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ABSTRACT 

Vortex-induced motions (VIM) is a common phenomenon on varies 
kinds of deep-water offshore platforms such as deep draft semi-
submersible and Spar. The present study investigates the VIM response 
of a Spar at different incident angles (current headings). The numerical 
investigations are conducted under supercritical Reynolds number 
using naoe-FOAM-SJTU, a solver developed based on the open source 
framework OpenFOAM. The self-developed six degree-of-freedom 
(6DoF) motion module and mooring system module are applied to 
model motions of Spar and the constraint of mooring lines, respectively. 
The shear stress transport (SST) based detached-eddy simulation (DES) 
is chosen for turbulence closure to predict the massive flow separation 
at high Reynolds number. The main purpose of this paper is to study 
the “hot spots” phenomenon of VIM response in a numerical way.   

KEY WORDS: Vortex-induced motions; VIM; spar; incident angle; 
detached-eddy simulation; DES; hot spots.  

NOMENCLATURE 

A Dynamic oscillation amplitude (m) 
A* 2* ( / )RMS A D , nominal maximum (-) 
B Linear damping of spring (kg/s) 
D Diameter of spar hull (m) 
fn Natural frequency in still water (Hz) 
fs  Vortex shedding frequency (Hz) 
H Draft of spar hull (m) 
K Spring stiffness (N/s) 
M Mass of spar (kg) 
Re Reynolds number (-) 
St Strouhal number (-) 
U Current velocity or towing velocity (m/s) 
Ur U/fnD, reduced velocity (-) 
Ȝ Scale ratio (-) 

INTRODUCTION 

The original meaning of the word “spar” is a term for stout rounded 
pole used to support rigging as masts, booms, gaffs or yards. Spar 
platforms, as the name suggests, are offshore floating platforms which 
have columnar hulls and deep drafts. For decades, spars have been used 
as marker buoys and for gathering oceanographic data (Halkyard, 2015). 
It was not until the 1990s that the world’s first oil and gas production 
spar platform named Neptune installed in the Gulf of Mexico. As of 
today, spars have evolved from classic spar, truss spar to cell spar. 
More recently, a new concept called “cell-truss” spar, which is a 
combination of cell spar and truss spar, was proposed by State Key 
Laboratory of Ocean Engineering (SKLOE) of Shanghai Jiao Tong 
University (Wang et al., 2008). Despite different design of varies kinds 
of spars, all these floating platforms have vertical hull form which is 
the main cause of vortex-induced motions (VIM). It is well known that 
when flow past bluff bodies, vortices are created and detached 
periodically from either side of the body. The vortex shedding of 
floating platforms results in periodical transverse forces and motions. 
Distinguished from vortex-induced vibrations (VIV), which is used to 
describe high frequency vibrations for long slender risers and pipes, the 
term “VIM” is for relatively low frequency motions of large floating 
objects. When the current velocity is in a specified range called “lock-
in”, vortex sheds at a frequency closed to the natural frequency of the 
structure, the VIM response amplitude becomes much larger as a result 
of resonance. To mitigate VIM response, spars are conventionally 
equipped with helical strakes. Well-optimized strakes configuration can 
reduce VIM response up to 85% (Dijk et al., 2003). While Dijk et al. at 
the same time pointed out due to the limitation of strakes, VIM can still 
occur at some certain current headings. Other experimental studies 
(Halkyard et al., 2005; Finnigan and Roddier, 2007; Zhang et al., 2011) 
also showed the strake effectiveness highly depend on current incident 
angles. The phenomena that spar VIM responses are unexpectedly high 
at some certain current directions are called “hot spots”. Long time 
modular VIM response can cause mooring fatigue, even structural 
damage. This unique issue has become a research focus in the offshore 
engineering area. 
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Due to the complex geometry of the strakes and spar hull 
appurtenances (such as pipes, chains and anodes), it is nearly 
impossible to study VIM by using analytical methods. Thanks to the 
advance of computer science and fluid dynamics, Computational Fluid 
Dynamics (CFD), as the combination of the two, has been playing a 
more and more important role in numerical analyzing field. There have 
been a lot of publications of CFD analysis for spar VIM in recent years. 
All the researches take advantage of unsteady turbulence approaches, 
such as large-eddy simulation (LES) (Sirnivas et al., 2006; Zhao et al., 
2014) or detached-eddy simulation (DES) (Halkyard et al., 2005; 
Thiagarajan et al., 2005; Atluri et al., 2006; Halkyard et al., 2006; 
Wang et al., 2008; Lefevre et al., 2013), rather than traditional 
(unsteady) Reynolds-average Navier-Stokes (URANS) model. 

The main purpose of this paper is to investigate the “hot spots” of spar 
VIM in a numerical way. Spar VIM at different current headings under 
different reduced velocities are simulated and analyzed. Based on the 
numerical results, some meaningful conclusions are drawn. 

NUMERICAL METHODS 

Turbulence Modeling 

The open source CFD toolbox OpenFOAM is well designed for its 
flexibility and extensibility and thus is chosen for simulations herein. 
The shear stress transport (SST) based detached-eddy simulation (DES) 
is implemented and applied for turbulence closure. DES was first 
proposed (Spalart et al., 1997) to take the great challenges of massively 
separated flows at high Reynolds numbers. It is a hybrid RANS/LES 
method which combines the best parts of RANS and LES, i.e., employs 
RANS model in near-wall regions to reduce grid cost and LES sub-grid 
scale model in other regions to better model the unsteady turbulent flow 
characteristics. 

SST DES is a combination of Menter’s SST RANS model (Menter, 
1994) and LES sub-grid scale model. The formulation of SST DES 
adopted and implemented herein can be found in reference (Menter et 
al., 2003). The incompressible flow in SST DES model is governed by 
the continuity equation and momentum equations (namely Navier-
Stokes equations). 
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The DES form is modified by multiplying the dissipation term by a 
coefficient DESF  in k-equation. Where, ( )*

1min ,G G c kβ ω= ,
2

tG Sν= . 1F  is a blending function which is defined by 
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constants in the above equations are obtained via ( )1 1 1 2= + 1F Fφ φ φ− . 
After the k- and Ȧ-equations are solved, the eddy viscosity can be 
calculated by 
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In which, S is the invariant measure of the strain rate. 2F  is another 
blending function 
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All the constants required in equations can be found in Menter’s paper 
(Menter et al., 2003). 

The 
DESF  is defined as 
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Where, ( )*= /tL k β ω  is the computed turbulent length scale, 

3 x y zΔ = Δ Δ Δ  is grid size, =0.61DESC  is DES constant, SF  is 

blending function which can be either 1F  or 2F , and 2SF F=  is used 
in this paper. 

Mooring System 

The spar we trying to simulated is from a model test which was carried 
out by Chevron Energy Technology Company (CETC) (Finnigan and 
Roddier, 2007). In the towing experiments, the spar model is connected 
to the carriage using 4 lines of mixed cables and springs. While in CFD 
simulations we employ taut mooring lines to model the actual cables 
and springs. The line has an anchor point which is fixed during 
computation, and a mooring point which is moving with spar on hull. 
The origin length of mooring line can be calculated by the coordinate of 
two endpoints and the pretension of mooring line. In every time step, 
the coordinate of mooring point will be recalculated to obtain the new 
length. The mooring forces acted on spar are then computed by 
comparing the new length and original length for each mooring line. 
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Six-degrees-of-freedom motions 

The solver naoe-FOAM-SJTU can handle any prescribed or predicted 
motions (Shen and Wan, 2013). The six-degrees-of-freedom (6DOF) 
motions of spar can be therefore obtained. Surge and sway are 
dominant motions at low Froude numbers, therefore in CFD 
simulations the free surface is not modeled and spar is constraint in the 
horizontal plane. 

Dynamic Mesh Deformation 

The dynamic mesh technique is respond for mesh motions. Grid cells 
will translate, stretch with the movement of hull boundary and keep the 
topology unchanged. The velocities of grid points are obtained by 
solving velocity Laplacian equation 

( ) 0gUγ∇ ⋅ ∇ = (9)

In which, 2
1
r

γ =  is the diffusivity field which is quadratically the 

inverse distance of cell center to the nearest moving wall boundary. 
Once the grid velocities 

gU  are solved, the movement of grid points 

are then obtained by integrate grid velocity over time. 

CASE AND CONDITIONS 

The computational model in this paper is the towing model used by 
Finnigan and Roddier (2007). The model tests were carried out for hull 
equipped with partial and full appurtenances. While in the present study, 
all appurtenances are neglected for simplification, see Fig. 1. The main 
particulars of the model are listed in Table 1. The model is a hard tank 
section of a typical truss spar with a relatively large model scale (i.e. 
Ȝ=1:22.3) such that all the towing cases are under super-critical 
Reynolds numbers conditions. This model was also used by Oakley Jr. 
and Constantinides (2007), Constantinides and Oakley Jr. (2013), as 
well as Lefevre et al. (2013) for further CFD benchmarking. 

Fig. 1. Geometry of spar model  

Fig. 2 Definition of current directions (Finnigan and Roddier, 2007) 

Table 1. Main particulars of spar model 

Parameter Notation Value 
Scale ratio Ȝ 1:22.3 
Diameter D 1.75 m 
Draft H 2.95 m 

Helical strakes 3 start, 13% D height 
4 D pitch 

Mass M 7088 kg 
Spring stiffness K 2111 N/m 
Linear damping B 2.8 kg/s 
Natural period of 
sway and surge Tn 16.4 s 

The conditions of CFD simulation are spar model subjected to uniform 
current. In order to investigate the “hot spots”, three current directions 
are chosen considering the 3 start strakes design. The current direction 
definition is shown in Fig. 2. The reduced velocity is Ur=6-8, with 
corresponding current velocity U=0.640/0.746/0.853 m/s and Reynolds 
number Re=1.14/1.33/1.52×106. The cases conditions are listed in 
Table 2. 

Table 2. Cases conditions 

Case Reduced 
velocity 

Flow velocity 
(m/s) 

Current 
heading (deg) Re 

1-3 6 0.640 30/60/90 1.14×106

4-6 7 0.746 30/60/90 1.33×106

7-9 8 0.853 30/60/90 1.52×106

The meshes used in this paper are generated by snappyHexMesh. It is 
an automatic polyhedral mesh generation tool utility provided by 
OpenFOAM. The mesh is generated based on a simple and orthogonal 
background mesh, splitting one hexahedral cell into 8 split-hexahedra 
cells and finally snap to the STL geometry. For different current 
incident angles, the STL geometry is first rotated and mesh is generated 
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by rerunning snappyHexMesh. The computational domain is defined as 
follows: 10 17D x D< < , -5 5D y D< <  and 3 0H z− < < . The mesh 
regions around hull surface and at wake are refined locally. The 
boundary layer meshes are extruded from hull surface to accurately 
model the near wall flow characteristics, see Fig. 3. The total mesh is 
approximately 900 000 polyhedral cells. 

 
 
Fig. 3. Computational grid 
 
The free decay test is performed first to verify the proper natural 
oscillation period of the system. The spar model is placed to about 
0.25D away from the x-axis and allowed to oscillate freely without 
inflow. The oscillating period of the system in numerical test is about 
15.6 seconds (Fig. 4). The sway & surge natural period measured in the 
experiments is 16.4 seconds. 
 

 
 
Fig. 4. Time history of sway for free decay test 
 
All the calculations are carried out using the CFD solver naoe-FOAM-
SJTU. The simulations were performed on a Linux cluster with 40 CPU 
cores, or 2 nodes which contains 20 CPU cores per node. The time step 
is 0.04s and is discretized with a 2nd order implicit scheme. 300 seconds 
which is corresponding to 18 vortex shedding cycles were calculated 
for each case. 
 

RESULTS AND DISCUSSIONS 
 
Oakley Jr. and Constantinides (2007) indicated that spar VIM is 
strongly modulated and the maximum of A/D is not appropriate to 
evaluate the motions. They proposed a term called “nominal 
maximum” which is defined as square root of 2 times root mean square 
(RMS) of non-dimensional motion time series or 
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1
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n
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= −  (10) 

 
where, N  is the number of sampling points, nA  is sway response at 
n-th sampling points, A  is the averaged sway response. 
 
Duplicate tests show that nominal maximum is highly repeatable with a 
difference under 0.05 (Oakley Jr. and Constantinides, 2007). While 
maximum of A/D is always varying among each towing test because of 
the unsteady characteristics of the system. It is therefore more robust 
and reliable to consider nominal maximum as a measure of VIM 
response than the maximum dimensionless amplitude. 
 

 
Fig. 5. VIM response at Ur=6 for different current headings 
 

 
Fig. 6. VIM response at Ur=7 for different current headings 
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Fig. 7. VIM response at Ur=8 for different current headings 

Fig. 8. Nominal maximum at different reduced velocities 

Figs. 5-7 show the nominal maximum for spar at different reduced 
velocities. Red triangular markers represent the results of towing 
experiments performed by Finnigan and Roddier (2007). Blue diamond 
markers are the simulation results of Oakley Jr. and Constantinides 
(2007). Green square markers are present results. The transition 
sections at the beginning of the present numerical simulation is 
truncated in the calculation for nominal maximum. The variation 
tendency of nominal maximum between towing experiments and 
Oakley Jr.’s numerical results are consistent, while the present paper 
shows different results from the twos. At 30° and 60° headings, the 
present CFD overpredicts the VIM response. While at 90° heading, it is 
underpredicted by the current study. A finer grid was generated later 
and was used for simulation in order to address the issue, but the results 
didn’t improve too much. One of the possible reasons is the explicit 
scheme for motion solver. In the current naoe-FOAM-SJTU solver,  
6DoF motions are solved explicitly (Shen and Wan, 2013). The 
hydrodynamic, gravitational and mooring forces and moments used to 
solve 6DoF motion equations are obtained from the previous time step. 
For rigid body motions coupled with flows, the explicit motion solver is 
conditionally stable, depending on the time step of simulation. Later 
work applying a smaller time-step shows slightly different results 

comparing to the current larger time-step, indicating it is not a problem 
to solve motion using an explicit scheme. We believe this is attributed 
to the inaccurate geometry model. Small variation of current headings 
may lead to large difference of VIM response, i.e., the VIM response is 
very sensitive to the current headings. The fidelity of strakes and 
accurate definition of current headings are very important for numerical 
simulations of spar VIM. This has been pointed out in many opening 
literatures, see for instance, Chung et al. (1993; 1994) conducted a set 
of systematical experiments for vortex shedding of circular cylinder 
with and without helical strakes and their results show that different 
current incident angles will results in different drag and lift forces. 
Moreover, striking torsional deformation has been observed, which is 
caused by torsional moments. 

In spite of the inaccurate nominal maximum for different current 
headings, the variation tendency at different reduced velocities are 
consistent with Finnigan’s towing experiments and Oakley Jr.’s 
simulations, see Fig. 7. The system enters “lock-in” when reduced 
velocity is at the range of 6~8.  

Fig. 9 and Fig. 10 illustrate the instantaneous vorticity iso-surface for 
Ur=6, current heading 30° and 90°, respectively. It can be clearly seen 
that the flow separation is mainly controlled by the helical strakes. In 
Fig. 9, flow separation also occurs at the side of spar hull, suggesting an 
extra transverse force acting on the spar. This may be the main reason 
of different VIM response between different current headings. 

Fig. 9. Iso-surface of vorticity for Ur=6, heading 30° 

Fig. 10. Iso-surface of vorticity for Ur=6, heading 90° 
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CONCLUSIONS 

This study tries to investigate the “hot spots” phenomenon of spar VIM 
under super-critical Reynolds numbers (above 105~106) in a numerical 
way and met with partial success. The present study failed to capture 
the “hot spots” current headings, which to the author’s point of view, is 
attributed to the not detailed geometric model. Especially the fidelity of 
strakes and the definition for current headings. The reference for VIM 
towing model test (Finnigan and Roddier, 2007) did not give the 
detailed design and orientation of strakes (i.e., the thickness, start and 
end position of strakes). However, the reasons why different VIM 
responses to different current headings greatly depend on the detailed 
helical strakes geometry. 

One of the minor concerns could be the explicit scheme of motion 
solver. For spar VIM, the simulation time should cover 25 oscillating 
cycles as suggested by Oakley Jr. and Constantinides (2007) and 
Lefevre et al. (2013). By switching to an implicit motion solver, the 
simulation is stable for larger time step and can reduce computational 
cost significantly. Another concern is the computational grids. In the 
current study, grids are regenerated for each current headings 
conditions. This is a large of repetitive work if the current conditions 
containing more angle subdivisions. A cylinder computational domain 
with special boundary conditions could be an effective alternative to 
reduce the duplication of work. These will be considered as the future 
work of the current study. 
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