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Abstract The flow past a circular-section cylinder with a
conic shroud perforated with four holes at the peak was sim-
ulated numerically at Re = 100, considering two factors, viz.
the angle of attack and thediameter of the holes.The effects of
the perforated conic shroud on the vortex shedding pattern in
the nearwakewasmainly investigated, aswell as the timehis-
tory of the drag and lift forces. In the investigated parameter
space, three flow regimes were generally identified, corre-
sponding to weak, moderate, and strong disturbance effects.
In regime I, the wake can mainly be described by alternately
shedding Kármán or Kármán-like vortices. In regime II, the
spanwise vortices are obviously disturbed along the span due
to the appearance of additional vorticity components and
their interactions with the spanwise vortices, but still shed in
synchronization along the spanwise direction. In regime III,
the typical Kármán vortices partially or totally disappear,
and some new vortex shedding patterns appear, such as �-
type, obliquely shedding, and crossed spanwise vortices with
opposite sign. Corresponding to these complex vortex shed-
ding patterns in the near wake, the fluid forces no longer
oscillate regularly at a single vortex shedding frequency, but
ratherwith a lowermodulation frequency andmultiple ampli-
tudes. An overview of these flow regimes is presented.
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1 Introduction

Bluff bodies are commonly used in many engineering appli-
cations, for instance, mooring cables, flexible risers and
pipelines between oil platforms and submarine drillingwells,
cables in suspension bridges, and heat exchangers. When
flow passes such bodies, vortices are generated due to the
fluid viscosity and shed alternately. This phenomenon is crit-
ically important, because it gives rise to unsteady loading,
further leading to structural vibration known as vortex-
induced vibration (VIV). When synchronization occurs due
to proximity of the vortex shedding frequency to the natural
frequency of the structure, the sudden increase of structural
oscillation amplitude, as well as fluid forces, may result in
structural fatigue failure or destruction of structural integrity.
Therefore, a large number of experimental and numerical
investigations have been carried out to understand the dynam-
ics of VIV in recent decades. Comprehensive reviews on this
subject are given in Refs. [1–4].

Elimination of such vortices alternately shed from bluff
bodies is also significant to alleviate the resulting unsteady
fluid loading and thereby suppress VIV to improve structural
integrity. Many such methods have been proposed over the
last half century, mainly aiming to control wake dynamics;
For example, control bumps spirally distributed on the sur-
face of a cylinder, as proposed by Owen et al. [5], can reduce
the drag by up to 47%, mainly being effective at higher
mass-damping parameter. Introduction of triple-starting heli-
cal grooves on the surface of a structure has also been found to
be effective for suppressing VIVwith peak-amplitude reduc-
tion of 64% and drag reduction of up to 25% at subcritical
Reynolds number [6]. By placing two small rotating cylin-
ders in the boundary layer of a large cylinder, drag reduction
of up to almost 60% can be achieved [7]. Multiple control
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rods have also been used to suppress VIV of a slender flexible
riser [8], leading to reduced displacements in both cross and
in-line flows by almost 90% with minimum spacing ratio of
0.187. The ventilated trouser (VT), as an entirely new and
innovative quasi-fairing for VIV suppression of cylindrical
structures, was proposed and investigated recently by King
et al. [9]. TheVT is a loose-fitting sleeve in the formof a light
flexible net with integral bobbins. Recently, a traveling wave
wall was proposed as a kind of shape control method to sup-
press VIV by Xu et al. [10]. Generally speaking, streamline
fairings exhibit very good aerodynamic performance [11],
although this can also be achieved by installing (free-to-
rotate) two-dimensional (2-D) splitter plates [12,13], with
maximumdrag reduction of about 60%.Todate, use of a heli-
cal strake along the riser’s span [14,15] has been the most
widely used method to disturb the spanwise uniformity of
vortex shedding. More information about these or other pas-
sive control methods can be found in various review papers
[16–18].

During the last two decades, another method for sup-
pressing VIV has also been proposed, based on introduction
of three-dimensional (3-D) geometric disturbances. Such
approaches appeared in early research, including a wavy
front surface [19] and totally wavy cylinders with invari-
ant circular or square section [20–22] introduced in a
streamwise–spanwise plane. The effectiveness of VIV sup-
pression is then sensitive to the specific direction of incoming
flow. To achieve omnidirectionality, introduction of a radial
disturbance in a radial–spanwise plane was proposed by
Lin et al. [23], including harmonic or conic disturbances.
It should be emphasized that these radial disturbances are
installed outside of a straight cylinder as a shroud for VIV
suppression. Based on experiments and numerical simula-
tions [24–26], such a harmonic disturbancewas indeed found
to reduce fluid forceswithin a certain parameter range.Mean-
while, in pendulum VIV experiments [27], the oscillating
amplitude was greatly reduced at the start of lock-in by intro-
ducing a harmonic or conic-like disturbance, but increased at
higher reduced velocity. This indicates that the vortex shed-
ding frequency was also reduced, as verified later based on
numerical simulations [28,29]. In a basic study, the flow
past a fixed circular cylinder with harmonic and conic dis-
turbances at Re = 100 was numerically simulated [28,30].
The results showed that the behaviors with these two distur-
bances were qualitatively similar in terms of hydrodynamic
parameters, vortex shedding patterns in the near wake, and
other flow characteristics for various wavelengths and wave
steepness (defined as the ratio of the wave height to wave-
length of the wavy disturbance). Subsequently, the flow past
a cylinderwith a conic disturbancewas further investigated at
other subcritical Reynolds numbers (103, 104, 105) [29,31].
Generally, as the wave steepness is increased, the drag grad-
ually increases, while the lift first reduces quickly then

increases gradually. The vortex shedding frequency gradu-
ally decreases with increasing wave steepness.

Based on a conic disturbance, various improvements have
been adopted and investigated to further reduce fluid forces
as far as possible. In previous work [30], the time-averaged
pressure at the peak of a conic disturbance was found to be
obviously greater than that at the valley, and the increasing
drag was mainly attributed to the greatly increased projected
area, which is proportional to the wave steepness. In addi-
tion, use of a straight, circular-section, perforated shroud has
been proposed as a method for suppressing VIV for over
30years [16]. Thus, perforation of a conic disturbance can
be applied using several holes uniformly distributed around
the peak, which is referred to as a peak-perforated conic
shroud [31,32]. Basically, the introduction of such perfo-
ration has little effect on the qualitative variations of the
hydrodynamic parameters with the wave steepness. How-
ever, in a certain range of control parameters, the drag is
indeed reduced slightly, while the lift is reduced greatly with
maximal reduction of 68% due to the change of the vortex
shedding pattern.

Introduction of such VIV suppression methods can inter-
fere with the original wake flow, typically formed of Kármán
vortices; For example, control bumps lead to total suppres-
sion of vortices in the near wake for a certain wave steepness
[5]. Introduction of two small rotating cylinders can delay
the separation of the boundary layer from the cylinder sur-
face [7]. Use of a traveling wave wall results in a series of
small-scale vortices formed in the troughs of the traveling
wave on the rear of cylinder, effectively controlling the flow
separation, and eliminating the oscillating wake [10]. The
streamlined outer shape of a streamline fairing successfully
results in delayed flow separation and thus VIV suppres-
sion [11]. In the wake of a wholly wavy square-section
cylinder [21], the Kármán vortices are totally suppressed in
regime III (type A), while large unsteady hairpin structures
emerge in the near wake in regime III (type B). For a har-
monic disturbed cylinder [26], three different flow patterns
were identified, characterized as a wake structure similar to
that behind a straight cylinder but with certain spanwise dis-
tortions, an enhanced or 3-D wake vortex distortion, and a
free shear layer without rolling-up then shedding vortices.
Similarly, based on the effect of introduction of radial distur-
bances on the formation of spanwise vortices, three different
flow regimes were also identified for harmonic and conic
shrouds [28]. Especially in regime III, the Kármán vortices
are totally suppressed or disappear, with new kinds of vor-
tices appearing, such as �-type vortices shed at the valley
or peak, and “cloud”-like vortices. However, when perforat-
ing the peak of a conic shroud, it remains unclear whether
other unknown vortex shedding patterns will occur in the
near wake, with corresponding related features in the force
history.
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Fig. 1 Schematics of flow past a conic cylinder and b peak-perforated conic shroud with specific angle of attack Ag in c the peak cross-section

In the present study, we aim to qualitatively investigate the
vortex shedding pattern and time history of fluid forces for
a peak-perforated conic shroud at Re =100 using numerical
simulations (FLUENT). Special distributions of the stream-
wise and vertical components of the vorticity in the nearwake
and the characteristics of the shear layers are studied. Mean-
while, these vortex patterns are summarized based on the
various flow regimes observed in the investigated parameter
space. The effects of the angle of attack based on the specific
direction of the holes relative to the direction of incoming
flow and the diameter of the holes are also investigated.

The remainder of this paper is organized as follows:
Numerical simulations (including thephysicalmodel, numer-
ical methods, boundary conditions, control parameters, etc.)
are presented in Sect. 2. Then, in Sect. 3, the features of
the vortex shedding pattern in different flow regimes with
perforations as well as the time history of the drag and lift
coefficients (in terms of the angle of attack and the diameter
of the holes) are presented in detail. Finally, brief conclusions
are made in Sect. 4.

2 Numerical simulations

2.1 Physical model

As shown inFig. 1, incompressibleflowwith constant density
ρ and kinematic viscosity ν past two kinds of circular-section
cylinder was investigated. The first in Fig. 1a includes a conic
disturbance along the span of a straight circular cylinder,
referred to as a conic cylinder or shroud (denoted by “C”),
while the other in Fig. 1b is obtained by introducing per-
forations at the peak of the conic disturbance in the form
of several circular holes distributed uniformly around the
azimuthal direction, referred to as a peak-perforated conic
shroud (denoted by “Co”). The basic conic disturbance can be
describedmathematically by itswavelengthλ, peak-to-valley
wave height W , and base diameter D. Correspondingly, the

peak and valley are defined as the spanwise positions with
maximal and minimal diameter, i.e., (2W + D) and D,
respectively. The straight circular cylinder without the conic
disturbance can be obtained by reducingW to zero. The per-
foration is described by the diameter Do, number No, and
angle of attack Ag of the holes. As shown in Fig. 1c, Ag is
defined as the angle between the central axis of the hole near
the front stagnation point of the cylinder and the incoming
flow.

For the present flow fields, the inertial Cartesian coordi-
nate system (x, y, z) is used. The x-axis, referred to as the
streamwise direction, is aligned with the free upstream flow
with uniformvelocityU∞. The z-axis, referred to as the span-
wise direction, is aligned with the central axis of the cylinder.
Meanwhile, the y-axis, referred to as the vertical direction, is
perpendicular to the (x, z) plane. The nondimensional con-
tinuity and Navier–Stokes equations governing the present
flows are then obtained as

∇ · u = 0, (2.1)
∂u
∂t

+ (u · ∇)u = −∇p + 1

Re
∇2u, (2.2)

where u = (u, v, w) is the velocity vector, p is the static
pressure, t is nondimensional time,∇ is the gradient operator,
and Re = U∞D/ν is the Reynolds number. Lengths are
scaled by the base diameter D and velocities by the free-
stream velocity U∞.

In a temporally periodic flow, the frequency of vortex
shedding, f , is nondimensionalized as the Strouhal number
St = f D/U∞.

The fluid forces, i.e., drag and lift, are normalized by the
free-stream dynamic pressure and the projected area of the
body A, i.e., 1

2ρU
2∞A, to produce the drag and lift coef-

ficients, CD and CL. For comparison of these fluid forces
between the straight cylinder and the conic shroud or perfo-
rated conic shroud, the projected area A must be computed
from a straight cylinder with the same spanwise length, i.e.,
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a b

c d

Fig. 2 Nondimensional computational domain and typical grid distributions at a z = 0 and b z = λ/(2D), and mesh for holes (circle) near c front
and d rear surfaces

A = λD, instead of the conic cylinder or perforated conic
shroud itself.CD_M andCL_RMS are themean drag coefficient
and root-mean-square (RMS) lift coefficient.

2.2 Boundary conditions

To obtain appropriate numerical solutions, proper bound-
ary conditions should be proposed. To simulate the flow
around cylinders with infinite spanwise length, it is com-
monly assumed that the flow is periodical along the spanwise
direction. Then, for the boundary conditions in the (x, y)
plane, the uniform free-stream velocity (u = (U∞, 0, 0)) at
the inlet, simple nonreflecting outflow (∂u/∂x = 0) at the
outlet, free slip (∂(u, w)/∂y = v = 0) at the vertical sides,
and nonslip boundary condition (u = 0) on the surface of
the cylinder are prescribed. The reference pressure is zero at
the inlet with y = 0.

2.3 Computational domain and grid

It is also very important that the computational domain be
carefully selected to weaken its effect on the flow field, fluid
forces, and vortex shedding frequency as much as possible.
Based on previous work by Lin [33], the nondimensional
computational domain in the (x, y) plane was considered to
be 40 × 20 (x × y) due to present computational resources
and costs in time, as shown in Fig. 2. The dimensionless
computational length along the z-axis is given as one period
of the conic disturbance, i.e., λ/D, regardless of the effect of
the large-scale spanwise disturbance (which will be studied
in the future).

In contrast to the hexahedral structural grids used for the
straight or conic cylinder, mesh generation for the peak-
perforated conic shroud is more complicated due to the
presence of the circular holes at the peak of the conic dis-
turbance. Typical mesh distributions in the (x, y) plane are
shown in Fig. 2. Far from the cylinder, hexahedral grids are
also adopted and coarsened (Fig. 2b, although unlike the
hexahedral grids upstream, these actually result from inter-
sections of a section plane z = 1

2
λ
D and oblique hexahedral

grids). In the flow region near the cylinder, where the distance
of the regional boundary from the surface of the cylinder is 2D
in the x and y directions and holes are present, unstructured
grids in the form of triangles on the surface and tetrahedra
in space are applied and concentrated. Based on the work of
Lin [33], as shown in Fig. 2c, d, the finest nondimensional
grid spacing is on the order of O(10−2) on the front stagna-
tion surface and O(10−3) on the rear surface. For cylinders
with different wavelengths, the dimensionless grid spacing
in the spanwise direction is generally varied from 0.1 to 0.2,
to avoid generation of highly skewed elements. Then, the
total number of spanwise elements is estimated to be about
5λ/D− 10λ/D, e.g., 30− 60 for λ/D = 6. Hence, the total
number of 3-D elements is approximately (4 − 6) × 105,
(5− 8)× 105, and (0.6− 1.2)× 106 for λ/D = 4, 6, 8 [33].

The measured maximum values. for skewed elements are
0.8–0.85 The number of highly skewed elements does not
usually exceed10–30.Most of these are distributed upstream,
near the boundary between the structured and unstructured
grids, so they have little effect on the flow near the cylinder
or in the near wake.
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Table 1 Parameters used in numerical simulations at Re= 100

Parameter λ/D W/D Do/D Ag No

Values 4, 6, 8 0.0125, 0.025, 0.05, 0.1, 0.2 0.1, 0.2, 0.4 0◦, 15◦, 30◦, 45◦ 4

2.4 Numerical methods

Numerical simulations of the flow evolution were carried out
using the commercial fluid computation software FLUENT.
Due to the laminar flowatRe = 100, a laminar viscousmodel
was applied.

Second-order time discretization was applied with nondi-
mensional time step of 0.01, based on a stability estimation
for the local velocity and the grid scale using an implicit
solver formulation for the pressure-based Navier–Stokes
solution algorithm. To control the discretization of the con-
vection terms in the solution equations, a second-order
scheme for pressure and second-order upwind scheme for
momentum were selected.

In the software, the Green–Gauss node-based method was
adopted for computing the gradient of scalars at cell centers.

To compute the pressure–velocity coupling equations, the
SIMPLEC algorithm was adopted with zero skewness cor-
rection (default value).

After applying the multiple-grid method, a flexible cycle
type was chosen with the aggregative algebraic multigrid
(AMG) solver for stabilization of all equations.

The maximal convergence residual reached a lowest order
of O(10−4) for the continuity equation, and O(10−5) for the
three components of the momentum equations.

2.5 Control parameters

In addition to the Reynolds number, a typical control param-
eter for the present flow, various other parameters were used,
mainly describing the conic disturbance for the conic cylin-
ders and the circular holes for the perforated conic shroud.
Firstly, for the conic disturbance, two independent length
parameters, viz. the nondimensional wavelength λ/D and
wave steepness W/λ, were used to describe the similarity
between different conic cylinders. Then, for the perforation,
the nondimensional diameter of the holes Do/D, the number
of holes No, and the angle of attack Ag were also used as
main control parameters. Therefore, in the present simulated
flow, there are six control parameters for the peak-perforated
conic shroud, constituting a large parameter space.

In this study, a series of computational investigations were
carried out. Based on previous work [29], at various subcrit-
ical Reynolds numbers, increasing the Reynolds number has
only a slight effect on the qualitative variation of the mean
drag, RMS lift, and Strouhal number in flows past a conic
cylinder. For this fundamental research, theReynolds number

was therefore set to be 100 to keep the flow laminar and avoid
introduction of computational effects resulting from use of
different turbulence models at higher Reynolds number. As
summarized in Table 1, different values of dimensionless
wavelength λ/D, wave steepnessW/λ, nondimensional hole
diameterDo/D, angle of attack Ag, and number of holes No
were used. Here, only the case with four holes, i.e., No = 4,
is studied (the effect of increasing the number of holes will be
investigated in future work). Since the symmetry of the per-
foration with four holes is around the y-axis, the relationship
for the angle of attack is Ag � 360◦/(2No) = 45◦.

Note that only selected combinations of Do and Ag
were considered due to limited computational resources;
For instance, when varying Do/D, only Ag = 0◦ was
taken into account, and when increasing Ag, only cases with
Do/D = 0.1 were investigated.

2.6 Verification of numerical simulations

Verification I A 2-D simulation was performed for the flow
past a circular-section cylinder at Re = 100. As shown
in Fig. 3a, the wake consisted of strong spanwise vortices
shedding alternately from the top and bottom shear lay-
ers, representing the well-known Kármán vortex street. The
time history of drag and lift forces clearly shows purely
periodic vortex shedding throughout the process (Fig. 3b).
The coefficient values obtained from this simulation were
CD_M = 1.39, CL_RMS = 0.256, and St = 0.165, in good
agreement with previous experiments (Exp.) and numerical
simulations (Num.) [16,34,35]: CD_M = 1.25 − 1.4 or 1.8,
and St = 0.164 (Exp.); CD_M = 1.37, CL_RMS = 0.24
(evaluated from the maximum CL), and St = 0.167 (Num.),
respectively. The peak amplitudes of the drag and lift coeffi-
cients were all constant at 0.01 and 0.36, respectively.

A stable laminar vortex shedding regime for a circular
cylinder in the range of Re = 40–150 and a transition regime
for Re = 150–300 were reported by Roshko [36]. The first
3-D transition in the wake of the circular cylinder occurs at
Re ≈ 194, referred to asmodeA inRef. [37].ModeAappears
as a waviness of the spanwise vortices with wavelength of
around 3–4 diameters and is characterized by formation of
vortex loops connecting two consecutive spanwise Kármán
vortices of opposite sign. Thereby, the flow past a straight
circular-section cylinder at Re = 100 is stable to 3-D pertur-
bations, and is exactly the same as the 2-D flow with other
conditions the same.
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Fig. 3 a Contours of spanwise vorticity in the basic case describing Kármán vortex shedding at Re = 100 and b time history of drag and lift
coefficients, where red and blue contours, as well as solid and dashed lines, denote positive and negative values of spanwise vorticity, respectively

Verification II As shown in Fig. 1b, two separated plates
with spanwise distance of 0.5D from the peak were installed
between the inner straight cylinder and outer conic shroud.
One reason is that the inter-region flow between the cylinder
and shroud without these separated plates is very weak with
order of dimensionless velocity on about O(10−2), espe-
cially close to the valley region. The other reason is to reduce
the computational grids and save time.

Nevertheless, the effect of these plates on the wake was
also investigated for a specific case (Co: λ/D = 8, W/λ =
0.1, No = 4 (default), Ag = 0◦, Do/D = 0.1) in compari-
son with the flow without these plates. As shown in Figs. 4
and 5, the vortex shedding patterns in the near wake with
and without these plates were similar to each other qualita-
tively at the same computational time, especially in terms
of the spatial characteristics of the spanwise vortices. Also,
the time history of the drag and lift coefficients in both cases
showed obvious amplitude modification over time, exhibit-
ing the same behavior, viz. a longer period for the drag than
for the lift. The hydrodynamic parameters, i.e., the mean
drag coefficient, RMS lift coefficient, and Strouhal number
for the vortex shedding frequency, were 2.157, 0.108, 0.075
in the case with separated plates, respectively, versus 2.151,
0.105, 0.075 in the case without separated plates. Therefore,
the presence of the separated plates had very little effect on
the wake flow or hydrodynamics, therefore being included
in subsequent computations.

Verification III To determine the effect of increasing the
total number of elements on the 3-D computations, a fine
mesh obtained by doubling the number of mesh nodes on
all edges was adopted in the same case as above (λ/D = 8,
W/λ = 0.1, No = 4, Ag = 0◦, Do/D = 0.1). The total
number ofmesh elementswas thereby increased from6×105

for the presentmesh to a finemeshwith 3.4×106. Simulation
runs using this fine mesh took about four times longer per
time step compared with the present mesh. When using the
fine mesh, we obtained CD_M = 2.153, CL_RMS = 0.086,
and St = 0.075, during the time period [200, 300]. Com-
pared with the values obtained using the present mesh,
the time-averaged drag coefficient and vortex shedding fre-

quency obtained using the fine mesh remained unaffected,
but the RMS lift coefficient was reduced by about 20%. As
shown in Fig. 6, the time history of the drag and lift coeffi-
cients remained qualitatively almost unchanged, especially
during the whole period of CD(t) variation, in comparison
with Fig. 4. Besides, the results obtained using the present
mesh are qualitatively acceptable in terms of overall compu-
tational time and obtaining engineering estimates to reduce
fluid forces in practice.

As shown in Figs. 4, 6, and 7, use of this dense mesh also
had a small effect on the qualitative spatial distributions of the
three components of vorticity. As presented in Sect. 3.2, the
alternately shedding spanwise vortices seem to be nearly 2-D
at higher fluid forces, but highly 3-D with strong distortion
along the spanwise direction at lower fluid forces, as charac-
terized by the moderate disturbance effect in subregime II-B,
as well as the signs of the three vorticity components. In this
work, we only focus on formation and shedding of large-
scale vortices, not small-scale vortices, at Re= 100, so the
present mesh is good enough to capture the main features
of the vortex shedding pattern and force history qualitatively
and for use in future investigations.

3 Results

At a certain lowerReynolds number, it has been confirmed by
experiments and numerical simulations that introduction of
geometric disturbance along the span will interfere with the
originally unsteady flow past a 2-D bluff body. Generally, the
vortex shedding pattern in the unsteady wake of a 2-D bluff
body at lower Reynolds number can be described by thewell-
known Kármán vortex street. Once a geometric disturbance
is introduced into a 2-D bluff body, the resultant structure
becomes 3-D. In addition to the intrinsic and natural insta-
bility corresponding to this 3-D transition of the wake, shear
layers, and boundary layers at moderate and higher Reynolds
number, additional components of the vorticity, ωx and ωy ,
are generated on the surfaces of the 3-D bluff body, such as a
wavy square-section cylinder [38] or circular-section cylin-
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Fig. 4 Isosurfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake of peak-perforated conic shroud (marked by “Co”) with
separated plates at t = 300 and time history of drag and lift coefficients in the case of (Co: λ/D = 8, W/λ = 0.1, No = 4, Ag = 0◦, Do/D = 0.1),
with sectional contours of ωz at z = 0 in the background, where red and blue contours and isosurfaces indicate positive and negative values,
respectively (the same description applying for subsequent similar figures)

Fig. 5 Isosurfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake of peak-perforated conic shroud without separated plates at
t = 300 and time history of drag and lift coefficients in the same case as in Fig. 4. Sectional contours of ωz at z = 0 are shown in the background.
Red and blue colors indicate positive and negative values

Fig. 6 Isosurfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake of peak-perforated conic shroud with separated plates at
t = 240 and time history of drag and lift coefficients in the same case as in Fig. 4 with fine mesh

Fig. 7 Isosurfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake of peak-perforated conic shroud at t = 220 in the same case
as in Fig. 6

der with radial disturbance [28], and transported into the near
wake. The Kármán vortex pattern is consequently disturbed
and interacts with them. Different vortex shedding patterns
can then appear.

Generally, such a geometrical disturbance, ξ , considered
as a boundary condition along a straight cylinder, describes

the variation of the surface of the disturbed cylinder along
the spanwise direction; For example, for a wavy square-
section cylinder [21,38], ξ(z) = −W

2 cos(kz), where k is
the wavenumber (=2π/λ), and the wavy stagnation surface
can be described as x(z) = ± 1

2D + ξ in the (x, z) plane.
For a radial disturbance on a circular-section cylinder in the
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Fig. 8 Isosurfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake at t = 250 and time history of drag and lift coefficients in the
case of Co: λ/D = 4, W/λ = 0.0125, Ag = 45◦, Do/D = 0.1. Note that the body is shown using a semitransparent black surface and wire frame

Fig. 9 Isosurfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake at t = 250 and time history of drag and lift coefficients in
the case of Co: λ/D =6, W/λ = 0.0125, Ag = 0◦, Do/D = 0.4. Note that the body is shown using semitransparent black surface and wire frame

radial (r ) and spanwise plane, the harmonic disturbance, for
instance, is ξH(z) = W

2 [1 − cos(kz)], and the harmonic
surface is r(z) = 1

2D + ξH. For the present conic shroud,
the conic disturbance can be described mathematically as
ξC(z) = 2W

λ
z (z ∈ [0, 1

2λ]) and ξC(z) = 2W (1 − z
λ
)

(z ∈ [ 12λ, λ]). Therefore, the conic surface is obtained as
r(z) = 1

2D + ξC.
The relationships between these additional components

of vorticity and the intensity of the geometric disturbance
can be obtained theoretically; For example, in the case of
a wavy square-section cylinder [38], the streamwise vortic-
ity on the stagnation surface is linearly proportional to the
slope of the waviness dξ/dz, which is proportional to the
wave steepnessW/λ, while the vertical one increases in rela-
tion to 1 + (dξ/dz)2. For the circular-section cylinder with
radial disturbance [28], the former and latter relationships
are designated as the radial and tangential components of
vorticity in the cylindrical coordinate system, respectively,
leading to more complex relationships between the stream-
wise and vertical components of the vorticity and the wave
steepness. Generation of such additional components of vor-
ticity and their transportation into shear layers and the near
wake may lead to spatial redistribution of the vorticity and
strain field with different intensities. The interaction between
the streamwise or vertical and spanwise vortices or both
coupled interactions and the flow perturbations due to the
jet from the perforation introduced on the rear surface of
a conic shroud result in different and complicated vortex
shedding patterns, and even total suppression of Kármán vor-
tices. Although some patterns were reported briefly by Lin
et al. [28,31], the effects of a conic disturbance coupled with

perforation introduced at its peak are thoroughly investigated
here and the different vortex shedding patterns summarized
in detail.

3.1 Regime I (weak effect): Kármán vortices still shed
alternately

Weak disturbance denotes that the additional components of
vorticity themselves are very weak and quickly dissipated,
accordingly having little effect on the shear layers. The span-
wise vortex is shed almost uniformly along the spanwise
direction, typically as shown in Figs. 8 and 9. Therefore, the
near-wake flow can still be described by an alternately shed-
ding Kármán or Kármán-like vortex street in the wake of a
2-D circular cylinder, as shown in Fig. 3a.

The time history of the drag and lift coefficients in this
regime, as shown in Figs. 8 and 9, is also similar to those in
the basic 2-D case, as shown in Fig. 3b. The peak amplitude
of the lift, as well as drag, remains almost invariable with
time. The order of magnitude of the peak amplitude of the
drag coefficient is about O(10−2), the same as in the basic
case. The oscillating frequency of fluid forces is thus unique.

Subregime I-A Kármán vortex without any obvious dis-
tortion, as shown in Fig. 8. The additional components of
vorticity are mainly generated on the front surface and are so
weak that they dissipate promptly within the vortex forma-
tion region. Therefore, they have no influence on the upper
and lower shear layers or the shedding spanwise vortices.

Subregime I-B Slightly distorted Kármán-like vortex,
as shown in Fig. 9. The intensified disturbance to some
extent leads to small-scale vortices with additional compo-
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Effect of perforation on flow past a conic cylinder at Re =100…

Fig. 10 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 780 and time history of drag and lift coefficients in the case of Co: λ/D = 6,
W/λ = 0.05, Ag = 30◦, Do/D =0.1

Fig. 11 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 600 and time history of drag and lift coefficients in the case of Co: λ/D = 6,
W/λ = 0.1, Ag = 0◦, Do/D = 0.4

nents of vorticity generated and shed not only inside the
vortex formation region but also with the shedding span-
wise vortices. These vortices still dissipate quickly within
a certain downstream distance; For example, for the present
results shown by isosurfaces of three components of vorticity
ωx,y,z = ±0.2, this distance is about two inter-spanwise-
vortex spacings in one row with the same sign. However,
the weak interactions between the streamwise, vertical, and
spanwise components of vorticity in the upper and lower
shear layers lead to both the layers and shedding spanwise
vortices becoming distorted and slightlywavy along the span.

3.2 Regime II (moderate effect): alternately shedding
spanwise vortices, obviously disturbed by additional
vortices

In this regime with moderate disturbance effect, typically as
shown in Figs. 10 and 11, three basic features in the shear
layers and near wake can be identified by comparison with
those of the weak effect in regime I.

The first feature is the further enhanced streamwise and
vertical components of vorticity, with specific spatial distri-
butions and signs, not only on the surface of the cylinder but
also in the wake. At given spanwise position, e.g., z = 1

4
λ
D or

3
4

λ
D , streamwise vortex pairs of opposite sign are shed alter-

nately from the upper and lower shear layers throughout the
whole computational domain, or the streamwise vortex with
a specific sign is predominantly shed from the upper or lower
shear layer, while vertical vortices with mainly a single sign
are shed from both the upper and lower shear layers.

The second feature is the elongated shear layers, stretching
downstream and being obviously distorted and wavy along
the span.Owing to, at least, the strong interaction between the
streamwise and spanwise vortices, as described in Ref. [21],
both the top and bottom shear layers vary distinctly along the
z-axis with a wave shape, remaining apart from each other
at the valley but being close at the peak. Consequently, the
wake width increases at the valley but reduces at the peak.

The third feature is that, as a result of the wavy shear lay-
ers, the shedding spanwise vortices are distorted wavily and
nonuniformly in the (y, z) plane. In spite of this, they still
shed alternately downstream and almost maintain synchro-
nization along the spanwise direction.

Subregime II-A Spanwise vortex distorted mainly by
streamwise vortex pairs, as shown in Fig. 10. It seems that
this intensity of disturbance favors intensification of the
streamwise vorticity. The relativelyweakvertical vortex pairs
almost dissipate early and rapidly (also within two inter-
vortex spacings downstream of the vortex formation region
for the isosurfaces of ωy = ±0.2). Therefore, the deforma-
tion of the spanwise vortices in the (y, z) plane cam mainly
be attributed to the presence of streamwise vortex pairs.

In this subregime, the fluid forces vary with time but still
maintain constant peak amplitudes, as shown in Fig. 10. The
peak amplitude for the drag is on the order of O(10−3), obvi-
ously less than that for the basic 2-D case or the cases in
regime I. This shows that the conic disturbance introduced
here greatly reduces the oscillating amplitude of the drag.
However, the samephenomenon, i.e., the effect of perforation
in slightly modifying the drag peak amplitude, also appears,
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Fig. 12 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 620 in the same case as in Fig. 11

with the same magnitude on the order of about O(10−4),
varyingwith the same frequency as the shed vortices or oscil-
lating lift force.

Subregime II-B Spanwise vortex distorted by both
streamwise and vertical vortex pairs, as shown in Fig. 11. The
vertical vortices are further intensified, then shed throughout
the whole computational domain, accompanied by shedding
of streamwise vortices. Although the interaction between the
vertical and spanwise vortices remains weak, the strength-
ened vertical vortices coupled with the streamwise vortices
lead to shedding of spanwise vortices that are distorted more
violently and wavily in not only the (y, z) but also the (x, z)
plane, especially at a distance of one or two shedding peri-
ods downstream. For the present calculational parameters,
this vortex shedding pattern, with a distorted spanwise vor-
tex coupled with one pair of streamwise and vertical vortices
of opposite sign alternately shed into thewake, is very similar
tomodeA in the 3-Dwake transition for a circular- or square-
section cylinder at moderate Reynolds numbers [33,37].

As shown in Fig. 11, the time history of the fluid force
coefficients is distinctly different from those presented above.
The peak amplitude of the lift coefficient varies with time,
showing great modification, e.g., from a minimum of 0.15
to a maximum of 0.27 in Fig. 11. However, the drag coeffi-
cient still fluctuates at around the samemagnitude, with peak
amplitude on the order of O(10−2). Because of the longer
period of oscillation of the drag, the main frequency of the
drag is apparently lower than themain frequency of the lift or
the vortex shedding frequency. Also, ignoring the time differ-
ence between the maxima of the drag and lift, the oscillating
drag force increases or decreases almost simultaneously with
the increasing or decreasing peak amplitude of the lift force,
respectively.

It is noteworthy that such peak amplitude variations of the
fluid forces with a longer period may be related to a phys-
ical phenomenon or to another vortex shedding pattern. In
earlier work on the wake of a square-section cylinder with
wavy stagnation face at Re = 100 [21], the flow in regime II
(type B) clearly alternated between two distinct states with
greatly varying oscillating peak amplitudes of the fluid
forces. At the maximum drag and lift, the regime is mildly
3-D with small curvature in the spanwise vortices. However,

at the minimum drag and lift, the wake becomes highly 3-
D. Based on spectral analysis of the spanwise-averaged lift
force, there are two distinct shedding frequencies and a beat-
ing frequency as the difference between them. It is anticipated
that vortex dislocation or splitting occurs to accommodate the
spanwise variation in the frequency of vortex shedding, lead-
ing to this phase change. In work on the flow past a square
cylinder at lower Reynolds numbers [33,39], the drag in the
2-D numerical simulations was greatly reduced after the 3-
D wake transition, e.g., mode A, in the 3-D computations.
Also, the sectional drag force will be further reduced at posi-
tions where vortex dislocation occurs. Therefore, the present
subregime actually consists of two distinct vortex shedding
patterns.One consists ofmildly distorted spanwise vortices at
lower drag and lift forces, as shown in Fig. 11. The other com-
prises relatively less distorted spanwise vortices with higher
fluid forces, as shown in Fig. 12, similar to subregime I-B.

3.3 Regime III (strong effect): complex vortex shedding
patterns

For the strong disturbance effect, the main feature is that
the original Kármán or Kármán-like vortex shedding totally
disappears or only appears occasionally in coexistence with
other, different vortex shedding patterns. This phenomenon
can be related to the additional components of vorticity with
complex spatial distributions and strength, beingprominently
different from those with regular signs observed under the
moderate effect, and subsequently complicated interactions
between the streamwise and/or vertical vortices and spanwise
vortices.

Subregime III-A �-type vortex shed at the valley or
peak, typically as shown inFig. 13.Anoteworthy feature here
is that, at a certain spanwise position (such as z = 1

4
λ
D ), oppo-

sitely signedωx is alternately distributed in the upper or lower
shear layer, aswell as oppositely signedωy downstream from
the vortex formation region. Such specific distributions ofωx

and ωy correspond to a row of spanwise vortices of the same
sign at different spanwise positions, shed 180◦ out of phase.

Type A �-type vortex shed at the valley, as shown in
Fig. 13. Due to the complex interactions betweenωx ,ωy , and
ωz , the resultant shedding spanwise vortex mainly adopts the
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Fig. 13 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 900 and time history of drag and lift coefficients in the case of Co: λ/D = 8,
W/λ = 0.05, Ag = 30◦, Do/D = 0.1

Fig. 14 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 470 and time history of drag and lift coefficients in the case of Co: λ/D = 8,W/λ =
0.0125, Ag = 0◦, Do/D = 0.4

Fig. 15 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 500 in the same case of Co: λ/D =8, W/λ =0.0125, Ag = 0◦, Do/D = 0.4 as in
Fig. 14

� form, curved in the center of the valley and heading down-
stream, called the �-type vortex shed at the valley, similar to
a hairpin vortex.

For this type, as shown in Fig. 13, the time history of the
drag and lift forces shows characteristics similar to those in
regime I, with almost constant but smaller oscillation ampli-
tudes at a single frequency for complete shedding of the
�-type vortex. This indicates that the wake is fully involved
in the alternate shedding of �-type vortex at the valley,
referred to as the “pure” �-type vortex, in contrast to type B
described next.

Type B Alternating transitions between the �-type vor-
tex at the valley and the vortex shedding pattern with nearly
2-D characteristics, typically as shown in Figs. 14 and 15.
For certain control parameter values, similar to those in sub-
regime II-B, the flow also presents two states and switches
alternately between them. At lower drag and lift forces, the
pure �-type vortex is shed at the valley. Meanwhile, the
nearly 2-D spanwise vortex appears at higher fluid forces,

similar to those in subregime I-B. This subregime thus seems
to be a combination of subregime I-B and subregime III-A
(type A).

Correspondingly, as shown in Fig. 14, themain features of
the time history of the fluid forces are also similar to those in
subregime II-B, such as lower-frequency modulation with a
longer period ofwavypeak amplitudes andgreatly oscillating
amplitudes.

Moreover, another transitional pattern was also identified,
as shown in Fig. 16. At lower fluid forces, as shown in Fig. 16
at t = 760, the �-type vortex is obviously shed at the valley.
However, at higher fluid forces, as shown in Fig. 16 at t =
840, the pattern is slightly different from the above, nearly
2-D spanwise vortex but similar to that in subregime II-A. In
the near wake, the spanwise vortex at the peak is always shed
late, still having the features of the �-type vortex shed at the
valley, but remaining nearly two-dimensional across the span
once it is shed with the spanwise vortex at the valley.
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Fig. 16 Isosurfaces of ωx (red/blue), ωy (yellow/green), and ωz in the near wake at different times and time history of drag and lift coefficients in
the case of Co: λ/D = 8, W/λ = 0.025, Ag = 0◦, Do/D = 0.4

Fig. 17 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 1200 and time history of drag and lift coefficients in the case of Co: λ/D = 6,
W/λ = 0.2

In addition to these special characteristics of the vortex
shedding pattern in the near wake, the fluid forces, as shown
in Fig. 16, are also different from those mentioned above in
relation to Fig. 14, in two respects: One is that the oscillating
amplitudes of the drag and lift forces are greatly reduced to
magnitude on the order O(10−2); Another is the obviously
wavy variation of the local maximum and minimum peak
amplitudes of the fluid forces with time, associated with the
two corresponding vortex shedding patterns.

Type C �-type vortex shed at the peak, as shown in
Fig. 17. Because it only appears for the conic cylinder, in
the investigated parameter space, a brief introduction is pre-
sented in Ref. [28]. In comparison with the �-type vortex
shed at the valley, the obvious feature is that streamwise and
vertical vortex pairs are so must greater or stronger in terms
of both their spatial distribution and intensity that the shear
layers are violently distorted upstream and greatly elongated
even far downstream at the valley. Taking into account the
spanwise vortices already shed downstream at the peak, the
�-type vortex shed at the peak is described by a formation
with its top orientated towards the center of the peak. The
main difference from the pattern in type A is that the shed-
ding spanwise vortices at the valley are distorted so violently
that they are only distributed near the valley, and shed along
with the spanwise vortices already shed at the peak.

As shown in Fig. 17, the drag coefficient varied irregularly
with time, almost without an obvious oscillating amplitude.
Themain physical reason for this is that the further elongated
shear layers are only slightly influenced by the shedding of
the �-type vortex at the peak. However, the lift coefficient

varied intermittentlywith time between small and large oscil-
lating amplitudes.

Subregime III-B Cloud-like vortex: �-type vortices
alternately shed at the peak and valley, as shown in Fig. 18.
The shear layers at the peak are stretched farther downstream
than those in the �-type vortex shed at the peak or valley.
Also, these shear layers vary wavily along both the stream-
wise and spanwise directions due to the complexdistributions
of the streamwise and vertical vortices, causing them to look
like a cloud cluster, referred to as a “cloud”-like vortex in
Ref. [28].

The time history of the drag and lift coefficients in this
subregime, shown in Fig. 18, reveals different characteristics,
unlike the �-type vortex shed at either the peak or valley.
The drag remains almost invariant with time, whereas the lift
varieswavilywith constant but smaller oscillating amplitude,
indicating that the influence of the �-type vortex shed at the
peak may be dominant.

Subregime III-C Greatly elongated shear layers: com-
plete suppression of Kármán vortex shedding, as shown in
Fig. 19. This phenomenon is very similar to that occurring
for thewavy square-section cylinder in Ref. [22]. The present
disturbance leads to a specific spanwise flow near the body,
especially at the rear surface. This near-wall flow results in
generation of vertical vorticity on the wall and oppositely
signed vertical vorticity in the shear layers. Under the inves-
tigated control parameter values, this vertical vorticity is
much larger than the streamwise vorticity, not only on the
surface of the cylinder but also in both shear layers. Conse-
quently, the flow behind the body is mainly turned around
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Fig. 18 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 200 and time history of drag and lift coefficients in the case of Co: λ/D = 6,
W/λ = 0.2, Ag = 0◦, Do/D = 0.1

Fig. 19 Isosurfaces of ωx , ωy , and ωz in the near wake at t = 700 and time history of drag and lift coefficients in the case of Co: λ/D = 4,
W/λ = 0.2, Ag = 0◦, Do/D = 0.2

in the streamwise–spanwise plane, forming two recirculat-
ing regions in the near wake, rather than being traditionally
translated downstream in the streamwise–vertical plane with
Kármán vortex shedding. Due to this separation effect of the
recirculation, the top and bottom shear layers cannot inter-
act with each other and subsequently stretch far downstream.
The wake flow becomes steady if perforation is not present.

Correspondingly, in the present subregime, as shown in
Fig. 19, the drag coefficient always remains constant with
time, and the lift is zero due to the steady wake.

Subregime III-D Multiple vortex shedding patterns
alternately appearing or coexisting with the �-type vortex.
For the investigated computational parameter values, two
other complicated multiple (at least three) patterns were
identified, in addition to the typical �-type vortex shedding
pattern described above appearing in the near wake as one of
these multiple patterns. One is accompanied by an obliquely
shedding vortex appearing as a competitive pattern. Another
is followed by crossed spanwise vortices with opposite sign,
only present as a transitional pattern in a series of successive
vortex shedding patterns.

Type A Oblique vortex shedding pattern coupled with
�-type vortex shed at valley, typically as shown in Fig. 20.
The peak amplitudes of the fluid forces varied irregularly
with time throughout the whole shedding period, obviously
differing from the single or dual patterns alternately shed in
the wake with regularly oscillating peak amplitudes of the
drag and lift forces. Based on the appearance of different
vortex shedding patterns in the wake, four stages were dis-
tinguished. Moreover, in each stage, the variation of the drag
and lift forces with time was mostly regular:

Stage 1 In the first stage 350 < t < 900, as shown in Fig. 20
at t = 400 and 420, the wake alternates between
nearly 2-D spanwise vortices at higher fluid forces
and the �-type vortex shed at the valley at lower
fluid forces, just as in subregime III-A (type B).
However, the local maximal peak amplitude of the
drag gradually reduced with time, while the local
minimal peak amplitude of the drag varied very
little, indicating that the nearly 2-D vortex shed-
ding pattern gradually disappeared in the near wake.
Correspondingly, the peak amplitude of the lift was
wavily reduced as time progressed.

Stage 2 In the second stage 900 < t < 1350, such as at
t = 1300, there was only the pure �-type vor-
tex alternately shed at the valley, exactly like the
behavior in subregime III-A (typeA). This stage can
be considered to be a competitive result of the two
patterns observed in the first stage, i.e., total disap-
pearance of the nearly 2-D vortex shedding pattern.
Although the peak amplitude of the oscillating drag
force remained constant, both the local maximum
and minimum of the peak amplitudes of the drag
actually increased very slowly with time, as did the
peak amplitude of the oscillating lift force.

Stage 3 In the third stage 1550 < t < 1650, e.g., at
t = 1580, a new kind of vortex shedding pattern
was observed at the lowest drag and lift forces. In
complete contrast to the�-type vortex, the spanwise
vortices, as well as the streamwise vortices, alter-
nately shed asymmetrically along the span, called
the obliquely shedding vortex. The typical oblique
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Fig. 20 Time history of drag and lift coefficients and isosurfaces of ωx (red/blue), ωy (yellow/green), ωz in the near wake at different times in the
case of Co: λ/D = 8, W/λ = 0.05, Ag = 0◦, Do/D = 0.1

angle to the axis of the cylinder was about ±38◦,
where positive and negative values denote slant-
wise angles to the positive and negative z-axis,
respectively. In the case presented in Fig. 20 at
t = 1580, the oblique angle was positive, while a
negative oblique angle appeared in the case of (Co:
λ/D = 8,W/λ = 0.05, Ag = 45, Do/D = 0.1).
Note that the present obliquely shedding vortex is
obviously different from the oblique mode of vor-
tex shedding from a straight circular cylinder, the
chevron pattern, and cellular shedding pattern in
Refs. [37,40], in three main respects: The first is the
instability of the present mode, which existed for
only a short time period, in contrast to the stability
of the oblique mode for the straight cylinder, which
exists for a long time. The second is the greater
oblique shedding angle, being about two times the
latter oblique angles of 15◦−20◦ (or else breakdown
along the span in the latter modes, if the oblique
angle is too large). The third is the lack of endbound-
ary conditions, because the latter modes are induced
by manipulating the end (spanwise) boundary con-
ditions.

Stage 4 In a competitive or coexisting stage 1350 < t <

1550, typically at t = 1410, the vortex shedding
pattern in the near wake seems to be a combination
of the pure �-type vortex and obliquely shedding
vortex; For example, the spanwise vortex is already
shed in the region z < 1

2
λ
D . However, the spanwise

vorticity is partially still concentrated in the shear
layers in the region z > 1

2
λ
D . Meanwhile, the total

drag is rapidly reduced, as are the oscillating ampli-
tudes of the fluid forces.
Here it should be stated that, for other control param-
eter values, e.g., the case of (Co: λ/D = 8,W/λ =

0.05, Ag = 45, Do/D = 0.1), the main differ-
ence lies in the duration of each stage, especially
the second, which becomes a transitional stage only
existing for a very short time.

Type B Crossed spanwise vortices with opposite sign,
interdigitated with each other, as shown in Fig. 21. The time
history of the fluid forces qualitatively looked like those in
subregime II-B, with wavily varying peak amplitudes and
low-frequency modulation. However, the oscillating ampli-
tudes of the drag and lift are very large, approximately on
the order of magnitude of O(10−1) and O(1), respectively.
In particular, the peak amplitude of the lift first gradually
increased to amaximum, then quickly reduced to aminimum.
Also, multiple vortex shedding patterns appeared succes-
sively in the near wake.

Stage 1 As shown in Fig. 21 at t = 320, the �-type vortex
alternately shed at the peak.

Stage 2 As time progressed up to 350, there was a tran-
sitional pattern from the former stage 1 into the
next stage 3. However, it still has the features of
an �-type vortex at the peak, with spanwise vor-
tices already shed at the peak but still concentrated
in the elongated shear layers at the valley.

Stage 3 When the time reached 390, the flow can be
described by almost 2-D spanwise vortices shed
alternately in the wake.

Stage 4 At t = 400, the spanwise vortices in the wake were
distorted, mainly by streamwise vortices, like those
in subregime II-A.

Stage 5 As time increased to 410, the distortion of the span-
wise vortices obviously became strong, similar to
that in subregime II-B.
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Fig. 21 Time history of drag and lift coefficients and isosurfaces of ωx (red/blue), ωy (yellow/green), ωz in the near wake at different times in the
case of Co: λ/D = 8, W/λ = 0.2, Ag = 0◦, Do/D = 0.1

Stage 6 At time of 420, in strong contrast to the previous
vortex shedding patterns, the spanwise vortices with
positive sign extended slanting along the axis of the
cylinder and upwards into the upper side of thewake
at y > 0, like a thorn, while the upper shear layer
at the peak stretched downwards into the lower side
of the wake at y < 0 due to the strong streamwise
vortices interacting with spanwise vortices, and the
spanwise vortices with negative sign near the valley
were still shed regularly into the wake. This pattern
is called crossed spanwise vortices with opposite
signs. Moreover, Fig. 22 shows the spatial distri-
bution of the spanwise vorticity in several typical
spanwise sections, clearly indicating that the present
streamwise vortices interacted with the spanwise
vortices, strongly suppressing the spanwise vortex
shedding at the peak, so the shear layers were there-
fore elongated downstream, as shown in Fig. 22a,
d. In the region 15 < x < 20, as the view moves
from the end of the cylinder to its center, the periodic
vortex wake pattern compromises the vortex pairs,
just as in mode 2P of VIV in Ref. [2]. In particular,
Fig. 22c seems to show that there is another vortex
pair under the shear layers near x = 10. Compar-
ison of Fig. 22a–c also suggests that the spanwise
vortex with positive sign in the upper vortex pair
originates from the split spanwise vortex shed from
the lower shear layer.

Stage 7 When the time reached 430, based on the features
of the shedding spanwise vortices in the near wake,
the present wake pattern can be described as�-type
vortices alternately shed at the peak and valley.

Stage 8 Finally, at time of 440, the wake flow shows that the
�-type vortex is about to shed at the peak, almost
returning to stage 1.
In the same manner, the analysis above also shows
that the wake is nearly 2-D at higher fluid forces
but highly 3-D at lower fluid forces. Also, in the
present case, during the fast decrease in drag from
390 � t � 430, the flow goes through the whole
process from the weak to strong disturbance effect.
Meanwhile, during the slow increase in drag from
320 � t � 390, the feature of the �-type vortex
shed at the peak gradually disappeared in the near
wake, and finally the flow was almost dominated by
alternately shedding Kármán or Kármán-like vor-
tices.

3.4 Overview of present parameter space

An overview of the simulations performed can be obtained
based on this analysis of flow regimes for the parameter space
4 � λ/D � 8, 0.0125 � W/λ � 0.2, and 0◦ � Ag � 45◦
only atDo/D = 0.1, or 0.1 � Do/D � 0.4 only at Ag = 0◦,
as shown in Figs. 23b and 24a, respectively. It can be seen
that the flow regime for most cases is independent of Ag
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Fig. 22 Contours of ωz at a z = 0, b 3λ/(16D), c 5λ/(16D), and d λ/(2D) for the case in Fig. 21 at t = 420. Red and blue colors, as well as
solid and dashed lines, denote positive and negative signs for ωz , respectively. The region marked by long dashed lines indicates the “supposed”
spanwise vortex pair on one side of the cylinder
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Fig. 23 Summary of flow regimes in λ/D versusW/λ for the cases of conic disturbances a without perforation and bwith perforation for different
Ag values at Do/D = 0.1, where open diamond, open circle, and plus symbols denote regimes I, II, and III, respectively. Dashed lines are used to
approximately separate different subregimes for most cases. The dashed region with / lines denotes subregime II-A, while the region with \ lines
is the region where subregime II-B occurs. In b, some special cases at certain Ag marked by overlapping symbols are listed below: (1) at λ/D = 4
and W/λ = 0.1, subregime III-C only occurs at Ag = 0◦; (2) at λ/D = 8 and W/λ = 0.0125, subregime II-A only appears at Ag = 0◦; (3) at
λ/D = 8 and W/λ = 0.05, the case of the subregime III-A (type A) indicated by times symbol only exists at Ag = 30◦

or Do/D, and therefore similar to that without perforation,
as shown in Fig. 23a, especially for the cases at λ/D = 6
or W/λ = 0.2 and the main region of regime II (denoted
by the dashed region). Only in some cases does the flow
regime change due to the effect of the disturbance at vari-
ous Ag or Do/D values, particularly for the strong effect in
regime III. As an example, Fig. 24b presents a summary of
the flow regimes atDo/D = 0.4 (Ag = 0◦), showing that the
region of moderate effect in regime II expands down to the
region of λ/D = 4 andW/λ = 0.1, and the subregime III-D

(type A) at small Do (� 0.2D) evolves into subregime III-A
(type B) at large Do (= 0.4D) at λ/D = 8 andW/λ = 0.05;
in other words, subregime III-A (type B) at small wave
steepness W/λ � 0.025 expands up to W/λ = 0.05 at
Do/D = 0.4.

On the other hand, the different flow regimes of the conic
cylinder and peak-perforated conic shroud clearly present
two different effects, due to the conic disturbance in the for-
mer case and both the conic disturbance and peak perforation
in the latter. As shown in Figs. 23a, b and 24a, the similarity
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Fig. 24 Summary of flow regimes in λ/D versus W/λ for the cases with a different Do/D and b Do/D = 0.4 at Ag = 0◦, where open diamond,
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W/λ = 0.05, only Do/D = 0.4 indicated by symbol times is in subregime III-A (type B)

between the flow regions for the conic cylinder and peak-
perforated conic shroud in regimes I and II indicates that
the effect of introducing the peak perforation is very weak,
while the effect of the conic disturbance is generally dom-
inant. However, in flow regime III, the wake flow behind
the peak-perforated conic shroud is obviously different from
that behind the conic cylinder in some cases, especially at
higher wave steepness of 0.2. This indicates that the peak
perforation effect becomes important.

Firstly, let us review the transition of the flow regimes for
the conic cylinder only (without perforation) with increasing
W/λ and fixed λ/D, as shown in Fig. 23a

(1) For λ/D = 4, subregime I-A ⇒ subregime I-B ⇒ sub-
regime III-C

(2) For λ/D = 6, subregime I-B ⇒ subregime II-A ⇒
subregime II-B ⇒ subregime III-A (type C)

(3) For λ/D = 8, subregime III-A (type B) ⇒ sub-
regime III-A (type A) ⇒ subregime II-B ⇒ sub-
regime III-A (type C)

However, after the introduction of the perforation, as shown
in Figs. 23b and 24a, for different Ag values at fixedDo/D =
0.1 and Do/D � 0.2 with fixed Ag = 0◦, respectively, the
flow transition as W/λ is increased for fixed λ/D can be
generally viewed as follows

(1) λ/D = 4, subregime I-A ⇒ subregime I-B ⇒ sub-
regime III-C

(2) λ/D = 6, subregime I-B ⇒ subregime II-A ⇒ sub-
regime II-B ⇒ subregime III-B

(3) λ/D = 8, subregime III-A (type B) (or subregime II-
A) ⇒ subregime III-D (type A) ⇒ subregime II-B ⇒
subregime III-D (type B)

In particular, as an example of Fig. 24b for fixed Ag = 0◦
and Do/D = 0.4, the flow transition as W/λ is increased for
fixed λ/D can be viewed as follows

(1) λ/D = 4 and 6, regime I (A or B) ⇒ regime II (A or B)
⇒ regime III (B or C)

(2) λ/D = 8, subregime III-A (type B) ⇒ subregime II-B
⇒ subregime III-D (type B)

4 Conclusions

A numerical investigation was performed to understand
the effects of introducing peak perforation on the conic
disturbance of a VIV suppression shroud installed on a
circular-section cylinder, mainly in terms of the vortex shed-
ding pattern in the near wake and the time history of the fluid
forces. The computations were carried out at Re = 100 so
that only a 2-DKármán vortex street would appear in the near
wake of the cylinder without any geometric disturbance. The
wavelength λ and wave height W of the conic disturbance,
the angle of attack of the perforation Ag, and the diameter
of the holes Do were varied for fixed number of holes of
No = 4, uniformly distributed around the peak. From the
viewpoint of the wake topology and force variation, these
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effects could be classified into 3 regimes or 11 subregimes
for the investigated parameter space.

For the weak disturbance, regime I applies, where the
effects due to both the conic disturbance and peak perforation
are very weak. The wake behind the peak-perforated conic
shroud was slightly 3-D, and the force history was very sim-
ilar to that for the straight cylinder without any disturbance.
In particular, for subregime I-B, as the wake vortex dynamics
evolved further downstream, there was discernible deforma-
tion of the spanwise Kármán vortices associated with the
shedding streamwise and vertical vortices.

When the disturbance became moderate, a transitional
regime denoted as regime II occurred. In this regime,
the effect due to the conic disturbance was mainly domi-
nant while the effect due to the peak perforation remained
weak. The top and bottom shear layers were stretched
downstreamwith obvious spanwise curvature. Further down-
stream, streamwise and vertical vortices generated on the
surface of the cylinder shed regularly with specific signs,
associated with themildly wavy deformation of the spanwise
vortices. In subregime II-A, the drag and lift forces oscillated
with constant amplitude in time at a single vortex shedding
frequency. However, in subregime II-B, the peak amplitudes
of the drag and lift varied wavily in a low-frequency modula-
tion. Correspondingly, the wake topology alternated between
a weakly 3-D state or nearly 2-D state at higher fluid forces
and a mildly 3-D state at lower fluid forces.

Finally, when the disturbance was sufficiently strong,
the classical Kármán or Kármán-like vortices partially or
even totally disappeared in the wake, which is denoted as
regime III. The peak perforation effect also became important
in some cases, leading to the appearance of different vortex
shedding patterns in the wake. In the first case, viz. sub-
regime III-A, three types of wake flow were identified. Pure
�-type vortices shed alternately at the valleywith fluid forces
oscillating with almost constant amplitudes was defined as
type A. �-type vortices shed at the valley with nearly 2-
D spanwise vortices appearing alternately with force history
varying via low-frequencymodulationwas defined as type B.
�-type vortices shed at the peak with almost unvarying drag
and little oscillating lift forceswasdefined as typeC.Once the
�-type vortex shed periodically and alternately at the peak
and valley, called a cloud-like vortex, this regimewas defined
as subregime III-B, in which the drag remained almost con-
stant and the lift oscillated with low amplitude due to the
greater elongation of the shear layers downstream, therefore
being less affected by the shedding vortex. In the third case,
defined as subregime III-C, there was no evidence of a Kár-
mán vortex wake, with only shear layers stretching very far
away; the flow was almost steady with constant fluid forces.
Moreover, multiple vortex shedding patterns appeared alter-
nately or coexisted in the near wake, with complex variation
of the fluid forces, being defined as subregime III-D. Two

new patterns, viz. obliquely shedding vortex as a competitive
pattern (type A) and crossed spanwise vortices with opposite
signs as a transitional pattern (typeB),were discovered, being
mainly attributed to the peak perforation effect coupled with
the strong conic disturbance.

For given wavelength λ and increasing wave height W
and varied angle of attack Ag or diameter of holes Do, at
small wavelength λ � 6D, the wake vortex dynamics gener-
ally evolved from regime I to regime III. However, when the
wavelength λwas increased up to 8D, the flow evolved firstly
in regime III, then regime II, and finally back to regime III.

Many problems or unknowns regarding the flow around
the presented peak-perforated conic shroud remain for future
study. Comparison of the vortex shedding patterns and force
history with those without perforation could help identify
other features and effects of peak perforation. Frequency
analysis of the time history of the drag and lift forces could
be carried out using Fourier and wavelet methods. As men-
tioned above, regular distributions of additional components
of vorticity with specific signs occur in the near wake, espe-
cially in regime II, and this phenomenon may also occur in
flows around other kinds of bluff body. Furthermore, the the-
ory of vortex-induced vortex (VIVor) could be proposed and
used to explain such phenomena. Moreover, other methods
could be proposed on the basis of the presented perforated
conic shroud; For example, increasing the number of holes
at the peak, or extremely adopting a slit at the peak rather
than holes, and even covering the whole conic shroud with
perforations, mainly near the peak, could be considered with
the aim of further decreasing the oscillating fluid forces.
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