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Unfitted mesh finite element approximations of immersed incompressible fluid-
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promising stability and accuracy are rare in the literature. Moreover, most of the
existing approaches introduce additional unknowns or are limited by penalty terms
which yield ill conditioning issues. In this paper, we introduce a new unfitted
mesh semi-implicit coupling scheme which avoids these issues. To this purpose, we
provide a consistent generalization of the projection based semi-implicit coupling
paradigm of [Int. J. Num. Meth. Engrg.,69(4):794-821, 2007] to the unfitted mesh

Nitsche-XFEM framework.
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Fluid-structure interaction, semi-implicit coupling scheme, projection method, unfitted meshes, Nitsche-
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1 | INTRODUCTION

Numerical methods for the approximation of mathematical models describing the mechanical interaction of an incompressible
viscous fluid with an immersed elastic structure are an essential ingredient in the computer simulation of many living and
engineering systems (see, e.g.,'%). These coupled problems often feature large interface displacements, with potential contact
between solids, so that the favored numerical approaches are mainly based on unfitted mesh approximations (the fluid mesh
is not fitted to the fluid-solid interface). Among these methods, the most popular are the immersed boundary method (see,
e.g..”45) and the fictitious domain method (see, e.g., O /8P10LL) "ywhich treat the solid in Lagrangian form. We can also mention
the methods based on fully Eulerian descriptions of the coupled system (see, e.g., 1213,

In general, unfitted mesh methods have the reputation of being inaccurate in space. This is due to the approximation of the
interface conditions in an unfitted framework and to the fact that the fluid spatial discretization does not generally allows for
discontinuities across the interface (which often yields severe interfacial mass loss). Mesh adaptation can improve the situa-
tion (see, e.g., 1%) but it does not cure the problem. The extended-FEM (XFEM) method, which combines a local enrichment
with a cut-FEM approach (see, e.g.,’1%07)  fixes these issues but at the expense of introducing Lagrange multipliers (addi-
tional unknowns) and deteriorating the robustness (ill-conditioning). The Nitsche-XFEM method (see!81220) circumvents these
difficulties through a Nitsche’s treatment of the interface coupling (with overlapping meshes) and the addition of suitable sta-
bilization in the vicinity of the interface. The superior accuracy of Nitsche-XFEM with respect to the traditional immersed
boundary or fictitious domain methods (see’?!' for a recent comparative study) comes, however, at the price of a much more in-
volved computer implementation and a superior computational complexity. The latter is particularly due to the fact that accurate
time-splitting schemes for Nitsche-XFEM are mainly of strongly coupled nature.




Time splitting is generally difficult to marry with unfitted meshes without compromising stability and/or accuracy. This
is a direct consequence of the weak treatment of the kinematic interface coupling. To the best of our knowledge, the sole
available approaches are the splitting methods introduced in°222324 for the immersed boundary or fictitious domain methods, and
in'18L925026] for ynfitted Nitsche based methods. The loosely coupled schemes reported in?!18192523 are known to enforce severe
time-step restrictions for stability/accuracy or to be sensitive to the amount of added-mass effect. In the case of the coupling with
thin-walled solids, these issues are circumvented by the semi-implicit and loosely coupled schemes reported in?1220 and in*%,
respectively. Nevertheless, the former introduces additional unknowns in the fluid sub-problem (intermediate solid velocity) and
the accuracy of the latter relies on a grad-div penalty term (for enhanced mass conservation) which spoils the conditioning of
the fluid problem.

In this paper, we introduce and analyze a new semi-implicit coupling scheme for unfitted mesh approximations of fluid-
structure interaction problems with immersed solids which overcomes the above mentioned drawbacks. To this purpose, we
propose to generalize the projection based semi-implicit splitting paradigm reported in*” with fitted meshes, to the unfitted
Nitsche based framework of 12, The basic idea consists in the explicit treatment of the geometrical non-linearities, convective
and viscous fluid contributions (which avoids strong coupling), whereas the remain fluid pressure and solid contributions are
coupled in a fully implicit fashion (which guarantees added-mass free stability). In contrast to alternative immersed boundary and
fictitious domain methods involving fractional-step time-marching in the fluid (see, e.g.,428), the Nitsche-XFEM approximation
guarantees the spatial consistency of the Laplacian operator in the projection step. For a model problem with static interface, we
prove a stability result which states that the conditionally stability of the coupling scheme in the energy norm. Numerical evidence
in a series of well-known two-dimensional examples, involving large interface displacements and solid contact, highlights the
stability and accuracy properties of the proposed method.

The rest of the paper is organized as follows. Section |2| presents the derivation of the proposed coupling scheme in a linear
setting with static interfaces. The energy stability of this method is addressed in Section[2.3] In Section[3] the coupling scheme is
formulated within a fully non-linear setting involving dynamic interfaces. The numerical experiments are reported in Section 4}
Finally, a summary of the results of the present work are discussed in Section[5] Through this paper and without loss of generality,
the solid is assumed to be thin-walled, which corresponds to the most difficult case. The methods and theoretical results presented
in this paper remain valid in the case of the coupling with a thick-walled solid, by simply limiting the fluid problem to a single
side of the interface.

2 | LINEAR MODEL PROBLEM: STATIC INTERFACES

We first consider a linear fluid-structure interaction problem in which the fluid is described by the Stokes equations in a fixed
domain and the structure by a linear immersed thin-walled solid model. We denote by = C R¢, with d = 2,3, the reference
configuration of the solid mid-surface. The structure is supposed to be immersed within a fixed domain Q C R?, with boundary
I' = 0Q (see Figure[I). In this section, we assume that the solid undergoes infinitesimal displacements so that the fluid flows

def
within the fixed domain Qf = Q\X C R¢. The immersed interface X is supposed to divide Qf into two subdomais Qf = QluQl,

. . . def def . . . .
with respective unit normals n; = ny and n, = —ny. Here, ny the normal unit vector given by the orientation of the surface X.
For a given field f defined in Qf (possibly discontinuous across the interface), we can then define its sided-restrictions, denoted

1 n

n2

Figure 1 Geometric configuration of the fluid domain and the immersed solid.



by f, and f,, as
def . def .
[0S lim SOt En), fox0) = Jim f(x+ény),
for all x € Z, and the following jump and average operators across x:
def ]

1= fi=fr 1/l = S+ fomy 7Y 2 501+ ).

In this framework, the considered coupled problem reads as follow: find the fluid velocity and pressure u : Q x Rt — R4,
P QxR* = R, the solid displacement and velocity d : £ X R* = R, d : £ x R* = R such that for all t € R* we have

pfdtu —diveu,p) =0 in QF,

divu=0 in Qf, ¢))
u=0 on T,
pedd+Ld=T in I,
d=0d in %, ()
d=0 on 0,

u= d on 2,
{ 3)
T =-[o(u,p)n] on X

with the initial conditions u(0) = u, d(0) = d, and [I(O) = d,. Here, the symbols p' and p* stand respectively the fluid and
solid densities, the thickness of the solid is denoted by e and the fluid Cauchy stress tensor is given by

def def 1 T
o(u,p) = 2ue(u) — pI, e(u) = E(Vu+Vu )

where u denotes the fluid dynamic viscosity. The operator L describes the elastic behavior of the solid. The relations in (3)
enforce, respectively, the kinematic and dynamic interface coupling conditions. Note that the former enforces two conditions
since it has to be seen as u; = u, = d on X.

2.1 | Time-discretization: semi-implicit coupled scheme

In what follows, we will use the following notation for the first-order backward difference: d,x" d;f (x" —x"1) /t, where = > 0
denotes the time-step length. For the time discretization of the coupled problem (I)-(3) we consider the projection based semi-
implicit splitting scheme proposed in“”2? for the case of fitted-mesh spatial approximations (see also=U313233) The scheme
avoids strong coupling without compromising stability and accuracy. The fundamental idea consists in combining a fractional-
step time-marching in the fluid with a semi-implicit treatment of the interface coupling (). The resulting time semi-discrete
method reads as follows (see?Z22) for n > 1:

1. Explicit fluid viscous step: Find @" : Q" — R? such that

f
2@ —wy —dive@, p")=0 in Q,
T

u"'=0 on T, S

'=d"" on X

2. Implicit pressure-displacement step: Find u" : Qf - RY, p" : Qf 5 R, d" : £ > R? andd" : £ — R such that
”;(u" —@"+V(p-p")=0 in Q
divu" =0 in Q, )
u"-n=0 on T,
peo.d"+ Ld"=T" on X,
d"=0,d" on X, (6)
d"=0 on 0%,



ul’.’-n,-=(.1"-n,- on X, i=1,2,
@)

T"=—[oc@",p")n] on X.
The viscous-step [@) is loosely coupled with the solid, which avoids strong coupling, whereas the step (5)-(7) guarantees added-
mass free stability by the implicit treatment of the fluid pressure and solid inertia. From a computational point of view, the

scheme can be reformulated exclusively in terms of u", p", d" and d" as shown in Algorithm |1} where the end-of-step velocity
u" has been eliminated by inserting (3, into (@), and by applying (3)), to (), in each sub-domain €,. Here, we have used the

. def .
notation p"* = 2p"~! — p"2 for the second-order temporal extrapolation of the pressure.

Algorithm 1 Time semi-discrete projection based semi-implicit scheme (from?72%),
Forn > 2:

1. Fluid viscous step: Find @" : Qf — R? such that
plou" —dive@",p™*)=0 in Q,
u"'=0 on T, 3)
7"=d"" on X
2. Pressure-displacement step: Find p" : Qf > R, d” : £ > R? and d” : = — R? such that

—%A (p" —p"!) = —divd" in QF,

©)
T . —
FV(p —p"")-n=0 on T,
p'ed,d"+ Ld"=T" on X,
d"=0.d" on %, (10)
d"=0 on 0%,
lfV (pr=p")n=@" - d)-n, on ¥, i=1.2,
p (1)

T"=—-[oc@",p")n] on X

An energy based stability result for the non-incremental version of @)-(7) (i.., with p"~! = 0) with a fitted mesh based finite
element approximation in space, has been reported in*Z, Therein, stability is guaranteed under the CFL-like condition

p'h? +2ut S pieh, (12)

where h > 0 stands for the spatial grid parameter. Numerical evidence in*Z indicates that is not necessary for stability. It
is also worth noting that unconditional stability was achieved in3Z via a specific Nitsche’s treatment of the viscous coupling.
Unfortunately, the splitting error of the resulting scheme is known to be non uniform with respect to A, namely, to scales as
O(z /h), so that suitable correction iterations are needed to enhance accuracy under restrictive constraints on the discretization
parameters (as in'?).

Remark 1. Note that from the relation (TI)), we get the continuity of flux on the pressure increment across X, namely,
[V(p"=p"")-n]=0 on X

However, both the pressure p” and the pressure increment p" — p"~! are generally discontinuous across Z, so that the pressure-
Poisson equation (@), is not valid across I, only in Q. Nevertheless, most of the immersed boundary and fictitious domain
methods involving fractional-step time-marching in the fluid assume that this relation if valid in Q (see, e.g.,*%).



2.2 | Unfitted mesh approximation: fully discrete scheme

In the following, the closed spaces Hrl (), of functions in H'(w) with zero trace on I, and Lé(a)), of functions in L%(w) with
zero mean in w, will be considered. The scalar product in L?(e) is denoted by (-, )- In this section we introduce a consistent
unfitted mesh spatial approximation of the time semi-discrete scheme given by Algorithm m The fluid fields (@", p*) will hence
be approximated in triangulations of Q which are independent of X. To this purpose, it is important to note that:

e The velocity gradient V&' and the pressure p” are discontinuous across X;
e The bulk relations (§), and (9), are not valid across X, only in Q (see Remark .

In the case of fitted mesh approximations, these discontinuous features of the solution can be introduced in the discrete approx-
imation in simple fashion (e.g., by considering cracked meshes with duplicated nodes on the interface). However, if the fluid
mesh does not have a geometrical representation of the interface X, guaranteeing consistency of the approximations requires a
specific treatment. In this paper, we build on the uniftted Nitsche’s based method for incompressible fluid-structure interaction
with overlapping meshes reported in'8%, The fundamental reasons for this choice are: (i) it is Lagrange multipliers free and ro-
bust; (ii) it is mathematically sound (i.e., optimal error estimates are obtained for spatial semi-discrete approximations of linear
model problems such as (I)-(3) under reasonable regularity assumptions'®); and (iii) it naturally provides a consistent of the
pressure-Poisson problem in step 2 of Algorithm 1]

In order to simplify the presentation, we assume that both Q and X are polyhedral. Let be {7}’ } (<, a familly of triangulations
of Z. We then consider the standard space of continuous piecewise affine functions:

. def — .
X3 = {uh € C°F) [ vyx €PY(K), VK € Th}

The weak form of the abstract solid elastic operator L in (2) is assumed to be given by a positive and symmetric bi-linear form
ad . WXxW — R, where W = [H 1(E)]g denotes the space of admissible displacements. The discrete space for the solid
displacement and velocity approximations is hence defined as W, = [X Z]d N W. For the fluid, we introduce two family of
meshes {7}, ;}o<p<1»> | = 1,2, where each 7, ; covers the i-th fluid region Qf defined by X. Each mesh 7, ; is fitted to the exterior
boundary I" but not to 7,°. Furthermore for every element K € 7, N 7;, we assume that K N X} # @. We denote by Q,, ; the

o Qf

Figure 2 One dimensional illustration of the construction of the discrete spaces X, ;.

domain covered by 7}, ;, viz.,
def

Q,, = int (UKGT}”K) .
We shall also make use of the following notation for the broken L2-product in the whole computational domain
def
G = Z Z (ORIS
i=1 KeT,;
For i = 1,2, we can hence introduce the following spaces of continuous piecewise affine functions:

def —_—
X, 2 {uh € C°@,)) /vy € Pi(K), VK € Th,,,} ,
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For the approximation of the fluid velocity and pressure we will consider the following discrete product spaces
def 2 2 1 d def 2
Vh = ([Xh,l] X [Xh,z] ) N [HF(Q)] ) Qh = (Xh,1 X Xh,z) NnL (Q)Oa (13)

which guarantee that interfacial (strong and weak) discontinuities are included in the discrete approximation of both the fluid
velocity and pressure. Indeed, the functions of (T3)) are continuous in the physical fluid domain Q but discontinuous across the
interface T (see Figure [2). Since the discrete pair ¥, /Q,, is not inf-sup stable, we consider a symmetric stabilization operator,
such as, the one given by Continuous Interior Penalty method (see“%) over the whole computational domain:

302

v h
Sn(Ph> 4n) = pT Z Z (IVoulr. [[th]]F)Fv

i=1 FEF,,;

where F, ; denotes the set of interior edges or faces of 7, ;. Finally, we introduce the fluid discrete viscous bi-linear form

ay, (uy, vy) = 2u(e(uy), e(vh))gf + g, (uy, vy),

where the ghost-penalty operator is given by (see>>)

2
def
gn(up,vy) = Vgﬂhz Z (IVu; ] s [[VUi,hﬂF)p (14)
=1 FeFy,

and where Fi’zh denotes the set of interior edges or faces of the elements intersected by Z. This operator guarantees robustness
irrespectively to the way the interface is cutting the fluid mesh, by extending the coercivity of the viscous bi-linear form to the
whole computational domain.

We can now introduce the unfitted mesh approximation of Algorithm [I]detailed in Algorithm 2] Its main ingredients are the
following:

e Unfitted Nitsche’s mortaring for the spatial discretization of the the kinematic/dynamic viscous coupling in (8], (I0) and
(T1)), which is Lagrange multipliers free (i.e., without additional unknowns) and guarantees accuracy and robustness;

e For robustness, the Laplacian operator in the projection-step () is integrated over the whole computational domain,
whereas for concistency the remaining fluid bulk terms in (8) and in (9) are integrated in the whole physical domain.

Note that the price to pay for consistency in the last point is a specific track of the interface intersections and the integration
over cut elements (see, e. g.,36 9'and the references therein). As regards the first point, it should be noted that in (T6)) the discrete
interface stresses are exactly the variationally consistent viscous stress of (§). This constitutes a fundamental difference with
respect to the Robin based semi-implicit and explicit coupling schemes respectively reported in*21? with fitted meshes. The
main reason is to avoid the accuracy loss observed with this methods (see Section [2.I). The next section is devoted the energy
based stability analysis of Algorithm[2]

Remark 2. In the case in which the interface has a boundary inside the fluid domain (the tip), we consider the construction of the
fluid and solid spaces proposed in''?, which basically consists in introduce a virtual boundary X which closes the fluid domain

(see Figure ).
VA

Figure 3 Case in which the Z has a boundary inside the fluid domain.

Then, we enforce the kinematic/dynamic continuity of the fluid on ¥ in a discontinuous Galerkin fashion (see, e.g., 31y More
precisely, the following terms are added

~(to@,, 0}n,[0,])5 — ({6@,, 0 }n, [@;])5 + %( CHN CA NS4S 7% RY )RS 17



Algorithm 2 Projection based semi-implicit scheme with unfitted meshes and static interface.
Forn > 1:

1. Fluid viscous step: Find @, € V', such that

2

2
pf(aj';,ﬁh) +d, (@, 7,) 2 o, ;. O)n;, vh,[))E + %’l 2 (ﬁ;'” - fl;’l_l,Tth)Z
i=1 i=1

2
- Z (571,,» - ‘22_1"’(3;:,,'»0)"1‘)2 = _(VPZ’*’;h)Qf (15)
i=1
forallv, € V.

2. Pressure-displacement step: Find (p,d?) € Q), x W, with d = 9.d" , such that

2
Z (V@ - P Vay), + suBlan) = Y (@, = d o gpimy)s — (diVE)g,) o
i=1
(16)

2 2
an n YH n— ~n n
e(0.d w, ) + @ (dj wy) = = ; @, -l w,), - ; (o @) . o} In w,),

ASY

for all (g, w),) € Q) X W,

into the left- and right-hand side of step (I3), respectively, where as in (I6), we add
T . T rn TY roa
—F({{Vph -n}, [a,])s - F([[Phﬂ’ {Vaq,-n})s + Fﬁ([[ph]]’ laa])s>  ([@] - n. fand)s (18)

to the left- and right-hand side, respectively.

2.3 | Energy based stability analysis

For the purpose of the analysis below, we recall the following estimate from?>

o (2ule@IZ 0, + &1 (0:04) ) < 20l€@,IE g + 84 (¥4, (19)

forallv, € V), with ¢, > 0 and the notation
def

Il ”ogh = ( )n'
We shall also make use of the following (robust) discrete trace inequality
hlle@ynl, < Crlle@,lg, (20)
for all v, € V), Let define the discrete total energy E} by the following expression:

, def Py 72
= —|| ||OQ( ||d ||2+ as(d", 7,)+2—pf||vpf,||agh

The following result states the conditional energy based stability of the approximation provided by Algorithm [2]

Theorem 1. Let { (u;’l P d;’l d;l;) } be given by Algorithm Under the following conditions

n>1
3y
gy 2 10Cyy, KT < p.eh, 21
the discrete energy estimate presented below holds:
Ep S E), (22)
for all n > 1. As a result, Algorithm 3]is conditionally stable in the energy norm.

Proof. We first introduce the L?>—projection operator z;, : [L*(Q)]? — V, given by

(78, 0h) o = (5:04) o (23)
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for all v, € V). Note that, depending on how the solid mesh 7.’ intersects the fluid overlapping meshes 7}, ;, 7, s may not
be uniquely defined in the whole computation domain. However, a simple argument show that z,s is uniquely defined in the
physical domain QF (it suffices to remove the indetermination by blocking appropirate nodes outside the physical domain). This
feature will be enough for the purpose of the present proof. In a similar fashion, we introduce the intermediate velocity u} € V'
given by

£ f
P (o P (~n n n—
?(uh’vh)gf - ?(uh’vh)gf = (V@ =Py ) on) (24)
for all v, € V', so that u, is uniquely defined in Q. In particular, owing to (23) and (24), we have
n ~n T n n— :
u =u, - p—7rhV (p—pp") in Q" (25)
i

Now, since the fluid bulk terms of the viscous step (I3) are integrated (only) in the physical domain and using (24, it can
alternatively writen as

¢ 2 2
p?(ﬁh, o +a," z o, ,,0n;, Dy, ) TMZ (@, —dr! B,

i=1

2
-3 @~ 0@, 0m), = (B~ (VB (6)

i=1
forall v, € V.
We then proceed by testlng the relation (24) with v, = uj, with yields

[” h”OQf ||Hh”0,9f + [lu _Ehno,gf] + (VP —py") up) g =0. @7
27
By inserting (23) into the last equality and by rearranging the terms we get

P‘ n ~i n n— ~n 2

2_;. [ ”“h“é,gf - | ”2“(2),@ + (VP = 057") ) o = 200 H”hv< — Py )HO’@ =0. (28)

On the other hand, by testing (26) with T, =%} and using (T9) we have

P | j~ny2
By |"h||o,szf_

n12
U e
h o

2
+ LA Z (@, - a;.@,)_ - 2x Z (e meiiy, ) —20 Y, (e@ g,y ;™) <0 29)
i=1 i=1 i=1

and by testing the fluid projection-step | with g, = p} and by integrating by parts the divergence term we get

), —uy” 1“0 x] + 2, ||e@ )“3,9 + (Vo ) o

+ |

T n 2 n— 2 n n— 2 Vl ot n 1 n
2_pf[||VPh”o,9,, - ||Vph 1“0’9,1 + “V(Ph — Py 1)“0’9,1 ] - i) szf + Z ( niph,i>2 + 5, py) = 0. (30)
Finally, by adding the relations (28)-(30) we get the following energy estimate for the fluid

P ~n\ |2 T 2 —1?
2f : [|u h“O o 201 [le@ll g, + 20 [ I¥Phlloe, = HVPZ IHO’Q’I]

2
2 T n n—1 2 ( >
of + 2 ps ”V(p" Py )“Qh\Qf + 2 nph’

i=1
v u 2 2 2
+ Tk 2 (@, - d;—l,ﬂ';,,.)z 2 Y, (et n, iy, ) ~2u Y (el miiy, - di)_<0. G
i=1 i=1 i=1

We now proceed by testing the solid equation (I6)), with w,, = dZ which yields

2— H(z 7))Vl = p

2
n

pse °
_[| dj 0

27 &2_1”2

1 n gn n—1 _gn—1 n n—1 _gn n—1
o ]+Z[as(d,dh)—as(dh Ay +a(d) —dyd) - d) )]

+|

- a7,

2 2 2
+2u Z (e(ﬂ:'w)n, d;’l>2 - Z (pZ,i"i’&;l;)Z - 7“ Z <~n dn 1 dn) =0.
i=1 ' =1

i=1



By adding this relation to (3T)) we get the following total energy estimate
Pt 3 ~n\ (2 T 3 et ]|?
30 il + 26 €@, + 5 -[I¥AIGq, = [V2 [, ]
Ps€ (1l *mlI2 2
27 [| d, 0z
2 ) ) - 2
—2u ; (eGty m.iy, -y )~ 2u ; (et pmiiy, - ) +ZE Z‘{ (i, - ay i, —a;)_<0. (32)

. ) . J/

T, T,

A |OZ] + ;—T[as(d",dZ) —ad ", di)

gn—1
| +|

0,2

Terms T can be bounded from every side of the interface by adding and subtracting d", using the Cauchy—Schwarz, Young’s
and trace inequalities @]) as follows:

=-2u (e(u on,.d [I;’I_l> —4pu (6(52,;)"i’ﬁ2,f - dZ)
33)
2oych - - e R (
2= [|e@ h)”OQh_E i — 0z 4h d —d, “0,2'
Similarly, for the second term we have
_VH s | L YH nel = "
T2_7| h’i_ h0,2+ h (d d ’ hl—d)Z (34)
>M|fﬁn n __:u|dn_'n— ||2
-2 hii hlox  2h 0z’
By applying (33)-(34) we get
Pt 2 10 Cyy ~n\ (12 T 12 112
9% 245110 g + 2 <cg Ty le@lloq, + 20 [ ”Vph“O,Qh - ||Vph ”(),Qh]
ps€ n Ps 37/# n yn—1 2 1 n gn n—1 n
= = 2= - — - <
+ 50, d +<27 4h>|dh d ”0,2+2T[as(d,dh) a,d!~",di ] + —d| <0 33)
Finally, the energy estimate (22)) follows from (33)) under de assumption (21J), which completes the proof.
O]

It is worth noting that the stability condition ZI) provided by Theorem [I]is similar to the stability condition (I2) obtained
in27 for Algorithm [1] with fitted meshes.

3 | NON-LINEAR MODEL: MOVING INTERFACE

In this section, we propose an extension of the semi-implicit coupling scheme given by Algorithm [2]to the case of non-linear
fluid—structure interaction problems involving an incompressible viscous fluid and a moving immersed thin-walled structure.
The fluid is described by the Navier-Stokes equations (in Eulerian form) and the structure by a possibly non-linear (beam or
shell) solid model (in Lagrangian form).

3.1 | Problem setting

Let Q C R? be the reference configuration of the fluid domain with boundary F 69 and £ C R? be the reference solid
mid-surface. In contrast to Section[2} the structure is now supposed to move within the fluid domain. The current position of the
interface X(¢) is described in terms of a deformation map ¢ : £ X R* — R9 as Z(¢) = ¢(Z, 1), with ¢ d;f Is + d and where
d denotes the solid displacement. To simplify the notation we will refer to ¢, o ¢(-, 1), so that we also have Z(t) = ¢,(Z).
Note that the fluid control volume is now time-dependent, namely Qf(¢) o Q\Z(t) ¢ R with boundary 0Q(t) = () UT.
The notations introduced in Section 2] for the surface normal vector ny, jumps and average operators remain valid with the sole
difference that they refer to the current interface position X(¢). The considered coupled problem reads therefore as follow: find
the fluid velocity and pressure u : Q X R — R?, p : Q x R* — R, the solid displacement and velocity d : £ X RT — R4,
d : = x R+ - R? such that for all € R* we have
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P (0u+u-Vu)—dive(u,p) =0 in Q'@),
divu=0 in Q' (@), (36)

u=0 on T,

psesa,& +Ld=T on Z,
d=0d on %, (37)
d=0 on 0%,

p=1Is+d, () =¢,E). Q) =Q\Z0),
u= ;10([)[_1 on X(1),

/T-w=—/[[a(u,p)n]]-we¢t'1.

p (1)

(38)

The relations in (38)) respectively enforce the geometrical compatibility, the kinematic and the dynamic coupling at the interface
between the fluid and the solid. In the next section, we propose a numerical method for the coupled system (36)-(38) based on
Algorithm 2]

3.2 | Numerical methods

With the purpose of avoiding geometrical non-linearities in the fluid, we will discretize the geometric compatibility condition

(38),, namely Qf(r) = Q\X(#), in an explicit fashion. For a given displacement approximation d, € W, we define by ¢} its

. . def . . . .. . def
associated deformation map as ¢, = Iy + dj. This map characterizes the interface position, at time level n, as £" = ¢/ (Z).

We hence propose to explicitly update the physical fluid domain as
def
Qfn = o\zr ! (39)
For the fluid discrete spaces, V;‘l and Q" , we proceed as in Section with the difference that they are now given in term of the
time-dependent overlapping meshes 7,"; covering each side of Q. We recall that this functional spaces are made of functions
that are continuous in each side of Q" but discontinuous across £"~!. Finally, we introduce the broken L?-product in the moving

computational domain as
2
def
G = 2, D Gk

i=1 KeT,",
The approximation space for the solid W, is the same as in Section [2.2]
For the spatial approximation of the fluid, we introduce the following discrete tri-linear form associated to the convective term

def £ f
c"(zp, Uy, Uy) = Pf(zh -Vu,, Vh)gr,n + %((dlvzh)uh’ vh)Qt‘,n —l’f({{zh}} nfu,], th}})zn—l - %([[Zh -n], {u, - Vh}})znq, (40)

where the three last terms are added in order to guarantee that ¢"(v),, z,, z;,) = 0 for all z, € V', (see™). Numerical instabilities
due to the lack of inf—sup compatibility of the discrete spaces and to large local Reynolds number, will be handled by the
continuous interior penalty stabilization method (CIP) of3%3%, The associated symmetric velocity and pressure stabilization
operators are given by:

2
Szyh(th Uy, vp) dif?’vhz 2 Z f(ReF(Zh)) Iz, - n”Lm(F)([[VuhHIW vahﬂF)p’

i=1 FEF},

2

. def &(Reg(z))

Sp.n(Zn3 Prs dn) =7ph22 Z W(HVphﬂF’[[th]]F)F’
i=1 Fefy, 12hlIL>(F)

. . def
where F . denotes the set of interior edges or faces of 7", Rep(z,) = Pzl L F)h,u‘l denotes the local Reynolds number,

def . . :
¢(x) = min{1, x} is a cut-off function and y,,, 7, > 0 are user-defined parameters. In order to guarantee robustness with respect
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to the way the interface X" is cutting the fluid domain Q, we introduce the time-dependent ghost-penalty operator, given by

2
8, (U, vp) = Yehh 2 Z ([[V”i,hHP [[VVi,h]]F)F’

=l pepz!
where FIE}?_] denotes the set of interior edges or faces of the elements intersected by Z"~!. Finally, we collect all the above terms
in a single contribution

n def n n
ai’ (23 up0y) = (2, y, ) + 2p (€(uy), €W))) o + S 5 (Zps ps V) + g5 (U, V). 41)
With all the above ingredients, we propose to approximate (36)-(38)) by the semi-implicit coupling scheme reported in Algorithm
[3] The basic idea consists in combining the interface kinematic/dynamic coupling of Algorithm 2] with the explicit treatment of
the geometrical compatibility (39).

Algorithm 3 Projection based semi-implicit scheme with unfitted meshes and moving interfaces.
Forn > 1:

1. Interface update:
—1 — ¢2_1(Z), Qf,n — Q\Zn_l.

2. Fluid viscous step: Find i;l; € V', such that
2 i 2
~n~ f,~n1~n~ ~n ~ 1 ~
(afuh, )Qf,n + ahn (uh 2 O'(uh’i, O)nh th sn-1 + 7 2 dn »Up [)znfl
i=1 i=1

- Z (a;lu - a’;l_]’a(ah,i’o)"i)zn—l =—(Vp) ’;h)gf.n (42)
forallv, € V7.
3. Pressure-displacement step: Find (p/.d}) € Q} x W, with d’;, = 0,d, , such that
2
z

(V@ = 2D Van) 5@ P a) = D (@, = a0 1) g = (diVEL 43 g
i=1

ASY

) (43)

1 ~n
(@, —dy ) wy)y, . = ), (o@, .0} I w,),,
i=1

‘e(0,d)w)), +a5(d”,wh)—7”
+

=X iM“

for all (g,,w,) € Q7 x W . Then, set ¢, =

Note that steps (#2) and [@3) of Algorithm 3]involves integrals of functions associated with different time levels, namely,
n—l =~ L -2 = -1
@ Th)gr (VO Ph) g0 (V05 00) g (V0,7 Va),,,

with ﬂ;’l evy, pz_l € Q;’l_l and pz_z € Q;’l_z. This requires the integration of products of functions that might be discontinuous
at different locations in the same element. In order avoid the simultaneous intersection of different interface locations with
the same fluid element, we consider the approach introduced in!? (see also®Y), which basically consists in locally shifting the
discontinuity at time t* to the structure location at time ", where t* refers to "~ and #"~2 respectively. In the case where the
discontinuities are located in different elements, the quadrature is performed in a standard fashion since we keep track of the
(previous) intersections at different times and we can treat each discontinuity separately.

Remark 3. In the case of partially intersected fluid domain with dynamic interface, we proceed as in Remark [2] The terms in
(T7) and (I8)) are now evaluated on X"~! and we add the following convective Discontinuous Galerkin contributions (see, e.g.,5%)
to the tri-linear form (@0):

f
—Pf({{zh}} -nfu], {{Vh}})gn_u - %([[Zh -n], {u, - Vh}})gn_w
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. . . . _1 .- _1
Remark 4. Note that whenever d}, ,, dz,il and wy, are integrated on ="', one has to understand d, ;o (&p ), d;lz,i1° (1)

-1 . . L .
and w0 (¢2_1) respectively. This abuse of notation is simply made to ease the presentation.

4 | NUMERICAL EXPERIMENTS

In this section we illustrate the stability and accuracy of the proposed semi-implicit scheme (Algorithm 3)) in different 2D test
cases motivated by the simulation of heart valves and of micro-encapsulation. To this purpose we compare the results obtained
with Algorithm [3] and those obtained with the strongly coupled and loosely coupled (stabilized explicit coupling) schemes
proposed in'®. The implicit step in Algorithmis solved in a partitioned fashion by a Dirichlet-Neumann based Newton-GMRES
iterative algorithm. In all the tests, the solid is described by a non-linear Reissner—Mindlin curved beam model with a MITC
spacial discretization. All the units are given in the CGS units system

4.1 | Idealized valve without contact

The first example is the heart-valve-inspired benchmark proposed in#/*#243442l The considered geometry is shown in Figure
Eka) . The fluid domain is a rectangle Q = [0, 8] X [0, 0.805], while the immersed solid reference configuration X is the straight
segment AB, with A = (2,0) and B = (2,0.7).

Taym
— .
) B :

O
Tiy § Q Lot
> e
+
2
A Ty oo

(a) (b)

Figure 4 (a) Geometric configuration of the idealized valve without contact, (b) Zoom of the fluid and solid meshes.

The physical parameters used for the fluid in this test are p; = 100, ¢ = 10. While for the solid we have p; = 100, ¢, = 0.0212,
the Young’s modulus E = 5.6-107 and Poisson’s ratio v = 0.4. Concerning the boundary conditions, no-slip boundary condition
is apply on I';,, a symmetry condition is imposed on I zero traction on I' , and finally on I'}, the following half parabolic
profile is applied:

sym>

Upay (1) = 5(0.805)*(sinzt) + 1.1), 1€ R*.
The solid rotation and displacement are set to zero at the bottom endpoint A and rest initial conditions are considered for both
fluid and solid.

The solid mesh is made of 64 edges while the fluid unfitted mesh is made of 18662 triangles (see Figure Ekb)). The Nitsche
parameter is set to y = 10 and the Ghost penalty parameter to y, = 1. The CIP stabilization parameters are y, =y, = 1072, Three
different levels of time-step refinement, 7 € { (10‘3 /2! ) }l.2=0, are considered in order to compare results from Algorithms [3|and
the loosely coupled and strongly coupled schemes. The final time is T = 3, which corresponds to 3 full oscillations cycles for
the structure.

For illustration purposes, snapshots of the fluid velocity magnitude and the position of the interface, computed with 7 = 1073,
are shown in Figure[5]at time ¢ = 0.5 and 7 = 0.8 respectively. A very good agreement is obtained for the three methods already
with the larger time step and all algorithms reproduce very well the vortex induced after the leaflet. The two times selected
correspond to a situation of opening of the valve at + = 0.5 and closing at ¢ = 0.8. At opening state, there is an increasing
velocity magnitude on top of the channel, while the velocity is decreasing at closing state. Figure[f]presents the pressure elevation
computed with the coarsest time step, 7 = 1073 , obtained with the semi-implicit coupling scheme (Algorithm , the loosely
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(a) Strongly coupled, t = 0.5. (b) Semi-implicit, ¢ = 0.5. (c) Loosely coupled, t = 0.5.
(d) Strongly coupled, r = 0.8. (e) Semi-implicit, 7 = 0.8. (f) Loosely coupled, t = 0.8.
velocity

0.00 167 333 5.00 6.66

Figure 5 Velocity magnitude snapshots at 7 = 1073,

(a) Strongly coupled, r = 0.5. (b) Semi-implicit, 7 = 0.5. (c) Loosely coupled, t = 0.5.

ﬁressu re

-9041 -8627 -8214 -7800 -7387

™. -~

(d) Strongly coupled, t = 0.8. (e) Semi-implicit, ¢ = 0.8. (f) Loosely coupled, t = 0.8.

pressure

1584 2046 2508 2970 3432

Figure 6 Pressure snapshots at 7 = 1073,

coupled and the strongly coupled schemes at the same time instants as before. The discontinuity of the pressure is well captured
with all methods. A very good agreement can be observed between Algorithm [3]and the strongly coupled scheme, while some
differences are clear visible in the loosely coupled scheme.

Figures [7] and [§] report the displacement history of the upper structure endpoint B as function of time, in terms of x-
displacement and y-displacement respectively. Algorithm 3]delivers practically the same results as the strongly coupled scheme
(the two curves are indistinguishable already with the larger time step), whereas some differences are clearly visible with the
loosely coupled scheme. This mismatch is reduced with the time-step refinement.
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Figure 7 Time evolution of the x-displacement for the structure endpoint B.
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Figure 8 Time evolution of the y-displacement for the structure endpoint B.

4.2 | Idealized valve with contact

The second numerical example corresponds to the idealized valve test with contact introduced in“3. It is an extension of the
previous one in which the structure is sufficiently long to get in contact with I'y,,. The geometry is shown in Figure Era). The
fluid domain Q is the same as in the previous example, while as reference configuration for the solid X we consider a curve
segment of extreme A = (4,0) and B = (5.112, 0.483), parametrized by the analytical function

G- /2)?
(3/2)*

The physical parameters used for the fluid in this test are p; = 100, ¢ = 10. While for the solid we have p, = 100, e, = 0.0212,
the Young’s modulus E = 5.6 - 107 and Poisson’s ratio v = 0.4.

yx)= = , x€[4,5.112].

Lout

(2) (b)

Figure 9 (a) Geometric configuration of the idealized valve with contact, (b) Zoom of the leaflet mesh and fluid mesh.
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(a) Strongly coupled, 7 = 0.6. (b) Semi-implicit, t = 0.6. (c) Loosely coupled, t = 0.6.
% H
(d) Strongly coupled, t = 1. (e) Semi-implicit, t = 1. (f) Loosely coupled, r = 1.
velocity

000 300 600 900 12.00

Figure 10 Velocity magnitude snapshots with 7 = 1072,

(a) Strongly coupled, = 0.6. (b) Semi-implicit, r = 0.6. (c) Loosely coupled, t = 0.6.

(d) Strongly coupled, r = 1.

(e) Semi-implicit, t = (f) Loosely coupled, t = 1.

pressure
B

-370  -238  -106 26 157

Figure 11 Pressure snapshots with 7 = 1073,

Regarding the boundary condition, a symmetry condition is enforced on I';,,,, a no-slip condition on I, zero traction on the
outflow boundary I', and a traction condition is imposed on I';, in terms of the following time-dependent pressure:

" —200atanh(100r) if 0<r7<07,
P = 200 if 1>07.

The final time is T = 1 and it corresponds to one full valve oscillation cycle. The fluid and the solid are initially at rest and the
beam is pinched at the bottom tip A.
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Figure 12 Time evolution of the x-displacement for the structure endpoint B.

€ = =
3 o. @ o 2 o.
1S £ £
@ @ @
1% (%) (5]
< < ©
[=% [=% [= %
? ? ?
>-01f >.0.1 >-0.

— STRONGLY COUPLED — STRONGLY COUPLED — STRONGLY COUPLED

02F - SEMI-IMPLICIT 02F - SEMI-IMPLICIT 02F -~ SEMI-IMPLICIT
--- LOOSELY COUPLED --- LOOSELY COUPLED ---LOOSELY COUPLED
0 0.‘2 0‘4 0‘.6 0.‘8 1 0 0‘.2 0.‘4 0‘.6 0.‘8 1 0 0.‘2 0‘.4 0.‘6 D‘.B 1
time time time
(a) 7 =1073. b) z=5-10" (c) T=25-107°.

Figure 13 Time evolution of the y-displacement for the structure endpoint B.

In order to avoid penetration on I',, we enforce the following contact condition:

top?
d- np —g< 0 on Z, 44)

where nr denotes the exterior unit normal to I" sym (s€€ Figurel?l(a) )and g : £ — R refer to the gap function between X and
I'iym- The inequality constraint (@) is approximated via a penalty method (see, e.g.,*%), by inserting the following term in the
solid discrete problem:
v.Eeg
h2
where [x], o max{0, x}, y, > 0 1is a (dimensionless) user-defined parameter and €, > 0 is a contact tolerance. The contact
parameters are given by €, = 0.01 and y, =5 - 1073.

The fluid mesh has 16384 triangles and the solid 50 edges. The zoom on the both meshes is presented in Figure O[(b). The
Nitsche parameter y = 100 and the Ghost penalty coefficient y, = 1. The CIP stabilization parameters are y, =y, = 1072, As
in the previous example, we consider three levels of time refinement 7 € { (10‘3 /2! ) }1_2=0 for the comparisons.

For illustration purposes, we report in Figure[I0]the velocity magnitude, with the corresponding contour lines, at two different
instants. In Figures 10| (a), (b) and (c) are reported the solutions obtained at time ¢t = 0.6, when the valve is supposed to get
into contact with the upper wall and the fluid velocity decreases globally as consequence of the closing of the valve. The same
comparison is performed at time ¢ = 1 in Figures|10[(d), (e) and (f) in a situation where the valve is open and far from contact.
In this case the flux is reestablishes and the velocity increases in the channel. Again, a very good agreement is observed between
Algorithm[3]and the strongly coupled scheme. On the contrary, the loosely coupled scheme delivers an approximation that is far
from the previous ones. Similar observations can be made from Figure[IT] where we compare the pressure at the same instants
the pressure. We can see the high pressure jump when the valve is getting in contact with the wall (Figures[IT[(a) and (b)), while
at t = 1 the discontinuity between the two sides of the interface is weaker (see Figures d) and (e)). Algorithmreproduces

([d}, -nr, —g+en] . wh)s (45)
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very well the pressure jump obtained with the strongly coupled scheme, though a small difference is visible at # = 0.6. Figure[TT]
(c) and (f) show the results obtained with the loosely coupled algorithm, which is unable to deliver reasonable approximations.

Finally, Figures [12] and [T3] present the time history of the horizontal and vertical displacement, respectively, at the upper
solid point B for the different levels of time refinement. The contact condition with the wall can be seen in Figures[I3] whereas
Figures[I2]shows that the structure is sliding and bouncing over the top wall. These results clearly show that Algorithm [3]is able
to capture the dynamics of the interface before and after contact with the upper wall. Only slightly differences are observed, in
particular close to the contact instant, but which decrease with the time refinement. On the contrary, the loosely coupled is not
able to reproduce the dynamics obtained with the strongly coupled scheme, even with finest time refinement. This illustartes the
limitations of the loosely coupled scheme.

Time-step | L*—difference

=103 5.98 - 107
r=5-10"* 3.87-107*
=25-10"* 2.99 .10~

Table 1 L>—error displacement between Strongly coupled and Semi-implicit algorithms at time 7 = 1.

A more quantitative comparison is given in Tablewhich shows L*—difference of the displacement obtained with the strongly
coupled scheme and Algorithm [3at time 7 = 0.9. We can observe that the difference reduces with the time refinement.

4.3 | Vesicle in lid-driven cavity flow

The last example is the well-known lid-driven cavity test with an immersed capsule (see, e.g., 42484950 ) The fluid geometry
is shown in Figure{E (a) and consists in three rigid wall I',, and a lid I, ,, moving with tangential velocity. The domain € is a
square given by [0, 0] X [0, 1]. The reference solid configuration is instead a circle of center (0.6, 0.5) and radius 0.2. The physical
parameters used for the fluid in this test are p; = 100, u = 10. For the solid we have p, = 100, ¢, = 0.0212, the Young’s modulus
E =5.6-10% and Poisson’s ratio v = 0.4. Both fluid and solid are initially at rest. For the boundary conditions, we impose zero

velocity on I, and tangential velocity of magnitude iz = 1 on I'y,,.

(@) (b)

Figure 14 (a) Geometric configuration and external boundary condition, (b) Fluid and solid meshes at time t=0.

Since the fluid is entirely enclosed by Dirichlet-type boundary condition, standard Dirichlet—Neumann partitioned procedures
for the solution of the implicit step (@3)) are known to diverge. This is due to the ill-posedness of the fluid system which enforces
a volumetric constraint on the interfacial solid velocity. In order to avoid this issues, we consider the approach proposed in>!
which consists in enforcing the volumetric constraint into the structure equation using a scalar Lagrange multiplier, in order to
avoid the incompressibility incompatibilities with the subsequent fluid problem. More precisely, in step @3)) of Algorithm 3]the
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(a) Strongly coupled, ¢ = 2. (b) Semi-implicit, t = 2. (c) Loosely coupled, ¢ = 2.

(d) Strongly coupled, r = 5. (e) Semi-implicit, = 5. (f) Loosely coupled, t = 5.

velocity

0.00 025 050 0.75 1.00

Figure 15 Velocity magnitude snapshots with 7 = 5 - 1073,

solid problem is replaced by the following mixed system

2 2
% Z ((iiz,i - ‘.l;;l)’ ibh)):"-l - Z ("@Z,iapﬁ,i)"v ﬁ)h)zn-l’
i=1 i=1

1

pe(o.dlwy), +ad),w)+ A" | @,-n
n—1

-

/d;‘l-n

>n-1

0

for all w, € W . The scalar Lagrange multiplier A" € R represents the unknown constant pressure in the fluid.

The fluid mesh has 3200 elements while the solid mesh is composed by 80 edges. Both meshes are presented in Figure [T4]
(b). For the remaining parameters, we take the Nitsche parameter y = 1, the Ghost penalty coefficient y, = 1 and the CIP
stabilization parameters y, = y, = 107> The chosen time steps are 7 € { (5-1073/27)}2 and the final time is T = 10.

Always for illustration purposes, Figure[T5|shows the snapshots of the fluid magnitude for both schemes and at different time,
i.e., two different positions of the structure. At ¢ = 2, Figure§I5|a) and (b), the vesicle is starting the upper region of the cavity,
while at + = 5, Figures [I5(d) and (e), is moving away this region. Even with the coarsest time step, Algorithm [3]is able to
predict the same location as the strongly coupled scheme. Figures[T5]c) and (f) show the results of the loosely coupled scheme,
which is clearly unable to reproduce the previous dynamics. Similar observations can be made from Figure [I6] which shows the
elevation of the pressure for the same time instants. No notable differences can be seen between Algorithm [3]and the strongly
coupled scheme, whereas a major mismatch is obtained with the loosely coupled algorithm, particularly at time ¢ = 5.

Finally, in Figure[T7] we present the trajectory of the vesicle rightmost node obtained with the three numerical methods for
the different levels of time refinement. Algorithm [3]is able to capture the dynamics of the strongly coupled scheme at all the
discretization levels, whereas the loosely coupled scheme requires a sufficiently small time-step to deliver a minimally reasonable
approximation.



19

(a) Strongly coupled, t = 2.

(b) Semi-implicit, t = 2.

(c) Loosely coupled, t = 2.

(d) Strongly coupled, t = 5.

-450

(e) Semi-implicit, t = 5.

pressure

-272 -95

(f) Loosely coupled, t = 5.

Figure 16 Pressure snapshots with 7 = 5 - 1073,
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Figure 17 Trajectory of the extreme right node of the vesicle from ¢t = 0 to # = 10.

S | CONCLUSION

In this paper, we have introduced a new semi-implicit coupling scheme for the numerical approximations of incompressible fluid-
structure interaction problems involving immersed solids. The proposed method generalizes the projection based semi-implicit
coupling paradigm of2? to the Nitsche-XFEM framework, with the following main ingredients:

e The traditional accuracy issues of previous splitting schemes based on a Nitsche’s interface treatment (see“21%) are
circumvented through a variationally consistent transfer of the fluid viscous stresses to the solid problem;

o Consistent spatial approximation of the pressure-Poisson problem through the Nitsche-XFEM unfitted framework.
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Moreover, Theorem [I| has shown that the method preserves the stability properties of the original splitting in the fitted mesh
framework (see*”). The comprehensive numerical study reported in SectionE]conﬁrmed these findings and showed a very good
performance, in terms of stability and accuracy, with respect to the previous strongly coupled and loosely coupled schemes
reported in'®. As a result, the present semi-implicit coupling scheme can be considered as a robust approach to avoid strong
coupling in unfitted meshes without compromising stability and accuracy.
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