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Abstract. Strongly coupled partitioned fluid-structure interaction problems require mul-
tiple coupling iterations per time step. The fluid domain and the structure domain are
solved multiple times in each time step such that the kinematic and dynamic interface
conditions on the fluid-structure interface are satisfied. Quasi-Newton methods have been
successfully applied in case the fluid and structure solvers are considered as black boxes,
i.e. only input and output information of the solvers are used by the coupling techniques.

In this contribution a computationally inexpensive low-fidelity model is combined with
a high-fidelity model in order to accelerate the convergence of the high-fidelity model. This
is achieved by applying the manifold mapping algorithm on the fluid-structure interaction
problem in order to minimize the fluid-structure interface residual. Originating from
multi-fidelity optimization, the manifold mapping algorithm is applied for the first time
in a simulation context, instead of an optimization context.

The manifold mapping algorithm is applied on a standard fluid-structure interaction
benchmark, namely the cylinder flap FSI3 case. A reduction of 48 % in terms of high
fidelity iterations is achieved compared with the inverse least squares Quasi-Newton al-
gorithm, resulting in a 42 % decrease in computational costs.

1 INTRODUCTION

Fluid-structure interaction solvers are multi-physics solvers which allow to simulate
dynamic responses and instabilities of complex problems. Examples of its application
are aero-elasticity, arterial flow and airbag deployment [2, 9]. Also, the deployment
of parachute systems can be modelled with strongly coupled fluid-structure interaction
solvers. Concluding, fluid-structure interaction plays a crucial role in many engineering
fields where efficient and accurate simulations are highly important.
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The focus of this contribution is the numerical simulation of strongly coupled fluid-
structure interaction problems, where the fluid solver and the structure solver are consid-
ered as black boxes. An implication of using only input and output information of the
fluid and structural solver is that a large number of sub-iterations are necessary to obtain
a strongly coupled solution. This means that both the fluid and structure solver are called
multiple times per time step. One idea is to perform a large amount of the sub-iterations
with a low fidelity model, instead of the current high fidelity flow and structure models
[8]. The questions remains how to efficiently couple the multi-fidelity models.

Originating from multi-fidelity optimization, the aggressive space mapping algorithm
has been used in [8] to efficiently couple a high fidelity model with a low fidelity model
for a fluid-structure interaction problem. Scholcz et al. [8] consider the fluid-structure
interaction interface problem as an optimization problem. A computationally inexpen-
sive low-fidelity model is combined with a high-fidelity model in order to accelerate the
convergence of the high-fidelity model.

In this contribution, manifold mapping is applied for the first time to a fluid-structure
interaction problem in order to decrease the number of sub-iterations of the high-fidelity
fluid-structure interaction model. One advantage of manifold mapping over space map-
ping, is that the algorithm has provable convergence to the correct solution [5]. This proof
has not been shown for space mapping.

The paper is structured as follows: first, the fluid-structure interaction problem is
described in section 2. Section 3 introduces the manifold mapping algorithm, and the
application of the technique is shown in section 5 for a standard fluid-structure interaction
benchmark, namely the cylinder with an attached flap test case [10]. The paper is finalized
with the conclusions in section 6.

2 FLUID-STRUCTURE INTERACTION

The fluid-structure interaction problem is partitioned into a fluid domain ©/ and a
structural domain €2°. The separate domains are coupled on the fluid-structure interface
I'/# through the interface conditions consisting of the kinematic and dynamic boundary
conditions. The governing equations for the flow and the structure are introduced in this
section, and the used boundary conditions are shortly discussed.

2.1 Fluid domain

The fluid is considered to be incompressible. Hence, the governing equations for the
fluid are given by the balance of momentum

fa"’f f £\ af f
0 E—i—g (Vv)'v =V-o/, (1)

and the balance of mass, which reduces to a divergence free constraint on the velocity
field due to incompressibility:

V.ol =0 in@/, (2)
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where the velocity field is denoted by v/, the pressure field is denoted by p/, and of
represents the density. A Newtonian fluid is considered, which leads to the constitutive
equation for the stress tensor of

ol = —p'1T+ V! <va + V'va> , (3)
for a given kinematic viscosity v7.

2.2 Structure domain

The configuration of the structure domain is described by the displacement w®. An
elastic and incompressible structure is assumed, and the governing equation is given by
the balance of momentum

S

ot

0’ +0° (Vo) v* =V -0’ + o'g in °. (4)

Equation (4) is modified to use the Lagrangian description, i.e. with respect to the initial
reference state ['*, resulting in

0%’
ot?
where the deformation gradient tensor F' is defined as F' = I 4+ Vu*®, and the Jacobian J

is the determinant of the deformation gradient tensor F'. By applying the constitutive law
for the St. Venant-Kirchhoff material, the Cauchy stress tensor o* is found by applying

0 =V (JO'SF_T) + 0°g in Q°, (5)

1
o' =S F (N (tr B) I 4+ 2u°E) FT, (6)

with E = % (FTF I ), and the shear modulus is denoted by u°.

2.3 Interface conditions

At the fluid-structure interface I'/*, the balance of stresses is enforced through
oln=0n  onl’ (7)

with the unit vector m normal to the fluid-structure interface I'/*. Also, the no-slip
condition is imposed so that velocities must be equal at the fluid-structure interface:

v/ = v on I'/¢. (8)
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2.4 Partitioned coupling as interface optimization

The fluid solver and structure solver are considered as black boxes. In other words,
only the input and output information is accessible. Therefore, the response of the fluid
solver F'is defined as

y=F(z), (9)

where x denotes the velocity of the fluid-structure interface, i.e. * = v/ = v*, and y
denotes the force acting on the fluid-structure interface defined as y = o/n. The response
of the structure solver S is consequently defined as

x=15(y). (10)
Typically, at every time step the fixed point equation
x=SoF (x) (11)
must be satisfied, which can also be written as the interface residual R (x)
R(x)=SoF (x)— =, (12)

which is solved with a minimization or optimization procedure aimed to find the optimal
solution x* such that
x* = argmin || R (x)|], . (13)
xT

Standard approaches used to solve the strongly coupled fluid-structure interaction prob-
lem are the Gauss-Seidel method, fixed under-relaxation, Aitken under-relaxation, and the
IQN-ILS method [2]. These minimization procedures require the evaluation of S o F'(x)
multiple times per time step.

Algorithms originally developed for multi-fidelity optimization, such as aggressive space
mapping and output space mapping [1], can also be used to minimize the interface residual
R (x) [8]. Where Scholcz et al. [8] apply a space mapping algorithm to the interface
residual problem R () = So F (x) — , this contribution investigates the use of manifold
mapping [5] in order to solve this optimization problem.

3 MANIFOLD MAPPING

Manifold mapping is a surrogate-based optimization technique, which means that the
quality of the initial solution or approximation is iteratively improved. The main aim of
a surrogate-based optimization technique, is to decrease the computational times of high
fidelity models by combining the high fidelity model with a less accurate and computa-
tionally less expensive coarse model.

The main advantage of the manifold mapping algorithm is that it has provable con-
vergence to the correct solution contrary to aggressive space mapping or output space
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mapping [5]. This makes the algorithm more robust for use in a fluid-structure interac-
tion simulation.

The basic terminology is introduced, and the manifold mapping algorithm is shown.
For convergence theorems for the different manifold mapping algorithms available, the
reader is referred to [5].

3.1 Manifold mapping terminology

Two types of models are distinguished: a fine model and a coarse model. The fine
model response is denoted by f : X C R* — R™, where & € X represents the control
variable of the optimization problem. It is assumed that the fine model is accurate, but
requires high computational costs to evaluate.

3.1.1 Fine model

The fine model cost function is defined as F' () = || f (x) — q||, which represents the
discrepancy between the design specification q and a particular response of the model
f (z). Thus, the following minimization problem should be solved:

zy = argmin||f (z) - g (14)

When the manifold mapping technique is applied to the fluid-structure interaction prob-
lem, the fine model response is defined as the interface residual:

fl@)=R(@)=SoF(z) 2. (15)

The design specification q is the zero vector. For consistency, q is not dropped from the
formulation, since the design specification of the coarse model is not zero, but iteratively
updated. This is discussed next.

3.1.2 Coarse model

The coarse model response is denoted by ¢ : Z C R" — R™, where z € Z represents
the control variable of the coarse model. In the general case, an additional mapping
p: X — Z is introduced, such that the space mapping function

p(z) = argmin e (2) — f (2)|| (16)

is minimized in order to minimize the misalignment between the coarse model and the
fine model [4]. The coarse model response is defined as ¢(z) = S o F (z) — z.

In this work, it is assumed that the space mapping function is close to identity which
is a common assumption also applied in [4]. The optimization procedure is performed on
the so-called coupling grid, as proposed in [3]. The coarse model response ¢ is interpolated
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with radial basis functions to the coupling grid at every coarse model iteration, and the
control variable z is also interpolated with radial basis functions from the coupling grid
to the coarse model.

The coarse model cost function is defined as

z* = argmin||c(z) —q|. (17)
z€eZ
The Euclidean norm or Ly norm is used in the minimization process.

3.2 Manifold mapping algorithm

The manifold mapping S : ¢(Z) — f(X) is introduced with the goal to correct for
the misalignment between the fine and coarse model. S is defined as the affine mapping

Sc(x) = f(xf7) + 5 (c(x) —c(xf7)), (18)
for an unknown solution x;* and with S specified as
S = Jp () J! (27), (19)

and the pseudoinverse is indicated with the symbol {. The Jacobian of the fine model
evaluated at x* is denoted with J¢ (z¢*), and the Jacobian of the coarse model evaluated
at ;* is denoted with J. (xf*).

In [5] it is shown that

N . : * f *
2y —argmin ||S ¢ (@) — ql| = argmin ||e (@) ~ e (@;7) + 5 (f (@) ~ @)

)

which is the basis of the manifold mapping algorithm. The mapping S is not known at
forehand, and is therefore iteratively approximated.

Thus, the manifold mapping algorithm generates a sequence of mappings Sy, k > 0,
and consists of the following steps:

1. Set k = 0 and initialize the manifold mapping algorithm with an initial guess x.
Here, the initial guess at time level u+1 is determined by extrapolating the solutions
of the previous time steps: @™ = 2a" —2x* ' + 12" 2. This is different from the
original manifold mapping algorithm, which determines oy with the coarse model
optimum xy = argmin,cz ||c(2)||.

2. Initialize the mapping matrix Sy of size m x m as the identity matrix.

3. Evaluate f (xx) and c¢(xy), and go to the next time step in case the convergence
criteria are met, i.e. when the fixed point equation x; = S o F' (xy) is satisfied for
the fine model.
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xo" T = Sav — 20t 4 L2
So = Imxm
for k=0 — k. do
q, = c(zy) — Sk (f (zx) — q)
Tyl = arg Mingex || (z) — q;|
AF = [f (Tps1) — F(x), -+, F@psr) — F (iﬂmax(k+1—n,o))]
AC = [C (Tpy1) —c(xp), -+, c(Tpg1) — € (wmax(k—l—l—n,O))}
(Us, 24, Vy) = SVD (AF)
(Ue 2, V) = SVD (AC)
AFT =V 2, ut
Ses1 = ACAFY + Iy — U UT

end for
Figure 1: The manifold mapping (MM) algorithm
4. For k > 0, define AF = [f (x1) — f (®1), -+, F (@e1) — F (Tmax(hs1-n,0)) | and
AC = [c (py1) —c(xg), -+, c(xpy1) — € (mmax(kﬂ_n,o))]. Their singular value

decompositions are determined as AC = U, L. V,T and AF = U 2 VfT. The
pseudoinverse of AF is evaluated as AFT = UX fTVfT.

5. Update the mapping S with Sy = ACAFT + I, n — U U
6. The solution @y, is updated with &y = arg mingex ||c(x) — ¢ () + Sk (f (zx) — q)||-
7. Set k:=k+ 1 and go to step 3.

The algorithm is also shown in figure 1.

3.3 Convergence criteria

For the fine model a relative convergence criteria is used, i.e. the iteration is assumed
to be converged if the relative residual € is smaller than a certain specified tolerance
TOLf

SoF —
Ef: || ° (CB) iBH STOLf (21)
|||
For the coarse model the following criteria is used:
S 7 o
1z — qll
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Figure 2: Overview of the lid-driven cavity tests. The boundary conditions and the geometry
is shown. The dimensions are shown in meters. The figure has been taken from [6].

4 RESULTS FOR THE LID-DRIVEN CAVITY CASE WITH A FLEXIBLE
BOTTOM

As a first test case, a lid-driven cavity with a flexible bottom is considered. The
benchmark consists of a two-dimensional laminar flow in a square cavity with a flexible
bottom membrane. The case has been used in [6] to validate a strongly coupled fluid-
structure interaction solver. Here, the benchmark is used to compare the performance
of the manifold mapping algorithm with the standard IQN-ILS algorithm, and with two
space mapping techniques, namely aggressive space mapping (ASM) and output space
mapping (OSM).

At the top wall and at the inlet an oscillating boundary condition is applied given by

wn(t) = 1 — cos (%”t) . (23)

At the inlet the horizontal velocity depends linearly on the vertical coordinate, as shown
in figure 2. For further details regarding this case, the reader is referred to [6]. The
test case is simulated until ¢ = 5s with time step At = 0.01 s. The structure elasticity
parameter has the value o/, = 1/50.

The mesh of the fine model consist of 65536 cells for the fluid domain and 2048
cells for the structure domain. The fluid mesh of the fine model is coarsened twice in
x and y direction, resulting in 4096 cells for the fluid domain. The structure mesh
of the coarse model consists of 2048 cells. The fine model uses a matching mesh at
the fluid-structure interface, whereas the coarse model uses a non-matching mesh at the
fluid-structure interface. The coupling iterations are assumed to be converged in case
€r < 10~*. For the coarse model, the tolerance setting TOL, = 10™* is used.
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Table 1: Average number of fine and coarse iterations per time step for the lid-driven cavity
case with a flexible bottom. The iteration numbers are averaged over the complete
simulation. The iteration numbers are shown for the manifold mapping technique,
aggressive space mapping, output space mapping, and the standard interface quasi-
Newton inverse least squares method only operating on the fine mesh.

# fine eval. # coarse eval. duration [min]

MM 4.3 11.1 3.5
ASM-ILS 52.3 63.9 34.8
OSM 4.9 11.7 6.1
IQN-ILS 7.0 0.0 6.0

Table 1 shows the number of fine model and coarse model evaluations for the complete
simulation. The manifold mapping algorithm is compared with aggressive space mapping
(ASM-ILS), output space mapping (OSM), and the current state-of-the-art coupling al-
gorithm IQN-ILS. As shown in the table, the manifold mapping uses the least amount of
fine and coarse evaluations compared to the other coupling algorithms, and requires 1.6
times less fine model evaluations compared to IQN-ILS.

The aggressive space mapping algorithm shows a large number of iterations per time
step. This is due to the fact that convergence of the space mapping algorithm is not
guaranteed, and for some time steps the coupling algorithm does not converge and stalls.
The manifold mapping approach does not have this problem.

5 RESULTS FOR THE CYLINDER WITH AN ATTACHED FLAP BENCH-
MARK

The fluid-structure interaction benchmark introduced in [10] describes a two-dimensional
incompressible laminar flow around a fixed cylinder with an attached flexible cantilever.
The geometry of the test case is shown in figure 3. A parabolic inlet boundary condition
is prescribed, and a free outflow boundary condition is applied at the right boundary.

In [10] three different test cases are considered which differ in the material and flow
parameters. This contribution only considers the F'SI3 case, where the structure elasticity
parameter is set to or/ps = 1 resulting in a strong coupling between the fluid and the
structure.

The mesh of the fine model consist of 95696 cells for the fluid domain and 1312 cells for
the structure domain. The mesh of the fine model is coarsened twice in x and y direction,
resulting in 5981 cells for the fluid domain and 82 cells for the structure domain. Thus the
ratio of the number of cells between the fine model and the coarse model is 16. Both the
fine model and the coarse model apply a matching mesh at the fluid-structure interface.

Table 2 shows the results for the cylinder with an attached flap benchmark comparing
the manifold mapping with aggressive space mapping, output space mapping, and the
standard interface quasi-Newton inverse least-squares method. The manifold mapping

4492



David S. Blom, Alexander H. van Zuijlen and Hester Bijl

A — nmman L
r = 0.05m
0.41m ¥, ¥ 0.02m
C 3 0.35m R A
y

L

| A S R RREITYyye ——
(07 0) 2.5m
-—— - -— siuan —_—

Figure 3: Geometry of the cylinder with an attached flap benchmark originally proposed in
[10]. The figure shows a channel flow with a fixed cylinder and a flexible flap attached
to the cylinder. Point A located at the back of the flap is used as a reference point
for the measurements of the displacement. The figure has been taken from [7].

methods needs the least amount of fine model and coarse model evaluations, and requires
1.8 times less fine model evaluations compared to IQN-ILS.

Aggressive space mapping requires the largest amount of fine model and coarse model
evaluations. The large number of coarse model evaluations can be explained by the fact
that the aggressive space mapping algorithm requires the optimization of the coarse model
to find z*, whereas this is not required for output space mapping and manifold mapping.
The simulations show that the prediction step used by the MM and OSM techniques
results in a smaller initial residual compared to ASM-ILS, which results in an increase
of fine model evaluations. Also, convergence of the space mapping algorithm has not
been proven, and for some time steps the aggressive space mapping algorithm does not
converge.

6 CONCLUSIONS

A new coupling algorithm for the efficient simulation of fluid-structure interaction is
developed by using the manifold mapping (MM) technique. A computationally inexpen-
sive low-fidelity model is combined with a high-fidelity model in order to accelerate the
convergence of the coupling procedure of the high-fidelity model.

A reduction of a factor two in terms of high fidelity iterations is achieved compared with
the inverse least squares Quasi-Newton algorithm, resulting in a speedup of 1.7. Future
research will cover (1) a study on reuse of input/output information from previous time
steps in order to further accelerate the convergence of the manifold mapping algorithm,
and (2) a parallel coupling procedure such that the displacement of the fluid-structure
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Table 2: Average number of fine and coarse iterations per time step for the cylinder with an at-

tached flexible flap benchmark. The iteration numbers are averaged over the complete
simulation. The iteration numbers are shown for the manifold mapping technique,
aggressive space mapping, output space mapping, and the standard interface quasi-
Newton inverse least squares method only operating on the fine mesh.

# fine eval. # coarse eval. duration [min]

MM 6.1 29.5 124
ASM-ILS 21.7 65.5 32.0
OSM 7.2 31.3 13.2
IQN-ILS 11.8 0.0 21.3

interface and the forces acting on the interface are both used by the coupling algorithm.
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