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Abstract: This study reports the modeling and numerical simulations of the flow-induced vi-
bration for a sheet under uniform flow, by considering the geometrical nonlinearity of sheet and
wake shedding from the trailing edge. Then, in fluid–structure interaction (FSI) analysis using
the sequentially staggered calculations, it has been reported that if the inertia force of the fluid
force is dominant on the structure side, the interaction analysis becomes unstable (Artificial added
mass instabilities). To avoid this instability problem, techniques such as the iterative staggered
method, the added-mass compensation method, and so on are employed. In this study, we propose
a FSI coupling method that does not require sub-iterations, has a lower computational cost, and
is robust even under conditions where the inertia force of the fluid force is dominant.
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1 Introduction
A "flutter-mill" is a micro wind energy harvesting device that uses sheet flapping and is a result of the
interaction of a thin flexible sheet with an ambient fluid flow. Flutter-mills have gained popularity as a
power source for sensors to monitor infrastructure and in IoT instruments that consume a small amount
of electrical power. This is because the power generation device can be downsized more easily than
conventional wind-power generators with lower manufacturing costs.

The power generation performance of the above-mentioned flutter mill depends on the specifications
of the flexible flat plate employed and the inlet flow velocity, therefore, the preliminary evaluation during
design with numerical analysis is important. To clarify these effects, Michelin et al. proposed a numerical
model to survey the power generation performance for a small-span-width sheet in axial flow based on
the slender body theory [1]. Separate studies by Alben and Shelley, Chen et al., and Michelin et al. also
proposed the numerical model to reproduce the developed amplitude of the flapping oscillation under
the assumption of two-dimensional potential flow for a fluid and the beam approximation for a sheet,
respectively [2, 3, 4]. However, the slender-body theory and two-dimensional flow approximation for
fluids are valid for a sheet with a specific span width. Moreover, the beam approximation for a sheet
cannot reproduce the deformation along the span direction.

Computational fluid dynamics (CFD) analysis is more accurate than the above two approximations
for fluid–structure interaction (FSI) analysis [5, 6, 7, 8, 9, 10, 11, 12, 13]. Tezduyar et al. and Sawada
et al. employed the finite element modeling (FEM)-based FSI solver with a deformable mesh for the
analysis of the flapping sheet [5, 6]. The combination of the lattice Boltzmann method (LBM) and
immersed boundary method (IBM) were widely employed for the FSI analysis with a thin flexible sheet
under a low Reynolds flow [7, 8, 9, 10]. Olivieri et al. reported the influence of grid-induced turbulence
on the flapping sheet, through direct numerical simulation (DNS) with finite difference method (FDM)
for fluid, spring-network structural model for structure, and IBM for coupling analysis [12]. Nawafleh
et al. evaluated the flapping behavior of the sheet under laminar flow conditions by coupled analysis of
a fluid model using a finite volume method with a structural grid and a structural model using a finite
element method, using ANSYS FLUENT [13]. However, the choice of turbulence model, the number of
divisions of the fluid and solid meshes, and the stability of the analysis must all be considered. Moreover,
this method requires powerful computing resources.

This study reports the fast and robust FSI modeling and numerical simulations of the flow-induced
vibration for a sheet under uniform flow, by considering the geometrical nonlinearity of the sheet. We
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developed a numerical model to reproduce the large flapping behavior of a sheet while considering a span-
wise deformation and three-dimensional (3D) fluid flow [14, 15]. Our approach modeled fluid flow using
the unsteady vortex lattice method (UVLM) without the assumption mentioned above. This involves
reduced computing costs compared to CFD analysis [16, 17, 18, 19]. A flexible sheet was modeled using
the FEM with absolute nodal coordinate formulation (ANCF) for the shell element. This was done
to reproduce the deformation of a plate while considering the span-wise deformation and geometrical
nonlinearity [20, 21, 22].

Since the fluid and structural models are different, it is necessary to employ a sequential staggered
procedure to solve this coupled system. In FSI analysis using the sequentially staggered calculations,
however, it has been reported that if the inertia force of the fluid force is dominant on the structure side,
the interaction analysis becomes unstable (Artificial added mass instabilities) [23]. FSI analysis whose
the concerned solid for the application field is of large mass ratio; the aeroelastic analysis for wings
[24, 25] etc., does not encounter this numerical instability. However, there is the case that the inertia
force of the fluid force is dominant for the FSI problem for the thin flapping sheet [26, 27, 28].

Tang et al. proposed combining the fluid–structure strong coupled model with the nonlinear structure
model and the linearized UVLM, with the combined model assuming that vortex panels are on a station-
ary plane to facilitate the construction of a strongly coupled model [29, 30]. Chen et al. and Luo et al.
introduced sub-iterative calculations to improve accuracy and numerical stability in FSI models using
nonlinear UVLM, respectively [31, 32]. However, the introduction of iterative calculations results in a
large amount of computing time. Tang et al. and Zhang et al. employed the added-mass compensation
method for the FSI model with beam structure model to stabilize the FSI analysis under the large inertia
force of the fluid [27, 28]. The artificial added mass for stabilizing the numerical analysis is preferably a
similar value to the added mass. However, the appropriate selection of the artificial added mass matrix
for the shell structure model is more difficult than the beam structure model because there are many
node variables for the shell element model.

In this study, therefore, we propose an FSI method that does not require sub-iterations, has a lower
computational cost, and is robust even under conditions where the inertia force of the fluid force is
dominant considering the nonlinearity of the large displacement of the sheet.

The remaining paper is organized as follows: In section 2, we propose the fast and robust FSI modeling
of the flow-induced vibration for a sheet under uniform flow. In section 3, we verify our proposed
numerical model comparatively with respect to existing literature, and confirm the effectiveness of the
proposed numerical analysis method for the FSI modeling. Section 4 presents the conclusions of this
study.

2 Problem Statement

2.1 Solid component
The proposed model is implemented based on the assumption that a flexible sheet with rectangular initial
shapes is clamped at the leading-edge as shown in Fig. 1. Initially, the total length, width, and thickness
of the sheet are set to L, H, and h, respectively. The sheet is situated in axial flow with an inlet flow
velocity of U∞.

We employ 36 d.o.f. absolute nodal coordinate formulation (ANCF) shell element of the finite ele-
ment method (FEM), which is employed for the flexible multi-body dynamics analysis, to represent the
kinematics of a sheet with large deformation [20]. In this reduced model, the dynamics of a sheet are
represented by a position on the mid-surface. Subsequently, the position on the mid-surface is set to r̃
and based on the assumption of Kirchhoff plate theory, the position r is decomposed as follows:

r(x, t) = r̃(x, y, t) + zn(x, y, t), (1)

where n(x, y, t) is the unit normal vector with respect to the mid-surface. The kinematics of the sheet
considered in the proposed model were obtained using the principle of virtual work [22]:

δWi + δWe + δWd − δWf = 0, (2)

where δWi is the virtual work performed by the inertial force. δWf is the virtual work done by the
external force per unit volume fext and pressure jump between each side of the sheet [P ] := PL − PU,
which is the difference between the pressure on the upper side PU and lower side PL. δWe and δWd are
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Figure 1: Flexible sheet in uniform flow. The total length, width, and thickness at the initial conditions
were set to L, h, and h, respectively. U∞ denotes the inlet flow velocity.

the virtual work terms corresponding to the internal elastic force and Kelvin-Voigt material damping
force, which is proportional to the strain velocity, respectively.

The position r̃ on an element can be expressed using the shape function S(x, y) ∈ R3×36 and nodal
coordinates q ∈ R36 defined by Dufva and Shabana [20]:

r̃(x, y, t) = S(x, y)q(t). (3)

Then, the kinematics of each element is expressed as follows:

Md2tq +Qem +Qeκ + θ {Qdm +Qdκ} = Qf +Qext, (4)

where M is the mass matrix, Qem, Qeκ are the membrane stiffness and bending stiffness vectors,
Qdm, Qdκ are the damping forces modeled using Kelvin–Voigt type material damping, and Qf , Qext are
the fluid and body forces acting on the sheet [14, 15]. Then, θ is the structural damping parameter.

2.2 Nondimensionalization
The nondimensional parameters are introduced as follows:

τ :=
tU∞

L
, X∗ :=

X

L
, Y ∗ :=

Y

L
, Z∗ :=

Z

L
,

x∗ :=
x

L
, y∗ :=

y

L
, z∗ :=

z

L
, H∗ :=

H

L
, h∗ :=

h

L
,

µ :=
ρmh

ρfL
, ξ :=

EA

ρfLHU2
∞
, η :=

EI

ρfL3HU2
∞
,

θ∗ :=
U∞θ

L
, [p] :=

[P ]

ρfU2
∞
, f∗

ext :=
h

ρfU2
∞
fext,


(5)

where ρf denotes the fluid density. The cross-sectional area A and second moment of area I of the
sheet are represented by A = Hh and I = Hh3/12, respectively. θ∗ is the material damping parameter
nondimensionalized from θ.

Then, the non-dimensional kinematics of each element is expressed as follows [14, 15, 33]:

µM∗d2τq
∗ + ξQ∗

em + ηQ∗
eκ + θ∗ {ξQ∗

dm + ηQ∗
dκ} = Q∗

f +Q∗
ext. (6)

The kinematics of all the elements of the sheet are assembled from Eq. (6) which presents the kine-
matics for a single element:

µM∗
Gd

2
τq

∗
G + ξQ∗

em,G + ηQ∗
eκ,G + θ∗

{
ξQ∗

dm,G + ηQ∗
dκ,G

}
= Q∗

f,G +Q∗
ext,G, (7)

where the subscript ·G represents the vector or matrix after all the kinematics for each element are
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assembled and q∗
G ∈ RNqG is the assembled nodal coordinate.

2.3 Fluid component
The unsteady vortex lattice method (UVLM) is employed to model the airflow around the flexible sheet
under the assumption of unsteady three-dimensional potential flow [16].

For the UVLM analysis, the leading segment of the vortex lattice is placed on the quarter-chord line
of a plate element while the collocation point is at the center of the three-quarter chord line as shown in
Fig. 2 [16, 17].

The nondimensionalized collocation point r∗c,i := rc,i/L and nodes r∗pm,i := rpm,i/L of the i-th vortex
panel are defined as follows:

r∗c,i := S∗
c,iq

∗, r∗pm,i := S∗
pm,iq

∗, m = 1, 2, 3, 4, (8)

where S∗
c,i and S∗

pm,i, i = 1, . . . , nelem are the nondimensionalized shape functions of the i-th vortex
panel, which are defined to satisfy the one-quarter to three-quarters chord rule.

Owing to the no-penetration condition at the collocation point r∗c,i, the nondimensional circulations
of the vortex lattices Γ∗ = [Γ∗

i ] := [Γi/LU∞] ∈ RNelem are obtained using the following system of linear
equations:

AΓ∗ = b, (9)

where A ∈ RNelem×Nelem and b ∈ RNelem are defined by

A = [Aij ] :=

[
4∑

n=1

w∗T
n,ijni

]
, (10)

b = [bi] :=
[{

dτr
∗
c,i − U∗

∞e∗X − u∗
wake(r

∗
c,i)

}T
ni

]
. (11)

Here, w∗
n,ij is the dimensionless velocity induced by the vortex lattice, which has a strength of Γ∗

j at a
given collocation point r∗c,i. The vector e∗X represents the unit basis along the X∗ axis, while u∗

wake(r
∗)

is the flow velocity induced by the wake at position r∗.
The nondimensionalized pressure jump between each side of the sheet [p] is derived from the unsteady

Bernoulli equation following the approach used by Katz and Plotkin [16]:

[p]kj = [p]lift,kj + [p]add,kj , (12)

[p]lift,kj := V T
surf,kj

{
τx,kj

Γ+
k,j − Γ+

k−1,j

∆LNy(k−1)+j
+ τy,kj

Γ+
k,j+1 − Γ+

k,j−1

2∆HNy(k−1)+j

}
, (13)

[p]add,kj := dτΓ
+
k,j , (14)

Vsurf,kj := U∗
∞e∗X +


Nelem∑
j=1

u∗
ind,j(r

∗) + u∗
wake(r

∗)

}∣∣∣∣∣∣
r∗=r̃∗

c,Ny(k−1)+j

− dτ r̃
∗
c,Ny(k−1)+j , (15)

Γ+
kj := Γ∗

Ny(k−1)+j , (16)

where the subscript ·kj (k = 1, . . . , Nx and j = 1, . . . , Ny) represents the value of the variable at the
vortex lattice with the collocation point r̃∗c,Ny(k−1)+j .Furthermore, τx,kj and τy,kj are the unit tangential
vectors along the x∗ and y∗ axes on the vortex lattice, respectively. The vector u∗

ind,j(r
∗) denotes the

velocity at position r∗, which is induced by the vortex lattices on the sheet.
In each time step for the numerical analysis, the vortex lattices in the wake are shed from the trailing

edge of the sheet with a circulation strength that equals to the strength on the previous time step. These
vortex lattices move with the local flow velocity [16, 19].

2.4 FSI coupling
We employed a sequentially staggered procedures to solve this coupled system. In FSI analysis using
the sequentially staggered calculations, it has been reported that if the inertia force of the fluid force
is dominant on the structure side, the interaction analysis becomes unstable (Artificial added mass
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Figure 2: Vortex panels on the plate. Bound vortex panels are arranged to satisfy the 1/4–3/4 chord rule
for a plate element in the ANCF analysis. The vector rc,i is the collocation point of the i-th vortex
panel, rpm,i, m = 1, 2, 3, 4 are the positions of the nodes of the i-th vortex panel, Γi is the circulation
strength of the i-th panel, and ni is the unit normal vector of the i-th vortex panel.

instabilities) [23]. In this study, we propose an FSI method that does not require sub-iterations, has a
lower computational cost, and is robust even under conditions where the inertia force of the fluid force
is dominant.

Fig. 3 shows the mechanism of the artificial added mass instabilities under the sequential staggered
FSI analysis with UVLM. In a coupled analysis using the sequential staggered method, there is a time
delay of one-time step in the fluid forces acting on the structure. If the inertia force in the fluid force is
dominant against the structural side, the term [p]add in Eq. (12) leads to numerical instability. Therefore,
we introduce a method to incorporate the term [p]add of Eq. (12) into the structural model.

The term [p]add,kj = dτΓ
+
k,j in Eq. (12) is obtained from the time derivative of Eq. (9). Then,

(dτA)Γ∗ +AdτΓ
∗ = dτb,

⇔ dτΓ
∗ = M∗

f1d
2
τq

∗
G +M∗

f2, (17)

where M∗
f1 ∈ RNelem×NqG and M∗

f2 ∈ RNelem are defined by

M∗
f1 := A−1

[
nT

i S
∗
c,i

]
G
, (18)

M∗
f2 := A−1

{[
−dτ (u

∗
wake(r

∗
c,i)

Tni) + (dτr
∗
c,i − U∗

∞e∗X)Tdτni

]
− dτA · Γ∗} , (19)

with the first term on the right-hand side of Eq. (17) representing the added-mass effect.
Fig. 4 shows the coupling procedure for the weak coupled analysis (above figure) and the proposed

strongly coupled analysis (bottom figure) using the sequential staggered method. In the weak coupling,
the strength of the circulation of the vortex lattice on the sheet is calculated using Eq. (9) from the
positions of the sheet at the previous time step. Next, the fluid force acting on the sheet is calculated
from Eq. (12) and solve the sheet kinematics using Eq. (6). On the other hand, Eqs. (18) and (19) are
obtained using the UVLM solver in the proposed strong coupling. Next, we solve the sheet kinematics.
The added-mass term calculated from the time derivative of Eq. (9) is then substituted on the left-hand
side of Eq. (6) to compute the acceleration of the sheet directly as shown in Fig. 4. This approach reduces
the computational cost compared to other methods that require numerous iterations to solve the FSI
problem [34].

The flapping phenomenon behavior depends primarily on the three nondimensional parameters M∗, U∗

and the aspect ratio H∗:

M∗ :=
1

µ
, U∗ :=

√
µ

η
, H∗ :=

H

L
, (20)

in which M∗ represents the density ratio of for the fluid and the sheet, and U∗ represents the free-
stream velocity nondimensionalized by the sheet rigidity and inertia, which increases as the flow velocity
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increases.
Fig. 5 shows comparisons of snapshot of flapping sheets (Fig. 5a) and computing time (Fig. 5b) among

CFD analysis with Finite volume method (FVM) under full, half, and quarter fluid meshes and UVLM
analysis in our model under M∗ = 1.0, H∗ = 0.67, U∗ = 15.5 [33]. The thick lines highlighted in red
represent the trailing edge displacement of the upper and lower sheets in the CFD analysis. Thin black
and solid green lines represent the flapping behavior and instantaneous position of the sheets obtained
from the proposed model, respectively. In addition, the proposed model reproduced CFD analysis.
Moreover, as shown in Fig. 5b, the fluid analysis with UVLM achieved approximately 15 times faster
than that CFD analysis with the full number of fluid meshes.
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Figure 3: Artificial added mass instabilities under the sequential staggered FSI analysis with UVLM.
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Figure 4: The idea of staggered strong-coupling FSI analysis. The right figures show the snapshots of a
flapping sheet obtained under the fluid–structure coupling method shown in the left (M∗ = 2.0, W ∗ =
0.2, U∗ = 20).

Table 1: Specifications for computing machine [33].

CPU:
Name Ryzen 9 5900X (AMD, USA)
Clock Base 3.7GHz, Max. 4.8GHz
Core number for analysis 4 Cores

Memory:
Name DDR4 AD4U3200732G22-D (ADATA, Taiwan)
Clock 3200MHz
Capacity 128GB
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Figure 5: Comparisons of (a) snapshot and (b) computing time among CFD analysis with FVM under full,
half, and quarter fluid meshes and UVLM analysis in our model under M∗ = 1.0, H∗ = 0.67, U∗ = 15.5
[33].

Table 2: Parameters of the elastic plate [20].

Case I (Dufva et al., 2005)
Young’s modulus E 1.0× 105 Pa
Poisson’s ratio ν 0.3

Density ρm 7810 kg/m3

Length L 0.3 m
Width H 0.3 m

Thickness h 0.01 m
Boundary condition Spherical joint at the corner node

3 Results and Discussion
The validity and numerical stability of the constructed FSI model are confirmed. Then, the analysis was
performed under the condition θ∗ = 0, where there is no structural damping.

3.1 Verifications of solid component
To verify the validity of the dynamic model of an elastic sheet constructed using ANCF shell elements,
the constructed model is compared with the preceding study dealing with the free fall problem of an
elastic sheet under the spherical joint boundary condition [20].

The parameters and specifications employed for the numerical analysis are listed in Table 2 and
Table 3. Fig. 6a describes the behavior of the elastic sheet during free fall obtained under the analytical
conditions shown in Table 2. Solid lines and dashed, chain lines shown in Fig. 6b show the comparisons
of the time series of position at the selected point and the snapshot between the numerical result and
the preceding report [20], respectively. Moreover, Fig. 6c shows the time series of each energy of the
falling plate. The green solid line, red solid line, black dashed line, and magenta dashed line are the
kinetic energy, potential energy by gravity, elastic energy of the membrane stiffness, and bending stiffness
energy, respectively.

As shown in the time series of displacement of Fig. 6b, the numerical analysis results shown in solid
lines is consistent with the reports of the preceding study as shown in dashed and chain lines. Moreover,
we can confirm that the effect of numerical damping is small, as shown by the blue solid line indicating
the sum of the energies in Fig. 6c.

3.2 Verifications of fluid component
To verify the fluid component based on the UVLM analysis, the lift coefficient CL obtained by the UVLM
is compared to Theodorsen’s aerodynamics [35]. The lift coefficient CL acting on the plate pitching at
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Table 3: Parameters employed in the numerical analysis.

The number of element Nelem 8× 8
Step time ∆t 5.0× 10−4 s

Analytical time tmax 1.0 s
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Figure 6: (a) Snapshot, (b) the time series of behavior, and (c) energy of the flexible fall pendulum under
Case I.

the half cord by the angle of attack α = ᾱ sin(ω∗τ) is denoted by

CL(τ) = Im
(
π {(2 + jk)C(k) + jk} ᾱejω

∗τ
)
, (21)

where k := ω∗/2 is the reduced angular frequency, and C(k) is the Theodorsen’s function.
Fig. 7 shows comparisons of the lift coefficient CL between the UVLM analysis and Theodorsen’s

solutions under reduced angular frequency: k = 0.5 and 1.0 and amplitude: ᾱ = π/6, π/18, π/60 [rad].
Blue lines show the lift coefficient obtained by UVLM analysis and red lines show the results by Eq. (21).
Then, for the UVLM analysis, the analysis conditions in Table 4 were employed. The aspect ratio
H∗ = 50 is employed for UVLM analysis because Theodorsen’s solution for the lift coefficient is obtained
under the two-dimensional flow assumption. The pressure jump distribution [p] at the mid-span was
employed to calculate the lift coefficient from the UVLM analysis.

As shown in Fig. 7a, the discrepancy between the analytical solution in Eq. (21) and the numerical
solution by UVLM is large under the large amplitude of pitching motion ᾱ. This is because the lift
coefficient of Eq. (21) is obtained under the assumption of small amplitudes, and it can be seen that the
discrepancy between the two is small when the pitch angle amplitude is small, as shown in Figs. 7b and
7c.
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Figure 7: Comparisons of the lift coefficient CL between the UVLM analysis and Theodorsen’s solutions
under reduced angular frequency: k = 0.5 and 1.0 and amplitude: ᾱ = π/6, π/18, π/60 [rad].

Table 4: Parameters employed in the numerical analysis.

The number of element Nx ×Ny 14× 40
Aspect ratio H∗ 50

Analytical time τmax 15

3.3 Stability comparisons
Fig. 8a shows the stability comparisons between the weak-coupling and the proposed strong-coupling FSI
analysis. In the weak coupled analysis, dτΓ+

k,j ≃ ∆τ−1
{
Γ
+(n)
k,j − Γ

+(n−1)
k,j

}
was employed to calculate

Eq. (12). Blue markers show the results by the weak-coupling and red markers show the results by the
proposed strong-coupling method. Fig. 8b shows the comparisons of the time series of displacement
at the trailing edge of the mid-span width between the weak-coupling (red dotted line) and proposed
strong-coupling (blue solid line) under the conditions M∗ = 1.5, U∗ = 17, H∗ = 1.0.

As shown in Fig. 8a, when the mass ratio M∗ and the aspect ratio H∗ are large, the weakly coupled
analysis using the sequential staggered method indicated by the blue markers does not converge as
shown in the red dotted line of Fig. 8b. This is because, in FSI analysis using the sequentially staggered
calculations, it has been reported that if the inertia force of the fluid force is dominant on the structure
side, the interaction analysis becomes unstable (Artificial added mass instabilities) [23]. On the other
hand, the proposed strong-coupling method achieved convergence without sub-iterations, even when the
inertia force of the fluid force is dominant on the structure side. A comparison of the computational
times of both coupled methods showed that the difference was less than 10 % as shown in Table 5.

Fig. 9 shows the flapping behavior comparisons of a flexible sheet at the mid-span width between the
weak-coupling and proposed strong-coupling FSI analysis under M∗ = 0.4, U∗ = 13, H∗ = 1.0 (Figs. 9a
and 9e), M∗ = 0.5, U∗ = 15, H∗ = 0.5 (Figs. 9b and 9f), M∗ = 1.0, U∗ = 15, H∗ = 0.3 (Figs. 9c and
9g), and M∗ = 1.5, U∗ = 17, H∗ = 0.2 (Figs. 9d and 9h).

As shown in Figs. 9a and 9e, there is the discrepancy at the trailing edge displacement between
weak coupling and the proposed coupling analysis under a large aspect ratio. On the other hand, this
discrepancy is small under a small aspect ratio as shown in Figs. 9b to 9h.

Figs. 10d and 11d show the velocity norm |u∗| =
√

u∗
x∗

2 + u∗
z∗

2 distribution comparisons between
the weak-coupling (top) and proposed strong-coupling FSI analysis (bottom) under M∗ = 0.4, U∗ =
13, H∗ = 1.0 and M∗ = 1.5, U∗ = 17, H∗ = 0.2, respectively. Then, when the period of vibration is
defined as τp, the left figures ((a) and (c)) show the flow velocity distribution at the 0 period, and the
right figures ((b) and (d)) show the flow velocity distribution at 1/4 of the period (τp/4).

No significant difference is observed in the velocity distribution near the flapping sheet between the
two coupling methods. In addition, as shown in Figs. 10, it can be seen that on the sheet and shear layer,
the velocity difference between the top and bottom of the sheet and shear layer is large at the position
with large curvature, which is similar to the experimental PIV observations [36].
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Figure 8: Stability comparisons between the weak-coupling and proposed strong-coupling FSI analysis
under (a) various mass ratio and aspect ratio, and (b) comparisons of the time series of displacement at
the trailing edge between the weak-coupling and proposed strong-coupling under the conditions M∗ =
1.5, U∗ = 17, H∗ = 1.0.

Table 5: Computing time ratio between the strong coupling and weak coupling FSI.

τmax Strong coupling Strong coupling / Weak coupling
M∗ = 0.2, U∗ = 11, H∗ = 3.0 60 8.379× 104 s 1.070
M∗ = 0.5, U∗ = 15, H∗ = 0.5 40 3.894× 104 s 1.039
M∗ = 1.0, U∗ = 15, H∗ = 0.3 30 1.808× 104 s 1.053
M∗ = 1.5, U∗ = 17, H∗ = 0.2 30 2.239× 104 s 1.045

4 Conclusion and Future Work
This study reported the fast and robust FSI interaction modeling and numerical simulations of the flow-
induced vibration for a sheet under uniform flow, by considering the geometrical nonlinearity of the sheet.
We proposed an FSI coupling method that does not require sub-iterations, has a lower computational
cost, and is robust even under conditions where the inertia force of the fluid force is dominant. The
results are summarized as follows:

1. In UVLM, the added mass term acting on the sheet can be calculated by time differentiating both
sides of the linear equation obtained by the non-penetration condition at the collocation point.

2. By constructing a coupled model in which the added mass term is transferred to the structural
model in the FSI analysis using the sequential staggered method, convergence is achieved in almost
the same computation time as in the weak coupled analysis, even when the inertial force of the
fluid force is dominant on the structure. A comparison of the computational times of both coupled
methods showed that the difference was less than 10 %.

3. At the large aspect ratio of a flapping sheet, a discrepancy was observed in the displacement of the
trailing edge of the sheet between the weakly coupled and the proposed coupled analyses, but this
discrepancy became smaller at the small aspect ratio of the sheet.

A discrepancy was observed in the displacement of the trailing edge of the sheet at large aspect ratios
between the weakly coupled and the proposed coupled FSI analyses. In addition, even in the proposed

10



 ICCFD12

Twelfth International Conference on
Computational Fluid Dynamics (ICCFD12),
Kobe, Japan, July 14-19, 2024

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5
Z

*  p
os

iti
on

(a) Weak coupling

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5

(b) Weak coupling

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5

(c) Weak coupling

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5

(d) Weak coupling

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5

X*  position

Z
*  p

os
iti

on

(e) Strong coupling

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5

X*  position

(f) Strong coupling

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5

X*  position

(g) Strong coupling

0 0.2 0.4 0.6 0.8 1
−0.5

0

0.5

X*  position

(h) Strong coupling

Figure 9: Behavior comparisons between the weak-coupling and proposed strong-coupling FSI analysis
under (a)(e) M∗ = 0.4, U∗ = 13, H∗ = 1.0, (b)(f) M∗ = 0.5, U∗ = 15, H∗ = 0.5, (c)(g) M∗ = 1.0, U∗ =
15, H∗ = 0.3, and (d)(h) M∗ = 1.5, U∗ = 17, H∗ = 0.2.
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Figure 10: Velocity norm |u∗| distribution comparisons between the weak-coupling and proposed strong-
coupling FSI analysis under M∗ = 0.4, U∗ = 13, H∗ = 1.0.

coupled analysis, conditions were found in which the numerical analysis does not converge when the
non-dimensional flow velocity U∗ is large. Above mentioned problems are the potential future work.
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Figure 11: Velocity norm |u∗| distribution comparisons between the weak-coupling and proposed strong-
coupling FSI analysis under M∗ = 1.5, U∗ = 17, H∗ = 0.2.
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