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Abstract

Cylindrical cross sections are critical components in offshore structures, including jacket platform legs, pipelines, mooring lines, and risers. These
cylindrical structures are subjected to vortex-induced vibrations (VIV) due to strong ocean currents, where vortices generated during fluid flow
result in significant vibrations in crossflow and in-flow directions. Such vibrations can lead to severe damage to platforms, cables, and riser
systems. Consequently, mitigating VIV caused by vortex-induced forces is important. This study investigates the hydrodynamic performance of
five strake models relative to a bare cylinder at moderate Reynolds numbers. The models encompass one conventional continuous helical strake
(HS) and four helical discrete strake (HDS) with varying segment spacing between the fins. The hydrodynamic performance, specifically lift
and drag force coefficients, was computed using a Reynolds averaged Navier—Stokes-based CFD solver and validated with experimental
measurements. The conventional HS suppresses 95% of the lift force but increases the drag force by up to a maximum of 48% in measurements.
The HDS suppress the lift force by 70%—88% and increase the drag force by 15%—30%, which is less than the increase observed with the HS.
Flow visualization showed that HS and HDS cylinders mitigate vortex-induced forces by altering the vortex-shedding pattern along the length of
the cylinder. The HDS achieves a reduction in drag compared with the conventional continuous HS. The segment spacing is found to significantly
impact the reduction in vortex-induced forces.

Keywords CFD; Continuous helical strakes; Drag force measurements; Helical discrete strakes; RMS lift force coefficient; Segment spacing;
Strouhal number; Vortex-induced forces

These structures, when subjected to ocean currents, develop
a distinctive flow pattern known as von Kérman vortex
street (Halse, 1997; Jhingran, 2008; Sarpkaya, 1979; Sumer

1 Introduction

The oil and gas industries rely heavily on offshore plat-

forms, such as jacket platforms, tension-leg platforms, etc.
The cross-sectional geometry for most offshore systems is
cylindrical due to their symmetrical shapes and high moment
of inertia that aid in withstanding environmental loads.
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» The HDS configuration consist of smaller fins arranged helically
around the cylinder at equal distance along its length. Four differ-
ent segment spacings (S/D) are examined in this numerical and
experimental study.

» Both HS and HDS cylinders mitigate vortex-induced forces by dis-
rupting the vortex shedding pattern along the cylinder’s length.

« It was observed that HDS cylinders achieved a reduction in RMS
lift coefficient with less drag compared to HS cylinders.

» The segment spacing (S/D) was found to have a significant impact
on reducing vortex-induced forces.
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and Fredsoe, 1997). The vortices are shed downstream
(wake side) of the cylinder, which leads to oscillatory hydro-
dynamic forces called vortex-induced forces. These forces
cause the structure to vibrate, which is termed vortex-
induced vibration (VIV). Several studies (Bearman, 1984;
King, 1977; Sarpkaya, 2004, 1979; Williamson and Gov-
ardhan, 2004) on various aspects of VIV are available. In
VIV, the oscillating frequency of vortices aligns with the
natural frequency of the structure, which is a phenomenon
termed “lock-in” (Lee et al., 2014; Vandiver and Marcollo,
2004; Williamson and Govardhan, 2004; Zahour, 2016).
The lock-in phenomenon is associated with the resonance
condition, which causes large oscillations that lead to
structural failures (Narendran et al., 2015; Sarpkaya, 1979;
Williamson and Govardhan, 2004). This phenomenon exists
in numerous applications, including electrical transmission
lines, chimney towers, heat exchanger tubes, nuclear fuel
rods, and oil and gas industries. Thus, researchers have
attempted to minimize vortex-induced forces using flow
control strategies. The flow control strategies are classified
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as active and passive devices. The control systems in active
devices effectively reduce vortex-induced forces across a
wide range of flow regimes. However, due to the difficul-
ties involved with the former technology, such as addi-
tional investment (CAPEX and OPEX) and unfavorable
power input-to-output ratio, these active devices are seldom
recommended. Passive flow control devices are relatively
economical devices, which are becoming the most appro-
priate, feasible, and affordable solution for offshore indus-
tries. Several studies explore the overall effectiveness of
passive suppression (flow control) devices.

The aerodynamic and hydrodynamic performances of
passive suppression devices in cylinders, including near
wake stabilizers, surface protrusions, and shrouds, were
reviewed by Zdravkovich (1981) under the categories of
omnidirectional and unidirectional devices. More recent
studies have shown that ventilated trousers, which are mea-
sured for omnidirectional flow control, are effective devices
(Assi et al., 2022; Assi and Crespi, 2019; Korkischko and
Meneghini, 2011; Kumar et al., 2018). Given that the direc-
tionality of ocean currents is an important concern in the
field, omnidirectional devices (Helical strake (HS)) are pref-
erable. HS is one of the effective devices used extensively
for mitigating VIV and vortex-induced forces. Numerous
authors (Franzini et al., 2009; Gaczek and Kawecki, 1996;
Korkischko et al., 2007; Korkischko and Meneghini, 2011;
Pinto et al., 2007) have extensively examined and dis-
cussed the design of HS parameters, including pitch,
strake height, and single, double, and triple start strakes.

Scruton and Flint (1964) developed an HS using a sharp-
edged rectangular section wrapped around the cylinder in
a three-start helical form to mitigate VIV. The experiments
were carried out in cylinders with and without HS (three
starts) by Korkischko et al. (2007) and Korkischko and
Meneghini (2010). Various parameters were investigated,
including pitch (P = 5D, 10D, 15D), strake height (4 =
0.1D, 0.2D, 0.25D), mass ratio, and damping, where D is
the diameter of the cylinder. The experimental studies were
performed in Re ranging from 2 000 to 10 000 for P = 10D
and 2 = 0.2D. They reported that the HS suppresses VIV
effectively by preventing the shear layer interaction near
the base region of the cylinder body. The motivation of the
study is derived from the HS type of passive flow control
device, which is continuous for the entire length of the cyl-
inder. Although a number of investigations related to HS
type are available, the focus of the authors shifted toward
investigating discrete strakes positioned helically along the
length of the cylinder. The use of this type may eventually
reduce material costs and become economically feasible
compared with the HS type. To the best of the authors’
knowledge, helical discrete strake (HDS) have been used
in chimney towers but not yet in offshore structures.

The authors believed that numerical studies comple-
mented with experimental data would be beneficial in
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investigating the performance of HDS with respect to bare
cylinder (BC) and HS cylinders. There are a number of
numerical studies were available to investigate the hydro-
dynamic effects in two-dimensional and three-dimensional
forms (Fu and Wan, 2017; Fu et al., 2023). However, the
number of works exploring HS and HDS is limited. Accord-
ing to the limited studies available (Carmo et al., 2012;
Constantinides and Oakley, 20006), the suppression of vor-
tex-induced forces for a cylinder with HS is due to the dis-
ruption of the correlation of shedding patterns along the
length of the cylinder. In addition, offshore applications of
HS cylinders effectively reduce lift forces and displace-
ment at the expense of a substantial drag force due to their
increased height (4 > 0.1D) and projected area. Therefore,
drag force must be mitigated through a proper design of
low-drag devices.

Many flow control devices, such as splitter plates, guid-
ing vanes, and fairings, are available on the market to sup-
press the VIV effects of cylinders known as near wake sta-
bilizers. They have been shown to be much more effective
in unidirectional flows than in multidirectional flows. Dis-
crete strakes were utilized in steel and concrete chimneys
to reduce VIV (IS 4998 (Part 1), 1992). Novak (1968) pro-
posed arranging rectangular fins in a single start helical
pattern around a stack to minimize oscillations. According
to IS 4998 (Part 1)(1992), the three-start discrete strakes
were designed as helixes at the top of the chimney to
avoid resonance due to VIV. Rao (1988) reported that dis-
crete strakes were used in over 20 chimneys and had a lower
drag penalty with respect to conventional HS. Assi et al.
(2022) and Assi and Crespi (2019) designed a type of dis-
crete strake known as bladed strakes (BS) and twisted
bladed strake (TBS) over the cylinder with pitch (P) = 5D
and strake height (#) = 0.2D. In terms of drag reduction,
BS and TBS were both effective VIV suppressors. Li et al.
(2020) applied discrete strakes to the lab-scaled riser model
with an aspect ratio of 111.11 and varied the strake param-
eters, such as segment spacing and various helical pat-
terns. The performance of discrete helical strake was inves-
tigated using numerical and experimental methods at Re
ranging from 4 500 to 10 800. Discrete Double- and triple-
start helical strakes were more effective in VIV suppres-
sion, with the best efficiency achieved at a discrete spac-
ing of 0.52D. The discrete spacing, strake height, helical
pitch, and number of helical forms, along with other design
parameters of discrete helical strake, influence the VIV
suppression. Different HDS have not been widely investi-
gated by researchers. Thus, a comprehensive analysis of
the HS, HDS, and BC is necessary to measure and compute
the hydrodynamic performance in a uniform current flow.

This study aims to elaborate and estimate the hydrody-
namic performances of BC, HS, and HDS for various seg-
ment spacings between the fins in order to suppress vortex-
induced forces using a commercial CFD solver for two dif-
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ferent orders of Re, i.e., O(10%) and O(10%). This study is
supported by an in-house experiment conducted to validate
the numerical method over a similar range of Re, i.c., at
Re =4 612 and 5 814. Studies on HS are available in mea-
surements and computations with Re = 5 000 (Korkischko
and Meneghini, 2011). Therefore, the authors performed
studies at Re in that range and were curious to understand
the hydrodynamic performance of HS and HDS cases at Re
in the range of O(10%). In this study, the numerical investi-
gations were conducted at Re =5 000 and Re = 10 000.

The rest of the manuscript is structured as follows. The
design and development of the HS and HDS cylinders are
presented in Section 2. The numerical methodology includes
the governing equation, computational domain, and mesh
details, which are shown in Section 3. The test facility and
experimental setup are outlined in Section 4. Section 5 dis-
cusses the validation studies and the effect of strakes on
vortex-induced forces, including force coefficients and flow
visualization around the cylinder. A summary and conclu-
sion of the present study are included in Section 6.

2 Design and development of discrete and
continuous strakes

The strake height (%), pitch (P), and number of helixes
are important parameters for efficiently suppressing vor-
tex-induced forces. Korkischko et al. (2007) and Korkisch-
ko and Meneghini (2010) found that a conventional three-
start HS with a 10D pitch and 0.2D strake height worked
well for mitigating vortex-induced forces. Therefore, simi-
lar configurations are used in the present study. The core
diameter of all cylinder models is D = 40 mm, and the
length is L = 10D. Figure 1 shows the CAD model of BC,
HS, and HDS with varying segment spacings. The geomet-
rical parameters for the strakes are listed in Table 1. The
discrete strakes used in this study could be envisioned as
discontinuous HS, with smaller fins helically wrapped
around the cylinder with equal spacing along its span, as
shown in Figures 1(c)—(f). In the current study, the segment
spaces (S/D) considered are 0.25 (HDS-1), 0.5 (HDS-2),
0.75 (HDS-3), and 1 (HDS-4). The fin width (W = 0.15D)
is kept constant for all cases, as presented in Table 1. The
segment spacing (S) between the fins is shown in Figure 2.

3 Numerical methodology
3.1 Governing equations
The continuity and momentum equations, which govern

the flow field for this study, are a Newtonian incompress-
ible fluid. The Reynolds averaged Navier—Stokes (RANS)

(aBC (b)HS (c)HDS-1 (d)HDS-2 (e) HDS-3 (f) HDS-4
Figure 1 CAD models of passive flow control devices
Table 1 Design parameters of BC, HS, and HDS (L/D = 10)
Parameters/
. BC HS HDS-1 HDS-2 HDS-3 HDS-4
Cylinder cases
Height of strake - 02 0.2 0.2 0.2 0.2
(h/D)
Pitch (P/D) - 10 10 10 10 10
Spacing between - - 0.25 0.5 0.75 1
fins (S/D)

BC: Bare cylinder; HS: Cylinder with continuous helical strake; HDS:
Cylinder with helical discrete strake

(b) Isometric view

(a) Side view

Figure 2 Details of the HDS model

equation with the shear stress transport (SST) & — w turbu-
lence model developed by Menter (1994) is as follows:

oU.
‘=0 I
™ )
ou, ouu, 1 dp ] oU.
[t AR A T + i §
at ox; p ox, ox; {(v v) ox; } @

where p and p are the fluid density and pressure, respec-
tively; v is the kinematic viscosity; and v, is the turbulent
viscosity.
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3.2 Computational
conditions

domain and boundary

The computational domain is fixed in terms of cylinder
diameter (D) to form a cuboid of length, breadth, and
height as 40D x 20D x 10D in (X, Y, Z) directions, as shown
in Figure 3, along with appropriate boundary conditions.
The cylinder is positioned at 10D from the inlet, 30D from
the outlet, and 10D from the top, bottom, and side walls to
mitigate the wall effects. For all simulations, the length of
the cylinder is 10D, and it consists of one pitch of helical
strakes (10D). The boundary condition of the upstream side
is defined as velocity inlet, the pressure outlet is on the
downstream side, and the cylinder is the wall with no-slip
condition implemented. The closing surfaces of the cylin-
der are defined as walls with slip conditions, while the top
and bottom surfaces are assigned symmetry conditions.

Z

T A
:ﬁ XY Top surface
symmetry
Pressure %
Vqlocity outlet
inlet
y
Bottom surface
symme
¥ try ’],Qo
B 40D g

Figure 3 Computational domain with boundary conditions

The computational domain is discretized using trimmer
mesh strategies, which creates the volume mesh by cutting
the hexahedral mesh with the geometry surface. It has user-
defined controls to generate the refined mesh in the wake
region. The strakes near the cylinder required a finer mesh
to capture flow separation and vortices. In this study, a
trimmed hexahedral mesh is used to create the volume
mesh, as illustrated in Figures 4 and 5. The prism layers
are used to capture the viscous effects on the body wall.
The thickness of the first wall layer (Ay) of the boundary
layer is computed using Eq. (3) (Xu and Zhu, 2009).

Figure 4 Isometric view of discretized domain

@ Springer
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Figure 5 Cross section view of discretized grid and boundary layers
at the cylinder wall

yr= 0.172Re°‘9% 3)

where y" is a wall function and is kept as <1 for all simula-
tion cases.

The numerical model and solver settings implemented
for simulations are three-dimensional with an unsteady,
implicit, segregated solver. The model is simulated using
the RANS technique with the SST &k — w turbulence model
to account for turbulence effects. The SST &k — @ model is
a combined model that employs k — @ near the cylinder wall
and k- o away from the wall, and it is best suited for the
flow separation problem (Younoussi and Ettaouil, 2024).

3.3 Grid convergence study

The CFD simulations are approximate solutions, and dis-
cretization error is one of the most significant errors affect-
ing the accuracy of solutions, resulting in uncertainty. The
grid convergence index (GCI) is used in this study to assess
the numerical uncertainty caused by discretization errors.
The GCI is calculated using the method proposed by Celik
et al. (2008). Three meshes with varying refinements are
considered for this study. The Strouhal number (S7) and
mean drag force coefficient (C—D) are chosen as the perfor-

mance parameters, and the grid refinement factor is set to
greater than 1.3, as recommended in the literature. The
GCI calculation results are shown in Table 2. If the GCI
value across consecutive grids is less than 1%, then the
grid has reached spatial convergence, and further refine-
ment will not affect the solution. The medium grid is used
for further calculations in this study.

4 Experimental methodology

Experiments are conducted in the glass flume at the
Department of Ocean Engineering, IIT Madras, which is
22 m long, 0.6 m wide, and 0.8 m deep. The side walls and
bottom of the flume are made of glass to facilitate flow vis-
ibility. The current flow is generated by the 30 HP centrifu-
gal pump, which is controlled by a variable frequency
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Table2 Grid convergence index based on Celik et al. (2008)

Parameters
— Values
Description Symbols

Number of cells (10°) N1, N2, N3 5.15,1.85,0.67
Grid refinement factor o1 3y 1.404, 1.404
Performance parameter [ 0.2124,0.204 9,
(S1) 0.204 1
ngormance parameter 01> Ops Oy 1.204, 1.160,
(Cp) 1.149
Apparent order p 6.51
Approximate relative e, e 3.52,0.4
error (%)
Extrapolated values Pexis Do 0.213 3, 0.205
Extrapolated relative e 0.43,0.05
error (%)
GCI (%) GCIZ,, GCI2, 0.54, 0.06

drive that varies the flow velocity from the inlet. Figure 6
shows a schematic layout of the plan view (a) and eleva-
tion view (b) of the glass flume with the arrangement of
the test model. The studies include the investigation of six
different cylinder types (BC, HS, HDS-1, HDS-2, HDS-3,
and HDS-4) for two different Re values of 4 612 and 5 814.

Figure 7 presents the experimental setup with the test model
(cylinder), which is fixed using aluminum frames. The
frames are placed exactly on the edges of the glass flume
wall and are fixed using a nut and bolt arrangement to pro-
vide stability and weight transfer. A single-component beam-
type load cell is designed and fabricated to measure the
hydrodynamic force in the inline flow direction (drag force)
at the upper end of the cylinder. The load cell is coupled to
the PMX data acquisition system, which records drag forces
by means of voltage. The cylinder is placed in the center
of the flume to reduce wall effects. The smallest distance
is applied at the bottom of the cylinder to transfer loads to
the load cell at the top with a blockage ratio of 0.03%.

The test model cylinders are fabricated in-house using
FDM 3D printing technology, as shown in Figure 8. The geo-
metrical parameters are shown in Table 1. The calibration
constant of the load cell is estimated to be 48.068 N/(mV/V)
using a standard calibration procedure.

The capability range of generating flow current velocity
is limited due to the limitations of the glass flume facility.
Therefore, the possible Re values that can be achieved are
4 612 and 5 814. Moreover, C,, is reported to be constant
for Re, which ranges from 10° to 10° (Korkischko and
Meneghini, 2011) and also found to be nearly constant in

E .
=) =

= = =
z o 2%
g 5
= A

>

(a) Plan
Support frame
x Load cell

04m 04m

I o
||
I 22 m

-

Test cylinder

SWL y

(b) Elevation

Figure 6 Glass flume with model setup

Support

frame

Load cell

A

(a) Schematic representation of test model

Figure 7 Sectional view of model setup

~Test cylinder

(b) Picture of the test model in glass flume
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Figure 8 3D printed cylinder models

the measured Re range from Re = 1500 to Re = 5 100. There-
fore, the measurements complement numerical results in
the present studies if the Re lies in the same order. Based
on the flow regimes, Re =4 612 and Re = 5 814 are selected
for the present experimental studies to validate the case
studies from the numerical model at Re = 5 000.

5 Results and discussion

The hydrodynamic forces are resolved into lift force (F))
and drag force (F,), which are represented as lift force coef-
ficient (C,) and drag force coefficient (C,). These coeffi-
cients are evaluated using Egs. (4) and (5), respectively.

F
Co=q— o “)
5 PUDL
F
CL = 1 ! (5)
EpUZDL

The Strouhal number (S7) is given by Eq. (6), and it rep-
resents the non-dimensional shedding frequency, which is
the ratio of the product of vortex-shedding frequency ( fv)
and the diameter of the cylinder to the flow velocity (U ).

St = fVTD 6)

The parameters are tabulated in Table 3.

C/i and C,, are defined as the root mean square (RMS)
of the lift force coefficient and mean drag force coeffi-
cient, respectively, as shown in Egs. (7) and (8).

— >C
Cp==-" O]

n
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Table 3 Description of parameters in Egs. (4)—(6)

Symbol Description Unit
F, Lift force N
F, Drag force N
P Density of fluid kg/m’
U Free stream velocity m/s
D Diameter of cylinder m
L Length of cylinder m
f, Vortex-shedding frequency Hz

— 1 N
C.= [, 3¢ ®)

where n represents the number of samples.

They are estimated from the numerical time histories of
lift and drag force coefficients, as shown in Figure 9. The
Strouhal number computed from the frequency spectrum
of the lift force coefficient is 0.205, as shown in Figure 10,
which is aligned with the literature (Sumer and Fredsoe,
1997). The time history of drag force obtained from experi-
ments and numerical simulation is converted into drag force
coefficient using Eq. (4). Similarly, the time history of lift
force is converted into lift force coefficient using Eq. (5).
The C,, for a particular Re is calculated using Eq. (7). The
average of lift force coefficient is zero. Thus, the RMS of
lift force coefficient used for quantifying the lift force is
calculated using Eq. (8).

110 120 130 140 150 160 170 180 190 200
tU/D

Figure 9 Time history of lift and drag force coefficients for BC at
Re=15000

10
51=0205
038
06
w2
04t
02
0 01 02 03 04 05 06 07 08 09 10

Strouhal number (S7)

Figure 10 PSD of lift force coefficient for BC at Re =5 000
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5.1 Validation comparisons of experimental and
numerical prediction results

Preliminary tests are performed on the BC and the HS
cylinder to ensure that the test setup is correct and to vali-
date the present results with earlier investigations. Simi-
larly, hydrodynamic forces for the BC and HS cases are
computed at Re = 5 000 to verify the present numerical
study. The results are tabulated in Table 4. C,, is considered
the reference value to compare the results of the present
numerical and experimental study with those of earlier
investigations.

Table4 Mean drag force coefficient (C,) for BC and HS

Cp
Cases Re

BC HS
Korkischko and 1 500-5 100 1.16 1.59

Meneghini (2011)
Experiment 4612 1.029 1.53
Experiment 5814 1.126 1.55
Numerical 5000 1.16 1.43

Korkischko and Meneghini (2011) reported that the C,
value for the BC is 1.16 at Re = 1 500 to Re = 5 100. This
value is close to the present measurements (Re = 4 612 and
Re =5 814) and numerical computations (Re = 5 000), as
tabulated in Table 4. The measured and computed values of
C,, are observed to have a satisfactory match with the values
present in the literature. Experiments and numerical analysis
show that the mean drag force for the HS case increases by
around 48% when compared with the BC due to increased
area of projection (Korkischko and Meneghini, 2011).

5.2 Drag force analysis

The hydrodynamic C), values on the cylinder models are
compared and presented in Figures 11 and 12. Figure 11
exhibits the results of the BC, HS, and HDS models at var-
ious spacings for Re of 4 612, 5 000, and 5 814. Similar
observations are made at Re = 10 000, as shown in Figure 12.

As shown in Figure 11, the C,, value on the HS model is
higher by 36% than that on the BC case, with a C,, value
computed as 1.43 using numerical simulations and mea-
sured as 1.55 from experiments. The deviation between
these values is approximately 7%. An average increase of
36% with respect to the BC is attributed to the increased
projected area due to the presence of HS along the length of
the cylinder. As shown in Figure 11, a substantial decrease
in the C,, values is observed for all HDS cases considered
in this study when compared with the HS case. This reduc-
tion is associated with the vortex shedding pattern along
the length of the cylinder, which is discussed in detail in
Section 5.3. The C, value of HDS-1 is reduced by approxi-

207

1.8}

i 0 x

1.4F x

Lol 2 . C} .

3 x

IS 1.0} ° °

0.8}

0.6, Present numerical (Re=5 000)

04r ® Present experiment (Re=4 612)

o2l © Present experiment (Re=5 814)

0 BC HS HDS-1 HDS-2 HDS-3 HDS-4
Cylinder cases

Figure 11 Mean drag force coefficient (C,,) for all cylinder cases at
Re=5000,Re=4612,and Re =5 814

20
1.8+ » Present numerical (Re=10 000)
1.6+
1.4} x
1.2+ x x x %
S Lo}
0.8+
0.6+
0.4+
0.2+
0 .

BC HS HDS-1 HDS-2 HDS-3 HDS-4
Cylinder cases

Figure 12 Mean drag force coefficient (C),) for all cylinder cases at
Re =10 000

mately 18% compared with that of the HS case, as per exper-
imental measurement. However, the segment spacing
between the fins is 0.25D, which is smaller and more like
that of an HS cylinder. This smaller spacing leads to a
higher projected area and results in a mean drag coeffi-
cient that aligns closely with the HS case during numerical
approximation. It shows a slight increase of less than 7%
in numerical simulation at Re = 5 000. The measured and
computed C,, values for HDS-2 show an 18% decrease with
respect to that for the HS case. The HDS-3 model experi-
ences a decrease in C, of approximately 27%, which is
close to that of the BC. For the HDS-4 model, the C,, value
decreases by approximately 15% but differs from numeri-
cal and experimental findings. This difference might be due
to the turbulence or scale effects.

Figure 12 displays the numerical C,, values for each cyl-
inder model at Re = 10 000. The C,, value increases by 17%
for the HS case compared with BC and by 7% higher for
the HDS-1 compared with HS due to smaller segment
space similar to the observations in Re = 5 000. The HDS-2,
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HDS-3, and HDS-4 cylinders achieve a 15% reduction in
C,, compared with the HS cylinder.

5.3 Lift force analysis

The hydrodynamic E’\L for each cylinder model is calcu-
lated numerically and is shown in Figures 13 and 14 for
Re =5 000 and Re = 10 000, respectively. The C, value of
straked cylinders are compared with that of BC. The HS
results in a reduction in CA'L of up to 97% with respect to
BC, while HDS cylinders show a decrease of CA‘L by about
80%—90% compared with BC at Re = 5 000. Korkischko
and Meneghini (2010) highlighted that the height of strakes
has a profound influence on lift forces and control of the
shear layer separation, which is elaborated in Section 5.3.
A similar pattern is observed in E’\L at Re = 10 000; the HS
cylinder achieves a maximum reduction of 95% in E’\L,
whereas HDS cylinders exhibit reductions ranging from
approximately 70% to 88% when compared with BC. The
HDS cylinders reduce the CA'L value with minimal drag pen-
alty, as observed in Figures 11-14.

1.0r
0.9 » Present Numerical (Re=5 000)
0.8F

(G0.5F

x
0.1F x X x

; X i i i i
BC HS HDS-1 HDS-2 HDS-3 HDS-4
Cylinder cases

Figure 13 RMS lift force coefficient (@) for cylinder cases at
Re =5 000

1.0
09} » Present numerical (Re=10 000)
0.8}
0.7}
0.6}
0.5}
04+
03}
02}
0.1} « ® %
0 3 X . i i ‘
BC HS HDS-1 HDS-2 HDS-3 HDS-4
Cylinder cases

Figure 14 RMS lift force coefficient (CA’L) for cylinder cases at
Re =10 000
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5.4 Flow visualization around the cylinder

The flow dynamics play an important role in under-
standing the influence of hydrodynamic forces on the cyl-
inders in the cases of HS and HDS. The flow dynamics
exhibit the nature of vortex-shedding patterns along the
length of the cylinder. Figures 15(a)—(f) and Figures 16(a)—(f)
present the pictures of flow profiles in two different views
obtained using computational studies for Re = 5 000 at non-
dimensional time (fu/D) = 196. Figures 15(a)—(f) present the
snapshots of instantaneous vorticity contours obtained in the
XZ-plane view at the mid-section of the cylinder for all the
cases considered in this study. Similarly, Figures 16(a)—(f)
show an isometric view of the vortex-shedding pattern along
the length of the cylinder at three different sections: near
the top, middle, and bottom. The vortex-shedding patterns
are compared in the three sections to investigate the unifor-
mity of the vortex-shedding patterns along the length of
the cylinder with HS and HDS cases.
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Figure 15 Instantaneous vorticity contour for all cylinders Re =
5000 at {%’} = 196 XZ-plane view at the mid-section of the cylinder
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5 000 at {%} = 196 isometric view at the three different sections
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The shedding pattern at the wake side of the BC is
observed to be continuous and undistorted, as shown in
Figure 15(a). For the HS and HDS cases, the vortex-shed-
ding pattern is distorted along the length of the cylinder, as
shown in Figures 15(b)—(f). The distortion of vortices is
observed to be profound for the HDS cases, namely, HDS-1,
HDS-2, HDS-3, and HDS-4 (Figures 15(c)—(f)), compared
with the HS case. Among the HDS cases, the flow pattern
of HDS-3 is unique in the aspects of strong distortion and
breakup of the vortices compared with other HDS cases.
This observation can be associated with the reduction in
mean drag forces, as shown in Figure 11, which is sup-
ported by experimental measurements. Although the dis-
tortion is profound for HDS cases, the drag forces for
HDS-1, HDS-2, and HDS-4 are higher by 5%—30% with
respect to HDS-3.

The distortion is more complex along the length of the
cylinder, as presented in Figures 16(a)—(f). Complexity
in-flow patterns is clearly observed in the figures presented
for three different sections. Figure 16(a) presents the BC
case, where the vortex-shedding pattern is regular along
the length of the cylinder. The flow profile is uniform even
for the HS case, as shown in Figure 16(b). For HDS-1, as
shown in Figure 16(c), the vortices that are shed at the
ends (top and bottom) of the cylinder are completely dif-
ferent from the mid-section of the cylinder. Even the pat-
terns are different at each end. As observed closely in
Figure 16(c) (HDS-1), the positive vorticity vector (red
color) at the top end of the cylinder is elongated slightly
compared with the mid-section and bottom end of the cyl-
inder. Similar observations can be made in the other HDS
cases, as shown in Figures 16(d)—(f). In other words, the vor-
tex formation length varies along the length of the cylin-
der, which influences the vortex-induced forces. However,
the vortex formation length is not discussed in this study.

The pressure contour plots also provide additional insights
into the understanding of the drag force coefficients for
various cases. The pressure coefficient (C,) contour plots
for all the cases considered in this study are presented in
Figures 17(a)—(f). A significant difference in the pressure
coefficient values is observed in the wake side of the cylin-
der with HS, as shown in Figure 17(b), compared with the
wake side of the BC, as shown in Figure 17(a). The size of
the contour with a negative C, value (-1) is smaller for the
BC case than for the HS case, which might influence the
drag force coefficient. The size of the C, contours or the
intensity of the C, values is reduced for HDS-1 compared
with that for the HS case, but it is still higher than that for
the BC case. This result is due to the segment spacing
between fins for HDS-1, which is smaller and might emu-
late a continuous HS. With a further increase in the seg-
ment space, the size of the pressure contours also reduces,
which reaches the lowest drag force coefficient value for
HDS-3, as shown in Figure 17(e).
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Figure 17 Instantaneous pressure coefficient for all cylinders Re =

5000 at {%} = 196 XY-plane view at the mid-section of the cylinder

Similarly, the vorticity contours around the cylinder for
Re =10 000 are depicted in Figures 18(a)—(f) and Figures 19
(a)—(f) from two different perspectives at a nondimensional
time (tu/D) = 392. As previously observed for Re =5 000,
the shedding pattern on the wake side of the BC is undis-
torted. Meanwhile, it is distorted for the HS and HDS cases
along the length of the cylinder, as shown in Figures 18(a)—
(f) for Re = 10 000. The distortion of vortices in the HDS
cases correlates with a reduction in mean drag forces,
which is approximately 17% lower than those in the HS
case. Figures 19(a)—(f) provides an isometric view of the
vortex-shedding pattern along the length of the cylinder at
three different sections. Differences in shedding patterns
exist among all cylinder cases near the wake zone. The
presence of strakes causes variations in flow separation at
each section, which affects the vortex formation length
along the cylinder. This variation influences the vortex-
induced forces, specifically in the HDS cases, as illustrated
in Figures 19(c)—(f).
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Figure 18 Instantaneous vorticity contour for all cylinders Re =

10 000 at {%l} = 392 XZ-plane view at the mid-section of the cylinder
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The pressure coefficient (C,) contour plots for all cylin-
der cases at Re = 10 000 are shown in Figures 20(a)—(f).
As observed for Re = 5 000, a similar pattern is evident at
Re =10 000, displaying significant differences in the pres-
sure coefficient. The size of the negative region is larger
on the wake side of the HS case than that of other cylinder
cases, such as BC and HDS, which results in an increased
drag coefficient. The segment spacing of the strakes in the
HDS cases significantly influences the pressure coeffi-
cient, which leads to a smaller negative C, region than
that in the HS case.
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Figure 20
10 000 at {%} = 392 XY-plane view at the mid-section of the cylinder

Instantaneous pressure coefficient for all cylinders Re =

6 Conclusions

In this study, RANS simulations were conducted to inves-
tigate the effectiveness of HDS against a BC and a cylinder

@ Springer

with continuous HS in suppressing vortex-induced forces.
Experiments were also conducted to measure the drag
forces on BC, HS, and HDS cylinders. The key findings
are obtained as follows:

1) The HDS models reduce drag force by 18%—35%, with
maximum reductions for segment spacings of S/D = 0.5
and S/D = 0.75. They also decrease lift force by 70%—88%.
Overall, the HDS performance in the reduction of vortex-
induced forces is satisfactory.

2) In the HDS models, the vortices shed at the ends of
the cylinder differ significantly from those at the mid-sec-
tion. The presence of discrete strakes distorts the vortex
formation length along the cylinder, which leads to a reduc-
tion in vortex-induced forces.

3) All cylinder models with strakes disrupt the vortex-
shedding pattern, which effectively suppresses vortex-
induced forces. In particular, the segment spacing (S/D) in
the HDS model significantly contributes to this reduction,
as evidenced by experimental measurements and computa-
tional studies.

HDS is effective in mitigating vortex-induced forces in
current flows for offshore structural systems such as SPAR
platforms and risers. Future research incorporating inline
and crossflow displacements of HDS cylinders will pro-
vide valuable insights to further enhance the efficacy of
HDS in offshore environments.

Nomenclature
BC Bare cylinder
BS Bladed strake
C, Drag force coefficient
c, Mean drag force coefficient
CFD Computational fluid dynamics
C, Lift force coefficient
C, RMS lift force coefficient
C, Pressure coefficient
D Diameter of the cylinder
DAQ Data acquisition system
F, Drag force
FDM Fused deposition modeling
F, Lift force
/., Vortex-shedding frequency
GCI Grid convergence index
h Height of strake
HDS Helical discrete strake
HS Helical continuous strake
L Length of cylinder
p Density of fluid
PSD Power spectral density
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RANS Reynolds averaged Naiver—Stokes
S Segment spacing between strakes
SST Shear stress transport

St Strouhal number

TBS Twisted bladed strake

U Free stream velocity

VFD Variable frequency drive

VI Vortex induced

VIV Vortex-induced vibration

w Width of discrete strake
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