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Abstract

The Paired-Column Semi-Submersible (PC Semi) is a concept design by Houston Offshore
Engineering (HOE). It distinguished from conventional semi-submersibles from three aspects:
eight columns rather than four, rectangular columns rather than square and larger column
slenderness. The current study numerically investigate the flow around a fixed PC-Semi at
different velocities and current headings. The finite volume CFD solver naoe-FOAM-SJTU is
utilized to archive all simulations. Turbulence flow around the semi-submersible is modeled
by shear stress transport based delayed detached-eddy simulation (SST-DDES). The present
computed drag forces are compared with existing experimental and numerical results.
Instantaneous flow visualizations are presented and analyzed. This preliminary study show
comprehensive wake interactions between columns and provide a better understanding of
Vortex-Induced Motions (VIM) mechanism for multi-column offshore structures.
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Introduction

Flow past bluff bodies, such as chimneys, bridges, marine cables, risers and offshore
platforms may induce flow separation and vortex shedding within a certain range of current
speed. TheJ)eriodic vortex shedding will cause oscillating hydrodynamic forces on bodies in
transverse direction. For elastically mounted structures, transverse motions occur under the
excitation of these fluctuation forces. The phenomena are commonly observed and gain much
attention of engineers and scientists in the field of offshore engineering. It is termed vortex-
induced vibrations (V1V) for marine cables and risers and vortex-induced motions (VIM) for
large-volume offshore platforms. Despite a considerable number of experimental, numerical
studies have been carried out to investigate the CProcess on various kinds of offshore platforms
(see for example [1-5]), it remain crucial to understand the flow mechanism behind VIM.

Model tests is the most common research method for VIM. Due to the high cost as well as
speed limit of current generation in deepwater offshore basin, VIM model tests are usually
conducted in towing tank or water circular channel. The model scale ratio from prototype is
limited by the dimensions of towing tank and facilities. According to Fujarra et al. [6], small-
scale tests with floating units subjected to VIM are generally employed due to the restriction
of available facilities. The scale ratios for offshore platform VIM test vary from 40 to 100.
Under such circumstances, it is impossible to ensure Reynolds number (re=u.D/v, where U,
is current velocity, p is characteristic length and v is kinematic viscosity of fluid) equality
between mgdel and prototype. Typical Reynolds numbers for VIM model tests are in the
order of 10° to 10°, which fall into the sub-critical range. It is crucial to understand the flow
characteristics around a fixed platform prior to an elastically mounted one in the sub-critical
range.

Flow around single cylinder have been studied extensively in the past years. Delaney and
Sorenson [7] experimentally investigated rounded-corner effect on }he drag of an infinite
length square cylinder with a wide range of Reynolds number gRe:lO ~2x10°). However, the
cylinder in their experiment was infinite. For cylinder with free end, Kawamura et al. [8]



measured surface pressure and Strouhal number around a finite circular cylinder on a flat
plane at Re=3.2x10". The aspect ratio in their experiments varies from 1 to 8. Okamoto and
Uemura [9] experimentally investigated the round-corner effects on aerodynamic forces and
turbulent wake of a square column with free-end.

For flow past cylinder array, the wake interference between cylinders is important and has
immediate significance in engineering applications. Sumner et al. [10% identified different
flow patterns for flow past two cylinders in staggered arrangement with different center-to-
center pitch ratios and angles of incidence by conducting experiments at sub-critical Reynolds
number (Re=850 to 1900). Sayers [11] conducted experiments of flow past four equispaced
cylinders at sub-critical Reynolds number (Re=3x10%) with a varied staggered angle over the
range of 0° to 180°. Liang et al. [12] experimentally and numerically studied flow around four
rl%gltan%ulsar ci%l4umns with free end. The Reynolds number in their studies varies from 2.6 x
t0 4.3 x .

In present study we numerically investigate the characteristics of flow around a fixed Paired-
Column Semi-Submersible at different velocities and current headings. The detached-eddy
simulation is employed for turbulence modeling. This paper is organized as follows: the
geometry specifics of the semi-submersible are given first, followed by the introduction of
computational domain, boundary conditions and mesh. Furthermore, the solver used in this
study is briefly introduced. Then comes the computational results and discussions. Finally,
some conclusions are drawn.

Methodologies
Geometry

This study is based on a Paired-Column Semi-Submersible (PC Semi) offshore platform,
proposed and designed by the Houston Offshore Engineering (HOE), as shown in Figure 1.
PC Semi is designed as an alternative to Spar platform for dry-tree application in the Gulf of
Mexico (GoM). It can provide larger payload capability than Spar, while maintain the low
dynamic response comparing with conventional semi-submersible. The overall height is
83.1m, in which the column height is 74.4 and pontoon height is 8.7m. The width of pontoon
is 12.5m. The designed draft of the platform is 53.3m. PC Semi has eight rectangular columns
rather than four squared columns compared with conventional semi-submersibles. The eight
columns are divided into four outer columns (OC) and four inner columns (IC) with different
dimensions. The OCs are connected to ICs with pontoons at four corner. The dimensions of
OC and IC are 14.0m x 13.4m and 14.0m x 10.4m, respectively. The round corner radius for
OC and IC are both 2.4m. The center-to-center distances of OC and IC are 96.0m and 50.3m,
respectively. The aspect ratios (ratio between immersed length of the column and
characteristic length) for OC and IC are 2.75 and 3.06, respectively.
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(a) Front view (b) Top view
Figure 1 Geometry of the PC Semi



Prior works to investigate VIM characteristics of the PC Semi have been presented as parts of

the Research Partnership to Secure Energy for America (RPSEA) 4405 and 5404 projects.

Meanwhile, a large number of experimental and numerical data have been published F13—18].

In these publications, the characteristic length (or effective diameter) of the rectangular

column was defined as the diagonal length of the cross section without considering the corner

radius. The characteristic lengths for OC and IC are 19.4m and 17.4m, respectively. In the
reﬁent study, the model is scaled at ratio 1:54 which is the same with that in Antony’s work
15].

Computational domain and boundary conditions

The model is displaced in a computational domain consisting of polyhedral cells. The
computational domain is illustrated in Figure 2. This is a prior work of investigation for PC
Semi VIM, which requires grids moving and deforming. Therefore the overset grids technique
is utilized here. Two mesh blocks, namely the background grid and hull grid, are generated
individually and then assembled into a single mesh. The domain of the background grid
extends to -14D<x<28D, -11D<y<11D and -3H <z<0, where D is OC’s characteristic length
and H is the draft of PC Semi.
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Figure 2 Computational domain and boundary condition

For background grid, Neumann boundary condition for velocity (fixed inlet) and Dirichlet
boundary condition for pressure (zero gradient) were used on the upstream inlet patch (x = —
14D), and vice versa for downstream outlet patch. Symmetry was applied for two sides and
bottom of the domain. The free surface effect is neglected due to the small Froude number,
thus the top plane at free surface is treated as symmetry. The boundary condition on hull
surface is set to no-slip, i.e., zero for velocity and zero normal gradient for pressure.

Meshing strategy

Although the PC Semi in the current study is fixed, we use overset grid technique to perform
our simulations as the present work will extends to VIM investigation which requires
dynamic mesh. The overset grid approach is proved to be efficient and robust in the current
solver [19]. As for stationary problems without grid moving, static overset mesh is applied.
The domain connectivity information (DCI) just needed to be calculated only once at the
beginning of the simulation. As mentioned before, the computational mesh consists of two
mesh blocks, the background and hull grid which are generated individually. Figure 3
illustrates the static overset grid system in the current study. The background grid is



hexahedral and has a uniform grid spacing. The hull grid is based on predominantly Cartesian
cut cell approach and refined near hull and wake regions in order to capture the boundary
layers and wake structures induced flow separations. Four different levels of refinement zones
are utilized to archive higher accuracy in critical regions. In the vicinity of columns and
pontoons, four prism cell layers are applied to hull boundary to capture the boundary layer
development. For all cases, the non-dimensioned wall distance of the first layer satisfy y+<5
which make sure the first layer cells are located in the viscous sublayer.

Figure 3 The overset gi’id .distri'but'ion for 0° current heading (medium mesh)

Turbulence modeling

Flow past bluff bodies involves unsteady behavior and is dominated by large-scale structures.
Therefore, it is not readily to solve these kinds of flow by statistical turbulence models.
Essentially, large-eddy simulation (LES) is more suitable as it resolve the large-scale part of
the turbulent eddies which has significant impact on the oscillating hydrodynamic forces of
bodies. However, LES requires huge computational cost, most of which will be used to
resolve the thin boundary layer when dealing with high Reynolds wall-bounded flows.
According to Spalart [20], a pure LES simulation for practical engineering flow problem
should be possible in approximately 2045. Detached-eddy simulation (DES) was proposed by
Spalart [21] to address the challenge of massively separated flow at high Reynolds numbers.
It combines the best practice of Reynolds-Averaged Navier-Stokes (RANS) and LES methods
by employing unsteady RANS modeling in the near wall region and LES-like manner in the
separated flow regions away from wall. In such a way, DES reduces grid resolution at
boundary layer while maintaining the ability for accurately predicting eddy structures after
flow separation. In the current study, nace-FOAM-SJTU which is a solver developed based
on OpenFOAM toolbox is utilized to perform all the simulations. We choose delayed DES
(DDES) approach based on the two-equation Shear Stress Transport SST model for
turbulence modeling [22].

Results and discussions

Two different current headings (0° and 22.5 °) are considered in our study. The definition of
current heading herein are consistent with the model tests performed by Antony et al. [15], as
shown in Figure 4.
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Figure 4 Schematic of different current headings

Two different current velocities (U.=2.0m/s, 2.75m/s) are investigated for each current
heading. These velocities are for prototype and not scaled. For the 1:54 scaled model, the
corresponding velocities are scaled by 1/454 and become 0.272m/s and 0.374m/s,
respectively. The Reynolds number defined by OC’s characteristic length ranges from 0.86 x
10°and 1.1 x 10°.

The temporal derivatives are discretized using a second-order implicit backward differencing
scheme. The convection term in momentum equation is discretized using a second-order
upwind scheme, stabilized for transport (linear-upwind stabilized transport, LUST). For
turbulent quantities, convection terms are discretized using a second-order TVD limited linear
scheme. The merged PISO-SIMPLE (PIMPLE) algorithm is used for pressure-velocity
decoupling.

Grid convergence study

Prior to all simulations, the accuracy and reliability of the current CFD approach is assessed
by performing grid convergence study. The 0° and 0.272m/s case is selected to perform this
study. Three different mesh sizes are considered. All simulations employs a time step of 0.02s.
For overset grid system, grid refinement is performed for all mesh blocks. In this case, the
background mesh block and the initial hexahedral mesh used generate hull mesh block by cut
cell approach are refined by a factor of 2. Table 1 shows the results of grid convergence test.
The mean drag parameter of numerical simulation are reasonably in good agreement with
experiments, suggesting the present numerical simulations are accurate and reliable. The
deviations of mean drag parameter F/(pu?) and RMS lift parameter F/(pu?) shows

monotonic convergence, indicating the medium mesh is enough to resolve turbulent eddies
around the hull. Therefore, the medium mesh is selected for all the remaining simulations.

Table 1 Results of grid convergence tests

No. of cells — oy Traa2 , o\ T2
Case Total Background Hull Rl (U [m] B (e [m]
Coarse 1.04M 0.04M 1.00M 0.970 0.0644
Medium 2.53M 0.10M 2.43M 0.920 0.0303
Fine 6.25M 0.29M 5.96M 0.886 0.0280
Experiment[15] - - - 0.912(£3.0%) -

Forces and flow fields

Figure 5 shows the comparison of drag among the experimental and numerical results by
Antony et al. [15] and present CFD results. Overall, all CFD methods agree well with
experimental data, except AcuSolve and Fluent at 22.5° current heading. Fluent
underestimated drag by 4.9% at 22.5° current heading and 0.374 m/s. However, no obvious
deviations are observed in the present results.
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Figure 5 Comparison of drag between ref. [15] and present results

Figure 6 shows the instantaneous flow visualizations presented by streamwise velocity
contours and streamlines on the cut-plane at z=-H/2 at U.=0.272 m/s for different current
headings. It can be seen that at 0° current heading, wake interference between side-by-side
OCs is insignificant. However, the streamwise velocity increases between two upstream side-
by-side 1Cs due to the narrower gap between ICs. Taking the upper-left OC as example, the
streamlines behind it indicate there are two main recirculation bubbles located at position that
has a lateral deviation to OC’s x-direction centerline. The deviation is caused by the speed up
flow between OC and corresponding IC. Looking from the streamwise direction, the wake
interference between upstream and downstream OC is trivial because of the large spacing
ratio L/D=4.95 (center-to-center distance to characteristic length). While the spacing ratio of
ICs L/d=2.89 is small enough that the wake interference is non-trivial and cannot be neglected.
Notably, the wakes of the downstream OCs are effected by ICs and are much wider due to the
interaction between vortices of near wakes of the downstream OCs and upstream wakes. As
for 22.5° current heading, a similar lateral deviation of recirculation region is observed behind
the upstream OC. The staggered arrangement weakened the interaction between wakes of
upstream and downstream ICs compared with 0° current heading. Nevertheless, the wake of
downstream OC is influenced by the front IC and becomes wider.

Figure 6 Instantaneous sreamW|se velocity contours and streamlines on e half-draft
plane (z=-H/2) at U,=0.272 m/s with (a) 0° and (b) 22.5°current headings



Figure 7 Instantaneous vorticity contours on the half-draft plane (z=-H/2) at U.=0.272
m/s with (a) 0° and (b) 22.5°current headings

Figure 7 presents the instantaneous vorticity contour on the half-draft plane (z=-H/2) at
U.=0.272 m/s with different current headings. For upstream OCs and ICs at 0° current
heading, the flow separation occurs in the vicinity of the rounded corner. No vorticities are
found between the side-by-side ICs. The wakes of upstream ICs are strongly effected by
upstream OCs, thus become much wider. In contrast, the upstream lateral IC at 22.5° current
heading does not interfered by corresponding OC due to the providential orientation to current
direction. Overall, the wakes of downstream columns interact with the vortices shed from
upstream columns and break into small-scale eddies in the rear of PC Semi.

Figure 8 is the instantaneous pressure contour on the hull surface at U.=0.272 m/s with
different current headings. The view is seen from the upstream. For 0° current heading, the
high-pressure region of the hull surface occurs exactly at the rounded-corner of the upstream
OCs and ICs. For 22.5° current heading, it also appears at some downstream columns due to
the staggered arrangement. It worth noting that in perpendicular surface to the high-pressure
region for some columns, there exists some low-pressure regions which, in conjunction with
the high-pressure regions, will result higher rotational moments around z-axis in compare
with 0° current heading.
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Figure 8 Instantaneous pressure contour on the hull surface at U.=0.272 m/s with (a) 0°
and (b) 22.5°current headings



Figure 9 Instantaneous streamwise velocity contours and streamlines on the plane
above pontoon at U.=0.272 m/s with (a) 0° and (b) 22.5°current headings

Figure 9 presents the instantaneous streamwise velocity contours and streamlines on the plane
above pontoon with different current headings. It clearly shows that the pontoon suppresses
vortex sheds from the columns interior. In the region above moon pool, the high velocity area
is smaller than that on the plane at z=H/2 in Figure 6. The diminution of streamwise velocity
is induced by the large recirculation bubble around pontoon in the moon pool, as illustrated in
Figure 10. Figure 10 also reveals that vortex mainly sheds from bottom shape corner of the
pontoon. The vortex that sheds from top shape corner of the pontoon is mainly suppressed by
the large flow velocities between upstream ICs.

Figure 10 Instantaneous streamwise velocity contours and streamlines on the
longitudinal section (y=0) at U.=0.272 m/s with (a) 0° and (b) 22.5°current headings

Conclusions

In the present study, flow past a fixed Paired-Column Semi-Submersible at model scale 1:54
are numerically investigated at different flow velocities and current headings. The simulations
are performed by the finite volume solver naoe-FOAM-SJTU developed on top of the
OpenFOAM framework. The following conclusion can be drawn:

1. The drag parameters with 0° current heading vary little between current velocity 0.272m/s
and 0.374m/s. However, they increase when the current heading changes from 0° to 22.5°. At
22.5° current heading, larger velocity will result in larger drag parameters.



2. Distinct wake interferences are observed at 0° current heading between 1Cs. Consequently,
the pressures on the hull surface of downstream columns oscillate much stronger than that of
upstream. At 22.5° current heading, surface pressure oscillations of downstream columns are
much weaker due to the staggered arrangement of ICs.

3. Pontoons suppress vortex sheds from interior of the columns. Recirculation regions are
observed in the moon pool behind the upstream pontoon.

The above conclusions can help us better understanding the wake interference in multi-
column offshore structures. The current numerical approaches can be easily extended to VIM
phenomena of the PC Semi. Investigations of the current headings effects on dynamic VIM
response characteristics of PC Semi are ongoing.
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