A CLASS OF FLUID-STRUCTURE INTERACTION SOLVERS
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ABSTRACT. In this paper, we present some numerical studies on two parti-
tioned fluid-structure interaction solvers: a preconditioned GMRES solver and
a Newton based solver, for the fluid-structure interaction problems employing
a nearly incompressible elasticity model in a classical mixed displacement-
pressure formulation. Both are highly relying on robust and efficient solvers
for the fluid and structure sub-problems obtained from an extended and stabi-
lized finite element discretization on hybrid meshes. For solving the discretized
sub-problems with incompressible and nearly incompressible models, a special
algebraic multigrid method capable of handling such general saddle point sys-
tems is investigated.

1. INTRODUCTION

The present work is an extension of our previous work [26, 22, 15, 23], where
a Robin-Robin (RR) or a Robin-Neumann (RN) preconditioned GMRES solver
(which is reinterpreted by introducing two Lagrange multipliers in the current work)
and a partitioned Newton based solver have been applied to the interface equation
of the fluid-structure interaction (FSI) problem discretized by the stabilized piece-
wise linear finite elements on hybrid meshes containing tetrahedral, hexahedral,
prismatic and pyramidic elements. Both require robust and efficient sub-problem
solutions obtained by applying special algebraic multigrid (AMG) methods, which
are based on the work in [14, 20] and are extended in [22, 26] for general hybrid
meshes.

As quite often considered by many others, e.g., in [7, 2, 3], a compressible linear
elasticity model with a pure displacement formulation was used in our previous
coupled FSI problem, which suffers from the so-called locking-effect (see [6, 4])
when the Poisson ratio v — 0.5. Hence in the current work, we eliminate this nearly
incompressible limitation in our structure model by using the mixed displacement-
pressure formulation as in [10].

Since our FSI problem is discretized on general hybrid meshes, the stability of the
sub-problems, e.g., the fluid problem, discretized by the extended piecewise linear
finite elements on such meshes has been shown in [22]. It employs an enrichment
of the velocity space with element-wise bubble functions, i.e. each nontetrahedral
element adds as many bubble functions as the number of tetrahedral subdivisions
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on this element. The inf-sup condition on the discrete level was shown by explicitly
constructing a so-called Fortin operator (see [6]). However this usually leads to
an enlarged linear system. In this work, we follow a least-square stabilized finite
element approach as suggested in [10], which overcomes the instability caused by
equal-order finite element spaces for both displacement /velocity and pressure. Us-
ing Verfiith’s trick [18], we explicitly show the stability on hybrid meshes for the
mixed form with incompressible and nearly incompressible models. Moreover, we
construct piecewise linear finite elements on a conforming subdivision of the orig-
inal hybrid mesh without introducing any new node, which turns out to be more
efficient than the previous introduced piecewise linear element on the hybrid mesh,
see [24].

The performance of the sub-problem solvers is an important issue in the parti-
tioned FST algorithm, for which we use a special AMG method based on the work in
[14]. A robust AMG solver for the saddle point problem arising from the fluid sub-
problem discretized on pure tetrahedral meshes has been developed in [19, 20, 21],
and was extended to such hybrid meshes in [22, 26], where a hierarchy of saddle
point systems on all levels are constructed by using a stabilized coarsening strategy.
This method is extended for solving a unified saddle point system arising from the
discretized mixed displacement/velocity-pressure on the hybrid meshes. It turns
out to be able to handle both incompressible and nearly incompressible models.

The remainder of this paper is organized in the following way. In Section 2, we
set up a FSI problem. Section 3 deals with the RR (RN) coupled FSI system using
two Lagrangian multipliers. Section 4 describes the partitioned Newton based FSI
solver. In Section 5, two piecewise linear finite elements on hybrid meshes and
their stabilized discretization for a general (nearly) incompressible model problem
are shown. The stabilized coarsening strategy of the AMG solver for such saddle
point problems on hybrid meshes are demonstrated in Section 6. Finally, in Section
7, a few numerical results are presented.

2. A FSI PROBLEM

@

FIGURE 1. A schematic representation of a computational domain
Q" fluid domain % (left) and structure domain Q (right).

The computational fluid-structure domain Qf C R? is decomposed into the de-
formable structure sub-domain Q% and the fluid sub-domain Qﬁf:

Qf=QluQt,
where ¢ denotes the time, and the subscripts s and f represent the structure and
the fluid, respectively. The interface I'* is an intersection between boundaries of !
and QF:
It = 90! N o0t
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In addition, I'f,, and I'! ,
tively, and T, and T'}, denote the boundaries of Q% with Dirichlet and Neumann
boundary conditions, respectively. At ¢t = 0, we have the initial (reference) config-
urations: QY Q?c, ro, o 1o Fg and I'Y. See Fig. 1 for an illustration.

wn? — out)
The evolution of the domain Q¢ is obtained by two families of mappings:
L£:9% % (0,T) = QL (w0,t) = & = L(x0,t) =: L' (w0),
A Q?c x (0,T) — Qf, (zo,t) = x = A(xo, t) =: A (z0),

for all 2o € QY and g € Q(}, respectively.

For the structure problem on the Lagrangian framework, the mapping £¢ is given
by

denote the in-flow and out-flow boundaries of Q'}, respec-

£t(.’1?0) = X9 + dAS(LL'(),t),

where d, (20,t) denotes the displacement of the structure domain at time ¢. For the
fluid problem, an arbitrary Lagrangian-Eulerian (ALE) framework (see [9]) is used:

.At(.’L'()) = X + CZf(l‘(),t),

where d #(z0,t) denotes the displacement of the fluid domain at time ¢, and is typi-
cally defined as a harmonic extension dy = Ext(d,|ro) of the structure displacement
on I'y:

—Ady =0in Q(J)c, df=00onT9 UT? ., d;=dsonT".

We also introduce
Wy = 9Lt = 9yd, and Wy := 8, A' = 8,d;

for the structure and fluid domain velocities, respectively.
For evaluating the time derivative of a function g on the moving domain Q?, we
define the ALE time derivative

atg|afo : Q; X (OaT) - Ra

-1 9]
Ouglaq (@,8) = Dilg 0 A) 0 A (@) = S5 + (wy - V),
where wy(z,t) = g o A
Then the coupled system of the FSI problem in strong form reads: Find the
fluid velocity u = u(x,t) and pressure py = py(z,t), and the structure displacement

dy = dy(x0,t) and "pressure” p, = ps(xo, t) such that (2.1) fulfills

(2-12)ppOptlsg + py((u—wy) - V)u—=V-op(u,pr) = 0 inQpx(0,T),
(2.1b) Vou= 0  inQ}x(0,7),
(2.1c) of(u,pyng = g, onTj,

(2.1d) or(u,p)np= 0 onT? .

(2.1¢) ps02ds —V - 64(ds,ps) = 0 inQ%x(0,7),
(2.1f) Vedi+9ps= 0 inQ)x(0,7),
(2.1g) 6s(ds)is= 0  onTY,

(2.1h) dy= 0 onTY,

(2.10) wo At = 9d, onTP,

(2.1j) or(u,p)ngo A +64(d)ns = 0 on I'?,
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and in addition
(2.2) Q) = AY(Q)).

Here py and p, denote the fluid and structure densities, respectively, and ny and
ns are the outward normals to Q‘} and QY, respectively.
In particular the Cauchy stress tensor for the Newtonian and incompressible flow
is given by
of(u,p) = 2pe(u) — prl,
where g is the fluid dynamic viscosity and

e(u) = %(w + (V)T

the strain rate tensor. The Neumann boundary condition on T, is given by a
function gf,,.

For the structure, the linear Saint Venant-Kirchhoff elastic model with the
displacement-pressure formulation is used

6o(dy) = 2ple(ds) — 2u'psl.

Here

c(d,) = %(vds +(Vd)T),

1 A 1—-2v
As:_* 'ds7 ¥ =
p 5V

v
and ! is the shear modulus given by
. E
o1+
with the Young’s modulus F and the Poisson ratio v.

For the fluid (2.1a) and (2.1b) state the momentum balance and mass conserva-
tion laws, respectively. For the structure, (2.1e) states the momentum balance law.
A no-slip condition and an equilibrium of the surface traction on I'’ are given by
(2.1i) and (2.1j), respectively. The remaining conditions (2.1¢), (2.1d), (2.1h) and
(2.1g) are prescribed corresponding boundary conditions for the fluid and structure
sub-problems. In addition, a geometrical problem (2.2) has to be solved at time ¢.
It is easy to see that besides the nonlinearity from the convection part in (2.1a),
the geometrical nonlinearity causes another difficulty for solving the coupled FSI
problem. To complete the problem, the following initial conditions are prescribed:
u(o,0) = 0, ds(z0,0) = 0, Wy(x0,0) = 0.

3. A RR (RN) coupLED FSI SYSTEM

3.1. Time discretization and linearization. For the time discretization of the
FSI system (2.1), we follow the strategy in [26, 7], where an implicit Euler scheme
for the fluid and a first order Newmark method for the structure are used. The
nonlinear convective term is treated in a semi-implicit way as in [8, 26]. The
geometrical nonlinearity is handled by a first order extrapolation Q? = Q?ﬂ for
t € [t",t"T1) see e.g., [2], which is a fix point approach for handling the geometrical
nonlinearity.

Let At be the time step size and " = nAt,n € {0,1,.., N} be the time level at
n. Let z" be an approximation of a function z for the time level t"”. The standard
backward difference operator d;(-) is given by d:z = (z — 2™)/At.
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The time discretized system reads (for simplicity of notations, we do not include
the boundary conditions): Given u™, d?, w" and Q?, find yn L, pntl gntt) prtd
on the time level "+ such that (3.1) satisfies,

(3.1)

o oy + pp((u" = wh) - V)u" = Vo p(u T pt ) =0 in Q"
V-u"tt =0 in Q’}",
psdudy ™t =V o (dipith) =0 in QF,
V- pit 4eps =0 in Q2
Wt o A" =§,d" on TV,
o (™ p" g o A 4 6, (dVHY, P )i, =0 on I'?,

where

62" T, = (2" — 2™) /At
is the backward difference for the ALE time derivative, and
Sped™t = 2(d"H — dV) /AL — 207 /At

The following updates are necessary for the next time level

(Q%),

tn+1

dptt = Ext(d} o), Q' =A

A n+171 N A, A, N
witt =6 d o A ;W =2(drtt — dn) — ™.

3.2. A RR (RN) system with Lagrangian multipliers. Instead of imposing
the continuity of velocities and fluxes (2.1i)-(2.1j) from the fluid and structure sides
on the interface, we use the RR transmission conditions for ¢ € [t", t"T1):

ajuo A+ os(u,p)ns o A =a;8,ds — 64(ds, ps)its,

3.2 R R
( ) a0 + 6'3(d5,]35)ﬁs =CQsU o Al — Uf(u’p)nf o A’

on I'?, with weighting parameters ay >0 and a, > 0.

Remark 1. For a limiting case oy = 0, we obtain the RN interface condition,
which is used in our numerical experiments. However, without loss of generality,
we form the interface conditions by the RR equations.

It is easy to see that these two interface conditions are equivalent to the original
two. In [2], they are proposed in an iterative setting for the FSI problem with
a pure displacement structure model. In [23], we did a detailed numerical study
on the RN preconditioned GMRES solver for the FSI problem using the algebraic
multigrid accelerations on hybrid meshes.

Here we reinterpret the algorithm by introducing two Lagrangian multipliers

A= of(u,p)ng o A and A, := G4(ds, Ps )it

for the surface traction on the interface from the fluid and the structure sides,
respectively, which are corresponding dual variables.

Then the linearized coupled system of (2.1) at each time step (after the extended
linear finite element discretization on hybrid meshes, see Section 5) with the RR
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transmission conditions (3.2) on the interface is given by (3.3).

(3.3)
Y Yr 0 0 0 0 v Fy
Ypf Yrr 0 0 — My 0 Vr Ffr
0 0 Xrr  Xrs 0  —Mrp Dr | _ Fir
0 0 X X 0 0 D, |~ F,
0 anl" 7%@Mp 0 MF MF Af *%MFDF
0 —ag My ZStMF 0 Mrp Mr AS %MFD?

Here Vr and Dr represent the nodal degrees of freedom of the fluid velocity and
the structure displacement associated to the interface nodes, respectively. VfT =
(VpT, V.I) with V), representing all the fluid pressure nodal degrees of freedom and
V, the remaining velocity nodal degrees of freedom. DT = (DZ; , DI} with DZ;
representing all the hydrostatic pressure nodal degrees of freedom and DI the
remaining structure displacement nodal degrees of freedom. Ay and A, correspond
to the nodal degrees of freedom of the surface traction Ay and A, respectively. The

stiffness matrices
Yip Yyr X Xrs
and
(er Yrr X X

on the left hand side result from the extended finite element discretization of the
fluid and structure sub-problems with homogeneous Neumann boundary conditions
on the interface. Mr is the mass matrix on the interface. The vectors on the right
hand side arise from the finite element assembly of the body forces, the Neumann
boundary conditions, and the structure displacement at the previous time step level
t". For more details, see [23].

Remark 2. We also note that from the last two equations in (3.8), when ay # o,
it follows that

L
At

Then an elimination of Ay and Ag in (3.3) leads to the following linear system of
the coupled problem (2.1):

Af = —As and VF = (DF - DF)

(3.4) Yry Yrr Xor X oo| _ Fr
: 0 0 X X Dr F,
0 My —LMp 0 D, — L MpDp

with Fr = Ffr + F,r.

3.3. A RR (RN) iteration of the FSI system. It is obvious to see that in (3.3)
the fluid and structure sub-problems are coupled by the interface nodal degrees of
freedom Vi, Dr, Ay and A,. For any given Dy and A, (or Vi and Ay), the coupled
system (3.3) is decoupled into the fluid and structure sub-problems.

Providing Df and A% at the iteration step & > 0 in (3.3), then from the fifth
equation in (3.3), it follows

Af = ZL (DR — D) + A% — oy
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Now the following fluid sub-problem (3.5) is completely decoupled from the struc-
ture sub-problem.
(3.5)

(37 e Yo ) (1) = i )

Yr‘f YFI" + Oler* ‘/vli7€ o Ffp - %MF(D? — D]]_E) — MFA'I: ’

Providing V¥ and A;ﬁ, from the sixth equation in (3.3), it follows

g

At

Then the following structure sub-problem (3.6) is completely decoupled from the

fluid sub-problem.

(3.6)

( Xrr + %MF Xrs > < D1’2+1 ) . < Fo + %J\IF.DF"‘v‘OZS.Z\IF‘/ifC —MFA]; )
XSF Xss D§+1 N E@ '

ATt = ——2(Dp — DP) + o, Vi — A%

Note that MFA’} and MFAISC are evaluated as the residual of the momentum equa-
tions in weak forms from the fluid and the structure sub-problems, respectively.

Remark 3. We remark that the above RR iterations are corresponding to the RR
iterations in [3], which are based on a reduced coupled system (using the structure
velocity variables on the interface) similar to (8.4), without using the Lagrangian
multipliers. In case oy > 0, oy = 0, the above RR iterations are reduced to the RN
sterations.

The Schur complement equation for (3.4) reads:
(3.7) SrDr = Hr,
where

1 1 - -
Sr = R Yo = 1 Yrs ¥y, Vir 4 Xrr = Xpo X Xor,

and the right hand side is given by

Yrr

L L
At At

Remark 4. For the special case oy > 0, g = 0, the above RN iteration is nothing
but a preconditioned Richardson iteration applied to the Schur complement equation

(3.7):
(3.9) DEFY = Dk Pl (Hy — SreDE),

with the preconditioner Pr

(3.8) Hp =Fp = Yr; Y (Fy + =Y DP) + —Yrr Dff — Xp X' Fl.

(3.10) Pr= (At?r + Mr) M,

ay
where Yp = ﬁYprf_lefp.

Remark 5. In case oy — 400, Pr = I, it corresponds to a Dirichlet-Neumann
iteration, and an almost identity preconditioner. Thus this choice turns out to
be very slow. In case ay — 0, Pr = %fprlfl, we obtain a Neumann-Neumann
iteration. The detailed numerical comparison of these iterations for the FSI problem
with a pure displacement structure model was reported in [23].

For the acceleration with the GMRES method (see [17]) applied to the RN
preconditioned system (3.9), we refer to [23] and the reference therein.
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4. A PARTITIONED NEWTON BASED FSI SOLVER

The original partitioned Newton solver for the FSI problem with a pure displace-
ment formulation was introduced in the work of [7, 8]. In [22, 25, 26], the Newton
based FSI solver has been applied to the FSI problems on hybrid meshes, where
the convection part is treated in convective form. In [23], detailed numerical com-
parisons of the preconditioned RN GMRES solver and the Newton based solver for
the FSI problems on hybrid meshes were studied based on the pure displacement
structure model.

For simplicity of presentation, we preserve some of the notations from Section 3.
However, these are in general corresponding nonlinear operators (Steklov-Poincaré
operators) in the setting of the Newton based FSI solver due to the geometrical
and the material nonlinearities.

As (3.7) states, the original coupled problem (3.4) is reduced to a nonlinear
equilibrium of the surface traction from the fluid and structure sides on the interface:

(4.1) (Sfr+8Sar) (Dr) =0,
where
—1 1 n 1 n 1 —1
Spr() =Fpr = YoV (Fy + 5 Yyr Dr) + o Yer Di + 2 (Yer = Yog Yy Yir) ()

::Sfr
and
Ss () - FSF - XFSX;SlFs - (XFF - XFSX;lXSF)(')

=8,
represent Dirichlet-to-Neumann mappings for the fluid and the structure sub-problems,
respectively.

A Newton iteration applied to the interface equation (4.1) is given in short: For
k>0,

~/ ~/ -1
(4.2) DE =D+ (Spe +8i)  R(DE),
where
R(Df) = —=Ssr(Df) — Sor(DE).

Here the inverse of Jacobians might be evaluated by applying a preconditioned
GMRES solver to the following

—1 —1
~/ ~/ ~/ k ~/ k

(Ssr) (SfF +Ssr) (6DF) = (Ss ) R(Dr).

Note that, for the implementation, these matrices are not constructed explicitly,
and their (inverse) applications to vectors correspond to Dirichlet-to-Neumann
(Neumann-to-Dirichlet) mappings by solving the fluid and the structure sub-problems
with prescribed Dirichlet (Neumann) conditions on the interface, respectively.

5. WEAK FORMULATIONS AND THE FINITE ELEMENT DISCRETIZATION ON A
HYBRID MESH

5.1. Function spaces. Let H'(Q)), L*(Q), H'(?}) and L*(Q}) denote the stan-
dard Sobolev and Lebesgue spaces (see [1]) on Q7 and Q}, respectively.
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For the fluid, the function spaces for the velocity and pressure are respectively
given by
Vi ={vslvy o A" =0y, 0y € [H'(QP)},
Q% = {arlas o A" = gy, 45 € L*(Q})}.
For the structure, we define
Vo= [HY Q)P Vio={bs € Vilp, =00n TG}
Qs = L*(09).

5.1.1. The weak formulation of the time discretized fluid problem. By the standard
technique applied to the time discretized fluid sub-problem in (3.1), we obtain the

following mixed variational problem: Find (u"*!, p}”l) € VJf"H X Q’}"H such that

(5.1a) ap(W" T op) +bp(vp,pttt) = (FFLvp),
(5.1b) br(u™g) = 0

tn+1

for all (vy,qy) € Vi x Q’}HH, with the bilinear and linear forms

ay(u,v) =2 (w0 )ar + pr(((W" = w}) - V)u,vp) gy
+ pu(e(u), Vor)gr
by(vpsar) == (V- v, q5)ar,
(F}vp) =8 (" o) g + (gins0p)rer

where (-, ')fon denotes the product in L? (Q’}n) x L? (Q‘}n), and (-, -)pen the duality
product in HY/2(T*") x H=Y/2(T'*"). Here HY/2(T"") denotes the Sobolev space of
the trace on I'*" of functions from V;n“, and H~'/2(I'*") its dual.

5.1.2. The weak formulation of the time discretized structure problem. The weak
formulation for the structure sub-problem in (3.1) reads: Find (471, pn+1) € V, o x
QS such that

(5.2a) as (A, 0,) + by (05, P0HY) = (F,0,),
(5.2b) bs(dit,ds) — e (P2, Gs) = 0
for all (9, Gs) € Vi X Qs, with the bilinear and linear forms
. 205 5 Sy o
as(ds, vs) = é(dmvs)ﬂg Jrﬂl(g(dS),vvs)Qg,

2:ul19(ﬁ57 Cje)Qg s
2ps
At
where (-, -)go denotes the product in L?(Q9) x L?(Q9).

Note that on the interface we impose a conformity of traces of functions from
the fluid velocity and structure displacement spaces, i.e., for vy € V]f and vg € ‘7570,

)

bs(ﬁs;és) = _ZHI(V : '[)Sa (js)ng
)
)

S

(d? + A7, D5)qo,

vy o A" = s on Y.
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Remark 6. For solvability of the systems (5.1) and (5.2), the boundary conditions
(Dirichlet, Neumann, or Robin) on the interface for the fluid and the structure sub-
problems have to be included into the finite element spaces or into the weak from.
For details we refer to [23].

5.2. Piecewise linear finite elements on a hybrid mesh. The spatial dis-
cretization was done by a finite element method on the hybrid mesh composed of
four types of elements: tetrahedron, pyramid, prism and hexahedron (see Fig. 2).
Let My, be an admissible triangulation of a computational domain € into hybrid
elements, i.e. any two elements from M, either have no intersection, or have a
common node, or have a common edge, or have a common face.

FI1GURE 2. Hybrid elements

In [24], two piecewise linear finite elements on such hybrid meshes are constructed
and applied to the FSI problem with a pure displacement structure formulation.
These two elements are constructed in the following, and are applicable to both
sub-problems in mixed displacement /velocity-pressure formulations.

5.2.1. Piecewise linear elements on a conforming subdivision of a hybrid mesh with-
out additional nodes (Fem-I). The first finite element is a standard P; element
constructed on the conforming subdivision of pyramids, prisms and hexahedra into
pure tetrahedra without introducing any new node. This procedure is performed
in the following two steps.

First, let nodal global numbering be an identifier of each node. We split each
quadrilateral face into two triangles by connecting the diagonal including the node
with the smallest global numbering from the four nodes on this face, which keeps
the subdivision conforming across element faces.

Second, we verify that further subdivisions of pyramids, prisms and hexahedra
into tetrahedra only require proper local nodal connections inside each element. So
no new nodes are added during this step.

By this means, a pyramid has two subdivision possibilities, see Table 1.

For a prism, we have two subdivision possibilities, see Table 2.

For a hexahedron, eight subdivision possibilities exist, see Table 3.
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Cases 1

Cases 2

vy

Vi

Va

TABLE 1. Subdivisions of a pyramid.

Cases 1 Cases 2
@ Vi
v, vi| v, Vi
Vi 7
Vi Vel W Va

TABLE 2. Subdivisions of a prism.

11

Cases 1

Cases 2

Cases 3

Cases 4

v v

v

v

Ve

TABLE 3. Subdivisions of a hexahedron.
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It is easy to see the piecewise linear finite element on such a hybrid mesh is
nothing but the standard P; element on the conforming subdivision of the original
hybrid mesh without introducing any new degrees of freedom.

5.2.2. An extended linear element on a hybrid mesh with additional nodes (Fem-II).
The second finite element is an extended linear element on hybrid meshes. For this
we first make a conforming subdivision of pyramids, prisms and hexahedra into
pure tetrahedra by splitting each quadrilateral face into four triangles with added
quadrilateral face center node, and then in each non-tetrahedral element connecting
the original nodes and the new face center nodes with its added volume center node.

By this means, a pyramid is split into eight tetrahedra, a prism into fourteen
tetrahedra and a hexahedra into twenty-four tetrahedra, see Fig. 3 for an illustra-
tion.

F1GURE 3. Splitting of hybrid elements into tetrahedra with added nodes.

One easily sees that such a subdivision results in an admissible refinement of the
original hybrid mesh M,,. So it leads to a conforming mesh with additional nodes,
i.e. introducing new nodal degrees of freedom.

Then we take the standard P; finite element on the tetrahedral subdivision and
substitute the nodal degrees of freedom associated to the added nodes by averaging
over neighbouring nodes of the original hybrid mesh. Each resulting nodal basis
function turns out to be a weighted linear combination of the standard P; basis
functions on the subdivision, with larger support.

For constructing the extended linear element on M,,, we firstly consider a nodal
basis function on an element M from M, as follows: Let x be a node of M, let xf,,
i =1,..., denote the center node of those non-triangular faces F; which contain x
as a node, and let x); denote the center node of M.

Then on the element M, the nodal basis function ¢ associated with the node x
is given by

1

1
5.3 =@+ —@r+— bu
(5.3) p=¢ Ny Pt oM
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where ¢, ¢r,, and ¢ar denote the nodal basis functions of the P; element on the
subdivision of M associated with the nodes x, xp, and x,/, respectively, and Np,
and Njy; are the numbers of nodes of the face F; and the element M, respectively.
It is easy to see that such a constructed piece-wise linear basis function preserve
the partition of unity, and has larger support compared to a standard linear basis
function.

Then the finite element space of the extended linear element on M is con-
structed by a span of the local basis functions on each element M, i.e.,

(5.4) Vi ={v e CQ):v|py € Pr, YM € My},

where
O, =span{p : M € My}.

Remark 7. The first finite element method might be seen as a special case of the
second one, where all elements are tetrahedron. Thus in the following, we only
prove the stability of the second finite element method, which covers the first one as
well.

Remark 8. Compared with the first finite element method, the second one is more
expensive since it produces much more tetrahedra and the extended linear basis func-
tion has much larger support. Thus in computation, the first finite element method
will be faster than the second one due to the less costly finite element assembly proce-
dure. However, for hybrid meshes containing arbitrary types of polyhedral elements,
the second finite element method might be easier to adapt. Their performance com-
parison for the FSI problem with pure displacement structure formulation has been
reported in [24].

5.2.3. Stability. We firstly introduce some useful notations: x;, the vertices of an
element M € My, where i € {1,...,ny} with ny the number of vertices of M; ;,
the extended linear basis function associated with the vertex z; on M; P;, the patch
of all elements from M, containing z; as a vertex; P = |JP;, the union of all the
patches P; covering an element M € My,; hr, the diameter of the element T € Tp;
har, the diameter of the element M € My; h = supper, {hr}, the supremum of Ar
over all T' € Ty; pr, the diameter of the inscribed ball in T € Tj,. See Fig. 4 for an
illustration.

FicUre 4. The patch P = UPi, 1 € {1,...,4} covers the ele-

ment M. The element M is split into four triangular (tetrahedral)
elements T3, i € {1,...,4}.
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Assumption 9. We assume that Ty is reqular, i.e. there exists a positive constant
o such that for all T € Ty,

(55) hT/,OT S g
The local projection m; : L?(P;) — R is given by
1
(5.6) mv=— [ wvdz,
|Pi| Pi

where |P;] is the volume of the patch P;. Using the value prescribed by (5.6) as
nodal value at x;, the Clément interpolation operator Ij; on a element M is defined
by

ny

ny )
(5.7) Iyv = Z(m—v)api = Z |;’;Z| /79 vdx.
i=1'""

i=1

Under regular mesh assumptions, we have
Lemma 10. If v € HY(P;), then

v —mv|lL2(p,y < 2[JvllL2(p,),

v = mv|[L2p;) < chp,

|1 Py
[v = mvlgi(p,) = [vla (P,
where c is a positive and mesh independent parameter and hp, = suppep, {hr}.
Correspondingly, we have the following error estimates.
Lemma 11. Ifv € H'(P), then
v = Iyl r2any < cllvllezp),
v = Inoll L2 ary < chplvlmp),
[v = Ingvlmr oy < vl ),
where ¢ is a positive and mesh independent parameter and hp = suppcp{hr}.

We then define the global Clément operator I by
(5.8) Icly =1Iu
for all M € M,,. It is easy to see that we have the following global error estimates.
Theorem 12. Ifv € H'(Q), then
v = IevllL2) < cllvlle),
[v = Icvl|L2o) < chlv|mgi),
|v — Icv|gi) < clvla (),
where ¢ is a positive and mesh independent parameter.

For v € H?(Q), we define a Lagrange interpolation operator I, : H?(Q2) — VI

element-wise by
ny

Il = Zv(xi)goi
i=1
for all M € M,,.
Then we obtain
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Lemma 13. Forv € H2(M), there exists a positive and mesh independent constant
¢ such that

||7) — ILU||L2(M) < Ch?\4|v|H1(M)a
|v = ILv|m () < charlvl a2
for each M € My,.

Correspondingly, we have the following global error estimates:

Theorem 14. For v € H?(Q), there exists a positive and mesh independent con-
stant ¢ such that

(59) ||’U7]LU||L2(Q) S Ch2‘1)|H2(Q),
(5.10) v — IL’U|H1(Q) < Ch|U|H2(Q).

For the proof of the above Lemmas and theorems, we refer to [22] for details.

5.3. The stabilized lowest order displacement/velocity-pressure formula-
tion. As is well known, the equal-order interpolation for the displacement /velocity
and the pressure leads to a violation of the inf-sup condition for the mixed formula-
tions of the fluid and the structure sub-problems. In order to overcome this, we use a
least-square stabilization method which was original proposed in [10] for the elastic-
ity problem. Here we adapt this approach to a general mixed displacement /velocity-
pressure formulation on such hybrid meshes.

For simplicity, we only consider the following unified mixed displacement-pressure
formulation (the extention to time dependent problems is straightforward): Find
the displacement d and the pressure p such that

(5.11a) —V-eld)+Vp= [ inQ,
(5.11b) V-d+dp= 0 inQQ,
(5.11c) d= 0 onl,

where I' = 09 denote the boundary of 2. The body force is prescribed by given
functions f. In the limit case ¥ = 0, we obtain the Stokes problem in a velocity-
pressure mixed form.

Remark 15. For mized Dirichelet and Neumann boundary conditions on pure
tetrahedral or pure hexahedral meshes, we refer to [10]. An extension from the
pure Dirichlet boundary conditions to the mized boundary conditions and the Robin
boundary conditions follows a similar procedure.

We approximate the displacement and the pressure by
(5.12) Vi = Va2 N [CH(Q))? and Qp = Vi N LE(Q),

respectively, where L3(Q) = {q € L*(Q) : [, qdx = 0}. The discretized weak form
for (5.11) reads: Find (dp,pn) € Vi X @ such that

(5.13) B(dn,priv,q) = F(v,q)
for all (v,q) € Vi, x @, with
B(d,p;v,q) =(e(d),e(v)) = (V-v,p) = (V- u,q)
~d(p.q)—ad > hp(Vp,Va)r

M TCM
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and
Fv.q)=(fv)—ad Y hi(f,Vor,
M TcM

where a > 0 is a stabilization constant.

We use some abbreviations for the norms: ||-|lo denotes [|-|[z2(qy, |||
|l - lz2¢7y and || - [|1 denotes || - || 51 (q)-

For showing an optimal convergence rate of (5.13), let us first introduce the
abbreviation for the seminorm

1/2
lgln = <a2 > h%llWlT) :

M TCM

o, denotes

A standard scaling arguments gives the following estimates:

(5.14) lgln < cllgllo, for all g € Qp.

The boundedness of the bilinear form B then follows from the above estimate (5.14)
and the Schwarz inequality:

Lemma 16. There is a positive constant ¢ such that for all (d,p) € Vi X Qp and
(Uv Q) € Vh X Qh

B(d, p;v,q) < c(Jullf + (e + Dpl§)2(lollf + (e + Dllalig)"/?

Using the argument of Verfiith’s trick [18], we show the following stability in-
equality on hybrid meshes.

Lemma 17. Assume that there exists a positive constant a such that for all ele-
ments the diameter hyp satisfies

(5.15) ah < hyp.
Then, for the spaces Vi, and Qy,, there exist positive constants ¢1 and co such that

Vv,
(5.16) sup V-v.p)
ozvevi, vl

> c1llpllo — c2[pln,

for allp € Q.

Proof. Due to the LBB condition on the continuous level, for p € L2(), there
exists a non-trivial w € [H}(Q)]? such that

(5.17) (V- w,p) = csllpllollwll

with some positive constant cs.
Taking @ = Icw € Vi, N [Hg(Q)]?, where the Clément operator I¢ is defined in
(5.8) for w, and by the estimates in Theorem 12, it is easy to see that

(5.18) @[l < callwls.

with a positive constant cs. With the additional mesh assumption (5.15), we have
an inverse estimate

1/2
(5.19) (Z > hT2||w—w||%,T,) < c5)|wl1,

M TCM

where c¢5 is a positve constant.
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Using the integration by parts on each T', the above interpolation estimate (5.18)
and the Cauchy-Schwarz inequality, we obtain

w),p) + (V- w,p)
w) ,p) + ezllwl1lpllo

(v -a, ) (v (@

V(@

Z w — 1, Vp) + sl Iplo
CcM

:Elﬂ“

1/2 1/2
- (Z > h52|w15||3,T> (Z > hQTVpllﬁ,T> + cslwl1]lpllo

M TCM M TCM

1/2
<Z > hz2l Vol T> lwlly + esllplloflwlx

M TCM

\ V

1/2
- C3 ~
> - <Z > h2lIVpl T) loth + el ol

M TCM
(czllpllo — cslpln) l@]lx

Y

with positive constants c; and cg.
Finally, it is clear that, for 0 # z € V},, we have

’w-z,p)‘ - Lzllell
BT

(5.20) = |Ipllo-

We choose a fixed 0 # z € Vj, and let v = ||||; @ + 6||2||7 2 and § > 0. Then if
0 < c7, we have

V- b, V-2,

( b p) +5( 2,p)
(Entf (=

> crllpllo — eslpln — dllpllo

> collpllo — cslpln,

(v : ’U,p) =

(5.21)

where ¢g = ¢z — 0 > 0. Since [jv]|; <14, it follows that

(V-v,p) 1
(5.22) = s Callll = csloh) = el = alpl
with ¢ = % and ¢y = 1?6' O

Using Lemma 17, then the following stability inequality follows.

Theorem 18. There exists a positive constant ¢ such that for all (d,p) € Vi, X Qp,
we have

B(d,p;v,q)
(5.23) sup 5 75 2 > c(|ld]IF + (@ + 1)lIpll3) /2.
0.0#(@.a)eVaxQu ([[v]|T + (9 + 1)|qll7)

Proof. Let w € V}, be chosen such that (5.16) is fulfilled and assume |[w|; = ||p||o-
Then using the bilinearity of B, the Cauchy-Schwarz inequality, Lemma 17, and
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the arithmetic-geometric-mean inequality, we obtain
B (d,p;w,0) =(e(d),e(w)) + (V- w,p)
> — colldf1llwlly + (erllpllo — calpln)wll

(5.24) =—colldll1llpllo + eillpll — c2llpllolpln
Co 2 ( Co1 02’)’2) 2 C2 9
> —||ld R e e - =
> = 2l + (e = S — 22 gl — 5 ol

= — cs|ldll? + callpllg — cslpli

with positive constants ¢;, i = 0,...,5 and sufficiently small constants v; > 0,

~v2 > 0. Korn’s inequality yields
525) B (d,p:d,~p) =@} + 91l + ol
>colldlff +Illpl§ + Ipli

with a positive constant c¢g. Then choosing (v,q) = (d + dw,—p), 0 < § <
min{cg/cs,1/cs}, and combining (5.24), (5.25) give

B(d,p;v,q) =B (d,p;d + dw, —p)
=B (d,p;d,—p) + 0B (d, p;w,0)
>(ce — dcs)||d||F + (6ca + D)|plI§ + (1 — bes)|Ipll7
>er([lullf + 9+ Dpl3)

with a positive constant cy.
On the other hand,

[l + (0 + Dllgll§ =l1d + dw|[F + (& + 1)|Ipll5
<2[|d|[F + 20%|Jw]F + (9 + V) pll3
=2[|d||? + (26% + 9 + 1)||pll5
<es (141 + (9 + D)plF)

(5.26)

(5.27)

with a positive constant cg.
Combining (5.26) and (5.27) give (5.23) with ¢ = ¢7/2cs. O

5.4. An a priori error estimate. The existence and uniqueness of the solution
(dn,pn) € Vi, x Qp to the discrete problem (5.13) follows from Lemma 16 and
Theorem 18.

Using the stability we have shown on hybrid meshes, applying the Lagrange
interpolation as in Theorem 14 for d and the Clément interpolation as in Theorem
12 for p, and following the argument for the proof of Theorem 3.1 in [10], we arrive
at the following a priori error estimate

Theorem 19. Suppose that the solution to (5.11) satisfy d € [H*(Q)]® and p €
H(Q), then the discretization error estimate

(5.28) |[d = dnll + [lp — prllo < ch(|ld]l2 + [Ipl[1)
holds, with a positive constant c.

Remark 20. If in addition, we have the regularity assumption

1dll2 + [le(d) = pI{lx < <[ fllo,
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then using the Aubin-Nitsche trick, we have the following L?-estimate for d,
ld = drllo < C(R?||d]2 + hllpll1).-

In [22], the original inf-sup stable MINI-element (see [6, 11]) on pure tetrahedral
element has been extended to the Stokes problem on hybrid meshes by enlarging
the piecewise linear velocity space on each hybrid element with a sufficient number
of bubble functions. The stability is shown from an explicit construction of the
so-called Fortin operator (see [6]). By applying static condensation, we eliminate
the bubble functions, and arrive at a similar stabilized saddle point form as (5.13)
which employs the least-square terms evaluated separately on each element.

Remark 21. In addition, an instability may be caused by a dominating convection
term in the fluid sub-problem. To resolve this, we follow the same approach used in
[23].

6. AMG METHODS FOR THE FLUID AND THE STRUCTURE SUB-PROBLEMS

6.1. A generalized saddle point problem. The saddle point system is given
from the stabilized discretization (5.13) of sub-problems on hybrid meshes

o “(3)=(a)

with .
A B
w5 %)

where A is symmetric and positive definite (SPD), B has full rank, and C' is SPD
(see Section 6.2). One easily sees that the (negative) Schur complement

S=BA'BT +C
is SPD.

Here we use underline notations d and p indicating the vectors of the nodal
degrees of freedom. The right hand side f comes from the data and g, from the

element-wise stabilization term —« Z Z hA(f,Vq)
M TCM

6.2. The AMG method for the saddle point problem. For the saddle point
system arising from the fluid sub-problem on pure tetrahedral mesh, a special AMG
method which takes into account the stability property (the discrete inf-sup con-
dition on coarse levels) has been studied by Markus Wabro (see [19, 20, 21]). In
our previous work [22, 26], we extended the stabilized coarsening strategy to the
discretized fluid problems on hybrid meshes.

In this paper, we consider the structure model in a displacement-pressure for-
mulation, which eliminates the limitations from the pure displacement formulation
and allows the Poisson ration v — 0.5. Thus it fits into the original saddle point
problem for the fluid sub-problem with a little modification of the C' block in (6.1):

(6.2) c(p,q) =9(p.q) + ) Y h7(Vp,Vq)
M TCM

for all p, g € Qp, (for the Stokes problem ¥ = 0), or in a matrix-vector representation

(6.3) pCq = VpM.q + apC.q,
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where p and g are vectors of the degrees of freedom corresponding to the finite
element functions p and ¢, respectively, Mo is the scalar mass matrix, and C,.
denotes the scalar Laplace matrix scaled with the discretization parameter hp.

Remark 22. Since the variational problem in pure displacement formulation for
the compressible linear elasticity model on the structure domain is symmetric and
coercive, this leads to linear systems with SPD matrices. AMG methods for solv-
ing such problems are well-studied, see, e.g., [16] for scalar differential equations
and [12] for an extension to systems of partial differential equations in a natural
block-wise fashion (block-wise interpolation). The special AMG method used in our
experiments is taken from the work of [14], which was originally developed for dis-
crete elliptic second-order problems and was extended to the structure problem on
hybrid meshes in a straightforward way, see [26, 22, 23]. However, as is well known,
in the limiting case when the Poisson ratio v — 0.5, the stiffness matrix from pure
displacement becomes ill-conditioned. Thus the AMG methods mentioned above will
lose their optimality under such a situation unless it is not modified properly.

The AMG method for the saddle point systems requires an appropriate coars-
ening strategy and a smoothing procedure.

6.2.1. The stabilized coarsening strategy. In order to avoid a mixture of the displace-
ment /velocity and pressure unknowns on coarse levels, we construct the prolonga-
tion operator from the coarse level [ 4+ 1 to the next finer level [ in a block-diagonal

matrix form: X s
L[ (R (R?)m
PlJrl . ( R™Mi+1 ) — ( R™ )

Il
(6'4) Pll+1:( b J! )7
1+1

where m; is the number of pressure (or one component of displacement/velocity
degrees of freedom on the level [, [ ll 41 and Jll 1 are prolongation matrices for the
displacement /velocity and pressure, respectively.

For the restriction from the finer level [ to the next coarser level [ + 1 we choose
the transposed matrix:

+1 ! T Il+1
Rl = (F)H-l) = < ! Jll+1 ) B
where I/ = (I}

LT and JJT = (J})T. The system matrix on the level [ is

denoted by K; with a form
_ (A B
K = ( A

The system matrix on the next coarser level [ 4+ 1 is obtained by the Galerkin
projection method:

Al+1 ng‘rl
Bii1 —Ciya
Biy1 = JP' B!, |, and
)\max(DflMl)
h2

K= RIVTK P = (

with A = I AL,

(6.5) Cip1 =09(Me)i41 + (Ce)it1,
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where M; is the vector mass matrix obtained by Galerkin projection on level [,
(M.);+1 the scalar mass matrix obtained by Galerkin projection on level [ + 1, D;
the diagonal of A;, and (C.);+1 the scaled Laplace matrix obtained by Galerkin
projection on level [+ 1. Since the matrix ' involves mesh-dependent stabilization
parameters, the standard Galerkin projection may cause a loss of stability on coarse
levels. Therefore, a remedy has been applied for coarsening the matrix C..

Then using the same strategy as in [22], under appropriate assumptions on the
hybrid mesh, we obtain the following stability results on all coarse levels

Theorem 23. For each coarse level | = {2,...,L}, there is a positive constant ¢;
such that
B,((u,p), (v,9))

6.6 sup = > G (Jlulla, + (1 +9)||p|la
( ) 0#(v,9) €V, X Q, HUHAL ( +19)||QHMz ( l n L)

for all (u,p) €V, xQ, = (R3 ) x R™  where
Bi((u,p), (v,q)) = v" A+ 0" B'p+ ¢" Biu — ¢" Cip.
We remark that for a level I, [ € {2, ..., L}
(6.7) V= ()", Q =R,

are the spaces of the coefficient vectors corresponding to the following finite element
spaces on level [ > 1

Vi ={v €V, : 3y €V, such that v = I3 12..I} v, },
Qr={pen: Elgl € Ql such that p = J21J32...Jll_1gl},

respectively, where n; denote the numbers of unknowns for one component of the
displacement /velocity or for the pressure on the level [.

We note that in case ¥ = 0, we obtain the stability on coarse levels for the Stokes
problem, which was presented in [26] and shown in [22].

6.2.2. The smoothing procedure. A Braess-Sarazin-type smoother was used as smooth-
ing procedure, which was originally introduced in [5] and has a smoothing property
with a rate of O(1/m), where m is the number of smoothing steps.

One step of the smoothing procedure consists of applications of the inexact
Uzawa algorithm:

A( k+1 ’U/k) f Auk _BT k,,

S( Lk = Bkt opk — g,

A(ub — k) = —BT(p’“+1 — "),
which correspond to a preconditioned Richardson method:
ukt1 uk AuF — BTpF
k1| = +K- U
P pF g — Bu* + Cp*

with a symmetric and indefinite preconditioner

. A BT
K = ~ ~
(B A-1BT — S) ’

where A and § are SPD preconditioners for A and the (negative) inexact Schur
complement C' + BA~'BT | respectively.
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As suggested in [19], we use A = 2D (a damped Jacobi iteration), where D
denotes the diagonal of A. The choice S = C + BTA™'B corresponds to the
original Braess-Sarazin smoother. It requires the (exact) solution of the equation

(C + BTA_lB)(pk+1 _pk) _ B,ak-‘,—l o Cpk —g.

We use instead one step of an (inner) AMG method with starting value 0 to solve
this equation approximately. See [27] for an analysis of such an approximate Braess-
Sarazin smoother.

7. NUMERICAL EXPERIMENTATIONS
7.1. The setup of numerical experimentations.

7.1.1. Computational domain, material parameters, boundary and initial condi-
tions. All the following numerical experiments are performed on a straight cylinder
vessel, which is quite often used, see e.g., [26, 7, 8]. The fluid domain is a cylinder in
the z-direction of length 50 mm and radius 5 mm. The thickness of the surrounding
structure is 1 mm.

The structure medium is a linear Saint Venant-Kirchhoff material with the den-
sity p* = 1.2 g/em® and the Young’s modulus E = 2.9908¢ + 06 dyn/cm®. The
Poisson ration will be set according to our specified numerical tests. The fluid
medium has the density pf = 1.0 g/cm3 and the viscosity p = 0.03 poise.

For the fluid, we set the Neumann data g;, = (0,0, 1.332 x 104)7 dyn/(:m2 on
the inlet for time ¢ < 3 ms and g;,, = 0 dyn/ em? afterwards. The structure and the
fluid are initially at rest.

7.1.2. Hybrid meshes and their conforming subdivisions. Hybrid meshes are gener-
ated for the fluid and the structure domains with matching nodes at the common
interface (see [13]). Two meshes are used for simulations, see Table. 4. The coarse

1,944 structure elements 2,021 fluid elements

£
S RSRRSERERREIN

PRER R

7,434 structure elements 10,055 fluid elements

TABLE 4. Two hybrid meshes for the FSI computational domain.

hybrid mesh contains 4,176 nodes and 3,965 elements (1,944 structure elements
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and 2,021 fluid elements), and the fine hybrid mesh contains 17,904 nodes and
17,489 elements (7,434 structure elements and 10,055 fluid elements). The overall
degrees of freedom for these two meshes are about 16,000 and 70, 000, respectively.

For the first finite element method, we need to make a conforming subdivision of
each hybrid mesh without adding new nodes. The resulting coarse tetrahedral mesh
includes 22,474 elements (11,520 structure elements and 10,954 fluid elements),
and the resulting fine tetrahedral mesh includes 98, 158 elements (44, 388 structure
elements and 53, 770 fluid elements). See Table 5.

11,520 structure elements 10,954 fluid elements

“hﬂﬂﬂmw

i
it AT
) A;v%'%'%“ﬁ |

C

44,388 structure elements

TABLE 5. Two tetrahedral meshes subdivided from the hybrid meshes.

Remark 24. Note in principle, that it is not required to generate the subdivision
i an explicit way for both finite element methods. The finite element assembly
is performed element-wise on the original hybrid mesh, with special care of the
corresponding subdivision of each non-tetrahedral element.

7.2. Numerical solutions with compressible and nearly incompressible
materials. In this Subsection, we present some numerical solutions with a com-
pressible material and several nearly incompressible materials.

7.2.1. A compressible case. For ' = 2.9908¢ + 06 dyn/ch, v = 0.3003, by the
following relations for the Lamé constants

Al:Land/ﬂ:L7

1+v)(1-2v) 2(1+v)
we obtain pu! = 1.15 x 10° dyn/cm2 and A = 1.73 x 109 dyn/cm2. In this case,
the numerical results of the FSI problem with pure displacement formulation were
reported in [23, 26]. Here we use the same material parameters and compare the
numerical solutions of mixed displacement-pressure formulation with the solutions

of the pure displacement formulation in [23, 26].

In Table 6, we compare the fluid pressure wave propagations along the center
line of the cylinder using the pure displacement and mixed displacement-pressure
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’t:4ms \t:6ms \t:8ms \tlems

Fluid pressure waves on the subdivision of the coarse hybrid mesh (Fem-I)

i

f
;
:

]
]
|
¥

Fluid pressure waves on the coarse hybrid mesh (Fem-II)

‘
4
)
SIS

Fluid pressure waves on the subdivision of the fine hybrid mesh (Fem-I)

il
)/
20
|l

Fluid pressure waves on the fine hybrid mesh (Fem-II)

TABLE 6. Numerical comparisons of the fluid pressure wave prop-
agations with pure displacement and mixed displacement-pressure
formulations.

formations. For a comparison, we use a time step size d¢t = 0.125 ms, and plot the
fluid pressure waves at time levels ¢ € {4, 6, 8,10} ms. The fluid pressure waves from
the pure displacement formulation are indicated by the dash lines, the fluid pressure
waves from the mixed formulation are indicated by the solid lines. The horizontal
axis represents the center line of the cylinder; the fluid pressure is plotted in the
vertical direction. We compare these waves obtained from the two finite element
discretizations discussed in Section 5.

From the comparison in Table 6, we obverse the convergence of the numerical
solutions using the two finite element discretizations on the coarse and the fine
meshes. It is also easy to see that the numerical solutions with the mixed formu-
lation reproduce the solutions with the pure displacement formulation when the
material is compressible v < 0.5.

Moreover, we will see in the following some numerical results obtained from the
FSI problem with the mixed displacement-pressure formulation in the case v — 0.5.

7.2.2. Nearly incompressible cases. In order to compare the numerical solutions of
the mixed formulation using different choices of the Possion ratio when it goes to
limit, i.e.,

v e W = {0.49,0.4999, 0.499999, 0.49999999},

we test the FSI algorithms on the hybrid mesh with time step size At = 0.125 ms.
See the fluid pressure waves along the center line at time levels ¢ € {4,6,8,10} ms
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in Table 7. In addition, we present the structure pressure wave along the line with
a starting point (0,5.5,0) mm and an ending point (0,5.5,50) mm in Table 8.

The numerical solutions with different v € W are indicated by the solid lines,
the dash lines, the dot lines, and the dash dot lines, respectively. The horizontal
axis represents the center line of the cylinder; the fluid pressure is plotted in the
vertical direction.

Fluid pressure: ¢t = 4 ms Fluid pressure: t = 6 ms

14000 ‘14000

12000 12000

10000 10000

3 3 0 s o5 7 s 3 75 3 35 0 o g

Fluid pressure: ¢ = 8 ms Fluid pressure: ¢t = 10 ms

14000

TABLE 7. The propagation of fluid pressure waves obtained using
nearly incompressible mixed formulations.

Structure pressure: t = 4 ms Structure pressure: t = 6 ms

o002 0002,

TABLE 8. The propagation of structure pressure waves obtained
using nearly incompressible mixed formulations.
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It is obvious that for each time level, the waves are conforming well to each other
in the limit case when v — 0.5. Hence our numerical methods are stable for the
Possion ratio v — 0.5.

7.2.3. A comparison of a nearly incompressible case v = 0.49999999 and a com-
pressible case v = 0.303. We also compare the fluid pressure waves (see Table 9)
along the center line and the structure pressure waves (see Table 10) along the line
starting at (0,5.5,0) mm and ending at (0,5.5,50) mm, using v = 0.49999999 and
v = 0.303. We use a time step size At = 0.125 ms. The numerical solutions with
v = 0.49999999 and v = 0.303 are indicated by the solid lines, and the dash lines,
respectively. The horizontal axis represents the center line of the cylinder; the fluid
pressure is plotted in the vertical direction.

Fluid pressure: ¢t =4 ms Fluid pressure: t = 6 ms

Fluid pressure: ¢t = 8 ms Fluid pressure: t = 10 ms

TABLE 9. The comparison of the fluid pressure wave propagation
with a nearly incompressible material ¥ = 0.49999999 and a com-
pressible material v = 0.303.

It is easy to see that in this situation, for the compressible and the nearly incom-
pressible materials, the fluid pressure waves, as well as the structure pressure waves
behave slightly differently from each other. However, we still observe reasonable
results.

7.2.4. A comparison of numerical solutions with different time step size At =
{0.25,0.125,0.0625} ms. In [26, 23], we compared in detail the numerical solu-
tions using different time step sizes, with the pure displacement formulation. For
the mixed displacement-pressure formulation, we compare the fluid pressure waves
along the center line on the fine hybrid mesh for the case v = 0.499999. We use time
the step size At = {0.25,0.125,0.0625} ms. See the numerical solutions in Table 11,
where the pressure waves with different time step size At = {0.25,0.125,0.0625} ms
are indicated by the dash dot lines, the dash lines and the solid lines, respectively.
The horizontal axis represents the center line of the cylinder; the fluid pressure is
plotted in the vertical direction.
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Structure pressure: t = 4 ms

Structure pressure: t = 6 ms

s

o0 o5 7 s 7 75 3 3% 0

TABLE 10. The comparison of the structure pressure wave propa-
gation with a nearly incompressible material ¥ = 0.49999999 and
a compressible material v = 0.303.

Fluid pressure: ¢t =4 ms

Fluid pressure: t = 6 ms

14000

12000

Fluid pressure: ¢t = 8 ms

Fluid pressure: t = 10 ms

‘14000

12000

10000

TABLE 11. The comparison of the fluid pressure wave propaga-
tions with a nearly incompressible material v = 0.499999 using
different time step size At = {0.25,0.125,0.0625} ms.

It is obvious that, our numerical solutions obtained from the mixed displacement-
pressure formulations are convergent with respective to the time step size, in the
limit case when v — 0.5. For the structure pressure waves, we observe a similar

convergence behavior with respect to time step size At.

27
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Remark 25. For all the above numerical tests, we observe very similar numeri-
cal results obtained from the preconditioned GMRES solver and the Newton solver
performed on the FSI system with two finite element discretizations on different
meshes.

7.3. Performance. For measuring the performance, we test the FSI solvers (RN
preconditioned GMRES and Newton) on a laptop with an Intel Core of 2.67 GHz
and 4 GB memory. We fix the Possion ratio v = 0.499999, set the relative
residual error reduction by a factor le — 05, and choose the time step size At €
{0.0625,0.125,0.25} ms.

FSI solvers | Preconditioned GMRES

Meshes Coarse Fine
FEMs Fem-1 ‘ Fem-11 Fem-1 ‘ Fem-I1
Cost #It | Time | #It | Time | #It | Time #It | Time

0.0625 ms | 8 294s |8 38 s |8 1179 s | 8 3757 s
0.125 ms 5 337s |5 445s |4 1103 s |4 3747 s
0.25 ms 6 621s |6 ™ls |6 2007s | 6 4576 s

FSI solvers | Newton

Meshes Coarse Fine
FEMs Fem-1 ‘ Fem-11 Fem-1 ‘ Fem-I1
Cost #It | Time | #It | Time | #It | Time #It | Time

0.0625 ms | 2 2649 s | 2 3001 s |2 14913 s | 3 80887 s

0.125 ms 3 5848 s | 3 6377s | 3 28967 s | 3 86993 s

0.25 ms 3 8862 s | 3 8787 s | 3 35667 s | 3 92066 s
TABLE 12. Comparison of cost for solving the FSI problem at one
time step using two FSI solvers and two finite element discretiza-
tions (FEMs: Fem-I and Fem-II) on hybrid meshes.

See the iteration numbers and cost (measured in seconds (s)) in Table 12. As
excepted, the first finite element method (Fem-I) is more efficient than the second
one (Fem-II) for all these test cases due to its faster finite element assembly proce-
dure. For comparing the performance of the the RN preconditioned GMRES solver
and the Newton based solver, we use the same relative residual error reduction
factor 1le — 06 as the stopping criteria. For each finite element method, the RN
preconditioned GMRES solver is more efficient than the Newton based solver.

The AMG performance for the fluid sub-problem, and for the structure sub-
problem in the pure displacement formulation has been reported in [23]. Here
we present the AMG performance for the structure sub-problem in the mixed
displacement-pressure formulation. We need to solve the structure sub-problems
with Dirichlet and Neumann boundary conditions on the interface, respectively.
For the Dirichlet problem, we set the residual reduction by a factor around le — 08.
Since the Neumann problem is used as a preconditioner, we solve the the problem
with the residual error reduction factor up to le — 03. The iteration numbers and
the time in seconds (s) are listed in Table 13.

We observe in Table 13, that the iteration numbers stay in the same range for
the Dirichlet problem. For the Neumann problem, we observe decreasing iteration
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FEMs Fem-I on the coarse mesh | Fem-II on the coarse mesh
Interface | Dirichlet Neumann Dirichlet Neumann
Cost #It | Time [ #It | Time | #It | Time | #It [ Time

0.0625 ms | 9 24s |9 24 s 7 22s |6 19 s
0.125ms |12 [32s |20 |54s 9 29s |14 |45s
0.25 ms 13 [ 34s |37 |98s 10 [32s |34 |109s

FEMs Fem-I on the fine mesh Fem-II on the fine mesh
Interface | Dirichlet Neumann Dirichlet Neumann
Cost #It [ Time | #It | Time | #It [ Time | #It | Time

0.0625 ms | 7 s |7 79 s 5 66s |4 53 s
0.125ms |9 101s |13 |145s |7 93s |10 |133s
0.25 ms 10 | 111s|26 |290s |7 92s |17 |224s
TABLE 13. Comparison of the AMG cost for the mixed
displacement-pressure formulation using two finite element dis-
cretizations (FEMs: Fem-I and Fem-II) on hybrid meshes, with
different boundary conditions on the interface, and with different
time step size.

numbers with respect to the decreasing time step size since small time step size
improves the nice property for the almost-pure Neumann matrices (with very little
Dirichlet conditions on two ends of the structure vessel). It is also easy to see the
CPU time of the AMG solver is scaled well with respect to the iteration numbers
and the problem size.

For v — 0.5, we observe very similar performance of the iteration numbers and
the cost.

8. CONCLUSIONS

In this work, we extend our previous developed FSI solvers for a pure displace-
ment elasticity formulation to a more general mixed displacement-pressure one,
which is able to handle the nearly incompressible elasticity material. The RR (RN)
iteration has been reinterpreted by introducing two Lagrangian multipliers. We also
developed the stabilized piecewise linear finite element discretization on a general
hybrid mesh for such a nearly incompressible model. A robust AMG solver with
respect to the Poisson ratio for such a saddle point problem on hybrid meshes has
been developed.
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