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ABSTRACT
Slender offshore structures are prone to fatigue and damage due to vortex induced
vibrations (VIV) and a thorough study of this phenomenon becomes ubiquitous. In the
present work, numerical analysis of VIV of a marine drilling riser has been performed
under uniform and sheared current in 3D, using RANSE based CFD. The commercial
solver ANSYS Fluent 15 has been used for computation. The results obtained from the
present study have been validated using a published experimental work . In order to obtain
a force spectra, over a range of frequencies, a series of 2D simulations have been carried
out. The results of 2D in estimating coefficient of lift, drag and vortex shedding frequencies
complied with those of 3D in uniform flow. Hydrodynamic forces obtained were used to
study the structural response of the riser under both, ie uniform and shear flow conditions,
in both inline and cross flow directions. CFD results have been compared with those of
published experimental results. Response characteristics of the riser subjected to load at
frequency corresponding to lock in has also been performed.
1. INTRODUCTION.
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Mankind has ever been expanding their habitat and zone of activity across the land
and for the past few centuries they had been busy searching for new horizons deep
underwater in the Ocean. These underwater ventures have made the stability of
underwater structures a much discussed topic. Structures underwater, mostly cylindrical,
has numerous applications, like serving as offshore platform legs, as marine drilling risers,
mooring cables etc. These structures experience various hydrodynamic loads due to the
interaction with surrounding fluid. These long and slender cylindrical risers are prone to
vibration due to the shedding of vortices at their wake. Moreover when the vortex shedding
frequency (ωv) matches with the natural frequency of the cylindrical riser, resonance
occurs, which is an important source of fatigue damage to offshore risers. If neglected in
design, vortex induced vibration(VIV) can prove to be catastrophic to such structures.
Much progress has been made both numerically and experimentally, towards the
understanding of the kinematics of VIV in the past few decades. Various methods have
been proposed for the prediction of VIV response of cylinders. Skop and Balasubramanian
(1997) proposed a wake oscillator model for response prediction. This model does not
include any analysis of the flow field, the parameter values are deduced based on
experimental results and hence it is considered as a phenomenological model. Yet
another method for predicting VIV response is CFD simulation. Jamal and Dalton (2004)
found that 2D simulations did reasonable estimation of drag and lift coefficients, when
comparing 2D and 3D CFD simulations. The only disadvantage of 2D simulation is that the
influence of the span wise wake turbulence is omitted.
Saltara et. al (2011) simulated 3D flow around a circular cylinder free to oscillate
transversely to free stream using CFD and Spalart – Allmaras Detached Eddy Simulation
(DES) turbulence model for Re = 104.(Saltara 2011). The vortex wake of the high Re flow
around bluff bodies is in general turbulent and 3D, required huge computational resources
and fine meshes to accurately capture its physical behavior.
A critical review of the literature demands for a study of vortex shedding over a wide
range of Reynolds number and subsequent structural analysis at significant values of
vortex shedding frequencies.
Present work contributes in terms of a vortex shedding
frequency – force spectra and locking in behaviour at natural frequencies and also at peak
load frequencies.
2. PHENOMENON OF LOCK IN.
Classical definition of lock-in or synchronization is often perceived as the regime where
the frequency of oscillation (ω), as well as the vortex formation frequency (ω v), are close to
the natural frequency (ωn) of the structure throughout the regime of large amplitude
vibration. However, recent studies show a dramatic departure from this classical result.
During lock in it is traditionally assumed that the ratio ω/ωn remains close to unity for high
mass ratio. But results from the recent studies shows that synchronization or lock in can
be defined as the matching of the frequency of the periodic wake vortex mode with the
body oscillation frequency.
Cylinder is expected to follow an eight figure trajectory due to oscillating lift and drag
forces induced by vortex shedding from its wake. In lock in condition the frequency of the

inline vibration is twice that of cross flow vibration and the trajectory of the cylinder
corresponds to Lissajou figure 8.[ Keshavarzian, 2015]

3. FLOW OF THE WORK.
Flow around a long three dimensional riser model has been numerically simulated
through RANSE based CFD using commercial solver ANSYS FLUENT 15. Simulations
has been carried out for two different flow regime. Case I – Uniform current along the riser
length with velocity of flow 0.04375 m/s and Case II – Sheared current along the riser
length with velocity of flow ranging from 0 m/s at the bottom to 0.0875 m/s at the free
surface. For both cases an average Re of 1105 has been chosen.
Subsequently, cylindrical riser model has been structurally solved using FEM based
ANSYS Workbench. Response of the riser under uniform and sheared currents have been
compared. Displacement Trajectory of the riser for cases I and II have been plotted and
compared. Structural analysis has been performed to study the response behaviour of the
riser during lock in condition. The result of 3D comply well with published experimental
results(Liangije 2014). For the purpose of finding the hydrodynamic loading corresponding
to the natural frequency of the riser, a detailed two dimensional analysis of the flow around
the cylinder and the corresponding oscillating lift and drag forces has been performed for a
range of Reynolds number. Lock in patterns of deformation have been obtained for natural
frequencies and peak – load frequencies.
4. THREE DIMENSIONAL HYDRODYNAMIC ANALYSIS.
Numerical analysis of the riser has been performed using RANSE based CFD method.
Analysis evaluated the oscillating lift and drag forces, and also investigated and compared
vortex shedding pattern at different layers both in uniform and sheared current cases.
Details of the riser model (Liangjie 2014) chosen are given in Table 1.
Table 1: Main physical properties of the riser model
Specification

Value

Model length

8m

Outer diameter

0.025 m

Thickness

0.0025 m

Material

PVC

Density

1400 kg/m3

4.1. GEOMETRIC MODELING AND MESHING.
The riser geometry and the fluid domain have been modeled using ICEM CFD. 8
meters long riser has been modeled fully submerged in water. Domain length( direction of
current) was fixed at 40 times riser outer diameter, width 20 times diameter, and height 8
meters. Same geometric model has been used for simulating both uniform and sheared
flow. Hence the upstream and downstream domain length has been kept uniform, in view
of capturing the shedding pattern and also to account for flow stabilization in sheared three
dimensional current. The cylinder geometry has been blocked and a structured mesh was
generated for hydrodynamic analysis. Mesh size of approximately 0.4 million cells has
been fixed after thorough grid – independency study. The calculation have been carried
out on an intel dual core, 8 GB RAM, i7 processor. For each case the physical time for
convergence was about 3 weeks. Details of the geometry and the structured mesh
generated are given in Fig 1(a), Fig 1(b) and Table 2 respectively.
Table 2 : Details of structured mesh
Specifications
Value
Total elements
434984
Total nodes
416000
QUAD – 38112 nos
Type of mesh
HEXA – 396792 nos

Fig. 1(a)
Fig. 1(b)
Fig.1(a). Blocked riser model and domain geometry. Fig 1(b). Structured mesh used for
analysis.
4.2. FLOW ANALYSIS USING ANSYS FLUENT 15
ANSYS Fluent solves conservation equations for mass and momentum. Additional
transport equations are also solved when the flow is turbulent. The mass conservation
equation which has been solved is given in Eqn. (1)
⃗

(1)

Where source Sm is the mass added to the continuous phase from the dispersed
second phase and any other user defined sources. For 2D axisymmetric geometries, the
continuity equation is given by Eqn. (2).
(2)
Where x is axial coordinate, r is radial coordinate, vx is axial velocity and vr is radial
velocity.
Conservation of momentum in an inertial reference frame is described as given in Eqn.
(3)
⃗
(3)
⃗⃗
̿
⃗ ⃗
Where P is the static pressure, ̿ is the stress tensor, described in Eqn. (4), and ⃗ and
⃗ are the gravitational body force and external body forces respectively. ⃗ also contains
other model dependent source terms such as porous media and user defined sources.
̿
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Where is the molecular viscosity, I is the unit tensor, and the second term on the right
hand side is the effect of volume dilation.
For 2D axisymmetric geometries, the axial and radial momentum conservation equations
are given as Eqn. (5) and Eqn. (6)
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Where vz is the swirl velocity.
4.3. DETAILS OF UNIFORM FLOW SIMULATIONS.
Hydrodynamic analysis of the meshed model obtained as output from ICEM, has been
solved for the estimation of hydrodynamic loads using ANSYS FLUENT. This case has
been analyzed as transient, laminar flow and the solution was from pressure based Navier
Stokes equation. Effect of gravity has been accounted for in the analysis with inlet velocity
of 0.04375 m/s at the inlet boundary. The outlet boundary has been provided with outflow
condition. Two sides of the domain parallel to the flow direction and the top surface have
been assigned specified shear wall boundary condition. Bottom surface and the riser have
been treated as no slip walls. Variation of average Coefficients of drag (C D) and lift (CL)
with time have been plotted. As per literature they are oscillatory in nature [4] and the
frequency of oscillation of drag coefficient, and hence the drag force, is twice that of the lift
force. This phenomenon has been observed in reported experimental [Lucor 2006] and
numerical [Paul 2007] works. From the analysis of Cl history, the frequency of oscillation of
lift force is 2.5 rad/s. It is know from literature that lift forces oscillate at the same frequency
as that of vortex shedding from the cylinder[6]. Hence the vortex shedding frequency at Re
= 1105, for the riser under uniform current is obtained as 2.5 rad/s. Plot of Cd and Cl for
one time period in the converged region of analysis is shown in Fig. 2(a) and 2(b)
respectively. Drag and Lift forces calculated from their respective time histories have been
used as force input in the structural analysis.

Fig 2(a). Variation of Coefficient of Drag during estimated time period of vortex shedding in
uniform flow.

Fig 2(b). Variation of Coefficient of Lift during estimated time period of vortex shedding in
uniform flow.
4.4. DETAILS OF SHEARED FLOW SIMULATION.
Same transient, laminar simulations have been done for much more realistic ie shear
flow situation. A current profile, varying along the span of 8 meter cylinder, has been
provided as input velocity using the User Defined Function (UDF) module of Ansys Fluent,
wherein an external C++ code was written and complied within the solver and this is
attached to the boundary conditions at inlet. All other boundaries have been kept same as
in the uniform current case. Velocity profile has been given by the Eqn 7.
(7)
For the uniform flow case, vortex shedding pattern was independent of the span wise
location along the riser. Even though Reynolds number remains same for both the cases,
vortex shedding pattern at different locations, along the span of the cylinder varies
depending on the local velocity. A comparison between the shedding patterns for uniform
flow and sheared flow cases is given in Fig. 3(a), 3(b), 3(c), 3(d), 3(e) and 3(f).

Fig 3(a)
Fig 3(b)
Fig 3(a). Vortex shedding pattern at free surface for uniform flow. Fig 3(b). Vortex
shedding pattern at free surface for sheared flow.

Fig 3(c)
Fig 3(d)
Fig 3(c). Vortex shedding pattern at 2 m. depth for uniform flow. Fig 3(b). Vortex shedding
pattern at 2 m. depth for sheared flow.
In the shear flow case also, lift and drag forces are oscillating forces, and the observed
oscillation frequency of drag coefficient from the solution has been twice that of the lift
coefficient. For uniform flow case, magnitude of lift force, both in the positive and negative
cross flow(CF) directions has been observed to be same. But, for shear flow case, lift force
magnitude is higher in the positive CF direction than in the negative CF direction. Lift
coefficient convergence history is shown in Fig. 4.

Fig 3(e)
Fig 3(f)
Fig 3(e). Vortex shedding pattern at 4 m. depth for uniform flow. Fig 3(f). Vortex shedding
pattern at 4 m. depth for sheared flow.

Fig 4. Convergence history of lift coefficient
5. RESPONSE ANALYSIS FOR UNIFORM AND SHEARED CURRENTS.
Total displacement of the riser under oscillating lift and drag forces for one time period
of vortex shedding has been obtained from structural analysis. Figures 5(a) and 5(b)
shows the displacement trajectories of the riser under uniform and sheared flow currents
respectively. Under uniform flow situation, the trajectory shows a near eight figure, which
indicates lock in situation, as explained in many previous studies(Naudascher 2005). In
the case of sheared current, the trajectory obtained has a „C‟ shape. The variation in the
trajectory indicates that the probability of lock in vibration is higher in uniform flow situation
than in sheared flow case. This phenomenon has been proved in many previous studies.
Since the trajectories obtained are in accordance with those in literature(Liangjie,2014)
under similar conditions we can justify the reliability of CFD results. Hence it was decided
to pursue CFD analysis for further studies.
As a matter of fact, 3D CFD simulations consumed exorbitantly high computational
efforts. Since vortex shedding is a planar phenomenon (Kenjirou 1997), 2D models and
simulations have been explored for this study. The 2D models have been first validated
against their 3D counter parts in uniform flow (Re = 1105). Values of C L, CD and ωv have
been found to be same as that in 3D.

Fig.5(a).
Fig.5(b)
Fig. 5(a). Trajectory of riser from 3D uniform flow analysis. Fig 5(b). Trajectory of riser from
3D sheared flow analysis.
6. TWO DIMENSIONAL HYDRODYNAMIC ANALYSIS – COMPARISON WITH 3D
Two dimensional hydrodynamics analysis of flow around a cylinder of same diameter,
has been performed in ANSYS Fluent.15, for the same Reynolds numbers Re = 1105.
Results obtained from 3D analysis of the flow at Re = 1105 has been compared with,
those obtained from 2D analysis. Table 3 shows the comparison between 2D and 3D
hydrodynamic analysis. Vortex shedding pattern obtained from 3D and 2D simulations
have been observed to be similar. Shedding patterns are shown in figures 6(a) and 6(b).
Table 3. Results obtained from 2D and 3D analysis of flow around a cylinder (d = 0.025 m.)
Results
2D Analysis
3D Analysis
Maximum Force (N)
0.018
0.017
Frequency (rad/s)
2.54
2.52
Strauhal Number
0.23
0.23

Fig. 6(a).
Fig. 6(b).
Fig. 6(a). Vortex shedding pattern at Re = 1105 in 2D sheared flow. Fig. 6(b). Vortex
shedding pattern at Re = 1105 in 3D sheared flow.
From the comparison it is observed that 2D flow analysis, which requires less
computational facilities and physical time, can be effectively made a substitute for flow

analysis using 3D CFD. In view of investigating the response characteristics of the cylinder
at natural frequencies and peak load frequencies, further in this work, results from 2D
analysis have been used for predicting the response of the riser under various flow
situations.
7. FREQUENCY – FORCE SPECTRUM
Two dimensional hydrodynamics analysis of flow around a cylinder of same diameter,
has been performed in ANSYS Fluent.15, for Reynolds numbers ranging from 250 to 1 X
106. It has been observed that the flow induced lift forces and the frequency of vortex
shedding was greatly influenced by the Reynolds number of the incoming flow. A
frequency – force spectrum of the range of Reynolds number 250 to 2 x 10 5 has been
plotted. Above this range, lift force has been linearly increasing with increase in Re and
frequency. Frequency - Force spectrum for lift and drag forces are shown in figure 7(a)
and 7(b). Frequencies corresponding to peak lift and drag forces in the spectrum is given
in table 4.
Three peaks have been observed in the spectrum at frequencies 2.44, 6.04 and 28.57
rad/s. Peak loads corresponds to flow at Reynolds numbers 1000, 3000 and 10000.
Spectrum of drag force shows two clear peaks at frequencies, 6.04 and 15.98 rad/s. Flow
patterns corresponding to the frequency 6.04 rad/s gives peak values of drag and lift
forces.

Fig. 7(a). Frequency – Force Spectrum for Lift force

Fig.7(b). Frequency – Force Spectrum for Drag force.
Table 4 : Frequencies corresponding to Peak Lift and Drag forces in the spectrum.
Frequency
Frequency
Peak Lift Force
corresponding Peak Drag force corresponding
Sl No.
(N)
to peak lift
(N)
to peak drag
(rad/s)
(rad/s)
1
0.0012
2.44
0.15
6.04
2
0.027
6.04
0.23
15.98
3
0.12
28.57

6. VIBRATION RESPONSE ANALYSIS.
3D Structural analysis of the riser to predict vibration response characteristics has been
performed in ANSYS Workbench 15. Lift and Drag forces obtained from the 3D
hydrodynamic analysis have been provided as input to the structural solver to obtain the
riser response. Riser has been modeled as a hollow cylinder with thickness 0.0025 m.
Number of 6 noded tetrahedral mesh elements have been chosen to be 66158. Top end
has been modeled fixed in the x and y directions and the bottom end with motion in x, y
and z direction arrested.
6.1. VIBRATION RESPONSE AT NATURAL FREQUENCIES.
Modal analysis for the riser with seven degrees of freedom has been performed to
obtain the natural frequencies of the system. The first three modes of vibration and the
corresponding natural frequencies of the riser in air has been obtained as 2.99, 9.7, and
20.23 rad/s respectively. Natural frequencies of the riser in water have been obtained

solving Eqn. (8), considering added mass ma = 0.16 kg. and spring constant k = 17.73 Nm/rad. The first three natural frequencies of the riser in water has been obtained as 2.88
rad/s, 7.16 rad/s, and 9.41 rad/s respectively.

Drag and lift force, corresponding to the identified natural frequencies of the riser has
been obtained from the plotted frequency – force spectrum. Loads corresponding to first
three natural frequencies are given in table 5. Amplitude of variation of drag force has
been much less compared to lift and hence it has been considered as a constant load
acting in the flow direction on the riser. Lift force has been considered as periodically
varying force acting in the cross flow direction as given in Eqn.(9). in structural solver.

For all the identified natural frequencies, structural analysis has been performed to
obtain vibration response characteristics. Figures 8(a), 8(b) and 8(c) shows the trajectories
of the riser for a duration of 5 seconds.
Table 5 : Lift and Drag forces corresponding to natural frequencies of the riser in water.
Lift Force
Drag Force
Natural Frequencies
Modes
corresponding to ωn corresponding to ωn
(ωn) rad/s
(N)
(N)
1
2.88
0.057
0.053
2
7.16
0.39
0.544
3
9.41
1.28
0.96
6.2. VIBRATION RESPONSE AT PEAK LOAD FREQUENCIES.
From the frequency – force spectrum, obtained in 2D hydrodynamic analysis, flow
situations corresponding to peak loads on the riser has been identified. Structural analysis
has been performed to obtain the vibration response of the riser during peak loads.
Figures 9(a), 9(b) and 9(c) shows the trajectory of the riser during peak loads.

Fig.8(a).

Fig. 8(b)

Fig. 8(c).
Fig 8(a). Trajectory of riser at first natural frequency excitation. Fig. 8(b). Trajectory of riser
at second natural frequency excitation. Fig. 8(c). Trajectory of riser at third natural
frequency excitation. Y – Total displacement in y direction, X – Total displacement in x
direction.

Fig. 9(a).

Fig. 9(b).

Fig. 9(a). Trajectory of the riser at first peak load frequency, 2.88 rad/s. Fig. 9(b).
Trajectory of the riser at second peak load frequency, 6.04 rad/s. Fig. 9(c). Trajectory of
the riser at third peak load frequency, 15.98 rad/s.

7. RESULTS AND DISCUSSIONS.
Figure 8(a) shows that the trajectory of the riser excited at first natural frequency is „C‟
shaped one and lock in is not predicted at this point. For the second natural frequency the
trajectory gives a clear „8‟ figure pattern indicating lock in of the riser. Trajectory
corresponding to the third natural frequency gives a more complicated branched „8‟ figure
pattern showing possible lock in.
Lock in has been observed at frequency 2.44 rad/s, instead of the first natural
frequency of riser, 2.88 rad/s. Phenomenon may be attributed as a result of phase lag.
Analysis for frequency at second peak load, 6.04 rad/s also shows a clear eight figure
pattern as the riser trajectory.
At this frequency, both lift and drag forces are at peak values. The third peak load
analysis gives again a „C‟ trajectory, which shows no lock in. The frequency corresponding
to this load, 15.98 rad/s is far beyond the natural frequency range of the riser. Hence the
probability of lock in is also scarce.
Vortex shedding pattern at different locations of the riser, under sheared flow
conditions has been found to be different. Efficacy of extending 2D flow simulations to 3D,
to obtain force input for structural analysis has been successfully verified. Frequency –
Force spectrum has been plotted for Reynolds number ranging from 250 to 2 x 104. Lock
in was observed near first natural frequency at 2.44 rad/s indicating a phase lag. Lock in
was clearly observed at all peak load frequencies of the spectrum within the range of risers
natural frequency.
8. CONCLUSIONS.
The present work is an attempt towards the use of CFD based numerical studies in VIV
prediction. The following conclusions can be drawn from the work carried out.
1. CFD is successful in prediction of vortices and this is evident from the subsequent
bench mark structural behaviour. Use of commercial code can be justified as, the
objectives are much beyond coding.
2. A reasonably accurate prediction of vortices is obtained from 2D studies. 2D
simulations are resorted to neglecting the span wise flow pattern due to
computational limitations.
3. Structural solver based on FEM has yielded the typical lock in patterns as described
in 3D.
4. Fluid damping has been not accounted here, on the consideration of which better
results can be obtained.
5. The shear flow vortex shedding in 3D can be decomposed into different layers and
study can be extended using 2D simulations and structural analysis
6. On the whole this work contributes in providing with a force – frequency spectrum
and bringing to light the fact that loci in occurs not only at natural frequencies but
also at peak load frequencies of vortex shedding.
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