Vol. 44 No. 12 SCIENCE IN CHINA (Series A) December 2001

Generation of large-scale vortex dislocations in a three-
dimensional wake-type flow

LING Guocan (7 Ehl) & XIONG Zhongmin ( A& & K,)

State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing
100080, China

Received January 11, 2001

Abstract Numerical study of three-dimensional evolution of wake-type flow and vortex dislocations
is performed by using a compact finite diffenence-Fourier spectral method to solve 3-D incompressible
Navier-Stokes equations. A local spanwise nonuniformity in momentum defect is imposed on the in-
coming wake-type flow. The present numerical results have shown that the flow instability ieads to
three-dimensional vortex streets, whose frequency, phase as well as the strength vary with the span
caused by the local nonuniformity. The vortex dislocations are generated in the nonuniform region and
the large-scale chain-like vortex linkage structures in the dislocations are shown. The generation and
the characteristics of the vortex dislocations are described in detail.
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1 Background

The wake transition behind a circular cylinder for low and moderate Reynolds numbers has
receieved a great deal of attention due to its theoretical and practical significance. A comprehen-
sive review on those researches before 1996 has been given recently by Williamson''! . Experi-
mental studies have shown that three-dimensional transition of the wake flow is mainly character-
ized by the appearance of two fundamental modes of small-scale streamwise vortices with spanwise
wavelength of around 3—4 diameters and 1 diameter of the cylinder respectively for a range of
Reynolds number from 180 to 260, corresponding to two discontinuities in relation of Strohaul fre-
quency and Reynolds number. These two kinds of vortex shedding pattern, denoted by mode A
and mode B respectively by Williamson, are triggered by the three-dimensional instability of the
ideal two-dimensional periodic flow around the cylinder. It has been shown by examining the lin-
ear instability using low-dimensional Galerkin method 2! and high accurate numerical method re-
spectivelym . Yet there is another different instability process during the transition, called “vor-

»(5]

tex-adhesion mode” "', when a finite disturbance to the initial flow conditions is imposed. Re-

cently, numerical results on direct numerical simulation of wake transition from two-dimensional

(6] , Persillon and

to three-dimensional states and to turbulence have been reported by Henderson
Braza'’!, Ling et al.[¥! Zhang et al.") and Karniadakis and Triantafylloum , among others.
Nonlinear dynamics and pattern formation as well as physical analysis of the transition are de-
scribed in detail in those investigations.

In addition to those features of the transition mentioned above, Williamson''®’ has further

demonstrated experimentally that the wake transition also involves another fundamental phe-
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nomenon, namely the appearance of large-scale spot-like vortex structures with a highly three-di-
mensional configuration, referred to as “vortex dislocations” by him. The vortex dislocations are
generated between spanwise vortex shedding cells of different frequency, originating in the vortex
formation region and growing downstream. The generation and the spatiotemporal evolution of the
vortex dislocation are visualized in detail. The effect of vortex dislocations on wake velocity mea-
surements are reported. The mechanism by which the vortex dislocations develop is discussed. It
is also found that there are distinct similarities between the periodic forced “dislocations” and the
intermittent “dislocations” occurring in natural transition. The experimental study suggested that

the presence of these vortex dislocations can explain the large intermittent velocity irregularities in
11]

the wake to characterize the transition, which was first discovered by Roshko "'’ and later by
Bloor' 2!, and is largely responsible for the break-up to turbulence as it travels downstream.
Therefore it is closely associated with a new kind of transition mechanism. The “vortex adhesion
mode” proposed by Zhang et al. is characterized by spot-like vortex deformation, which is mainly
induced by the spanwise non-uniformity in vortex shedding. The origin is similar to the “vortex
dislocations” . Actually, a number of experimental studies on three-dimensionalities of wake flows
caused by spanwise nonuniformity in either cylinder diameter or incoming flows have shown that
the vortex dislocations are a fundamental feature of the bluff body wakes. All of these flows are
similar in behavior. In these flows Strouhal frequency varies with the span of the cylinder and the
wake behavior must accommodate the rate of change of the shedding frequency along the span.
Depending on flow conditions, vortex linkages across a vortex dislocation are highly three-dimen-
sional , and present different modes. A detailed presentation of them can also be found in experi-
mental investigations of Lewis and Gharib!'*, Eisenlohr and FEckelmann' "', Gerrard'"*/,

f16 7

Gaster''®’ , Bearman''7), So and Maekawa''® among others. Beside the cylinder wakes, there are

a number of other kind flows exhibiting similar features of the “vortex dislocations” during their

transition, such as spatially growing free shear layer[19J

[20

, Taylor vortex system, Karmén vortex
streets'®! and even the Rayleigh-Benard convection patterns:m .

Theoretical studies have been undertaken in an attempt to explore the dynamics of the vortex
dislocations. Noack et al.?* studied the cell formation in vortex streets by Van der Pol oscilla-
tion equation. The Ginzburg-Landau equations are also employed by Albarede and Provansal' > in

in two-dimensional formulation to

one-dimensional formulation, and by Park and Redekopp[24
mimic the quasi-periodic cylinder wakes and to explain the underlying dynamic processes. Based
on the Ginzburg-Landau equations and by experimental measurements Monkewitz et al .[%) mod-
eled successfully the response of vortex shedding patterns to time-dependent boundary conditions
imposed at the cylinder ends. Through the analysis of the characteristics of these model equa-
tions, some corresponding phase patterns of the vortex dislocations and their dynamics are suc-
cessfully revealed and the mechanism of their formation are also discussed in terms of the analogy
studies. However these model equations did not deal with the real physical flow itself.

So far, although previous studies have been concerned with the vortex dislocation problem,
a large part of information comes from experiments. The understanding of the generation, the
three-dimensional characteristics and the dynamics of the vortex dislocations is far from complete .
No numerical study based on the Navier-Stokes equations, governing the dynamics of the flow
evolution , to our knowledges, has been performed now, but it is valuable for a better understand-

ing of the problems'’. Moreover, there are several unanswered questions regarding the transition
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and the vortex dislocations in wake-type shear flows with local spanwise nonuniformity. For these
reasons the present numerical study will address those issues. This paper will mainly focus on the
generation and the characteristics of the vortex dislocations. This study tries to simplify the com-
plex shedding phenomena induced by a real cylinder with diameter variation using a wake-type
shear flow profile with local spanwise variation in streamwise velocity defect, and gain some new
insights into the mechanism of vortex dislocations appearing in real flows. Following the “concept

1260 it is also expected that the vortex wake will be reproduced nu-

of computational reducibility
merically by only knowing the time-average velocity profile at specific location behind a circular
cylinder where it is most unstable according to the linear instability analysis. With different time-
average inlet velocity profiles obtained from previous experiments, we can get vortex streets with
different shedding frequencies along the span of the flow. By studying the evolution of this kind
flow, we expect to obtain the vortex dislocation phenomena and the vortex linkages and, mean-
while to save large computation resources. Direct numerical simulations of the vortex dislocations
in flow passing a real circular cylinder and physical analysis are now undertaken and will be re-

ported in a succeeding paper.

2 Compact finite difference-Fourier spectral method

Vortex dislocation structure is a kind of large scale flow structure developed in the three-di-
mensional open space flow, so it should be numerically investigated by the spatiotemporal mode
simulation, which means that the computational domain must contain a sufficient streamwise
length and the appropriate inlet and outlet boundary conditions are used to accommodate the evo-
lution process when the large-scale vortex travels downstream. For this purpose, a compact finite
difference-Fourier spectral method is employed to solve the three-dimensional incompressible
Navier-Stokes equations in primitive variable formulation, which is proposed by the present au-
thors. For details the readers may refer to refs. [27,28]. A breif introduction is as follows.

In the method the periodic boundary condition is assumed to be in the spanwise direction,

and the flow variables u = {u,v,w!, p, denoted by $, are expanded into a truncated Fourier
series:
'2-—1
¢(x,9’,z,t)= E?Sm(x,}’,t)'e_imﬁ'z, m:_izv_""’g—l’ (21>
N
m=-2

where N is the cutoff, and f is the spanwise wavenumber. The three-dimensional incompressible
Navier-Stokes equations in primitive variable nondimensional formulation are written as

V-u=0, (2.2.1)
Ju 1
— 3+ (uV)u=-Vp+—Vu, (2.2.2)
Jdt Re

where u = {u,v,w} are the velocity components in x, y, z directions respectively, and p is

the pressure, normalized by a characteristic free stream velocity Uy, length d, and dynamic head

1
E 0o U}, respectively. Time ¢ is normalized by d/ Uy, and Re is the Reynolds number, defined

1) When checking the present paper’s proof, we found a recent numerical study with the title successive stages and the role of nat-
ural vortex dislocations in three-dimensional wake transition, published in Journal Fluid Mech., Vol. 439, 2001, by M. Braza et al.

by Uyd/v.
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From (2.1) and (2.2.2) a system of equations for the m-th Fourier component in a two-
dimensional (x, y) domain are
aum v 1
a—t-}-le:(u'v)u:]:_ um+E

=

N
5 - 1,(2.3)

2
Vit m = —

b b

o] 9 92 (72 .

wherevms{—,—,—imﬂ),vzns —, , = m B, F,[(u+V )u]is the Fourier
dx dy dx* dy?

transformation of the nonlinear terms. For time discretization to those equations a third order

mixed explicit-implicit time discretization scheme'?" %]

can be split into the following three substeps:

J-1
! n-gq
um_ Zaqum J -1
q=0

is used, the solution procedure of (2.3)

=- Zﬁqu[(u”"’-V)u”'”], (2.4.1)
At o0
u"m_ u,m n+l
A =-V.pu, (2.4.2)
},Our'znﬂ _ u”m
Y =évi ! (2.4.3)

where u',, , u",are intermediate velocities; J;, J, are parameters for the order of the scheme, and
ags By Yo are appropriately chosen weights. For the third order case, the values of these coeffi-
cients are summarized as follows'? ;
3 1 11
Je=3’ Ji=37 0’0:3, ag :—5,&2:?,30:3,B1 :—3,182: 1, 'yo:*,

To evaluate the nonlinear term F,. [ (#"" % - V )u"" 9] on the right-hand side of (2.4.1),
the pseudo-spectral method is adopted. When the Fourier coefficients of velocities are transformed
into the velocities in the physical space, the nonlinear convection terms are approximated by the
fifth-order upwind compact schemes!?’-2! .

By (2.4.2) and (2.4.3), following Helmholiz equations for the pressure (derived after

taking the divergence of (2.4.2)) and velocities must be solved in each step to obtain p','n+I and
un +1 .

m

% ¢
— 4+ — - bp = f. (2.5)
Ix? dy?

S includes the derivations of the Fourier coefficients u,, in the x and y directions. They are ap-

proximated by the sixth-order center compact schemes!*’ .

In order to match the high accuracy of the explicit approximation of the F,[(u""? -
V)u""?] and f, and meet the requirements of numerical stability and convergence, (2.5)
should be discretized by high order implicit scheme, too. Therefore, the following nine-point
compact scheme of the fourth-order accuracy is derived'?’-2!

10(561 + 753) - 2(¢2 + ¢4) + (¢5 + ¢6 + ¢7 + ¢g) - 20¢0

(Ax)?
]0(¢2 + ¢4) - 2(¢1 + ¢3) + (¢5 + ¢6 + ¢7 + ¢3) = 20¢0

(Ay)?

+
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- (8¢0+ ¢| + ¢2+ ¢3 + ¢4)b = (8f0+f1 +f2+f3+f4)«
This hybrid method provides not only high nu-

. ! 1.4¢
merical accuracy and wavenumber resolution but al-

so the flexible capability to treat the complex 1.0
boundary conditions .

The inflow velocity profile is taken as z 0671
Ul(y,z) = 1.0 - a(z)(2.0—cosh(by)z)e"(m_, 02t

(2.6) o2
which represents the time average streamwise veloc- ' j
ity profile in the cylinder near wake. The parame- 06 .
: -6 4 = 0 2 4 6

tersa=1.14+0.4¢e" %, b=1.1, ¢=1.2, are y

determined by direct numerical simulations'®’ as Fig. 1.  Velocity profile of wake-type incoming flow.

well as the experimental measurements.>'| . The » At the spanwise boundaries (z = £16); =", at

profile flow of U(y, z) will be shown numerically the spanwise center (2 =0).

to be absolute unstable. The introduction of a(z) represents the three-dimensional disturbance to
the two-dimensional cylinder wake. At the center of the span, z = 0, the velocity defect is the
maximum. Away from the center the rate of the defect decays exponentially to zero, where the
free stream behaves two-dimensionally. The velocity profile (2.1) mimics the existence of a local
non-uniformity in the cylinder diameter along the span, e.g. with a ring whose diameter is slight-
ly larger than the cylinder’s diameter. Fig. 1 shows the inflow velocity profiles at z =0 and z =
16.

For the pressure boundary conditions, with formulas (2.3) and (2.4), the semi-discretized
representation can be written as
aptr! { Ju, 1

noi_ —~

an dt * Re

V- SBqu[(u"‘q Y )u""’]}

dt Re
where V¥ = VD -V x 2, Q2 =Vxu, D=V - u. By forcing D"*'=0 in each time step

and replacing V x 02"*' by V x Q", the divergence-free constraint can be well satisfied on the
boundaries.

a L
-n - {_ T drivxal- DB F L[ (u? V)u"“’]}, (2.7)

For a finite computing domain, correctly setting the outflow boundary conditions in the in-
compressible flow, generally speaking, is quite insufficient. It is hoped that the outflow boundary
conditions can closely approximate the free space situation which exists in the absence of these
boundaries. Otherwise, the spurious perturbation waves may propagate upstream and severely af-
fect the accuracy of computation in the inner flow domain. Recently, Jin et al."® developed a
new kind of nonreflecting-type outflow boundary conditions on the analogy of the classical wave
equation. It deals with both the nonlinear and diffusive mechanism of flow and well matches the
Navier-Stoke equations adopted inside the domain. By preliminary computations, we found that
the performance of this kind of boundary conditions is quite suitable to the numerical simulation of
external flows, especially those involving the interaction between waves and vortices. Generalized
to the three-dimensional case, the nonreflecting boundary condition in physical space can be for-
mulated as
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—tu = |+ —
dt dx Re (7y2 az*

We noticed that a similar result was also obtained in ref. [33] recently. The corresponding spec-

du du 1 (82u Pu (2.8)

tral form used in the computation is
du,,
Jt

Eq. (2.9) must be solved simultaneously with the same third order mixed explicit-implicit

+ F,

9u] 1 (u,
ua = Re ay2

- mzﬁzumJ. (2.9)
%
schemes adopted for Navier-Stokes equations in the inner domain.
In the present computation, Reynolds number is taken as 200. The computational domains
are 60, 30, 30 in streamwise, vertical and spanwise directions, respectively. The cutoff of the
truncated Fourier. series is N =32, and the corresponding grid points in x-y plane is 122 x 62.

3 Numerical results

In this paragraph we will first show the general characteristics of the wake-type flow evolu-
tion and the three-dimensionalities of the flow caused by the local spanwise nonuniformity in in-
coming flow. Then we describe in detail the vortex dislocations and the large-scale chain-like vor-
tex structures generated downstream in a narrow spanwise region around the center.

The present results have demonstrated numerically the instability of the three-dimensional
incoming wake-type flow. Fig. 2 gives the instantaneous distributions of the spanwise vorticity at
different spanwise locations at ¢t = 89.74. It shows the spatial evolution of the wake-type flow:
upstream, the onset of the instability waves, a little downstream, the rolling-up of the vortices
and further downstream, the formation of Kérmén vortex streets. Notice that the wavelengths of
the vortex street at the position z = 16 are approximately five times that of the characteristic length
d, in agreement with common experimental results. However, at z = 0 in streamwise direction
the vortex street seems to become one row of vortices. The ratio of the width to wave length is
much less than that at the boundaries. This distinct sectional flow pattern implies that there has
been a specific three-dimensional vortex structure across the center of the span. Moreover, the
two vortex streets are nol generated at the same time nor take place at the same streamwise loca-
tions, showing that there is a phase difference between them.

Spectral analysis for time series of velocity component v(¢) at z =0 and z = 16 yields two
independent frequencies f. =0.1346 and f, = 0. 1538, respectively, corresponding to two vortex
streets produced by the global instability of the inflow velocity profiles as shown in fig. 2(a) and
2(b) . The vortex shedding frequency in the central part of the span is lower than at the bound-
ary, which is different from common experimental results. In experiments reported by Gerich and

Eckelmann'®?’

» at the ends of the cylinder, as they are located in boundary layer, the cells have
a lower shedding frequency than in the central part of the span. However, in the present calcula-
tion, there is no such a kind of end effect. The interaction between f, and f; is also shown by the
appearance of the peak at f, + f; .

Fig. 3 shows the profiles of the fluctuating streamwise velocities u ., at different streamwise
locations , with z =0 at the center (a) and z = 16 at the boundary (b) . Near the center region of
the vertical direction (y) there is a darkened area where the maximum gradient of w appears,
the vortex street begins to shape. Again, we can see that the rapid growth of the fluctuating ener-

gy in upstream designates the onset of the nonlinear development of the flow instability, leading to
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Fig. 2. Spanwise vorticity contour on x-y plane at z=0 (a) and z =16 (b).

a Kdrmdn vortex street. These distinct fluctuaction energy distributions further show the existense
of a specific vortex structure in the center area of the span.
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Fig. 3. The profiles of fluctuating velocity u,,, on different x-y planes, z=0 (a) and z=16 (b).
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From the above numerical results, it is clear that the temporal and spatial evolution of the
incoming flow leads to a three-dimensional vortex flow field. The local nonuniformity causes the
differences between vortex streets in frequency and phase along the span, especially in vortex
strength , which we will discuss later, in a narrow region around the center. Thus, the vortex dis-
locations between the adjecent vortex streets occur. The wake flow has to accommodate these
changes between vortex streets at their interface. A symmetric vortex dislocation pattern is expect-
ed to be produced.

The spanwise vorticity contours in x-z plane at ¥ =0 and y = 1 are shown in fig. 4. In this
top view picture, the spanwise vortices with positive sign and negative sign are arranged consecu-
tively in the streamwise direction. In the center region of the span the former are twisted and con-
nected with the latter, indicating that the streamwise vorticity structures are generated and develop
into certain kinds of “bridge” between the spanwise vortices. However, out of the center region,
the spanwise vortices appear like two-dimensional vortex tubes.
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Fig. 4.  Spanwise vorticity contours on x-z plane at y =0 (a) and y =1 (b) respectively.

For details of the global characteristics of the three-dimensional flow field, some data visual-
ization is also generated. Fig. 5 shows the isosurface of the three-dimensional vorticity field. It
exhibits two distinct regions: out of the center part of the span, the appearance of the vortices are
very like a two-dimensional vortex roll, but, in the center part of the span, a large-scale chain-
like three-dimensional vortex structure with complex configuration occurs. It can be seen that the
structure appears periodic streamwise with a wavelength of the base flow and symmetric in the
spanwise direction. Clearly, the topological change in vortices involves the large distortion to
streamwise direction and splitting of the original spanwise vortices, the split vortex bending to
form streamwise vortex loops and connecting with spanwise vortices. In the figure, it is clear that
the vortex connection between the spanwise vortices takes place by cross-vortex street mode; that
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is, the split small vortex connects with its neighbouring spanwise vortex that follows and is on the
other side of the vortex street with an opposite sign.

Fig. 6

Fig. 6 is a top view of a close-up of the vortex splitting process during the formation of the
vortex dislocations. In the figure the flow is downwards. It can be thought again that the spanwise
velocities are generated from the complex vortex tearing and in turn lead to lateral spreading of the
vortex structure from the center.

An explanation for formation of the large-scale chain-like vortex structures can be proposed
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based on vortex dynamies. Due to the phase and frequency difference between the adjecent vortex
streets, the transition of the spanwise vortex in the center region of the span will be crossed by an
inclined path. Besides, from the wake type flow (2.6) it can be estimated that the circulation of
each vortex in a sectional vortex street will vary with the span. It decreases rapidly from a maxi-
mum to a lower constant value across the center of the span. For circulation conservation, the
surplus circulation at the interface must be split out and bent to streamwise direction by the in-
duction velocity of the spanwise vortex. Again, due to the induction function, the streamwise vor-
tex loops, consisting of the split vortex lines, appear up on a spanwise vortex with positive sign,
and then occur under another successive spanwise vortex with negative sign. The aspect of the
large-scale vortex structure, therefore, looks wavy and chain-shaped. Comparing the present re-
sults with those in cylinder wakes caused by spanwise variation in either diameter or velocity, we
see that there are some basic similarities in behavior, namely the vortex line continuity and the o-
riginal vortex lines parallel to spanwise axis, more or less, bending to streamwise direction,
which was first pointed out by Gerrard and later further confirmed by Lewis and Gharib and
Williamson in their experiments. Now these basic features are shown in detail by the present nu-
merical study in the wake-type flow. However, in the present case, the vortex flow are triggered
by the instability, the vortex dislocations are generated in nonlinear waves ( Kdrmén vortices) ,
and the specific characteristics of vortex dislocations and the dynamic process are rather different
from those in cylinder wakes.

Beside the vortex splitting, the present computed results show that the secondary flows in the
axial direction of the spanwise vortex are also induced in the process of vortex dislocations (not
shown here) . The large velocity magnitude occurs at the locations corresponding to the spanwise
vortex core region. These results are the same as those induced by the vortex dislocations in
cylinder wake, as reported by ref. [10]. The induced spanwise velocity, closely linked to the
topological changes of the vortex structures, leads to spanwise extension of the vortex disloca-
tions .

4 Concluding remarks

In the present study the vortex dislocations and the large-scale chain-like vortex linkages in
the dislocations in wake-type flow with local spanwise nonuniformity have been shown, for the
first time, by the direct numerical simulation.Numerical results have demonstrated the instability
of the incoming flow which leads to a three-dimensional vortex street field. The local nonuniformi-
ty imposed in a narrow spanwise region of the wake-type flow causes differences between the vor-
tex streets in phase, frequency and strength. The large-scale chain-like vortex dislocations across
the center of the span are generated. They appear periodic in the streamwise direction and sym-
metric about the center of the span. The characteristics of the large-scale vortex linkages such as
large distortion and splitting of original spanwise vortex, bending of the split vortex lines as well
as the streamwise vortex loops are described in detail. The dynamical mechanism for the formation
is suggested .

The purpose of the present paper is to show numerically the generation and the basic features
of the vortex dislocations in a typical wake type flow. Obviously a wealth of numerical study and
theoretical analysis work are yet to be done in this field. These remain the topics for further re-

search.
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