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ABSTRACT

The vortex dynamics of a shear flow over a circular cylin-
der is studied by means of Direct Numerical Simulation.
A numerical code based on Cartesian grids and accurate
schemes is used in combination with an immersed bound-
ary method. The flow configurations are selected in order
to consider the influence of three physical parameters: the
vertical extension of the shear zone, the vertical domain
size and the shear intensity. Different combinations of these
three parameters are considered by maintaining constant the
median Reynolds number. For each case, the non-uniform
character of the upstream flow leads to the formation of
complex Kdrmén streets behind the cylinder. The analy-
sis of the animations shows the occurrence of oblique vortex
shedding driven through complex synchronization processes.
The shear imposes strong distortions on the Kdrman vor-
tices and dislocations are currently observed. Depending on
the local Reynolds number (associated to the inflow velocity
profile), highly three-dimensional secondary structures are
observed in the high-speed region of the flow. The simple
observation of the animations does not allow a unambigu-
ous identification of the cellular pattern of vortex shedding.
This phenomenon can be more rigorously described by a
frequency analysis presented in this paper. It is shown that
the main frequency selection is mainly conditioned by a lo-
cal adjustment of oblique vortex shedding on the upstream
velocity. However, due to the preservation of the spatial
coherence of the flow, the variation of the main flow fre-
quency occurs by jump along the cylinder axis direction,
the distance between two jumps corresponding to the size
of a cell. The Kérmén vortex formation is triggered in the
high-speed region of the flow, but paradoxically, the local
vortex shedding frequency found in this zone seems to be
strongly influenced by the dynamics of the slow part of the
flow.

INTRODUCTION

Oblique vortex shedding is a common feature in many
engineering applications such as marine risers, pillars of off-
shore platforms and bridges, heat exchangers or ultra-clean
protection devices in food industry. In this last case, a re-

cent research on the interactions between a mixing layer
and a wake shows the important link between oblique vor-
tex shedding and mean vertical currents behind a circular
cylinder oriented in the shear direction associated to the
mixing layer (Heitz, 1999; Lamballais and Silvestrini, 2002).
These interactions impose a strong asymmetry in the ver-
tical (i.e. parallel to the cylinder axis) organization of the
wake. Two dynamically different zones have been clearly
identified in these experimental (Heitz, 1999) and numeri-
cal (Lamballais and Silvestrini, 2002) studies: a low-speed
wake which follows the behaviour of a conventional wake
(produced by a uniform flow) and a high-speed wake that is
largely influenced by the vertical currents and highly three-
dimensional. Following the main objective of understanding
the oblique vortex shedding phenomena, this paper presents
numerical results of a shear flow over a circular cylinder.
Contrary to these previous studies, where the shear region of
the upstream flow was spatially compact (the mixing layer
thickness was close to the cylinder diameter), we consider
here a flow geometry where the vertical extension of the
constant shear zone is at least one order magnitude larger
than the cylinder diameter. In this flow configuration, the
spatial repartition of the shear effects on the vertical organi-
zation of the motions occurs a priori more gradually, in such
a way that the links between the main three-dimensional
phenomena (non-parallel vortex shedding, secondary vortex
creation) should be easier to establish.

For this type of flow, where the cylinder axis is per-
pendicular to the upstream flow velocity and vorticity vec-
tors at the same time, interesting results was reported in
previous experimental (Maull and Young, 1973; Stansby,
1976; Tavoularis et al., 1987, Woo et al. 1989), numerical
(Mukhopadhyay et al., 2002) and theoretical (Noack et al.,
1991) studies. The complex nature of this flow geometry was
clearly shown through the identification of numerous phys-
ical processes related to a specific vortex dynamics where
oblique vortex shedding, dislocations and cell formations are
the main ingredients. The understanding of these phenom-
ena and their eventual links needs to be improved, especially
for practical applications where a fluid control strategy is
required. The goal of this study is to examine these mech-
anisms by taking advantage of the full information offered
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by Direct Numerical Simulation (DNS). The use of a high
spatial resolution allows us to consider flow regimes where
three-dimensional motions play an important role with and
without the presence of a shear on the upstream flow. This
is in contrast to the previous numerical study of Mukhopad-
hyay et al. (2002) where the Reynolds numbers considered
lead to a nominally two-dimensional dynamics when a uni-
form inflow is imposed.

The paper is organized as follows. After the introduction
of the flow configuration, some details about the numerical
methods are shortly presented. Then, instantaneous visual-
izations of the vortical organization of each simulated flow
are shown and analysed. In a second step, quantitative re-
sults are presented through a frequency analysis in order to
better understand the physical mechanisms responsiblie of
the local selection of vortex shedding processes.

FLOW CONFIGURATION AND PARAMETERS

A shear flow over a circular cylinder of diameter D is
considered in a Cartesian frame of reference R = (0;z,y, 2).
The cylinder axis is oriented along the vertical direction y at
the intersection between the streamwise section z.,; and the
spanwise one z = 0 (see figure 1). At the inflow section, the
constant shear is aligned in the y-direction and extended
in a zone —Lj/2 < y < L;/2. Outside this interval, two
streams of constant velocities Uy (for y < —L}/2) and Us
(for y > L}, /2) are imposed, with by convention Uy > Us.
The inflow velocity profile U(y) at « = 0 is given by

Uy +Us Uy —-Uy D COSh[
U = — 1
W=""*"1m "

6 L
5+ )l
cosh[%(y - %
without any additional perturbations (steady inflow condi-
tion). This shape of profile allows us to consider a constant
shear flow extending on a wide region while preserving the
free-slip conditions imposed at y = L, /2. Note that con-
trary to the generic case of a cylinder wake due to a uniform
upstream flow, the present flow configuration prevents to
consider an infinitely long cylinder (well represented by the
use of a periodic condition) due to the necessarily limited ex-
tent of the shear region of the upstream flow. The presence
of free-slip walls, equivalent to mirror conditions assumed
at y = £L; /2, impose a kinematic blocking associated to
the condition uy(z,+Ly/2,2) = 0. As a first consequence,
this condition breaks the homogenous character of the mean
flow in y-direction. For the conventional case of a wake due
to a uniform flow, Lamballais and Silvestrini (2002) have
shown that the main features of the wake dynamics was
preserved when free-slip walls were used instead of periodic
boundary conditions, especially concerning the vortex shed-
ding which was found to be parallel for both cases. In this
sense, the oblique mode selection found in this work can
be viewed as an intrinsic feature of the flow under study
rather than a secondary consequence of the set of boundary
conditions used in y-direction. Moreover, by choosing the
condition L, >>» L;, it is possible to reduce the blocking
effect while distinguishing three basic flows in the computa-
tional domain: a high-speed wake (—Ly/2 < y < —Lj/2),
a skewed-wake (—L} /2 <y < Lj/2) and a low-speed wake
(Ly/2 < y < Ly/2). Note finally that a periodic boundary
condition is imposed in z-direction.

DNS of a shear flow over a circular cylinder was per-
formed by considering two shear parameters 8 = 0.1,0.025

Figure 1: Schematic view of the flow configuration.

defined by
= (2)

where U = (U1 + U2)/2 is the median velocity. Note that
both couples of parameters (8, L’y) considered here yields to
Uy = 3U./2 and Uy = U./2. The corresponding Reynolds
number (Re = UcD/v) is 200, the local Reynolds number
associated to the inflow velocity profile (1) varying from
Rey = Ui D/v = 100 to Res = U2D/v = 300. For all
calculations presented in this paper, the cylinder is located
at Tey; = 7D.

In what follows, four DNS are presented (see table 1).
For three calculations, a different vertical dimension of the
domain Ly is used while maintaining constant the extension
of the constant shear zone L; = 10D. The comparison be-
tween these three cases allows us to examine the effects of
the flow conditions in the neighbourhood of the shear region
limits y = %L} /2, where free-slip walls (case OW1) or low-
and high-speed wakes (cases OW2 and OW3) can be present.
In the fourth case OW4, the shear intensity is moderate with
a shear zone extended to Ly = 40D.

NUMERICAL METHODOLOGY

The incompressible Navier-Stokes equations are directly
solved on a computational grid of ny X ny X m, points in
non-staggered configuration. Sixth-order compact centred
difference schemes are used to evaluate all spatial deriva-
tives, except near the in- and outflow boundaries where
single sided schemes are employed for the z-derivative cal-
culation. Time integration is performed with a third-order
low-storage Runge-Kutta method. For more details about
the numerical code, see Lardeau et al. (2002) and Silvestrini
and Lamballais (2002).

Despite its fundamental character, the flow geometry
considered in this study presents some difficulties linked to
the requirements of DNS in terms of accuracy and computa-
tional cost. Near the body, a cylindrical grid is a prior: well
suited, but further downstream in the flow, the increase of
azimuthal mesh sides associated to this type of grid organi-
zation is a drawback. In order to avoid the difficulties associ-
ated to more sophisticated grids (loss of accuracy associated
to mesh distortions, increase of the computational cost, am-
biguity associated to the definition of an optimal grid), we
use here an “immersed boundary method”. More precisely,
the presence of the cylinder is modelled with the aid of a
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Table 1: Flow configurations and simulation parameters.

Case (Lz,Ly, L) (Nz,ny,nz) Ly B

OW1 (22D,12D, 12D)
OW2  (22D,24D,12D)
OW3  (22D,48D,12D)
OW4  (22D,48D,12D)

(397,97,216) 10D 0.1
(397,193,216) 10D 0.1
(397,385,216) 10D 0.1
(397,385,216) 40D  0.025

feedback forcing (Goldstein et al. 1993) that “freezes” the
fluid in the body region. In a previous study (Lamballais
and Silvestrini, 2002), we have shown that this method can
be combined with a code based on high-order finite differ-
ence schemes for producing reliable results in the case of
a conventional cylinder wake, especially for the prediction
of the Strouhal number, the mean velocities, the turbulent
stresses or the vortical organization of the flow. Here, we
use the same numerical methodology with similar spatial
and temporal resolutions (by taking the Reynolds number
into account), in such a way that equivalent accuracy can be
expected for the present results (see table 1 for additional
details on simulation parameters).

RESULTS

General view of the flows

Figure 2 shows perspective views of the vorticity modulus
divided locally by the inlet streamwise velocity given by (1).
Using this normalization, it is possible to avoid the lack of
vortical structure identification in the slow region of the flow
where the level of vorticity is obviously weaker than in the
fast region. By this method, a well-balanced view of the
structural organization of the flow can be obtained. These
pictures were taken at the final time of each calculation.
The animations! are presented for a temporal sequence of
T =78D/U.. Note that all results presented in this paper
were obtained after the transient time for which statistically
steady conditions are established. The views presented on
figure 2 illustrate very well the complexity of this type of
flow. In all cases, oblique Kdrman vortices can be observed
behind the cylinder. At this preliminary stage of the flow
analysis, it is useful to notice that the oblique organization
of the Kérmaén vortices arises from two cumulative effects.

The primary origin of the oblique structure is related to
the slantwise vortex shedding itself. It is well known that
non-parallel vortex shedding can occur even if upstream con-
ditions correspond to a uniform flow in an extended region.
In particular, it was shown clearly that end conditions for
a finite cylinder are able to determine the vortex shedding
mode (parallel/oblique selection, see Williamson, 1996 and
Mittal, 2001). In the present flow configuration, the oblique
vortex shedding is obviously related to the presence of the
upstream shear. However, it is worth noting that the ex-
tent of regions where oblique vortex shedding is found do
not correspond necessarily to a shear region. Hence, the
preservation of oblique vortex shedding in the subdomain
y € [~Ly/2,-L'y/2] is not a priori expected for the case
OWS3 since in this region, the upstream flow is constant over
a large y-extension of L, /2 — L},/2 = 19D. In contrast, the
return to a conventional two-dimensional vortex shedding
can be clearly observed in the low-speed region of the OW3
flow, as shown by the view 2(c). The analysis of animations
illustrates very well the physical mechanisms associated to

! Animations (mpeg format) are available on the internet link
http://labOAuniv—poitiers4fr/informations-lea/tsfp3paper/index.htm

(a) Case OW1 (b) Case OW2

(c) Case OW3 (d) Case OW4

Figure 2: Perspective views showing isosurfaces of the vortic-
ity modulus divided locally by the inlet streamwise velocity.

the oblique vortex shedding. In particular, it can be ob-
served that the formation of Karmdn vortices is triggered
preferentially in the high-speed region of the flow and is
propagated towards positive y-coordinates. From this view,
the angle of the vortex shedding appears to be conditioned
by the characteristic speed of this vortex shedding propaga-
tion in y-direction. This driving of the vortex dynamics near
y & —Ly /2 suggests a strong receptivity of the flow dynam-
ics in this region, a property that could be interesting in the
context of flow control.

Further downstream, in regions where the shear is sig-
nificant (—Ly /2 <y < L},/2), the obliqueness of the wake
structures is increased by a simple convective mechanism.
Due to the high value of the shear parameter 3, the oblique-
ness of large-scale vortices is very pronounced in the shear
region for the cases OW1, OW2 and OW3. Further down-
stream, these structures twist in an alternatively clockwise
and counter-clockwise way. In the simulation OW4 for
which the parameter 8 is more moderate, the oblique char-
acter of the vortex shedding is logically less pronounced
in the shear region. However, animations show clearly a
continual re-orientation of the Kérman vortices as they are
convected downstream. In an idealized constant-shear flow
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U(y) = Uc(1 — By/D), it is easy to show that the angle
6(t) between a Lagrangian line and the shear axis follows

the temporal law 6(t) = atan (ta.n 6o + UBB t) where 6g is

the initial angle at t = 0. Following this very simplified
view, it is natural to expect that the downstream transport
of Karman vortices in the shear region tends to increase
their obliqueness until they are aligned on the longitudi-
nal direction. This second mechanism of slantwise vortex
formation is illustrated on figure 4 where the main direc-
tions of some Kdrmén vortices are approximately indicated
by lines. On this figure, the difference between cases OW3
and OW4 is very clear. For the OW3 case, in the high-speed
region of the flow (locally free of shear), the Kdrmén struc-
tures form obliquely and keep their initial directions further
downstream. In contrast, the obliqueness of Kdrmén vor-
tices continuously increases with z for the OW4 case, as
it can be expected from convection effects. Naturally, this
re-orientation mechanism by transport is more efficient in re-
gions highly sheared, as it can be observed in the four cases
(see figure 2).

Due to high values of the shear 8 and its vertical exten-
sion L; considered here, the occurrence of Kdrmdan vortices
crossing the complete computational domain in y-direction
is never observed. The more extended oblique vortices are
found in the cases OW3 and OW4, in high-speed region as
well as in low-speed region of the flow.

Analysis of 3D motions

Before describing the spatial organization of 3D motions,
it is useful to clarify the nature of the four flow configu-
rations considered here. As already stressed in a previous
section, it is possible to define a local Reynolds number
Rei(y) = U(y)D/v associated to the inflow velocity pro-
file. In the four cases considered here, Re; covers the same
range Re;(y) € [Rei,Res] with Rey = UiD/v = 100
to Res = UxD/v = 300. In a conventional wake be-
hind a cylinder (Uy = Usg), the Reynolds number depen-
dence of the flow dynamics is considerable in the range
Re € [100,300]. Schematically, three typical flow regimes
are currently found. When 100 < Re < 190, a purely
two-dimensional vortex shedding occurs. Above this critical
value, three-dimensional motions appears. In the transition
regime 190 < Re < 260, the 3D instability leads to the for-
mation of longitudinal vortices spaced in y-direction at a typ-
ical wavelength of around 3 — 4 diameters. These structures
are related to an instability called mode A. From Re = 230,
this mode is gradually replaced by the mode B instability
which leads to the appearance of a second class of 3D struc-
tures of finer scale. In the last range 260 < Re < 300 covered
in present flow configuration, mode B becomes dominant,
the main topological change of the wake being related to the
wavelength selection of longitudinal structures (stretched be-
tween Karman vortices) which are spaced by about only one
diameter.

If the present flow configuration is idealized as a set of
independent 2D wakes (by neglecting vertical motions, es-
pecially the upward/downward currents in front of/behind
the cylinder respectively) of decreasing Reynolds number as
y increases, three flow regimes are expected to coexist in the
same computational domain. The observation of each vi-
sualization presented on figure 2 shows that this somewhat
over-simplified view is basically recovered for cases OW2 and
OW3, especially concerning the two-dimensional behaviour
of the flow in the low-speed region and the appearance of the
mode B instability in the high region. The transition regime

is more delicate to identify for the case OW2, while being
indistinguishable for the other cases. For the flows OW1
and OW2, the effects of free-slip walls do not allow an easy
identification of local flow regimes. However, in all flow con-
figurations, strong secondary vortices are created between
the distorted K4rman vortices in the high-speed region of the
flow. Note however that for the case OW1, the 3D organiza-
tion of the flow near the lower free-slip wall does not allow us
to identify formally a vortex shedding process. Finally, it is
interesting to observe that in region where Kérmdan vortices
are strongly inclined (cases OW1, OW2, OW3), a very un-
usual vortical topology is obtained where secondary vortices
are mainly oriented in the vertical direction contrary to the
conventional case where equivalent structures are stretched
in the streamwise direction.

Cellular pattern of vortex shedding

Even if an adjustment of the vortex shedding frequency
on the local upstream velocity U{y) can be expected, the
preservation of the coherence of the motion in y-direction
prevents this process to be purely local. Schematically, the
coherence of the vortices tends to maintain a phase rela-
tion in y-direction over a significant physical length. The
critical value of this length corresponds to the size of a cell
where, by definition, the vortex shedding frequency should
be constant. The formation of cells in the vortex shed-
ding behind a body in a shear flow was already noted in
previous studies (Maull and Young, 1973; Stansby, 1976;
Tavoularis et al., 1987, Woo et al. 1989; Mukhopadhyay
et al., 2002). A simple theoretical model was proposed by
Noack et al. (1991) for this phenomenon at low Reynolds
number (100 < Re < 160). For the present results, a simple
observation of the animations does not allow us to identify
unambiguously the cell formation mechanisms. For the case
at moderate shear (OW4), oblique Kdrman-like vortices of
moderate span can be identified, but it is delicate to locate
formally the corresponding cells. Despite this difficulty, it
is interesting to observe that periodically, a phase breaking
occurs in a dislocation process in agreement with previous
observations. In present results, dislocations can be clearly
observed on animations through the identification of vortices
which are torn by the main flow. For the case OWI, only
one cell can be clearly identified, the 3D motions near the
lower free-slip wall being not organized enough to allow us to
distinguish any vortex shedding process. For the cases Oow2
et OW3, two cells can be easily identified outside the shear
region. These two cells seem to synchronize the flow in the
central region —Lj /2 < y < Lj/2 where the occurrence of
highly 3D motions prevents to identify clearly the presence
of other cells.

Frequency analysis

A more rigorous identification of the number and size of
cells needs to consider quantitatively the spatial repartition
(along the y-direction) of the main frequencies governing the
flow dynamics. For this purpose, a set of temporal data was
stored for several z and y locations. The length of the time
series used is T = 114D/U.. The frequencies f associated
to each time series was obtained by means of Fourier analy-
sis based on conventional FFT. Here, we present only data
corresponding to the streamwise position & — Ty = 2D in
the symmetric plane z = 0. In order to show the vertical
variability of the flow, typical time series and their associ-
ated spectra (vs. the dimensionless frequency fD/Uc) are
presented by covering the full extent of the computational
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Figure 3: Vertical variation from y = —Ly/2toy = Ly/2 of
time series (left) and their frequency spectra of transverse
velocity (right) at z — Zeyi = 1D and z = 0. The power
spectra density vertical axe is on an arbitrary scale. Curve
for each vertical location (where y/D takes an integer value)
is plotted with a successive offset.

domain in y-direction. The four cases OW1, OwW2, OW3
and OW4 are presented on figure 3.

Let us first consider the main frequencies associated to
the locally constant high- and low-speed flows of velocity
Ui and U; respectively. These both frequencies can be
deduced by the examination of spectra which admit two
marked peaks near the locations y = +Ly/2. In order to
establish a link between this values and the one correspond-
ing to a conventional wake, it is convenient to define the two
local Strouhal numbers St; = fD/U; and Sty = fD/U,
where f is the frequency understudy. For cases OwW2, OW3
and OW4, a similar value is found in the low-speed region
of the flow with St; = 0.16. This value is close to the one
obtained for a conventional wake at Re = 100 (Williamson,
1996). For the case OW1, the value given by spectra peaks
near y & Ly/2 is significantly increased with St; = 0.22.
This increase of the vortex shedding frequency seems to be
an effect of the upper free-slip wall which is very close to the
shear region due to the moderate extension of the computa-
tional domain in y-direction. In the high-speed region, the
presence of the lower free-slip wall influences more strongly
the frequency selection of the vortex shedding. Hence, we
obtain St2 & (0.17,0.19,0.18) for cases (OW2,0W3,0W4)
respectively. These values are lower than for a conventional
wake at Re = 300 where St = 0.2 is a well accepted value.
Note that the decrease of Stz is more pronounced when L;,
is close to Ly.

The examination of the vertical variation of spectra pre-
sented on figure 3 shows that the main frequency selection is
strongly affected by the shear parameter 8 and by the ratio
L{J /Ly. For the case OW1, several peaks are clearly visible.
Super- and sub-harmonic frequencies can be identified at the
same y-location, especially in the high-speed region where we
cannot observe a clear dominant frequency, confirming the
idea that the vortex shedding is strongly destructured. For
the other cases OW2, OW3 and OW4, at each y-location, the
domination of a single frequency is more marked, suggesting
the occurrence of a regular vortex shedding. An interesting
point is that the main frequency varies by jump from a y-
location to another. This behaviour can be related to the
vertical coherence of vortex shedding which is organized, as
already discussed previously, in cells distributed along the
cylinder.

In order to better analyse the vortex shedding frequency
selection, let us consider more specifically the cases OW3 et
OW4. Figure 4 presents views comparing visualizations and
y-locations of main frequencies. In addition, an idealized
frequency profile is plotted. This reference frequency, local
by nature, is estimated by

- U(y)cos (01212_ 4.5v )

fi(y) 5 Uwb

(3)
This relation is simply a local adaptation of the Roshko’s
empirical law St = 0.212 — 4.5/ Re including the correction
by the cosine of the angle formed by the oblique vortices just
behind the cylinder. In the context of a conventional cylin-
der wake, this correction was demonstrated to be useful to
predict accurately the reduction of the shedding frequency
when oblique shedding appears (Williamson, 1996; Mittal,
2001). Here, we crudely approximate the angle & by zero
in the slowest region of the flow (Re &~ 100) where the
vortex shedding is locally parallel, whereas in the rest of
the domain, we affect to this angle a constant value with
8 ~ 15 and 8 = 20 for the cases OW3 and OW4 respectively,
in agreement with the visual mean inclination of the vor-
tices observed on animations just behind the cylinder. The
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comparison between the idealized frequency profile and the
frequencies measured emphasizes very well the occurrence
of synchronization mechanisms preserving the vertical co-
herence of the flow. Outside of the shear region, for both
cases OW3 and OW4, a quite good agreement is obtained
between the measured frequencies and the idealized ones.
In contrast, the selection of the main frequency can strongly
deviate from its idealized estimation in the sheared zone, es-
pecially for the case OB3 in the low frequency range. For this
case, the frequency selection in the shear regions seems to be
mainly conditioned by the vortex shedding in the low-speed
side of the flow without any local adjustment on the mean ve-
locity U(y). Near y = —L/ /2, the main frequency suddenly
returns near its idealized estimation through a considerable
jump (see figure 4). For lower y, about three plateau val-
ues can be observed, suggesting again a cellular structure
of the vortex shedding in this region of the flow. Similarly,
- for the case OW4, about nine cells can be identified, but
it should be recognized that in the high-speed part of the
flow, due to the highly 3D motions, the location of the cell
boundaries is not possible to determine unambiguously. De-
spite this reservation, the variation by jump (preserving the
y-coherence of the flow in a significant y-extension) of the
main frequency in order to maintain a local Strouhal number
closed to the conventional cylinder wake is well recovered for
OW4. Moreover, the large number of cells noticed is consis-
tent with the observation that this case leads to numerous
vortex dislocations, as clearly shown by the animations.
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