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Abstract. For computational numerical simulations of fluid-structure interaction it is possible to use a partitioned ap-
proach, which allows separating the system into two subsystems, fluid and structural. MFSim is a multi-physics software,
developed at the Fluid Mechanics Laboratory (MFLab) of the Federal University of Uberlândia, it allows to solve fluid-
structure iteration problems in a partitioned way, discretizing each subsystem with a different mesh, solving them sepa-
rately and communicating them at each time step. In MFSim the fluid subsystem is solved using the finite volume method
(FVM) and the structural subsystem using the finite element method (FEM). As a bridge between these two methods is the
immersed boundary method (IB) to calculate the fluid-dynamic forces exerted by the flow under the structure. In this work
the computational simulation of FSI is solved with weak coupling (one way). The case study of this work is based on a
typical validation case for FSI problems proposed by Turek and Hron (2006), it is an incompressible turbulent flow in a
channel around a solid structure with an elastic part. In the structural subsystem, a mesh formed by solid hexa-8 elements
with extra shape functions is used. For the fluid formulation, the Smagorinsky model is used, for turbulence closure. The
results obtained are preliminary because the simulation is still in progress. Up to the time of publication, the structure
has shown almost 5 mm of maximum displacement, turbulent structures are visible even though the simulation is in the
stage of transition to turbulence.
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1. INTRODUCTION

In this paper, a thin flexible structure coupled to a rigid cylinder is subjected to an incompressible flow of water in
a turbulent regime. Fluid-structure interaction (FSI) cases with simple geometries are useful in validating results when
compared with experimental results. Through numerical simulation it is possible to observe the behavior of the system
changing the different parameters that influence the physical model. The simulations performed in this work were executed
in the (in-house) program MFSim. MFSim is a multiphysics numerical simulation program that allows solving problems
of compressible and incompressible flows, as well as fluid structure interaction, multiphase flows and combustion. In
MFSim a discretized Eulerian domain with a block-structured mesh is used and solved by the Finite Volume Method
(FVM), for the Lagrangian domain it is possible to be discretized with beam, plate, shell and solid elements and this is
solved through the Finite Element Method (FEM), for the FSI to happen an interface is needed, which is the Immersed
Boundary (IB), which is composed of a mesh of .STL format (StereoLithography) and through the use of the Immersed
Boundary Method ( IBM) and Multi-Direct Forcing (MDF) it is possible to transfer the hydrodynamic forces that the flow
exerts under the IB to the structure at each time step. For this case, we used the LES methodology to model the turbulence
closure. We apply the Smagorinsky model, developed by Smagorinsky (1963).

2. TUREK-HRON PROBLEM SPECIFICATION

This work is based on the comparative evaluation carried out by Turek and Hron (2006), which consists in the analysis
of fluid-structure interaction of a cylinder-plate system subjected to an incompressible flow of water in a laminar regime.
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For the specific case under study, an incompressible flow of water in a turbulent regime was used, with Re = 110
000. In Figure 1 an illustration of the physical model adopted for the numerical simulations is shown, the dimensions of
the geometrical configuration, from Wu, are arranged in Table 1. The Table 2 shows the mechanical properties for each
material used. In Figure 2 the fluid and structure domains used are shown.

Figure 1. Physical model and dimensions for fluid and structure domains (Nayer and Breuer, 2014)

Table 1. Geometrical configuration

Concept value (m)
Cylinder diameter D = 0.022
Cylinder center x-position Lc = 0.077
Cylinder center y-position Hc = 0.120
Test section length L = 0.480
Test section height H = 0.240
Test section width W = 0.180
Deformable structure length l1 = 0.050
Deformable structure height h = 0.002
Deformable structure width w = 0.177
Steel mass length l2 = 0.010
Steel mass height h = 0.002
Steel mass width w = 0.177
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Table 2. Structural properties

Para-rubber
Density ρr = 1090 kg/m3

Young’s modulus Er = 4.1MPa
Poisson’s ratio νr = 0.48

Steel
Density ρs = 7850 kg/m3

Young’s modulus Es = 210× 103 MPa
Poisson’s ratio νs = 0.3

Figure 2. Fluid and structure domains for numerical simulations

3. DIFFERENTIAL MODEL

This case studies a Newtonian incompressible flow that interacts with an elastic solid. The solved balance equations
for the fluid subsystem are the continuity equation (Eq. 1) and conservation of linear momentum equation (Eq. 2).
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Where i and j = 1, 2, 3, P is the pressure, t is the time variable and fi is the external forces. For the structure
subsystem, the equations of motion are solved (Eq. 3).

[M ]{ẍ}+ [C]{ẋ(t)}+ [K]{x(t)} = f(t) (3)

where [M ], [K] and [C] are the mass, stiffness and damping matrices. ẍ, ẋ and x are the acceleration, velocity and
displacement vectors and f(t) are the external forces.

4. MATHEMATICAL MODEL

4.1 FEM: 8-node hexahedron with extra shape functions

For the structural model, the 8-node hexahedral solid element with extra shape functions was used. This element type
adds a quadratic term in three directions to the standard 8-node hexahedral element shape functions. The shape functions
are as follows:
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x =

8∑
i=1

Ni(ξ, η, ζ)xi + [P ]{α}, y =

8∑
i=1

Ni(ξ, η, ζ)yi + [P ]{α}, z =

8∑
i=1

Ni(ξ, η, ζ)zi + [P ]{α} (4)

Where [P ]{} are the quadratic terms added as incompatible modes.
The calculation of the elementary stiffness matrix is performed using Eq. 5. With the addition of the incompatible

modes the stiffness matrix calculation is now calculated with Eq. 6. The stiffness matrix is then subdivided into four
submatrices (Kaa,Kaα,Kαa and Kαα). In Eq. 8 the elementary equilibrium equation is shown in Morales (2021).
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To remove non-nodal displacements (α) static condensation is used, which is derived in Eq. 9. The way to obtain the
stiffness submatrices can be found in Morales (2021).

[
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]
da = Fa (9)

Therefore, the condensed elementary stiffness matrix to be used by the incompatible element theory is shown in Eq.
10.
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The elementary mass matrix is calculated with Eq. 11.
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Transforming the Eq. 10 and 11 to the isoparametric coordinate system (ξ,η,ζ) obtains the Eq. 12 and 13.
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The solutions for Eq. 12 and 13 can be obtained through the use of numerical Gauss integration, which for an element
of 8 nodes, two integration points would be sufficient. The three-dimensional Gauss numerical integration is shown in Eq.
14.
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where, wi, wj and wk are the weight functions that depend on the number of quadrature points and f is the function
in the isoparametric natural coordinates.
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4.2 Turbulence model

The Reynolds number of the analyzed problem is quite high. Consequently, the number of degrees of freedom of the
problem generates an impractical computational cost — if it is solved with Direct Numerical Simulation. Therefore, we
decided to address the problem using the LES methodology. To model turbulence, we need to apply low-pass filtering on
Eq. 2. We know that the velocity field can be decomposed into two parts. A filtered part (ūi) and a floating part (u

′
).

Substituting ui = ūi + u
′

into Eq. 2, we get
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where τij = ūiūj − ūiūj is the components of sub-grig tensor.
To solve the τij closure problem, we use the Smagorinsky model, where τij = 2νtS̄ij , νt = (Cs∆)2(S̄ijS̄ij)

1/2 and
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1
2
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)
. We use the value of the Smagorinsky constant as Cs = 0.25. Substituting the previous relationships

in Eq. 15, we arrive at the following equation for turbulence closure:
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where νef = ν + νt.

4.3 Immersed boundary method

The Immersed Boundary Method (Immersed Boundary Method - IB) emerged as an efficient alternative to methods
whose meshes fit the boundaries for the treatment of problems involving complex, mobile and deformable geometries
(Andrade, 2015).

This method can communicate the fluid and structure subsystems, the first of these, fluid, is an Eulerian domain and
the structure subsystem is a Lagrangian domain. The immersed boundary method manages to couple these through the
source term of the linear momentum balance equation, that is, the fluid dynamic forces, which after being calculated enter
the Langrangian domain of the structure subsystem as external forces.

To take into account the presence of the immersed boundary, it is necessary to replace the source term fi [Nm−3] into
the filtered Navier-Stokes equations in Eq. 16 by:

fi(x⃗) =

∫
Ω

(Fk)i(x⃗k)δ(x⃗− x⃗k)dx⃗k (17)

where δ(x⃗ − x⃗k) is the Dirac delta function, x⃗k is the position of the Lagrangian point and x⃗ is the position of the
Eulerian point under analysis.

5. SIMULATION SETUP

Next in the Table 3 is the configuration used in the numerical simulations performed.
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Table 3. Numerical simulation setup

Parameter
Processors reference AMD Epyc 7452
Total number of cores 64
Total number of nodes 2
Number of fluid cells 17028932
Number of .stl elements for IB 339974
Number of Hexa8 elements for structure subsystem 5400
Number of DOFs on structure subsystem 25389
Number of modes calculated 20
Number of cells on bottom level 80× 40× 40
Number of refinement levels 5
Pressure-velocity coupling method SBDF
Advective model cubista
Turbulence closure model Smagorinsky
Smagorinsky constant value 0.25
Cores distribution 8× 2× 4
Inlet flow velocity 5m/s
Physical time simulated 4s

The boundary conditions imposed on the Eulerian domain are:

• Dirichlet for u, v and w velocities and Neumann for pressure on the inlet face (x-).

• Advective for u, v and w velocities and Dirichlet for pressure on the output face (x+).

• Neumann for the u, v and w velocities, Dirichlet for the pressure and no-slip condition on the north (y+), south (y-),
top (z+) and bottom (z-) faces.

6. RESULTS AND DISCUSSION

In Table 4 the twenty first modes of vibration are shown. For the numerical tests, 4.00 physical seconds were simulated.
Figure 3 shows the velocity magnitude field, it is possible to visualize the eddy structures formation due to the flow
interaction with the structure. Figure 4 shows the contours of the isoQ parameter, colored based on the magnitude of the
velocity. In Figure 6 adaptive mesh based on IB movement is shown, it’s composed by 5 levels of refinement.

Table 4. Vibration modes for plate

Vibrating Mode Frequency [Hz]
1 3.03
2 6.97
3 32.22
4 61.29
5 61.41
6 67.19
7 75.60
8 77.32
9 87.97
10 96.44
11 104.39
12 124.84
13 149.63
14 160.92
15 161.66
16 161.66
17 161.91
18 170.71
19 178.61
20 179.82
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Figure 3. Velocity magnitude in m/s after 4.0 physical seconds

Figure 4. Contour of IsoQ after 4.0 physical seconds

Figure 5 shows the displacement of the structure due to iteration with the flow, increases in displacements are expected,
probes are used to extract the nodal displacements at each time step. The vibration signals extracted from these probes
will be treated using FFT (Fast Fourier Transform) and compared with experimental results obtained by Turek and Hron
(2006) and Nayer and Breuer (2014).
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Figure 5. Structure displacement magnitude in meters (m) after 4.0 physical seconds

Figure 6. adaptive mesh based on IB movement
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Figure 7. Nodal displacement in x direction vs nodal displacement in y direction after 4.0 physical seconds

In Figure 7 nodal displacement x vs y are shown after 4.0 physical seconds of simulation.

7. CONCLUSIONS

The results presented above are preliminary as the simulation is still in progress and is part of the validation stage of
fluid-structure interaction for turbulent flows using the Smagorinsky model for turbulence closure. However, with these
preliminary results, it is possible to see the creation of eddy structures due to the movement of the flexible structure
(cylinder-plate system). The results obtained so far indicate the need to use an adaptive mesh based on vorticity to avoid
dissipation of eddy structures. The structure presents a behavior in accordance with the expected, although the results
obtained so far indicate that it is in the transition stage to turbulent flow. The use of white noise can be viable to accelerate
the transition process to turbulence.
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