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Abstract. In this paper, computational fluid dynamics is used to study how wavelike bumps influence the suppression of drilling-
riser vortex-induced vibration (VIV). The numerical model involves two-dimensional unsteady incompressible turbulent flow
around a cylinder, with the flow characteristics regarded as being constant. The results show that wavelike bumps are effective in
mitigating the VIV, but the degree of mitigation does not increase indefinitely with the number of bumps. The mitigation is
greatest with either 5 or 7 wavelike bumps, reducing the vibration amplitudes of the cylinder in the in-line and cross-flow
directions to negligible levels. To know how equipping a circular cylinder with wavelike bumps affected its VIV response, cases
with wavelike bumps of 1, 3,5, 7, 9, and 11 are studied.
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1. Introduction

Vortices form when a fluid flows around a bluff body, thereby changing the pressure distribution along the body surface. If the
vortexes are not located symmetrically around the body, then lift and drag are generated, thereby leading to flow-induced
structural vibration [1]. If the vortex shedding frequency is close to the natural frequency of the structure in question, then the
structure can experience large-amplitude vibration in a type of motion known as vortex-induced vibration (VIV) [2]. In particular,
the VIV of circular cylinders is a subject of academic and industrial research because of its theoretical and applied importance [3].
Meanwhile, risers and pipes are widely used in many industrial and mechanical applications and devices [4], such as to develop
offshore energy. For manufacturing convenience and structural stability, ocean engineering tends to involve cylindrical structures
such as the drilling and production risers of drilling platforms and the cables of production operations [5]. VIV is a primary source
of fatigue damage for slender offshore structures [6-8], thereby making it very important to investigate the VIV of drilling risers
and pipes used in offshore oil and gas development.

Investigations started by Fernandes et al. [9] showed that VIV can appear in still water if the riser moves because of the
vertical harmonic motion of the platform, meaning that platform motion can also lead to riser vibration. Fernandes et al. showed
that a submerged riser can experience transverse VIV due to cylinder self-vibration caused by wave-induced platform motion;
they termed such motion vortex self-induced vibration and carried out experimental investigations to verify their experimental
studies [10]. By regarding a flexible riser as an Euler beam and using an inverse method to calculate the hydrodynamic forces,
Song et al. [11] obtained the hydrodynamic characteristics of a flexible riser encountering VIV in a uniform flow; their results
provide a reference for simulating riser hydrodynamics numerically. Many VIV studies consider a horizontal cylinder, where
pretension acting perpendicular to the distributed weight of the cylinder is included [12, 13]. However, a detailed consideration of
the vertical configuration shows that the weight distribution is an important factor. By considering the weight distribution,
Pavlovskaia et al. [14] compared the multi-mode dynamics of vertical and horizontal risers.

Cylinder VIV has been subjected to comprehensive numerical investigation in previous studies. Chen et al. [15] studied how
top-end vertical motion affects riser VIV and found that (i) the dynamic displacement of the riser increases greatly when top-end
motion is included, (ii) the top-end motion becomes more influential with decreasing mode number, and (iii) the natural dynamic
characteristics of the slender structure cause mode transition to arise at low frequencies. Kang et al. [16] studied cylinder VIV
numerically by using the Open Foam software to implement a shear-stress transport (SST) k-w turbulence model; using various
frequency and mass ratios, they showed that (i) the VIV characteristics depend on the Reynolds number and (ii) that dependence
in turn depends on the combination of frequency and mass ratios. Meanwhile, there have been various examples of cylinder VIV
arising near walls [17]. A series of numerical simulations were conducted involving a planar boundary and a nondimensional gap
ratio $*=S/D as a parameter (where S is the distance between the wall and the cylinder tangent and D is the cylinder diameter)
[18-21], including cases for 0.2<S*<2 and S*>2. Based on that work, Daneshvar and Morton [22] studied the one-degree-of-freedom
(1-DOF) VIV of an elastically mounted cylinder near a wall boundary for a wide range of S*.
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In experiments on the VIV of a 2-DOF horizontal cylinder, Kang and Jia [23] found that the VIV trajectories of the cylinder
depended substantially on the combination of reduced velocity and natural frequency. Sensitivity analyses are undoubtedly
valuable for optimizing VIV-induced riser dynamics. Meliga et al. [24] derived the flow sensitivity of characteristics that are
manifest at low Reynolds number, but such studies at currently lacking for high Reynolds number. To understand the system
behavior at high Reynolds number, Jiménez-Gonzalez and Huera-Huarte [25] conducted experiments to study the VIV response
sensitivity at high Reynolds number, using sensitivity maps to determine the locations of the perturbing structures. To check
whether the independence principle is valid for studying VIV, Seyed-Aghazadeh and Modarres-Sadeghi [26] investigated how the
angle of inclination affects the VIV response. Franzini et al. [27] used a long flexible vertical cylinder to investigate experimentally
the relationship between top-motion excitation and the concomitant VIV; they showed that parametric instability of the first
vibration mode appears together with VIV when the top-motion excitation frequency is twice the first natural frequency.

For the field application of marine structures, one of the most important aspects is the suppression of VIV. Borges et al. [28]
proposed using viscoelastic sandwich layers to suppress the VIV of steel catenary risers; they found that the viscoelastic sandwich
structure reduced the VIV greatly and increased the riser lifetime. Most studies to date have involved fitting cylinders with
strakes, including straight and helical strakes [29-31]. Korkischko and Meneghini [32] investigated how the geometrical
parameters of helical strakes affect cylinder VIV; they considered different combinations of strake height and pitch, and they
studied the dynamics of isolated and tandem cylinders. Zhu et al. [33] used sequential fluid-structure interaction to evaluate the
flow-driven rotation and VIV of a cylinder, and they studied the installation of Bach-type current turbines for VIV suppression. To
control the VIV response, Nikoo et al. [34] proposed a new compound passive technique in the form of a textured pipe-in-pipe
structure, which was a modification of the conventional pipe-in-pipe system.

In the present paper, we investigate how wavelike bumps affect VIV suppression, focusing in particular on parametric
sensitivity regarding strakes fitted to the rear of a cylinder. Computational fluid dynamics (CFD) is used as a tool to study the
effect of the deflection angle, the Reynolds number and so on [35]. We use CFD to study the effects of having0, 1, 3, 5,7, 9, and 11
wavelike bumps in the cylindrical wake area in this paper. We regard the flow around the cylinder as being two-dimensional
unsteady incompressible turbulent flow with constant flow characteristics. We use the finite-volume method to solve the two-
dimensional Reynolds-averaged Navier-Stokes (RANS) equations and the SST k-w turbulence model to simulate the turbulent
flow in the wake of the circular cylinder. The results show that having wavelike bumps in the wake area is an effective way to
suppress the VIV. However, the degree of suppression does not increase indefinitely with the number of bumps, with 5 or 7 bumps
being most effective.

2. Numerical method and model
2.1 Governing equations

2.1.1 Flow equations

Wanderley et al. [36] showed that a two-dimensional model based on the RANS equations can capture cylinder VIV. In the
present study, we consider the flow around the cylinder as being two-dimensional unsteady incompressible model with constant
flow characteristics and governed by the unsteady two-dimensional RANS equations. Because the flow around the cylinder is
incompressible, the capacity for heat exchange is negligible, and thus the RANS governing equations comprise only mass and
momentum conservation. The specific governing equations for incompressible viscous flow [37] are
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where Ui is the instantaneous velocity in the i direction (here, Ui is the mean velocity and u; is the velocity fluctuation), is the
instantaneous pressure (here, P is the mean pressure and p is the pressure fluctuation), t is time, 3i; is the mesh velocity, p is
the fluid density, v is the kinematic viscosity, S; is the mean strain tensor, and u;.u'j is the average product of fluctuating

velocities.

2.1.2 Turbulence model

Because the continuity and RANS equations are not closed, we require a turbulence model. Herein, we use a modified SST k-w
turbulent energy model [16] that performs RANS closure while offering good predictions of boundary-layer flow under a counter
gradient. The turbulence model is expressed as
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where k is the turbulent kinetic energy, w is the turbulent dissipation rate, B, and P, are the turbulent kinetic energy generation
and dissipation rates, respectively, u is the dynamic viscosity, y, is the kinetic eddy viscosity, Q is the mean flow kinetic energy
per unit mass, and the parameters 3, 3, 8, o0,, 0,,and o, are obtained by optimizing numerical simulations [16].

2.1.3 Equations of motion

The cylinder undergoes self-oscillation because of fluid-solid interaction. As such, the dynamic equations for the vibration of
a 2-DOF cylinder can be expressed as the following control equations [16]:
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where x and y are the displacements in the in-line (IL) and cross-flow (CF) directions, respectively, (') is the derivative with
respect to time, C.,=C,=47¢ /U, are the dimensionless damping coefficients (here, ¢ is the ratio of structural damping to critical
damping and U,=U/(f,D) is the reduced velocity, where f, is the natural frequency of the structure), C,, =GC,, =4n"/U are the
dimensionless stiffness coefficients, C,=m/(pD?) is the dimensionless mass, and C,=2F,/(pU’D) and C,=2F,/(pU’D) are the drag
and lift coefficients in the IL and CF directions, respectively, where F, and F, are the corresponding forces acting on the cylinder
in the respective directions.

2.2 Numerical model and its verification

2.2.1 Numerical model

A Figure 1(a) shows the 2-DOF computational model of flow around a cylinder fitted with wavelike bumps in the wake area. To
ensure that the wake flow develops completely, the calculation area of the model is 20D x 40D (where D=38.1mm is the cylinder
diameter). For the boundary conditions, the left and right boundaries are set as the velocity inlet and outlet, respectively, the
upper and lower boundaries are symmetry boundaries, and the cylinder surface is a slip-free wall. Figure 1(a) shows the distances
from the cylinder center to each boundary, and Figure 1(b) shows an enlarged view of the wavelike bumps at the rear of the
cylinder; for a given wavelike bump, the diameter d is 5.6 mm, the height h is 1.905mm, and the central angle corresponding to
the height is 150 (see Fig. 1(b)). The first wavelike bump is located at the center of the cylinder rear; for 3 bumps, we add two more
on either side of the first, and so on. Herein, we analyze what happens with 1, 3,5, 7, 9, and 11 wavelike bumps.

2.2.2 Mesh generation and iteration

As shown in Fig. 2(a), we use moving-mesh adjustment in a circle of radius 3D, for which we use the arbitrary Lagrangian-
Eulerian technique. With this technique, the domain mesh can move arbitrarily to optimize the element shapes, while the
interface and boundary meshes can move along with materials to trace the interfaces and boundaries. Herein, we use the SST k-w
turbulence model, and we refine the mesh near the wall surface to ensure accurate solution of the viscous bottom layer. The
mesh of the first layer on the wall must satisfy y*~1. The near-wall mesh is shown in Fig. 2(b), where y* is defined as:
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Fig. 1. Computational domain for vortex-induced vibration (VIV) of a circular cylinder: (a) computational domain; (b) details of wavelike bumps on
cylinder.

A\V,A Journal of Applied and Computational Mechanics, Vol. 7, No. 3, (2021), 1413-1424



1416  LipingTang et. al., Vol. 7, No. 3, 2021

(b)

Fig. 2. Computational meshes used for numerical simulation: (a) entire mesh system; (b) mesh near wavelike bumps on circular cylinder.

where Ay is the distance between the first inner node and the wall surface, L is the characteristic length of the cylinder, and Re is
the Reynolds number.

By regarding the cylinder as a rigid moving particle in the x-y plane, the dynamic equations of the cylinder can be solved by
referring to the nonlinear vibration of the 1-DOF particle. We use the fourth-order Runge-Kutta method to discretize and solve the
dynamic equations to obtain the displacement and velocity of the cylinder at each time step. As the example here, we consider
the displacement x(t,,,) and velocity x(t,,,) of the cylinder in the IL direction.

x(t, ) = x(t,) + % % (K + 2Ky, +2K,, +K,o), ()

Ko = 2l agui(e) —nte) ©

K, = % — 2Qw, | X(t,) + %Kl —wy | x(t,) + %X(t“)l, (10)
K,= % — 2(w, [X(tn) + %Kzl —wy?|x(t,) +%X(t“) +ATtZK1], (11)
K.,= %t) — 20w, [X(t,) + AtK, | — wy’ | X(t,) + X(t, ) At + ATHKZ], (12)

where K,,, K,,, K,;, and K,, are the transformation equations, At is the time step, and the subscript n is the number of time
steps.

Knowing the displacement x(t, +1) and velocity x(t, +1) at time step t,, we use Egs.(8)-(12) to calculate the displacement
and velocity at the next time step t,,,=t,+At . The displacement and velocity of the cylinder in the CF direction are solved in the
same way as are those in the IL direction; we simply change the velocity x(t, +1) to y(t, +1) and the displacement x(t, +1) to
y(t, +1) . For the calculation, the boundary conditions of the cylinder surface are set as

X(to) = O’Y(to) =0, (13)

k(to) = M(to) = O»Y(to) = U(to) =0, (14)

2.2.3 Model verification

To assess the feasibility of the present numerical simulation model, we used the same parameter values as those in the
experiments by Jauvtis and Williamson [38]. Figure 3 shows the relationship between the vibration amplitude and the reduced
velocity; in general, the numerical results agree with the experimental responses, but the lateral amplitude moves slightly toward
smaller reduced velocity. A plausible interpretation for this discrepancy is that the experiments involve a turbulent-convection
hysteresis phenomenon that does not arise in the simulation.
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3. Results and discussion

3.1 Vibration suppression

The vibration amplitude is one of the most important factors with which to evaluate the VIV suppression effect. Figure 4
shows the relationships between amplitude response and reduced velocity for both a smooth cylinder and one with wavelike
bumps. As can be seen, the wavelike bumps are good at suppressing the transverse vibration of the cylinder, but the amplitude
reduction is gentle when the reduced velocity of the cylinder with wavelike bumps is in the range of 2-12. Rather than increasing
indefinitely with the number n of wavelike bumps, the degree of suppression is best with n=9. For n=5, the lateral amplitude
response of the cylinder is close to that of the smooth cylinder, indicating that the suppression effect is not ideal in that case.

According to the results in Fig. 4., being different from the smooth cylinder, the cylinder with wavelike bumps has a maximum
amplitude corresponding to a reduced velocity U: that is no longer U, =6. Different values of maximum dimensionless amplitude
Ay=X/D and U; are obtained for different numbers of wavelike bumps: Ay =0.642 and U =8 for n=1; Ay =0.654 and U, =8 for n=3; Ay
=1.047 and U =6 for n=5; Ay =0.825 and U =6 for n=7; Ay =0.167 and U =12 for n=9; and Ay =0.482 and U, =6 for n=11. The drag force
increases with increasing cross-sectional area of the cylinder, leading to increasing amplitude of the cylinder in the IL direction.
For n=11, the maximum amplitude in the flow direction is 0.197D at U =6. For n=7, the maximum amplitude reaches its
maximum value of 0.1485D at Ur =9. For the other values of n, the maximum amplitude of the cylinder in the flow direction seems
to respond similarly to that of the smooth cylinder, but with different values of U:.
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Fig. 3. Comparison of amplitude responses between computational simulation results and experiments by Jauvtis and Williamson [38].
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Fig. 4. Non-dimensional amplitude at different values of reduced velocity: (a) cross-flow (CF) direction; (b) in-line (IL) direction.
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3.2 Dynamic trajectory

The dynamic trajectory is another important aspect for judging how wavelike bumps influence cylinder VIV suppression. Also
seen clearly in the trajectory figures are the vibration type and the dynamic response. Figure 5 shows the dynamic trajectories of
the smooth cylinder and the cylinders with different numbers of wavelike bumps at different reduced velocities.

Figure 5(a) shows the dynamic trajectory of the smooth cylinder for different values of U.. As can be seen, the dynamic
trajectory of the smooth cylinder is irregular for U, =4. For U, =4.5-8, the dynamic trajectories have a figure-of-eight shape and the
dimensionless amplitudes Y/D in the CF direction are around 1.0, indicating that the vibration of the smooth cylinder in the CF
direction is in the “locked area”. With increasing Uy, the dimensionless amplitude X/D in the IL direction increases from 0.1 to 0.25
and the dynamic trajectory becomes irregular again. The dynamic trajectory becomes oblate for Ur =10 and tends to a small
cluster at Uy =12. For Uy =10, the maximum amplitudes in the CF and IL directions are approximately 0.5 and 0.55, respectively. For
Ur =12, the CF vibration amplitude decreases considerably to 0.2 and the IL one reaches approximately 0.4.

Figure 5(b) shows the dynamic trajectory of the cylinder with 1 wavelike bump for different values of U.. For U, =4, 5, and 6, the
dynamic trajectory of the cylinder has the shape of an inverted water droplet. With an increase in Uy, the CF vibration amplitude
increases from 0.6 to approximately 1.0. For U, =7-12, the dynamic trajectory of the cylinder is irregularly shaped and the CF
vibration amplitudes are all approximately 0.3. In general, the IL vibration amplitude increases from 0.08 to 0.23 with increasing
U

Figure 5(c) shows the dynamic trajectories of the n=3 cylinder for different values of U,. As can be seen, the dynamic
trajectories are irregular except for the one for Ur =7, which has a figure-of-eight shape.

Figure 5(d), (e) show the dynamic trajectories of the n=5 and 7 cylinders, respectively, for different values of U.. With increasing
Ur, the IL vibration amplitude increases. In all cases, however, both the IL and CF vibration amplitudes are very small, indicating
that the VIV has been mitigated substantially.

Figure 5(f) shows the dynamic trajectories of the n=9 cylinder for different values of U.. As can be seen, the dynamic trajectory
has a figure-of-eight shape for U, =4-8. In these cases, the maximum CF and IL vibration amplitudes are approximately 0.15 and
0.17, respectively. For U, =10 and 12, the dynamic trajectory changes from a figure of eight to irregular.

Figure 5(g) shows the dynamic trajectories of the n=11 cylinder for different values of U.. For each U, the dynamic trajectory is
elliptical.
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Fig. 5. Dynamic trajectories of cylinder with different number n of wavelike bumps at different reduced velocities: n= (a) 0, (b) 1, (c) 3, (d) 5, (e) 7, (f)
9,and (g) 11.
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Fig. 5. Continued.

3.3 Amplitude and frequency spectrum of VIV response

Figure 6 shows the amplitude response and frequency spectrum of the cylinder with different values of n. Figure 6(a) shows
the dynamic response of the smooth cylinder (n=0). For n=1 (Fig. 6(b)), the CF vibration amplitude decreases from Ay =0.4 to
approximately 0.05 with increasing U.. For n=3 (Fig. 6(c)), the CF vibration amplitude increases first and then decreases with
increasing Ur; we have fs/ fsy =1 when Uy =4, indicating that the dynamic trajectory of the cylinder is circular. For n=>5 (Fig. 6(d)), Ay
changes little with increasing Ur and similarly the dynamic trajectory is circular (fs/fs=1) when U =4. For n=7 (Fig. 6(e)), the CF
vibration amplitude increases with increasing Uy; in general, the vibration amplitude is small for the analyzed Uy cases. For n=9
(Fig. 6(f)), Ay remains approximately 0.15 and fo/ fsv remains approximately 2 for different values of Uy in this condition, the
cylinder moves in a figure-of-eight shape, corresponding to the dynamics shown in Fig. 5(f). For n=11 (Fig. 6(g)), with increasing Ur,
the maximum value of Ay decreases gradually from approximately 0.4 to approximately 0.1 and we have f/ fsy =1 for each
reduced velocity; the n=11 cylinder moves on a relatively regular circle or ellipse, corresponding to the results in Fig. 5(g).
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Fig. 7. Patterns of vortex shedding of cylinder in VIV for different number n of wavelike bumps: n=(a) 0, (b) 1, (c) 3, (d) 5, (e) 7, (f) 9, and (g) 11.
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3.4 Pattern of vortex shedding

Figure 7 shows the patterns of vortex shedding at the rear of the cylinder for different values of n. As can be seen, for n=1, the
vortex-shedding pattern is 2P at Ur =4 and 12 and 2S at Uy =7. For n=3, 5, and 7, the main vortex-shedding pattern is P+S and
becomes chaotic gradually with increasing U,. For n=9, the main vortex-shedding pattern is 2S, changing to P+S at U, =7 and to 2P
at Ur =12. For n=11, the main vortex-shedding pattern is 2P and becomes P+S with increasing U:.

4. Conclusions

We used CFD to study how equipping a circular cylinder with wavelike bumps affected it’s VIV response, looking specifically at
1,3,5,7,9, and 11 wavelike bumps. We used the SST k-w model, the RANS equations, and the Runge-Kutta method to investigate
the self-oscillation of cylinder, and we draw the following conclusions:

1) The wavelike bumps suppressed the VIV to a certain degree, but that degree was not proportional to the number n of bumps.
The suppression was most effective for n=5 or 7, with a mitigation degree of 80% being reached in the resonance region.
However, the suppression was poor for n=11, with the vibration being similar to that of the smooth cylinder (n=0) but marginally
smaller in amplitude.

2) The smooth cylinder moved mainly on a figure-of-eight trajectory. With increasing n, the motion trajectory became elliptical
shaped. However, before becoming that shape completely, it also had a “water droplet” shape and was relatively chaotic.

3) At a low reduced velocity Uy, the vortex-shedding pattern of the cylinder was mainly either 2S or 2P, changing gradually to P+S
with increasing U,. Finally, with further increase of Uy, the vortex-shedding pattern changes from 2S into 2P while 2P changes
into 2S.
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