


a vertical acceleration of beam, m/s2

b, h width, height of beam, m
Ch, CH non-dimensional parameter
E Young’s modulus, kg/(ms2)
f flow-induce force, N
I second moment of area of beam cross-section, m4

k wave number
L,H length, height of fluid domain, m
P fluid pressure, Pa
t time, s
v vertical velocity of beam, m/s
W,w beam vertical displacement, m
x, y Cartesian coordinates

Subscripts

c critical value
n time step index
opt optimal value

I. Introduction

Nonlinear fluid-structure interaction (FSI) is an important phenomenon underlying many aerospace and
oceanic vehicle designs such as those utilizing flexible, reconfigurable, and morphing structures. In order
to achieve high performance at low cost, this phenomenon needs to be rigorously analyzed, and properly
accounted for early in the design process. Numerical methods for solving coupled fluid-solid problems
fall into two categories: those that employ a monolithic procedure, and those employing a partitioned
one.2–7 In the monolithic procedure,2,3 the fluid and structure governing equations are semi-discretized
and time-integrated simultaneously as one system. This approach can account for the strong coupling
between the two subsystems, but requires a fully-integrated fluid-structure solver. On the other hand, the
partitioned procedure4–7 solves the fluid and structure governing equations separately. Specifically, a CFD
(computational fluid dynamics) solver and a CSD (computational structural dynamics) solver can be used
for the separate evaluations of the two subsystems, while the kinematic and dynamic interface conditions,
also referred to as transmission conditions, are enforced through data exchange between the two solvers.

Within the category of partitioned procedures, explicit coupling schemes (also referred to as “loose”
coupling) solve the fluid and the structure governing equations once per time step, without sub-iteration.
Figure 1 illustrates the solution and data exchange of this type of schemes using asynchronous time grids.
Specifically, at the fluid-structure interface, the velocity of the fluid is prescribed to be the velocity of the
structure computed by the CSD solver, while the traction on the surface of the structure is computed using the
fluid pressure and viscous stress. In other words, the kinematic and dynamic interface conditions are enforced
by applying a Dirichlet boundary condition in the fluid subsystem and a Neumann boundary condition in the
structure subsystem. This type of Dirichlet-Neumann (D-N) explicit coupling scheme has been successfully
used in modeling and simulating many compressible fluid-structure interaction problems.8–13 However, for
FSI problems involving incompressible flows and light structures, a particular numerical instability (often
referred to as the artificial or numerical added-mass effect) is a major issue, which has been formulated and
studied in Causin et al.6 and Főrster et al.7 It has been discovered that when the densities of the fluid and
structure are comparable (or that the solid is less dense than the fluid) the loose coupling approach results
in an unconditionally unstable scheme. A straightforward method to fix this issue is to perform multiple
(often > 10) subiterations between the fluid and structure solvers in the fashion of fixed-point iteration. This
approach is often referred to as implicit or “strong” coupling. However, the resulting high computation cost
limits the scope of applications.6

To mitigate the numerical added-mass effect without significantly increasing the computational cost,
several ideas have been proposed in the past few years. An explicit coupling scheme, referred to as the kine-
matically coupled scheme, was proposed in Guidoboni et al.15 and then extended to kinematically coupled
β - scheme in Bukac̆ et al.16 with improved accuracy. This type of methods enforce the kinematic interface
condition implicitly in a Lie’s time-splitting scheme. The resulting fluid subsystem includes structure inertia,
which is thought to be the main reason for the improved stability of the scheme.17 However, this approach
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assume that the left and right boundaries of Ωf are periodic. Moreover, because the structural deformation
is small, we neglect the variation of Ωf in time. For simplicity, we only consider transverse displacements of
the beam. With these assumptions, the model problem reads:
Find W = W (x, t), U = U(x, y, t), P = P (x, y, t) such that



























































EI
∂4W

∂x4
+ ρsbh

∂2W

∂t2
= f in (0, T )× Ωs

ρf
∂U

∂t
+∇P = 0 in (0, T )× Ωf

∇ ·U = 0 in (0, T )× Ωf

U · n = 0 onΓB

∂P

∂n
|ΓL

=
∂P

∂n
|ΓR

, P |ΓL
= P |ΓR

(1a)

(1b)

(1c)

(1d)

(1e)

where ρf is fluid density, W denotes transverse displacements of the beam, U fluid velocity and P fluid
pressure; ΓL, ΓR, ΓB denote the left, right and bottom boundary of Ωf , respectively. E denotes the Young’s
modulus of the beam material and I the second moment of the area of the beams cross-section. ρs is the
beam density, h and b denote the height and width of the beam, respectively. f is the flow-induced force on
the beam. The beam is pinned on both ends, which gives W |∂Ωs

= ∂2W/∂x2|∂Ωs
= 0. On the interface Σ,

the kinematic and dynamic interface conditions are given by Eq.(1f) and Eq.(1g), respectively.







U · n =
∂W

∂t
(x, t) onΣ

f = P |Σb onΣ

(1f)

(1g)

where the vector n is the outward unit normal from the fluid domain. Since we only consider vertical
displacement of beam, n = (0, 1).

Since fluid velocity is solenoidal, it can be eliminated from the coupled system Eq.(1) , resulting in the
pressure Poisson equation. The reformulated system is written as Eq.(2).










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














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





























































EI
∂4W

∂x4
+ ρsbh

∂2W

∂t2
= f in (0, T )× Ωs

W |∂Ωs
=

∂2W

∂x2
|∂Ωs

= 0

∇2P = 0 in (0, T )× Ωf

∂P

∂y
= 0 onΓB

∂P

∂y
|ΓL

=
∂P

∂y
|ΓR

, P |ΓL
= P |ΓR

∂P

∂y
= −ρf

∂2W

∂t2
onΣ

f = P |Σb onΣ

(2a)

(2b)

(2c)

(2d)

(2e)

(2f)

(2g)

A closed-form formulation of the exact solution can be derived and we refer the reader to Banks et al.22

B. Partitioned Solution and Mathematical Analysis

In this section, we solve the 2D model problem using two explicit partitioned procedures based on different
transmission conditions, i.e., Dirichlet-Neumann (D-N) explicit coupling scheme and Robin-Neumann (R-
N) explicit coupling scheme. Note that, in the following paper, “partitioned solution” is used to refer to
numerical solution based on partitioned procedure. Furthermore, mathematical analysis is carried out to
study the differences in stability properties and accuracy between these two partitioned procedures. Most
importantly, we characterize the effect of combination parameter on stability and accuracy in R-N explicit
coupling scheme and propose a method to determine its optimal value.
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Step 3: Compute the flow-induced pressure on interface Σ and transfer it to structure;

fn = pnb onΣ (6)

Step 4: Advance the structure subsystem to tn by solving structure equations Eq.(6) and Eq.(7) analytically.



















EI
∂4Wn

∂x4
+ ρsbh

∂2Wn

∂t2
= fn inΩs

Wn|∂Ωs
=

∂2Wn

∂x2
|∂Ωs

= 0

(7a)

(7b)

We now analyze the stability properties by referring to the work of Banks et al.22 First, referring to the
problem setup, the partitioned solution at each time step can be expanded into a Fourier sine series:

Wn(x, t) =

∞
∑

i=1

Ŵn(k, t) sin (kx), Pn(x, y, t) =

∞
∑

i=1

P̂n(k, y, t) sin (kx) (8)

where k = 2πi/L and hat functions represent the amplitude of corresponding sine wave. For one Fourier com-
ponent that corresponds to one wavenumber k, the structure governing equation Eq.(7a) can be reformulated
by:

EIk4Ŵn,k(t) + ρsbh
∂2Ŵn,k(t)

∂t2
= P̂n,k(H, tn)b = p̂n,kb (9)

In the following, we only consider one Fourier component and ignore the subscript k. With the new
pressure on interface Σ computed in Step 3, solving Eq.(9) corresponds to solving the following second-order
linear ordinary differential equation (ODE):

∂2Ŵn(t)

∂t2
+ ω2

0Ŵn(t) =
Ma

ρsh

∂2ŵn−1

∂t2
(10)

where ω0 =
√

EIk4/(ρsbh), Ma = −ρf/[k tanh (kH)]. Let’s denote the initial state of beam at tn−1 by

K̂n−1 = (ŵn−1, v̂n−1, ân−1)
T . The final state K̂n = (ŵn, v̂n, ân)

T can be obtained by solving the ODE
Eq.(10) analytically, which can be expressed as a linear system of beam kinematics Eq.(11).







ŵn

v̂n

ân






= CDN







ŵn−1

v̂n−1

ân−1






=







cos (ω0∆t) sin (ω0∆t)
ω0

Mab[1−cos(ω0∆t)]
EIk4

−ω0 sin (ω0∆t) cos (ω0∆t) Maω0b sin (ω0∆t)
EIk4

−ω2
0 cos (ω0∆t) −ω0 sin (ω0∆t)

Maω
2

0
b cos (ω0∆t)
EIk4













ŵn−1

v̂n−1

ân−1






(11)

Hence, given an initial condition at t0, the partitioned solution at certain tn can be computed explicitly
using Eq.(11).

The stability properties of the above linear system Eq.(11) are determined by spectral radius of matrix
CDN. The error is bounded if all of the eigenvalues λ of the matrix CDN satisfy |λ| ≤ 1. Hence, the stability
criterion of D-N explicit coupling scheme is given by Eq.(12).

|ρ(CDN)| ≈ ΦDN =
cosh (kH)

ηhk sinh (kH)
≤ 1 (12)

where η = ρs/ρf . Moreover, |ρ(CDN)| = ΦDN if ∆t goes to zero. It can be seen from Eq.(12) that the
numerical stability of D-N explicit coupling scheme depends on the density ratio η between structure and
fluid, the thickness of beam h, the height of fluid domain H and the wavenumber k. The scheme becomes
unstable if the added-mass effect is significant, e.g., involving a small density ratio and/or a slender domain.
This result is similar to those results in Causin et al.,6 Főrster7 et al., Banks et al.22 but it is independent
of the spatial discretization scheme and time integrator for each subsystem.
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2. Robin-Neumann (R-N) explicit coupling scheme

As we have already seen, numerical instability is encountered in the D-N explicit coupling scheme for problems
with a significant added-mass effect. An alternative is to use the R-N explicit coupling scheme based on
Robin transmission condition, which is a linear combination of the kinematic and dynamic conditions at
fluid-structure interface. First proposed in Badia et al.,1 R-N schemes have shown remarkable stability
properties when the added-mass effect is a potential pitfall as long as the linear combination parameter is
carefully selected. The R-N scheme splits the coupled system into a fluid subsystem with Robin transmission
condition and a structure subsystem with Neumann transmission condition. We now consider using the R-N
explicit coupling scheme to solve the coupled system Eq.(2). The new algorithm is the same as Algorithm

1 except that the boundary condition of the fluid subsystem Eq.(4) is replaced by a Robin transmission
condition, i.e., a linear combination of kinematic Eq.(2f) and dynamics conditions Eq.(2g).

αf
∂Pn

∂y
+ Pnb = pn−1b− αfρf

∂2wn−1

∂t2
onΣ (13)

where αf is the linear combination parameter that satisfies αf > 0. By taking αf = ∞, R-N explicit
coupling scheme coincides with D-N explicit coupling scheme. It has been shown that stability properties of
R-N schemes depend on the choice of αf .

1 Thanks to the simple nature of 2D model problem, we now provide
a mathematical analysis on the effect of combination parameter αf on the numerical stability properties and
the accuracy of Robin-Neumann explicit coupling scheme.

First, we apply the same strategy (Eq.(8)-Eq.(12)) to analyze the effect on stability properties. With the
new Robin transmission condition, the second-order linear ODE corresponds to Eq.(10) is given by Eq.(14).

∂2Ŵn(t)

∂t2
+ ω2

0Ŵn(t) = M1ω
2
0ŵn−1 +M2ω

2
0

∂2ŵn−1

∂t2
(14)

where M1 and M2 are defined as:

M1 =
1

αfk tanh (kH)/b+ 1
, M2 =

ρsbh− αfρf
EIk4[αfk tanh (kH)/b+ 1]

(15)

Similar to Eq.(11), a linear system of beam kinematics Eq.(16) can be obtained by solving the ODE Eq.(14)
analytically.







ŵn

v̂n

ân






= CRN







ŵn−1

v̂n−1

ân−1






=







(1−M1) cos (ω0∆t) +M1
sin (ω0∆t)

ω0

M2(1− cos (ω0∆t))

−ω0(1−M1) sin (ω0∆t) cos (ω0∆t) M2ω0 sin (ω0∆t)

−ω2
0(1−M1) cos (ω0∆t) −ω0 sin (ω0∆t) M2ω

2
0 cos (ω0∆t)













ŵn−1

v̂n−1

ân−1







(16)

Hence, given an initial condition at t0, the partitioned solution at certain tn can be computed explicitly
using Eq.(16). The stability criterion of R-N explicit coupling scheme is given by Eq.(17)

|ρ(CRN)| ≈ ΦRN =

∣

∣

∣

∣

1− αfρf/(ρsbh)

αfk tanh (kH)/b+ 1

∣

∣

∣

∣

≤ 1 (17)

|ρ(CRN)| = ΦRN if ∆t goes to zero. Eq.(17) indicates that, in addition to the physical parameters, the
numerical stability of the Robin-Neumann scheme depends on the choice of αf . By introducing three new
non-dimensional parameters α = αfk/b, Ch = kh, CH = kH, we can rewrite Eq.(17).

ΦRN (η, Ch, CH , α) =

∣

∣

∣

∣

η − α/Ch

η + αη tanh (CH)

∣

∣

∣

∣

≤ 1 (18)

Figure 3 shows the dependence of ΦRN on density ratio and CH for different values of non-dimensional
combination parameter α. As can be seen from figure 3(a), for problems where the solid and fluid densities
are similar, e.g., blood flow in arteries where η ≈ 1, the R-N explicit coupling scheme is stable if a sufficiently
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0 1 2 3 4 5

Density Ratio(η)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Φ
R
N

DN

α = 40.8

α = 4.08
α = 2.04

α = 0.82α = 0.41
α = 0.2

D-N

R-N - 40.8

R-N - 4.08

R-N - 2.04

R-N - 0.82

R-N - 0.41

R-N - 0.2

(a)

0 1 2 3 4 5 6

CH = kH

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Φ
R
N

DN

α = 40.8α = 4.08

α = 2.04

α = 0.82

α = 0.41

α = 0.2

D-N

R-N-40.8

R-N-4.08

R-N-2.04

R-N-0.82

R-N-0.41

R-N-0.2

(b)

Figure 3: (a) Dependence of Φ on density ratio η. (b) Dependence of Φ on non-dimensional parameter CH .

small α is used. Similarly, from figure 3(b), α should be small enough for a given slender fluid domain in order
to ensure the numerical stability of the R-N explicit coupling scheme. In other words, as αf is reduced, the
R-N explicit coupling scheme remains stable under a wider region of the physical parameter space. However,
the combination parameter cannot be made arbitrarily small due to the lost of accuracy. This is because,
as combination parameter is reduced, the influence of kinematic condition at fluid-structure interface is
suppressed. Consider an extreme case where αf = 0; in this case, the Robin-Neumann scheme becomes
equivalent to the Neumann-Neumann scheme and one of the transmission conditions for coupled system -
the kinematic condition - is missing. Hence, characterizing the effect of combination parameter on accuracy
is needed (to be discussed in section C).

C. Numerical Experiments

In this section, we present some results of the numerical solution of 2D model problem based on R-N explicit
coupling scheme with the aim of verifying the mathematical analysis carried out in Section B. First, we
verify the stability criterion for the Robin-Neumann scheme Eq.(17). Second, the numerical error and the
order of accuracy of the R-N explicit coupling scheme using different values of the combination parameter
αf are shown to demonstrate the effect of αf on accuracy. Referring to the domain of Fig.2, we set H = 1
m, b = 0.01540 m, h = 0.0924 m, L = 1 m for all of the numerical tests. The initial condition of beam’s
kinematic at t0 = 0 is obtained from exact solution and given as Eq.(19). For other parameters, we take
k = 2π, E = 70 GPa, Iz = 1 × 10−6 m4, ρs = 1000 kg/m3, ρf = 876 kg/m3, w̃ = 0.01 m. The quantity of
interest we show in this section is beam displacement at x = 0.25.

W (x, t0) = 0,
∂Wn

∂t
|t0 = 2w̃ω sin (kx),

∂2Wn

∂t2
|t0 = 0 (19)

where w̃ denotes the vibration amplitude, and the frequency of beam vibration is ω =
√

EIk4

ρsbh+ρf b/[k tanh (kH)] .

1. Verification of stability criterion:

It can be seen from the stability criterion Eq.(17) that, for a given combination of physical parameters, there
is a critical value of αf such that Φ = 1, which is denoted by αf,c.

αf,c =
2ρsbh

ρf − ρshk tanh (kH)
(20)
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Given the physical values above, it turns out to be αf,c ' 0.0096328. The R-N explicit coupling scheme with
an αf above this critical value is predicted to be unstable. Hence, the critical value αf,c and a slightly higher
value 1.05αf,c are tested in order to verify Eq.(17). The results of the partitioned solution with these two
values of αf are shown in figure 4(a) and figure 4(b). The solution is stable if αf is set to be the critical value
αf,c as shown in figure 4(a). However, numerical instability is observed in figure 4(b) where αf = 1.05αf,c.
It can thus be concluded that αf,c is the critical value of combination parameter for numerical stability,
which verifies the stability criterion Eq.(17). It is worth mentioning that compared to R-N scheme with
αf = 1.05αf,c, the solution blows up even faster if the D-N scheme (which is a particular case of the R-N
scheme where αf = ∞) is used.

0 0.002 0.004 0.006 0.008 0.01

Time(s)

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

D
is
p
la
ce
m
en
t(
m
)

Partitioned solution

Exact solution

(a)

0 0.002 0.004 0.006 0.008 0.01

Time(s)

-1.5

-1

-0.5

0

0.5

1

1.5

D
is
p
la
ce
m
en
t(
m
)

Displacement of the beam at x=0.25

(b)

Figure 4: Partitioned solution of beam displacement at x = 0.25 using Robin-Neumann explicit coupling
scheme with two different combination parameters: (a) αf = αf,c and (b) αf = 1.05αf,c.

2. Effect of αf on accuracy:

In this section, we characterize the effect of αf on the accuracy of the R-N explicit coupling scheme by
comparing the results of numerical tests using different αf . The αf should be chosen such that the numerical
solution is stable. Hence, two special values of αf that satisfy stability criterion Eq.(17) are considered here.
One is the critical value αf,c defined in Eq.(20) and the other one is an added-mass-free αf , denoted by αf,amf ,
which is chosen such that ΦRN = 0. Given physical values above, two values turn out to be αf,c ' 0.0096328
and αf,amf ' 0.0016244. Figure 5(a) compares the time-history of error of beam displacement at x = 0.25
between two test cases. The error is computed using the exact solution of model problem. It can be clearly
seen that the amplitude of error for the R-N scheme with αf,amf is much higher than that with the critical
value αf,c. Figure 5(b) shows that the R-N explicit coupling scheme with αf,c is second-order accurate in
time while it is first-order accurate if αf,amf is used. These results indicate that the combination parameter
in the Robin transmission condition affects the order of accuracy of a partitioned procedure and an optimal
αf in terms of accuracy can be chosen such that Φ = 1.

αf,opt = αf,c =
2ρsbh

ρf − ρshk tanh (kH)
(21)

This finding provides us with an idea to determine the optimal αf for general FSI problems such that the
Robin-Neumann scheme can achieve it best accuracy while also retaining numerical stability.

III. An Embedded Boundary CFD-CSD Framework with Robin-Neumann

Interface Condition

In this section, we present a novel embedded boundary method that couples a projection-based incom-
pressible flow solver with a finite element beam structure using the Robin-Neumann interface condition
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Figure 5: (a) Comparison of error magnitude. (b) Comparison of the order of accuracy

discussed in Section II. Let Ωf ⊂ R
2 denotes the domain of fluid, governed by incompressible Navier-Stokes

(N-S) equations Eq.(22).











∇ ·U = 0

∂U

∂t
+U · ∇U=ν∆U−

1

ρf
∇P

(22a)

(22b)

where t denotes time, ρf the fluid density, U = (u, v) the fluid velocity, P the fluid pressure and ν the
kinematic viscosity. Here, the fluid is assumed to be laminar. The structure governing equation defined in
Ωs ⊂ R

2 is written in Lagrangian formulation. Depending on the flexible structure of interest, different types
of structure governing equations can be applied, e.g., equation of motion for nonlinear elastic structures23

or equation of motion for linear elastic structures. For the sake of simplicity, we start with a linear elastic
structure governed by Eq.(23).

ρs
∂2d

∂t2
−∇ · σs = f (23)

where, d denotes the displacement vector of the structure, ρs the structure density, σs the Cauchy stress
tensor with σs = −pI+2µε, f the body force per unit volume. At fluid-structure interface Σ = ∂Ωf ∩∂Ωs, if
we assume an impermeable interface, the interaction between fluid and structure is driven by two transmission
conditions, i.e., kinematic condition Eq.(24a) and dynamic condition Eq.(24b).

Uj =
∂dj

∂t
onΣ j = 1, 2

σf · n = σs · n onΣ

(24a)

(24b)

where n denotes the unit normal to Σ and σf is fluid stress tensor.

A. Robin-Neumann partitioned procedure and time-integrator

To solve the coupled system Eq.(22)-Eq.(24), we apply Robin-Neumann implicit coupling scheme in which the
two subsystems, fluid subsystem with Robin transmission condition and structure subsystem with Neumann
transmission condition, are solved in the fashion of fixed-point iteration.

For the temporal discretization of fluid equations Eq.(22), we consider the second-order Hybrid Ap-
proximate Projection Method proposed in Griffith et al.24 This hybrid method features the use of two
classes of projection methods for incompressible N-S equation in order to reduce pressure oscillations in-
duced by Embedded Boundary Method.25 Specifically, at each time-step, the fluid velocity is updated using
Incremental-Pressure Projection Method26 and the updated pressure is determined by the Pressure-Free Pro-
jection Method.27 Furthermore, in projection step, an approximate projection operator is applied to avoid
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the difficulty caused by pressure-velocity decoupling in collocated grid, i.e. the so-called “checkerboard”
issue.28

The Robin transmission condition for fluid subsystem at fluid-structure interface can be constructed by
the linear combination of kinematic and dynamic condition, and it is time-discretized as Eq.(25).

αf
Un+1,k+1 − Un

∆t
+ σn+1,k+1

f · n = αf

(

∂2d

∂t2

)n+1,k

+ σn+1,k
s · n (25)

where αf is the combination parameter, ∆t the time-step size. The superscript n denotes the time step
and k is the index of sub-iteration at this time-step. To enforce Robin transmission condition in fluid time-
integration using hybrid projection method, two correponding interface conditions for intermediate velocity
and projection step should be derived from Eq.(25). Here, we apply an operator splitting scheme introduced
in Fernández et al.20 where they decompose Eq.(25) into normal and tangential components. The normal
component is enforced in the solution of intermediate velocity while the latter one is taken into account in
solving pressure-Poisson equation.

B. Non body-fitted spatial discretization

Embedded Boundary Method (EBM) is particularly suitable for FSI problems involving complex geometry,
large structural deformation, and topological change (e.g., fracture). Thus, one main objective of our work
is to apply Robin-Neumann scheme to EBM framework.

In EBM framework, the fluid is solved on a fixed non body-fitted mesh and the boundary surface of the
flexible structure is embedded in the fluid domain (see figure 6(a)). In our ERBM, the incompressible N-S
equations are semi-discretized on a fixed Cartesian grid by a classical Finite Difference Method24 with a
cell-centered, collocated arrangement of fluid variables. On the other hand, the structure governing equation
written in Lagrangian formulation is semi-discretized by the Finite Element Method. To impose the effect
of embedded structure on the fluid, we consider the finite-difference based Ghost-Cell Method29,30 in which
the interface conditions at embedded boundary are enforced through the use of ghost-cells inside embedded
structure (see figure 6(b)). A local reconstruction scheme is applied to determine the value of fluid variables
at the ghost-cells. Take figure 6(b) as an example. The ghost-cell velocity UG can be extrapolated from
the given velocity interface condition UB and the velocity at an imaginary point I which is computed by
interpolating velocities at neighboring fluid cells U1-U3. This implicit incorporation of interface conditions
introduces no forcing term in fluid governing equation and it retains a “shape” representation of embedded
boundary.

As shown in figure 6(b), even though an irregular embedded boundary Σ is consider, the local recon-
struction of ghost-cell for Dirichlet-type interface condition on Σ is straightforward. However, in projection
step, we need to solve a pressure-Poisson equation subjected to Robin-type interface condition. The local
reconstruction becomes challenging due to the discretization of normal derivative at the irregular boundary.
Here, we employ a second-order accurate Shortley-Weller discretisation with a quadratic boundary treatment
proposed in Jomaa et al.31 to compute the value at ghost-cells for Robin-type interface condition.

C. Numerical experiment: The Turek & Hron benchmark problem

The fluid-structure coupled computational framework is validated using Turek & Hron benchmark problem.32

The benchmark problem involves a two-dimensional laminar incompressible channel flow around a flexible
beam which is mounted on the back of a fixed cylinder. The detailed geometry of this problem is shown in
figure 7. In the fluid domain, no-slip boundary condition is enforced on top and bottom wall. The inflow
boundary condition at the left channel is set to be a parabolic velocity profile:

u(0, y) = 1.5Ū
y(H − y)

(H/2)2
, v(0, y) = 0 (26)

where H is the height of the fluid domain and Ū is the average inflow velocity. At the right channel outflow, a
“do nothing” boundary condition is applied. The test case presented here is FSI2 in benchmark paper whose
parameter settings are given in Table.1. As a test, the combination parameter used in Robin transmission
condition Eq.(25) is set to be αf = 10.
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Figure 10: Tip displacement in y-direction

IV. Conclusions

This paper investigates the partitioned solution of fluid-structure interaction problems involving incom-
pressible flow and large fluid-structure density ratio. This type of problems is often challenging for two
reasons. First, partitioned solvers are subjected to numerical instability due to the amplification of error
at fluid-structure interface (i.e. the artificial added-mass effect). Second, the structure may undergo large
deformation, which translates to large deformation of the CFD domain. We present an embedded Robin
boundary method that addresses both issues. Specifically, we replace the traditional Dirichlet-Neumann
interface condition by a one-parameter (i.e. αf ) Robin-Neumann interface condition. The two conditions
are mathematically equivalent. However, previous studies have shown that when αf is carefully chosen, the
latter may improve the stability property of partitioned solvers. Moreover, we also employ an embedded
boundary method to discretize the fluid governing equations, which naturally accommodates arbitrary struc-
tural motion and deformation. While both the Robin-Neumann interface condition and embedded boundary
methods have been proposed before, the combination of the two is a novelty of the present work. Further-
more, to rigorously investigate the effects of αf on partitioned solvers, we consider a two-dimensional model
problem and solve it using an analytical partitioned procedure, which does not involve spatial discretization
nor numerical time-integration. The solution indicates that αf affects both numerical stability and the order
of accuracy. We have also identified a variable Φ, as a function of αf , which can be used to derive an optimal
value of αf .
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