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Abstract
In order to find the intrinsic physical mechanism of the original Kármán vortex wavily distorted across the span due to the
introduction of three-dimensional (3-D) geometric disturbances, a flow past a peak-perforated conic shroud is numerically
simulated at a Reynolds number of 100. Based on previous work byMeiburg and Lasheras (1988), the streamwise and vertical
interactions with spanwise vortices are introduced and analyzed. Then vortex-shedding patterns in the near wake for different
flow regimes are reinspected and illustrated from the view of these two interactions. Generally, in regime I, spanwise vortices
are a little distorted due to the weak interaction. Then in regime II, spanwise vortices, even though curved obviously, are still
shed synchronously with moderate streamwise and vertical interactions. But in regime III, violently wavy spanwise vortices
in some vortex-shedding patterns, typically an �-type vortex, are mainly attributed to the strong vertical interactions, while
other cases, such as multiple vortex-shedding patterns in sub-regime III-D, are resulted from complex streamwise and vertical
interactions. A special phenomenon, spacial distribution of streamwise and vertical components of vorticity with specific
signs in the near wake, is analyzed based on two models of streamwise and vertical vortices in explaining physical reasons
of top and bottom shear layers wavily varied across the span. Then these two models and above two interactions are unified.
Finally two sign laws are summarized: the first sign law for streamwise and vertical components of vorticity is positive in the
upper shear layer, but negative in the lower shear layer, while the second sign law for three vorticity components is always
negative in the wake.
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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. Viscous
flow leads to vortices generated and alternatively to shed-
ding behind the bluff body at higher Reynolds numbers.
Meanwhile, oscillated fluid forces acting on the body also
result in the structural vibration, called vortex-induced vibra-
tion (VIV). Particularly, as the vortex-shedding frequency
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is close to the natural frequency of the structure, the sud-
den amplification in structural amplitude, as well as fluid
forces, results in structural fatigue failure and break of struc-
tural integrity. Therefore, many experiments and numerical
simulations have been carried out in investigating and under-
standing the dynamics of VIV in recent decades (see in
comprehensive reviews of Sarpkaya [1], Williamson and
Govardhan [2,3]). Correspondingly, in order to suppressVIV,
many methods have been proposed over the last half century
and are mainly attributed to controlling the wake dynam-
ics and alleviating the unsteady fluid loadings (see in review
works of Sarpkaya and Isaacson [4] andKumar et al. [5]). For
example, there are surface bumps [6], rotating cylinders in the
body’s boundary layer [7], ventilated trousers [8], traveling
wave walls [9], streamline fairings [10], splitter plates [11],
helical strakes [12], wavy stagnation surfaces [13,14], radial
disturbances on cylinder surfaces [15,16], and peak perfora-
tions [17].
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Before introducing these methods in the flow past the
bluff body, typically circular cylinders, a stable laminar vor-
tex shedding regime is in the range of Re = 40–150 and a
transition regime of Re = 150–300 [18]. Beyond the critical
Reynolds number for the onset of the wake instability near
Rec = 49, the flow is unsteady and vortex shedding occurs in
the near wake. The first three-dimensional (3-D) transition in
the wake of the circular cylinder occurs atRe ≈ 194, referred
to asmodeA [19].ModeA appears as awaviness of the span-
wise vortices with a wavelength of around 3–4 diameters and
is characterized by the formation of vortex loops that con-
nect two consecutive spanwise Kármán vortices of opposite
signs. As the Reynolds number is further increased up to
230–250, another type of 3-D instability known as mode B
is appeared and characterized by fine-scale streamwise vor-
tices with a small wavelength of around one diameter. Except
for these two small-scale structures in the transition regime,
it is found that large scale structures, spot-like vortex dis-
locations, are generated between spanwise cells of different
frequency when the primary vortices move out of phase with
each other, at the sites of particular vortex loops, typical of
mode A instability, and evolve spontaneously along the span.
Therefore, it is clear that the flow past the straight cylinder
at Re = 100 is typically two-dimensional (2-D) and stable to
3-D perturbations. Correspondingly, the shear layers on the
top and bottom surfaces and spanwise vortex shedding are
always 2-D or non-wavy across the span, as well as the wake
width.

However, the introduction of VIV suppression methods
would interfere with the original Kármán vortex shedding.
Typically, at a certain wave steepness (the ratio of the wave
height to the wavelength of wavy disturbance) for a wholly
wavy circular cylinder, no evidence of regular Kármán vor-
tex shedding is observed [13]. Similarly, the phenomenon of
completely suppressing Kármán vortex shedding can also
be achieved by introducing control surface bumps [6], a
traveling wave wall [9], wholly wavy stagnation surfaces
for square cylinder [14,20], and harmonic and conic distur-
bances for circular cylinder [15,16]. In addition, at lower
Reynolds numbers, more complex vortex-shedding patterns
are obtained by the introduction of geometric disturbances,
such as the large unsteady hairpin structures [14] or �-type
vortices, “cloud”-like vortices, obliquely shedding vortex,
and crossed spanwise vortices with opposite signs [21].
Moreover, these introduced 3-D geometrical perturbations
lead not only to spanwise vortices, but also to shear layers
wavily varied along the spanwise direction, and a periodic
variationof thewakewidth across the span is observedbehind
the body.

Additionally, streamwise and vertical vortices appear and
are shed, accompanied by the shedding spanwise vortices,
due to the introduced geometric disturbances. These addi-
tional components of vorticity are firstly generated on 3-D

disturbed surfaces with specific distributions and signs [16,
20], as a direct result of introduced geometric disturbances.
After these vorticies are convected and transported into the
near wake, there is evidence of streamwise and vertical
vortices in the near wake varied in signs in an alternate
way across the span [16,21]. Their senses of rotation are
such as to induce the variation in wake width mentioned
previously. Typically, up to now, there are two types of
explanation described by the streamwise [14] and vertical
vortex pairs [22], respectively. It is still unclear if there
are some intrinsic connections between these two explana-
tions.

On the other hand, it is reasonable to believe that at
lower Reynolds numbers, such as 100, the streamwise and/or
vertical vortices, generated on surfaces by 3-D geometric
disturbances, in the near wake interfere with shear lay-
ers and shedding spanwise vortices. Then original Kármán
vortices are disturbed and wavily varied across the span.
Particularly, once the spanwise vortex is distorted violently,
specific types of vortex are formed, such as the �-type
vortex. This has already been studied for the interactions
between streamwise and spanwise vortices in a previous
basic work by Meiburg and Lasheras [23]. Then it is inter-
esting to ask whether there are the interactions between
vertical and spanwise vortices. Furthermore, it seems that
there are inner triangle relationships among the mentioned
three aspects: spacial distributions of streamwise and verti-
cal vortices with specific signs, wavily varied wake width
due to streamwise and vertical vortices, and wavy spanwise
vortices because of interactions with streamwise and vertical
vortices.

The aim of the current work is to try to find the intrinsic
physical mechanisms of the original spanwise vortex wav-
ily distorted by introducing 3-D geometric disturbances. The
analysis is mainly carried out in the physical connections
among the three aspects mentioned. Numerical simula-
tions of the flow past the peak-perforated conic shrouds at
Reynolds number of 100 are performed [21].

This paper is outlined as follows. At first, the numer-
ical simulations, including the physical model, numerical
methods, boundary conditions, and control parameters, are
presented in Sect. 2. Then in Sect. 3, we present the main
results of the effect of introduced peak perforation at conic
disturbances on wavy vortex shedding. Two types of inter-
actions with the spanwise vorticies are firstly introduced to
illuminate distorted spanwise vortices. Then different vortex-
shedding patterns in the near wake are analyzed on the basis
of the two interactions. The wavy shear layers are discussed
with different explanations. The physical phenomenon of the
spacial distributions of three components of vorticity with
specific signs in the top and bottom shear layers and near
wake is illustrated. Thus, two sign laws are obtained. Finally,
the conclusions in Sect. 4 are presented in brief.
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2 Physical model

As shown in Fig. 1, an incompressible flow with constant
densityρ and kinematic viscosity ν past two types of circular-
section cylinders is taken into account. The inertial Cartesian
coordinate system (x, y, z) is then established with the x-
axis (streamwise) aligned with the incoming flow at velocity
U∞, the z-axis (spanwise) aligned with the central axis of
cylinder, and the y-axis (vertical) perpendicular to the (x, z)
plane. As shown in Fig. 1a, the conic disturbance as a shroud
is installed outside of the straight circular cylinder, referred to
as the conic cylinder or shroud (denoted by “C” in figures and
their titles). As shown in Fig. 1b, the perforation is introduced
at peak of such conic disturbance with several circular holes
uniformly distributed along the azimuthal direction, referred
to as the peak-perforated conic shroud (denoted by “Co”).
The basic conic shroud can be mathematically described by
r(z) = 1

2D + ξ , where ξ is the conic disturbance in the
radial (r ) and spanwise plane, ξ(z) = 2W

λ
z (z ∈ [0, 1

2λ]) and
ξ(z) = 2W (1 − z

λ
) (z ∈ [ 12λ, λ]), λ is the wavelength, W is

the peak-to-valley wave height, and D is the base diameter.
Correspondingly, the peak and valley are defined as spanwise
positions with maximal and minimal diameters, i.e. (2W +
D) and D, respectively. In addition, Fig. 1c presents three
parameters used to describe the introduced perforation, the
diameter of holes Do, their number No, and attack angle Ag
between the central axis of hole near the front stagnation
point of cylinder and incoming flow.

The non-dimensional continuity and Navier–Stokes equa-
tions are written by

𝛻 · 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 the time, 𝛻 is the gradient operator, and Re is
the Reynolds number, Re = U∞D/ν. Lengths are scaled by
the base diameter D, velocities by the free-stream velocity
U∞, and then time by D/U∞.

In order to obtain the appropriate numerical solutions,
boundary conditions should be properly proposed. To sim-
ulate flows around cylinders with infinite span, the flow
is assumed to be periodic along the spanwise direction.
As for boundary conditions in the (x, y) plane, the uni-
form free-stream velocity (u = (U∞, 0, 0)) at inlet, simple
non-reflecting outflow (∂u/∂x = 0) at outlet, free slip
(∂(u, w)/∂ y = v = 0) at vertical sides and non-slip bound-
ary condition (u = 0) on cylinder surfaces are prescribed.
Reference pressure is set to be zero at the center of inlet
y = 0.

In flows past conic shrouds with and without peak per-
foration, there are six control parameters. The first is the

Reynolds numberRe, and the other five geometric parameters
are used to describe the conic disturbance and perforation.
Two independent length parameters, the non-dimensional
wavelength λ/D and the wave steepness W/λ, for the conic
disturbance are obtained in describing the similarity between
different conic cylinders. While for the perforation, there are
the non-dimensional diameter of holes Do/D, number of
holes No, and attack angle Ag. In the present paper, a series
of computational investigations have been carried out with
different values, as summarized in Table 1. Among them,
only four holes are considered. Due to the symmetry of per-
foration along the y-axis, the maximum of attack angle is
less than 360◦/(2No) = 45◦ with No = 4. In addition,
it should be noted here that only special parameter groups
composed of Do and Ag are considered for limited compu-
tational resources. For instance, only cases at Ag = 0◦ with
varied Do/D and at Do/D = 0.1 with increasing Ag are
taken into account.

It is also very important that the proper size of compu-
tational domain should be carefully selected to weaken its
effect on flow field, fluid forces and vortex shedding fre-
quency as much as possible. Based on previous work of
Lin [20], the non-dimensional computational domain in the
(x, y) plane is considered as to be 40 × 20 (x × y) due to
the present computational resources and costs in time, as
shown in Fig. 2. The dimensionless computational length in
the z-axis is given as one period of conic disturbance, i.e.
λ/D, regardless of the effect of larger-scale spanwise distur-
bance.

Different from the structural grids in a hexahedral form
for the straight or conic cylinder, mesh generation for the
peak-perforated conic shroud is more complicated due to the
appearance of circular holes at peak of the conic disturbance.
Typical mesh distributions in the (x, y) plane are shown in
Fig. 2. Far away from the cylinder, the hexahedral grids are
also adopted and coarsened (it should be explained here that
in Fig. 2b those unlike hexahedral grids upstream are actu-
ally the result of intersections of a sectioned plane z = 1

2
λ
D

and oblique hexahedral grids). Meanwhile, in the flow region
near the cylinder, where the distance of the regional boundary
away from the conic shroud is 2D in the x and y direc-
tions, and holes, the unstructured grids in forms of triangle
on the surface and tetrahedron in space are applied and con-
centrated. Based on previous work of Lin [20], as shown
in Fig. 2c, d, the finest non-dimensional grid spacing is on
the order of O(10−2) on the front stagnation surface and
O(10−3) on the rear surface. Moreover, details of numerical
simulations could be found out in Refs. [16,17,21], such as
total number of grids and verifications for present numer-
ical methods. Here we just present computational results
in flows past conic shrouds with and without peak perfo-
rations.
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Fig. 1 Schematics of flows past a a conic shroud and b a peak-perforated conic shroud with a specific attack angle Ag in c the cross-section of
peak

Table 1 Summarized of computational parameters with different values

Items Re λ/D W/D Do/D Ag No

Values (100) (4, 6, 8) (0.0125, 0.025, 0.05, 0.1, 0.2) (0.1, 0.2, 0.4) (0◦, 15◦, 30◦, 45◦) (4)

Fig. 2 Non-dimensional computational domain and typical grid distributions at a z = 0 and b z = 1
2λ/D, and mesh for holes (circle line) near c

front and d rear surfaces

3 Results and discussion

3.1 Flow past the 2-D circular cylinder

A 2-D simulation was performed past the circular cylinder
at Re = 100 as for the basic case. As shown in Fig. 3a,
the wake consists of strong spanwise vortices alternatively
shedding from the top and bottom shear layers, identifying
the well-known Kármán vortex street. The time histories of
drag and lift forces strongly show the purely periodic vortex
shedding over the whole computational time, as shown in

Fig. 3b. The values of the global flow coefficients are: the
mean drag coefficient CD_M = 1.39, the root-mean-square
(RMS) lift coefficient CL_RMS = 0.256, and the Strouhal
number St = 0.165. They are in good agreement with pre-
vious experiments (Exp.) and numerical simulations (Num.)
in Refs. [4,24,25]: 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. By the
way, the peak amplitudes of drag and lift coefficients are all
constant of 0.01 and 0.36, respectively.
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Fig. 3 a Contours of the spanwise vorticity in the basic case describing the Kármán vortex shedding at Re = 100 and b time histories of drag
and lift coefficients, CD and CL, where the red and blue contours, as well as the solid and dashed lines, denote the positive and negative values of
spanwise vorticity, respectively

Fig. 4 For the basic case: a non-dimensional RMS streamwise velocity uRMS and mean streamwise velocity uM varied along with the downstream
distance on the wake center line; b contours of uRMS with the maximum of red and minimum of blue; c streamlines for mean velocity field and
contours of uM near the cylinder with red and blue denoting the positive and negative values, respectively

To illustrate better the vortex-shedding instability and
regimes, Fig. 4a presents distributions of non-dimensional
RMS and mean streamwise velocities, uRMS and uM, in the
wake center line and near wake. Present calculations give
the vortex formation length, LF = 2.67D, defined by the dis-
tance downstream from the cylinder axis to a point where the
RMS velocity fluctuations are maximized on the wake center
line (see also shown inFig. 4b), and the bubble length ofmean
recirculation region in the wake (this region is symmetric and
closed, as shown by streamlines in Fig. 4c), LB = 1.92D,
obtained from the distance between the cylinder center and
a point with the zero mean velocity on the wake center line.

3.2 Streamwise and vertical interactions

Above all, in order to understand better different vortex-
shedding patterns due to introduced conic disturbances and
peak perforations, it is of importance to introduce two types
of interaction between the streamwise or vertical and span-
wise vortices. These interactions occur in the boundary layers
firstly and then the top and bottom shear layers, where the
spanwise vorticity is concentrated and rolled up to form the
spanwise vortex beginning to shed, in a simple manner and
finally in the near wake with the alternatively shedding span-
wise vortices. However, additional components of vorticity
on cylinder surfaces, different from those in the shear layers,

and the conic disturbance itself would interfere in the analy-
sis. In the near wake, these interactions in different intensities
and spacial distributions become very complicated because
of viscous diffusion of vorticity, cancelation of vorticity of
opposite signs, self-rotation of spanwise vortex, and stretch-
ing of vorticity by the oppositely signed vorticity. Thus, it
would also be difficult to identify such interactions in the
wake, especially for the vertical vs. spanwise vortices. In
addition, the interaction of streamwise vs. spanwise vortices
could be obtained from the previous results of Meiburg and
Lasheras [23]. The main focus is put on the formation of
spanwise vortices being about to shed, and accordingly to
present the vortex-shedding patterns. Therefore, the interac-
tions of the streamwise vs. spanwise vortices and vertical vs.
spanwise vortices are mainly illustrated in the shear layers
and the near wake.

At first, let us discuss the interaction between the stream-
wise and spanwise vortices, referred as to the streamwise
interaction. In general, due to specific boundary conditions,
only streamwise vortices are generated on a flat plate sur-
face when the normal direction of such plate is aligned with
the vertical direction. Then the streamwise interaction could
be studied in the wake of the flat plate. Through experi-
ments and numerical simulations, the 3-D structure of plane
wake behind the flat plate subjected to periodic spanwise
perturbations at a lower Reynolds number (Re ≈ 100) has
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Fig. 5 Sketches of a weak and b strong interactions between the streamwise and spanwise vortices

Fig. 6 Contours of spanwise vorticity at a z = 0 and b 1
2

λ
D in the case of peak-perforated conic shroud (marked by “Co”) Co: λ/D = 6,W/λ =

0.05, Ag = 30◦, Do/D = 0.1. The red and blue, as well as the solid and dashed lines, denote the positive and negative signs of ωz , respectively
(same description for the following similar figures)

Fig. 7 a Iso-surfaces of vertical and spanwise vorticities in the vortex-formation region in the case of Co: λ/D = 6,W/λ = 0.1, Ag = 0◦, Do/D =
0.1 at t = 250, where ωy = ± 0.2 (red/blue) and ωz = − 0.5 (translucent green); b sketch of weak interaction between vertical and spanwise
vortices

been already studied by Meiburg and Lasheras [23]. As the
streamwise vortex tubes evolve, they interact with the span-
wise vortices by lifting them up and pushing them down (in
the vertical direction) in an alternating fashion (along the
spanwise direction). The resulting curvature of the spanwise
vortices, in turn, causes further stretching and intensification
of the streamwise vorticity. Thus, the interaction between
the streamwise and the spanwise vortices proceeds in a self-
amplifying manner, as shown in Fig. 5b.

Based on this analysis and in consideration of the present
results, theweak and strong streamwise interactions are iden-

tified, as shown in Fig. 5, when the streamwise vortex pairs
become weak and strong relatively compared to the span-
wise vortices, respectively. Among them, the main feature
in the strong streamwise interaction is the violently curved
extent and consequently greatly amplified cross-sectional
area (normal to the spanwise direction) of spanwise vor-
tices. As shown in Fig. 6 when the spanwise vortices are
described by the iso-surface of spanwise vorticity, the span-
wise vorticity is diffused in a large region at z = 0 (for
example, ωz = ± 0.1 in range of y = ± 4) but gathered
in a small region near the wake center plane at z = 1

2
λ
D
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(within ± 2), compared with that in the basic case in Fig. 3a
(within ± 2.5). Besides, the strong streamwise interaction
of the evolving streamwise structure with the spanwise Kár-
mán vortices results in the formation of closed vortex loops
of alternating sign [23].

Correspondingly, the interaction between the vertical and
spanwise vortices, referred to as the vertical interaction,
results in the forward and backward distortion of the span-
wise vortices (in the streamwise direction) alternatively
(along the spanwise direction). There are also weak and
strong vertical interactions. Numerical simulations present
such vertical interaction in the upper shear layer with the for-
mation of spanwise vortex, as shown in Fig. 7a and sketched
in Fig. 7b. Particularly in certain circumstances, sub-regime
III-C described in Sect. 3.3, this vertical interaction with
the weak streamwise vorticity causes the stretching of shear
layers downstream to the far wake and results in the total
suppression of Kármán vortex shedding [16,20]. The strong
streamwise vorticity is similar to the strong streamwise inter-
action in Fig. 5b. Hereby, the violent curvature of shear layer
along the span leads to the formation of spatially-curved
spanwise vortex.

In a certain case, sub-regime III-A (type A) presented in
Sect. 3.3, when the vortex-shedding frequencies at different
spanwise positions are still same, the spatially curved effect
in the (x, z) plane due to strong vertical interaction is effec-
tively equivalent to the phase difference in time for the drag-
ging effect of vertical vortex pairs on spanwise vortex. Given
that the periodically shedding spanwise vorticity in the 2-D
flowfield isωz(t; x, y) = A(x, y)ei2π f t with alreadyknown
2-D spatial distribution function A(x, y), the introduction
of conic disturbance and resultant generation of vertical
vorticity result in the 2-D spanwise vorticity distorted uni-
formly (assumed to be) along the span with the wavelength

λ. Then, we have ωz(t; x, y, z) = A(x, y)ei2π f tei
2π
λ/D z . It

can be obtained that ωz = A(x, y)ei2π f t at z = 0, but
at z = 1

2
λ
D , ωz = A(x, y)ei2π f teiπ = A(x, y)ei(2π f t+π).

This shows that the spanwise vortex at z = 1
2

λ
D seems to

be dragged until half a period later and then shed into the
wake. The spanwise vortices at z = 0 and 1

2
λ
D are just 180◦

out-of-phase in time or spanwise space at the same time.

3.3 Reexamination of vortex-shedding patterns in
the near wake

As reported in previous works [16,21], there are three differ-
ent flow regimes based on different intensity of disturbances
at Re = 100. Regimes I, II, and III are related to the weak,
moderate and strong disturbances, i.e., conic disturbances
with and without peak perforations. Let us reexamine differ-
ent vortex-shedding patterns through the analysis from the
view point of above streamwise and vertical interactions.

(Regime I) In regime I with the weak disturbance, the near
wake can still be described by the alternatively sheddingKár-
mán orKármán-like vortex street occurred in thewake of 2-D
circular cylinder, as shown in Figs. 8 and 9. The generated
streamwise and vertical vortices themselves are very weak
and quickly dissipated within the vortex-formation region
(in sub-regime I-A), or shed with the shedding spanwise vor-
tices within a certain downstream distance (in sub-regime
I-B). As a result, the streamwise and/or vertical interactions
in the upper and lower shear layers are so weak that both lay-
ers and shedding spanwise vortices are little wavily distorted
across the span.

(Regime II) As for the moderate effect of disturbance in
regime II, typically as shown in Figs. 10 and 11 in sub-regime
II-A, and Figs. 12 and 13 in sub-regime II-B, the shedding
spanwise vortices, aswell as shear layers, arewavily distorted
and non-uniformly in the vertical-spanwise plane. In spite of
this, they are still shed alternatively downstream and almost
kept synchronization along the spanwise direction. In sub-
regime II-A, spanwise vortices are distorted mainly by the
streamwise vortex pairs or due to the streamwise interaction.
In sub-regime II-B, spanwise vortices are distorted by both
streamwise and vertical vortex pairs or under coupled effects
of streamwise and vertical interactions. The shear layer in
present sub-regime stretches downstream further than that
in sub-regime II-A. For instance, at z = 1

4
λ
D , contours of

ωz = − 0.5 extend downstream about 6 in Fig. 14 but 7.8 in
Fig. 15. In addition, in the present calculational parameters,
this vortex-shedding pattern, the distorted spanwise vortex
coupled with one pair of streamwise and vertical vortices
with opposite signs alternatively shed in the wake, is very
similar to the 	-type vortex [20] of the mode A in the 3-D
wake transition of the circular or square-section cylinder at
moderate Reynolds numbers (see in Ref. [19]), as shown
in Fig. 16. As for the 	-type vortex itself, the head line
“—” denotes the spanwise vortex, while two legs “| |” denote
streamwise and/or vertical vortex pairs shed with this span-
wise vortex and elongated by the upstream spanwise vortex
of opposite sign.

(Regime III) As the effect of disturbance becomes strong
in regime III, the main feature is that the original Kármán or
Kármán-like vortex shedding is totally disappeared or just
appeared occasionally in coexistence with other different
vortex-shedding patterns. Such phenomenon could be related
to additional components of vorticity with complex spacial
distributions and different strengthes, prominently different
from those with regular signs under the moderate effect, and
subsequently coupled streamwise and vertical interactions
between the streamwise and vertical vortices and spanwise
vortices.

In sub-regime III-A, the wake flow is mainly described by
the appearance of the �-type vortex shedding at the valley
or peak, typically as shown in Figs. 17 and 18 in type A,
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Fig. 8 Iso-surfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake at t = 265 in the case of the conic shroud (marked by “C”)
(C: λ/D = 6,W/λ = 0.0125), in the background of which is sectional contours of ωz at z = 0, where red and blue in the contours and iso-surfaces
indicate positive and negative values (same description for the following similar figures). Note that the body is shown by using semi-transparent
black surface and a wire frame

Fig. 9 Iso-surfaces of three components of vorticity, ωx , ωy , and ωz , in the near wake in the case of Co: λ/D = 6,W/λ = 0.0125, Ag =
0◦, Do/D = 0.4. Note that the body is shown by using semi-transparent black surface and a wire frame

Fig. 10 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 1950 in the case of C: λ/D = 6,W/λ = 0.05

Fig. 11 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 780 in the case of Co: λ/D = 6,W/λ = 0.05, Ag = 30◦, Do/D = 0.1
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Fig. 12 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 380 in the case of C: λ/D = 6,W/λ = 0.1

Fig. 13 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 600 in the case of Co: λ/D = 6,W/λ = 0.1, Ag = 0◦, Do/D = 0.4

Fig. 14 Contours of a ωx and b ωy at t = 780 and z = 1
4

λ
D in the case of Fig. 11, where red and blue denote the positive and negative values,

respectively, and the solid and dashed lines denote the contours of spanwise vorticity

Fig. 15 Contours of a ωx and b ωy at t = 600 and z = 1
4

λ
D in the case of Fig. 13, where red and blue denote the positive and negative values,

respectively, and the solid and dashed lines denote the contours of spanwise vorticity

Fig. 19 in type B, and Fig. 20 in type C. It can be seen that
the noteworthy feature is that at a certain spanwise position
(such as z = 1

4
λ
D ), the oppositely signed streamwise vorticity

is alternatively distributed in the upper or lower shear layer,
aswell as the oppositely signed vertical vorticity downstream

away from the vortex-formation region. For example, from
the point of view based on the vertical interaction in Fig. 7,
such specific distribution ofωy determines a row of spanwise
vortices with same sign at different spanwise positions shed
in a 180◦ out-of-phase, as sketched in Fig. 21.
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Fig. 16 a Iso-surfaces of ωx = ± 0.8 (yellow/green) and ωz = ± 1 (red/blue) in the near wake of the square-section cylinder at t = 340 and
Re = 180 with non-dimensional spanwise computational length of 6; contours of b ωx and c ωy at z = 1.5 where red and blue denote the positive
and negative values, as well as the solid and dashed lines in contours of spanwise vorticity, respectively. Note that the body is shown by a wire
frame

Fig. 17 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 880 in the case of C: λ/D = 8,W/λ = 0.05

Fig. 18 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 900 in the case of Co: λ/D = 8,W/λ = 0.05, Ag = 30◦, Do/D = 0.1

In sub-regime III-A (types A and B), Fig. 21a presents
the forming process of �-type vortex shed at the valley. The
first vertical vortex pair within the vortex-formation region,
which obviously do not originate from the front surface of the
cylinder because ofωy with opposite signs in Figs. 17 and 18,
are strongly interacted with the shear layers being about to be
concentrated and rolled up into the shedding spanwise vor-
tices. Therefore, it effectively “drags” the spanwise vortex at
the peak until the spanwise vortex at the valley is totally shed

into the wake. In addition, due to the existence of the second
vertical vortex pair (with signs just contrary to the first pair),
which actually originates from the front surface because of
same signs, the opposite effect of these vertical vortices leads
to the downstream already-shed spanwise vortex at the peak
further “pushed” downstream and the newly formed span-
wise vortex at the valley “suppressed” until the effect of the
first vertical vortex pair also newly formed in the shear layer
becomes strong enough and then “pushes” the spanwise vor-
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Fig. 19 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 470 in the case of Co: λ/D = 8,W/λ = 0.0125, Ag = 0◦, Do/D = 0.4

Fig. 20 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 1200 in the case of C: λ/D = 6,W/λ = 0.2

Fig. 21 Sketches of �-type vortices shed at the a valley and b peak illustrating the strong vertical interaction between the vertical and negative
spanwise vortices, where + and − denote the positive and negative signs of ωy respectively, and ◦ and © denote the small and large spacial regions
obtained from the ωy iso-surfaces, respectively. The dashed line is just used to differentiate region of shear layers from that of shedding vortex in
the wake approximately

Fig. 22 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 200 in the case of Co: λ/D = 6,W/λ = 0.2, Ag = 0◦, Do/D = 0.1
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Fig. 23 Sketches of a the cloud-like vortex: �-type vortices alternatively shed at the peak and valley and b the complete suppression of Kármán
vortex shedding

tex downstream to be shed at the valley in a new period. For
the primary effect of the first vertical vortices, the shedding
spanwise vortex mainly looks like the � form curved in the
center of the valley and heading to downstream, called as the
�-type vortex shed at the valley, similar to the hairpin vortex.

However, in sub-regime III-A (type C), the �-type vor-
tex is mainly shed at the peak. The formation of the �-type
vortex shed at the peak undertakes a very similar process, as
shown in Fig. 21b. By comparing to the �-type vortex shed
at the valley, the obvious feature is that the first vertical vor-
tex pair is greater or stronger than the second in both spatial
distributions and intensities. As a result, the strong vertical
interaction of the first vertical vortices in the shear layers
gives rise to the shear layers violently distorted upstream.
Therefore, the spanwise vortices are hardly shed at the peak
and the shear layers are elongated greatly far away down-
stream at the valley. Until the second vertical vortex pair
appears and separates the part of spanwise vorticity in the
shear layer near the valley, the downstream spanwise vortic-
ity at the valley is thus concentrated and the spanwise vortex
is formed to be shed with the already-shed spanwise vor-
tex downstream at the peak. After this process, the upstream
spanwise vortices at the peak are then pushed to be newly
formed and shed under the effect of the second vertical vor-
tex pair, but still connectedwith the newly grown shear layers
at the valley. Taken into account of the already-shed spanwise
vortices downstream at the peak, the �-type vortex shed at
the peak is described by the formation with its top orientated
to the center of the peak. The main difference, compared
to the pattern in type A, just lies in that the shedding span-
wise vortices at the valley are distorted so violently that they
are only distributed near the valley, and shed along with the
already-shed spanwise vortices at the peak.

As for sub-regime III-B, a cloud-like vortex, which actu-
ally is the �-type vortex alternatively shed at the peak and
valley, as shown in Fig. 22, mainly appears in the near wake
at present disturbed parameters. The shear layers are wavily
varied along both the streamwise and spanwise directions for
the sake of complex distributions of streamwise and vertical
vortices. Furthermore in the vortex-shedding region, these

shedding spanwise vortices under coupled effects of the first
and second vertical vortex pairs are actually bent toward
downstream at the peak and valley in an alternative way
during the whole vortex-shedding procession, as sketched
in Fig. 23a.

In sub-regime III-C, shear layers are elongated far away
downstream and Kármán vortex shedding is completely sup-
pressed, as shown in Figs. 24 and 25, and its formation
process is sketched in Fig. 23b. The strong conic disturbance,
even with peak perforation, leads to the specific spanwise
flow near the body, especially the rear surface. As a result,
the vertical vorticity is generated on the wall and induced
in the shear layers with opposite signs. Apparently differ-
ent from previous cases, the second vertical vortex pair is
totally suppressed in the wake and only the first vertical vor-
tex pair is dominant and gradually expanded in the shear
layers. Therefore, the original spanwise vortices are distorted
along the same direction or almost parallel to each other. On
the other hand, the fact that the vertical vorticity is obviously
much larger than the streamwise vorticity in the whole wake
flow indicates that the vertical interaction is also dominant
in the present cases. Meanwhile the strong vertical interac-
tion results in the wake flow mainly turning around in the
(x, z) plane with the formation of two recirculating regions
as shown in Fig. 26, rather than in the (x, y) plane tradi-
tionally with the Kármán vortex shedding. Because of the
separation effect of recirculation, top and bottom shear layers
cannot interact with each other and subsequently stretch far
away downstream. The wake flow becomes steady if without
peak perforation. Moreover, also as shown in Fig. 26b, a tiny
jet (shown by distribution of vertical vorticity near the hole)
introduced from the perforation on the rear surface just per-
turbs the symmetry of two recirculation zones with the peak,
thus having little effect on above suppressionmechanism and
flow characteristics.

Except for these four basic cases, in sub-regime III-D,
multiple vortex-shedding patterns alternatively appearing
or coexisting with the �-type vortex indicate complex
coupled effects of streamwise and vertical interactions in
the near wake. They are mainly observed in the flow of
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Fig. 24 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 230 in the case of C: λ/D = 4,W/λ = 0.2

Fig. 25 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 700 in the case of Co: λ/D = 4,W/λ = 0.2, Ag = 0◦, Do/D = 0.2

Fig. 26 Contours of ωy and streamlines in the wake center plane (y = 0) at a t = 230 and b t = 700 in cases of Figs. 24 and 25, respectively,
where the red and blue denote the positive and negative values of vertical vorticity respectively

Fig. 27 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 1580 in the case of Co: λ/D = 8,W/λ = 0.05, Ag = 0◦, Do/D = 0.1

peak-perforated conic shrouds. So far, for the present com-
putational parameter space, except for the typical �-type
vortex-shedding pattern stated previously appearing in the
near wake, two other complicated vortex-shedding patterns
are identified.One is the obliquely sheddingvortex at the low-
est fluid forces, appearing as a competitive pattern in type A,
as shown in Fig. 27. The typical oblique angle to the axis of
the cylinder is about ± 38◦. Another is the crossed spanwise

vortex with opposite signs only existing as a transitional pat-
tern in a series of successive vortex-shedding patterns in type
B, as shown in Fig. 28. The spanwise vortices with a posi-
tive sign extend slantly along the cylinder axis and upwards
into the upper side of wake y > 0, like a thorn. Meanwhile
the upper shear layer at the peak stretches downwards into
the lower side of wake y < 0 due to the strong streamwise
interaction, and the spanwise vortices with a negative sign
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Fig. 28 Iso-surfaces of ωx , ωy , and ωz in the near wake at t = 420 in the case of Co: λ/D = 8,W/λ = 0.2, Ag = 0◦, Do/D = 0.1

near the valley are still regularly shed into the wake. From
the point of spacial distributions of three components of vor-
ticity, the obliquely shedding vortex is mainly influenced by
the streamwise vortices or streamwise interaction, while the
crossed spanwise vortices are subjected to both streamwise
and vertical vortices or coupled strong streamwise and ver-
tical interactions.

In a summary, based on the analysis for different vortex-
shedding patterns, there are two new points of view. At
present, several sub-regimes (maybe more) of the strong
effect of disturbance, the difference of vortex-shedding pat-
terns can be attributed to the competition between thefirst and
second vertical vortex pairs in the shear layers and near wake.
For example, if the first vertical vortex pair is equivalent to the
second one in spacial range and intensity, the �-type vortex
shed at the valley appears. While the first vertical vortex pair
is dominated, the near wake is mainly described by the �-
type vortex shed at the peak or alternatively shed at the peak
and valley. In the extreme condition that the second vertical
vortex pair is eliminated or suppressed due to the suppression
mechanism, the strong effect of the first vertical vortex pair
leads to the original vortex shedding totally suppressed.

Another view is the competition between the streamwise
and vertical interactions with the spanwise vortices used to
identify the present several regimes (also maybe more) for
different effects of disturbance. For instance, in regime I
of weak disturbance, there are both weak streamwise and
vertical interactions. But when the streamwise interactions
become important, the wake develops into the sub-regime II-
A. In the transition from the sub-regime II-B to the regime III
(A to C), the vertical interactions gradually play an important
role in the evolution of vortex dynamics in the near wake.

3.4 Wavy shear layers with near-wake width
variation across the span

In the above analysis of vortex-shedding patterns in the flow
past the (peak-perforated) conic shroud, it isworth noting that
there exists an interesting phenomenon in regime II, which
is simply the spacial distribution of streamwise and vertical
components of vorticity in the near wake. This phenomenon

also appears in the 	-type vortex of mode A in the flow past
the straight square cylinder at Re = 180, as shown in Fig. 16.
However, aswe knowup to now, there is no reasonable expla-
nation for this phenomenon. In the following analysis, it will
be illustrated and discussed in detail from the following two
aspects, wavy shear layers and spacial distributions of three
components of vorticity, then sign laws for three components
of vorticity in the near wake are obtained.

Above all, let us review two flow characteristics in regime
II with the moderate disturbance, including the shear layers
and near wake.

The first is the further enhanced streamwise and vertical
components of vorticitywith specific spatial distributions and
their signs, not only on cylinder surfaces but also in the wake.
At a certain spanwise position, such as z = 1

4
λ
D or 3

4
λ
D , the

streamwise vortex pairs with opposite signs are shed alter-
natively from the upper and lower shear layers throughout
the whole computational domain (30D), or the streamwise
vortex with a specific sign is predominantly shed from the
upper or lower shear layer, but the vertical vortices substan-
tially with a singular sign are shed from both the upper and
lower shear layers. For example, as shown in Figs. 14 and 15
at z = 1

4
λ
D , the positive ωx in the upper shear layer and the

negative one in the lower shear layer are concentrated and
shed with the negative and positive ωz , respectively; while
primarily positiveωy in both the upper and lower shear layers
are appeared and shed. This feature is also found in the near
wake of the straight square-section cylinder at Re = 180 for
the successively shedding	-type vortices inmodeA [20], as
shown in Fig. 16. Because only one wavelength of conic dis-
turbance along the spanwise direction in computations, the
additional components of vorticity are basically varied once
in opposite signs or with one spanwise wavelength along the
span.

The second is the elongated shear layers stretching down-
stream and obviously distorting wavily along the span. For
example, if the shear layer is approximately illustrated by
contours of ωz , then contours of ωz at − 0.5 and − 1 reach
downstream about 5 and 4.5 in the 2-D cylinder in Fig. 3,
respectively. But in the perforated conic shroud in Fig. 6,
contours of ωz at − 0.5 and − 1 stretch downstream about
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6.1 and 5.9 at z = 0, and 6.1 and 5.3 at z = λ/(2D), respec-
tively. Owing to, at least, the strong streamwise interaction
between ωx and ωz , both the top and bottom shear layers
are distinctly varied along the z-axis in a wave shape: stay-
ing apart from each other at the valley and close at the peak
(see also in Fig. 6). Consequently, the wake width would be
increased at the valley but reduced at the peak.

Now let us discuss two different models in describing the
wavy shear layers. As reported in previous work of Darekar
and Sherwin [14] for the flow around the square cylinder
with wavy stagnation surfaces, the upper and lower shear
layers were observed to be wavy across the span, as well
as the near-wake width. The wake is wide behind the valley
(the maximum point downstream) and narrow behind the
peak (themaximumpoint upstream), as shown schematically
in Fig. 29a. This three-dimensionality of the near wake is
consistent with the appearance of the streamwise vorticityωx

and the change in the vertical velocity v distribution within
the top and bottom shear layers. As shown in Fig. 29a, the
streamwise vortex pair creates an upwash behind the peak
and a downwash behind the valley, displacing the near wake
in a sinusoidal fashion. The variation of v within the shear
layers will also contribute to the widening and narrowing of
the near wake by pushing the free shear layers further apart
in the vertical direction behind the valley where v reaches
maximum. This three-dimensionality of the shear layers is
associated with the earlier separation of the shear layer just
after the leading edge at the valley, while at the peak the
shear layer remains attached as in the straight cylinder. This
explanation is referenced as the model of the streamwise
vorticity.

However, the streamwise vorticity model is still in ques-
tion in explaining the following two cases: the	-type vortex
appeared in the wake of the straight square cylinder at
Re = 180, and the far elongated shear layers with vortex
shedding completely suppressed in sub-regime III-C in the
wake of (peak-perforated) conic shroud at Re = 100.

In the first case, it seems to have an obvious paradox if the
streamwise vorticity model is used. As shown in Fig. 30a,
the streamwise vorticity on the upper surface AB is negative
at z = 1.5 and positive at z = 4.5. This is supposed to
result in the wake wide near z = 3, but narrow near z = 0.
But, as shown in Fig. 30b, c, the wake width is obviously
wide at z = 0 but narrow at z = 3. By carefully reviewing
the distribution of streamwise vorticity in the shear layers
and near wake, as shown in Fig. 16b, the sign of ωx at z =
1.5 is already changed to be positive early in the vortex-
formation region. This is apparently not generated from the
upper surface. Then, if the model of the streamwise vorticity
near the cylinder surface can be applied for the shear layers,
the positive ωx is just used to explain the wake narrowed
at z = 3. However, without the limitation of wall boundary
condition, this explanation would be a little in trouble due to

the adjacently downstream ωx with the negative sign, greater
spacial distribution and intensity, in the rolled-up lower shear
layer.

In the second case, the model of the streamwise vorticity
is not used enough to explain the wavy wake across the span.
The streamwise vorticity just behind the body is decayed
quickly downstream, as shown in Figs. 24 and 25. But the
narrowed wake at the peak continues and is kept down to far
away from the body. In the wake further downstream, only
the vertical vorticity is existed and obviously greater than
the streamwise vorticity in not only spacial distribution, but
also intensity. This seems to indicate that the wavily varied
wake may be also associated with the specific distribution of
vertical vorticity.

Therefore, as reported in recent work by Lin et al. [22] for
the flow past the harmonic and conic shrouds, an alternative
model, called as the model of the vertical vorticity, was pro-
posed. Based on the specific distribution of vertical vorticity
ωy in the shear layers, the relationship between the vertical
vorticity and wavy wake is schematically shown in Fig. 30b.
The existence of vertical vorticity changes the local distri-
bution of streamwise velocity u near the valley and peak.
As shown in Fig. 30b, the reverse flow near the valley and
downstream flow near the peak are induced by such vertical
vortex pair. As a result, the streamwise velocity field would
be redistributed to be increased at the peak and decreased
at the valley. The wake profile, typically described by the
streamwise velocity varied along the vertical direction y at
certain downstream position, is enlarged at the valley, but
shrunk at the peak. Then the wake width, as well as the shear
layers, is narrowed at the peak and widen at the valley in a
sinusoidal fashion across the span too.

Nowwe have twomodels to explain the wavy shear layers
and wake width across the span. The possibility of unifying
these two models is naturally considered and discussed as
follows, based on the analysis of vorticity components in the
near wake.

3.5 Spacial distribution of vorticity

As for the spacial distribution of three components of vor-
ticity, (ωx , ωy, ωz), in the near wake of bluff body, there are
three aspects that need to be inspected. The first is the sign
of each component of vorticity. Here only the large-scale
vortex, like the Kármán vortex, is taken into account. The
second is the specific distribution of streamwise and vertical
components of vorticity. The last is a combination of all three
components of vorticity with specific signs in the near wake.

Let us start from the simplest case, only involving the
spacial distribution of ωx and ωy . As shown in Figs. 8 and 9
in sub-regime I-B, in region of x > 2 and z ∈ (0, 1

2
λ
D ), ωx is

always positive in the upper shear layer, but negative in the
lower shear layer.Whileωy is always positivewithin theseωx
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Fig. 29 Schematic views of the relation between a the streamwise vorticity or b the vertical vorticity and wake width variation along the span

Fig. 30 Contours of a ωx (AB and CD) and ωy (BC) on surfaces and ωz at b z = 0 and c z = 3 in the near wake of the square cylinder at t = 340
and Re = 180 with non-dimensional spanwise computational length of 6, where the red and blue colors, as well as the solid and dashed lines,
denote the positive and negative values, respectively

emerged regions. And in region of x > 2 and z ∈ ( 12
λ
D , λ

D ),
signs of ωx and ωy are distributed just oppositely to those
in z ∈ (0, 1

2
λ
D ). As shown in Figs. 10–15, the similar sign

law of ωx and ωy is also found out in region of x > 4–5.
Except these geometrically disturbed cylinders, the similar
distribution of ωx and ωy with specific signs also appears in
the wake of the straight square cylinder, as shown in Fig. 16
in the region of x > 3–4.

This feature of ωx and ωy with specific signs provides an
obvious evidence that two models of the streamwise and ver-
tical components of vorticity are consistent with each other
and unified. For example as shown in Figs. 6, 11, and 14,
the narrowed wake width at the peak (z = 1

2
λ
D ) could be

explained by either the model of the streamwise vorticity
with positive sign or the model of the vertical vorticity with
positive sign in the upper shear layer and spanwise region of
z ∈ (0, 1

2
λ
D ).

Furthermore, let us review the streamwise and vertical
interactions with the spanwise vorticity, as shown in Figs. 5
and 7. In Fig. 5, the streamwise vortex pair leads to the
spanwise vortex distorted along the vertical and spanwise
directions. From the point of view of the vortex line, the
spanwise vortex without any distortion could be described
by a straight vortex line across the span. After introducing
the streamwise interaction, the spanwise vortex line is thus
distorted and turned into downward (−y) and upward (+y).
Accordingly, the vertical vorticity is generated. For exam-
ple, the interaction between +|ωx | and −|ωz | leads to the
appearance of +|ωy |, expressed by (+|ωx |,+|ωy |,−|ωz |).
While as for the interaction between −|ωx | and −|ωz |, there
is (−|ωx |,−|ωy |,−|ωz |). Similarly for the vertical interac-
tion in Fig. 7 for a simple case and schematically shown
in Figs. 21 and 23 for more complicated vortex-shedding
patterns, these two groups of sign combination for three com-
ponents of vorticity are also existed.
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This analysis thereby leads to the conclusion that the
streamwise and vertical interactions with the spanwise vor-
tices, as well as two models of the streamwise and vertical
components of vorticity, are really unified and can be used
to explain the wavy shear layers, distorted spanwise vortex,
and varied wake width across the span.

In addition, if the lower shear layer is considered,
the following two groups of sign combination for three
components of vorticity, according to their spacial dis-
tributions, are also obtained: (+|ωx |,−|ωy |,+|ωz |) and
(−|ωx |,+|ωy |,+|ωz |).

3.6 Sign laws of vorticity in the near wake

Based on these four groups of sign combinations for three
components of vorticity in the shear layers and near wake of
bluff bodies, there are two sign laws obtained.

Only in the top or bottom shear layer is the first sign law
obtained by combining streamwise and vertical components
of vorticity. For instance, across the span, ωx · ωy is always
positive in the top shear layer, but negative in the bottom
shear layer, written by

sgn(ωx · ωy) =
{−1, bottom shear layer,
1, top shear layer,

(3.1)

where sgn is the sign function.Generally, the spanwise vortex
with a negative sign is formed in the upper shear layer and
shed, while the spanwise vortex with a positive sign is thus
formed in the lower shear layer and shed alternatively.

Consequently, if all three components of vorticity in the
near wake are included, the second sign law is obtained. For
example, across the span,ωx ·ωy ·ωz is always negative in the
top shear layer or upper side of near wake (+y direction), and
also negative in the bottom shear layer or down side of near
wake (−y direction). Therefore, this sign law is also referred
to as the negative sign law in the near wake of a bluff body,
expressed by

sgn(ωx · ωy · ωz) = − 1. (3.2)

4 Conclusions

Based on flows around conic shrouds with and without peak
perforations at Re = 100 through numerical simulations, the
focus is mainly put on the physical mechanisms in original
spanwise vortex wavily distorted due to the introduction of
3-D geometric disturbances. The analysis is performed from
the following several aspects: establishment of streamwise
and vertical interactions with spanwise vortices, reexamina-
tion of vortex-shedding patterns in the near wake from the
point of view of streamwise and vertical interactions, for-

mation of wavy shear layers through two models and spacial
distribution of three vorticity componentswith specific signs.
Finally two sign laws are summarized.

The physical mechanisms responsible for the spanwise
vortices distorted wavily across the span are attributed to two
types of interaction with spanwise vortices in the near wake.
The first is the streamwise interaction between streamwise
and spanwise vortices, investigated in previous work [23],
used to explain the spanwise vorticeswavily curved along the
vertical direction in the (y, z) plane, while the second is the
vertical interaction between vertical and spanwise vortices,
proposed in present paper, suitable to illustrate the distorted
spanwise vortices in the (x, z) plane.

With the help of these two types of interaction, some
vortex-shedding patterns appearing in different flow regimes
can be properly illustrated, especially for their formation pro-
cess. In the flow regime I, these two interactions are all weak
due to weak disturbances and resultant weak streamwise and
vertical vortices. The wake is, therefore, mainly described by
the little distorted Kármán vortices alternatively shed. Even
in regime II, although streamwise and vertical interactions
are gradually enhanced, the obviously distorted spanwise
vortices are still alternatively shed almost in synchronism
along the spanwise direction.However, once disturbances are
strong enough, vortex-shedding patterns in the near wake in
regime III become more complicated. In the present paper,
four basic effects due to the strong vertical interaction are
identified and correlated with the �-type vortex shed at the
valley or peak,�-type vortices shed alternatively at the valley
and peak, and the complete suppression of Kármán vortices.
Moreover, two vortex-shedding patterns in sub-regime III-D
are analyzed and attributed to the dominantly strong stream-
wise interaction and coupled effects of strong streamwise and
vertical interactions, respectively.

An interesting phenomenon, the particular distribution of
streamwise and vertical components of vorticitywith specific
signs in the shear layers and near wake, is analyzed. Through
the analysis of physical mechanisms of wavy shear layers
and wake width across the span, two models of the stream-
wise and vertical components of vorticity are introduced and
turned out to be unified. Similarly, the streamwise and verti-
cal interactions with spanwise vortices are also proved to be
unified based on spacial distributions of three components of
vorticity in the near wake. Then two sign laws are obtained:
the first sign law for ωx · ωy be positive in the upper shear
layer but negative in the lower shear layer, and the second
sign law for ωx ·ωy ·ωz be always negative in the near wake.

In a future study, as a fundamental physical study, the
theory of vortex-induced vortex (VIVor) would be proposed
and used to explain the first and second sign laws in the near
wake of any bluff body. And moreover, it is also interested
whether these sign laws would be established in an internal
flow through a pipe.
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