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ABSTRACT

In this paper, a numerical simulation investigation is carried out on the coupled response of the flow-induced vibration (FIV) and flow-
induced rotation (FIR) of a circular cylinder attached with a triangular fairing at a low Reynolds number of Re¼ 100. The primary focus is
on the impact of FIR on FIV. The vibration response, hydrodynamic coefficient, vortex shedding mode, and flow field characteristics are
examined for the fairings within the vibrational reduced velocity Ur range of 3–16 with shape angle of a¼ 45�, 60�, and 90�. The results reveal
that at low Ur, all the three considered fairings have a good suppression effect on the FIV. Nevertheless, the galloping response emerges as Ur

increases when a¼ 45� and 60�. In contrast, the vibration response of 90� fairing presents a wider lock-in region. The rotatable 2-degree of
freedom (2-DoF) fairing has a better performance in the reduction of response amplitude and hydrodynamic coefficients. The 2S (two single
vortices) vortex shedding mode mainly occurs in the vortex-induced vibration (VIV) region, while 2S–8S (from two to eight vortices), 2P
(two pairs of vortices), 2T (two triplets of vortices), and PþT (a pair of vortices and a triple of vortices) modes emerge in the galloping
branch. Moreover, four modes of wake structures are identified according to the variation of recirculation region and the migration of bound-
ary layer separation point. Finally, the reduced regions of drag, lift, and amplitude are highlighted compared to the bare cylinder.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0219856

I. INTRODUCTION

In the context of ongoing advancements in the exploration and
exploitation of deepwater hydrocarbon reserves, the operational
parameters of offshore drilling and production apparatus are progres-
sively evolving toward heightened complexity. As essential marine dril-
ling and production equipment, risers are very fragile and vulnerable.
The vortex-induced vibration (VIV) caused by ocean currents is one of
the important factors contributing to the fatigue damage. The VIV is
created by alternate shed vortices behind the structures when ocean
currents flow past the risers. When the vibration frequency approaches
the natural frequency of the structure, the resonance is generated,
known as the lock-in phenomenon that exacerbates the fatigue dam-
age.1 Therefore, many scholars have proposed and developed numer-
ous methods to suppress the VIV. Currently, there are generally two
types of control methods. If external energy input is required, it is
called active control, and otherwise, it is termed passive control.
Typical active control methods include suction,2,3 synthetic jets,4,5 and

rotating rods.6,7 However, the advantages of simple operation, high
efficiency, and low cost make passive control more popular. The typi-
cal passive control devices include fairing,8–10 splitter plate,11–13 helical
strake,14,15 and rough surface.16,17 Herein, the fairing delays the bound-
ary layer separation point of the riser rearward due to its streamlined
shape, effectively suppressing VIV.

Grant and Patterson8 investigated the VIV suppression using a
streamlined fairing. They suggested that it to some extent suppresses
the shedding of vortices while effectively reducing amplitude. Wang
et al.10 further modified the fairing to a droplet shape and discussed
the suppression effect of different tail-angle fairings through numerical
simulation. They observed that the best effect was achieved when the
tail angle was 30�–45�. Zheng and Wang18 found that for fairings of
different shapes, the smaller characteristic length, the better suppres-
sion effect. However, Assi et al.9 showed that both of the splitter plate
and the fairing are prone to generate galloping at high reduced veloci-
ties. Therefore, many scholars have conducted research on the
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galloping response of fairings. Zheng and Wang19 pointed out that a
short-tail fairing can introduce severe galloping oscillation in the
region of 14<Ur < 19, because of the reattachment of the shear layers
behind fairings. Xia et al.20 divided the vibration into three branches
based on the characteristics of cylinder attached with fairing: the initial
branch, the galloping branch, and the lower branch. Subsequently, Xia
et al.21 explored the hydrodynamic characteristics of fairing structures
under different angles of attack with respect to the incoming flow and
found a critical attack angle ac using a similar methodology. When the
inflow attack angle was greater than ac, the fairing arose galloping.

It becomes manifest that the position of the fairing at the poste-
rior segment of the fluid-dynamic object is imperative, owing to their
pronounced sensitivity to the orientation of the incident flow. Due to
the variable direction of ocean currents, the fairing is greatly refrain
from the practical use of VIV suppression in ocean risers. Therefore, a
rotatable fairing has been designed in order to better adapt to the ocean
current environment. Assi et al.9 investigated the vibration inhibition
performance of a freely rotating short-tail fairing. They found that the
60� fairing has the best suppression effect. An experiment on rotatable
fairing was conducted by Qi et al.22 It was found that the vibration dis-
placement of marine risers is significantly reduced by the rotatable fair-
ing, and the fairing covering 57% of the riser presents the best
performance. Zhu et al.23 discovered through numerical simulation
that the reduced velocity Ur is an important factor affecting the vibra-
tion suppression of a free rotating fairing. AsUr increases, the structure
is more prone to instability. The response of a rotating splitter plate is
similar to the rotatable fairing. Assi et al.12 experimentally demon-
strated that a rotatable splitter plate is effective in reducing the VIV.
Through numerical simulation, Tang et al.24 reported that the rotat-
able splitter plate shows a greater performance in the reduction of
hydrodynamic forces and the suppression of vortex shedding as com-
pared to a bare cylinder. In addition, they also proposed three coupled
response modes and three reattachment modes of the cylinder-plate
body.

Although previous studies have concerned the VIV suppression
effect or the unexpected galloping response of circular cylinders
attached with fairings, the investigation on the coupled response of the
VIV of the cylinder equipped a rotatable fairing is scanty. The interpre-
tation of the interplay between rotation and vibration is not well docu-
mented. Therefore, in this work, a comparative analysis is performed on
the 1-degree-of-freedom (1-DoF) response (only the cross-flow oscilla-
tion) and 2-degree-of-freedom (2-DoF) response (both the rotation and
the cross-flow oscillation) of a circular cylinder equipped with a triangu-
lar fairing with variable shape angles. The aim is to evaluate the perfor-
mance of a rotatable fairing and its interaction with the VIV in terms of
both response and flow characteristics. A fixed fairing with angle from
45� to 90�10 or a rotatable fairing with angle from 60� to 120�9,23 has
been proven to have good performance in vibration suppression. For
this reason, fairings at angles of 45�, 60�, and 90� are used to further
investigate the coupled response of FIV and FIR in this paper.

II. PROBLEM DESCRIPTION

The geometric setup is illustrated in Fig. 1. The two side plates of
the fairing are tangent to the surface of the cylinder. Therefore, as the
angle increases, the intersection points between the fairing and circular
cylinder are further back. To conduct a comparable analysis, the same
physical materials are used throughout the system. The mass ratio m*

is set as 2.5, where m*¼m/md, which indicates the ratio of the

structure mass to the displaced mass of fluid. The circular cylinder
with diameter of D attached with the fairing is considered as a mass-
spring-damper system with the vibration damping ratio fy¼ 0.003
and the rotation damping ratio fh¼ 0.0001. The influence of fairing
with three shape angles of 45�, 60�, and 90� on the VIV response is

FIG. 1. Boundary conditions and geometric model of a circular cylinder with a trian-
gular fairing: (a) boundary conditions; (b) geometric model; and (c) definition of rota-
tion angle h.

FIG. 2. The employed mesh system.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 073623 (2024); doi: 10.1063/5.0219856 36, 073623-2

Published under an exclusive license by AIP Publishing

 22 July 2024 12:46:17

pubs.aip.org/aip/phf


examined in this work. The numerical simulation is conducted at a
fixed of Re¼ 100 based on the cylinder diameter and the vibrational
reduced velocity Ur range of 3–16. The natural frequency ( fn) of the
structure in water is defined as

fn ¼ 1
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K

mþma

r
; (1)

where K is the spring stiffness and ma is the added mass, ma¼Ca md,
and Ca is the added mass coefficient defined as25

Ca ¼ � 8

nTqpD2ð2pfYÞ4A2
Y

ðtþnT

t
fLðtÞY 00dt; (2)

where n is the number of samples counted for calculation, T is the
oscillation cycle, q is the fluid density, fY is the cross-flow oscillation
frequency, AY is the cross-flow amplitude, fL(t) is the lift acting on the
structure varies over time, and Y 00 is the cross-flow acceleration.

As shown in Fig. 1, a rectangular computational domain of 20D
(cross-flow direction)� 50D (in-flow direction) is used for the simula-
tion. Additionally, the distance from the two lateral boundaries to the
original point is 10D, resulting in a blockage ratio of 5%.26,27 It is 15D
away from the original point to the entrance boundary. The velocity
inlet boundary with u¼ u1 and v¼ 0 is applied on the left boundary,
where u is the velocity component in the x-direction and v is that in
y-direction. The outlet boundary is 35D away from the original point,
imposed with the Newman boundary with velocity gradients of 0
(@u/@x¼ 0 and @v/@x¼ 0). Symmetry boundary conditions with
@u/@y¼ 0 and v¼ 0 are imposed on the lateral boundaries. The no-slip
condition is imposed on the structure surface. To explore the flow field
clearly, three probes are set at X/D¼ 4, 6, and 8, behind the structure.

The system is subjected to uniform incoming flow. In addition,
the cylinder with fairing can oscillate in the cross-flow direction and
rotate passively. The coupled response of FIV and FIR is examined in
associated Ur ranges.

TABLE I. Convergence analysis on mesh density.

Mesh Elements AY/D h (�) CD,mean CL,rms

M1 38 450 0.514 11 2.6865 1.400 47 0.461 26
M2 63 348 0.493 58 2.620 19 1.323 29 0.437 37

(4.16%) (2.53%) (5.83%) (5.46%)
M3 86 514 0.482 48 2.595 79 1.282 97 0.428 33

(2.30%) (0.94%) (3.14%) (2.11%)
M4 114 562 0.47832 2.582 34 1.271 36 0.424 16

(0.86%) (0.52%) (0.91%) (0.97%)

FIG. 3. Model validation: (a) validation of the numerical model for FIV of a circular
cylinder and (b) validation of the numerical model for FIR of a circular cylinder with
a rigid splitter plate.

TABLE II. Verification of lift and drag coefficients of a bare circular cylinders.

CD,mean CL,rms St

Posdziech and Grundmann39 1.325 0.228 0.164
Mittal40 1.322 0.226 0.164
Present 1.332 0.228 0.163

FIG. 4. Comparison of the dimensionless amplitude A�Y between 1-DoF fairing and
2-DoF fairing with different angles, where the result of bare cylinder (BC) is also
plotted as baseline denoted.
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III. MATHEMATICAL MODEL
A. Governing equations

The incompressible Navier–Stokes equations are used to solve the
flow over an elastically mounted circular cylinder with the fairing subjected
to the two-dimensional uniform laminar flow. The non-dimensional
forms of the continuity andmomentum equations are written as28

ru� ¼ 0; (3)

@u�

@t�
þ ðu� � rÞu� ¼ �rp� þ 1

Re
r2u�; (4)

where u� is the normalized velocity vector in the Cartesian coordinate
system consisting of two components in the x and y directions, t� is
the non-dimensional time, and p� is the dimensionless pressure.

FIG. 5. Comparison of vibration response between the circular cylinders with 1-DoF and 2-DoF fairings: (a) a¼ 45�; (b) a¼ 60�; and (c) a¼ 90�.
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The fluid force acting on the mass-spring-damping system for
the cross-flow vibration is expressed as29

m€y þ Cy _y þ Kyy ¼ FL; (5)

where m is the structural mass, y is the transverse displacement, _y is
the transverse velocity, €y is the transverse acceleration, Cy is the damp-
ing constant in vibration system, Ky is the vibrational stiffness constant
that provides elastic resilience of the system, and FL is the lift force.
The non-dimensional form of Eq. (5) is

€Y þ 2f
2p
Ur

� �
_Y þ 2p

Ur

� �2

Y ¼ CL

2m� ; (6)

where Y ¼ y
D is the non-dimensional displacement, f ¼ C

2
ffiffiffiffiffi
Km

p is the

vibrational damping ratio, Ur ¼ U
fnD

is the vibrational reduced velocity,

fn is the vibrational natural frequency, which varies with Ur, m� ¼ m
md

is the mass ratio, and CL ¼ 2FL
qUD2 is the lift coefficient.

For the 1-DoF rotation response, the governing equation30,31 is
written as

Ih€h þ Ch
_h þ Khh ¼ Mh; (7)

where Ih is the mass moment of inertia, h (unit: radian) is the
rotary angle of the structure around the center of the circle, _h is
the rotary angular velocity, €h is the rotary angular acceleration,
Ch is the rotary damping constant in the rotation system, Kh

is the rotary stiffness constant, and Mh is the moment applied
by the fluid to the structure. The non-dimensional form of
Eq. (7) is

€h þ 2fh
2p
Uh

� �
_h þ 2p

Uh

� �2

h ¼ CM

2I�h
; (8)

where fh ¼ Ch

2
ffiffiffiffiffiffiffi
KhIh

p is the rotational damping ratio, Uh ¼ U
fnhD

is the

rotational reduced velocity, fnh ¼ 1
2p

ffiffiffiffi
Kh
Ih

q
is the rotational natural fre-

quency, varying with Uh, CM ¼ 2Mh
qD2U2 is the pitching moment coeffi-

cient, and I�h ¼ Ih
qD4 is the mass moment of inertia.

The coupled response of FIV and FIR is solved using user-
defined functions (UDF) in the ANSYS-FLUENT package. The finite-
volume method (FVM) and the coupled algorithm are adopted to
discretize and solve the Navier–Stokes equations. The time integration
is carried out using the second-order Crank–Nicolson scheme. After
solving Eqs. (3) and (4), the pressure and viscous stresses are inte-
grated, and the lift, drag, and moment applied on the structure at each
time step are calculated. The fourth-order Runge–Kutta method32,33 is
employed to discretize and solve Eqs. (6) and (8) to get the vibration
displacements. After that, the grid is updated and the next time step
calculation is carried out. The iteration is carried out until sufficient
periodical results are obtained for statistical analysis.

B. Convergence analysis and computational mesh

In this work, the coupled response is solved using the overlapping
mesh method.34 The quadrilateral meshes are specified to partition the
entire computational domain. The overlapping and the background
grids near the overset are approximately equal, as illustrated in Fig. 2,
to convey the data between overlapping regions and background
regions accurately. The finer grids are adopted near structures to

FIG. 5. (Continued).
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capture the development of boundary layer as well as the changes of
hydrodynamic coefficients. In each time step, the flow information in
the background domain is first obtained by solving the N–S equations.
After that, the data transfer from the background grids to the overlap-
ping grids through the interpolation points. Subsequently, the flow
field in the overlapping domain is solved to attain the pressure and
shear stress around the structure. The force and torque acting on the
cylinder are calculated by integrating the pressure and shear stress.
Then, the vibration and rotation response are computed, and the posi-
tion of the cylinder is updated accordingly. After that, the flow infor-
mation in the overlapping domain is updated again. Then, the data
transfer back to the background grids, and the flow field in the back-
ground domain is refreshed. Such an iteration continues until the time
meets the requirement.

The grid convergence analysis is performed first for the case of
a¼ 60� and Ur¼ 10. As presented in Table I, there are four grid den-
sities named M1–M4, corresponding to an increase in the number of
grids from 38450 to 114 562. To accurately capture the development
of boundary layer, the overlapping region is refined by gradually
increasing the nodes on the cylinder perimeter and decreasing the
cell expansion ratio from M1 to M4. Accordingly, the height of the
first layer of mesh next to the cylinder surface is from 0.02D to
0.005D. In the table, AY/D is the normalized transverse amplitude,
h is the rotary amplitude, CD,mean is the time-averaged drag coeffi-
cient, and CL,rms is the root-mean-squared (RMS) lift coefficient,
defined as

CD;mean ¼ 1
n

Xn
i¼1

2fDðtÞ
qu2D

; (9)

CL;RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

2fLðtÞ
qu2D

� �2s
; (10)

where n is the number of samples counted for calculation, fD(t) is the
drag force acting on the cylinder, and fL(t) is the lift force acting on the
cylinder. As listed in Table I, all differences between M3 and M4 are
less than 1%, indicating that further refinement of grids has little
impact on the calculation results. Therefore, for a higher computa-
tional efficiency, M3 grid density is adopted for the computation,
where the height of the first-layer mesh is less than 0.005D. The growth
ratio of grid height is kept below 1.02.

C. Method validation

Currently, the investigations into the flow-induced vibration as
well as the flow-induced rotation of fairings at low Re are relatively
scarce. For this reason, two models, the flow-induced vibration of a
bare circular cylinder and the flow-induced rotation of a cylinder-plate
body, are compared with the results reported in the literature,35–38

respectively. Figure 3(a) shows the amplitude on different Ur at
Re¼ 100, m�¼ 2, and f¼ 0. The absence of a VIV upper branch1 is
due possibly to the greater viscosity force because of a low Re.
However, the initial branch, the lower branch, and the desynchronized

FIG. 6. Hydrodynamic coefficients of a cylinder with 1-DoF and 2-DoF fairings: (a) and (b) averaged drag coefficient CD,mean for 1-DoF fairing and 2-DoF fairing and (c) and (d)
root-mean-squared value of lift coefficient CL,RMS for 1-DoF fairing and 2-DoF fairing.
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FIG. 7. Vortex shedding mode: (a) 1-DoF fairing with a¼ 45�; (b) 2-DoF fairing with a¼ 45�; (c) 1-DoF fairing with a¼ 60�; and (d) 2-DoF fairing with a¼ 60�.
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FIG. 7. (Continued.)
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branch are found. On the other hand, the FIR of a cylinder-plate body
at Re¼ 150, m�¼ 10, and fh¼ 0.007 is also compared, as shown in
Fig. 3(b). The relationship between the rotation amplitude hA and
reduced velocity Uh is similar to the VIV response. At Uh¼ 5, hA sud-
denly increases, presenting a lock-in region. Additionally, the calcula-
tion of flow past a bare circular cylinder is also verified. The computed
results are listed in Table II. In general, the data obtained from simula-
tions coincide well with the reported results, indicating the validation
of numerical method.

IV. RESULTS AND DISCUSSION
A. Vibration response

The curve of dimensionless vibration amplitude A�
Y ¼AY/D vs Ur

is plotted in Fig. 4. The bare cylinder (BC) exhibits the typical VIV pat-
tern. The initial, lower, and desynchronization branches are observed
sequentially as Ur grows. After attaching a fairing to the cylinder, it has
huge influence. For a 45� 1-DoF fairing, in low Ur cases (3–6), it has a
good suppression effect on the vibration, where the response ampli-
tude is much lower compared to bare cylinders. However, when Ur

> 6, the vibration amplitude increases sharply. From the vibration fre-
quency ( f �Y ¼ fY/fn) plotted in Fig. 5(a), it is observed that f �Y follows
well with the line of St¼ 0.136 (St¼ fLD/u, fL is the vortex-shedding
frequency of the bare cylinder) when Ur < 6. After that, f �Y becomes
less than 1 constantly, evidently indicating the occurrence of gallop-
ing.9,20,41 The transformation from VIV to galloping branch is contin-
uous, with no transitional region. In addition, it is observed that the
amplitude decreases at Ur¼ 11 and quickly recovers thereafter, called
“kinks.”34,42–44 Although the galloping of 45� rotatable 2-DoF fairing
occurs at high Ur, the VIV suppression in the corresponding Ur range
is the best one, as compared to the bare cylinder. The galloping
emerges when Ur > 10, exhibiting a state of high amplitude and low
frequency. The phase difference (displacements vs lift coefficients) u
goes through a history of 0�–180�–0�, consistent with the positive-
negative-positive value of the added mass coefficient Ca.

As shown in Fig. 4, compared with the 45� fairing, the 60� fairing
has a weaker vibration suppression effect at low Ur, but the increase in
amplitude is smaller at high Ur. Figure 5(b) compares the vibration
characteristics of fairings with a shape angle of 60�. Galloping also
appears at Ur¼ 6, where the vibration frequency does not stay around
the level of f �Y ¼ 1. The amplitude significantly decreases as the reduced
velocity increases beyond the certain level.l9,18 Compared with the
1-DoF fairing, the 2-DoF fairing with a shape angle of 45� has a
smaller displacement amplitude throughout the reduced velocity
range, and the same phenomenon was also observed on the 90� fairing.
Due to the shorter characteristic length of the 90� fairing, the shape is
closer to that of a bare cylinder. Thus, there is no galloping, but rather
a VIV with a wider “lock-in” region. Only the rotatable one has a sup-
pressive effect on the VIV at Ur¼ 5, and at other Ur, it actually enhan-
ces the vibration.

B. Hydrodynamic coefficients

The differences in hydrodynamic coefficients between the bare
cylinder and it with a fairing are shown in Fig. 6. Both CD,mean and
CL,RMS of the bare cylinder change with Ur, increasing initially, then
decreasing, and finally stabilizing around a certain value. This variation
coincides with the vibration pattern shown in Fig. 4. The drag acting
on the cylinder surface is significantly reduced with the introduction of

FIG. 8. The relationship of frequency between the lift coefficient and the fluctuation
of the transverse velocity at monitoring probe 2 with the vortex shedding process in
one cycle: (a) 3S mode and (b) 4S mode.
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fairing. The smaller the shape angle, the larger the drag reduction.
Furthermore, there is no peak of CD,mean for the fairings with shape
angles of 45� and 60�. As seen from Fig. 6(c), the 1-DoF fairing does
not have a good effect on the decrease in CL,RMS. CL,RMS of the 45�

1-DoF fairing sharp rises at Ur¼ 6, resulting in the occurrence of gal-
loping. All three fairings show a tendency of first increasing and then
decreasing, and Ur where the peak value is located gradually increases
as the shape angle decreases. For the 2-DoF fairings, as seen in
Fig. 6(d), the curve of the 90� fairing is similar to its 1-DoF one, and
the 60� fairing has a pit at Ur¼ 5. The 45� fairing performs better
before the occurrence of galloping. Nevertheless, it has a counterpro-
ductive effect on the reduction of CL,RMS in the Ur range of 10–16.

C. Vortex shedding modes

Figure 7 clearly demonstrates the vortex shedding process of
1-DoF fairing and 2-DoF fairing with different shape angles for one
vibration cycle at typical reduced velocities. When Ur < 6, the cylinder
with 45� 1-DoF fairing exhibits the 2S mode (two single vortices), con-
sistent with the finding identified by Williamson and Jauvtis.45 As Ur

increases, the number of vortices shed in a vibration cycle also rises.

The vortex shedding mode shifts to 3S whenUr reaches 6. At this time,
the vortices are still shedding alternately, but the number of shed vorti-
ces on the upper and lower sides of the structure is different in a cycle,
as shown in Fig. 7(a). As Ur increases, multiple pairs of vortices are
shed in a vibration cycle. The shed vortices introduce a pressure differ-
ence between the upper and lower sides of the structure, resulting in
the fluctuation of lift coefficient. As shown in Fig. 7, the lift coefficient
frequency is not consistent with the vortex shedding frequency. From
Fig. 8, it can be seen that there is a multiple relationship between the
lift coefficient frequency and the fluctuation frequency of the trans-
verse velocity at monitoring probe 2. When the vortex shedding mode
is 3S, one lift coefficient cycle corresponds to 1.5 fluctuation cycles of
the transverse velocity. A similar phenomenon is observed in 4S and
other modes. This is possibly attributed to the streamlined shape in the
presence of fairing, which pushes downstream the separation point of
boundary layers. The vortex shedding modes 4S (four vortices are
formed per cycle), 2T (two triplets of vortices), 6S (six vortices are
formed per cycle), and 7S (seven vortices are formed per cycle) appear
successively along with the increase in Ur to 16. Compared to the
1-DoF fairing, the 2-DoF fairing maintains 2S mode for a longer time
until it shifts to 5S (five vortices are formed per cycle) when Ur¼ 10,
which is the reason for the lower lift and later occurrence of galloping
response. This may be due to the adaptability of the 2-DoF fairing.

For the 60� 1-DoF fairing, as seen in Fig. 7(c), the vortex shedding
mode also maintains 2S within the Ur range of 3–8. The in-phase rela-
tionship between the vibration displacement and lift coefficient pro-
motes the gradual enhancement in vibration. The vortex shedding mode
shifts to 2P (two pairs of vortices) at Ur¼ 9. The PþT mode (a pairs of
vortices and a triplets of vortices) appears when A�

Y reaches the peak
value, and 6S mode exists along with the segment of amplitude decrease.
On the contrary, the 2-DoF fairing does not exhibit the complex vortex
shedding modes, which gradually shifts from 2S to 6S. Moreover, 1-DoF
and 2-DoF fairings with shape angle of 90� always maintain the 2S
mode, due possibly to its short characteristic length that has less impact
on the separation of shear layers on the cylinder surface.

FIG. 9. Division of vortex shedding modes
for 1-DoF and 2-DoF fairings: (a) 1-DoF
fairing and (b) 2-DoF fairing.

FIG. 10. Schematic diagram of boundary layer separation points angle bmean and
recirculation zone length Lr,mean.
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Figure 9 summarizes the division of the vortex shedding modes.
Overall, the number of vortices shed in a vibration cycle increases with
the increase in reduced velocity for 60� and 90� fairings. At a given Ur,
the smaller the shape angle, the more significant the impact on wake
field, resulting in more vortices. The 2S mode only occurs in the VIV
branch, and other modes emerge in the galloping branch. The adaptive
rotation of fairing contributes to the shed of odd vortices.

D. Wake characteristics

Figure 10 illustrates a schematic diagram of the wake flow
regime. The zero-value contour of the time-averaged streamwise

velocity is highlighted with solid red line, illustrating the recirculation
region. Lr,mean represents the distance from the end point of recircula-
tion region to the center of circular cylinder, suggesting the time-
averaged length of recirculation region. The two intersection points of
the line with the fairing represent the boundary layer separation
points. In this work, the angle from the front stagnation point to the
upper boundary layer separation point (bmean) is used to characterize
its variation quantitatively. Figure 11 compares Lr,mean and CD,mean of
the fairing at the same given angle. Overall, Lr,mean shows an opposite
trend to CD,mean. From Figs. 10(a) and 10(b), it can be seen that the
adaptability brought about by rotation further reduces CD,mean and
eliminates the appearance of recirculation region in certain situations.

FIG. 11. Comparison of the averaged drag coefficient CD,mean and of time-averaged recirculation zone length Lr/D: (a) a¼ 45�, (b) a¼ 60�, and (c) a¼ 90�.
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The CD,mean of the 45� 2-DoF fairing has a minimum point, while Lr,
mean has a maximum point. There are no significant peaks in Lr,mean

and CD,mean for the 60 2-DoF fairing. However, the rotation does
not have a good effect on 90� fairing, due to its smaller moment
of inertia.

Figure 12 compares the RMS lift coefficient CL,RMS and the
boundary layer separation point angle bmean of 1-DoF and 2-DoF fair-
ings. It is evident that the relationship between CL,RMS and bmean is
proportional in spite of the non-complete synchronous
sometimes. Both of them are effectively reduced due to the rotation.

In order to further investigate the influence of fairing, the wake
structure is examined. The instantaneous structural posture and the
recirculation region for 1-DoF fairings are depicted in Fig. 13. The red
lines represent the recirculation region. Based on the evolution, it is
classified into four modes: boundary layer separation points on the
fairing with continuous recirculation region (F-C), boundary layer sep-
aration points on the circular cylinder with continuous recirculation
region (C-C), boundary layer separation points and reattached recircu-
lation region switching between the cylinder and fairing (A-R), and
boundary layer separation points switching between the cylinder and
fairing with broken recirculation region (A-B). An overview is shown
in Fig. 13(e). F-C and C-Cmodes occur in the region with a low ampli-
tude, where the vortices are shed stably. Additionally, the recirculation
region does not change significantly over time. As depicted in
Fig. 13(d), the fairing presents the maximum displacement at t¼T/4
and 3T/4. The tip cuts off the recirculation region into two parts, and
the boundary layer separation points swing at the point of tangency,
resulting in the A-B mode. Sometimes the recirculation region forms
on the upper or lower side of the fairing instead of the cylinder rear.
A-B mode is concentrated in the galloping region and lock-in region,
and A-R mode is present in the transition region with medium
response amplitude.

Figure 14 shows the instantaneous structural posture and the
mode partitioning for 2-DoF fairings. Similar to the 1-DoF fairing, the
same four modes are observed, but the borderlines change. The 2-DoF
fairing results in a smaller amplitude. The tip of the fairing is easier to
contact with the contour of u¼ 0, resulting in the reattachment of
recirculation region. Therefore, the A-R mode dominates the galloping
region instead of the A-B mode. Meanwhile, as the initial branch of
45� 2-DoF fairing extends, the region of F-F mode also extends accord-
ingly. In contrast, the excessive rotation causes the A-R mode to
appear at Ur¼ 3 and 4. The C-C mode exists in the desynchronization
branch for the 90� fairing.

E. Suppression effect

Figure 15 illustrates the suppression effect of 1-DoF and
2-DoF fairings at different shape angles and reduced velocity. The
triangular fairing has a positive impact on CD,mean, mainly attrib-
uted to its streamlined profile. However, the longer characteristic
length causes the reattachment of the shear layer, resulting in
unstable pulsation of the lift coefficient and the occurrent of gal-
loping. Therefore, the fairing has a negative effect on both vibra-
tion suppression and lift reduction in most cases. In the reverse
perspective, the fairing could be used as a vibration amplifier for
energy harvesting.

V. CONCLUSIONS

In this paper, we investigate the coupled response of the FIV and
FIR of a circular cylinder attached with a triangular fairing with the
shape angles of a¼ 45�, 60�, and 90� at Re¼ 100 in the Ur range of
3–16 through numerical simulation. The vortex shedding modes and
wake structures are identified. The main conclusions are presented as
follows:

(1) The 45� and 60� fairings have a suppression effect on the cylin-
der VIV at low Ur. In contrast, at high Ur, both of them experi-
ence galloping response, presenting the negative effect. The

FIG. 12. Comparison of root-mean-squared lift coefficient CL, RMS and boundary
layer separation points angle bmean: (a) a¼ 45� (b) a¼ 60�, and (c) a¼ 90�.
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FIG. 13. An overview of the wake characteristics for 1-DoF fairings: (a) evolutions of F-C mode; (b) evolutions of A-R mode; (c) evolutions of C-C mode; (d) evolutions of A-B
mode; and (e) the summary of wake characteristics.
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FIG. 14. An overview of the wake characteristics for 2-DoF fairings: (a) evolutions of F-C mode; (b) evolutions of A-R mode; (c) evolutions of C-C mode; (d) evolutions of A-B
mode; and (e) the summary of wake characteristics.
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response of 60� fairing exhibits a “kinks” phenomenon at
Ur¼ 11, while that of 45� fairing continues to increase. The
vibration mode of 90� fairing is similar to the bare cylinder. The
2-DoF fairing performs better than the 1-DoF one.

(2) The fairing effectively reduces the drag coefficient, and the
smaller the shape angle, the greater the alleviation. In contrast,
for CL,RMS, the 1-DoF fairing introduces the increases of CL,RMS

in the entire Ur range. The 45� and 60� 2-DoF fairings only
decrease CL,RMS within a limited Ur range, and the 90� fairing
enlarges the lock-in region.

(3) The vortex shedding presents multiple modes. The 2S mode is
concentrated in the VIV region. The 2–8S, 2P, PþT, and 2T
modes occur in the galloping branch. The number of vortices
shed in a vibration cycle increases with the increase in reduced
velocity. The instability of vortex shedding causes the irregular
pulsation of lift, leading to the galloping.

(4) During the vibration process, the boundary layer separation
points migrate along the fairing flatbed and cylinder surface,
accompanied with the alteration of recirculation bubble
shape. Four modes are observed within the entire Ur range,
including the F-C, C-C, A-R, and A-B modes. Galloping
branch is dominated by the A-B mode for a 1-DoF fairing,
and by the A-R mode for a 2-DoF fairing. F-C mode is con-
centrated in the initial branch for the 45� fairing, and C-C
mode occurs in the desynchronization branch for the 90�

fairing.

The two-dimensional simulations are conducted at a low Re of
100 with a fixed rotation damping ratio. A smaller rotation damping
ratio possibly introduces a larger rotational amplitude, and the wake
flow evolves to three dimensions when Reynolds number is sufficiently
high. Therefore, further extensive studies are required on a broader
rotation damping ratio range and higher Re to conform to engineering
requirements, and associated experimental investigations are required
for verification.
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