N
N

N

HAL

open science

An unfitted Nitsche method for incompressible
fluid-structure interaction using overlapping meshes

Erik Burman, Miguel Angel Fernandez

» To cite this version:

Erik Burman, Miguel Angel Ferndndez. An unfitted Nitsche method for incompressible fluid-structure
interaction using overlapping meshes. [Research Report] RR-8424, 2013. hal-00918272v1

HAL Id: hal-00918272
https://inria.hal.science/hal-00918272v1
Submitted on 13 Dec 2013 (v1), last revised 28 Apr 2014 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/hal-00918272v1
https://hal.archives-ouvertes.fr

An unfitted Nitsche
method for

incompressible
fluid-structure
interaction using
overlapping meshes

Erik Burman, Miguel A. Fernandez

RESEARCH
REPORT

N° 8424

December 2013

Project-Team Reo

ISSN 0249-6399 ISRN INRIA/RR--8424--FR+ENG







V4

: in]armmics,mathemutics

An unfitted Nitsche method for incompressible
fluid-structure interaction using overlapping
meshes

Erik Burman®, Miguel A. Fernandez '*
Project-Team Reo

Research Report n° 8424 — December 2013 — 24 pages
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Une méthode Nitsche en interaction fluide-structure avec
des maillages non compatibles

Résumé : Nous considérons l'extension de la méthode Nitsche au cas des problémes
d’interaction fluide-structure aves des maillages non compatibles. Nous analysons la stabilité
du probléme semi-discrétisé en espace et montrons comment cette estimation peut étre utilisée
pour obtenir des estimations d’erreur optimales pour des solutions réguiliéres, indépendamment
de lintersection maillage/interface. Nous présentons également différentes stratégies de dis-
crétisation en temps, basées dans des schémas de couplage totalement implicites ou explicites
(faiblement couplés). Quelques exemples numériques illustrent la discussion théorique.

Mots-clés : interaction fluide-structure, fluide incompressible, maillages non compatibles,
méthode de domaine fictif, méthode de Nitsche, schémas de couplage.
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1 Introduction

The use of Nitsche’s method for the coupling of multiphysics problems in comptutational mechan-
ics has recevied increasing attention recently [20]. Thanks to the flexibility and the mathematical
soundness of the Nitsche method it has been used to design methods for several problems of com-
putational mechanics. Examples include XFEM of elasticity, i.e. interface problems on unfitted
meshes [17, 18], and robust and accurate fictitious domain methods [9]. Nitsche’s method was
first applied to fluid-structure interaction problems in the framework of space-time Galerkin
methods in [21] and used to design stable loosely coupled fluid-structure interaction methods in
[6, 7]. The objective of this note is to apply these techniques to design a computational method
for fluid-structure interaction on unfitted meshes. The use of fictitious domain or immersed
boundary methods for the numerical modelisation of fluid-structure interaction problems was
pioneered in the works [16] and [1, 11] and has recently seen a surge of interest in papers such
as [24, 15, 3]. Our contribution in the present paper is to show how Nitsche’s method can be
used for fluid-structure computations on unfitted meshes. We present a rigorous proof that op-
timal convergence in energy norm is obtained for smooth solutions in the space semi-discretized
case. Then we discuss different strategies for the time discretization, either fully implicity or the
explicit coupling (or loosely coupled) schemes introduced in [6, 7].

We will study the case where the solid body is meshed, hence on the solid side the mesh is
fitted to the interface. This solid mesh is then glued onto the fluid domain without respecting
the mesh on the fluid side. This approach is similar to that proposed in [19] for the Poisson
problem and more recently in [25] for the Stokes’ equations. The heterogeneous character of the
present system however leads to some difficulties compared to these works. The Nitsche method
uses explicit integration of normal stress on the interface to ensure consistency, since the stress
is continuous the stress may be taken from either the solid or the fluid system. Indeed in [19],
robustness is ensured by taking all the stresses on the side where the mesh is conforming. This
choice is convenient in the homogeneous case, but appears not to be so appealing in the case of
fluid structure interaction. The reason for this is that there is no dissipative mechanism in the
solid elastodynamic system that can absorb the perturbation induced by the boundary stresses
on the solid side. If on the other hand the Nitsche mortaring is taken only from the fluid side
as proposed in [21], the trace inequality necessary for the analysis is no longer robust and the
penalty parameter may have to be chosen very large for unfortunate cuts of the mesh, or the
resulting system matrix may turn out to be singular. In order to nevertheless design a robust
and accurate method we suggest to use a ghost penalty term in the fluid (See [5] or [8] where this
technique was proposed for fictitious domain methods for Stokes’ problem) in order to extend the
coercivity to all of the mesh domain 27 consisting of all triangles with non-zero intersection with
Q) . This is a weakly consistent stabilization term that extends the H!-stability of the viscous
dissipation, as well as the control of the fluid pressure, to the whole fluid mesh-domain, i.e. also
to parts of cut elements that are outside the physical domain. We prove in this note that this
is sufficient for the method to be stable and optimally convergent. The extended stability is
necessary both for the velocitites and the pressures. In addition the solid system must be shown
to satify a special patch test, in the form of an interpolation operator with certain orthogonality
properties on the interface, in order to decouple from the fluid system in the analysis. It is
worthwhile to observe that the present analysis also applies without modifications to the case
where both meshes are fitted to the interface (but not necessarily conforming) and to the best
of our knowledge it is the first analysis of that case as well.

Note that the mass-matrices may be poorly conditioned if some nodes have macroelements
with very small intersection with the physical domain. The space discretization operator of
the fluid system however will have a condition number that is uniform in the mesh-interface
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4 E. Burman & M.A. Ferndndez

intersection (see [25] for a proof) and it is known that the poor conditioning of the mass-matrix
can be eleviated by diagonal scaling.

An outline of the paper is as follows. In Section 2 we present a model problem for fluid-
structure interaction and the associated variational formulation. A fictitious domain fluid-
structure interaction discretization of the weak formulation is formulation and the different
interface terms discussed. This scheme is then analyzed in Section 3.3. Stability and opti-
mal convergence for smooth solutions is proven for the space-semi discretized system. Finally
in Section 5 we show some numerical examples where we compare the performance of the fitted
and the unfitted methods on some two-dimensional model problems. Section 6 is dedicated to
some concluding remarks.

2 A linear model problem

We consider a low Reynolds regime and assume that the structure undergoes infinitesimal dis-
placements. The computational domain consists of 2 ©f0f s UY with Qf, Q° the fluid and

solid subdomain, respectively, and % 4F OF N0 the Auid-solid interface. The exterior unit-vector
normal to 92 is denoted by n. We consider a partition 9Qf = ' UT™ UY of the fluid boundary,
where X stands for the fluid-structure interface, with unit normal ny pointing into °. The
fluid is described by the Stokes equations in a polyhedral domain Qf and the structure by the
elastodynamics equations in Q°. The considered coupled problem reads therefore as follows: find
the fluid velocity uw : Qf x Rt — R?, the fluid pressure p : Qf x Rt — R, the solid displacement
d: Q2 x Rt — R? and the solid velocity d : Q° x Rt — R such that

o — divef (u,p) =0 in Q,
divu =0 in Q,

u=0 onI9

o(u,p)n =0 on I,

d=08d in &,

p*8,d —dive®*(d) =0 in
d=0 on I

o(dn=0 on IM

{ u=d on PR

(3)

o' (u,p)ny = o*(d)ngy on X

and complemented with the initial conditions u(0) = u®, d(0) = d°, d(0) = d°. Here, p' and
p° respectively denote the fluid and solid densities, and o®°(d) the solid stress-tensor. The fluid
Cauchy-stress tensor is given by

Q.

- € € 1
of(u,p) € —pI + 2pe(u), e(u) 5 (Vu+vul)

where  stands for the fluid dynamic viscosity and I the identity matrix in R<.

Though simplified, problem (1)-(2) features some of the main numerical issues that appear
in complex non-linear fluid-structure interaction problems involving an incompressible fluid (see,
e.g., [10, 13]). Well-posedness results for this type of linear fluid-structure interaction problems
can be found in [12] (see also [23]).

Inria



Unfitted Nitsche method for incompressible FSI 5

In what follows, we will consider the usual Sobolev spaces H™(w) (m > 0), with norm ||+ ||, .-
The closed subspaces H}(w), consisting of functions in H'(w) with zero trace on dw, and L3(w),
consisting of function in L?(w) with zero mean in w, will also be used. The scalar product
in L?(w) is denoted by (-,-), and its norm by || - |0 In order to ease the notation, we set

def
(.7.> = (.’ )Q
For the weak formulation of the solid we introduce the abstract bi-linear form a® : W x W —
R describing the elastic behavior of the structure, where W stands for its space of admissible
displacements.
We assume that a® is an inner-product into W C [H}(92%)]? and that, endowed with this
inner-product, W is a Hilbert space. We set
wlle = a°(w, w)?
and we assume that the following continuity estimate holds
w2 < B°(|lw|f g (4)
for all w € W.
We also introduce the fluid velocity and pressure functional spaces
lof def
VE{velH (@) /vl =0}, Q= L*(Q),
equipped with the norms ||v||v of |42 Voloq, lale = lu 24¢lloq. Finally, the standard bi-
linear forms for the Stokes problem, a: V XV — Rand b: Q x V — R, given by

a(u,v) < 2u(e(u), €(v)),  blg,v) ¥ —(q,divo),

will be used.

3 Space semi-discretization: Nitsche fictitious domain for-
mulation
Let {7 }o<n<1 denote a family of triangulations of Q% U Qf. The mesh on Q° is fitted to the

interface, 7,5 = Q° whereas that of Q7 is not Qf c T,f, OF # 7;Lf. We will denote by 7+ the
set of R? coinciding with 7;Lf (see Figure 1). For each triangulation 7y, the subscript h € (0, 1]

Figure 1: Example of overlapping fluid-solid meshes.

refers to the level of refinement of the triangulation, which is defined by h e maxget, hK,
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6 E. Burman & M.A. Ferndndez

with hg the diameter of K. In order to simplify the presentation, we assume that the family
of triangulations is quasi-uniform. We assume that the element faces in the solid trace mesh on
¥ are grouped in macropatches F; with meas(F;) = O(h) and each F; containing at least one
(d-1) dimensional macro patch containing an interior node. We will use the following discrete
semi-norms on function values on the trace 33,

1
g ([ n70 ds)”
b

We also note that the following trace inequality holds for all functions in H!(K), there exists
C7r > 0 such that for all line segments ¥ intersecting K there holds

[ullo,xrs < Cr(h™ 2 |ullo, + h2 || Vullo,x)- (5)

For shape regular elements, the proof of this result is equivalent to that of the standard trace
inequality. In what follows, we let X} denote the standard space of continuous piecewise affine
functions:

X, € {v, € COQ) Jopi €PU(K) VK €Th}. (6)

For the approximation of the fluid velocity we will consider the space V}, def [X h]d NV and for

the pressure we will use either @y, e x rNQ We assume that the pressure stabilization operator,
» 1 Qn x Qn — R, satisfies

cL[AVPalS o1 < sp(prspn) < 2 KVPRIG o -

For instance the classical Brezzi-Pitkiranta pressure stabilization [4] may be used on the following

form

def

h2
$h(Phsqn) =/ —Vpn -V, dax. (7)
Qf H

We also assume that the velocity stabilization operator, g, : Vi x V, — R, is designed so that
the following stability holds (see [5] for examples of suitable operators and a proof).

Lemma 1 For all v, € V}, there holds
cs(plle(vn)lIg.ar, + 9n(vnvn)) < plle(wn)l§ o + gn(vn, vn). (8)

Note that the velocity stabilization only is needed in the interface zone and can in principle be
localized to elements K for which the constant of the trace inequality controlling the boundary
trace by the norm on Qf N K is very large.

We denote the total fluid stabilization by

Sn((wn,pn), (vn, qn)) o $h(Phy qn) + gn(Wn, vp). 9)
Our space semi-discrete approximation of (1)-(3) reads as follows: for ¢ > 0, find
(wn(t), pa(t), dn(t), dn(t)) € Vi x Qn x Wy x Wi,
such that dy,(t) = ddy (t) and

P (Ovwn, vn) + A((un,pr), (vn, qn)) + p°(Oedn, wh) . + a®(dn, wp)

— (o (un, pn)n, (v — wi)) s — ((wn — dn), o (vh, —an)n), (10)
+ %((uh —dy), (vn — wp))y, + Su((wn,pr), (Vn, qn)) = 0.

Inria



Unfitted Nitsche method for incompressible FSI 7

for all (vp, g, wr) € Vi, x Qn x W), and where
def
A((un,pn), (Vh,qn)) = alun,vp) + b(pn, o) — blgn, wn).

3.1 Stability properties of the discrete scheme.
First we state a Lemma giving the coercivity on Qé— of the discretization of Stokes’ system.

Lemma 2 For vy > C%, there exists cs > 0 such that

o (el Vunl2 or +vallun = dnl} 5 + 1 (wnspr)l)

= A((uh,ph), (Uhaph)) — (o (wn, pn)m, (wn, — dy))y,

e

3 (un — dy, wp, — dh)z + [(un, pn)[%

- (O’(’U/h, _ph)nauh - dh)z +

for all d, € Wy, and (up,pp) € Vi, X Qp.
Proof. Note that

A(un, ), (nsp) ) = (o (s pi)m, (= dn)) . = (o, —pr)m,wn = di),,
+ %(Uh —dp, up — dh)E + [ (wn, pn)|%
= plle(un)ls o — 2(o (un, 0, (un — dn)), +ypullun —dall? ), 5
o+ (e, ) 3

‘We now observe that

: Cr 1 11 :
(o(un, 0)n, up — dy) g, < 3 w2l eun)llo o v p2 llun = dilly s

and conclude using an arithmetic-geometric inequality with suitable weights, Lemma 1 and
Korn’s inequality. 0O If we take vy, = wup, qn = pr and wy = dj we then get the following
energy inequality.

d

f S
14 4 7 e
G (Bl + Sl + a(an,dn)

+es(uslle(wn) I3 oy, +vullun —dall3 ), 5 + (wn,pr)3) < 0. (11)

3.2 Consistency of the formulation

If we multiply (1) by vy, qn € V x Q) and (2) by w;, and integrate by parts in both systems we
obtain the equality

P (Oru, on) + A((wp), (vn, 1) + p* (Oed, wh) . + a°(d, wy)
— (o(u,p)n, (v, — wh))Z = 0.

In the integral on the interface we have used that

—(Us(d)n,'wh)E = (a(u,p)n,wh)z. (12)

RR n° 8424



8 E. Burman & M.A. Ferndndez

Recalling that u|y = d|g we observe that we may write

pf(atu,vh) + A((w,p), (v, qn)) + ps(&gd, wh)Qs + a®(d, wp,)
- (O'(U,p)n, (vh - wh))z - ((u - d)v U(vhv _Qh)n)z

+ 2w d), (o~ i), =0 (13)

for all vy, qn, wy, € Vi, x Qp x Wy, Taking the difference between (13) and (10) we obtain the
following result

Lemma 3 (Galerkin orthogonality) The formulation (10) satisfies the following approximate
Galerkin orthogonality

Pf(at(u —up),vp) + A((w —un,p— 1), (O, qn)) + p° (@(d - dh)7wh)95
+a®(d — dp, wp) — (o(w —up,p— pr)n, (v, —w))y,

- (((u - uh) - (d - dh))? U(”h? 7Qh)n)2

2 (= wn) = (d = dn)). (v = w1)) ;= Sn((wn,pn). (vn,00))) (14)

for all vy, qn, wp € Vi x Qp X Wy,

3.3 Error analysis

We introduce the discrete solid errors &j, def dp — 7y d, éh def d;, — Ihd, where 77 stands for

the elastic Ritz-projection of the solid a.(d — 7}, d, v,) = 0 for all v, € Wj,. The interpolation

operator 7 is defined by

T,d def WZd + Z ; ;.

The ¢; are basis functions with support in the elements with faces intersecting the interface in
the patches F; and the «; € R are chosen so that

/ (d—Tpd) -n =0. (15)
F;

For details on the construction of ¢; we refer to [2]. We now assume that there exist two linear
continuous lifting operators Ey : H2(Q) — H%(R?) and E; : HY(Qf) — H'(R?). Using these
lifting operators we introduce the discrete errors for the fluid 6, def Up—is, Fow, yp def ph—is. Fp,
where i, is defined by the Scott-Zhang interpolant. We assume that the stabilization operator
defined in (9) satisfies the following weak consistency property

. . 1 _1
|(iszEau(t), isz E1p(t))|s < Ch(p?|uly or + 1~ 2 |plyaf)- (16)

For a proof of this property for the velocity part we refer to [9]. The pressure part is an immediate
consequence of the H'-stability of the Scott-Zhang interpolant and the stability of the extension
operator F1,

. . 1 _1 . _1 _1
splis: Eap(t), is: E1p(t))* S p 2 hlise Buply or S 02 h|Baply o S i 2 hlphor.

The remaining necessary approximation estimates for these interpolants are collected in the
following Lemma.

Inria



Unfitted Nitsche method for incompressible FSI 9

Lemma 4 Assume that d,d € H2(Q), uw € H2(Q) and p € HY(QF) then the following error
estimate holds
| — iszE2u||0,Qf + ||V (u — iszE?u)”O,Qf < h2|u‘2,ﬂf

Ip — s E1pllor + RV (p = is:E1p)llo.ar S hpliar,
|d — 75d|jo.qs + bV (d—75d)|o0.os < hP|d)2qs,
Hd - Ihd”o,ns + hHV(d - Ihd)”o,m < h2|d|2,ma

lo(u—is. Eou,p — iszElp)"H—%,h,z S h(lJullg,0r + )1 00)

I(w =i Eou) — (d = Tpd) |11 e S h(l[ull2.0r + [1d]2,0:)

Proof. We only discuss the proof of the three last estimates, since the other estimates follow using
standard approximation theory and the stability of the extension operator. By the construction
of 7, we have,

 Jp(d—m5d)-n
fFi‘pi'n '

Since | [}. @i - n| > Ch, we have

| [, (d = 75d) - nl
h

il S < h=2|d - whd]lo.r, < Bld]o.gr- (17)

Hence,
Id = Zndllo.0- < [|d—m5dll + > [aiwillo.r, S h?,

which ensures optimal approximability. For the error estimates on the trace ¥, note that we
have

. . 1 ) 1 )
lo(u—is.Eyu,p—is.Erp)nl|_1 5 S h2[|V(u —iszEru)los + 72 |[p —is:Erpllos
and
) . . L ) . .

[(w—is:Eou) — (d—Zpd)||ly s S h™ 2 ([u —iszEzullos + [|[d — Znd|lo,x)-
The quantities on the solid side where the mesh is fitted to interface are treated in a standard
fashion using element-wise trace inequalities. We will detail the estimates for quantites on the
unfitted mesh. Using the trace inequality (5) element wise for all elements intersected by the
interface we have

1 . 1 )
hz HV(U — ZszEZ'UJ)”O,Z +h"2 ||u — ZSZEQU||072
< h|E2u|27Z + ”V(u - Z.szE2u)||0,QfT + hil”“ - iszE2u||o7Q§ s h‘E2u|27QfT
< hlulz o

where the last inequality is a consequence of the stability of the extension operator. Similarly
we may estimate the trace error of the pressure in the following fashion

1 . . — .
h2lp —is:Erpllos S V(0 —is:Brp)llg g + 17 Ip — iszErpllgor < hIE1], of

< hlplios-

RR n° 8424



10 E. Burman & M.A. Ferndndez

0 From (10) and (1)-(2) and by using Lemma 2, get the following perturbation equation for
O, &ns &n,

f s
p P 1
5H9h||3,9f + 5||€h||3,95 + §H€h||§
t
+ ¢ / {MfHV@hH(Q) ar T el6n — Enlld 5+ 1(On, yn)[5 + a(&n, €n — 5t€h)}
0 :
f s
p P g 1
< §||9h(0)||§,9f + 5\|€h(0)||3,9s + §||€h(0)||3
t
+/ [Pf(ateh,eh)ﬂf + 0°(0:&n, €n) + [(Bn- yn) |
0

+ A((emyh)a (9h,yh)> — (0 (Bn, yn ), (0 — 1)), — (0O, —yn)n, 0n — &1) .
TH

+ 7(0;1 — 1,0 — €n)y, + ae(Eh,fh)]o (18)

Observe that due to the different definition of the interpolation operators in &, and é’h, it does
not hold that &, = 0;&;,. Therefore to obtain the above inequality we used the fact that

t

Sl — SO + [ a6~ 016 at = [ a*(en. ) ar

This results in a non-positive contribution a®(&p, £, — 0i&p) in the left hand side of (18) which
will be treated as an approximation error in the error analysis below. Note that the pressure is
only controlled in the weak norm given by the stabilization operator. In the analysis below it is
convenient to denote the approximation errors by

def . def . .
071' = EZU - ZSZE2U) Yr = Ely - ZszElp m Qg’

and

. Cléfd—7red, éﬂ défd.—wed. in Q°.

We are now ready to state and prove the main result of this note.

Theorem 5 Let w,p be the solution of (1) and d, d be the solution of (2). Assume that the
exact solution has the reqularity required by the approximation results of Lemma 4. Then there
holds

f S
p P ; 1
B llun — wll o+ &k — i e + 5 b —
t
+ CS/ [.uf”V(uh - U)H?),Qf JF’VNHuh - dh”z%,hj dt S h?.
0

Proof. By a triangle inequality and the optimal approximability of the proposed interpolants it
is sufficient to prove the convergence of the discrete error. Consider first the inequality (18). After
applying the Galerkin orthogonality (14) in the right hand side and noting that a®(&,,&,) = 0,

Inria



Unfitted Nitsche method for incompressible FSI 11

we have

f S
p Pz 1
§H9h||(2),nf + 5“&”3,95 + §||€h”§

t
b [ [l D8I op + 2000 — 013+ Gt ) 2
0 s 2

f S
P P 1
< 5 16x(0) oaf + §||€h(0)||§,szs + §||€h(0)Hg

+/0 [(&tameh)ﬂf + (Oury €n) + Sh((is: Bou(t), is- E1p(t)), (On, yn))

i p
A((gmyﬂ), (9}“yh)) B (U(gﬂ’y”)n’ (On — éh))z o (U(Oh;yh)n,gw - éw)z
T3
+ %(aﬂ _éwagh_éh)g_ae(ghvéh_atsh)}, (19)
—_—
Ty Ts

We may know bound the terms Ti,...,7T5 term by term. Mainly by applying Cauchy-Schwarz
inequality followed by trace inequalities and approximation.

t
/ Ty < 11002 20,000 10 | 2 0.0y + 106l 20,000 1En 20500
0

< Ch4(/)f||atu||2L2(o,t;H2(m)) + PsHatd||2L2(o,t;H2(Qs))) + Pf\|0h||%2(o,t;m)
+ pS”th%?(O,t;QS)'

The two first terms in the right hand side have optimal convergence order and the last two may
be controlled using Gronwall’s lemma. For T we observe that

t t t
1 . . Cs
[ 1< o [ B EwR + 5 [ 1003
0 0 0

2¢,

where the second term in the right hand side is absorbed in the left hand side of (25) and the
first term is bounded using the approximation (16). To bound T3 first note that the second term
in the expression is bounded in by the Cauchy-Schwarz inequality followed by approximation

t
/0 |(U(07r7y7r)n7 (On — ﬁh))g| < Chz(‘u|%2(0,t;H2(Qf)) + |p|i2(o,t;H1(Qf)))

Cs

T

t
T o ||0h_€h‘|2%’h72- (20)

We then consider the velocity part and observe that

/0 (a(eﬁv ah) - (U(ehvo)nv 0. — éﬂ')z)

t
. Cs
< CH ([l arny + Wl msiany) + G [ IV0E ;- (20

RR n° 8424



12 E. Burman & M.A. Ferndndez

The pressure velocity coupling is the most interesting part of the continuity. For the remaining
terms of T3 we write, using an integration by parts in the mass conservation equation,

b(yTra ah) - b(yha 07r) - (0'(07 _yh)nv 0, — éﬂ)z
= (yﬂ'7 V- Oh)Qf - (yh7 V- Oﬂ)ﬂf - (G(Ov _yh)na 0 — éﬂ')z
= (Y, V- On)asr — (Vyn, 0x)qr — (U(Oa yh)nvéﬂ')z - (22)

—_—
T3 T52 Ts3

Estimating the terms T5; — T33 we get

¢ t
Cs
/o T5 < Ch2|P|i2(o,t;H1(Qf)) + Z/o IVOL3 s

t t
Cs
/O T3z < Ch?|lullfz (0 um2cary) + §/0 1,0l

Denoting by y; the average of yy, over the interface patch F; we obtain using the property (15)
of the interpolant Zy,

Tss = Z (Yn = yir&x - n)F,i < C||hvyh||o,QfTh||d||H2(Qs))

Cs :
< §|(073/h)|?€ + CR*||d|[ 3200y (23)

The boundary penalty term Ty is handled using Cauchy-Schwarz inequality followed by approx-
imation,

t t t
1 . cs .
[ s o [ 18n =&l s+ Son [ 160l s
0 Cs 0 2 0 2
1 2 2 7112 Cs ! 212
< C*’Wh (lellz20.4m200)) + 1@ 220,012 00)) + T ; 16n — £h||%,h,2 (24)

we see that the first term has the right convergence order and the second term can be absorbed
in the left hand side of (25). The last term T5 finally is bounded using the fact that &, — 0:&, =
> aip; and the convergence order of the perturbation is known (c.f. equation (17)),

/0 - / a®(EnsEn — O1En) = > / 6 (En, aips) < > / enllelongil o

t
< / 1€A12 + B2 122 0 2y
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Unfitted Nitsche method for incompressible FSI 13

We may now collect the above bounds and conclude by applying Gronwall’s lemma on the
following system

f S
14 2 P g 2 1 2
E 603 o + Z1énlB e + 5 1€l

t
Cs

F 5| I8 oy O — &I+ 1 O]

f s
P P g 1
< 210,02 00 + 2 IEONB - + 5 1€0(0)12
+ Cth4(ﬂf||3tu||i2(o,t;H2(Qf)) + IOS”atd”%?(O,t;H?(QS)))
+ Cth2(‘“|2L2(0,t;H2(Qf)) + |p|2L2(o,t;H1(Qf)) + Hduiz(o,t;m(ﬂs)))

t
+t_1(pf||0h“%2(0,t;ﬂf)+ps‘|£h||%2(0,t;95)+A 1€A112)- (25)

4 Time discretization: coupling schemes

This section is devoted to the time discretization of the space semi-discrete formulation (10).

Both implicit and explicit coupling strategies are discussed. In the subsequent text, the parameter

7 > 0 stands for the time-step length, t, < nr, for n € N and 9,2" (z™ — 2"~ 1) /7 for the

first-order backward difference. We also introduce the fluid discrete bi-linear form
def
ab, ((wn,pn), (Wn,an)) = A((wn.pr), (Vn,an)) + Sk (W, pr), (Vi qn))-

4.1 Implicit coupling

An overall implicit first-order scheme is considered for the time-discretization of (10). This yields
the following time-advancing procedure reported in Algorithm 1.

Algorithm 1 Implicit coupling scheme
For n > 1, find (ul,p},dy,dy) € Vi, x Qp x Wi, x Wy, such that dj, = 0-d} and

pf (87"“/27 'Uh) + a;((u;}ap;})a (’Uha q}L)) + pS (87'd27 wh)Qs + ae(d27 'th)

— (o(ug, pp)m, (vn — wn))y, — ((uh — dp), (v, —qn)n) (26)
(g = df). (o —wn), =0

for all (vh,qh,wh) €V xQp x Wy,

Note that at, at each time level n, the fluid (u}, p}') and solid (dh, d}!) states are fully coupled.
The next results states the unconditional stability of the implicit scheme given by (26), and where

f S
def p P id
E" = S lluhl6.0r + S IdR1G o + a®(di, i),

denotes the total energy of the discrete system a time ¢,,.
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14 E. Burman & M.A. Ferndndez

Lemma 6 Let {(uﬁ,pﬁ,d’ﬁ,dﬁ)}ng be the sequence given by Algorithm 1. Then, under the
condition vy > C2, there holds E™ < E° for all n > 1.

Proof. The result is a straightforward consequence of Lemma 2, after taking (vn, gn, wn) =
(up,pp,dp) in (26). O
4.2 Explicit coupling

In this paragraph we introduce time-marching procedures that allow an uncoupled computation
of the fluid (u}, p}) and solid (dh, d}) states (explicit coupling schemes). Basically, the proposed
methods generalized the Nitsche based splitting schemes, introduced in [6, 7], to the unfitted
framework provided by (10). To this purpose, we first note that the monolithic problem (10) can
be equivalently formulated in terms of two coupled sub-problems: for ¢ > 0

e Solid sub-problem: find (dy,(t), dy(t)) € Wy, x W, with dj,(t) = 0;dy(t) and such that

0 (Oedn, wy) . + a®(dp, wp) + % (dn, wn)

= —%(uh,wh)E - (U(uhaph)n’wh)x (27)

for all wy,, € W,
e Fluid sub-problem: find (up(t), pr(t)) € Vi x Qp such that

Pf(atUhWh)Qf + ai((umph)’ (Um%)) - ((Uh - dh% o (vh, _Qh)n)g

+ %(uh,vh)z = %(d}“vh)x + (o (un, pn)n,vp))y,  (28)

for all (vp,qn) € Vi, X Q.

Algorithm 2 Stabilized explicit coupling scheme
For n > 1:

1. Solid sub-step: find (dfl,d}!) € W, x W, with dj = 9,d} and such that

%(dszh)z

= )y - (o ), (29)

o° (8Td}f, wh)Qs + a®(dy, wy) +

for all w;, € Wj,.

2. Fluid sub-step: find (u},p}) € V3, x @), such that

P (O-up, vn) o + ab ((wh, o), (vn,an)) — (ujt — dy, qnm), + %(uﬂ, vh)y,

h - n n— n—
+%(p2—pﬁ 17%)22%( voon) g+ (a(up = ph L))y, (30)

for all (vp,qn) € Vi X Qp.

Inria



Unfitted Nitsche method for incompressible FSI 15

Following [6, 7], we propose to uncoupled the time-marching of (27) and (28) through the
explicit treatment of the interface fluid terms in (27), as detailed in Algorithm 2. Note that,
in the fluid sub-step (30), the interface fluid stress is explicitly treated. This explains why the
symmetrizing viscous term _

((’U,Z - d;;)’ U(fo O)n)zv

is missing in (30). The weakly consistent interface pressure stabilization,

ryoh n n—1
— P =P, san)ss Y0 >0,
P -

is introduced to control the artificial interface pressure fluctuations induced by the splitting of
pressure stress in time.

Algorithm 3 Stabilized explicit coupling scheme with K-correction steps
For n > 2:

1. Extrapolation:
_ — n,0  n,0 _ n,0 _ ,n—1
w,” =2w, —wy, o(u, L p )n=o(up L pp T )n, Pt =p" (31)

2. Fork=1,..., K+ 1:

e Solid sub-step: find (dzk,dzk) € Wy, x Wy, with d"" = (d}"F — d?1)/7 and such
that

p*(0-d} ", wh) e + a®(dy*, wp) + %(dﬁ’k,wh)z
h ’ ?wh)z - (Un,k_lnawh)z

for all wy, € Wj,.
o Fluid sub-step: find (uZ’k,pZ’k) € V), x @Qy, such that

P (9rui™ von) o + (™ 5y ™), (0 an) = (uf = di ™ anm) g + 25 (i * on)

+M( n,k n,k—
Y

pt = )y = %(dﬁ’k,vh)z + (o (ur™ L T n,on))

for all (vn,qn) € Vi X Qn-

3. Solution update:

n __ n,K+1 n _  nK+1 m g, K+1 n _ qn,K+1
up = u, . PR =D , dp=d, , dp=d, .

The next results guarantees the conditional stability of Algorithm 2.

Lemma 7 Let {(uﬁ,pﬁ,d’,},dﬁ)}nzl be the sequence given by Algorithm 2. Then, under the
following conditions,
C: <7 mSh, 15,

2 Yoh

E" S E” + pllupli§ s + plle(up)5 o, + WTHP?LH(Z),E

RR n° 8424



16 E. Burman & M.A. Ferndndez

forn > 1.

Proof. The result follows by combining Lemma 2 with the arguments reported in [6, Section 5.1].
O

The main drawback of Algorithm 2 is its poor accuracy, with respect to Algorithm 1. In fact,
the interface time splitting introduces a truncation error whose leading contribution is of the
form O(7/h), which prevents convergence under the stability conditions of Lemma 7. This error
perturbation comes from explicit treatment of the penalty term in the right-hand size of (29).
In order to retain overall first-order accuracy under the standard condition 7 = O(h) imposed
by the stability, we propose to combine Algorithm 2 with an extrapolation/correction strategy
(see |7, Section 4.1]).

The resulting procedure is detailed in Algorithm 3, where K > 0 indicates the number of
correction steps. Here, we have use the notation 9,2™* = (z™* — z"~1)/7. The purpose of the
second-order extrapolation, in (31), is to retrieve a truncation error in the penalty term of the
form O((72/h)% 1), after K-correction iterations. Note that without any correction, (K = 0),
this contribution is O((7?/h)) and hence an overall O(h) is expected under 7 = O(h). Numerical
evidence shows, however, that K > 1 is required for stability.

5 Numerical example

In order to illustrate the accuracy and performance of the proposed schemes, we consider the
widespread two-dimensional pressure-wave propagation benchmark (see, e.g., [14]). For the sake
of simplicity, instead of the linear elasticity equations, a generalized string model is taken for the
structure, hence Q5 = % and the relations (2)-(3) are replaced by

uy=d in X,
pledd+ L°d = —o(u,p)n in X,
d=0d in 3,

d=0 on 0%,

where

0 0 det FEe def Ee
d= L°d = ME S N E
(n)’ (—M@mnHon)’ T2ty T R(1-0R)

As usual, here € denotes the thickness, F the Young modulus and v the Poisson ratio of the
solid. All the quantities will be given in the CGS system. The fluid domain and the fluid-solid
interface are, respectively, Qf = (0,L) x (0, R), ¥ = [0, L] x {R}, with L = 6 and R = 0.5. At
x = 0 we impose a sinusoidal pressure of maximal amplitude 2 x 10* during 5 - 10~2 seconds,
corresponding to half a period. Zero pressure is enforced at * = 6 and a symmetry condition
is applied on the lower wall y = 0. The solid is clamped at its extremities, x = 0, L. The fluid
physical parameters are given by pf = 1.0 , 1 = 0.035, while for the solid we have p® = 1.1 ,
e=0.1, E=0.75 x 10% and v = 0.5.

Figure 2 shows an example of unfitted and fitted fluid computational meshes considered in
the computations. In the unfitted case, we have Q7+ = [0,6] x [0,0.8] and hence Qf C Q+. The
ghost-penalty stabilization bi-linear forms in (9) has been defined on the whole computational
domain, that is,

def
gn(Wn,vh) = g Z / ph[Vur]ok - [Vorlox,
KoK
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Unfitted Nitsche method for incompressible FSI 17

(a) Unfitted: Qf C Q.

(b) Fitted: Qf = Q.

Figure 2: Computational fluid mesh (in grey) and solid domain (in black).

(a) t = 0.005.

(b) t = 0.01.

(c) t =0.015.

Figure 3: Snapshots of the fluid pressure at different time instants obtained with Algorithm 1.

where the symbol [-]F denotes the jump of given quantity across the edge or face F. The free
stabilization parameters have been set to 7, = 1072 and 4, = 0.5. All the computations have
been performed with FreeFem++ [22].

In Figure 3 we have reported a few snapshots of the pressure field obtained with Algorithm 1,
taking 7 = 2-107* and h = 0.1. The numerical solution remains stable, as predicted by Lemma, 6,
and a propagating pressure-wave is observed. For comparison purposes, Figure 4 reports the
snapshots of the pressure obtained with a fitted method and interface matching discretizations.
The good agreement of the two numerical solutions in the physical domain Qf is clearly visible.
Similar conclusions can be inferred from Figure 5, which reports the the corresponding interface
displacements at t = 0.015. The depicted reference solution has been generated using the fitted
method with a high space-time grid resolution (h = 3.125 x 1073, 7 = 107°).

In order to highlight the overall accuracy of Algorithm 1, we have refined both in time and
in space at the same rate, 7 = O(h), with the following set of discrete parameters:

(r,h) € {27 (2-107%,0.1) ), . (32)
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18 E. Burman & M.A. Ferndndez

o

(a) t = 0.005.
(b) ¢t = 0.01.
(c) t =0.015.

Figure 4: Snapshots of the fluid pressure at different time instants obtained with the fitted
method.

| —— Unfitted (Algorithm 1)
003 —————- Fitted
------------ Reference

LA R BN R R B

vertical displacement
o
o
[y

LI L

-0.01

PRI SRU SN SR T SR RIS SN S (ST ST S S RS S S NS

3 4 5 6

x-coordinate

o
=
N

Figure 5: Comparison of the solid displacements at ¢ = 0.015 obtained with 7 = 2-10~% and
h=0.1.

The coarsest discretization, ¢ = 0, corresponds to the results reported in Figures 3 and 5. In
Figure 6, we have displayed the interface displacements obtained after successive space-time
refinement, ¢ = 1,...,4. These results highlight the convergent behavior of Algorithm 1 and that,
after a few space-time refinements, both the fitted and the unfitted methods yields practically
the same accuracy.

Figure 7 reports the convergence history of the solid displacement at time ¢ = 0.015, in
the relative elastic energy-norm. The results show that Algorithm 1 retrieves the overall optimal
O(h) accuracy of the fitted method. Note that, owing to Theorem 5, the accuracy of Algorithm 1
is expected to be O(7)+O(h) in the energy norm. Hence, under 7 = O(h) we retrieve the optimal
O(h) rate observed in Figure 7.

We discuss now the explicit coupling procedures introduced in Section 4.2. These methods
allow an uncoupled time-marching of the fluid and the solid sub-problems. Figure 8 shows
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x-coordinate
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Figure 6: Unfitted vs. fitted methods. Comparison of the solid displacements at ¢ = 0.015 for
different levels of (7, h)-refinement, given by (32) with i =1,...,4.

the convergence histories of the solid displacement at time ¢ = 0.015, in the relative elastic
energy-norm, obtained with Algorithm 1, Algorithm 2 and Algorithm 3 with K = 1. The non-
convergent behavior of Algorithm 2 under 7 = O(h) is striking, as anticipated in Section 4.2. On
the contrary, Algorithm 3 with one correction step retrieves the overall optimal O(h) accuracy of
the implicit coupling scheme (Algorithm 1). Similar observations can be inferred from (9), where
we have reported the interface displacements obtained wit the last four space-time refinements
(t=2,...,51n (32)).

6 Conclusion

We have introduce a Nitsche’s based method for incompressible fluid-structure interaction prob-
lems with unfitted meshes. The interface is defined as a part of the solid mesh, which is then
glued into the unfitted fluid mesh. The basic ingredients of the method are:

e integration of the fluid equations only in the physical domain (cut-elements);
e Nitsche’s treatment of the interface coupling conditions (kinematic/kinetic coupling);

e ghost-penalty stabilization to guarantee robustness.
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T T

——— Unfitted (Algorithm 1)
——-0O——~- Fitted
Slope 1

relative elastic energy-norm error

T T

sl n sl n PR

0.01 0.1
mesh size

Figure 7: Unfitted vs. fitted methods. Convergence history of the displacement at time ¢ = 0.015.
Space-time grid refinement under 7 = O(h).
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relative elastic energy-norm error

—F— Algorithm 1
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—>—— Algorithm 3
Slope 1

T T T T TTTTT

sl L sl L PR

0.01 0.1
mesh size

Figure 8: Implicit vs. explicit coupling. Convergence history of the displacement at time ¢ =
0.015. Space-time grid refinement under 7 = O(h).

For the space semi-discrete formulation, an a priori error estimate has been derived (Theorem 5),
which guarantees optimal first-order accuracy. We have then discussed the stability and accuracy
of fully discrete formulations based on implicit and explicit coupling schemes. The numerical
results confirmed the theoretical findings. In particular, an overall optimal firs-order convergent
rate was obtained with the implicit schemes (Algorithm 1) and the explicit coupling scheme with
extrapolation/correction (Algorithm 1).
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Algorithm 1 R Algorithm 1
0.03 - Algorithm 2 P 0.03 - Algorithm 2
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Figure 9: Implicit vs. explicit coupling. Comparison of the solid displacements at ¢ = 0.015 for
different levels of (7, h)-refinement, given by (32) with i =1,...,4.

Further extensions of this work can explore various directions. An important setting, not
covered by the present analysis, is the case of moving interfaces. From the computational point
of view, we plan also to address the case of the coupling with non-linear fluid and solid models,
and the extension to three-dimensional problems.
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