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Abstract: With offshore oil and gas exploration
and production moving into ever deeper waters,
the suspended length of marine risers
(transporting hydrocarbons from the seabed to
the surface) can easily exceed 3000 meters. One
of the major design requirements for risers in
(ultra)deep water is to limit the fatigue damage
caused by vortex induced vibrations (VIV).

Even moderate currents can induce vortex
shedding, at a rate determined by the flow
velocity. Each time a vortex sheds, a force is
generated in both the in-line and cross-flow
direction, causing an oscillatory multi-mode

vibration. Moreover, both the magnitude and the
direction of the current change with water depth,
giving rise to higher harmonics in the VIV

response of marine risers. Vortex induced
vibration can give rise to cyclic stresses that
might cause fatigue failure. The huge financial
loss associated with riser failure is an important
incentive to develop more enhanced numerical
tools to predict the VIV response of offshore
structures.

In this paper, the computational fluid dynamics
capabiliies of COMSOL Multiphysics are
applied to study the behaviour of adjacent risers.
For risers in tandem arrangements, the safe
distance required to avoid contact between
adjacent risers is calculated.

When the cylinders are in close proximity, the
formation of both vortex streets is affected by the
interference. For sufficiently large spacing
between the cylinders, only the formation of the
vortex street behind the rear cylinder is affected.
The wake interference models are then applied to
study multiple risers with different diameters. In
the end, the legs of an offshore platform are
simulated as well.
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1. Introduction

The increasing demand for oil and gas,
currently estimated at 135 million barrels of oll
equivalent per day [01], keeps pushing the
boundaries of offshore engineering into ever
deeper waters. For instance, Shell's Perdido
platform is operating in the Gulf of Mexico in a
water depth of 3000 meters. Like shown on
Figure 1, more than 120 km of oil pipelines and
160 km of gas pipelines are used to connect this
ultra deep water spar platform with the subsea
completions [02].

Figure 1. Shell's Perdido platform [02]

For such deepwater developments, the
suspended length of the marine risers adds up to
several kilometres. A riser is a conductor pipe
which connects the wellhead at the seabed to the
floating platform or vessel. The riser must
sustain production and drilling operations (e.g.
carry drilling muds and tools) while withstanding
motions induced by currents and waves.
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Wall thickness design for marine risers is
based on Barlow’s formula [03]

o1 y (01)
which states that the hoop stremsexpressed as
afunction of internal pressure, gliameter D and
wall thickness t, is limited by the specified
minimum yield stres, of the material and a
safety factor k = 0.6 for hazardous service.
Additional design guidelines are applied to
account for corrosion allowance and continuity
of the internal diameter.

Barlow’s formula (01) shows that a smaller
diameter riser can convey hydrocarbons at a
higher internal pressure. Hence, multiple small
diameter risers are typically preferred over one
single large diameter riser. During the design of
floating production platforms in deepwater, it
has been recognized [04] that there is a risk of
interference between adjacent production or
export risers, or possibly between other
combinations of tendons, drilling risers and
production risers.

In this paper, interference between multiple
marine risers is studied. First, a short review of
vortex induced vibrations (VIV) is given. Then,
computational fluid dynamics (CFD) is applied
to study wake interference of adjacent marine
risers in tandem arrangement. The COMSOL
model is then extended to simulate multiple
risers in tandem and staggered arrangements. In
the end, the application of the model to predict
the stability of offshore platform legs is briefly
addressed.

2. Vortex Induced Vibrations

Subsea structures are subjected to current and
wave loading, which induce lift, drag and inertia
forces. These forces are described by the
Morrison’s equations [05]
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where ¢, G, and G are the hydrodynamic
coefficients, py, is the density of sea water, U is
the flow velocity anda the wave-induced water
particle acceleration. The stability conditions of
offshore structures are governed by these
equations.

In addition to these forces, a turbulent von
Karman vortex street can appear in the wake of a
subsea pipeline or marine riser for certain
combinations of dimensions and flow velocities.
Each time a vortex sheds, a force is generated
both in the in-line and cross-flow directions,
causing an oscillatory multi-mode vibration.
When the vortex shedding frequency is close to
the natural frequency of the structure, resonance
or ‘lock-in’ could occur, which may jeopardize
the stability of the entire offshore structure. On
Figure 2, a von Karman vortex street is shown at
the onset of turbulence.

Figure 2. Turbulent Von Karman vortex street

Vortex shedding is governed by the Strouhal
number
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where { is the vortex shedding frequency, D is
the diameter of the riser and U is the flow
velocity. The Strouhal number is a function of
the Reynolds number
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which expresses the ratio of inertia forces to
viscous forces, with the kinematic viscosity
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Py
as the ratio of the dynamic viscosjtywith the
densitypy.
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A slender structure like a marine riser will
start to oscillate in-line with the flow when the
vortex shedding frequency
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with «y the lowest natural frequency of the riser,
given by
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with C the end boundary coefficient, E the
Young's modulus of the material and
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the moment of inertia, where
Di = D0 -2t (11)

is the inner diameter of the riser. The effective
mass mincludes mass of the steel structure
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where the added mass coefficienf € 1 for
vertical pipes and risers. Figure 3 shows the
evolution of the drag (02) and lift (03) forces
when the von Karman vortex street is fully
developed. Note that the average lift force is
zero, while the average drag force is a measure
for the resistance against fluid flow.

Due to the alternating vortex wake, the
oscillations in lift force FKt) occur at the vortex
shedding frequencysf and oscillations in drag
force k() occur at twice this frequency. These
oscillations can give rise to an ‘8-shaped’ motion
of the marine riser, which is detrimental to its
fatigue resistance.

Figure 3. Fluctuating lift and drag forces

A comprehensive review on vortex induced
is given in [06]. The implications of VIV on the
design of marine risers are addressed in [07-09].
Details on fluid-structure interaction to predict
flow induced oscillations in marine risers are
given in [10-11], while the use of COMSOL
multiphysics is highlighted in [12-13]. In this
paper, these modelling techniques are applied to
study proximity effects of adjacent marine risers
exhibiting wake interference.

3. Flow Patternsfor Two Tandem Risers

A careful review of flow interference
between two circular cylinders in various
arrangements has been presented by Zdravkovich
[14], including an extensive list of references on
this subject. Different studies for the tandem
arrangement of two adjacent risers [15-18] have
shown that the changes in drag, lift and vortex
shedding are not continuous. Instead, an abrupt
change for all flow characteristics is observed at
a critical spacing between the risers.

In this section, COMSOL Multiphysics is
applied to predict the optimal spacing between
two adjacent risers in order to reduce excessive
drag and avoid contact or collision. The
simulation setup is shown on Figure 4.

Figure 4. Simulation setup for tandem risers



The fluid flow velocity can be expressed as
u(t) =U, + U, cos(wt) (15)

to account for both steady tidal currents and
oscillatory flow induced by waves. For a more
detailed description of the current profiles for
deepwater risers design, the reader is referred to
[19]. The horizontal spacing between the risers is
shown as L, while & 0 allows simulating risers

in staggered arrangements as well. The simulated
grid is 15D by 5D.

The Computational Fluid Dynamics solver of
COMSOL Multiphysics uses a generalized
version of the Navier-Stokes equations solving

for the velocity field G:(u,v) and the
pressure:
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On Figure 5, the flow pattern is shown for two
adjacent risers with L/D = 2.

Figure5. Flow patterns for tandem risers and L/D = 2

It has been shown experimentally [15-18] that
there is strong interference between two
cylinders in tandem arrangement for spacing
ratios with L/D < 3.5. At a spacing L/B 3.5, a
sudden change of the flow pattern in the gap
between the adjacent risers is observed. The
parametric finite element model, shown on
Figure 4, enables an easy and straightforward
means to evaluate the influence of riser spacing.
On Figure 6, flow patterns for different spacings
L/D are shown, indeed endorsing the
experimental observations for Allen [04], King
[16] and Zdravkovich [17].

Figure 6. Flow patterns for different riser spacing L/D

Drag coefficient data [17-18] shows that the
upstream cylinder takes the brunt of the burden,
and that the downstream has little or no effect on
the upstream one. For different values of spacing
L/D, the drag coefficient
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predicted by COMSOL is shown in Figure 7.

Clearly, the drag coefficient on the upstream
cylinder is not influenced by the downstream

one, but a significant change in drag is observed
on the downstream cylinder for L/D > 3.5.

(18)

Figure 7. Drag coefficients predicted by COMSOL

More details on proximity effects for risers in
tandem arrangements at different flow directions
can be found in [17].



4. Multiple Risersin Tandem

Offshore oil and gas production platforms
will typically have more than two adjacent risers
to convey the hydrocarbons to the surface. On
Figure 8, flow patterns around multiple risers in
tandem arrangements are shown for different
spacings (L/D = 2 and L/D = 3).

Figure 8. Multiple risers in tandem arrangement

The drag coefficient data of Figure 9 shows
that the drag for the upstream cylinder is
constant, and that the middle and downstream
cylinder drag coefficients are smaller. In other
words, there is a strong mutual interference
between the middle and downstream cylinder,
but only a partial interaction between the
upstream and downstream cylinders.

Figure 9. Drag coefficients for multiple risers

The numerical simulations are in close
agreement with [20], where an experimental
investigation of the effects of spacing on the drag
coefficient for a group of three cylinders is
reported. The unsteady wake behind a group of
parallel cylinders has also been studied in [21].

Figure 10 proves that the diameter of the
different risers can have a significant influence
on their wake interference. For instance, when
production and drilling risers are interacting, or
when production risers are shielded by tendons,
different flow patterns may arise.

Figure 10. Multiple risers with different diameters

When the middle cylinder is replaced by a
smaller one (with diameter d = D/2), a totally
different flow pattern emerges. As a result, the
drag coefficient on the downstream cylinder
nearly doubles, while the middle cylinder is
shielded by the large diameter cylinders. The
fluctuating drag on the (small) middle cylinder
and the downstream one are shown on Figure 11.

Figure 11. Drag coefficients for different diameters

5. Risersin Staggered Arrangements

Circular cylinders in staggered arrangement
have been studied in [17] and [22]. The results
show that the upstream and downstream
cylinders may be subjected to significantly
different lift and drag forces. Depending on their
relative positions, the cylinders may experience
negligible or strong lift, and reduced or enhanced
drag forces.

6. Application to Platform Legs

The wake interference models, presented in this
paper, could be applied to simulate flow patterns
around offshore platform legs as well. Figure 12

shows a turbulent flow pattern around the four

legs of an offshore platform, indicating that they

act as independent oscillators.



Figure 12. Turbulent flow around offshore platform

Sarpkaya [05] provides some guidelines when
applying flow interference models to simulate
platform legs:

* The length of an ideal, finite vortex street on
either side of a cylinder cannot exceed about
half the wave height or the amplitude of
flow oscillations. Hence, one may assume
that the interference will be negligible if the
spacing between the platform legs is greater
than half the wave length.

* In a wake comprised of turbulent vortices,
the vortex strength decays rapidly. In a
distance of some ten diameters, the vortex
strength decreases with more than 90%

* The velocity is not constant, but varies from
zewo to its maximum value during a half
cycle. As a result, the use of half wave
height as a criterion in determining the
interference free spacing may be too
conservative.

In Figure 13, the drag coefficients are shown for
an upstream and downstream leg of the platform
shown in Figure 12. This picture indeed indicates
that the platform legs act as independent
oscillators.

Figure 13. Drag coefficient for platform legs

7. Conclusions

In this paper, the CFD capabilities of COMSOL
Multiphysics were applied to investigate
proximity effects for adjacent marine risers
exhibiting wake interference. The main
conclusions read:

* For two risers in tandem arrangement, there
is a sudden change in flow characteristics
for a critical spacing L/ 3.5.

*  The upstream riser takes most of the burden.
The drag coefficient of the downstream
riser(s) is typically lower, depending on the
spacing and the Reynolds number.

e The wake interference models, presented
here, can successfully be applied to multiple
risers with different diameters.

e A difference in diameter can have a
significant effect on the flow pattern and,
subsequently, the drag experienced by the
downstream cylinders.

* Wake interference models can be applied to
simulate platform legs as well. Normally,
the offshore platform dimensions are such
that the legs will act as independent
oscillators.
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