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Abstract. Offshore multi-column platforms as semi-submersibles (SS) and floating offshore wind turbines (FOWT) are 

ocean structures composed of a set of free surface piercing low aspect ratio (LAR) vertical circular cylinders. Under 

ocean current, vortex shedding phenomena take place, inducing what has been called Vortex Induced Motions (VIM). 

Fundamental studies on the vortex shedding phenomenon from LAR cylinders are still required. This paper brings a 

study on the influence of the boundary conditions and two different turbulence models on the flow and the drag 

coefficient. The model is constructed with the Star CCM® solver. The unsteady incompressible URANS (Unsteady 

Reynolds-Averaged Navier-Stokes) equations are dealt with a k-ω SST turbulence model (Shear Stress Transport) and 

DES turbulence model (Detached Eddy Simulation). 
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1. INTRODUCTION  

 

The flow around low-aspect-ratio cylinders piercing the free surface is a source of considerable industrial and 

academic interest. Several engineering applications feature low aspect ratio (LAR) cylindrical shapes as part of their 

geometry, such as in offshore floating platforms, spars, monocolumns, semi-submersibles (SS) and FOWT - floating 

offshore wind turbines. The typical flow exhibits a complex vortex system, interacting with the free-surface and with 

the free end of the column, in a three-dimensional way, what represents a challenge to experimental and numerical 

engineering.  

Fujarra et al. (2012) present some VIM experiments, indicating that, initially, research in this theme focused more 

on faithful reproduction of the main features, in small-scale models, rather than on the global understanding of the 

phenomena. 

Fundamental studies about the vortex flow topology around LAR cylinders were carried out by Okamoto and Yagita 

(1973), Kawamura et al. (1984), Sakamoto and Arie (1983) and Pattenden et al. (2005). Sakamoto and Pattenden 

classified vortices shedding from LAR cylinders as a tip and trailing vortices. Okamoto and Kawamura conducted 

experimental tests of cylinders varying the aspect ratio (AR) from 1 to 8 and analyzed the influence of free-end effects 

on drag coefficient.  More recently, Gonçalves et al. (2014, 2015) carried out an extensive series of experiments on flow 

around fixed LAR circular cylinders and VIM tests of floating LAR circular cylinders, both covering the range 0.2≤ AR 

≤2.0. 

Rosetti et al. (2013), conducted a numerical verification study for a free surface piercing low aspect ratio circular 

cylinder, AR=2.0, comparing the solution with experimental results. In Lopes et al. (2017), a CFD study with circular, 
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square and diamond shaped cylinders (AR=1.5), at Re~105 was done. Palau-Salvador et al. (2010) presented a 

comparison between numerical and experimental results using LES (Large Eddy Simulations) for a cylinder with AR 

2.5 and 5. Benitz et al. (2016) carried out an extensive numerical simulation for LAR cylinders, varying AR in the range 

1 to 19, applying several turbulence models (Spalart-Allmaras, k-ε, RNG, and DES) and analyzed the influence of free-

end and free-surface effects. 

The objective of the present paper is to understand the influence of the free surface and turbulent fields on the flow 

around a fixed column for Reynolds 25,000 and Froude number 0.18, both based on flow velocity and cylinder 

diameter. The results are compared with experimental fields obtained by PIV by Gonçalves et al. (2013), as well 

compared with numerical fields obtained by Rosetti et al. Besides, the mean drag coefficient is addressed.  

The paper is organized as follows: after this introduction, the formulations used for the URANS code are briefly 

explained. The numerical setup and simulation conditions are then explained in detail, followed by a qualitative analysis 

of the obtained flow fields. A comparison between numerical and experimental results is presented in the following 

section. The last section presents the conclusions. 

 

2. THEORETICAL FORMULATIONS 

 

The flow governing equations are the unsteady Reynolds averaged Navier-Stokes equations, written in an inertial 

fixed reference frame (x1, x2, x3) = (x, y, z), for Newtonian fluids in incompressible flow; see for instance Ferziger and 

Peric (2002): 
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where ρBi is a body force (ρ is the mass density). 𝑈𝑖 is the velocity field on i direction and 𝜇 is the dynamic viscosity. 
The correlations 𝑢′

𝑖𝑢
′
𝑗

̅̅ ̅̅ ̅̅ ̅  cannot be determined without further equations. In URANS framework, one normally employs 

turbulence models to determine these correlations.  
In the case of free surface flows, a few further assumptions are made. Part of the body force present in Eq.1 is the 

gravitational force, i.e., ρBi = ρgi. The fluid is considered as a two-phase fluid mixture according to the volume-of-

fraction (VoF) approach, in which density and viscosity are space and time-varying properties: 

 

𝜌 = 𝛼𝑤𝜌𝑤 + 𝛼𝑎𝜌𝑎 (3) 

 

𝜇 = 𝛼𝑤𝜇𝑤 + 𝛼𝑎𝜇𝑎 (4) 

 

where αw is the volume fraction occupied by water in the field and αa, by air. Moreover, ρw, ρa, μw, and μa are, 

respectively, water and air densities and water and air viscosities. Therefore the following applies in an arbitrary control 

volume V: 

 

𝛼𝑤 =
𝑉𝑤

𝑉
 (5) 

 

𝛼𝑎 =
𝑉𝑎

𝑉
 (6) 

 

𝛼𝑤 +  𝛼𝑎 = 1 (7) 

 

With such an explicit relation for the volume fractions, we are then able to solve for only one of them and the other 

results automatically. It is also worth emphasizing that it follows from the equations that 0 ≤  α ≤ 1.  The turbulence 

models applied to the calculations are kω-SST, Detached Eddy Simulation (DES) and Spalart-Allmaras. 

 

3.  NUMERICAL SETUP 

 

In this section, we address grids, boundary conditions and numerical convergence aspects.  

 

 

3.1 Domain and Grids 

In all cases, the domain was placed 10 diameters upstream and 20 diameters downstream the cylinder. The walls of 

the domain and the depth were modeling according to the dimensions of the NDF recirculating water channel facility of 
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the University of São Paulo (USP) where the experimental data [5] and [6] were obtained. Two types of boundary 

conditions are addressed. The first one replaces the free surface by a symmetric boundary condition, simply referred to 

as Symmetry. The second one represents the kinematic and dynamic boundary conditions, simply referred to as Free 

Surface (FS) or VoF. The second case is simulated using kω-SST, DES and Spalart-Allmaras turbulence models. 

 

3.1.1 Symmetry 

 

In this setup, the objective is to investigate the free-end influences with no the free surface effect. The domain and 

grid can be seen in Fig.1.  

 

Figure 1. Grid and boundary conditions for the symmetry case. 

 

The grid has 1.6 M cells. The boundary layer region was refined and the first layer thickness selected to keep Y+<1. 

3.1.2 Free surface effects - VoF 

The objective of this case is investigating the free surface effects and turbulence modeling effects. The domain and 

grid can be seen in Fig.2. Slices shown in Fig. 2 are in the free-surface plane. 
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Figure 2. Grid and boundary conditions for the symmetry boundary condition. 

 

 

 

This case is what best represents the experiments. The numbers of cells increases to 5.3 million elements. The 

boundary layer refinement in this case also was set to keep y+ below 1. The refinement blocks for this case were set in 

three regions. The region near to the cylinder, to make the transition between the boundary layer and far-field 

smoothest. The second region is the wake region, and finally the free surface region, which represents the volumetric 

interface between water and air. This region must be the most refined compared to the other two to mitigate errors by 

numerical diffusion. 

 

3.2 Boundary Conditions 

 

At the inlet boundary, velocity field and turbulent quantities distribution are specified as Dirichlet boundary 

conditions. The volume fraction is also defined by specifying the position of the air-water interface.  On the outlet 

boundary, a boundary condition of zeroth-order extrapolates all quantities, except the pressure, which is fixed. Such a 

condition is also used on the top of the domain in the free surface case. 

The non-slip condition is applied on the surfaces of the walls, bottom, and cylinder.  

For the symmetry case, a symmetry boundary condition was applied to the still free surface plane. In this case, the 

normal component of the velocity and the gradient of the tangential component of the velocity are set to zero (mixed 

Dirichlet-Neumann conditions). For other quantities, there should be a Neumann condition (zero gradients). 

 

3.3 Iterative Convergence 

 

The criteria for the iterative errors in the calculations for all variables was set to residual <10-4 at each time-step in 

the rms norm. Fig. 3 shows an example of the iterative convergence process. 

 
Figure 3. Example of the iterative convergence. 

 

4. PRELIMINARY RESULTS 

 

In this section, some results are shown and compared with numerical ones, by Rosetti et al. (2013), and with 

experimental ones, by Gonçalves et al. (2013, 2015). Drag coefficient and flow fields are considered. 

 

4.1 Drag coefficient. 
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The mean drag coefficient is determined for each case simulated, after identifying steady-state regimes. The drag 

coefficient is defined by considering the frontal projected area of the cylinder (HD). 

Table 1 shows a comparison between the mean drag coefficient, determined from the three cases simulated, with 

experimental results by Gonçalves et al. (2013, 2015) and with numerical results obtained by Rosetti et al. (2013). 

Table 1. Mean drag coefficient (Cx): comparison between numerical and experimental results. 

Case Cx 

Relative difference (%) 

Experimental 

Relative difference (%) 

Numerical (Kω-SST + 

Symmetry) 

Gonçalves et al, 2013 (Experimental) 1.02 -   

Rosetti et al. (2013) (Kω-SST + Symmetry) 0.74 27.5% - 

Rosetti et al. (2013) (Kω-SST + Free Surface) 0.82 19.5% 11.1% 

Kω-SST + Symmetry 0.75 26.6% 1.3% 

Kω-SST + Free surface 0.85 16.9% 14.7% 

DES + Free surface 0.89 12.5% 20.8% 

Spalart-Allmaras + Free surface 0.73 28.4% 1.2% 

 

As can be noticed, the simulation cases which best reproduce the experimental results are those with free-surface 

modeling. Between those, the one that gives a value closer to the experimental paradigm is that with DES turbulence 

model. If we compare with the numerical results by Rosetti et al. (2013), the relative difference of the simulations using 

the Kω-SST + Symmetry model are of the order of 1%.  

 

4.2 Velocity Flow Fields 

 

In this section, we compare some obtained flow fields with experimental data from PIV (Particle Image 

Velocimetry) by Gonçalves et al. (2013) and with previous numerical results by Rosetti et al. (2013). 

 
(a) (b) (c) 

 

Figure 4. Mean velocity in the x-direction; kω-SST turbulence model and symmetry boundary condition.  

a)  Numerical results, Rosetti et al. (2013); b) Numerical results, present work; c) Experimental PIV results, Gonçalves 

et al. (2013). Streamlines at central plane shown in (b) and (c) 

 

Figure 4 shows the mean velocity fields color maps in the x-direction, normalized by the free stream current 

velocity. The region very close to the free surface is not shown in the experimental results, Fig. 4-c. In the experimental 

results, we can see two recirculating regions, one near to the bottom of the cylinder (free-end) and another downstream. 

For the kω-SST turbulence model under symmetry boundary condition (Fig.4-b), the first recirculation region appears 

to be not reproduced. However, in the downstream region, the recirculating bubble seems similar to the experimental 

results. 

 

Figure 5 shows the influence of the free surface modeling on the downstream wake. Streamlines are presented for 

two free surface modeling strategies. 
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 ,  

(a) (b) 

Figure 5. Mean velocity in the x-direction; kω-SST turbulence model. 

a) Symmetry boundary condition. b) Free surface modeling (VoF). 

Streamlines at central plane shown. 

 

We compare two models: symmetry and with free surface. The dimensionless velocity field was compared taking 

the symmetry BC case and the free surface model, both using the kω-SST turbulence model. In the VoF modeling case 

(Fig. 5-b), the low-velocity field region downstream is larger than in the symmetry BC case (Fig. 5-a). Close to the 

bottom of the cylinder, the free surface BC simulation also shows a larger low-velocity field region. Regarding 

streamlines, some morphologic deformation in the downstream wake can be observed from the VoF model. 

 

 

   

(a) (b) (c) 

Figure 6. Mean velocity in x-direction; free surface models: a) kω-SST turbulence model; b) DES turbulence 

model; c) Spalart-Allmaras turbulence model. Streamlines at central plane shown.  

Figure 6 aims at illustrating the influence of turbulence models on the simulations. The comparison is made only 

with cases considering free surface effects. The x-velocity field from the DES model (Fig. 6-b) shows a certain degree 

of non-uniformity if compared with the other two. A region near the free surface, where the velocity intensity is high, 

may be observed, driving a negative recirculation region near the cylinder. 

 

5. CONCLUSIONS 

 

Numerical simulations were carried out for the flow around a vertical captive cylinder, with the low-aspect ratio 

(AR=2), aiming at investigating the physics of the flow under distinct modeling strategies, particularly on the possible 

influence of the free surface and distinct turbulence models. 

Four models were considered, contrasting results from different combinations of free surface and turbulence 

models. Firstly, mean drag coefficients were compared with experimental and numerical results. The comparison with 

experimental results showed the free surface - DES turbulence model as the one presenting the lowest relative 

difference, of circa 13%. The largest difference was obtained with the free surface - Spalart-Allmaras turbulence model. 

If compared with other numerical results, the kω-SST - symmetry model presented a deviation of 1.3%, whereas the 

free surface -Spalart-Allmaras model, 1.2%. 

The fields are shown in three steps, first a direct comparison with experimental and numerical data from other 

authors. The downstream recirculating bubble appears with some similarity to the experimental results. For this model, 



24th ABCM International Congress of Mechanical Engineering 

December 3-8, 2017, Curitiba, PR, Brazil 

the recirculating bubble at the cylinder bottom region could not be properly reproduced. In a second step, velocity fields 

were compared taking the same turbulence model, the kω-SST, for both VoF and symmetry BCs free surface modeling. 

Finally, considering only the free surface BC model, velocity fields were compared, taking three turbulence modeling 

strategies, kω-SST, DES and Spalart-Allmaras. The DES model produced a mean x-velocity field with a certain degree 

of non-uniformity if compared with kω-SST or Spalart-Allmaras procedures. A small negative recirculating bubble 

downstream of the cylinder appears, near to the free surface region. Subsequent work will readdress numerical 

simulations closer, measuring uncertainties and applying validation and verification (V&V) procedures. 
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