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Abstract

Two distinct types of vortex dislocation generated in wake-type flows with differ-
ent spanwise nonuniformities are numerically studied by DNS. A local spanwise
disturbance to the velocity of the coming flow leads to generation of consecutive
twisted chain-like vortex dislocations in the middle downstream, which is mainly
caused by phase difference between vortex shedding cells, while a stepped varia-
tion of velocity in the coming flow yields a periodic vortex splitting-reconnection
to form a spot-like dislocation, which is mainly caused by frequency difference
between the shedding cells. Dynamics and main features of these dislocations, es-
pecially the vortex linkages over the dislocations are clearly described by tracing
the substantial modification of vorticity lines and other key flow quantities. Local
irregularities in the variations of velocity, vorticity and frequency and transition

behavior of the wake flows with vortex dislocations are analyzed.
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9.1 Introduction

It has been confirmed that for low Reynolds number the vortex disloca-
tion is a fundamental characteristic of three-dimensionalities of bluff body
wakes. Depending on different three-dimensional flow conditions, either in
cylinder geometry or in the coming flow, the vortex dislocation may present
various fascinating modes or patterns, for instance, vortex “splitting and
reconnection”, vortex “kinks” or ‘“holes”, or a kind of large-scale spot-like
vortex dislocations and Soforth. Those phenomena can be found in cylinder
wakes with diameter variation or nonuniform coming flows, or in the wake
of stepped cylinder, as well as in the wake of the cylinder with end effects.
Detailed presentations of them can be found in the experimental studies
and reviews of Gerrard (1966), Eisenlohr & Eckelmann (1989), Bearman
(1992), Lewis & Gharib (1992) , Papangelou (1992), Williamson (1992,
1996), among others. Again, the vortex dislocations may be characterized
by “alocal break of continuity appearing on the “spinal column” of a main
vortex row”, which occurs randomly in the natural transition of cylinder
wakes (Braza etal., 2001). In those previous works, flow visualization and
measurement have provided much information on the generation and evo-
lution of vortex dislocation. Some preliminary analyses on the mechanism
based on the inviscid vortex dynamics have been given too. Recently there
are few numerical studies on the forced vortex dislocations in wake-type
flow (Ling & Xiong, 2001, Ling & Zhao, 2003), and the natural vortex dis-
locations in the wake transition (Braza etal., 2001). The generation and the
influence of the dislocation on the flow transition were reported. The occur-
rence of vortex dislocations is closely related to the break-up to turbulence
and is considered a new mechanism of the wake transition. Moreover, it is
associated with the variation of forces acting on the cylinders. Besides, the
phenomenon of vortex dislocation can also be observed in three-dimensional
evolution of a mixing layer (Dallard & Broward, 1993) and some of other
nonlinear waves. Therefore, study of the vortex dislocation has received a
great deal of attention.

However, due to its very complex three-dimensional nature the detailed
information on the formation and the features of vortex linkages in dislo-
cations are still not yet known thoroughly. The mechanistic explanation
given for the vortex dislocation in previous studies was basically based on
an inviscid vortex dynamics, which is not capable of offering a complete
understanding for the real viscous flows. The physical understanding and
the description are far from complete. Moreover, concerning the influence
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of the nonuniformity in the coming flow on the vortex dislocation we now
only have a little knowledge. Thus, it is believed that to make further
numerical study to address those issues is significant.

The purpose of the present work is to study the character of vortex
dislocations generated in wake-type flows with different spanwise nonuni-
formity in coming flow by direct numerical simulation approach. Based on
the DNS results the dynamical scenario of the formation of vortex disloca-
tion and the basic features of the dislocations are described by analyzing
the substantial modification of voriticity line tracks as well as key quantities
of the flow field. Vortex linking, vortex splitting and reconnection in the
dislocation produced in real viscous flows are illustrated in detail. The in-
fluence of the nonuniformity imposed in the coming flow on the dislocation
is reported. Transition behavior and the irregularity of the flow are also
studied.

9.2 Numerical simulation and method

In the present calculations, two cases of the nonuniform coming flow are
considered, which is taken as

U(y,2) = 1.0—a(2)(2.0 —cosh(b(2)y*)) exp(—c*(2)y*).  (9.1)

It is a kind of time-averaged streamwise velocity profile in a cylinder
wake at the position where the flow is most unstable. The parameters b
and c are determined by referring to DNS results of cylinder wake flow
given by Karniadakis and Triantafyllou (1992), and the experimental mea-
surements of Nishioka and Sato (1974). Here a(z) is introduced to ex-
press the nonuniformity in momentum defect in the coming flow along
the span. For case one, a local spanwise nonuniformity is imposed, and
a(z) = 1.1+ 0.4exp(—2%), b = 1.1, ¢ = 1.2. The local disturbance to
coming flow is introduced near the center of the span and exponentially de-
cayed with the increase of the distance. For case two, a stepped variation
of the coming flows is considered, and a(z) = 1.1,b = 0.9, ¢ = 0.9818 for
[z] <2.5and a(z) = 1.1,b=1.1,c = 1.2 for 2.5 < |z| < 15, respectively.
It is believed that these wake-type flows are unstable. Development of the
instability will lead to different vortex street flows, and evolves vortex dis-
locations, which may have some similar behavior, to some extent, to those
in real cylinder wakes with diameter variation.

In the present DNS, compact finite difference-Fourier spectral hybrid
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method is used for solving three-dimensional Navier-Stokes equations. A
detailed presentation of these equations and the numerical method can be
found in Xiong and Ling (1996), Ling & Xiong (2001). The procedure of
the method is summarized as follows. In the spanwise direction of the flow,
the periodic boundary conditions are assumed. And then we expand all the
flow variables into a truncated Fourier series as

N/2-1

oz, 4,20 = Y. ¢mlz,y,t)e ™ (9-2)
m=—N/2

where X, y and z are the streamwise, vertical, and spanwise directions,
respectively. N is the cutoff, and 8 is the spanwise wavenumber. The
three-dimensional incompressible Navier-Stokes equations are written, in
primitive variable formation, as

aVv oo o I

= TV V7 =-vp+_—v27, (9.3)
where V = {u,v,w} are the velocity components in X, y, z directions, re-
spectively, and p is the pressure. The characteristic length D and the
velocity scales Uy are introduced, where Uy is specified to be the stream-
wise wake-type inflow velocity U(y, z) at y = %00, and D is chosen such
that in non-dimensional variables, U(D/2,00) = % [U(0,00) + U(co,o0)].
The Reynolds number is defined as Re=UyD/v, where v is the kinematic
viscosity. Substituting (9.2) into (9.3), we find a system of equations for
the rn-th harmonic in a two-dimensional (z,y) domain as

a—;ﬂ P [(V-9) V] = ~Vopmn + éviﬁm, (9.4)

where V,,, = {0/8z,0/8y, —imfB}, Vi, = 8?/02? +82/8y2 —m?#?, and
F, (17' . V) {7] is the Fourier transformation of the nonlinear terms. For

the time discretization of the equation a third-order mixed explicit-implicit
scheme is used. The solution procedure at every time step is split into the
following three substeps:

R SR I
——q_A'Z— = - Z ﬁqu [(ﬁn*q : V) ﬁ*n—q},
o =0 (9.5)
mAt m — _Vmp%‘*‘ ,
—n41_ 1
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where i, U, are intermediate velocities; J;, Je are parameters for the
order of the scheme, and «,, 34, Yo are appropriately chosen weights. For
the third order case, the values of these coefficients, following the study of
Karniadakis et al. (1994), are cited as follows:

Je=3,Ji=3 a0 =301 = —S,OLQ =360=36=-3%=Lrn= 1—61-

To evaluate the nonlinear terms in the split equations, the pseudo-
spectral method is adopted, and the fifth order upwind compact scheme
is used to approximate the terms. The derivatives of the Fourier coeffi-
cients u,, are calculated by the sixth-order center compact schemes. For
solving Helmholtz equations for pressure and velocity, a nine-point com-
pact scheme of fourth-order central compact scheme is derived and used for
nonhomogeneous term calculations, which is

1001 + p3) — 2(p2 +pa) F (05 Fog 97+ 45) =200,

4 10(p2 + @wa) — 2(p1 + @3) + (5 + w6 + 7 + ws) — 200
(Ay)®

(8po T w1+ @2+ s Ta)b= (8fo+ f1+ fa+ fs+ fa).

For the pressure boundary conditions, with formulas (9.4) and (9.5), the
semi-discretized representation can be written as

apn+1
m
on

1
T

. Je—1
U VI =S By vw-q]}
p2

I

Je—1
A.d—0Tm _ Lp, [V x Qn] ~ S B F (@ - V)m—‘q}
q=0

(9.6)

where V24 =UD -V x (3, @ = V x @, D =V .4. By forcing D" = 0

in each time step and replacing V X Qrtt by V x ﬁ", the divergence-free
constraint can be well satisfied on the boundaries.

For a finite computing domain, the non-reflecting boundary condition

for outflow in physical space is suggested:

o ou 1 i 9%
7+uax=F@(ay--+%5>. &)



162 VortexDominatedFlows

The corresponding spectral form used in the computation is

202~
EP -m*f3 um) (9.8)
Equation (9.8) must be solved simultaneously with the same third-order
mixed explicit-implicit schemes adopted for Navier-Stokes equations in the
inner domain.

O, ou 1 /9%
F, [ - 1 (0
ot + [ } Re ( Oy?

In the present computation, Reynolds number is taken as 200. The
computational domains are 100, 30, 30 in streamwise, vertical and spanwise
directions, respectively. The cutoff of the truncated Fourier series is N = 64
and the corresponding grid points in z —y plane is 202 x 62. The numerical
code used in the present work has been verified first. It showsthat evolution
of the wake-type flow without the local spanwise non-uniformity results in
a normal Xérman vortex street with a Strouhal number of 0.189, which is
well compared with both numerical simulation of wake-type flow evolution
(St = 0.195, see Karniadakis and Triantafyllou, 1992) and DNS results of
flow around cylinder (St = 0.179, see Triantafyllou and Karniadakis, 1990).

9.3 Numerical results

The present DNS results have shown that spatial temporal evolution of the
coming flows leads to two different types of vortex street flow with two
distinct types of vortex dislocation generated in the middle downstream
of the flows, respectively. Variation of the vorticity line tracks, isosurface
of vorticity, vorticity component contours and fluctuating velocity distri-
butions are used to describe the whole picture of the dislocation and its
development in space.

9.3.1 Local spanwise nonuniformity

For this case, a series of symmetric twisted chain-like vortex dis locations
is generated in the middle downstream as shown by the isosurface of vor-
ticity in Fig. 9.1. The vortex dislocation occurs consecutively based on the
background shedding flow, and is characterized by an undulated spanwise
vortex connected by streamwise and vertical vortex branches. Behaviors
of representative vorticity lines emitting from different positions in main
vortex show that, as the flow travels downstream, these lines undergo a
substantial modification from spanwise direction to streamwise and verti-
cal ones. In particular, in the upstream region, the spanwise vortex lines
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start to undulate in the spanwise direction, then undergo a stronger dis-
tortion near the central area (Fig. 9.2). In the middle downstream, a set
of vortex lines pass across the span with a big distortion near the central
area, and the others bend into upstream, then after turning 180 degree go
into the adjacent main vortex. It is interesting to note that some vortex
lines starting from the different vertical positions of the same vortex will go
back to downstream and join the next spanwise vortex (Fig. 9.3). That is
the phenomenon of vortex splitting and reconnection occurred in the vortex
dislocation. Calculation shows that the real behavior of the phenomenon
is some vorticity lines, located at the outer region of a vortex roll {vor-
ticity blob), changing their directions, under the interaction with adjacent
vortices, from original spanwise direction to streamwise, vertical direction
and further joining to their neighboring main vortices with opposite sign.
In present calculation, the initial phase and strength of shedding vortices
are evaluated. Due to the local spanwise nonuniformity of the incoming
flow, there are pronounced differences in phase and strength between shed-
ding cells. The results demonstrated that these differences make spanwise
vorticity lines curve to produce vorticity component in other two direc-
tions. Moreover the vortex splitting and reconnection are only produced at
some positions where the rate of phase difference reaches a maximum value;
meantime three-dimensional vortex dislocation structures are formed. It is
in agreement with the experimental study of Eisenlohr & Eckelman (1989).

Fig. 9.1 Symmetric twisted chain-like vortex dislocation pattern, visualized by Iso-
surface of vorticity |w| =0.12, at £ = 260.

In summary, for the present case, the basic features of vortex linking
in vortex dislocation, as shown in Figs. 9.2, 9.3 and 9.4, can be briefly de-
scribed in the following outline: (1)large undulated spanwise vortex roll;
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Fig. 9.2 Spatial vari-
ation of vorticity line
tracks
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Fig. 9.3 The vortex
linkages in vortex dis-
location. Vortex split-
ting and reconnection
with adjacent primary

Fig. 9.4 End view of
vortex linkages in vor-
tex dislocation. Vor-
ticity lines wind round
the neighboring vor-

spanwise vortices are tices.

shown by variation of
vorticity line tracks.

(2)some split spanwise vortex lines diverting their direction and connecting
with adjacent vortices by a cross-vortex street mode; (3) the distorted vor-
tex lines wind round their neighboring spanwise vortices. These features
coincide with those shown in Fig. 9.1. The vortex dislocation is mainly
caused by the phase difference between shedding vortices.

The influence of vortex dislocation on the flow transition is examined
by irregular variation of some key quantities of flow field. Time series of
fluctuation velocity components, at the positions near the center part of the
span present a pronounced irregularity and accompanied by a low frequency
modulation, while near both sides of the span the variation of velocity is
quasi-periodic, similar to that induced by a common Karmén vortex street.

In spectra of velocity components several peak values are found at a
basic frequency, its harmonics and at a low frequency. The basic one corre-
sponds the vortex shedding of the base flow. Near the vortex dislocation the
spectra show the variation of frequency is irregular. In addition to those,
the vorticity line tracks in vortex dislocation, as shown in Fig. 9.4, also
present a chaotic behavior. It is clear that the appearance of the vortex
dislocation and its breakdown make flow irregular, which is closely related
to the break up to the local turbulence and the spatial chaos of the flow.
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9.3.2 Steppedspanwisenonuniformity

For this case, the vortex dislocation occurs periodically near the steps of
the incoming flow velocity in the span and caused mainly by the frequency
difference between shedding cells over the steps.The main features are visu-
alized by isosurfaces of vorticity and vorticity component in stream direc-
tion, as shown in Figs. 9.5 and 9.6. The vortex dislocation is characterized
by undulated spanwise vortex roll and vortex splitting from it. The split
spanwise vorticity lines turn their direction towards upstream becoming
streamwise vortex branch and then turn further joining a neighboring main
vortex. Several vortex patterns of this kind constitute a periodic spot-like
vortex dislocation and travel downstream periodically.

(a)t =316 (b)t = 334
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Fig. 9.5 Visualization of spot-like dislocation pattern, which consists of several vortex
splitting and reconnections shown by the isosurface of vorticity |w| = 0.15.
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Fig. 9.6 Iso-surface of streamwise vorticity in vortex dislocation w, = 0.11 (gray) and
wz = —0 11 (black).

Time series of fluctuation velocity components and their spectra are
examined. A sample of these behaviors is shown in Figs. 9.7, 9.8 and
9.9, respectively. In the center region of the span, (i.e. for |z| < 3),a
pronounced velocity modulation occurs periodically over the time series,
which corresponds to the appearance of the vortex dislocation, while away
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from the center region, the velocity presents a regular variation like that
produced by a common Karman vortex street. In the spectra of vertical
velocity component (Fig. 9.8), there are two pronounced peaks at f; = 0.117
(forz =0to4) and fo =0.141 (for z > 4). They are incommensurable, and
correspond to the vortex shedding in the center region and outer region,
respectively. A peak at the difference of these two frequencies is found in
low frequency area. It is the ‘beat’ between the two sets of vortex shedding
and is just the period of the spot-like vortex dislocation. It is the result
of nonlinear interaction between these two frequencies. However in spectra
for spanwise velocity component as shown in Fig. 9.9 multi-peak values at
different frequencies are presented. The evolution with time of the velocity
is irregular. The characteristic of time-frequency of velocity components at
different positions in flow field is further studied by using wavelet analysis.
A sample of these results is given by Fig. 9.10. It shows that at a point in
the flow field the dominant frequency varies with time and shifts between
two main frequencies. This variation is due to the generation of vortex
dislocation and its passage through the position.

Based on the DNS results the Proper Orthogonal Decomposition (POD)
analysis of wake-type flow with vortex dislocation has been performed too.
The nonlinearity and the transition behavior of the flow are further ana-
lyzed. For details, reader is referred to the work of Zhao & Ling (2003).

9.4 Concluding remarks

The present study has shown that two kinds of vortex dislocation, the
symmetric twisted chain-like vortex dislocation and the spot-like disloca-
tion, are generated in wake-type flows. The characteristic and dynamics
of the vortex dislocations are dependent on the coming flow nonuniformity
in spanwise direction. The two kinds of dislocation are mainly caused by
the differences in phase and in frequency, respectively. The formation and
the structure of the vortex dislocations, as well as the real linkages over the
dislocations, have been clearly described by substantial modification of vor-
ticity field, especially, by the vortex line behavior, and the other flow field
quantities. Large distortion and splitting of the original spanwise vortex
roll, and the reconnection in viscous vortex dislocation are shown in detail.
Frequency variation in wake flow is examined. The local irregularities in
variation of velocity, vorticity and frequency, characterizing the transition
behavior of the two wake flows with vortex dislocations, are reported.
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Fig. 9.7 Time series of vertical ve- Fig. 9.8 Spectra of vertical velocity
locity component along the span at component along the span at (z,y) =
(Xy)=1(30,0.5). (30,0.5).
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Fig. 9.9 Spectra of spanwise velocity Fig. 9.10 Wavelet analysis of verti-
component along the span at {z,y) = cal velocity component at (z,y,z) =
(30,0.5). (45,0.5,0).
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