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a b s t r a c t

Vortex-Induced Vibration (VIV) is a major contributor to the fatigue damage of marine risers which are
often arranged in an array configuration. In addition to helical strakes and fairings, studies have been
strived in searching for possible VIV suppression techniques. Inspired by giant Saguaro Cacti, flexible
cylinders of different cactus-shaped cross sections were tested in a water tunnel facility, and test results
showed that cactus-like body shapes reduced VIV responses of a cylinder at no cost of significant increase
of drag. A series of experiments were conducted on a pair of two tandem-arranged flexible cylinders and
an array of four cylinders in a square configuration to investigate the effects of wake on the dynamic
responses of cylinders and the VIV mitigation effectiveness of the cactus-like body shape. Results showed
that the cylinders in a square configuration, either at the upstream or downstream positions, might have
larger dynamic responses than those of a single cylinder. The cactus-like body shape could mitigate VIV
responses of cylinders at upstream positions in an array configuration; however, similar to helical
strakes, the mitigation efficiency was reduced on downstream cylinders. Note that the cactus-like cross-
sectional shape investigated was not optimized for VIV suppression. The present study indicates that the
modification of the cross-sectional shape of a cylinder to a well-designed cactus-like shape may be used
as an alternative technique to mitigate the VIV of marine risers.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Marine risers, which convey fluids between subsea structures
and floaters, play an essential role in the offshore oil and gas pro-
duction. Due to their light weight, small damping, and large flexi-
bility, marine risers are prone to be excited by environmental loads,
such as the floater movement, wave, current, etc., especially for
those deployed in deep and ultra-deep waters. When current flows
past a marine riser, vortices are formed and shed alternatively at its
leeward side, which causes pressures around the circumference of
the riser to vary with time, and in turn excites the riser to oscillate.
If the frequency of vortex-shedding is close to one of the natural
frequencies of the riser, vortex-shedding will “lock-in” onto the
oscillation of the riser, i.e., vortex-shedding and riser’s oscillation
occur at the same frequency. This phenomenon is termed Vortex-
Induced Vibration (VIV). Sustained VIV is one of the major con-
tributors to fatigue damage of marine risers.
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f Naval Architects of Korea.

rea. Production and hosting by El
In offshore industry, installing helical strakes on a bare riser is a
common practice to suppress VIV; while, one of the notorious
drawbacks is that helical strakes will significantly increase the
riser’s drag force which results in large rotational angles and
bending moments of the riser at locations near hang-off point and
wellhead. Excessive rotational angles may cause shutdown of the
drilling or production and even structural failure. In addition to
helical strakes, other technologies and devices were studied
numerically and/or experimentally to investigate their effective-
ness on VIV suppression (Assi et al., 2010a; Lou et al., 2017; Wang
et al., 2019). The core concept of VIV suppression of a cylinder is
to interfere the periodic vortex formation and shedding by modi-
fying the cross-sectional shape of the cylinder. Cylinders of a
cactus-shaped cross section attracted much attentions; and studies
through Computational Fluid Dynamics (CFD) and model experi-
ments showed that a cactus-shaped cylinder reduced VIV response
at no cost of increased drag force (Babu and Mahesh, 2008; Abboud
et al., 2011; Levy and Liu, 2013; Marcollo et al., 2016).

In deepwater applications several risers are often installed
together on a floater. The dynamic fluid-structure interactions be-
tween current and an array of clustered risers are much more
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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complicated than those of an isolated riser. Numerical simulations
have been conducted on two tandem- or staggered-arranged cir-
cular cylinders to investigate the flow patterns, hydrodynamic
loads, and influences of spacing between the two cylinders
(Meneghini et al., 2001; Sharman et al., 2005). Comprehensive
experimental studies were conducted by Assi and their group (Assi
et al., 2010b, 2013; Assi, 2014) with a focus on themechanism of the
vibration of the downstream cylinder. They stated that the vibra-
tion of the downstream cylinder was excited by the unsteady
vortex-structural interaction between the downstream cylinder
and the vortices shed from the upstream cylinder, which was a
“wake-excited and wake-sustained” flow-induced vibration and,
thus, was termed “Wake-Induced Vibration (WIV).”

In a previous study of authors (Wang et al., 2018), vortex-
shedding from a stationary cylinder of a cactus-shaped cross sec-
tion in a two-dimensional (2D) flow field was simulated using
ANSYS FLUENT. Results showed that cactus-shaped cylinders might
have smaller lift and drag coefficients. However, the inherent three-
dimensional (3D) features of VIV cannot be captured by 2D simu-
lations. In order to evaluate the effectiveness of the cactus-like body
shape on VIV especially WIV mitigation of risers, in this study, a
series of experiments using a single flexible cylinder, a pair of two
tandem-arranged flexible cylinders, and four flexible cylinder in a
square configuration, were conducted in a water tank facility. Dy-
namic responses of the flexible cylinders of two different types of
cross-sectional shapes, circular cross section and cactus-shaped
cross section, were compared. Experimental results show that the
cactus-like body shape can suppress VIV of upstream cylinders,
while, similar to helical strakes (Huang and Sworn, 2013), the
suppression efficiency on WIV of downstream cylinders is reduced.
The present study suggests that the cactus-like body shape, if well-
designed, have the potential of being used as an alternative tech-
nique to mitigate flow-induced vibrations of marine risers.
2. Experimental setup

Experimental tests were conducted using the water tunnel fa-
cility located in the Ocean Engineering Laboratory at China Uni-
versity of Petroleum (East China). The water tunnel has a
rectangular cross section of a width of 1.0 m and a height of 1.5 m
Fig. 1. Water tunnel facility located in the Ocean Engineering
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(see Fig. 1). The maximum speed of the current generated in the
water tunnel is 0.4 m/s. In order to investigate the possibility of
using cactus-like body shape on the mitigation of VIV and WIV, a
series of experiments were conducted on (i) a single flexible cyl-
inder, (ii) a pair of two tandem-arranged flexible cylinders, and (iii)
four flexible cylinders in a square configuration (see Fig. 2). Flexible
cylinders of two types of cross sections, i.e., a circular cross section
and a cactus-shaped cross section, were tested. Each cylinder was
connected to a steel frame through cardan joints (universal joints)
at its both ends. The columns of the steel frame were far away from
the cylinders, so their effects were assumed to be negligible. The
frame was stiff enough and its natural frequency was much greater
than the oscillating frequencies of the flexible cylinders.

Sensor arrangement is shown in Fig. 3. The length of the pipe,
measured between rotational axes of cardan joints at the pipe’s
ends, is 1.5 m. The pipe is partially submerged in water. The water
depth (measured from the rotational axis of the lower cardan joint)
is 0.7 m. The pipe is sealed at its bottom end and fully filled with
water to the top. In this experiment, the flexible pipes were excited
to oscillate at its first mode. Four strain sensors are attached on the
outer circumference of the pipe at its mid-span location to measure
the dynamic responses of the pipe. Sensors IL (abbreviation for in-
line) no. 1 and no. 2 were used to measure the strains of the pipe in
the in-line (IL) direction, which is the direction along the current
flow; and sensors CF (abbreviation for cross-flow) no. 1 and no. 2
were used to measure the strains of the pipe in the cross-flow (CF)
direction, which is the direction transverse to the direction of the
current flow. In order to remove the tension strains from the total
strains measured by the sensors, the bending strains in the CF- and
IL-direction, εCF and εIL, can be calculated using the equations at
below:

εCF ¼
εCF2 � εCF1

2
; εIL ¼

εIL2 � εIL1

2
(1)

where εCF1 and εCF2 are the strains measured at the sensors CF no. 1
and no. 2, respectively; and εIL1 and εIL2 are the strains measured at
the sensors IL no. 1 and no. 2, respectively.

The flexible pipe is made of polycarbonate (PC) and with an
outer diameter of 14 mm. As shown in Fig. 4, five different 3D-
printed sleeves were used to alter the cross-sectional shape of the
Laboratory at China University of Petroleum (East China).



Fig. 2. Experimental setup of (a) a single flexible cylinder, (b) a pair of two tandem-arranged flexible cylinders, and (c) four flexible cylinders in a square configuration.
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pipe. The flexible pipe with cactus-shaped sleeves attached on was
used to study the VIV responses of a cactus-shaped cylinder.
Attached sleeves increased the mass of the flexible pipe. In order to
make a compatible comparison, the same flexible pipewith circular
sleeves attached on was used to resemble a circular cylinder. The
sleeves were made of short pieces each of a length of 17 mm and
evenly distributed on the submerged section of the pipe with a gap
of 2 mm between the neighboring sleeves. The purpose of using
short section of sleeves and leaving gaps among them was to
reduce the influence of sleeves on the bending stiffness of the
196
flexible pipe and to avoid collisions of neighboring sleeves when
the pipe oscillates. The cactus-shaped sleeves were installed on the
pipewith a staggered pattern, i.e., ridges were aligned with grooves
of the neighboring sleeves. The purpose of using staggered
arrangement was to weaken the spatial synchronization of vortex
formation and shedding. In addition, the sleeves were made of the
same material and were carefully designed to have the same cross-
sectional area, thus, the mass of the five sleeves (including cactus-
shaped sleeves and circular sleeves) were same. As a result, dy-
namic characteristics, including the mass, bending stiffness, and



Fig. 3. Strain sensor arrangement: (a) a side view of a pipe; and (b) four strain sensors installed on the circumference of the pipe at its mid-span location.

Fig. 4. Sleeves of different cross-sectional shapes: circular R0 and cactus-like R8-0.04, R12e0.04, R16e0.04, R20e0.04.
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natural frequencies of the flexible pipes attached with different
cactus-shaped sleeves were almost identical to those of the pipe
with circular sleeves attached on; which were verified by the free
vibration tests discussed below. Thus, the VIV responses of a cactus-
shaped cylinder can be directly compared with those of a circular
cylinder through water tunnel experiments. As shown in Fig. 4, the
circular sleeves, with an outer diameter of D ¼ 17 mm and an inner
diameter of d ¼ 14:2 mm, installed onto the flexible pipe to
resemble a flexible circular cylinder of an diameter of 17 mm;
which was the reference case and labeled as R0. For cactus-shaped
cylinders tested in this study, the height of ridges, h, is 4% of the
cross-sectional diameter of the circular cylinder, i.e., h ¼ 17�
0:04 ¼ 0:68 mm. The minimum diameter, Dmin, measured between
the opposite grooves of the cactus-shape, equals to 17mm, which is
the same as the outer diameter of the circular cylinder; and the
maximum diameter, measured between the opposite ridges of the
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cactus-shape, equals to Dmax ¼ Dþ 2h ¼ 18:36 mm. The number of
ridges of the four cactus-shaped sleeves are 8, 12, 16, and 20, so the
cactus-shaped pipes were labeled as R8-0.04, R12e0.04, R16e0.04,
and R20e0.04, respectively.
3. Fundamental natural frequency and free vibration test

For a uniform beamwith pinned-pinned ends, the fundamental
natural frequency, f0, can be calculated based on the Euler-Bernoulli
beam theory using Eq. (2) below:

f0 ¼
p

2L2

ffiffiffiffiffi
EI
m

r
(2)

where L is the length of the beam, EI andm are the bending stiffness
and linear mass density (mass per unit length of the beam),
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respectively.
In the present study the flexible cylinder was partially sub-

merged in water, and the submerged section was covered by
Table 1
Basic physical and hydrodynamic properties of the flexib

Length, L
Outer diameter of inner pipe, d0
Wall thickness of inner pipe, t
Mass of inner pipe per unit length, mp

Mass of water in pipe per unit length, mw

Mass of sleeves per unit length (submerged section), m
Mass of displaced water per unit length (submerged se
Equivalent linear mass density of pipe, mequ

Mass ratio
Modulus of elasticity, E

Fig. 5. Time series and power spectral density (PSD) of strains measured a

Fig. 6. Micro-strains measured in the CF- and IL-directions at the mid-span location of a sing
shaped sleeve, R16e0.04.
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sleeves either of a circular or a cactus-shaped cross section. The
bending stiffness of the cylinder, EI, is constant; however, the linear
mass density, m, takes different values for the cylinder sections
le cylinder.

1500 mm
14 mm
2 mm
0.089 g/mm
0.079 g/mm

s 0.069 g/mm
ction), md 0.216 g/mm

0.291 g/mm
1.10
3.2 GPa

t the mid-span location of flexible cylinders under free vibration tests.

le flexible pipe installed with a circular sleeve, R0, and compared with those of a cactus-



Table 2
VIV responses of a single flexible pipe with a different cross-sectional shape: circular
R0 vs. cactus-shaped R8-0.04, R12e0.04, R16e0.04, and R20e0.04.

Para. Circular Cactus-shaped

R0 R8-0.04 R12e0.04 R16e0.04 R20e0.04

(Ref.) value/diff. value/diff. value/diff. value/diff.

εCF
ðRMSÞ

310 239/-22.9% 255/-17.5% 231/-25.5% 287/-7.3%

εIL
ðMeanÞ

230 240/þ4.3% 270/þ17.9% 243/þ6.0% 305/þ32.9%

fCF 3.01 3.00/-0.3% 2.96/-1.6% 3.06/þ1.6% 3.04/þ1.1%
fIL 5.99 6.01/þ0.3% 5.89/-1.6% 6.09/þ1.6% 6.09/þ1.6%
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below and above the water level, which can be expressed as:

mðxÞ¼
�
mp þmw þms þ Camd for 0 ⩽ x ⩽0:7 m
mp þmw for 0:7 m< x ⩽1:5 m (3)

where x is the coordinate along the length of cylinder; mp, mw and
ms are the mass of inner pipe per unit length, mass of water inside
the pipe per unit length, and mass of the sleeve per unit length,
respectively; md is the mass of the displaced water per unit length
and the addedmass coefficient is assumed to take the value of Ca ¼
1. Note that, only the submerged section of the cylinder
(0 ⩽ x ⩽0:7 m) was covered by sleeves, so the mass of the sleeves
and the added mass of displaced water were only considered for
this section. Basic physical and hydrodynamic properties of the
flexible cylinder were summarized in Table 1.

Lenci et el (Lenci et al., 2013). proposed amethod to estimate the
natural frequencies of a non-uniform beam. Based on their method,
Eq. (2) still can be used, while, with the linear mass density, m,
replaced by an equivalent linear mass density,mequ, is expressed as:
Fig. 7. VIV responses of the cactus-shaped cylinder R8-0.04 and the circular cylinder R0 at va
the CF- and IL-directions.
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mequ ¼

ðL
0
mðxÞv2ðxÞdx
ðL
0
v2ðxÞdx

(4)

where L¼ 1.5 m is the length of the cylinder. vðxÞ is the mode shape
function which may be approximated as a sine function, i.e.,
vðxÞ ¼ sinðpx =LÞ, for this simple pinned-pinned flexible cylinder.
The equivalent linear mass density of this partially submerged
flexible cylinder was mequ ¼ 0:291 g/mm and, further, the funda-
mental natural frequency was f0 ¼ 2.74 Hz.

Free vibration tests of a single cylinder partially covered by
sleeves and submerged in still water were carried out. Time series
of strains were measured at the mid-span location of the cylinder.
Natural frequencies of the cylinders were estimated from the po-
wer spectral of the free vibration strain time series. As shown in
Fig. 5, frequencies calculated from themeasurements are all around
2.69 Hz for the cylinders installed with different sleeves. The nat-
ural frequencies calculated from the measurements are consistent
with the value calculated theoretically.

Note that the free vibration test was conducted and the natural
frequency was calculated several times through the entire experi-
mental program. Natural frequencies of all pipes remained un-
changed before and after each test run, which ensured that the
experimental setup, including the boundary conditions, were
consistent throughout the experimental program. Because only the
submerged section of the cylinders was covered by sleeves, the
mass ratio of the submerged section was calculated, which was
expressed as the ratio of the linear mass density of pipe including
the internal water and sleeves, mp þ mw þ ms, divided by the mass
of displaced water, md. The mass ratio is about 1.10, which is in the
range of that for a real marine riser.
ried reduced velocities: (a) dominant frequency; and (b) RMS values of micro-strains in
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4. VIV of a single flexible cylinder

In a previous work of authors (Wang et al., 2018), steady current
flows past a stationary cylinder were numerically simulated to
investigate the influence of cylinder’s cross-sectional shape on flow
patterns and vortex-sheddings. Twenty cactus-shaped cross sec-
tions were considered with the number of ridges varying from 8 to
24 and the height of ridges varying from 0:02D to 0:08D (D is the
diameter of the counterpart circular cylinder). It will cost tremen-
dous time and effort to conduct water tunnel experiments on this
large number of cactus-like body shapes. Instead, four cactus-
shaped cross sections were tested and compared with the circular
cylinder in the present study. VIV experiments on a single flexible
pipe installed with five different sleeves, i.e., R0, R8-0.04, R12e0.04,
R16e0.04, and R20e0.04, were conducted in an uniform flow of
current speed of U ¼ 0:23 m/s, corresponding to a subcritical
Fig. 8. Comparison of dynamic responses measured on the two cactus-shaped and two circu
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Reynolds number of Re ¼ 3900 and a reduced velocity Vr ¼
U=ðf0DÞz5:0, where f0 is the natural frequency of the flexible
cylinder. Bending strains at the mid-span location of the cylinder in
the IL- and CF-directions were measured with a sampling fre-
quency of 100 Hz, and a stationary section, usually contains over 30
cycles of oscillations, were used to perform statistical analysis of
the strains. An example shown in Fig. 6, a 10-s stationary section of
IL and CF micro-strains of a single pipe equipped with the cactus-
shaped sleeve, R16e0.04, were plotted against with the measure-
ments on the pipe equipped with the circular sleeve, R0. The solid
blue lines represent strains measured on the circular pipe, and the
red dotted lines represent strains measured on the cactus-shaped
pipe. The Root-Mean-Square (RMS) value of the CF micro-strains,
εCF; RMS, and the mean value of IL micro-strains, εIL; mean, were
calculated. The dominant frequencies of the CF and IL micro-strains,
i.e., fCF and fIL, were estimated from the spectral analysis of the
lar flexible cylinders: (a) Streamwise spacing of 4D, and (b) Streamwise spacing of 8D.



Fig. 9. RMS values of CF and IL micro-strains measured on cactus-shaped cylinders (R8-0.04) and circular cylinders (R0) in a square configuration of a 4D spacing.
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strain time series. Results of a single flexible cylinder of the five
different cross-sectional shapes were summarized in Table 2. The
circular cylinder was used as a reference case, and the results
measured on each cactus-shaped cylinder and the percentage dif-
ferences compared with the reference case were also presented. As
presented in Table 2, the RMS value of CF micro-strains and the
mean value of IL micro-strains measured on the circular cylinder
were 310 and 230, respectively; while, same parameters measured
on the cactus-shaped cylinder, R8-0.04, were 239 and 240, which is
22.9% smaller and 4.3% larger compared with those of the circular
cylinder. The dominant frequencies of the CF and IL micro-strains,
fCF and fIL, of the cactus-shaped cylinder were nearly identical to
those of the circular cylinder. Similar observations were made on
the other three cactus-shaped cylinders. The results showed that
the cactus-shaped cylinders investigated in this study reduced VIV
responses with no cost of significant increase of drag. The obser-
vations were consistent with the results of numerical simulations
conducted by the authors (Wang et al., 2018).

In addition to VIV experiments at the reduced velocity Vrz 5:0,
one cactus-shaped cylinder, R8-0.04, was used as an example to
demonstrate the VIV responses at various reduced velocities. The
maximum current speed the facility can generate is about 0.4 m/s,
thus, five current speeds, 0.20, 0.24, 0.28, 0.32, and 0.36 m/s, were
tested, corresponding to the reduced velocities from 4 to 8. VIV
responses of the cactus-shaped cylinder, R8-0.04, were compared
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with those of the circular cylinder, R0, in Fig. 7. As shown in Fig. 7
(a), the dominant frequencies of the CF and IL micro-strains of
the cactus-shaped cylinder increased with the reduced velocity,
and they are slightly greater than those of the circular cylinder. As
shown in Fig. 7(b), the RMS values of micro-strains in the CF- and
IL-directions, εCF; RMS and εIL; RMS, of the cactus-shaped cylinder
were significantly less than those of the circular cylinder. Tests on
the other cactus-shaped cylinders showed the very similar results.
5. VIV of two tandem-arranged flexible cylinders

In deepwater applications multiple marine risers are often
placed as a group. Hydrodynamic responses of a riser in a group are
more complicated than those of an isolated riser. A simplified
scenario is a pair of two tandem-arranged risers, where a down-
stream riser can be excited by the unsteady vortex-structural
interaction between the riser and the vortices coming from the
upstream riser, which differs from VIV and is termed Wake-
Induced-Vibration (WIV) (Assi et al., 2010b). Two tandem-arranged
flexible cylinders of the same cross-sectional shape, either of a
circular shape, R0, or a cactus-shape, R8-0.04, were tested in the
water tunnel to evaluate the effectiveness of the cactus-like body
shape on the suppression of VIV or WIV under the wave interfer-
ence. Similarly, five different current speeds, 0.20, 0.24, 0.28, 0.32,
and 0.36 m/s were tested. Center-to-center distances of the two



Fig. 10. RMS values of CF and IL micro-strains measured on cactus-shaped cylinders (R8-0.04) and circular cylinders (R0) in a square configuration of a 5D spacing.
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cylinders were set as 4D, 5D, 6D, 7D and 8D, where D is the outer
diameter of the circular cylinder, R0. A spacing less than 4Dwas not
considered in the present work, because when a riser is experi-
encing VIV, it is possible that the oscillation amplitude reaches to a
value greater than its outer diameter (Posdziech and Grundmann,
2001), and the minimum center-to-center distance between two
risers should be greater than three times of the riser’s diameter to
avoid clashing with each other.

Dynamic responses of the two cylinders with a streamwise
spacing from 4D to 8D shares similarities, thus, only the cases of 4D
and 8D spacing were presented as examples in Fig. 8. The re-
lationships between the dominant oscillation frequency and
reduced velocity were presented in the left two subfigures, one was
for the upstream cylinder and another was for the downstream
cylinder. Reduced velocities ranged from 4 to 8 were tested. The
black square and black circle symbols represent the IL and CF re-
sponses of the circular cylinders; and the red asterisk and blue
triangle symbols represent the IL and CF responses of the cactus-
shaped cylinders. Similarly, the RMS values of the micro-strains
measured on the upstream and downstream cylinders are pre-
sented in the right two subfigures. The following characteristics
were observed:

(a) Generally, both for the upstream and downstream cylinders,
either of a circular or a cactus-shaped cross section, the
202
dominant oscillation frequencies of the IL and CF responses,
increased with the reduced velocity. The dominant oscilla-
tion frequencies of the cactus-shaped cylinder were close to
but slightly larger than those of the circular cylinder. The
dominant IL oscillation frequencies were about two times of
those of the CF responses. These observations were consis-
tent with what observed on the single flexible pipe shown in
Fig. 7.

(b) For the upstream flexible cylinder, the RMS values of both the
IL and CF micro-strains of the cactus-shaped cylinder were
less than those of a circular cylinder for the reduced veloc-
ities from 4 to 8 and the streamwise spacing from 4D to 8D,
which means that the cactus-like body shape did mitigate
the VIV responses of the upstream cylinder. For the down-
stream cylinder, of either a circular or a cactus-shaped cross
section, the RMS values of the IL and CF micro-strains were
less than those of its upstream counterpart; however, like the
helical strakes (Huang and Sworn, 2013), the mitigation ef-
ficiency of the cactus-like body shape, R8-0.04, on theWIV of
the downstream cylinder was significantly reduced. The
cactus-like body shape needs to be well-designed and opti-
mized to improve its performance on WIV suppression.

(c) The RMS values of CF micro-strains of the downstream cyl-
inder decreased with the increase of the spacing between the
two cylinders for the reduced velocity of 6 and above. This



Fig. 11. RMS values of CF and IL micro-strains measured on cactus-shaped cylinders (R8-0.04) and circular cylinders (R0) in a square configuration of a 6D spacing.
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observation is consistent with the work of Assi et al. (2010b).
In the present study, the streamwise spacing between two
cylinders larger than 8D was not tested; however, the work
of Assi et al. (2010b) showed that the vortex-shedding from
the upstream cylinder influenced the downstream cylinder
for a wide range of the streamwise spacing setting, which
may be up to 20 times of the cylinder’s diameter.
6. VIV OF four flexible cylinders in a square configuration

In addition to a pair of two tandem-arranged cylinders, four
flexible cylinders in a square configuration were also tested. The
four cylinders were arranged in a square configuration, i.e., the
spacings between cylinders along the current direction and trans-
verse to the current directionwere equal. Center-to-center distance
between cylinders varied from 4D to 8D. The four cylinders in an
array were identical and of the same body shape, of either a circular
cross section, R0, or a cactus-shaped cross section, R8-0.04. Current
speeds varied from 0.20 to 0.36 m/s which were corresponding to
the reduced velocity in a range of 4e8. During experiments, strains
were measured at the mid-span location of each cylinder, and the
RMS values were calculated using the stationary sections of mea-
surements. In Fig. 9, RMS values of micro-strains were plotted
against the reduced velocity for the four cylinders in a square
203
configuration of a 4D spacing. The black squares and black circles
represent RMS values of the IL and CF micro-strains, respectively,
measured on the circular cylinders; and the red asterisks and blue
triangles represent RMS values of the IL and CF micro-strains,
respectively, measured on the cactus-shaped cylinders. The pipes
nos. 1 and 2 are at the upstream position, and pipes nos. 3 and 4 are
at the downstream position. Test results of the cylinder arrays of a
spacing from 5D to 8D are illustrated in Figs. 10e13. The following
characteristics were observed:

(a) For the circular cylinders at the upstream position (pipes nos.
1 and 2), the RMS values of the CF and IL micro-strains
generally increased with the reduced velocities from 4 to 8;
the increase with respect to reduced velocity was smaller for
the cylinders spaced closely (spacing of 4D), and the increase
was larger for the cylinders spaced farther (spacing of 8D)
apart. For the circular cylinders at the downstream position
(pipes nos. 3 and 4), the RMS values of the CF and IL micro-
strains were smaller than those of the upstream cylinders.

(b) For the cactus-shaped cylinders at the upstream position, the
RMS values of CF micro-strains generally decreased with the
reduced velocities from 4 to 8; the decrease with respect to
reduced velocity was smaller for the cylinders spaced closely
(spacing of 4D), and the decrease was larger for the cylinders
spaced farther (spacing of 8D) apart. For the cactus-shaped



Fig. 12. RMS values of CF and IL micro-strains measured on cactus-shaped cylinders (R8-0.04) and circular cylinders (R0) in a square configuration of a 7D spacing.
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cylinders at the downstream position, the RMS values of the
CF micro-strains were slightly larger than those of the up-
stream cylinders. The IL responses, for both the upstream and
downstream cactus-shaped cylinders, were quite small.

(c) Comparisons of the responses measured on the cactus-
shaped and the circular cylinders showed that the cactus-
like body shape significantly mitigated the CF and IL re-
sponses of the upstream cylinders, while, the effectiveness of
mitigation was reduced on the downstream cylinders due to
the wake interference. Results also showed that the cactus-
like body shape had a desirable feature, i.e., it was more
effective to mitigate VIV responses at a higher reduced ve-
locity, such as Vr ¼ 8, where VIV of a circular cylinder was
fully developed and had larger responses. Due to the limited
current generation capacity of the water tunnel facility, tests
at reduced velocities larger than 8 were not conducted.

In Fig.14 the RMS values of the CF and ILmicro-strainsmeasured
on cylinders in an array were compared with those measured on an
isolated cylinder. Fig. 14(a) showed comparisons for circular cylin-
ders, and Fig. 14(b) showed comparisons for cactus-shaped
204
cylinders. In each figure the left two subfigures were for up-
stream cylinders, and the right two subfigures were for down-
stream cylinders. The RMS values of the CF and IL micro-strains
were plotted in the top two subfigures and bottom two subfigures,
respectively. Blue triangles and the red squares represent CF and IL
responses, respectively, of the isolated cylinder; and black dots
representmeasurements of the cylinders in an array. Fig.14 showed
that:

(a) For circular cylinders, the RMS values of the CF and IL micro-
strains measured on cylinders at the upstream location in an
array may be greater than those of an isolated cylinder;
while, the RMS values of the CF and IL micro-strains
measured on cylinders at the downstream location in an
array are less than those of an isolated cylinder for the
reduced velocities between 4 and 8.

(b) For cactus-shaped cylinders, the RMS values of the CF and IL
micro-strains measured on cylinders at the upstream loca-
tion in an array are almost smaller than those of an isolated
cylinder; while, the RMS values of the CF and IL micro-strains



Fig. 13. RMS values of CF and IL micro-strains measured on cactus-shaped cylinders (R8-0.04) and circular cylinders (R0) in a square configuration of a 8D spacing.
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measured on cylinders at the downstream location in an
array may be greater than those of an isolated cylinder.

(c) The cactus-like body shape mitigates the VIV responses of an
isolated cylinder as well as those of the upstream cylinders in
an array; while, the effectiveness of the mitigation on the
downstream cylinders are negatively affected by the wake
shed from the upstream cylinders.

VIV responses of cylinder arrays were studied and compared
with those of an isolated cylinder by several researchers. Some
studies found that the downstream cylinders had smaller CF re-
sponses than those of an isolated cylinder (Tognarelli et al., 2016);
on the contrary, others found that the downstream cylinders had
larger CF responses than those of an isolated cylinder (Joshi et al.,
2016; Wang et al., 2018). The present study observed both. The
nonlinear fluid-structure dynamic interactions between cylinders
in an array and vortex structures are very complex; parameters
such as physical properties of cylinders, cylinder array configura-
tion, current incident angle, Reynolds number, etc. all affected the
dynamic responses of cylinders in an array. The present study
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cannot draw a clear conclusion on the circumstance that the
downstream cylinders will have larger or smaller responses than
those of an isolated cylinder; instead, this study demonstrates that
cylinders in an array may have larger responses than those of an
isolated cylinder, and, thus, the semi-empirical software developed
for the prediction of VIV responses of an isolated cylinder may not
be conservative if used for cylinders in an array configuration.

Stresses were calculated from the measured strains. The fatigue
damage rates were then calculated using the rainflow cycle-
counting algorithm and Miner’s rule. Only for the purpose of
demonstration, the F-2 SeN curve was used in this study, which is
expressed below:

N¼ a,S�b (5)

where N is the number of cycles to failure at stress range, S; also,
a ¼ 4:266� 1011 and b ¼ 3:0 are parameters of the F-2 SeN curve
for the stress range are in units of MPa. Fig.15(a) and (b) present the
fatigue damage rate per year calculated for all the circular cylinders
and all the cactus-shaped cylinders, respectively. Subfigure



Fig. 14. Comparison of RMS values of CF and IL micro-strains of cylinders in an array and those of an isolated cylinder: (a) all cylinders are of a circular cross section, R0, and (b) all
cylinders are of a cactus-shaped cross section, R8-0.04.
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arrangement and captions were similar to Fig. 14. Fig. 15 demon-
strates that: (i) the cactus-like body shape significantly reduce the
fatigue damage rate of an isolated cylinder as well as those of the
upstream cylinders in an array; and (ii) the fatigue damage rates of
a cylinder in an array can be larger than those of an isolated cyl-
inder. For example, for the circular cylinders, the largest ratio of the
fatigue damage rate of upstream cylinders to that of the isolated
cylinder is about 1.6; and for the cactus-shaped cylinders, the
largest ratio of the fatigue damage rate of downstream cylinders to
that of the isolated cylinder is about 3.8. It is not always conser-
vative to assume that the fatigue damage rate predicted for an
isolated cylinder can be used to represent fatigue damage rates of
cylinders in an array.

7. Conclusions and discussions

In a previous study of the authors, preliminary numerical
simulation results indicted that a stationary cylinder of a cactus-
shaped cross section had lower lift and drag coefficients
compared to a circular cylinder. In order to further investigate the
effectiveness of the cactus-like body shape on the VIV mitigation, a
series of experiments on flexible pipes were conducted in a water
tunnel facility. Installing 3D-printed sleeves of varied cross-
sectional shapes on the same flexible pipe to simulate a cactus-
shaped cylinder and a circular cylinder. First, four cactus-like
body shapes of different number of cactus ridges were tested at a
reduced velocity of 5. The comparison with a circular cylinder
showed that cactus-shape cylinders had lower dynamic responses
at no cost of increased drag, which is a great advantage over helical
strakes. In addition, a cactus-shaped cylinder of 8 ridges was
selected as an example to demonstrate its effectiveness on VIV
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mitigation at a reduced velocity range from 4 to 8. Next, a pair of
two tandem-arranged flexible cylinders and four cylinders in a
square configuration were tested to investigate the VIV responses
and effects of wake interference on cylinders placed in a group,
with a special focus on the VIV and WIV suppression of the cactus-
like body shape. Results show that cylinders in a square configu-
ration, either at upstream or downstream positions, may have
larger dynamic responses than those of a single cylinder; and it may
not be conservative to assume that the fatigue damages predicted
using the semi-empirical software developed for a single riser to
represent fatigue damages of clustered risers. Experimental results
also show that the cactus-like body shape studied in the present
work reduces the dynamic responses of the upstream cylinders;
while, similar to the helical strakes, the suppression efficiency is
negatively affected by wake interference on the downstream cyl-
inders. It is worth noting that: (a) the cactus-like body shape tested
in this study is not optimized to VIV or WIV suppression; if well
designed, the suppression efficiency is expected to be improved;
and (b) VIV in a subcritical flow field were studied at reduced ve-
locities from 4 to 8 to investigate the mitigation efficiency of the
cactus-like body shape; however, for marine risers exposed to real
ocean current with a Reynolds number in the range of 105 to 106,
the mitigation efficiency should be further studied before
applications.
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Fig. 15. Comparison of fatigue damage rates in CF and IL directions of cylinders in an array and those of an isolated cylinder: (a) all cylinders are of a circular cross section, R0, and (b)
all cylinders are of a cactus-shaped cross section, R8-0.04.
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