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Abstract. This paper presents a validation of the numerical code OpenFoam to problems with the vortex-induced
vibration (VIV) phenomenon. This code was applied to the uniform flow past a circular cylinder that is allowed to
move with 1 degree of freedom in the transverse direction to the flow. Firstly the flow around a fixed cylinder is
simulated, and then is simulated a flow around an elastic cylinder. The Reynolds number is 200 for all simulations and
the cylinder motion is described according to a mass-spring or a mass-spring-damper systems. The simulations were
performed by solving the 2D Navier-Stokes equations. In the simulation of the flow around the fixed cylinder, the drag
and lift coefficients and Strouhal number, were calculated and compared with results from other authors. The results
obtained are similar those of other authors, however it was noticed that the discretization and domain size are very
important for the accuracy of the results. In the simulations of the flow around the elastic cylinder (mass-spring or
mass-spring-damper systems), drag and lift coefficients and the cylinder displacement were calculated. The results
obtained in this study were satisfactory and it is concluded that the OpenFoam code is a reliable tool to solve problems
with the VIV phenomenon.
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1. INTRODUCTION

Fluid-Structure interactions occur in many fields of engineering. The Vortex-Induced Vibration (VIV) phenomenon
caused by the vortex shedding from a cylinder is an example of such interaction. The periodic force, generated by the
periodic vortex shedding, causes the cylinder to vibrate, and at the same time, the oscillating cylinder will affect the
fluid flow around itself and, as a consequence, the force and the vortex sheading pattern are affected.

Although the flow past cylinders, static or under VIV, have been already discussed in many papers and books (e.g.,
Sumer and Freds¢e, 1997; Zdravkovich, 1997; Blevins, 1977; Williamson and Govardhan, 2004), it is still a good test
case for the validation of numerical codes.

The response of an elastic circular cylinder with one degree of freedom (1DOF) is influenced and characterized by a
set of dimensionless variables (e. g., Sumer and Freds¢e, 1997):

e The Reynolds number, Re=pU_D/u, where pis the fluid density, U.. is the free-stream velocity, and D is the

cylinder diameter;
e The Strouhal number, St= f.D/U_, where f; is the vortex-shedding frequency;

e The mass ratio, m" = 4m/(7rpID2) , where m and | are the cylinder mass and length, respectively, this parameter
relates the cylinder average density with the fluid density, typically, small values of m* can be related to fluid-
structure interaction in water and large values in air;

e The reduced velocity, U" =U_ /(f,D), where f, is the natural frequency of the cylinder, f = W/(Zﬂ) and
k is the spring stiffness constant;

e The damping ratio, ¢ = c/(ZM) , where c is the damping coefficient;

e The combined mass-damping parameter, m*¢;

e The stability parameter, K; =z°m'¢ .

This paper starts by presenting a brief description of the numerical code OpenFOAM, the algorithms used, the mesh
characteristics and the simulation conditions. To establish a baseline for comparison, firstly the flow past a fixed
cylinder is simulated at Re=200 in 2D. Although for this value of Re the flow already presents some 3D characteristics,
this is still a test case used by many authors (e. g., Li et al., 2009, Zhou et al., 1999). Then is simulated a flow past a
cylinder that is allow to move with 1 degree of freedom in the transverse direction to the flow.
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2. NUMERICAL MODEL

The numerical code used in the work presented in this paper is the OpenFOAM version 2.2.2 (OpenFOAM, 2013).
Two solvers were used: pimpleFoam and pimpleDyMFoam. Both use the PIMPLE algorithm, which is a combination
of the classical SIMPLE and PISO. The first is used with static meshes while the second is used with movable meshes.

The numerical model solves the Navier-Stokes equations considering laminar flow, i. e., without turbulence models.
Only 2D simulations were performed. The motion of the cylinder is imposed by the equation of motion for 1DOF in the
transverse direction of the flow:

myj + cy + ky = F, (1)

where: y, ¢, and § are the displacement, the velocity and the acceleration, respectively; and Fy is the transverse

force, i. e., the lift force. This equation is applied by the solver sixDoFRigidDisplacement. The mesh reconstruction is
achieved by the dynamicMotionSolverFvMesh solver. These solvers have been validated by Jasak and Tukovic (2010).

2.1 Computational domain and discretization mesh

For all the simulations presented in this paper one O-type mesh was used. Figure 1a presents the mesh for the entire
domain. The domain is circular with its center coincident with the cylinder axis and the external radius, Lex, is 50D. The
cylinder diameter, D, is 1 m. Figure 1b presents a detail of the mesh in the proximity of the cylinder.

The mesh was generated using the code Gmsh (Geuzaine and Remacle, 2009). The distance of the first finite volume
to the cylinder surface is 0.003D. The cylinder surface is discretized by 300 segments. The total of finite volumes in the
mesh is 30000.

Figure 1. Computational domain and discretization mesh (a); mesh detail near the cylinder (b).

2.2 Simulation conditions

For all the simulations considered in this paper the Reynolds number is 200 and the mass ratio is 1.27. The values of
the different variables imposed are: D=1m; p=1kg m?3; £=0.005 kg m?s? U,=1mstm=1kg;I=1m.

The left half of the external circumference of the mesh (Fig. 1a) is used as inlet boundary and the right half as
outflow boundary. At the inlet is imposed the fixed value of the undisturbed velocity, U, and a zero gradient for the
pressure. At the outlet a zero gradient is imposed for the velocity and for the pressure. At the cylinder surface is
imposed a zero velocity and zero gradient for the pressure. The time step used is equal to 0.001 s.

Simulations were made for an elastic cylinder with one degree of freedom for a number of cases where Re=200 and
m*=1.27. It is assumed that the cylinder is modeled as a spring-damper-mass system. The reduced velocity, U, ranges
from 1 to 13, with 0.5 intervals. As mass, m, is the same for all cases, the stiffness of the spring, k, is changed from one
simulation to another. The values of k span from 39.2 N/m (for U*=1) to 0.23 N/m (for U*=13), so as reduced velocity
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increases the stiffness of the system diminishes. The reduced velocity is inversely proportional to the frequency ratio,
f/f, = (U*St)f1 , where f; and St are the values for the static cylinder.

The damping ratio considered, ¢ =0.05, is kept constant for all the simulations. So the damping coefficient, c, is
changed from simulation to simulations to maintain the same m* for different U*. The combined mass-damping
parameter, m*¢; is 0.0635. The stability parameter, K., is 0.628.

3. RESULTS AND DISCUTION
3.1 Static cylinder with Re=200

The first study presented concerns the uniform flow past a static circular cylinder with Re=200. Figure 2a) presents
the lift and drag coefficients, Cq and C, time series for the simulation from the initial instant of the simulation up to a

dimensionless time, z=tU_/D, of 150. The drag and lift coefficients are given by: C, =2F,/pDU? and

C, =2F /pDUfO , Where Fq is the drag force (in the direction of the U, vector) and F; is the lift force (perpendicular to
U.. vector).

As shown in Fig. 2a) both C; and Cyq settle to a regular sinusoidal regime after about 70z Figure 2b) presents the
vorticity magnitude field at a given instant after the settling time period. The Strouhal number was found by applying a
Fourier transform to the C time series after 70z Its value is presented in Tab. 1 along with values from other authors.
Table 1 also presents the values of the mean value of Cq4, Cgmean, and the root mean square of Cj, Cirms.
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Figure 2. Drag and lift coefficients, Cq and Cy, time series (a) and vorticity field (b) for a static cylinder at Re=200.

The selection of the domain dimensions is a common problem in numerical simulation of flow around cylinders.
The results depend on the domain size due to the blockage effect, so the domain size and computational cost must be
balanced to obtain the best results. Posdziech and Grundmann (2007) presented a study on the dependence of relevant
variables with Lex (defined in Fig. 1). Table 1 shows that for the Lew/D considered in the present study the values
obtained are in good agreement with those of the other authors.

3.2 Elastic cylinder with Re=200

Figure 3 presents the drag and lift coefficients time series together with the dimensionless cross-flow displacement,
Y/D, time series for different reduced velocities, U*, with and without damping. Figure 4a) presents the dimensionless
peak-to-peak amplitude, Ymax/D, versus reduced velocity, U*. Figure 4b) presents the dimensionless vortex shedding
frequency, f/fn, versus reduced velocity. Figures 5a) and 5b) present the mean drag, Camean, and the root mean square lift,
Cirms, coefficients versus reduced velocity.

When the natural frequency of the cylinder is larger than the vortex sheading frequency (higher values of fu/fs or
lower values of U"), the vortex sheading is similar to the one of the rigid cylinder, and the time series are similar. Up to
U™=2.5 (f/fs=2.04) the time series are similar to the ones in Fig. 3a-b which are similar to Fig. 2a. The drag and lift
coefficients and the cross-flow displacement increase slightly with U*, as it can be seen also by Yma/D (Fig. 4a), by
Comean (Fig. 5a) and by Cims (Fig. 5b). The vortex shedding frequency, f, follows the static cylinder line (Fig. 4b).
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Table 1. Strouhal number (St), root mean square of lift coefficient (Cirms) and mean drag coefficient (Cumean) for a static
cylinder at Re=200.

Author Lex/D St Camean Cirms
Present results 50 0.1961 1.3326 0.4804
Posdziech and Grundmann (2007) 40 0.1962 1.3330 0.4794
Posdziech and Grundmann (2007) 200 0.1946 1.3158 0.4712
Didier (2012) 140 0.1950 1.3186 0.4712
Didier (2012) 500 0.1944 1.3132 0.4691
Didier and Parxotomo (2014) - Fluent 150 0.1942 1.3152 0.4708
Didier and Parxotomo (2014) - FullCReM 150 0.1947 1.3162 0.4703

As the reduced velocity increases (fo/fs decreases) the cylinder vibration starts to affect the vortex sheading, for
U*=3 and 3.5 (Fig. 3c-f) a beating behavior appears and differences are visible between the solution with and without
damping. This beating is a consequence of another frequency, resulting from a different vortex sheading pattern. The
drag and lift coefficients and the cross-flow displacement increase significantly with U*.

At U*=4 the beating disappears, at U*=5 a phase shift occurs, and for higher values of U* the Y time series is in
anti-phase with C,.

As seen in Fig. 4a, from U*=3.5 to 8.5 Ynax €xperiences a regular decrease, and at U*=9 Y falls to a lower value
that remains constant for higher values of U*.

As seen in Fig. 5a, from U*=5 to 8.5 Camean €Xperiences a regular decrease to values inferior to the one of the static
cylinder, and for higher values of U* remains almost constant.

As seen in Fig. bb, from U*=3.5 to 4.5 Ciims falls to a lower value inferior to the one of the static cylinder, from
U*=4.5 to 8.5 Cyms experiences an oscillation, and for higher values of U* increases slightly.

As seen in Fig. 4b, from U*=4.5 to 8.5 Cims, the dimensionless vortex shedding frequency is almost constant at a
value of 1.1 (synchronization or lock-in), for values of U* lower that this interval the vortex shedding frequency is
almost equal to the value of the static cylinder, for values higher than this interval the vortex shedding frequency is
lower than the value of the static cylinder. The phase shift occurs in the lock-in region, corresponding to a frequency of
oscillation near the natural frequency.

4. CONCLUSIONS

This paper presents the application of the numerical code OpenFOAM to the uniform flow past a cylinder that is
static or allowed to move with 1 degree of freedom in the transverse direction to the flow. The Reynolds number is 200
for all simulations and the cylinder motion is described according to a mass-spring or a mass-spring-damper systems.
The simulations were performed by solving the 2D Navier-Stokes equations.

In the simulation of the flow around the fixed cylinder, the drag and lift coefficients and Strouhal number, were
calculated and compared with results from other authors. The results obtained are similar those of other authors,
however it was noticed that the discretization and domain size are very important for the accuracy of the results.

In the simulations of the flow around the elastic cylinder (mass-spring or mass-spring-damper systems), the mass
ratio is m*=1.27 and the combined mass-damping parameter is m*¢ = 0.0635. Drag and lift coefficients and the
cylinder displacement were calculated for values of U* ranging from 1 to 13. The results obtained in this study were
satisfactory and it is concluded that the OpenFOAM code is a reliable tool to solve problems with the VIV
phenomenon.

As future work, this methodology will be applied to an elastic circular cylinder with one and two degrees of freedom
and compared with experimental data. A more detailed study on the mesh dependency and domain size for a fixed
cylinder will also be performed.
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Figure 3. Drag and lift coefficients, Cq and C,, and dimensionless cross-flow displacement, Y/D, time series for different
reduced velocities, U*, with and without damping for a static cylinder at Re=200.
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Figure 3. Drag and lift coefficients, Cq and C,, and dimensionless cross-flow displacement, Y/D, time series for different
reduced velocities, U*, with and without damping for a static cylinder at Re=200 (continued).
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Figure 4. Dimensionless peak-to-peak amplitude, Yma/D, versus reduced velocity, U*, (a) and dimensionless vortex
shedding frequency, f/f,, versus reduced velocity (b) with and without dumping.
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Figure 5. Mean drag, Comean, (&) and root mean square lift, Crms, (b) coefficients versus reduced velocity, U*, with and
without dumping.
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