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ABSTRACT
The prediction of deepwater riser Vortex Induced Vibrations
(VIV) is one of the most challenging areas in the offshore
industry. Numerous experimental and numerical studies have
been performed in an effort to improve the understanding and
prediction of cylinder VIV behavior. This paper presents the
numerical simulation of rigid circular sections, both bare and
fitted with strakes, using a second order accurate finite element
computational fluid dynamics (CFD) method. Two turbulence
models are examined: the Spalart-Allmaras Reynolds Averaged
Navier Stokes (RANS) and the Detached Eddy Simulation
(DES). Pragmatic high Reynolds number simulations of fixed
and moving cylinders are presented and compared with
laboratory experiments. Flow visualization provides insights on
how strakes mitigate VIV. Comparisons between RANS and
DES results are also presented and discussed.
INTRODUCTION
One of the biggest challenges in the offshore industry is the
prediction of the VIV response of deepwater risers and free
spanning flow lines. Due to the presence of high currents,
vortex shedding occurs at high frequencies. This excites high
structural modes resulting in high fatigue rates. The most
common remedy is the use of VIV suppression devices such as
helical strakes. Typically more than 50% percent of the riser is
covered, with recent riser installations employing up to 100%.
It is therefore important to be able to model strake behavior
successfully.
The challenge that most designers face is in predicting the
correct VIV response. Current industry standard tools have
been found to perform inconsistently, under predicting the
response in certain cases. These empirical models often use a
strip theory approach based on modal decomposition and rigid
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cylinder experimental data. The response is iteratively solved to
satisfy an energy balance equation of the power-in regions
caused by hydrodynamic excitation (VIV) and power-out
caused by hydrodynamic damping. One of the disadvantages of
this method is that the data used are almost exclusively based
on 1-dof (degree of freedom) experiments instead of 2-dof,
known to produce more response in certain cases. Also the
empirical application of the strip theory and its effectiveness in
modeling shear currents and stationary vs. traveling wave
response are areas that need further improvements.
CFD is a promising technology for addressing these problems
since it provides a better fluid dynamics model. Several
investigations have been performed over the years in predicting
cylinder dynamics. Excellent agreement using CFD has been
achieved for a wide variety of flows. Unsteady, bluff body
separation, on the other hand, has proven to be far more
difficult. Various models have been used, from the very
accurate direct numerical simulation (DNS) [11] to large eddy
simulation (LES), RANS, DES and various vortex methods [1].
Some of these methods have also been extended to simulate
flexible risers. Our objective is to model deepwater risers that
span more than 10,000 ft. This restricts the methods that can be
used. Even assuming the use of large computer clusters,
computational time needs to be as short as possible. The CFD
model should be three-dimensional and able to deal with bare
and straked sections, non-uniform current profiles and
Reynolds numbers up to 1e6. As indicated earlier, being able to
model strakes successfully is crucial since deepwater risers
have extensive strake coverage. Despite the improvements in
computational power and numerical techniques, DNS remains a
low to medium Reynolds number tool, limited to short riser
spans due to the huge computational demands. Although LES is
faster than DNS, it is still not feasible for the Reynolds
numbers and span lengths in question. Especially attractive is
the speed advantage of different vortex methods that have been
implemented for flexible cylinders. Their shortcoming is that
they are limited to two-dimensional simulations and usually
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don’t have a turbulence model to deal with high Reynolds
numbers. Since most risers have straked parts that require the
modeling of three dimensional flow effects, these methods are
limited in applications. The methods used here, DES and
RANS, make the analysis of real risers feasible, given adequate
computational power. Due to the full three-dimensional model
they can deal with strakes and non-uniform current profiles. It
is also feasible to model long spans through proper mesh
optimization.
In this paper we will asses the effectiveness of DES and RANS
in predicting hydrodynamic loads and motions due to VIV.
Both bare cylinders with moderate roughness and cylinders
fitted with strakes are simulated and benchmarked against
experiments.
NOMENCLATURE

Cd = drag coefficient
Cl = lift coefficient
U = current velocity [m/s]

D = cylinder diameter [m]
A = motion amplitude [m]
A*= sqrt(2)std(A)= nominal amplitude [m]
Vrn = U Τn /D = nominal reduced velocity
fs = vortex shedding frequency [Hz]
Τn = cylinder natural frequency in calm water [s]
ks = surface roughness height [m]
Re = UL /ν = Reynolds number
St = Dfs /D = Strouhal number
t = time [s]
σ , C b1 , C b 2 , C wl -Turbulence model constants
P ′ = pressure [Pa]
rms = root mean square
S = vorticity magnitude

~
S = S-A production term
u = velocity vector [m/s]
y+ = dimensionless distance to wall
∆ e = element characteristic dimension

κ = effective diffusivity [m2/s]
µ = dynamic viscosity [Pa-s]
ρ = density [kg/m3]

boundary layer and turbulence model is required to be
successful. In addition, the turbulence model needs to capture
the correct shear layer and wake dynamics. The physics are
easier to model for the case of helical strakes. Due to the fact
that the strakes dictate the separation point by their sharp edges,
there is less uncertainty in predicting the flow separation than
for bare cylinders.
The CFD solver AcuSolveTM was used to obtain approximate
solutions of the incompressible Navier-Stokes equations with
buoyancy effects. The equations solved express the
conservation of mass and momentum respectively:
∇ ⋅u = 0
(1)

Du
1
= − (∇ P − ∇ ⋅ τ )
Dt
ρ

(2)

where the dependent variables P,u , etc. are locally averaged.
Also, for the problem solved here, the stresses τ include the
turbulent Reynolds stresses. Turbulence was modeled using
Spalart’s version of detached eddy simulation (DES). This DES
model is based on the one-equation turbulence model of
Spalart-Allmaras [2] and the change in eddy viscosity is
governed by the relation:
2
⎛ ν~ ⎞
~
1
Dν~
= C b1 S v~ + (∇ ⋅ ((ν + ν~ )∇ ν~ ) + C b 2 (∇ ν~ ) 2 ) − C w1 f w ⎜ ⎟
Dt
σ
⎝d ⎠
where ν~ is a working variable used to obtain the eddy
viscosity.

ν t = ν~fυ1

; f υ1 =

χ3
χ +C
3

3
v1
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;

The constants σ , C b1 , C b 2 , C wl are as defined in [2]. The DES
turbulence model is obtained by replacing the distance to the
wall d with the minimum of the distance to the wall and a
measure of the element size ( C des ∆ e ). Near the wall the model
acts like the S-A Reynolds averaged Navier Stokes (RANS)
model while far from the wall it behaves as a large eddy
simulation (LES) model. As implemented in AcuSolveTM, DES
transitions smoothly from RANS to LES configurations. Wall
functions were used to include the effects of wall roughness
and economize the on the mesh size. Wall functions provide an
integrated relationship between the wall and the logarithmic
region of the boundary layer. Thus the velocity near the wall is
given by:

⎛ y
ln⎜⎜
κ w ⎝ ks
1

⎞
⎟⎟ + B
⎠

τ = stress tensor [Pa]
ν ,ν~, χ = dummy eddy viscosity variables

u+ =

∂
D
= + u ⋅∇
Dt ∂t

where u is the tangential velocity,

CFD MODELING OF CYLINDERS
CFD Modeling
Predicting flow separation over bluff bodies is a not an easy
task for CFD. For the case of circular cylinders an excellent

ν~
ν

κw

and B are constants,

k s is the surface roughness, and y is the distance to the wall.
All of the solutions shown here were produced using the
AcuSolveTM finite element CFD solver. AcuSolve is based on
the Galerkin/Least Squares formulation and supports a variety
of element types. AcuSolve uses a fully coupled
pressure/velocity iterative solver plus a generalized alpha
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method as a semi-discrete time stepping algorithm. AcuSolve is
second order accurate in space and time [7].
In a typical simulation, the motion of the cylinder was
calculated using the integral of the surface forces on the
cylinder at each time step. The body dynamics were determined
by solving the differential equation of motion for one or two
degrees of freedom, depending on the situation. The time step
was kept constant in each simulation.
Computational Meshes
The meshes used here were designed to place the first nodes
away from the wall just above the surface roughness. They are
+

designed to produce a maximum y to the first node on the
order of 60 with the minimum being less than 1. This is in
agreement with RANS and DES guidelines. For the bare
cylinder benchmarks, two meshes were created to model the
fixed and moving cylinders. The first mesh shown in Figure 1
consists of about 6.9 million tetrahedral elements and 1.2
million nodes. It is designed for the fixed cylinder simulations
with a very high resolution in the boundary layer, shear layer
and wake. A second mesh, shown in Figure 2, was created for
the moving cylinder simulations having a wider wake capture
region to account for the mesh motions. The mesh consists of
1.8 million tetrahedral elements. AcuSolve retains the same
accuracy for both tetrahedral and hexahedral elements; the later
are typically used in CFD for boundary layer modeling due to
their better accuracy. A third mesh was created to model
straked cylinders, shown in Figure 3 and Figure 4. The strake has
a 0.25 D strake height and 15D pitch.

Figure 2: Alternative mesh optimized for moving bare cylinders.

Figure 3: Straked cylinder surface mesh on exterior of fluid
domain.

Figure 1: Surface mesh on exterior of fluid domain for fixed for
the stationary circular cylinder.
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BARE CYLINDERS

Figure 4: Straked cylinder surface mesh.

Convergence Studies
A series of runs were performed to ensure the computations
were convergent. Using the mesh in Figure 1, a time step
convergence study was performed for a fixed cylinder with
small roughness at Re = 6e5. Figure 5 shows good convergence
in drag prediction for the 3 time steps used, 0.005, 0.01 and
0.05 seconds. For the computations in this paper a time step of
0.01 seconds was selected. Mesh size sensitivity was performed
for the same case using the meshes of Figure 1 and Figure 2. The
computations were again found to be convergent with minimal
differences in drag values. Similar convergence analyses were
also performed for the moving cylinders.

Stationary Cylinder Benchmarking
A set of benchmarks for fixed cylinders was initially performed
to assess the prediction of hydrodynamic forces. The
computations were carried out in the Reynolds number range of
2e5 to 1e6. This is just after the transition region for a rough
cylinder and in the range where risers operate during extreme
current conditions. Since the transition region is not as critical
for riser applications and the turbulence model used in this
study does not have a transition model, the scope was limited to
supercritical Reynolds numbers. The benchmark data were
obtained by the DeepStar JIP [3] from laboratory experiments
on a 6.2 m long cylinder with a diameter of 0.325 m. The wall
surface roughness for the experiment was k/D=0.0025 and was
included in the numerical model using a wall function. In order
to keep the problem size manageable at about 1.2 million
nodes, a shorter cylinder section of 1 m was used in the
numerical model.
The numerical results presented in Figure 6, reveal that the
current DES implementation is in fair agreement with the
experiments. At a Reynolds number of 6e5, DES predicts a
mean drag coefficient of 0.85 versus 0.94 in the experiments.
Through the range tested the drag remains constant for DES
and below the experimental values for the higher speeds. The
predicted Strouhal number is 0.23 at 6e5 in comparison with
0.21 in the experiment. At the same Reynolds number the rms
Cl is 0.13 compared to 0.29 in the experiment.
2
1.8
1.6
1.4

Cd

1.2
1
0.8
Cd(Smo o th)

0.6
0.4

Cd(k/D=2E-4)
Cd(k/D=2E-3)
Cd(k/D=2.5E-3)
Cd (k/D=4.5E-3)
St (k/D=2.5E-3)

0.2

Cd(DES)
St (DES)

0
1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

Re

Figure 6: Fixed bare cylinder drag prediction by CFD and
comparison with experiments. Mean values of Cd are shown.
Figure 5: Time step convergence study for Re=6e5 and
ks/D=0.001.

Computational Resources
Typical run times for 3000 time steps on a 32 CPU Linux Intel
Xeon 3GHz cluster using a gigabit switch are on the order of 45
hours for the fixed cylinder using the very dense mesh. Run
time varies directly with the number of time steps, inversely
with time step size and is roughly proportional to the number of
nodes in the mesh.

In addition to DES, a RANS simulation was performed using
the same mesh and properties at Re=6e5, shown in Figure 7. The
drag coefficient was found to be in better agreement with the
experiment at about 1.0. Despite the better agreement in the
drag, the lift was much higher than the experiment at 0.64 rms
versus 0.29. The same trend was found for the 2D RANS
performed using a similar resolution mesh, not shown in this
study. Both lift and drag are higher than the experiment with
the drag slightly overestimated and the lift significantly
overestimated. This agrees with the common knowledge that
two-dimensional simulations produce larger forces since the
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flow is perfectly correlated, without three-dimensional effects
that will reduce the forces.
2

experiments. Studying the forces one will note that the lift and
drag are coupled, with high values of lift associated with high
values of drag. Reduced values of lift are associated with
reduced values of drag.
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Figure 7: DES and RANS results for a fixed cylinder. The effect of
surface roughness is shown for Re=6e6.

In an effort to understand why DES under predicts the drag and
lift force we have performed a parametric study on the effect of
roughness. Results presented in Figure 8 show that as the
roughness increases, the mean drag and lift increases to values
that match the experimental data. The wall functions used in
most applications are derived from wind tunnel tests of flat
plates, instead of cylinders. Wall functions with adverse
pressure gradients may be more appropriate for this application.
Although we have not performed an extensive study on this
subject, the results suggest that the wall function is one of the
causes of the force underestimation. The sensitivity to the drag
coefficient is also plotted in Figure 7, showing the potential of a
better agreement with the experiments..

Figure 9: Force time traces from simulations using 3D DES (top),
3D RANS (center) and 2D RANS (bottom).

Figure 8: Roughness effect on drag forces for Re=6e5.

Comparison between RANS and DES
Representative DES and RANS hydrodynamic force time
histories are shown in Figure 9 and flow visualizations in Figure
10. The DES force time traces are more representative of actual
physics, showing more modulation and unsteadiness found in

The wake of the DES computations is representative of reality,
consisting of a range of turbulent structures. The LES region of
DES provides this improved turbulence modeling capability. In
comparison, the 3D RANS wake is very organized consisting
of coherent, nearly two-dimensional vortices without any
smaller scales present. There is very little difference between
the 2D and 3D RANS, with the 3D RANS showing a small
amount of deformation of the vortex tubes. In both cases the
flow prediction does not agree with the physics. These results
explain the hydrodynamic force magnitudes and modulation of
Figure 9. The organized RANS wake yields the higher forces
and smaller modulation than the three-dimensional DES wake,
with the rich scales and smaller forces with more randomness
and modulation. Also the small three-dimensionality in the 3D
RANS explains why the forces are slightly smaller than the 2D
simulation of the same method.
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position. Another possible cause may be the turbulence model
as it is a simple one-equation model.
A sensitivity study was also performed to examine the effects
of roughness for a moving cylinder. We did not find any
significant differences in the response for roughnesses on the
order of magnitude of those of the experiment. This implies that
a calibrated or an improved wall function might perform better
for a fixed cylinder and have a smaller effect for a moving one.

Figure 11: Response of a bare cylinder undergoing 1-DOF free
vibrations. CFD is benchmarked against Exp. 1 [3]. Exp. 2 [4]
shown for reference.

Figure 10: Flow visualization of z-vorticity for 3D DES (top), 3D
RANS (center) and 2D RANS (bottom).

Free moving cylinder
In addition to the stationary cylinder benchmarks, a set of
moving cylinder computations was performed. The cylinder
was supported by springs and allowed to vibrate transversely as
per the DeepStar experiment. The parameters used were similar
to the experiment at a mass ratio of 1.56. As shown in Figure 11,
CFD successfully predicts the initial branch from reduced
velocity of 2 to 5. The maximum nominal CFD response of
0.87 is a good match to the experimental value of 0.9. At
higher reduced velocities, in the range tested, the response does
not reduce as it does in the experiment. This may not be a real
issue for designers since the results are conservative and the
objective is to avoid VIV. The same is true for a real riser
(flexible cylinder) application where the response will shift
from one structural mode to another, with the riser being
continuously locked in. Plausible causes may be the coupling
between the fluid and the structure that is done implicitly, with
the cylinder position projected for future time step. The
structure motion has a ½ time step difference with the fluid

The impact of the turbulence model on the VIV response was
also investigated. A set of 2D RANS simulations was carried
out for a range of reduced velocities. In addition a 3D RANS
was performed at the reduced velocity of 5. The 3D RANS and
DES results showed very small variability between them for
this case, despite the significant differences found in the fixed
cylinder case. The 2D RANS yielded slightly higher response
than DES. Overall, in contrast to the fixed cylinder case, the
DES and RANS results for a moving cylinder are in better
agreement. This may be due to the fact that the vortices are
more organized and two-dimensional due to the cylinder
motion. The flow visualization shown in Figure 12 shows a 2P
vortex shedding mode at a reduced velocity of 5.7, typically
found in experiments and associated with high VIV response.
Delayed DES
The new version of the classic Spalart DES model, named
DDES (Delayed Detached Eddy Simulation) was also
examined [6]. Issues regarding grid induced separation and
other possible shortcomings of the classic DES caused
primarily by mesh distortions are addressed by DDES. Both
fixed and free motion cases were examined showing
insignificant differences in the results, suggesting that the
meshes created were properly designed for DES.
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Figure 13: Free motion response (1-DOF) for a straked cylinder.

Figure 12: Vortex shedding pattern showing a 2P mode at Vrn of
5.7.

STRAKED CYLINDERS
Benchmarking
Strake performance is an important issue for VIV mitigation.
This final set of benchmarks was performed using the same
flow and structural parameters used in the experiments. The
Reynolds number ranged from 3.9e5 to 8.2e5 and Vrn from 3.7
to 22. Due to the modulation in the response, especially at high
Vrn, long simulations where run to achieve meaningful
statistics. The transient part of the simulation was discarded and
only the steady-state part was included in the post processing.
The comparison shown in Figure 13 of the CFD results with the
experiments reveals an excellent agreement. The motion of the
cylinder in the Vrn range tested is very small. In the lock-in
range the response is dramatically reduced from the bare
cylinder a/D of 0.9 to nearly zero for the straked cylinder. At
higher reduced velocities, the response of the straked cylinder
starts to increase in magnitude, but still remains relatively
small. This behavior, which is correctly captured by CFD, was
also observed in other experiments [4]. Although the cause of
the increase in motion has not been studied extensively, it may
be attributed to wake galloping rather than classical VIV. Flow
visualization did not show any organized vortices at these high
reduced velocities.

Figure 14: Drag force as a function of reduced velocity for a
straked cylinder.

The drag force coefficient for this straked cylinder (Figure 14) is
essentially constant for the range of velocities examined. The
motion time series for reduced velocities of 5.7 and 9.9 are
shown in Figure 15. For the lower velocity the motion is
negligible with a rather random and broad banded character.
For the higher reduced velocity of 9.9, the response is more
periodic, but still has significant modulation, unlike typical
VIV response.

Figure 15: Straked cylinder VIV response.
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Flow Visualization
For circular cylinders there is plentiful literature on flow
description available. For straked cylinders, on the other hand,
very few references are available. In order to understand the
physical mechanism of how strakes mitigate VIV we have
performed flow visualization on the CFD results. The study
confirms that strakes can control the separation of the flow. The
separation point is at the tip of the strake for most of the
coverage. The helical separation point induces a threedimensional flow behind the cylinder breaking the vortex
coherence. In certain locations where the strake tip is aligned
with the flow, either upstream or downstream, separation is
partially controlled by the cylinder surface. These spans are
relatively small for this 0.25D high strake.
The streamlines presented in Figure 16, show significant span
wise (z-axis) motion and swirling in the near wake of the
strake. The span wise motion in the wake is caused by the fluid
being channeled by the strakes and also by the separated fluid
that induces a span wise flow. The pressure on the surface
clearly indicates the separation points defined by the abrupt
change of pressure from positive to negative. A turbulent wake
is thus formed in the back of the cylinder that has a strong three
dimensional character without any coherent vortex structures
yielding minimal VIV motion. This is in contrast with the bare
cylinder, also shown in Figure 16, where the separation occurs
uniformly along the span and coherent vortex shedding is
generated. As a result the bare cylinder vibrates with higher
amplitudes.

strake at z =4.5m, where the flow separates at the top strake at
100 degrees from the upstream stagnation point. For the bottom
part of the fluid, the separation starts at the strake located at -30
degrees. Then, it interacts with the cylinder surface and
consequently with the strake at -150 degrees that dictates the
final separation point. If the strakes were smaller in height,
then the separation might have been controlled by the bare
cylinder part, implying a more correlated wake and higher VIV
response. This is in agreement with experiments that show
strakes of a smaller strake height having a higher response.
The other mechanism that strakes use to mitigate VIV is by
limiting the interaction between the two shear layers that are
formed due to separation. The strake acts as an obstacle
preventing the shear layers to communicate and form the
typical vortices we find in bare cylinders.

Figure 17: Pressure iso-contour in the wake of the strake showing
disorganized vortex structures.

Figure 16: Flow streamlines and surface pressure for a straked
cylinder. In comparison the surface pressure of a bare cylinder
undergoing VIV is shown.

The z-axis vorticity iso-surface plot of Figure 18 clearly shows
separation lines and the disorganized vorticity in the wake.
Using the pressure iso-surfaces as a proxy for vortices, one can
notice the incoherent vortex structure in the wake in Figure 17.
The vorticity at different slices along the strake is shown in
Figure 19. At z=2.5 m the separation is clearly induced by the
strakes. The same is true for the flow on the top part of the

Figure 18: Iso-surfaces for positive (yellow) and negative (blue)
values of z-vorticity.
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model. Although RANS produced higher drag numbers than
DES, it did not capture the physics as well as DES. The under
prediction of the drag coefficient by DES was attributed to the
wall function that is not appropriate for surfaces with
significant curvature. By increasing the roughness parameter
above the experimental value, the DES results matched the
experiment. The DDES model was also tested for selected
cases and found to be in agreement with the DES results. This
suggests that the meshes used were properly constructed for
DES.
In conclusion it should be noted that further development work
is needed to use CFD as a design tool for riser VIV. The
applicability of the current wall functions for circular cylinders,
the improvement of turbulence models and the extension of this
application to long flexible cylinders are the most important.
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Figure 19: Vorticity at slices along the strake

SUMMARY & CONCLUSIONS
The overall objective of the work described here is to examine
the effectiveness of CFD for the prediction of bare and straked
riser VIV. We identified a series of modeling and prediction
considerations. Important issues are the question of the
appropriate type turbulence model, the mesh resolution
required and other CFD modeling techniques. We chose to use
detached eddy simulation (DES) with wall functions along with
careful planning of the mesh in order to capture as many details
of the flow as possible and to minimize computational cost.
The biggest success of this work was with the benchmark of
straked cylinder sections. For pragmatic deepwater riser
applications this is the most important aspect, since risers are
nearly fully covered with strakes. The computed motions were
in good agreement with the experiments, showing that strakes
are efficient in eliminating VIV. The small increase in response
at the higher reduced velocities was also successfully predicted
by CFD. Flow visualization gave valuable insights on how
strakes work and control the flow separation to create a threedimensional wake without organized vortices.
The VIV results for bare cylinders were found to be in good
agreement with experiments up to a Vrn of about 6. CFD
predicted what is important for a design, the maximum VIV
amplitude. Both DES and RANS models were found to yield
similar results for this study. In comparison to the moving
cylinder case, the fixed cylinder simulation was found to be
more challenging. Longer runtimes were required to reach
steady state and the results were dependent to the turbulence
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