order r both for the fluid and the solid
subproblems. We introduce the BDF scheme for approximating the time derivatives, i.e.

Bo " Bi ,
) AP =,
iz(H") A7 E ;’t ,
g() ! gz
attz(t”)zm ZE ,

1=

where §; and {;, for i=0,---,r, are the coefficients of the BDF scheme for the discretization
of the first and second time derivatives, respectively, see e.g. [55].

The fully-discrete PolyDG approximation reads as follows: given ¢ € [0,1], o5 €
L®(F})), 0s € L®(Fop), 0 € L*(F)), oc € L¥(FL,), fr€ [L2(QF)]? and fs € [L2(Q)]?,
for n>0, find (u},p},d)}) € V;;Z X szr” X VS’Eh, such that

Al g, (g, 17, P50, Gn) + A, (JZ,@) + AL ctipn (W P, 00, 41,201
+ Agtip, i (Wh Pits 10301, 90, W)
+ AC (W, P, Ay 00, qn,wn) = F (vp,wy),  (3.10)

for all (vy,q,,wy,) € VE " QE " x VE Here, we have defined

A%y (g, ey, P00, 1) Pf(ﬁ uh,vh> +aj (uj,on)
i
+b" (phon) = b" (qn,uy) " (uay g, 00)

- ({Tf(”;yffpﬁ)}/[[vh]]);;h - ([[”Z]]I{Tf(vh/_qh)})}‘ﬁh

+ (o [uy] /[[vh]])]:}v,h +s5 (Phan); (3.11)

)Sq,h (/\Z’ﬁ}h) =pPs (Agi)zdhlﬁ}h) - +as (&\Z/ﬁ\]h)
Qs
-({z@p @), -([a] {T@0}),
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Abo-stip (Wi Pl @500, G, w0n) = — (8T (ujy, pr )+ (1=0) Ts(df;)m, 01— wwp) 1,

no-slip i
n_Bo,
— | up;— Bdh,éTf(vh,—qh)n—F (1-98)T,(wy)n
‘Fr}zo-slip,h
—+ (az(uﬁ—%dﬁ),vh—wh> ; (312)
I:o-slip,h

S 0 P 05501,1,200) == (O (o, o+ (L= O T e, m =) 5,

— (uZ n— %dﬁ-n,éTf(vh,—qh)n-n—l—(1—5)Ts(wh)n-n>
]_‘n

slip,h

+ (az(uZ-n—%d;j-n),vh-n—wh-n> ; (3.13)

n
‘Fslip h

AL (ugy, pi,dyson,qnwy) =— (6T5 (uy, iy )n-n+(1-0) Ty(d )n-n,v),-n—wy,-n)

— (uZ-n—%dﬁ~n,<5Tf(vh,—qh)n-n—|—(1—5)Ts(wh)n-n>
Fen

1
]:C Lh

+ (Uz(u,’j-n—%dz-n),vh-n—wh-n>
Fen

—(ocge (dy),wyn)

(6 (T¢(uy, pj)n—To(dj )n) -n,wy,-n)
(

‘Fg,h
(1=6) (Ty(uj,, pj)n—T(d};)n) -n,vh-n)]__gh; (3.14)

! (on,0n) =py (7, 00) oy + s (101 )

dh”,éTf(vh,—qh)n+(1—(5)T5(wh)n .
no-slip i

no-slip,i

dh”-n,&Tf(vh,—qh)wn—k(1—(5)T5(wh)n-n)

FT!

n
slip,h U]:C,h

(
(
.
S P ——

f}’l

n
slip,h U]:C h

+ (ff/vh)Q?_F (fslﬁ}h> o) - (Ucelwh .n)]:g,h . (315)

S
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In (3.11) the bilinear forms ay: V]f;f X V]f;f — R, b": sz’” X V;;Z — R, the trilinear form

" V;;Z X V;;Z X V;;Z — R and the Interior Penalty term for pressure stabilization s/': Q"

sz’” — R are the ones given in Section 3.1 evaluated on the approximation of the fluid
] ] n n

domain at time ", Q) I3

Remark 3.6. The domain Q;Z is computed as the set difference between the domain () and
Q! ie. OT=0\Q!, where ()} is the solid domain in the current configuration obtained
by applying the displAacement tJTZ to O, via the discrete Lagrangian map L : Q, — QF
defined as £}, =I5 +dj. The sets 2 fo-slip” Zelip aNd I'¢ are then obtained by restricting ()
to the corresponding interfaces.

We point out that in the fully discrete problem two sources of non-linearities are
present: the convective term in the Navier-Stokes equations and the fact that the fluid
domain QJ@ and the interfaces X" o-slip? Z;‘hp, I't are unknown.

To deal with all these non-linearities, we use a fixed point scheme. We denote by
k=0,---,K™®, with K™*>( chosen a priori, the index for the fixed point loop. At time "

and iteration k > 0:

n,(k=1) n,(k)

a) the convection term in (3.11) is approximated by c¢” (uh ) ,On);

b) the fluid domain and the interfaces in (3.11), (3.12), (3.13), (3.14), (3.15) are approxi-
mated by Q;’(kfl) zled) skl ang I"Z’(kfl), respectively.

7 “no-slip 7 “slip

The fixed point scheme stops when two consecutive structure displacements differ
up to a prescribed tolerance, i.e. H dZ’(k) — dZ’(k_l) H 2 < tol, with tol chosen a priori, or the
maximum number of iterations is reached, i.e. k=K™®. In Algorithm 1, we detail the
fixed point scheme. The choice of an exact (up to the tolerance) treatment of the non-
linearities has been mainly driven by the contact non-linearity, since an inexact treatment
would provoke inaccuracies and possibly numerical instabilities.

The resulting linear system corresponding to the linearized FSI problem with contact
arising at each fixed point iteration is solved by means of a direct method.

As initial guess (k=0) of the fixed point scheme, we use extrapolations of order r for
uZ’(O) and dZ’(O) obtained by solutions at previous time steps.

3.3 Extension to two deformable immersed structures

In this section, we describe the main changes needed when extending the numerical for-
mulation presented in Section 3.1 to the case of two immersed and deformable structures
that may come into contact. In particular, () is the secondary body while (), is the main
one. In what follows, index m refers to quantities in the main body. We denote by n, the
normal unit vectors to (), for a =s,m.
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Algorithm 1. Fixed point scheme at time ¢".

Given uZ’(O), pZ’(O), &Z’(O), KM cINT, tol eER" and set k=1:

while k< K™ and ||} —a"* V|| , <tol do

1. Solve problem given by Eq. (3.10) for uZ’(k), pZ’(k) and &Z’(k) with
n,(k=1) _ n,(k)

a) Cn (uh /uZ, I’vh)l'
n,(k=1) n,(k—=1) «n,(k—1) n,(k—1),
b) 0 f 4 Z“'no—slip 4 z“'slip 4 1—‘C ’

2. Update the solid domain QZ’(k) by applying j’;'(k) to Q) via L:Z/(k);
3. Update the fluid domain Q}l’(k) = Q\Qg’(k) and its interfaces Zz;(-?hp' Z:l’i(;)’ I"Z’(k) ;
4. Update k— k—+1.

end while

Referring to Fig. 3, the boundary of the solid domain d(), is partitioned into Znoslip,a,
Yglip,« and I'c o, & =s,m, as done in Section 2. While for the secondary body these regions
are defined as in Section 2, for the main one they are defined as the projection of the
secondary regions onto the main boundary;, i.e.

Fem={x€0Q: x=TL,(y)Yyelcs},
Ztipm = 1¥ €0t x=TTs s (y) Yy € Zgiip s },
Z‘no—slip,m =0y \ (Zslip,m UrC,m) ’

Figure 3: Contact between two deformable structures: sketch of the domains. Q) is partitioned in X gjip .«
(solid line), Zgjip,« (dash line) and I'c 4 (bold line), x =s,m.
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where IT;_,,,: 0Q)s = 9d()y, is the projection from the secondary domain to the main one
defined as

ITs s (x) =argmin|(x—y)-n, (y)| Vx €0Q)s.
Y€y,

The gap function gc is now defined as follows
8¢ (%) = (s (%) —x) 10 (x),

where ny, (x) = —n, 0115y (x).
The main difference with respect to the formulation presented in Section 2 is the pres-
ence of the main body (), that requires to introduce:

1. an elastodynamics equation for the body (),,;

2. interface conditions on Xy lip o« and Xgjip o, € =8,m, for both the structures, i.e. stan-
dard FSI conditions and (2.2), respectively;

3. a “contact force” on I'c ,, to balance the one acting on I'c ;. Accordingly, the balance
of stresses on the contact regions I'c s and I'c ,, reads:

Tr(u,p)n-n="Ts(ds)n-n—Ac onTcg,
Ts(ds)n-t—¢c=0  on I¢g,
T¢(u,p)n-n="Ty(dy)n-n+Ac on I'cy,
Ty(dp)n-t+@c=0  on I'cy,.

The corresponding PolyDG formulations are derived as done in Sections 3.1 and 3.2,
where all the terms involving () and its interfaces are duplicated for (),,. We point out
that, according to a main/secondary approach, the contact conditions (2.30)-(2.3p) are
applied only on the secondary body (). Accordingly, in the form Ac ) corresponding to
the contact regions, the contact penalty term reads

—(0cgc (ds @) Ws p M —Wpy ‘n)]:C,s,h ’

where F is the set of edges of I'c ; and again we have highlighted the dependence of
gc on the structure displacements.

3.4 Implementation details

One of the most difficult tasks for the methods employing elements of arbitrary shape is
the construction of the quadrature rules over the polygonal elements. Often, quadrature
is carried out based on employing sub-tessellation: each polygon is divided into trian-
gle/quads where classical Gaussian rules are employed. Recently, efficient quadrature
formulae that do not require the decomposition of the polygonal element into simplices
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L—

Figure 4: A possible general intersection between an element (blue) of the background mesh (white) and three
structure meshes (gray).

have been proposed in [9] for the efficient computation of integrals involving polyno-
mial functions. This technique does not require the definition of quadrature nodes and
weights, often referred as “quadrature-free” method, but only the evaluation of the inte-
grand polynomial together with its derivatives on the vertices of the polygon thanks to a
recursive application of the Stokes” theorem.

Another important aspect is the robustness of the proposed method with respect to
the shape of the polygonal elements. As shown in the numerical tests in [11], the PolyDG
method seems to be robust even in presence of very small elements and with respect to
possible anisotropy. We point out that the polygonal elements generated by the intersec-
tion of the fluid and structure meshes, see e.g. Fig. 2 (bottom-right), might lead to patho-
logical configurations: each element K of the background mesh 7, can be intersected by
an arbitrary number of structure meshes, each face of K can be crossed an arbitrary num-
ber of times, sharp corners within an element are allowed and the resulting polygonal
element can be non-convex, see Fig. 4 for an example of a possible configuration. The
proposed PolyDG method seems to be robust also in these cases.

A special issue concerning the methods involving a moving interface that requires to
update the discrete space at each time step is the computation of the integrals involving
function defined on different computational domains. For instance, the term

Pf(ﬁqﬁ/vh)o}“

appearing in Eq. (3.15), requires the evaluation of v;, defined in Vf’,’f, and of u}}, which
is a combination of functions defined in ij;f *i, fori=1,---,r. For this reason, in order

to numerically evaluate the integral, it is necessary to project the function #}! on ij;f . In

what follows, for the sake of exposition, we consider r =1, i.e. the implicit Euler time

n—1

scheme, so that we have p¢ (uZ_l,vh) oy and we define Hz_luh € V;Z the extension of
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Figure 5: Generation of Hz_luz_l on an element K (white). The shaded region represents the portion of
the original background element covered by the structure, while the bold and the dashed lines are the current
and previous positions of the interface X, respectively. Left: original solution qul defined on ij’zlfl. Center:

solution Hzfluz_l restricted on the new (shortened) element K(t"). Right: solution I 1#"~1 extended to
the new (elongated) element K(#").

u! ! on ij;f , where I/ 1 V;;f o ij;f is the L? projection operator. For each element K
in the computational domain associated with the domain V;;f , the L? projection operator

1"~ is defined as follows:

e if the element K remains the same from time "1 to #*, the extension operator is the
identity operator, i.e. ITI? 1u ! =u]!|x;

e if the element K shortens from time "~ to " due to the moving of the interface %,
see Fig. 5 (left and center), the extension operator is actually a restriction of uZ’l on
the new element K at time ", i.e. Hﬁflu,’}’l k()= uZ’l k(s

e if the element K elongates from time #"~! to #" due to the moving of the interface
%, see Fig. 5 (left and right), the extension operator computes an extrapolation of

order ¢ of the function uZ‘l on the new element K at time ¢".

After the generation of Hﬁflu,’}’l, the actual integral to compute is

of (Hﬁ’luZ’l,vh) Q?.

Similar approaches have already been proposed in [4, 88].

4 Numerical examples

We present here two numerical experiments in two-dimensions: in the first one (test
I), cf. Section 4.1, we study the dynamics of a falling elastic ball immersed in a fluid
and bouncing on the ground. With this test case, we aim at investigating the sensitivity
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on the contact parameters introduced in the numerical formulation and at showing the
reliability of the method for a high order discretization. In the second example (test II),
cf. Section 4.2, we consider a more complex geometry and at high Reynolds regime. In
particular, we consider the case of two immersed structures that come into contact, see
Section 3.3.

For all the numerical tests, we set r=1, § =1 and 7 = s =5 =10. The tolerance for
the stopping criterion in the fixed point scheme is set to tol =107°.

4.1 Ball falling to the ground

In this example we consider an elastic ball ()s of radius 0.05cm, initially centered at
(0.25,0.175), falling in the air towards the rigid ground I'y, = {(x,y) : y =0} due to the
acceleration g = (0,—980.655) cm/s?. The size of the fluid domain Q) is 0.5cm x 0.325cm
with the bottom-left corner placed in the origin O = (0,0). The bottom boundary of the
fluid domain corresponds to the rigid ground I';,, see Fig. 6 (left). The physical parame-
ters for the fluid and solid are summarized in Table 1.

Table 1: Physical parameters for the fluid and the structure for the two test cases.

Fluid parameters Test]  Testll
o5 (g/cm?) density 1.2:107% 1.0
pe(g/s) viscosity 0.2:107% 0.035
Structure parameters

ps (g/cm?) density 0.1 1.2
E (dyne/cm) Young’s module 103 4-106
v Poisson’s ratio 0.45 0.45

The air and the ball are initially at rest. On the upper boundary of the fluid domain we
impose a homogeneous Neumann condition, while on the left, right and lower bound-
aries we set # =0. We consider a final time T =0.03s.

The fluid and structure meshes are composed of about 1.6-10° and 80 elements, re-
spectively, with a characteristic mesh size & =1.6-10"2cm, see Fig. 6 (right). The contact
parameters are set to yc =1, e=0.1h =1.6-10"3cm, Sslip = 1.5h = 2.4-107%2cm and we
consider a time step At=10"*s. Regarding the fixed point scheme, we set a maximum
number of iterations K™ =20. Next, we present a series of tests to demonstrate the ro-
bustness of our scheme with respect to the contact parameters ‘¢, € and gq);p, and to the
discretization parameter At, by comparing the y-position of the ball at the point A. For
these tests, we set £ =2.

In Fig. 7 (top-left), we report the results obtained by considering yc =
{0.1,0.6,0.8,1,2,4}. We notice that by increasing the penalty parameter the bouncing of
the ball is reduced, yielding the ball to remain in contact with the ground for the largest
value of the parameter, namely yc =4. In Fig. 7 (top-right), we show the results obtained
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Figure 6: Left: sketch of the domains for the falling ball test case (test I). Right: the fluid and structure meshes
Trn and T, respectively.
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Figure 7: y-position of the ball in the point A as a function of time ¢ by varying yc (top-left), ggjip (top-right),
At (bottom-left) and & (bottom-right). For the ¢ (top-left), gip (top-right) and At (bottom-left) plots, the

continuous horizontal line denotes the distance e=0.1/ to the ground. For the case of varying ¢ (bottom-right),
the horizontal lines denote the different distances ¢ to the ground according to the legend (test I).
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Figure 8: Velocity field and position of the ball at time t=0.0179s (left) and {=0.0190s (right) (test I).

by changing the threshold distance gq;, ={1,1.5,2,2.5,3} h. As the value of gy, increases,
we notice as expected that the height reached by the ball after bouncing increases. In
Fig. 7 (bottom-left), we show the dependence of the dynamics of the ball on the time
discretization, taking At={0.5,1,2,4}- 10~*s. We notice that if the time step is not small
enough, e.g. At>2-10"*s, the numerical method is not able to properly detect the con-
tact by hampering the bounce of the ball, for At =2-10"%s, or completely missing the
releasing phase, for At=4-10"*s, and leading to a wrong dynamics. As soon as the time
step is reduced the bouncing of the ball becomes more evident and the method is able
to capture the high frequency oscillations of the ball. In Fig. 7 (bottom-right), we plot
the results for different values of ¢ ={0.075,0.0875,0.1,0.1125,0.125} h. During the contact
phase, we notice that, for increasing values of ¢, as expected the position of the ball at
point A increases, though it may go below the prescribed threshold distance . For the
smallest value, i.e. e=0.075h, the method is not able to reproduce the bounce of the ball,
while for > 0.1/ the results are similar.

In Fig. 8, we plot the velocity field and the position of the ball at time t=0.0179s where
it exhibits the maximum compression on the ground (left), and at time t =0.0190s where
the ball starts to move away from the ground (right).

By considering the following parameters, At = 107%s, yc=1,e=0.1h=1.6-10"3cm,
gslip = 1.57 = 2.4-1072cm and K™ =20, we plot in Fig. 9 the number of iterations
of the fixed point scheme at each time (left) and the corresponding residual defined
as HdZ’(k) —dZ’(k_l)H L2 See Algorithm 1. We notice that outside the contact phase, the
fixed point scheme requires about 5 iterations to converge, while during the contact, i.e.
t€[0.015,0.02], 20 iterations may be not enough to achieve convergence, though the resid-
ual is of order 2-1073.

In Fig. 10, we show a comparison of the y-displacement of the ball in the point A for
different choices of the polynomial degree, i.e. /=1,2,3. We notice that the falling and the
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Figure 9: Number of iterations of the fixed point scheme (left) and residual (right) at each time step (test I).
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Figure 10: y-position of the ball in the point A as a function of time ¢ for /=1 (continuous line), {=2 (dotted
line) and /=3 (dashed line). The continuous horizontal line denotes the distance e=0.1/ to the ground. Left:
evolution on the entire simulation. Right: detail at the contact and bouncing phases (test I).

contact phases of the ball are very similar, see Fig. 10 (left). However, the bouncing phase
of the ball is very different, see Fig. 10 (right): compared to the case =1, for /=2 and /=3
the ball reaches a higher (and comparable) height. This phenomenon is not reproduced
in the case £ =1 probably due to the dissipative error and the stiffness characterizing a
low accuracy in space; on the other hand, the cases =2 and ¢ =3 are very similar.

Finally, we set the polynomial degree /=4 and we carry out a numerical test to show
the capability of the method to perform simulations at high-order degree. We consider
the same physical and numerical parameters as in the previous experiment but a smaller
fluid domain to limit the computational cost. In Fig. 11, we plot the numerical velocity
and the position of the ball at time t =0.0071s (left) and the evolution in time of the
y-position of the ball at the point A (right).
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Figure 11: Case {=4. Left: Velocity field and position of the ball at time t=0.0071s. Right: y-position of the
ball in the point A as a function of time . The continuous horizontal line denotes the distance e=0.14 to the
ground (test I).

This test showed that the proposed method is able to simulate the contact between an
immersed structure with a rigid boundary in a fluid-structure interaction context, pos-
sibly also with a high order method. However, we notice the importance to properly
choose the values of the numerical parameters. In particular, as expected the time step
At has to be small enough to capture the physics of the problem. Moreover, as expected
the contact parameters ¢, gs1ip and € may significantly affect the dynamics of the system.
For this test, we notice that a good choice for these parameters seems to be:

e vc€[0.6,1]; for smaller and greater values, the bouncing is enhanced and hampered,
respectively, and for the largest value, i.e. yc =4, the ball never releases from the
ground by indicating that the penalty parameter is too large;

® glip € [1.5,2.5h]; for smaller and greater values the solution does not change sig-
nificantly, meaning that the parameter has no influence outside the range;

e At<107*s to capture the correct dynamics and the high frequency oscillations of
the structure;

e ¢>0.1h; for smaller values the dynamics changes significantly yielding a too low
bounce of the ball.

4.2 Dynamics in an idealized immersed valve

Referring to the formulation and notation described in Section 3.3, we consider the ide-
alized axisymmetric 2D valve shown in Fig. 12 (left) with two immersed leaflets. The
geometry of the fluid domain ()¢ and the solid ones, ()5 and (), are defined according
to [56].
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Figure 12: Left: sketch of the domain for the valve test case. Right: detail of the domain close to the two
immersed structures. The points A and V are the probes location for measuring the pressure (test Il).

The material properties in this case are taken from the hemodynamic regime, see Ta-
ble 1. The system is initially at rest, and the dynamics is driven by an idealized time-
dependent pressure profile at the inlet I';,, see Fig. 13 (top-left). At the outlet Iy, we im-
pose Trn =0, while on the remaining fluid boundary we impose # =0. On the structures
boundaries I's and I';,, we impose d; =d,;, =0, see Fig. 12 (right). We consider T =0.8s.

For the numerical simulation, we consider /=2, At=0.0025s, K™®* =5, the fluid mesh
size hy=0.13cm that corresponds to 2.1- 103 elements, the solid mesh size h;=Hh,,=0.02cm
that corresponds to 3-10? elements, ¢ = 0.1, yc =6-10"* and g, = 1.5h. To prevent
instabilities at the outlet due to the backflow, we prescribe a backflow stabilization term,
see e.g. [70], at T'oy.

In Fig. 13, top-left, we plot the evolution of the pressure in time in the points V and
A reported in Fig. 12, right, while in Fig. 13, top-right, we report the distance between
the leaflets, representing the aperture of the valve, computed as the minimum value over
x € 0Q); of the gap function gc(x). A zoom during the contact phase is shown in Fig. 13,
bottom-left and bottom-right, for the pressure and the minimum distance, respectively.
In Fig. 14, we report the velocity and pressure fields of the fluid at time t =0.375s (top)
and t=0.675s (bottom). We see the complex fluid-dynamics developed in the valve and
the configuration of the valve during the closing phase.

In Fig. 13 (top-left), we notice that during systole, i.e. for 0 <t <0.2, the ventricular
pressure is higher than the aortic one and hence the leaflets open. For time 0.2<t<0.4, the
pressure at the inlet drops to zero and the blood flow starts to decelerate. As time tends
to 0.4s, the difference between the ventricular and aortic pressure decreases. Notice that,
downstream of the leaflets, two vortices appear and propagate towards the outlet Iy,
see Fig. 14 (top), causing an oscillation of the tips of the leaflets.

In Fig. 13 (top-left), during diastole, i.e. for 0.4 <t <0.6, the pressure difference be-
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Figure 13: Left: plot of the pressure profile over time prescribed at the inlet I';;, and computed at points V
(ventricle) and A (aorta) for the full simulation (top) and the detail during the contact phase (bottom). Right:
plot of the minimum distance between the leaflets for the full simulation (top) and the detail during the contact
phase (bottom). The continuous horizontal line denotes the distance e=0.1h between the leaflets (test II).

comes zero for t >~ (.5s, and then the aortic pressure becomes higher than the ventricular
one. As a consequence, the leaflets start to move closer. Finally, in the time interval
0.6 <t <0.8, the leaflets come into contact, see Fig. 14 (bottom), and as time approaches
0.8s the ventricular and aortic pressures return to zero, allowing the leaflets to return to
the initial configuration. In Fig. 13 (bottom-left), we plot a zoom of the pressure during
the contact phase: the ventricular and aortic pressures present some oscillations due to a
local numerical instability arising near the contact region. In Fig. 13 (bottom-right), we
plot the behaviour of the minimum distance during the contact phase, showing that it
remains near the threshold distance e. The maximum velocity reached by the fluid is
about 41cm/s corresponding to a Reynolds number Re =1600. Notice that, though we
have employed an idealized inlet profile and a simple linear elastic model for the leaflets,
the method is able to reproduce the basic opening and closing mechanism of a valve, see
e.g. [56,81].
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Figure 14: Plot of the velocity (left) and pressure (right) fields at time t=0.375s (top) and f=0.675s (bottom)
(test II).

This test demonstrates that the proposed method can be successfully employed to
simulate complex dynamics as in the case of cardiac valves, where the immersed struc-
tures undergo large displacements and may come into contact. Moreover, we notice that
the proposed PolyDG method seems to be robust with respect to high Reynolds numbers.

5 Conclusions

We have proposed a new method that is able to simulate fluid-structure interaction prob-
lems in the case of immersed structures that exhibit large displacements and come into
contact. In particular, we have introduced a consistent Discontinuous Galerkin method
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on polygonal/polyhedral grids that incorporates naturally the contact conditions in the
formulation via the DG paradigm and that can handle naturally polygonal/polyhedral
grids in any space dimension and for any approximation order. The results showed the
effectiveness of the method to deal with the FSI contact problem also in complex config-
urations such as valve dynamics and for high-order discretizations.

We observe that we have employed a DG paradigm also far from the fluid-solid inter-
face in order to be able in the future to locally tune the discretization parameters, namely
the mesh size and the polynomial approximation degree, in an elementwise manner. This
allows to save the total number of degrees of freedom and thus improve efficiency, which
is mandatory in view of three-dimensional applications. Regarding the contact in a FSI
framework, this could be a limit of the method compared to others, such as the Cut-
FEM in [2] and the fully-Eulerian approach in [24], which allow the possibility to use the
continuous Finite Element method far from the interfaces and thus reducing the compu-
tational cost.

Further research on the development and the analysis of algorithms for the self-
contact and the extension to the 3D case are under investigation. Another issue in the
context of polygonal elements methods is the analysis of inf-sup stable discrete spaces
for the velocity and pressure in the fluid saddle-point problem that guarantee the in f-sup
stability under mild geometric requirements. Also this point is under investigation.
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