ADAPTIVE, SECOND-ORDER, UNCONDITIONALLY STABLE PARTITIONED
METHOD FOR FLUID-STRUCTURE INTERACTION
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Abstract. We propose a novel, time adaptive, strongly-coupled partitioned method for the interaction between a viscous,
incompressible fluid and a thin elastic structure. The time integration is based on the refactorized Cauchy’s one—legged ‘6—like’
method, which consists of a backward Euler method using a 67,—time step and a forward Euler method using a (1 — 6)7,—
time step. The bulk of the computation is done by the backward Euler method, as the forward Euler step is equivalent to
(and implemented as) a linear extrapolation. The variable 7,—time step integration scheme is combined with the partitioned,
kinematically coupled S—scheme, used to decouple the fluid and structure sub—problems. In the backward Euler step, the two
sub—problems are solved in a partitioned sequential manner, and iterated until convergence. Then, the fluid and structure sub—
problems are post—processed /extrapolated in the forward Euler step, and finally the m,—time step is adapted. The refactorized
Cauchy’s one—legged ‘6—like’ method used in the development of the proposed method is equivalent to the midpoint rule when
6= %, in which case the method is non—dissipative and second—order accurate. We prove that the sub—iterative process of our
algorithm is linearly convergent, and that the method is unconditionally stable when 6 > 1. The numerical examples explore
the properties of the method when both fixed and variable time steps are used, and in both cases shown an excellent agreement
with the reference solution.

Key words. time adaptivity; fluid-structure interaction; partitioned method; second-order accuracy; unconditional stabil-
ity

1. Introduction. In realistic flow problems described by partial differential equations (PDEs), where
the dynamics are not known, or in which the variables are changing rapidly, the robust, adaptive time-
stepping is central to accurately and efficiently predict the long—term behavior of the solution. This is
especially important in the coupled flow problems, such as the fluid-structure interaction (FSI), which
often exhibit complex dynamic behavior. While the adaptive spatial mesh refinement techniques are well
established and widely used, the adaptive time-stepping methods for PDEs are less mature, needing delicate
synchronization steps which involve interpolation, extrapolation or projection. These operations can have
adverse effects on the stability, and can destroy important geometric properties of the scheme (e.g. the
conservation of invariants). Even in the case of the ordinary differential equations, most linear multistep
methods [24,33], when considered with variable time steps, do not preserve the zero—stability or A-stability
properties of the constant time step versions. For example, the trapezoidal (Crank-Nicolson) method in the
constant step case is A—stable but not B-stable [1]. However, the variable step version of the trapezoidal
method is unstable [24,41,42,45]. Similarly, the second—order backward differentiation formula loses zero—
stability and A—stability when used with a variable step size.

Recently, the midpoint rule was considered in an alternative, backward Euler (BE)—forward Euler (FE)
formulation, and was proved to be B—stable when applied with a variable time step [17]. The same was shown
for a 6—like generalization of the midpoint rule, referred to as the refactorized Cauchy’s one-legged ‘0—like’
method [17]. In this work, this method is applied together with a partitioning approach to approximate the
solution of the interaction between an incompressible, viscous fluid and a thin elastic structure. To best of
our knowledge, this is the first unconditionally stable, second-order accurate, adaptive, partitioned method
for FSI problems.

Adaptive time—stepping methods for FSI problems have received limited attention in the literature,
especially from the analytical perspective. A novel, adaptive time-stepping method for a monolithic FSI
problem based on the a posteriori error estimation was proposed in [40]. The error of the fully implicit
scheme is estimated with the help of an auxiliary explicit scheme. The proposed method is tested on sev-
eral numerical examples. The authors in [26] considered a nonlinear FSI problem based on the arbitrary
Lagrangian—Eulerian approach and solved the equations using an adaptive Fractional-Step—theta scheme
method applied to the monolithic system. They based the time adaptivity process on a rigorous derivation
of dual-weighted sensitivity measures and heuristic truncation-based time step control. In order to ap-
ply the dual-weighted residual method, a Galerkin interpretation of the Fractional-Step—theta scheme was
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considered. The proposed methodology was tested on several numerical examples. In [25], the interaction
between a viscous fluid and a rigid body under turbulent flow was studied. The authors combined the large
eddy simulation based on implicit turbulence modeling with time-space adaptive techniques in arbitrary
Lagrangian-Eulerian framework. We also mention the work in [8,9] where a time-adaptive fluid-structure
interaction method for thermal coupling is used to model the cooling processes in heat treatment of steel. In
particular, the authors consider the surface coupling of the compressible Navier—Stokes equations bordering
at one part of the surface with the heat equation in a solid region. The fluid and the heat equation are
solved in parallel in a partitioned manner. The resulting method was empirically shown to be second—order
accurate, which was used to implement a simple time step control.

While the methods listed above have been extensively numerically verified, they have not been analyzed
numerically. Furthermore, in case of the interaction between an incompressible, viscous fluid and an elastic
structure, only monolithic adaptive methods have been considered, while many different partitioned methods
have been proposed when the time step is fixed [3-5,7,12,14,15,27,39,43, 44, 46].

In this work, we propose a novel, adaptive, partitioned algorithm for the interaction between an in-
compressible, viscous fluid and a thin, elastic structure. The time discretization in the proposed method is
based on the refactorized Cauchy’s one-legged ‘@—like’ scheme [17], which is equivalent to the midpoint rule
(and, therefore, second—order accurate) when 6 = % This method is adapted and combined with the par-
titioned, kinematically coupled S—scheme, proposed in [12,13]. However, unlike the kinematically coupled
[S—scheme, the proposed adaptive method is strongly coupled. In particular, the fluid and structure sub—
problems, based on the BE discretization and the kinematically coupled S—scheme, are solved sequentially
and iterated until convergence. Then, the converged solutions of the two sub—problems are post-processed
using an extrapolation (equivalent to the FE scheme), and the time step is adapted. To adapt the time step,
we use a local truncation error estimator based on the solution obtained using the Adams—Bashforth two-step
(AB2) method. To discretize the problem in space, we use the finite element method. As commonly done in
the literature in order to simplify numerical analysis, we assume that the fluid is modeled using the Stokes
equations, that the structure displacement is infinitesimal and that the FSI problem is linear [6,13,18,27].
Using these assumptions, we prove that the sub-iterative process converges linearly, and that the proposed
method is unconditionally energy bounded, hence stable, when 6 > %

We note that the proposed method is novel even when considered with a fixed time step, in which case
it can be seen as a second-order extension (when 6 = %) of the kinematically coupled S—scheme. Hence, in
the numerical examples we investigate the convergence rates of the proposed method when a fixed time step
is used, as well as the accuracy properties of both fixed and variable time-stepping versions. The results are
compared with the kinematically coupled S—scheme, which has been shown to be first—order accurate when
B = 1. Our computational study indicates an excellent agreement between the reference solution and the
results obtained using the proposed method with both fixed and variable time steps, and provide an insight
in the selection of parameters used in the adaptive process to exploit the benefits of time adaptivity.

The rest of this paper is organized as follows. The FSI problem is outlined in Section 2. The numerical
method, together with the convergence and stability analysis, is presented in Section 3. The computation
of the local truncation error is shown in Section 4, and the numerical examples are presented in Section 5.
Finally, the conclusions are drawn in Section 6.

2. Description of the problem. Let @ C R? d = 2,3 be an open, smooth set, occupied by an
incompressible, viscous, Newtonian fluid, such that 9Q = I' U T, U I'oy:, where I' represents the elastic
structure, I';,, represents the inlet and T, represents the outlet (see Figure 2.1). We assume that the flow is
laminar, that the structure undergoes infinitesimal displacements and that the fluid-structure interaction is
linear. These are common assumptions in the analysis of partitioned schemes for FSI problems [6,13,18,27].

We model the fluid using the time—dependent Stokes equations in a fixed domain €2, given as

pfOu=V-o(u,p)+ f; in Q x (0,7), (2.1a)
V-u=0 in Q x (0,7), (2.1b)
o(u,p)n = —pi(t)n on Ty, x (0,7), (2.1c)
o(u,p)n = —pou(t)n on Ty x (0,7, (2.1d)
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Fig. 2.1: Fluid domain . The lateral boundary I' represents an elastic structure.

u(.,0) = u’ in Q, (2.1e)

where ©w = (u;)i=1,....q is the fluid velocity, p is the fluid pressure, p; is the fluid density and o(u,p) =
—pI + 2pD(u) is the fluid stress tensor, where D(u) = (Vu + (Vu)T)/2 is the strain rate tensor and p is
the fluid viscosity. The volume forcing term acting on the fluid is denoted by f;. At the inlet and outlet
boundaries, Neumann boundary conditions (2.1c)-(2.1d) are prescribed, where n denotes the outward normal
to the fluid domain boundary, and p;,, and p,,; are the prescribed inflow and outflow forces, respectively.
Initially, the fluid is assumed to be at rest, as prescribed in (2.1e).

To describe the structure elastodynamics, we use a linearly elastic, lower-dimensional model, given by

pshOun + Lm = f, onT x (0,7), (2.2a)
n=0 on ar x (0,7), (2.2b)
n(-0) =n° 9mn(.0) =ny onT, (2.2c)

where ) = (;)i=1,....a denotes the displacement, p, denotes the density, h denotes the structure thickness and
fs is a vector of surface density of the force applied to the structure. Operator £, describes the structure’s
elastic behavior. Specific choices of L are detailed in Section 5. We assume that the structure is clamped
at the edges (2.2b) and initially at rest, with zero displacement from the initial configuration (2.2c).

We define an inner-product and a norm associated with the structure operator, given by

as(m, ¢) = / Lon-CdS, [0l = as(m.m).

We assume that operator £ : D(L;) C HY(I') — L*(T) is a maximal monotone operator [11], such that a
Poincaré type inequality holds

Inllz2ry < Crslinlls,

and the norm | - ||s is equivalent to the H'(I') norm. One example of such operator is the one associated
with the linearly elastic Koiter shell model used in [16].

To couple the fluid and the structure, we prescribe the kinematic and dynamic coupling conditions. The
kinematic coupling condition (no—slip condition) enforces the continuity of velocities at the fluid-structure
interface, given by

u=0m onT x(0,7). (2.3)
The dynamic coupling condition enforces the conservation of momentum, given by
fs=—-o(u,p)n onT x (0,7). (2.4)

Equations (2.1a)-(2.4) define a linear fluid-structure interaction problem, which has a well-defined energy [13,
43].



3. Numerical scheme. The proposed method is based on the kinematically coupled S—scheme pro-
posed in [12,13], combined with the refactorized Cauchy’s one-legged ‘6-like’ method [17]. To present the
main steps of the proposed method, we consider a general evolution equation given by

y'(t) = f(ty), te(ab].

To solve this problem numerically with an adaptive time step, we apply the Cauchy’s one-legged ‘6-like’
method [20], given as follows

= f(t" 0 Oy for 6, € [0,1], (3.1)

where {t"}o<n<n are mesh points based on a variable time step 7" such that "1 =" + 7" and t"*t% =
t" 4+ 60,7". Furthermore, y™ denotes the approximation of a time—dependent function y at time level ¢", and
Yyt = 0,y"*t + (1 —0,)y™. We note that (3.1) differs from the classical linear multistep §—method [30].
As shown in [17], problem (3.1) can be solved in a BE-FE fashion as

n+0, _ . n

BE: Lot = (e, (3.2)
nTn
ytl _ gynton » »
FE: LV p(gntOn yrton, 3.3
T R (G (33)

Using the first equation in the second equation, the FE problem can also be written as a linear extrapolation
(which acts as post—processing), given by

Yt — oy +9n<91)y,

We note that when 6 = %, problem (3.2)-(3.3) is equivalent to the midpoint rule [19,22,23,29, 31], hence
conserving all quadratic Hamiltonians (e.g., mass and energy) [2,10]. Therefore, in that case, (3.2)-(3.3) is an
implicit, conservative, second—order B—stable time—stepping method. The scheme remains unconditionally
B-stable for 6 € [, 1].

We start by rewriting the coupled FSI problem. Introducing the displacement velocity & = 0;n, the
coupled problem can be reformulated in the following way: Find w,p,n and € such that

prou =V -o(u,p) in Q x (0,7, (3.4a)
V-u=0 in Q x (0,7), (3.4b)
pshoé + Lsm = —o(u,p)n onT x (0,7), (3.4c)
u=E&=0m onI' x (0,7), (3.4d)

with the boundary and initial conditions specified in the previous section. Following the approach in [12,13],
we add and subtract the fluid stress in (3.4c), evaluated at the previous time step. Using the operator—
splitting, we separate the structure equation in two parts. One part is used to approximate the structure
elastodynamics, while the other part is used as a Robin boundary condition in the fluid problem. The
partitioned method is then combined with the refactorized Cauchy’s one-legged ‘6-like’ method (3.2)-(3.3).
The proposed numerical scheme is given as follows.

ALGORITHM 1. Let ™ be the variable time step and t"T0 = t" + 0,7", for any 6,, € [%, 1], and for

alln > 0. Given u® in Q, and n0,£0 = u|Y on T, we first need to compute ])‘90,})“‘91,u1,u2 mn Q, and

nt,n%, €1 €% on T with a second—order method. A monolithic method or one of the loosely coupled method
proposed in [15,43] could be used, among others. Then for all n > 2 compute the following:
STEP 1. Set the initial guesses as the linearly extrapolated values:

On ™ OnT™
n+6, __ n n n n—1
n(O) - (1 + 7—n—l) - Tn—ln )
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n+6, n+6,

and similarly for 5(0) Uy " The pressure initial guess is defined as
nt0n _ 140,77+ 1 — 0, o772 ne146n 1 (1—0, )Tt +6,m™ 246, s
p(O) 1+ 9n717’n_1 _ 9n727-n—2 1+ enil,rn—l _ 9n727-n—2 :

For k > 0, compute until convergence the backward FEuler partitioned problem:

n+6, n
n k1) n n+0,,
( gn)Tn — 5(’;:91) on I, (3.5a)
Solid: gl —¢n . . .
poh= é)n)fn L = o (i n on T, (8:5b)
n?;fl") =0 on OT, (3.5¢)
n+0, n
u —u
rk+1 n+60, n+60,\ __ n+6, ;
Py = Vol ) = £ in Q, (3.6a)
V- u?:ff) =0 in Q, (3.6b)
Fluid: w o gnton
k+1 k+1 n-+0, n+6, n+60, , nt+o0,
psh% = —o-(u(,j_fl),p(:fl))n + U(u($9 ,p(:f Jn  onT. (3.6¢)
o (ug Fy p(m = —pin (") onTin,  (3.6d)
o (w0 I = —pow (1 )n onTou. (360

The converged solutions

n?$9n , 527;:3971 , ,UJZLF:SOH )p?(z’j)en K—00 nn_t,-en 7 £n+6n ’ ’U,n+9" , pn+9n ,
then satisfy:
n+6, n
n -n n+0.
no"-n _ n T, 3.7
Solid: grton _gn " n n
Pshw + Lyn +0n _ —o(u +0n,p +9n)n on T, (3.7b)
nton — 0 on O, (3.7¢)
un+0n —u”
=g — Voo (u T ) = f (im0 in 2, (3.82)
nT
V-u"tf =0 in Q, (3.8b)
Fluid:
ul w0 — gnton onT. (3.8c)
a(u™ 0 pr iy = —p. (") on I'ip, (3.8d)
o (w0 p" T n = —pou ("0 )n on Toyt. (3.8¢)
STEP 2. Now evaluate the following (equivalent to solving forward Euler problems):
]. ]- - gn
! = ?nn+97L _ Tnn on T, (3.9a)
Solid: 1” 1 77:9
gl 975”4_9" J nen on T, (3.9b)



1 1-—
Fluid:{ u"tt = 9—u”+9" -~ enu" in Q. (3.10)

STEP 3. Compute the local truncation error, TA”H, and given a tolerance, 6, adapt the time step:

new __ _n : 6 ’
T 7" min < ez, MAX { Timin, S <|T”+1||> . (3.11)
IF||[T7HY| < 6, set 77T = 7% chose 6,41 € [1,1]. and evolve the time interval t"+? = "1 4 6, 171,
Otherwise, set " = 7™ and go back to Step 1.

REMARK 3.1. Numbers rpin and Tma. in (3.11) are chosen so that the ratio of 7" and 7" stays
between these values. This type of restriction guarantees the zero—stability of general one—leg variable step
size methods (see e.g., [21,28, 34,56, 37]), and helps to keep the time step from changing too rapidly, which
is especially important in stiff problems. The coefficient s € [%, 1) is a ‘safety’ parameter, routinely used to
reduce the number of rejected time steps in the adaptive algorithm.

REMARK 3.2. We note that for 6, =1/24 O(7") the method is second-order accurate.

REMARK 3.3. We also note that the linear extrapolations in (3.9)-(3.10) can be written as forward Euler
problems. While linear extrapolations are more desirable from the implementational point of view, in stability
analysis we will use their forward Euler formulation, given as follows

n+1l _ . n+0,
% = ¢gnton onT, (3.12a)
—o.)r
Solid: w1 gnto
pshE(l i F Lot = —g (w0 e, inT, (3.12b)
n+1 _ ., n+6,
Fluid:{ ”fﬁ — V- o(utn prthn) = £ (t7F0), in Q. (3.13a)
n

3.1. Convergence of the partitioned iterative scheme . In the following, we will use the polarized
identity, given by

20a—c)b=a*—c*—(a—b)*+ (b—c)* (3.14)
THEOREM 3.1. The sequences u?$9”'7n?$9"7£?59" generated by iterations (3.5)-(3.6) converge as k —
00!
ufl — w0 i HY(Q) 0 LA(D),

niit — " i HYD), &0l — €0 in LA(DD).

Proof. We begin by subtracting (3.5)-(3.6) from the equations (3.7)-(3.8). Using notation

_ 0y n+0, 13 __ ¢n+6, n-+0,
5Z+1 =n - 77(,.{4_1), 6;§+1 - £ - é(,ﬂ_l)a
u n+0., (729 _ .n+0, n+60p
Oy = w0 — “?:ﬂ)v g =p"" _p(2++1)’
we obtain the following:
5"
9"‘% = i+1 on T, (3.15a)
nT
Solid: ¢
psh Qﬁj_jl + L, (87,,) = —a (@ (5" m onT, (3.15b)
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6u
;y4¢57V~aw%4j§H):0 in Q, (3.16a)

0,7
Fluid{ V-0, = in Q, (3.16b)
hM St 8P 5L P r
Ps = ( K K)n O'( Kk+1s ~+1)n on 1. (316C)

We note that in this case, the structure equations (3.15) are complemented with homogeneous Dirichlet
boundary conditions (2.2b), and the fluid equations (3.16) are complemented with the homogeneous Neumann

boundary conditions. We multiply (3.15a) by £4(d,,,) and (3.15b) by 5i+1, integrate over I, and add to
obtain

0= g8kl + 22 68 ey + / o (82, 6)n - 65 .

For the fluid part, we multiply (3.16a) by d;;,; and (3.16b) by 67 . Integrating over 2, and using (3.16¢c)
and the polarized identity (3.14), we obtain

P u
0= ||5 ila@) + 201D oy + o (18%aecry — 18y

oy = 08 B — / o(6%,57)n «m.

Therefore, the structure and fluid estimates combine to give

psh
0= H6 wallE 4 G o) + 20 D) o) + 55 (1971 Eer) + 10501 )

i mumﬁ / (88, 60)m - (6, — 6%,,).

29
Using again the boundary condition (3.16¢) and the polarized identity (3.14), we have that

/F o(8%,80)n - (85,1 — 6%,,)

0" e : ol
= QZSh (HU' w1 0ni) n||L2(F ||‘7(5n75£)n“132(r)> B 292?

2
& 5¢ 1’
k+1 K+ LQ(F) ’

and therefore,

p
0= 8015 + 52

Qn u
2p7'h (||0'(55+1,5£+1)n”m — |l (8%, K)n||L2(F))

u ps
2185 ey + 201D @)ooy + 57 (1881 Facry + 10544 0E2r))

+

Equivalently this can be written as

16, +1||S +prllds +1||L2 + 200, 7" (| D( n+1)||L2 Q) + (H‘S +1HL2(F) + H‘sm-l”m F))

10,7 07" [?

+ 2psh H ( l‘i+1’6£+1 nHiz(F) = 2psh || (67/:7 m)n||L2(F

which yields that, as x ' oo, the sequences of iterations u ?459 , 71”,:39 , £"+9

W't ptln €0 regpectively, in the strong topologies of H'(€2) N L2(D), Hl( ) and L3(T"). O
7

converge linearly to



3.2. Stability — energy estimates. Denote by £V is the sum of the elastic energy of the structure,
kinetic energy of the structure and kinetic energy of the fluid

pf”uN 2

1
N = §||77N||%* Z2ry + 5 1720

and by DV the fluid viscous dissipation rate

N-1
N=2p Y D) |72
n=2

The stability of the scheme presented in Algorithm 1 is given in the following theorem.

THEOREM 3.2. Let {(£",n™,u", p™) }a<n<n be the solution of Algorithm 1, assuming that the system is
isolated, i.e., f; = 0,pin =0 and pour = 0. Then, for 0, > %, the method is unconditionally energy stable,
and the following a priori energy equality holds

N+ DV NV = ¢2,

where NN denotes the numerical dissipation

N—-1 N
(7")%(20n — 1) | cnto,
NN = 3 T e+ Z DIE™ = €13y
n=2 n=2
p N-1
+ 31‘ S (20, — Dl — w3a g
n=2

Proof. We multiply (3.7a) by 6, Lsn" % and (3.7b) by 0,,£" % integrate over I, add and apply (3.14)
to obtain
0= g (I ~ "3 + ™+ — ")

Ps n+0, n n+6, n n+0, n n+60n
L (16 gy — 1€ e + 1675 €M) + 0 [ oty g

[+t —prton

Similarly, multiplying (3.12a) by (1 — 6,,)L£n" "% and (3.12b) by (1 — 0,)€" "% we derive
0= g (I = ™+

5)
S
ps n+0, n
P (1™ ey — €™ ey — 1™ = €74 2agry)

F = 0) [t g
r

Hence, from the structure part, we have
1
0= ;(nn"“n% [l 1% = = =)
psh 1 On On
T A e )
+ / U(u"+9" pn+6n)n . €7L+9n'
r

Using again the displacement equations (3.12a) and (3.7a), we have

— [l — O E 4 g0 - [E = (7)2(20, — 1)]1€7 0|13,
8



while the velocity equation (3.9b) yields
—|lgmtt — €n+9"||2L2(r) + gt — &3z = (200 — D[IE™ — €712
Hence the energy estimate of the structure part gives

poh (20, — 1)

1 n n n n n+0,
0=35= ("™ 1% = [l [1%) + 5rn (€™ Ty — €7 R 2ry) + > 1€ 1%
(20, — 1 e
+ 14 (27—n )||€n+1 . €nH%2(F) + / O’(’LL +0n7p +9n)n . £7L+0n' (317)
T

For the fluid part, we multiply (3.8a) by 6,u""%" and (3.8b) by 6,p" 2. Integrating over ©, adding, and
using (3.8c) and the homogeneous Neumann boundary conditions, we obtain
Pr

0= 2L (12 ) = "2 — I

n+1l un+6’ n+6,

ey + 0 = w e )

+ 2M||D(’U,n+0")||%2(g) _ / o.(un+9n7pn+0n)n . £n+9n_
r

Taking into account the flow equation (3.10), we have

o ||un+l o un+9”

%2(9) + flun o — un”%Z(Q) = (20, — 1)[Ju"*! - un||2L2(Q)'

Hence, the fluid part of the energy estimates gives

0= %(IIU"“II%@) = lu"1Z22()) + %HU"H — U2 + 20 D" [Z2 )
7/Fo_(un+9n’pn+9n)n.€”+an. (3.18)
The structure (3.17) and fluid (3.18) estimates combine to give
0= 5o (I 1 = I3) + 22 (e ey — ) + oo e
+ WII&"+1 — € e g (" 2oy = 0" 12 (0))
+ 210 =t = g+ 2 D) (319

Summation from n = 2 to N — 1 and multiplication by 7" yields the desired estimate.
0
REMARK 3.4. We note that when 6,, = %, for all n, we have NN =0, and the method is conservative.
COROLLARY 3.3. Let {(€",n",u™,p") }a<n<n be the solution of Algorithm 1, assuming non—zero volume
and boundary forcing. Then, for 6, > %, the method is unconditionally energy stable, and the following a
priori energy inequality holds

1
EN 4+ DY+ NV < &2+ FY,
where FN denotes the forcing terms

o n Cs n Co n
FN = IHff(t )22 g) + Illpm(t e, T 7|\Pout(t 2 -

Proof. The main steps of the proof are the same as in Theorem 3.2. We estimate the additional terms
due to non—zero volume and boundary forcing as follows. Using the Cauchy-Schwarz, trace, Poincaré and
Korn inequalities [16], we have

/ ff(tn+0n) Lo 7/ pm(tn+0n)un+9n ‘n 7/ pout(tn+97L)un+0n ‘n
Q Tin Pout
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Ch Cy Cy
< 7||ff(t"+9")||%2(9) + FHPM(WW")H%%FM) + Iﬂpout(t%a”)||%2(rm)
+ 1| D)2, (3.20)
Combining (3.20) with (3.19), summing from n = 2 to N — 1 and multiplying by 7" proves the Corollary. O

4. Computing the local truncation error. The time step adaptivity can be implemented in numer-
ous ways (see e.g. [32]). In this work, we compute the local truncation error using the difference between
the second—order midpoint solution, denoted by y:gdlpoim, and a second—order approximation given by a
formula similar to the explicit Adams-Bashforth two-step (AB2) method, denoted by yf"};lQ. The difference
between this method and the classical AB2 formula is that the function values are evaluated at half-times,

as described in [17]. The solution obtained using the AB2 method is computed as

ntl _ . m (,rn + Tnfl)(,rn + ,rnfl + Tn72) 1 Tn(,rn + Tnfl + Tn72) I ,rn(,rn + Tnfl)
Yap2 = Ti—1(rn—1 1 rn-2) -y 1, n—2 +y Tn=2(7n—1 4 72y’

The local truncation error for the AB2 method, under localization assumption [32,38], can be written as

+1 3.1+t 1 1 -1 Fn=1  n=2
Tips = (7")%y"(t"72)R",  where R" = 2173 (1+ ™ ) (1+2 e N > (4.1)

The local truncation error for the midpoint method, as well as the ‘0-like’ method for 6,, = % + %(Tn)2, is
given by

1
24
Using (4.1), the local truncation error of the midpoint method can be written as

. 1
el ( ntl n+1) . 4.2
ymzdpoznt YaB2 1— 1/(24Rn) ( )

T+l _ (Tn)Sy///(tn+%) —|—O((Tn)5).

This relation will be used to compute the local truncation error in Step 3 of Algorithm 1.

5. Numerical examples. For spatial discretization of Algorithm 1, we use the finite element method
with uniform, conforming meshes. The problem is implemented in the finite element solver FreeFem++ [35].
We investigate the performance of the proposed method in three numerical examples. In the first example,
we study the convergence rates of Algorithm 1 when used with a fixed time step on a benchmark problem
based on the method of manufactured solutions. We also compare the average number of iterations in
the sub-iterative process needed by Algorithm 1 and two other strongly—coupled schemes commonly used
in the literature. In the second example, the adaptive time-stepping is applied on the same benchmark
problem. Finally, in the third example we consider a benchmark problem describing pressure propagation in
a two—dimensional channel commonly used to test FSI solvers, and compare different fixed and the variable
time—stepping approaches.

5.1. Example 1. In this example, we assume that the time step is fixed, and study the convergence
rates of Algorithm 1. For this purpose, we use the method of manufactured solution. The fluid domain is
defined as 2 = (—0.5,0.5) x (0,1), and I = (—0.5,0.5) x {1} represent the structure domain.

We model the structure using the elastic Koiter shell model [12] defined on T', accounting for both
tangential (horizontal) and transverse (vertical) displacements 7, and 7, given by

pshattn:v - 028:67711 - 038xx77:v = fs,:m (51)
pshatmy + Oony — Clamny + 02696771 = fs,y.
We note that due to the fluid-structure coupling, we have f, = —on. The exact solutions are given by

10~ 3¢ sin(7rx) sin(my)
0"l = gt = | g s € cos(m)
m(Cy — )

)

(pshsin(my) + Cym? sin(my) + pr cos(my))
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10~ 3¢t sin(7x) sin(7y)

ref __ ref ,ref\T __ t
wt = () = 710*3&@ (pshsin(my) + Cym? sin(my) + pm cos(wy)) |
m(Cy — )
2uref auref auref
P = (psh + Co)upe! — € 8;’2 + o+ 2p 8’; :

using which the forcing term f is computed. We note that the exact solutions satisfy the coupling condi-
tions (2.3)-(2.4). Based on the exact solution, we impose Dirichlet boundary conditions on the bottom of
the fluid domain, and Neumann boundary conditions on the sides. We also impose homogeneous Dirichlet
boundary conditions for the structure. The parameters used in this problem are py = p, =h = Cy = Cy =
Cy = (C5 =1 and pu = 0.5. The problem is solved until the final time 7" = 10 is reached.

To discretize the problem in space, we use Py elements for the fluid velocity and solid displacement and
velocity, and P; elements for the pressure. In order to compute the rates of convergence of our scheme, we
first define the errors for the solid displacement and velocity, and fluid velocity, respectively, as follows

_ gref
H£ ¢ L2(T") ref _ |
é-ref

|u*uref”L2(Q)

2
67"ef — Hn _nrefHS ref _
lwre || L2 (o

5, € , (5.3)
" e || ¢ \

’ 9

L>(D)

where

Inlls = Calldens + myll72ry + (Cs = C2)[0anel 72y + (Co = Co)lmyllZz(ry + Culldamy 72y

100 ——0=0.5 6=0.9
- (=0.6 — = rate 2
——0=0.7 =—===rate 1

107 ——0=08 ___.—=""

-
-
-

"
"S‘__’ = "’-’ .
()
1072 -7
-3
10 _
0.1 02 0.3 0405 1071
T T

e ref

Fig. 5.1: Relative errors for the structure displacement (top—left), structure velocity (top-right), and fluid
velocity (bottom) obtained using € = 107%.
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The sub-iterative portion of Algorithm 1, defined by equations (3.5)-(3.6), is computed until the relative
errors between two consecutive approximations for the fluid velocity, structure velocity and displacement are
less than a given tolerance, e. In the first test, we set ¢ = 10™* and use the following set of discretization
parameters

)

0.02 0.25)°
{m Az} = {2 2}

where Az is the mesh size. Figure 5.1 shows the convergence rates obtained using different values of 6.
We note that the second—order convergence is expected when 6 = %, because in this case the refactorized
Cauchy’s method corresponds to the midpoint rule. For § = %, we observe a second—order convergence for
all the variables when the values of 7 are large. However, for the smallest value of 7 used in this example,
sub—optimal convergence is observed in the fluid and solid velocities, while the structure displacement even
exceeds the convergence rate of 2. As 6 begins to increase, the rates start to deteriorate, approaching first—
order convergence. We note that when 6 = 0.5, the errors are the smallest, which is especially apparent in

the structure velocity.

=0

0 —0=0.5 0=0.9
107 —— =06 — — rate 2
—¢=0.7 ==-=—-rate1 __.-
——0=08 _.—-=""
@ = ’-"’_”’ -
® 102} e
- ”-
-
-
-~
-~
-
-~
101
T T

Fig. 5.2: Relative errors for the structure displacement (top—left), structure velocity (top-—right), and fluid
velocity (bottom) obtained using by decreasing e at the same rate as 7.

To improve the sub—optimality observed in Figure 5.1, we repeat the previous simulations, but this time
we decrease the tolerance € at the same rate at 7. In particular, we use the following set of parameters

0.02 0.25 104 }3

{T,A.’E,G} = {22721722

i=0

Figure 5.2 shows the convergence rates across different values of 8. We note when 6 = 0.6,0.7,0.8 and 0.9,

the errors for all the variables are almost identical to those in Figure 5.1. The errors also stay similar when
12



6 = 0.5 and 7 is large. However, in this case smaller errors are obtained when # = 0.5 and 7 = 3.125 - 1073,

yielding the expected second—order accuracy for all the variables.

25 ¢ 25 ¢
—_— (=05 ——0=0.8

n 20+ — 0§=0.6 6=0.9 n 20t
& — 9=0.7 &
515 | 515
) 3
= 40t =10t
© ©
#* o . # 5l .

S =10 dynamic e

0
01 02 03 04 05 01 02 03 04 05
T T

Fig. 5.3: Average number of sub-iterations obtained for different values of # when ¢ = 10~* (left) and when
e is changing at the same rate as 7 (right).

While computing the rates of convergence, we also calculated the average number of sub-iterations
needed in the iterative part of our method. Figure 5.3 shows the results obtained using e = 10~* (left), and
the dynamic update of €, where € is decreased at the same rate as 7. We note that in both cases, the average
number of sub—iterations decreases with 7. For the smallest value of 7, the number of sub—iterations averages
around 3 when € is fixed, and 4 when € is changing, for all values of 8. We also note that the number of
sub-iterations increases with 6, leaving 8 = 0.5 an excellent choice since it features the smallest number of
sub-iterations, as well as the best accuracy. Across all values of 0, a slightly larger number of sub—iterations
is needed when € is dynamically changing.

We also compared the average number of iterations needed by Algorithm 1 and other commonly used
strongly—coupled schemes in the literature. In particular, we considered the Robin—Neumann method and
the Robin—Robin method described in [3,4]. The comparison of the results across different parameter values
is shown in Table 5.1. We note that § = 0.5 was used in Algorithm 1. For most values considered in
Table 5.1, a smaller number of sub—iterations is required by Algorithm 1 than by the Robin—Neumann and
Robin-Robin methods.

T Az PF  PS € RN RR Alg. 1
1.25-1071 10T 1 1 107% 9 5 5.2
6.25-1072 10! 1 1 100* 6 5 4.1
1.25-107 5.1072 1 1 107* 129 6 4.2
1.25-1071 10—t 10 1 107* 9 9 5.2
6.25-1072 10—t 1 10 107* 4 4 3.1
6.25-1072 107! 1 1 1073 7 4 4

Table 5.1: Example 1: The number of iterations required by the proposed method (Alg. 1), the Robin—
Neumann (RN) method and the Robin-Robin (RR) method [4] for different parameter values.

5.2. Example 2. In this example, we consider the same setting as in Example 1, but we adapt the
time step dynamically throughout the simulation instead of taking a fixed value. To adapt the time step,
we compute the local truncation error for the fluid velocity, w, and the structure displacement, n, according
to formula (4.2). In particular, the local truncation error is computed for u,,u,,n, and n,. The norm of
the local truncation error is then computed in the L?-sense, separately for the velocity and displacement. In
particular, we compute

e = ([ e dn?) gy = (e agee) (5.4)
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We first compute |77 and ||T,7;+1|| using a fixed time step, shown in Figure 5.4. We note that the error
for the fluid velocity is the largest in magnitude at all times.

0.1

velocity

displacement

local truncation
error
o
o
(6]

time

Fig. 5.4: The errors ||77!]| and ||T,7+1|| computed using a fixed time step.

One way to define the local truncation error for the entire coupled problem is to take
1T+ = max{ | T3, |1 T3 1)

We note that in this case, this is equivalent to taking ||7"!|| = ||[7*!||. To test the performance of the
method using this approach, we run the numerical simulations using the initial time step 7° = 10~! and
tolerance 6 = 10™%. As in the previous example, T = 10. We take € = 10™%, Az = 0.025, s = 0.95, i =
0.2, 7mae = 1.5 and 0 = %, and start the time adaptation process after 10 iterations. The parameter values

are the same as in Example 1. Figure 5.5 shows the evolution of || T, || (top-left) and || T, (bottom-left), as

x107 0.2
1.8
1.6 Q_0.‘15
— i)
<|_: 1.4 g 0.1
= 12 g
* 0.05

0
0 500 1000 1500
number of trials

()]
s
ks
o)
Ko}
€
3
c
1.46 1.48 1.5 1.52 1.54 1.56 1.58 50 100
time number of iterations

Fig. 5.5: Left: The local truncation errors for the fluid velocity (top) and the structure displacement (bot-
tom). Right: Time evolution of the time step (top) and the number of trials in each time interval (bottom).
The results were obtained defining the local truncation error as ||7"| = || T2+

well as the evolution of the time step (top—right) and the number of trials needed at each iteration (bottom—
right). To better illustrate the behavior of the local truncation error, |7/ and ||Ty|| are shown on the

interval [1.45,1.57]. Due to the slow decrease of ||ZIA’,LL||7 the time step rapidly drops, and at time ¢ = 1.57 is
14



equal to 5.68 - 10723, In the next iteration, the time step keeps decreasing and the algorithm stops when it
becomes too close to zero. Before the simulation breaks, seven trials are needed on average at each time step
in order to obtain [|7"*1|| < §. We note that in contrast to ||T5], HT,,H exhibits much faster convergence to
Z€ero.

Since the || 77+!|| dominates HT#H I, a similar dynamics is also observed when the local truncation error
is defined as

1
. . . 3
17 = (N + 1 2)
Therefore, to avoid the rapid decline of the time step, we define the local truncation error as
177 = |75+
0 _

We perform numerical simulations using this choice of the local truncation error, and parameters 7° =

107, 5 = 0.95, 7min = 0.2,7mae = 1.5, 6 = 2-107°, e = 107%, Az = 0.025, and 0 = % As in the previous

example, T" = 10, and the time adaptation starts after 10 iterations. We note that a smaller value of § is
used here compared to the previous case because ||T;/!| is smaller than |77 *']|, as shown in Figure 5.4.

0.2
Q.
20.15
2]
g o1
0.05
0
0 100 200 300
number of trials
4:9
®
]
=3P
ks
g
g2
=}
c

o

100 200 300
number of iterations

Fig. 5.6: Left: The local truncation errors for the fluid velocity (top) and the structure displacement (bot-
tom). Right: Time evolution of the time step (top) and the number of trials in each time interval (bottom).
The results were obtained defining the local truncation error as [T+ = [T,

The local truncation errors ||| and ||TT7,‘+1|| obtained with this choice of ||T,,1]|, as well as the
evolution of the time-step and the number of trials are shown in Figure 5.6. Looking at the left panel,
we observe that both ||T;!| and ||7;7*"|| remain bounded, even though ||}/ was not included in the

computation of |7"*1||. The number of trials needed to satisfy ||[7"*!| < § is greater than one only three
times in the first part of the simulation, as shown in the bottom-right panel. After that, only one trial is
needed for the rest of the simulation. The time step, shown in the top-right panel, is decreasing throughout
the simulation, albeit slowly towards the end. The time step at the end of the simulation is equal to 10~2.
Since both [|752*+!|| and [|7;*!|| remain bounded in this example, the time step evolution is reasonable and

the number of trials is low, we use ||771|| = ||7A“,,7‘|r1 || in the remainder of the paper.
Since it was shown in Section 5.1 that the tolerance, €, used in the sub-iterative part of the algorithm
needs to be varied together with the time step in order to retain a second-order convergence rate, we
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also test the performance of the method using the same parameters as in the previous case, but this time
adapting € together with the time step. However, we set an upper bound on € to preserve the accuracy of
the sub-iterative solution. In particular, we set

. . 5§ \°
€™ = min ¢ €” min < 7,0z, Max rm“L’S(”TM) A (5.5)

and adapt it together with the time step. We perform numerical simulations by using both fixed and adaptive
values of €, and the adaptivity tolerances § = 2- 107> and 2-1073. In each case, we count the total number
of trials needed in the adaptive algorithm, and then perform simulations using Algorithm 1 with a fixed time
step obtained by dividing the final time by the total number of trials. Using the same time step, we also
perform simulations using the kinematically coupled S—scheme [12,13]. For § = 2- 1077, the total number
of trials is 292, and for § = 2 - 1073, the total number of trials is 85. At the end of each simulation, we
compute the relative error between the approximated and the exact solution. For this purpose, in addition
to errors defined in (5.3), we also introduce the L?—error for the structure displacement, defined as

X 2
oef Hn_nwaLz(I‘)
i 17T
P et |y

Table 5.2 shows a comparison of the relative errors obtained using the kinematically coupled S—scheme,
Algorithm 1 with a fixed time step, Algorithm 1 with a variable time step and fixed €, and Algorithm 1 with
a variable time step and variable . When 6 = 2-1073, the errors obtained using the adaptive time-stepping
are by an order of magnitude smaller than the errors obtained with methods that use a fixed time step.
For a smaller value of §, the adaptive time—stepping still gives better approximations of the fluid and solid
velocities. However, errors for the displacement obtained using Algorithm 1 with fixed and variable time—
stepping are comparable, but still significantly smaller than the ones obtained by the kinematically coupled
B—scheme. We also note that for both values of §, the errors obtained using the adaptive algorithm with
fixed and variable € are nearly identical.

=20 R P

kinematically coupled S—scheme 9.51-1073 8.62-1072 3.14-1072 3.24-1072
Alg. 1 w/ fixed time-step 1.63-107% 2.49.1073% 1.35-1073 1.37-1073
Alg. 1 w/ adaptive time-step and fixed € | 2.65-10"% 2.87-10* 3.16-10"* 5.47-10~*
Alg. 1 w/ adaptive time-step and e 2.65-10"% 2.86-10~* 3.16-10"* 5.47-107*
§=2-107° erel e’ entam enet

kinematically coupled S—scheme 7.16-107% 1.70-107%2 5.14-107% 1.04-107°
Alg. 1 w/ fixed time-step 1.47-107% 290-107* 2.44-10* 5.14-10~*
Alg. 1 w/ adaptive time-step and fixed ¢ | 3.98-107° 2.52-10"% 2.46-10"* 5.29.10~*
Alg. 1 w/ adaptive time-step and e 3.98-107° 252-107* 246-107*% 5.29-107¢

Table 5.2: Relative errors e’/ egef , e:]egz(r) and e;ef obtained using the kinematically coupled S—scheme [12,
13], Algorithm 1 with a fixed time step, Algorithm 1 with a variable time step and fixed e and Algorithm 1

with a variable time step and variable e.

The qualitative comparison of the results obtained using the four methods and § = 2 - 103 is shown in
Figure 5.7. As expected, the results obtained using Algorithm 1 agree better with the exact solution than the
results obtained using the kinematically coupled S—scheme. Looking at the zoomed—in insets, we observe
that the results obtained using the adaptive time—stepping are closer to the exact solution, compared to the
results obtained using the fixed time—stepping. Although the difference is very small, the second inset in the
top—left panel shows that the results obtained using the adaptive method, where ¢ is adapted with the time
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Fig. 5.7: The solid displacement (top-left), the solid velocity (top-right), the fluid velocity at the interface
(bottom-left), and the fluid velocity over line y = 0.5 (bottom-right) obtained using § = 2 - 1073.

step (blue line), are closer to the exact solution than using the same method with a fixed € (red line). The
same is observed for all other variables shown in Figure 5.7.

5.3. Example 3. In this example, we consider a classical benchmark problem describing the flow in a
two—dimensional channel with a deformable wall. The fluid domain is Q = (0, L) x (0, R), where L = 5 c¢cm
and R = 0.5 cm. We assume that the top boundary is deformable, allowing only deformation in the radial
direction. Hence, 1 = (0,7,), and the structure dynamics is described by

pshattny + Oony - Claxa:ny = fs,ya

where

hE hE

COZRz(l_Vz)’ 01:72(1_’_1/)7

and E and v denote the Young’s modulus and Poisson’s ratio, respectively. We assume that the structure is
fixed at the edges. At the bottom fluid boundary we prescribe symmetry boundary conditions, given by

uy =0, Oyuy =0.

The flow is driven by prescribing a time—dependent pressure drop at the inlet and outlet sections, as defined
in (2.1c)-(2.1d), where

Pmazx 27t )] .
—— |1 —cos , ift <thas
pi’ﬂ(t) = 2 [ (tmax s Pout = 0, (56)
0, if t > thae
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for allt € (0,T). The pressure pulse is in effect for t,,4, = 0.003 s with maximum pressure p,,q, = 1.333 x 10*
dyne/cm?. The final time is T = 10 ms. The fluid and structure parameters, which are within physiologically
realistic values of blood flow in compliant arteries, are given in Table 5.3. In this example, we set 6 = % and
initial tolerance ¢ = 10~*, which is afterwards updated dynamically according to (5.5).

] Parameters Values Parameters Values \
Fluid density p; (g/cm?) 1 Dyn. viscosity u (poise) 0.035
Wall density p,(g/cm?) 1.1 Wall thickness h; (cm) 0.1
Young’s mod. E(dynes/cm?) 0.75 x 10° Poisson’s ratio v 0.5

Table 5.3: Fluid and structure parameters used in Example 3.

We use P; —P; elements for the fluid velocity and pressure, respectively, and P, elements for the structure
velocity and displacement on a mesh containing 16,000 elements in the fluid domain and 400 elements in the
structure domain. The problem is solved using Algorithm 1 with both fixed and adaptive time steps and the
kinematically coupled S—scheme [12,13]. The results are compared to the reference data, obtained using a
second—order monolithic scheme.

We first solve the problem using Algorithm 1 with an adaptive time step. We use § = 4 - 1074,5s =
0.95, min = 0.2, 7mae = 1.5, and the initial time step of 70 = 2 - 107%, resulting in 46 trials. Dividing the
final time (7" = 0.0101922) with the number of trials, we get the time step of 2.216 - 10, which is used in
the fixed time-stepping version of Algorithm 1 and the kinematically coupled S—scheme. For the monolithic
method, the time step is obtained by dividing the final time by 1000. The evolution of the variable time
step, compared to the value of the fixed time step obtained using this process, is shown in the top—left panel
of Figure 5.8. We observe that due to the number of rejected trials, the value of the constant time step is

s=0.95, I’min=0.2, I’max=1.5 s=0.85, rmin=0.5, rmax=1 2
-4 -4
35 x10 35 x10
variable 7
4 a 3 fixed T a 3
- (0] (0]
0=4-10" « =
225 225
=1 'A\f =1
2l 2 \\—mm
0 20 40 0 20 40
number of trials number of trials
-5 -5
10 x10 10 x10
9] 9]
§=10° @ 2
(0] (0]
6 6 A PE—
0 50 100 150 0 50 100 150
number of trials number of trials

Fig. 5.8: Comparison of the variable and fixed time steps obtained using s = 0.95, 7in = 0.2, 74, = 1.5
(left) and s = 0.85, 7min = 0.5, Tpmae = 1.2 (right). The top row is obtained with tolerance § = 4 -107%, and
the bottom row with 6 = 1075,
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smaller than the values of the variable time step during most of the simulation. Therefore, to reduce the
number of rejected trials, and to decrease the range of the possible ratios between two consecutive time
steps (which is more appropriate for stiff problems such as this benchmark), we repeat the simulation using
§ =4-107% 5 = 0.85,7min = 0.5,7maz = 1.2, starting from the same initial time step of 70 = 2 - 107%.
The comparison of the time step evolution of the variable time step and the fixed time step, shown in the
top-right panel of Figure 5.8, indicates that in this case, the variable time step is initially larger than the
fixed time step, but as the inlet pressure reduces to zero, the variable time step becomes smaller than the
fixed one.

The structure displacement, and pressure and axial velocity at the bottom boundary, at the end of the
simulation, are shown in Figure 5.9. The values obtained using s = 0.95, rpn = 0.2, "ynae = 1.5 are shown
in the left panel and the values obtained using s = 0.85, 7nin = 0.5, Fmae = 1.2 are shown in the right panel.
As expected, since in the case shown in the left panel the fixed time step is smaller than the variable time
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Fig. 5.9: Comparison of the structure displacement (top), pressure at the bottom boundary (middle) and
axial velocity at the bottom boundary (bottom) obtained using Algorithm 1 with a variable time-step,
Algorithm 1 with a fixed time-step, the kinematically coupled S scheme [12,13], and a monolithic scheme.
Algorithm 1 with a variable time-step was solved using s = 0.95, 7 = 0.2,7m4, = 1.5 (left) and s =
0.85, Tmin = 0.5, "mae = 1.2 (right). In both cases, tolerance § = 4 - 10~% is used.

step most of the time, the results obtained using the fixed time—stepping version of Algorithm 1 are slightly
closer to the monolithic results than the ones obtained using the variable time-stepping. When parameters
s = 0.85, " 1min = 0.5, 7mq = 1.2 are used, the results obtained using the variable time-stepping are improved,
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providing a slightly better agreement with the monolithic method than the ones obtained using the fixed
time step. In both cases shown in Figure 5.8, the results obtained using the fixed and variable time—stepping
versions of Algorithm 1 only slightly differ, and are very close to the monolithic ones even though relatively
large time steps are used. Furthermore, they provide a significantly better agreement than the ones obtained
using the kinematically coupled S—scheme.

We repeat the tests performed in this example by taking a smaller tolerance, § = 107°, and starting
from a smaller initial time-step, 70 = 5-107°. As in the previous example, parameter sets s = 0.95, 7nin =
0.2, 7mae = 1.5 and s = 0.85, i = 0.5, 7ae = 1.2 are used. The time evolution of the variable time steps
is shown in the bottom panel of Figure 5.8. We observe that, as opposed to the previous example, the smaller
values of the variable time step, compared to the fixed one, are obtained when s = 0.95, 7,5, = 0.2, 702 = 1.5
are used. The comparison of the structure displacement, and pressure and axial velocity at the bottom
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Fig. 5.10: Comparison of the structure displacement (top), pressure at the bottom boundary (middle)
and axial velocity at the bottom boundary (bottom) obtained using Algorithm 1 with a variable time-
step, Algorithm 1 with a fixed time-step, the kinematically coupled 8 scheme [12,13], and a monolithic
scheme. Algorithm 1 with a variable time-step was solved using s = 0.95, rynin = 0.2, 1. = 1.5 (left) and
$ = 0.85,"min = 0.5, "max = 1.2 (right). In both cases, tolerance § = 1075 is used.

boundary obtained using the two parameter sets are shown in Figure 5.10. We observe that the results
obtained using Algorithm 1 provide an excellent agreement with the monolithic scheme. Even though there
are instances where the fixed or variable versions of Algorithm 1 give slightly better approximation, overall
both approaches are very close together for both sets of parameters.
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6. Conclusions. We proposed a novel, adaptive, strongly—coupled partitioned method for the interac-
tion between an incompressible, viscous fluid and a thin elastic structure. The proposed method is based on
the refactorized Cauchy’s one-legged ‘@—like’ method and the kinematically coupled S—scheme. The fluid
and structure sub—problems are first solved sub—iteratively until convergence, and then linearly extrapolated.
This process yields a second—order convergence rate when 6 = % We proved that the sub-iterative process
is linearly convergent, and that the method is unconditionally energy bounded/stable provided 6 > %

The algorithm is discretized in space using the finite element method, and computationally tested on
three numerical examples. We note that the proposed method is novel even when it is considered with a fixed
time step, in which case it can be seen as a second—order extension of the kinematically coupled S—scheme
when 8 = 1. Therefore, in the first example, we studied the accuracy of the algorithm used with a fixed time
step on a benchmark problem based on the method of manufactured solutions. We confirmed a second—order
convergence rate when 6 = % and the tolerance used in the sub—iterative process is changed dynamically with
the time step. We also showed that even though our approach requires sub—iterations, the average number of
sub—iterations needed is smaller than the one obtained by other strongly—coupled methods commonly used
in the literature for most of cases considered in this study.

In the other examples, we applied the proposed algorithm using both fixed and adaptive time steps.
Our results indicate that the variable time—stepping approach can have a significant advantage over a fixed
time-stepping when larger adaptivity tolerances are used, yielding larger time steps, especially in less stiff
benchmark problems. In stiff problems, to obtain a better performance, the parameters used in the adaptivity
process need to be changed to reduce the ratio between two consecutive time steps, as well as the number
of rejected trials. In both examples considered in this study, the approximations obtained using fixed and
variable time-stepping versions of Algorithm 1 are nearly indistinguishable when the adaptivity tolerance is
small. In both cases, an excellent agreement is observed when compared to the reference data. The extension
of the method to moving domain FSI problems is out of the scope of this work and will be a subject of our
future research.
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