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Fluid-solid interaction problems are encountered in various natural phenomena and engineering applications.

Specifically, when the fluid passes through a solid body, the resultant oscillatory forces may induce the structure

to vibrate. In this work, the Immersed Boundary formulation has been implemented in the Lattice Boltzmann

approach to study complex fluid-structure interaction problems in a two-dimensional domain. The Immersed

Boundary method has been used for its capability to describe complex geometries on a separate grid with

respect to the one used to solve the fluid motion: a Eulerian one, fixed in the space, for the fluid domain, and

a Lagrangian one, which can move freely in the space to describe the body motion. The main advantage of

using Immersed Boundary is the possibility to simulate the presence of a body through forces applied to the

fluid domain, defining a discrete delta function necessary to distribute such forces. The presented approach

has been applied to different Reynolds numbers flow conditions ranging from 20 up to 200 and different

geometries starting from a plain cylinder. The validation results from the cylinder test case demonstrated

excellent agreement with the literature, particularly in terms of Drag and Lift coefficients and the Strouhal

number. The proposed algorithm captures significant high-frequency contributions arising from the interaction

between vortices in the wake. Applications to both the cylinder-plate configuration and vibrating cylinder cases

confirmed that this approach based on the weak fluid-structure interaction coupling can be effectively applied

to a wide range of low Reynolds scenarios.

I. INTRODUCTION

Fluid-Structure Interaction (FSI) of bluff bodies is common

in both natural and industrial settings, with examples rang-

ing from the oscillations of plants in wind or water streams to

vibrations in engineering structures, such as heat exchanger

tubes, chimney stacks, spar hulls, cables, and mooring lines.

In particular, FSI presents a significant challenge in many en-

gineering applications, as flow-induced forces can impact the

structural integrity. These interactions often result in oscilla-

tions, vibrations, and structural displacements. Specifically,

FSI occurs in devices designed for energy harvesting, where

fluid flow induces a mechanical motion and generates power

[1–3], or in submarine communication cables, which can ex-

perience vortex-induced vibrations due to underwater currents

[4, 5]. FSI phenomena can also be observed in the sedimen-

tation of particles [6] or in the complex field of the aerody-

namics [7, 8]. In this framework, it is worth noting the work

of He at al., in [9] they studied the FSI problem of an airfoil

with actively controlled flexible leeward using piezoelectric

macro-fiber composite (MFC) actuators to enhance Lift and

reduce Drag.

FSI plays an important role also in marine biology with im-

plications in the engineering field, indeed in [10–12] Falcucci

et al. studied Deep-sea glass sponges focusing on the helical

skeletal structure which is able not only to reduce the overall

hydrodynamic stress but also to promote an organized vertical

flow within its body cavity. Moreover, interaction of buoyant

rigid bodies with free surface flows attracted the interest of re-

searchers in order to predict hydrodynamic loads, crucial for

design and longevity of the structures [13, 14].

Furthermore, several research works report relevant FSI ap-

plications in the biomechanics field [15–17], where the inter-

action between flowing blood and arterial walls can impact

both fluid behavior and vessel mechanics. The study of such

interactions is critical in predicting and managing the effects

of these forces.

A direct consequence of FSI is the Vortex-induced vibra-

tion (VIV), where the fluid flow around a structure generates

alternating vortex shedding, leading to oscillations. VIV has

been extensively studied by numerous researchers across vari-

ous engineering fields, employing both numerical simulations

and experimental approaches, to both reduce and enhance the

effects of the vortex shedding. Mitigating the effects of VIV is

crucial across various engineering fields, from civil structures

to ocean engineering; significant efforts have been devoted to

suppressing structural oscillations. On the other hand, for en-

ergy harvesting applications, the vibration and displacement

of devices are essential, as they increase the potential for gen-

erating energy. Maximizing these movements can improve the

efficiency and effectiveness of energy capture from dynamic

systems. These motivations have spurred strong research in-

terest in coupling FSI problems with VIV issues, motivations

that also underpin the present work.

Over the years, various parameters and configurations have

been explored, often through fundamental test cases. For ex-

ample, the study in [18] delves into the effect of the gap

between a cylinder and a wall to suppress vortex shedding.

Additionally, the influence of flow-induced vibrations on the

system’s output voltage was experimentally investigated by

Zhang and Wang in [19], utilizing a circular cylinder with two

attached piezoelectric beams and an upstream cylinder. Nu-

merical simulations and experiments to explore methods for

the vortex shedding suppression using jets in various configu-

rations have been presented in [20–22], focusing the analysis
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on mitigating the effects of VIV through active flow control

techniques. Zhu et al. [5] further investigated VIV phenomena

with a focus on energy harvesting applications. By attaching

fin-shaped strips to a smooth cylinder, they demonstrated the

potential of VIV to capture hydrokinetic energy from ocean

currents, delivering a potential as a renewable energy source

in marine environments. From the experimental point of view,

Cui et al. [23] examined how the bending stiffness of a flex-

ible plate attached at the rear stagnation point of a circular

cylinder influences the suppression of vortex-induced vibra-

tions. Their findings offer valuable insights into passive con-

trol mechanisms that could improve the structural stability of

systems subject to VIV.

The usage of rotating rods has been widely studied from

different authors [24–26]. Taheri et al. [24] numerically ex-

plored the use of rotating rods in opposite directions to in-

crease the efficiency of VIV-based energy harvesters by opti-

mizing the rotational motion of rods to induce greater vibra-

tions, Zhu et al. [25] studied the impact of controlling rods’

rotation direction on the suppression of VIV in the near wake

of a circular cylinder, toshed light on the role of rod rotation

in altering wake dynamics and its potential to suppress vortex

shedding and reduce vibrations.

Due to the limitations and costs associated with experimen-

tal studies, such as the lack of suitable facilities, numerical

simulations offer a valuable alternative for exploring these is-

sues. Computational methods enable detailed analysis FSI

and VIV in ways that may be challenging or impractical to

achieve through physical experimentation.

In this context, this work provides a comprehensive in-

vestigation of FSI in flow past both a circular cylinder and

a cylinder-plate configuration. The study employs the Lat-

tice Boltzmann Method (LBM) coupled with the Immersed

Boundary Method (IBM) to effectively model these interac-

tions. Additionally, the research examines VIV of a rigid

cylinder in detail.

We employ the LBM as an alternative to traditional Com-

putational Fluid Dynamics (CFD) approaches, which typi-

cally rely on solving systems of Partial Differential Equa-

tions (PDEs). The primary advantage of LBM is its capa-

bility to discretize the computational domain into a regular

grid, where fluid mechanics equations are solved through a

sequence of simplified operations. LBM operates in two main

steps: streaming and collision. From a computational per-

spective, the collision step is a localized algebraic operation,

enabling efficient execution on parallel computing architec-

tures, such as GPUs, computing clusters, and supercomput-

ers. This intrinsic scalability allows for simultaneous updates

across grid nodes without requiring complex dependencies,

significantly improving computational efficiency.

Since LBM uses a mesoscopic approach to describe fluid

behavior, it can capture effects that traditional continuum-

based methods cannot accurately model, particularly at small

scales, where molecular interactions become significant. At

larger scales, however, it aligns well with traditional CFD,

providing accurate and consistent results for macroscopic flow

fields. [27]

In this study, the LBM is coupled with the IBM in a two-

dimensional framework to capitalize on IBM’s key advantage:

efficiently handling complex boundaries without the need for

detailed mesh generation. This coupling allows for flexible

modeling of irregular and moving boundaries within a fixed

grid, significantly simplifying simulations of complex geome-

tries, where mesh updates at each iteration would otherwise be

costly and time-consuming.

Compared to previous works, our approach introduces an

efficient and accurate framework for two-dimensional simula-

tions of both FSI and VIV phenomena.

Wu and Shu [28] presented an implicit method based on

the solution of a linear system with the interpolation function

φ cos
4 proposed by Cheng et al. [29], Cheylan et al. [30] com-

bined the Immersed boundary formulation proposed by Gsell

et al. [31] with the same interpolation function used by Wu

and Shu [28]. Hu et al. [32] proposed a different formula-

tion of the immersed boundary based on the interpolation of

the populations over the boundary markers with the interpola-

tion function φ IB
4 defined by Cheng et al. [29]. Unlike other

studies, the present paper employed a novel combination of

the immersed boundary method and an interpolation function,

demonstrating that the interpolation function φ IB
3 proposed by

Cheng et al. [29], combined with the implicit method pre-

sented by Wu and Shu [28], can accurately predict very well

the forces exerted on the boundary. Additionally, our algo-

rithm enables simulations with low computational cost while

achieving high-frequency resolution. This efficiency allows

us to capture high-frequency flow characteristics with remark-

able accuracy, making our method ideal for preliminary sim-

ulations on a standard laptop.

For low Reynolds number applications, we employed weak

fluid-structure coupling due to the significant advantages in

computational efficiency and numerical stability. At low

Reynolds numbers, where fluid flow typically exhibits smooth

and predictable patterns, weak coupling effectively captures

essential fluid-structure interactions without the complexity

and computational overhead of fully coupled models.

The manuscript is organized as follows: details on the nu-

merical approach and methodology are given in section II.

The simulation validation is presented in section III; main re-

sults are reported in section IV whereas conclusions presented

in section V.

II. METHODOLOGY

A. Lattice Boltzmann Method

The Lattice Boltzmann Equation (LBE) is a simplified ver-

sion of Boltzmann kinetic equation, designed to simulate the

dynamic behavior of fluid flows without directly solving the

continuum mechanics equations. Instead, macroscopic fluid

behavior arises from the streaming and collision of a con-

ceptual ensemble of particles on a discrete space-time lattice

[27, 33, 34].

By discretizing the Boltzmann kinetic equation in physical
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space, time and velocity space, the LBE can be written as:

fi(x f + ci∆t, t +∆t) = fi(x f , t)+Ωi(x f , t)∆t +Si(x f , t)∆t,
(1)

which represents the evolution of probability density func-

tion fi(x f , t) according to their propagation along the pre-

determined lattice directions ci and their collisions, [35].

The collision process is an algebraic local operation and

is simplified in this case with the Bhatnagar–Gross–Krook

(BGK) collision operator, Eq. 2, which assumes the relaxation

of populations fi towards their local equilibrium feq in a time

τ [36].

Ωi =−1

τ
( fi − feq) (2)

In Eq. 1 Si(x f , t) is called source term, it is introduced in order

to model internal or external forces acting on the fluid. Sev-

eral forcing schemes have been proposed through the years

each one with a different approach to integrate the force term

[37]. The scheme chosen for the present approach is the Guo’s

forcing scheme [38]:

Si(x f , t) = wi

(

1− 1

2τ

)(

ci −u(x f , t)

c2
s

+
(ci ·u(x f , t))ci

c4
s

)

·F(x f , t), (3)

FIG. 1. Scheme of the coupling between IBM nodes (red dots) and

LBM sites (black dots), cyan curve represents the obstacle’s bound-

ary

where wi are the weights of each population, cs is the lattice

speed of sound, F(x f , t) is the force density at the fluid node.

B. Immersed Boundary Method

To analyze complex and moving geometries the IBM has

been implemented in the LBM framework.

The IBM is an approach introduced to model flows around

deformable, curved and moving objects since it allows to

avoid the time consuming re-meshing procedure necessary

when the body conforms the fluid mesh.

Peskin [39] first introduced this method to model flows

around heart valves. Feng and Michaelides [40] combined

for the first time the LBM and the IBM to simulate rigid disks

in 2D. In the IBM there are two set of coordinate systems,

the Eulerian grid for the fluid which is stationary and the La-

grangian mesh used for the boundary of the object, see Fig. 1.

Indeed, the idea of the IBM is to approximate the boundary

by a set of points that affect the fluid by a force field; a force

density term is then added in the flow governing equation in

order to satisfy the no-slip condition on the boundary [41–43].

The IBM is also called non-body-conformal grid method,

this means that the grid used to solve fluid equations does not

conform to the boundary which is generated through a surface

grid. The main advantage of this method is then related to the

generation of the grid. Indeed, the Eulerian grid used to solve

fluid equations is generated with no regard to the surface grid,

its shape is not affected from the presence of the boundary.

This advantage is more apparent when moving boundaries

are studied, as no re-meshing procedure is needed. This makes

the IBM useful to study complex and moving or even de-

formable boundaries [44–46]. Since the Eulerian grid does

not conform the solid boundary, it is necessary to modify fluid

equations in the proximity of the boundary [47, 48].

There are different IBMs available in literature for both

rigid and deformable boundaries; we can distinguish be-

tween feedback forcing methods [39], also knonw as penalty

method, and direct forcing methods [49].

In this work the Direct-force Implicit IB formulation pro-

posed by Wu and Shu in [28] is used; the diffuse interface

scheme is then adopted to represent the boundary.

While in the conventional IBM the force density is evalu-

ated in advance and then used to explicitly correct the velocity

term, in the implicit formulation the magnitude of the force

density is unknown and it is determined in order to satisfy the

no-slip velocity condition on the boundary.

Since two different grid systems are present it is necessary

couple them by introducing an interpolation stencil.

Among the interpolation functions available in the literature

[29], the one chosen for the present study is:

δ (r) =











1
3
(1+

√
1−3r2) 0 ≤ |r| ≤ 1

2
∆x

1
6
(5−3|r|−

√

−2+6|r|−3r2) 1
2
∆x ≤ |r| ≤ 3

2
∆x

0 3
2
∆x ≤ |r|

(4)

where ∆x is the lattice spacing. In the present study the in-

terpolation function Eq. 4 has been implemented and used to

compute the kernel function, Eq. 5.

∆(x f −Xi
b) = δ (x f −X i

b)δ (y f −Y i
b), (5)

where x f := (x f ,y f ) and Xi
b := (X i

b,Y
i
b) are respectively the
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position of the fluid node and the position of the i− th La-

grangian marker.

Eq. 5 is then used to interpolate the velocity u∗(Xi
b, t),

Eq. 6, and the density ρ(Xi
b, t), Eq. 7, along all boundary

nodes.

u∗(Xi
b, t) = ∑

x f

u(x f , t)∆(x f −Xi
b), (6)

ρ(Xi
b, t) = ∑

x f

ρ(x f , t)∆(x f −Xi
b), (7)

To find the force density term, a linear system should be

solved Eq. 8

AQ = B, (8)

where:

• A is a P×P matrix, where P is the number of La-

grangian points, whose elements are only related to the

Lagrangian boundary points and their neighboring Eu-

lerian nodes, see Eq. 9;

• B is the delta velocity vector between the velocity of

each Lagrangian boundary node and the interpolated

fluid velocity in the absence of the obstacle, see Eq. 10;

• Q=
{

δu1
b,δu2

b, ...,δuP
b

}

is the velocity correction term

on each Lagrangian point, see Eq. 11, and it is used to

compute the force term on the boundary nodes Eq. 12.

A(Xi
b,X

j
b) = ∑

x f

∆(x f −Xi
b)∆(x f −X

j
b)∆s, (9)

B(Xi
b) = Ub(X

i
b, t)−u∗(Xi

b, t), (10)

where Ub(X
i
b, t) is the wall velocity at each Lagrangian

marker.

Q = A−1B, (11)

F(Xi
b, t) = 2

ρδui
b

δ t
, (12)

Then, the force term on each Eulerian node F(x f , t) is com-

puted with Eq. 5 spreading the Lagrangian force F(Xi
b, t),

evaluated with Eq. 12:

F(x f , t) = ∑
Xi

b

F(Xi
b, t)∆(x f −Xi

b)∆s, (13)

where ∆s is the distance between two subsequent boundary

nodes.

To evaluate the Drag and Lift forces, FD and FL it is suffi-

cient using the following equations respectively Eq. 14 for the

former and Eq. 15 for the latter one:

FD =−∑
Xi

b

F(Xi
b, t)Streamwise∆s, (14)

FL =−∑
Xi

b

F(Xi
b, t)Spanwise∆s, (15)

Then it is possible computing the Drag and Lift coefficients,

respectively CD and CL, using Eqs. 16 and 17.

Cd =
FD

1
2
ρu2

∞S
, (16)

Cl =
FL

1
2
ρu2

∞S
, (17)

where ρ is the density of the fluid, u∞ is the undisturbed speed

and S is the cross section.

C. Algorithm

Figure 2 reports the algorithm developed in this work. It is

possible to see how the LBM has been coupled with the IBM

to manage the boundary motion. Specifically, the algorithm

starts applying the boundary condition on all the boundary

nodes. Then there are two ways to account for the presence of

an obstacle: following the classical LBM approach with wall

boundary condition, or employing the IBM.

In this paper, we employ a standard D2Q9 [50] lattice, see

Fig. 3. At the inlet we fix Dirichlet boundary conditions:

fī(xb, t +∆t) = f ∗i (xb, t)−2wiρw

ci ·uin

c2
s

, (18)

where fī refers to the direction ī such that cī = −ci, xb is the

boundary node, f ∗i is the distribution after collision, ρw is the

density on the boundary nodes, uin is the inlet velocity.

On the outlet boundary nodes the Non Equilibrium Ex-

trapolation Method (NEEM) boundary condition has been

adopted:

fi(xb, t) = f
eq
i (ρw,uw)+( fi(x f , t)− f

eq
i (ρ f ,u f )), (19)

where fi(xb, t) is the population on the boundary node,

fi(x f , t) is the population on the adjacent fluid node,

f
eq
i (ρw,uw) and f

eq
i (ρ f ,u f ) are the equilibrium distribution

function evaluated respectively with the values of density and

velocity of the boundary and of the last fluid node.

Near the outlet boundary an absorbing viscous sponge layer

has been introduced in order to reduce reflections at the

boundary. Within this layer the system is characterized by a

higher viscosity than the simulation domain [51, 52]. A cubic

local function for the viscosity has been implemented inside

the absorbing layer. The function depends on the Reynolds

number in the bulk and on the Reynolds number at the outlet.

The relationship is defined as follow:
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FIG. 2. A sketch of the presented algorithm.

FIG. 3. Sketch of the D2Q9 stencil with weights.

Re(x f ,Rein,Reout) =











Reout−Rein
(

Rein
2

)3

(

x f −Nx +
Rein

2

)3

+Rein Nx − Rein
2

−50 ≤ x f ≤ Nx −50

Reout Nx −50 ≤ x f ≤ Nx

(20)

where:

• Rein is the Reynolds number in the bulk;

• Reout is the prescribed Reynolds number at the outlet

for a desired viscosity;

• Nx is the length of the domain in the x direction.

On top and bottom boundary nodes the the free slip condition

has been ensured.

The IBM algorithm starts with the computation of the ker-

nel function Eq. 5 based on the specific interpolation function.

The interpolation function chosen for this paper is Eq. 4.

Then the interpolation step of the macroscopic quantities

starts, see Eqs. 6 and 7.

After that, it is necessary to compute the matrix A and its

inverse and the vector B, in this way it is possible to solve the

linear system, see Eq. 8, and find the delta velocity vector Q.

Then, the force term is computed Eq. 12 and therefore

spread over the Eulerian nodes Eq. 13.

The algorithm supports turbulence modeling using a Large

Eddy Simulation approach (LES) with the Smagorinsky

subgrid-scale model [53]. However, since all simulations in

this study are two-dimensional, and the Reynolds numbers

simulated fall within the laminar flow regime, the use of the

LES model has been deemed unnecessary.
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Forces are then forwarded in the LBM using Guo’s forcing

scheme, see Eq. 3. Finally, the algorithm continues with the

collision and the streaming steps.

The algorithm offers additional options for estimating the

vibration of a solid structure, whether vortex-induced or not.

A weakly coupled approach has been used within the frame-

work proposed. Forces exerted on the body are evaluated with

the fluid solver and passed to the Verlet algorithm [54] which

is used to predict the position and the velocity of the boundary

at the next time step. These information are transferred back

to the fluid solver.

The body is assumed to be rigid; the position update is per-

formed using Verlet’s algorithm taking as reference position

the geometrical center of the body:

Xre f (t +∆t) = 2Xre f (t)−Xre f (t −∆t)+a(t)∆t2, (21)

Ure f (t +∆t) =
Xre f (t +∆t)−Xre f (t)

∆t
, (22)

a(t) =
Fext(t)

m
, (23)

In the equations above, Xre f (t +∆t) is the reference position

of the body at the next time step, Xre f (t) represents the ref-

erence position of the body at the time t, Xre f (t −∆t) is the

reference position of the body at the previous time step, a(t)
is the acceleration at time t, see Eq. 23 where Fext(t) are the

forces exerted on the body and m is the mass of the rigid body,

Ure f (t +∆t) in Eq. 22 is the velocity of the reference position

at the next time step, ∆t is the physical time step.

The velocity obtained in Eq. 22 is used then to update the

velocity of the boundary as follow

Ub(X
i
b, t +∆t) = Ure f (t +∆t). (24)

The development of the position of the rigid body over

time has been monitored in terms of percentage displacement

Disp% only along the y-direction using the following equa-

tion:

Disp% =
Xre f−y −Xre f−y0

D
∗100, (25)

where Xre f−y is the y component of the reference position,

Xre f−y0 is the y component of the reference position at t = 0

and L is the characteristic length.

The computational domain is set to a spanwise length of 30

cylinder diameters and a streamwise length of 40 diameters.

The cylinder is fixed within the domain, with its center located

10 diameters from the inlet and 15 diameters from both the

upper and lower boundaries, as illustrated in Fig. 4.

These domain dimensions ensure stable simulation while

minimizing the influence of boundary conditions [28, 32, 55].

This setup strikes a balance between computational efficiency

and the accuracy of results, ensuring reliable validation of the

algorithm.

FIG. 4. Cylinder test case domain size

FIG. 5. Cylinder-plate domain size

The physical grid spacing used is dx = 0.001 m; the tempo-

ral discretization parameter dt has been evaluated as follows:

dt = (τ −0.5)∗ dx2

3ν
, (26)

where ν is the physical viscosity of the fluid.

The domain has been discretized with 1.08 million lattice

points for all the simulations which involves the cylinder con-

figuration, while 2.16 million lattice points have been used in

the cylinder with plate configuration. The temporal discretiza-

tion parameter has been set to 1.023×10−2[s] at Reynolds 20,

5.117×10−3[s] at Reynolds 40, 2.046×10−3[s] at Reynolds

100 and 1.023×10−3[s] at Reynolds 200.

III. VALIDATION

The validation of the algorithm proposed in this paper is

performed using a simple academic test case: flow past a sta-

tionary circular cylinder at different Reynolds numbers. In the

present configuration, a range of Reynolds numbers from 20

to 200 has been tested, and the results have been compared

with available data for validation purposes.

After that, the cylinder-plate configuration was examined

specifically at a Reynolds number of 200. The aspect ratio of

this setup is defined as L/D = 1 where L is the length of the

plate and D is the diameter of the cylinder.

Due to the change in the streamwise dimension of the

obstacle, the computational domain was resized to ensure
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7

FIG. 6. Drag and Lift coefficients for circular cylinder at Re=20.

FIG. 7. Drag and Lift coefficients for circular cylinder at Re=40.

that boundary conditions did not affect the simulation re-

sults. While the spanwise dimension remained unchanged,

the streamwise dimension of the domain was increased as il-

lustrated in Fig. 5.

To comprehensively validate the numerical model, the time

evolution of the Drag and Lift coefficients for a stationary

cylinder at various Reynolds numbers (i.e. 20, 40, 100, and

200) is presented in Figs. 6–9.

As expected, a flat trend with no Lift is observed for the

lower Reynolds cases ( Figs. 6 and 7), along with a stable Drag

after a transient phase lasting 50,000 iterations. No vortex

shedding is expected for these cases. Increasing the Reynolds

number the transient time of the simulation increases, see

Figs. 8 and 9, primarily due to the instabilities introduced by

vortex shedding as the flow passes around the cylinder.

FIG. 8. Drag and Lift coefficients for circular cylinder at Re=100.

FIG. 9. Drag and Lift coefficients for circular cylinder at Re=200.

FIG. 10. PSD of Cl for cylinder configuration versus St

Furthermore, consistent with the literature, Lift and Drag

begin to oscillate, with the Lift oscillating around a mean

value of zero, while the Drag stabilizes an oscillatory trend

around a value close to 1.5 [30, 32, 55–57].

To analyze the oscillation frequency in detail, a spectral

analysis of the Lift and Drag coefficients was conducted

evaluating the Power Spectral Density (PSD) using Welch’s

method [58, 59]. The results are presented versus Strouhal

number (St) in Figs. 10 and 11. For the sake of clarity the St

number has been defined as follows:

St =
φ0D

u∞

, (27)

where φ0 is the oscillation frequency, D is the cylinder diam-

eter and u∞ is the free stream flow velocity. Fig. 10 reports

FIG. 11. PSD of Cd for cylinder configuration versus St
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TABLE I. Comparison between results of the present paper and lit-

erature ones at Re=20 for the cylinder test case

Re = 20

Reference Year Cd

Kang et al.[41] 2010 2.09

Niu et al.[61] 2006 2.14

He et al.[62] 1997 2.15

Present 2.18

Hu et al.[32] 2014 2.21

Xu et al[56]. 2006 2.23

TABLE II. Comparison between results of the present paper and lit-

erature ones at Re=40 for the cylinder test case

Re = 40

Reference Year Cd

He et al.[62] 1997 1.499

Kang et al.[41] 2010 1.572

Niu et al.[61] 2006 1.589

Present 1.63

Hu et al.[32] 2014 1.66

Xu et al[56]. 2006 1.66

the PSD of the Lift coefficients for two Reynolds numbers.

According to observations and the literature [30, 32, 55–57],

the Von Kármán vortex shedding frequency is generally below

a St number of 0.2 and increases with the Reynolds number.

Additionally, at Reynolds numbers around 200, a higher har-

monic with significant energy content appears at a frequency

approximately three times that of the Von Kármán frequency.

This phenomenon is linked to the activation of an additional

flow mode, driven by nonlinearities in vortex-shedding dy-

namics and complex interactions between shed vortices within

the wake. The detection of high harmonics of the Lift coef-

ficient can be crucial for predicting the response of structures

subjected to VIV [60].

Fig. 11 presents the PSD of the Drag coefficient as a func-

tion of the Strouhal number. As expected, the dominant fre-

quency in this case, corresponding to the Von Kármán vortex

shedding, is twice that observed for the Lift coefficient and is

influenced by the Reynolds number. A secondary peak, oc-

curring at four times the fundamental frequency, appears at

a Reynolds number of 200. This peak is likely attributed to

flow instability; however, its very low amplitude relative to

the non-zero mean Cd value makes it negligible for VIV con-

cerns.

Cd,Cl and St error have been computed with respect to lit-

erature data as ε = |M−E|
E

where M is the measured value, E is

the expected value. Such an error is below 3% for alla consid-

ered cases, see tables I–IV. This accuracy confirms the correct

computation of the forces acting on the obstacle discretized

using the IBM.

TABLE III. Comparison between results of the present paper and

literature ones at Re=100 for the cylinder test case

Re = 100

Reference Year Cd Cl St

Hu et al.[32] 2014 1.418 ±0.367 0.166

Cheylan et al.[30] 2022 1.42 ±0.33 0.166

Xu et al[56]. 2006 1.423 ±0.34 0.171

Present 1.435 ±0.37 0.167

Lai et al.[55] 2000 1.447 ±0.33 0.165

Benson et al.[57] 1989 1.46 ±0.38 0.17

TABLE IV. Comparison between results of the present paper and

literature ones at Re=200 for the cylinder test case

Re = 200

Reference Year Cd Cl St

Hu et al.[32] 2014 1.394 ±0.712 0.195

Xu et al.[56] 2006 1.42 ±0.66 0.202

Present 1.429 ±0.74 0.196

Lai et al.[55] 2000 1.44 − 0.184

Benson et al.[57] 1989 1.45 ±0.65 0.193

IV. TEST CASES

A. Cylinder-plate

The first test case analyzed is the cylinder-plate configura-

tion at Re=200. The presence of a plate attached to the rear

stagnation point of the cylinder significantly alters the vor-

tex shedding characteristics compared to an isolated cylinder.

Indeed, in the cylinder configuration vortexes are compact

and the wake is symmetric respect to the horizontal line, fur-

thermore velocity gradients between vortexes and surround-

ing flow are sharper respect to the one which shed from the

cylinder-plate configuration.

Then, the presence of the plate behind the cylinder alters

the wake structure adding complexity generating secondary

structures in the wake, the regular shedding frequency typi-

cal of the cylinder case is broken, vortexes are more stretched

with a lower intensity. Moreover, the plate causes a delay in

the vortex shedding by modifying the flow separation points,

see Fig. 12.

Drag and Lift coefficients have been monitored over time.

The cylinder-plate Cd is 30% lower respect to the cylinder

configuration, see table V and Fig. 13. Similarly its oscilla-

tions are smaller respect to the simple cylinder, the Cd stabi-

lizes at a mean value around 1.1.

Similarly, the Cl amplitude is 75% lower in the cylinder-

plate case respect to the simple cylinder, see Fig. 13.

This is also evidenced in the PSD of the Lift coefficient,

see Fig. 14, where a reduction in both frequency and ampli-

tude of the vortex shedding is observed. Additionally, while

in the simple cylinder is clearly visible higher harmonic con-

tribution, in the cylinder-plate configuration it disappear; in-

stead, multiple smaller peaks are visible between St = 0.152

and St = 0.55 caused by weaker and less coherent vortices.
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FIG. 12. Lattice velocity map at Re=200, on the left the cylinder configuration, on the right the cylinder-plate configuration

FIG. 13. Drag and Lift coefficients for cylinder-plate configuration

at Re=200

TABLE V. Comparison between cylinder (L/D=0) and cylinder-plate

configuration (L/D=1) at Re=200

Re = 200

Cd Cl St

L/D=0 1.429 ±0.74 0.196

L/D=1 1.107 ±0.18 0.152

B. Vortex-Induced Vibration

VIV problem is modeled as a spring-mass system [63], as

shown in Fig. 15, where the spring represents the full elastic-

ity of the support. For this initial application, we use an alu-

minum disk with a mass m of 1.89×10−3kg while the spring’s

elastic constant k is set to 1×10−5N/m given the relatively

small forces in this configuration. The system is restricted to

a single degree of freedom along the y-axis, allowing us to

consider only the Lift force and spring force to calculate the

body’s acceleration and resulting displacement with Eq. 25.

Only the cylinder configuration exhibiting higher flow insta-

bilities at a Reynolds number of 200 is considered. The sys-

tem proposed in the present paper is characterized by a natural

frequency φn = 1.16×10−2Hz, defined as φn =

√

k
m

2π , where k

is the spring constant and m is the mass of the system.

FIG. 14. PSD of the Cl of the cylinder and cylinder-plate configura-

tion versus St

FIG. 15. Model of the system

The contribution of the high-frequency component, at-

tributed to Lift forces, is clearly evident in Fig. 16. Addition-

ally, a lower-amplitude, longer-period oscillation, likely asso-

ciated with the natural frequency φn, is also observed. Spectral

analysis of the displacement signal compared with the Lift co-

efficient and the analytical displacement evaluated as follow:

Xre f (t) =
F0

k−m(2πφ0)2
(cos(2πφ0)t − cos(2πφn)t), (28)

where F0 is the amplitude of the Lift force FL, confirmed

that the most energetic oscillation frequency corresponds to

the shedding frequency associated with the cylinder case,

φ0 = 6.39×10−1Hz, which translates to a St number of

St(φ0) = 0.196, as shown in Fig. 17.

Moreover, Fig. 17 highlights a strong agreement between
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FIG. 16. Percentage displacement of the cylinder along the y-

direction

FIG. 17. Comparison between the Cl, the numerical and the analyt-

ical displacement versus St obtained with the present algorithm

the amplitude of the numerical and analytical displacement

spectra, particularly at vortex shedding frequency, further con-

firming the validity of the simulation.

V. CONCLUSIONS

In this paper, we propose an innovative 2D algorithm that

integrates the IBM with the LBM to deal with fluid structure

interaction problems efficiently and with low computational

cost. Notably, the algorithm achieves approximately 35 mil-

lion lattice updates per second (MLUPs) using only OpenMP

parallelization directives on a laptop equipped with 12 cores.

Using the IBM, forces acting on solid structures are ac-

curately calculated. By applying Newton’s third law, these

forces are then transferred to adjacent fluid nodes and incor-

porated into the LBM using Guo’s forcing scheme. This setup

enables the computation of both Lift and spring forces to de-

termine obstacle displacement.

The validation on the cylinder test case results aligns well

with existing literature in terms of Drag and Lift coefficients

and Strouhal number, showing errors less than 3%. The high-

frequency resolution achieved by this algorithm enables pre-

cise prediction of the vortex shedding frequency and the ef-

fects of nonlinear interactions between wake-shed vortices on

both Lift and Drag.

In a test case involving a cylinder-plate configuration, the

algorithm reveals notable modifications in the wake structure

and flow separation point. The cylinder-plate setup results in

a reduced Drag coefficient compared to the cylinder alone.

Finally, a preliminary application to VIV phenomena

demonstrates a higher resolution of the cylinder displacement

around the original position due to Lift forces, indicating the

algorithm’s potential for assessing VIV dynamics. Further

analyses will be carried out in future works to investigate more

complex scenarios, such as the roto-translational motion stud-

ied in [64, 65] in conjunction with the VIV phenomena.
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