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Abstract

The worldwide demand for energy, and in particular fossil fuels, keeps pushing the boundaries of offshore
engineering. Oil and gas majors are conducting their exploration and production activities in remote
locations and water depths exceeding 3000 meters. Such challenging conditions call for enhanced
engineering techniques to cope with the risks of collapse, fatigue and pressure containment.

On the other hand, offshore structures in shallow water depth (up to 100 meter) require a different and
dedicated approach. Such structures are less prone to unstable collapse, but are often subjected to higher
flow velocities, induced by both tides and waves. In this paper, numerical tools and utilities to study the
stability of offshore structures in shallow water depth are reviewed, and three case studies are provided.

First, the Coupled Eulerian Lagrangian (CEL) approach is demonstrated to combine the effects of fluid flow
on the structural response of offshore structures. This approach is used to predict fluid flow around
submersible platforms and jack-up rigs.

Then, a Computational Fluid Dynamics (CFD) analysis is performed to calculate the turbulent Von Karman
street in the wake of subsea structures. At higher Reynolds numbers, this turbulent flow can give rise to
vortex shedding and hence cyclic loading. Fluid structure interaction is applied to investigate the dynamics
of submarine risers, and evaluate the susceptibility of vortex induced vibrations.

As a third case study, a hydrodynamic analysis is conducted to assess the combined effects of steady
current and oscillatory wave-induced flow on submerged structures. At the end of this paper, such an
analysis is performed to calculate drag, lift and inertia forces on partially buried subsea pipelines.
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1 INTRODUCTION: DESIGN CONSIDERATIONS FOR OFFSHORE STRUCTURES

Offshore structures like oil and gas platforms, drilling rigs, semi-submersibles and jack-up barges have to
withstand complex, combined loading patterns during their entire design life. The anticipated loads include
the dead weight of the structure, hydrostatic pressure and any imposed forces. In addition, the structure
has to cope with environmental loading, including wind and wave action combined with sometimes strong
tidal flows. The main design considerations for such offshore structures are structural redundancy,
corrosion resistance and fatigue life, especially for welded nodal joints.

The implications on material selection are shown on Figure 1. For topsides, deck structures and module
walls, which are only subjected to wind loading and dead weight, secondary structural steels (like S275)
can be used. Cranes and modules supports, which require a higher level of structural integrity, are typically
made out of quenched and tempered steel grades like S420. Jack-up legs are tubular sections made out of
primary structural steels, whereas steel piles will typically be quenched and tempered grades. Welded
nodal joints require special attention, as they are prone to fatigue damage. For such critical components,
special structural steels are often required.

During normal operations, the offshore structure will be subjected to waves loading and tidal flows. In
addition, the part of the structure above the sea water level is exposed to wind loading. Moreover, the wind
contributes to the current velocity at the still water level as well. This contribution can be estimated as

d,+z
dO

with W, the wind-generated current velocity at the still water level and d, the reference depth.

W =W, (- d£ £0) (Eq. 01)
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Figure 1: Material selection for offshore structures

Currents induce time-constant water particle velocities, although they normally vary along the spatial
coordinates. Current velocity as a function of depth is commonly estimated by a one-seventh power law

Y7

d+z (z£0) (Eq. 02)

d
where d is the water depth and V, is the tidal current at the still water level. In shallow waters, the current

induced velocity can generate a significant load on the structure. Differences in (measured) tidal height dH
can be converted to expected current velocity V by the Voith relation

V(9=V\

V =m(d H)" (Eq. 03)

where m is a scaling factor and n the shape exponent. A prediction of current velocity is shown on Figure 2,
indicating that the fluid flow velocity in shallow water can range between V=1 m/stoV =5 m/s.
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Figure 2: Fluid flow velocity induced by tidal flow

A sea state consists not only of currents, but also of waves. In reality, there is always a steady current
underlying waves. Based on the water depth d and the (measured) wave period T, the corresponding wave
length can be calculated with Airy wave theory [1] by iteratively solving the transcendent equation

2
L :itanh ZLd

Eq. 04
20 1 (Eq. 04)
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A wave with wave length L, height H and period T in a water depth d induces a horizontal water particle
velocity

_pH cosi{ p(z+d)/ Y Xt
u, = T sinh{2pd/|.} cos 2 [T (Eq. 05)

which gives rise to a drag and a lift force, and the corresponding acceleration

2p* H cosi{ p(z+d)/
T2 sinh{20d/1}

will induce an inertia force. When designing offshore structures in shallow water, the water depth is
generally (much) smaller than the wave length:

sin 2p x_ 1 (Eq. 06)
L T

aX:

L
d <§) (Eq. 07)

and the wave length (Eq. 04) can be approximated by

L»T./gd (Eq. 08)

and the simplified equations for velocity (Eg. 06) and acceleration (Eq. 07) read

u »pH
* kdT
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(Eq. 09)
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with k =2p/L the wave number and g =2p % - Tl the phase angle.

In this paper, three case studies are presented for which the shallow water approximation (Eq. 07) holds.
First, the Coupled Eulerian Lagrangian approach is demonstrated to predict the response of a jack-up
barge subjected to wave loading and strong tidal flows. Then, a Computational Fluid Dynamics (CFD)
analysis is performed to calculate the turbulent Von Karman street in the wake of subsea structures. As a
third case study, a hydrodynamic analysis is conducted to assess the combined effects of steady current
and oscillatory wave-induced flow and the drag, lift and inertia forces exerted on partially buried subsea
pipelines.

2 COUPLED EULERIAN LAGRANGIAN APPROACH TO SIMULATE JACK-UP RIGS

Jack-up barges are floating vessels with long legs that can be raised or lowered. The jack-up barge is
towed onto location with its legs in the upright position, and the barge floating on the water surface. Once
arrived at location, the legs are jacked down onto the seabed. Jack-up barges can be used as drilling rigs
or service vessels (e.g. to install offshore windmills or to decommission obsolete production platforms), and
typically operate in shallow water depth.

In Figure 3, a typical jack-up barge is shown, where the accommodation and deck structure is supported by
four tubular legs. With a leg length of up to 100 meters, a diameter of 3 meters and a wall thickness of 50
mm, jack-up barges are slender structures which are susceptible to the effects of hydrodynamic loading.

To predict the response of a jack-up barge subjected to wave loading and strong tidal flows, fluid structure
interaction (FSI) is required. To enable full coupling between the fluid flow and the structural response, a
general purpose finite element code has to be coupled with a CFD solver, which is a tedious and expensive
operation when contact conditions are complex. The Coupled Eulerian Lagrangian (CEL) approach,
demonstrated here, allows the fluid and structural solution to proceed in a single framework, without
constraints on the mesh motion or the topology of the fluid-structure interface.
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Figure 3: Jack-up barge supported by four tubular legs

For structural mechanics simulations, the Lagrangian formulation is commonly used, in which the nodes
move with the underlying material. This formulation makes it easy to track the free surfaces of a material,
but may result in extensive mesh distortion when strain gradients are high. To minimize mesh distortion, the
arbitrary Lagrangian Eulerian (ALE) adaptive meshing technique can be used, where the mesh motion is
constrained to the material motion at the free boundaries only. For analyses with more extreme
deformations, such as fluid flow, the Eulerian technique may be the only method that can provide a
solution. In an Eulerian formulation, the nodes stay fixed, while the material flows through the mesh.
Although this approach makes it more difficult to track the material boundaries, it has the distinct advantage
of completely eliminating mesh distortion due to material deformation.

To simulate the response of a jack-up barge to tidal flows and wave loading, a Coupled Eulerian
Lagrangian (CEL) approach is followed. In a CEL analysis, an Eulerian mesh (the fluid flow domain) and a
Lagrangian mesh (the jack-up barge, modelled as compliant structure) are assembled in the same model,
and interactions between the two meshes are enforced using general contact.

The structural response of the Lagrangian parts is calculated by applying the principle of virtual work [2]

rudydv+ s,de dv- fdud¥e s nd ud

\Y \% \% S

(Eq. 09)

where S is the boundary of the Lagrangian body V, s; are the stress components, g; the strain components,
f; the external forces and u; the unknown displacements. To model the jack-up barge, a rigid deck structure
with a mass M = 3000 tonnes is assumed. The 50 meter long legs are modelled as perfectly plastic steel
tubulars (with a yield stress s, = 355 MPa) with a diameter D = 2.5 m and a wall thickness t = 50 mm.
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Figure 4: Assessment of structural redundancy for jack-up barges subjected to wave loading and tidal flows
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