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Large eddy simulation (LES) of the uniform shear flow past a circular cylinder at Reynolds number
ReD = 3900 with increasingly enhanced mean shear magnitude jduF/dyj corresponding to the shear rate
(SR = jduF/dyjD/uF) range between 0 (shearless flow) and 0.177 have been performed in order to provide
a basis for comparative analysis of the shear-induced effects with respect to the structural characteriza-
tion of the cylinder wake. The case characterized by the velocity gradient being perpendicular to the cyl-
inder axis was considered. In addition to the direct comparison of the present computational results with
the reference database (mean velocity and Reynolds stress profiles at selected locations in the near and
the far wake), the results presentation includes pressure field around the cylinder, mean pathlines inside
and outside the separation bubble, vortex structure visualization by the pressure fluctuations and Q-cri-
terion as well as the Reynolds stress anisotropy evolution and energy budgets of the Reynolds stress com-
ponents and the kinetic energy of turbulence. An important outcome arising from the present
computational study relates to the asymmetric shape of the mean quantity profiles with the local max-
ima/minima shifted to the high velocity side, indicating a strong modulation of the large-scale structures
in the wake due to the imposed mean shear. It applies especially to the far wake region. Here, the struc-
tures illustrated by the fluctuating pressure field clearly show their existence only on the high velocity
side. In contrast, the small-scale structures remain almost unaffected by the mean shear. Evaluation of
the lift forces from the velocity and pressure fields illustrate an increasing magnitude with the shear rate
towards the lower velocity side, in good agreement with corresponding experiments.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

One of the most frequently investigated flow configurations in
fluid mechanics research is the flow past a circular cylinder, being
also one of the most important examples of bluff bodies. Because
of its fundamental importance (it represents a generic configuration
for studying vortex dynamics, the drag and lift variation due to wake
unsteadiness, etc.) and its relevance in technical applications this
flow has been intensively investigated in the past, see e.g. Roshko
(1954) and a review of early works on this topic in Hinze (1975)
and Schlichting (1979), as well as more recent computational stud-
ies, e.g., Beaudan and Moin (1994), Breuer (1998), Travin et al.
(1999) and Kravchenko and Moin (2000). In all of these studies,
the oncoming flow was uniform, i.e. with no mean shear imposed.
However, in practical engineering situations, flow configurations
where the oncoming flow exhibits a strong velocity gradient are
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more likely encountered. This is especially valid if the cylinder is sit-
uated in the wall boundary layer, which inherently exhibits strong
velocity variation and a lower local Reynolds number. The present
work deals with such a situation, where the vortex shedding from
a circular cylinder in a linear shear flow with the velocity gradient
being normal to the cylinder axis is considered, Fig. 1.

Such flow configurations are encountered in civil engineering
field, where a cylindrically formed objects2 are situated in the earth
boundary layer, exhibiting a strong mean velocity gradient. The con-
figuration investigated in the present study is very similar to the re-
cent experimental study of Cao et al. (2007) with a linear shear flow
past a circular cylinder, providing the variation of the Strouhal num-
ber, mean and fluctuating base pressures and drag and lift forces in
terms of the shear rate (the range between SR = 0.0–0.27 is covered;
SR = jduF/dyjD/uF). The Reynolds number range considered in this
study is ReD = 17,000–36,000, corresponding to the upper (lower)
2 A large number of experimental and computational studies of the shearless and
shear flow past a square cylinder have been reported in the literature. We mention
here only a few related studies, e.g. Rodi et al. (1997), Cheng et al. (2005) and Luo
et al. (2007).
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Nomenclature

D cylinder diameter
E�11 one-dimensional energy spectra of the streamwise

velocity fluctuations, E�11 ¼ E11=U2
1

fst Strouhal frequency
kz wavenumber with respect to the spectra evaluation in

spanwise direction
p instantaneous pressure field
ReD Reynolds number, ReD = U1D/m
Sij instantaneous strain rate, Sij = 0.5(oui/oxj + ouj/oxi)
jSj strain rate magnitude, jSj ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

p
SR shear rate parameter, SR = aD/uF

St Strouhal number, St = fstD/U1
ui instantaneous velocity field
uF velocity of the oncoming flow at the cylinder centerline

y = 0, uF � U1
U, V streamwise and crossflow mean velocity components

Greek letters
a mean shear intensity, a = jduF/dyj (Fig. 1)
Di grid spacing in each coordinate direction (i = x,y,z)

D filter width, D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxDyDz3

p
m kinematic viscosity
mt (or mSGS) turbulent viscosity of residual (SGS) motion
Xij instantaneous vorticity, Xij = 0.5(oui/oxj � ouj/oxi)

Superscripts
a deviatoric part
+ normalized with wall units Us and m/Us; Us ¼

ffiffiffiffiffiffiffiffiffiffiffi
sw=q

p
u0 fluctuation (=u � hui)

Other symbols
u filtered value
hui Reynolds-averaged (in time) value

Abbreviations
SGS subgrid-scale
GS grid-scale
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limit of the middle (high) subcritical range of a disturbance-free flow
past a circular cylinder according to Zdravkovich (1997). Cao et al.
provided also a review of the relevant publications in this field. Be-
sides the flow configuration considered in the present work, the bluff
body aerodynamics is often investigated under conditions of the
mean shear being aligned with the body axis. Examples of such
investigations are reported in Tavoularis et al. (1987), Woo et al.
(1989) and Parnaudeau et al. (2007). In addition to the spanwise
shear, the effects of the spanwise non-uniformity in cylinder diame-
ter was also investigated in the latter publication.

Another important application in which a shear flow past a bluff
body is encountered is with a dispersed phase in a two-phase flow,
e.g. Saffman (1965, 1968) and McLaughlin (1991). Here, the shear-
induced lift forces acting on a spherical particle are the prime con-
cern. The resulting lift force formulations were derived for a particle
in a linear shear flow away from walls, under the strict constraint
that the Reynolds number is smaller than unity. Analysing these
and some other solutions derived by previous investigators (e.g.
McLaughlin, 1993), Wang et al. (1997) proposed an optimum for-
mulation for the lift force on a particle in a wall-bounded shear flow
and validated its performance in the framework of LES predicting
particle deposition in a vertical turbulent channel flow. Akagawa
et al. (1989) and Sakaguchi et al. (1991) observed in their solid–li-
quid upward duct flow experiments that the spherical particles
tend to concentrate near the side walls or in the duct core, depend-
Fig. 1. Schematic of the considered flow and the coordinate system.
ing on the flow conditions. This behaviour cannot be explained with
classical lift force models, such as the models of Saffman (1968) or
Mei (1992), which always yield the shear-induced lift force towards
the duct core being characterized by higher velocity values (direc-
tion of positive velocity gradient). These experiments were all con-
ducted at low volume fractions, where particle interactions do not
seem to be the major cause of the observed behaviour. In the exper-
imental study by Moraga et al. (1999; ReD 6 17,000; SR = 0.0–0.177)
it was demonstrated that the lift force on a sphere has a strong
dependence on the Reynolds number and the mean shear intensity
of the oncoming flow. This work highlighted an interesting phe-
nomenon with respect to the change of the lift coefficient sign, from
positive to negative, within the shear parameter range investigated.
It was observed that under these conditions, where massive separa-
tion takes place, the wake structure influences decisively the forces
acting on cylinder.

The latter motivated the present fundamental study of wake
structure characterization. The negative lift force acting from the
higher velocity side towards the lower velocity side was also ob-
served in the experiments of Sumner and Akosile (2003; performed
in the subcritical Reynolds number range 40,000 6 ReD 6 90,000
and the shear rate range 0.02 6 SR 6 0.07) and Cao et al. (2007)
of linear shear flow past a circular cylinder for the entire range of
the operating conditions. A circular cylinder (Fig. 1) is considered
also in the present work. The adopted Reynolds number based on
the bulk velocity of the oncoming flow and the cylinder diameter
was ReD = 3900. This value corresponds to the subcritical regime
being characterized by the laminar-turbulent transition in the sep-
arated shear layer. This Reynolds number was chosen because of
the extensive reference database for the shearless case, both exper-
imental and computational (LES and DNS), e.g. Lourenco and Shih
(1993), Ong and Wallace (1996), Mittal and Moin (1997), Breuer
(1998), Kravchenko and Moin (2000) and Tremblay (2001). Among
others, this case serves also to choose the adequate solution do-
main (shape and size) and to perform a grid study in order to min-
imize the uncertanities arising from the spatial and temporal
resolutions. An extensive analysis of the quality assessment mea-
sures has been provided as well as a detailed comparison with
other studies. The investigated range of the shear parameter,
0 6 SR 6 0.177, was selected in order to cover the conditions inves-
tigated experimentally by Moraga et al. (1999), Sumner and Ako-
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sile (2003) and Cao et al. (2007). It should be noted that both
Moraga et al. and Cao et al. varied not only the shear intensity
but also the Reynolds number. In the present analysis, we varied
solely the shear intensity in order to obtain the shear parameter
range of interest. This is namely the flow situation, where the wake
effects on the lift coefficient become dominant over the inviscid ef-
fects causing the sign change (from positive to negative) of the lift
coefficient.

2. Computational method

All simulations were performed with the computer code FAST-
EST (2005) which is based on a finite volume numerical method for
solving three-dimensional, filtered Navier–Stokes equations on
block-structured, body-fitted, nonorthogonal meshes. Block inter-
faces are treated in a conservative manner, consistent with the
treatment of inner cell faces. A cell centered (collocated) variable
arrangement and Cartesian vector and tensor components are
used. The well-known SIMPLE algorithm for the collocated variable
arrangement was applied for coupling the velocity and pressure
fields. The convective transport of all variables was discretized by
a second-order central differencing scheme (CDS), implemented
in the so-called deferred-correction-approach manner. It should
be emphasized here that the values of all relevant variables and
terms are obtained by accounting for 100% of the CDS in this blend-
ing procedure. In such a way the second-order accuracy of the
method could be maintained. It is well known that any fraction
(even very small one) of an upwind-biased scheme can cause
damping of the small-scale structures and lead to the increase of
the turbulent viscosity level of the large scales. The best proof that
our simulations were not contaminated by applying the deferred
correction approach is the ratio of the SGS viscosity to molecular
viscosity (displayed subsequently in Fig. 5), which was indeed very
small, substantially under one for the grids B and C. Time discret-
ization was accomplished applying the second-order (implicit)
Crank–Nicolson method. The filtered Navier–Stokes equations gov-
erning the incompressible, unsteady flow past a circular cylinder
read:
Fig. 2. Block and cell distribution

Table 1
Summary of the grid characteristics

Grid No. of grid cells (x � y,z) Domain Lx � Ly � Lz

A 21,043 � 32 (�8D,15D) � (�5D,5D) � (0,pD)
B 34,100 � 32 (�5D,18D) � (�5D,5D) � (0,pD)
C 34,100 � 64 (�5D,18D) � (�5D,5D) � (0,pD)
oui

oxi
¼ 0 ð1Þ

oui

ot
þ uj

oui

oxj
¼ �1

q
op
oxi
þ o

oxj
ð2mSij � sijÞ ð2Þ

The quantity sijð¼ uiuj � uiujÞ, called SGS (subgrid-scale) stress ten-
sor, being the consequence of the filtering procedure, has to be
determined by an SGS model. In the present work the most widely
used model formulation due to Smagorinsky based on the eddy vis-
cosity assumption is used:

sa
ij ¼ sij � dij

skk

3
¼ �2mtSij ð3Þ

The subgrid-scale viscosity mt is given by a mixing length-based
model

mt ¼ ðCDÞ2jSj ð4Þ

with jSj ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
and D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxDyDz3

p
representing the velocity

(CDjSj) and length scales (CD) of the residual (SGS) motion. The mod-
el coefficient C was either set to the constant value 0.1 or was
dynamically determined by the procedure proposed by Germano
et al. (1991) and Lilly (1992). No damping of the turbulent viscosity
by approaching the solid wall, such as the one proposed by van Dri-
est modelled in terms of the non-dimensional wall distance y+ (y+ = y
Us/m) was applied in conjunction with the Smagorinsky model, be-
cause of the known uncertainties in regions affected by separation
and reattachment, where the wall shear stress (sw ¼ qU2

s ) ap-
proaches the value zero. In any case the focus in the present work
was on the dynamic procedure of the coefficient determination in
the model formulation for the SGS viscosity. All important conclu-
sions are based on the results obtained with this dynamic model.

2.1. Computational details

The solution domain adopted was meshed with a block-struc-
tured grid, whose topology is displayed in Fig. 2. Three different
grids consisting of approximately 670,000 (grid A), 1.1 million (grid
B) and 2.2 million cells (grid C) were used to investigate uncertain-
ties arising from the grid quality. Table 1 gives an overview about
for grid B in the x–y-plane.

Near-wall resolution ðDxþmax; ðDyþ=2Þmax;DzþmaxÞ ðD=gÞmax

(20,0.32,81) 45.5
(23,0.32,78) 20.2
(23,0.32,40) 17.6
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the solution domain dimensions with respect to the position of the
domain boundaries and appropriate grid resolutions in all three
coordinate directions. The influence of the position of the inlet
plane was also examined. The velocity profiles obtained at x/D =
� 0.5 collapse into a single curve (not shown here). Fig. 2 shows
the plane view of the second finest grid (B), which has higher res-
olution in the wake region than the coarsest grid (A). The finest
grid (C) has the same resolution in the x–y-plane as the grid B
but doubled the number of grid cells in the spanwise direction.
The computational domain was uniformly meshed in the spanwise
direction for all three grids. Both spanwise dimension and span-
wise resolution are in line with reference LES simulations, e.g. with
those performed by Kravchenko and Moin (2000) and Breuer
(1998). In the work of Breuer an O-type grid with domain radius
up to 15D was used (let us recall that our outlet boundary was
positioned at the same distance from cylinder), enabling a larger
solution domain in cross direction and especially in front of the
cylinder, but maintaining similar grid resolution. The total number
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Fig. 3. Near-wall resolution for the grid B (SR = 0).
of grid points was approximately the same. Contrary to the grid
size around the cylinder itself and in the near wake, which was
of the comparable resolution, the far wake was meshed by some-
what more grid cells in the work of Breuer. These circumstances
can explain to some extent the differences between the present
and reference computational results (see Section 3). No-slip
0
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Fig. 4. Variation of the filter width normalized by Kolmogorov length along the
centerline in the cylinder wake (SR = 0).
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boundary conditions were applied on the cylinder surface and inte-
gration up to the wall was performed. The periodicity of the flow
was assumed in the spanwise direction of the domain. At the inlet
plane no perturbations were added to the mean velocity profile.
The convective boundary conditions given by

oui

ot
þ U1jy¼0

oui

ox
¼ 0 ð5Þ

were imposed at the outflow plane, the convective velocity corre-
sponding to the mean streamwise velocity U1 of the bulk flow
taken at the centerline (y = 0).

The statistics were accumulated over a period of at least 12 vor-
tex shedding cycles (in most cases the sampling period corre-
sponded to 30 vortex shedding cycles). The spatial averaging was
accomplished in the statistically homogeneous spanwise direction.
The statistics were monitored at a point placed in the separated
shear layer behind the cylinder after every time step and were con-
sidered to be converged to the uncertainty of a few percent. The
free-stream velocity based CFL number (=uDt/Dx), representing
the time step chosen, did not exceed unity in the entire solution
domain for the grids B and C. Further time step refinement corre-
sponding to the CFL � 0.5 did not result in any noticeable change
of the solution. In the case of the coarsest grid, the maximum
CFL number was about 2.

The near-wall grid resolution has been chosen such that the lam-
inar boundary layer at the windward side is properly resolved. The
boundary-layer thickness at the curved cylinder surface was esti-
mated to be d � 0.05D at h = 90� measured from the stagnation
point denoted by h = 0� (Tremblay, 2001). This is obtained by adopt-
ing the well-known formulation for the flat plate boundary layer
and assuming negligible curvature effects. Accounting for the sur-
face curvature causing a certain flow acceleration would yield a
somewhat thinner boundary layer. The size of the wall closest cell
face in the radial direction is 0.000788D. Such a boundary-layer
thickness accommodates up to 40 grid cells taking into account
the grid expansion factor of 1.032. The number of grid cells covering
the wall region in which the mean velocity field reaches the maxi-
mum value on the windward side amounts to 22 (this position cor-
responds approximately to 0.025D at h = 45�). Fig. 3 displays the
near-wall resolution of the grid B at z = pD/2, expressed as the size
of the wall adjacent cells normalized by the local instantaneous
friction velocity. The grid spacing reaches its maximum at 45�,
where the flow around the cylinder exhibits the strongest acceler-
ation. Unlike the windward face, substantial asymmetry is observed
on the leeward side. The constellation shown in Fig. 3 corresponds
to the time sequence where the instantaneous separation point at
the lower half surface is shifted forward compared to the separation
at the upper half surface. Similar values for Dx+, Dy+ and Dz+ are ob-
tained for other time sequences. The maximum values of the grid
spacing in all three coordinate directions are listed in Table 1 along
with those for the other two grids. Although it is not applicable here
(the flow on the windward face is laminar and on the rear of the cyl-
inder the flow is separated) let us just recall that the reference grid
resolution for attached turbulent boundary layers estimated by
Piomelli and Chasnov (1996) requires the values Dx+ < 50 (at most
150), Dy+ < 2, Dz+ < 15 (at most 40). The near-wall grid resolution
pertinent to the grid B corresponds to Dx+ = 23, Dy+ = 0.64 and
Dz+ = 78 (Table 1). Further grid refinement by doubling the number
of the cells in the z-direction (grid C) led to Dzþmax ¼ 40. However, it
was not of decisive importance with respect to the final results, as
will be seen when presenting other quality assessment measures in
reminder of this section.

One of the important measures for the grid quality assessment
is the ratio of the representative grid-scale D to the Kolmogorov
length scale g. Fig. 4 depicts its variation along the centerline be-
hind the cylinder. The maximum values of this normalized filter
width in the entire solution domain is listed in Table 1. The Kol-
mogorov length scale gð¼ ðm3=�Þ

1
4Þwas evaluated from the Reynolds

averaged value of the dissipation rate as follows:
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� � �GS �TGS ¼ 2mSijSij � sa
ijSij; ð6Þ

Here, �GS and TGS represent the dissipation rate at the grid-scale
(GS) and the energy transfer rate from the grid-scale to the sub-
grid-scale, respectively. Ideally, the filter width should be placed
well in the inertial subrange, which spreads roughly over one
non-dimensional frequency decade (100

6 f/fSt 6 101) at this low
Reynolds number according to the experimentally obtained fre-
quency spectra at several locations on the centerline in the cylinder
wake (Ong and Wallace, 1996). The maximum values of the charac-
teristic filter width corresponding to both grids B and C, shown in
Table 1, are ðD=gÞmax ¼ 20:2 and 17.6, respectively. These values cor-
respond to the shear-layer region. However, the filter width varia-
tions in the cylinder wake along the centerline indicate the grid
resolution being even higher, Fig. 4. Let us recall the constraint
D=g ¼ 10—12 being valid for the fully-developed isotropic turbu-
lence (Pope, 2000). Although not entirely representative for the
shear-layer region exhibiting anisotropy, it could still be used for
analysing the grid resolution. The Kolmogorov length is generally
smaller (higher viscous dissipation rate of the kinetic energy of tur-
bulence) in the anisotropic flow regions compared to the isotropic
ones. It would lead to the higher values of this non-dimensional fil-
ter width by keeping the grid spacing D constant. Accordingly, the
grid spacing adopted here would be closer to such a criteria. The
suitability of the adopted grid resolutions for LES is further checked
by analysing the SGS fractions of turbulent kinetic energy and tur-
-2
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bulent viscosity, Fig. 5. These figures display the SGS contribution to
total turbulence kinetic energy and the ratio of turbulent SGS vis-
cosity to molecular viscosity along the centerline behind the cylin-
der. This analysis shows a minor contribution to the total k-value
(less than 1%) for both grids B and C. The modelled SGS kinetic en-
ergy is estimated as kSGS ¼ mt jSj=0:3 (Mason and Callen, 1985). The
employed resolution maintains the ratio mSGS/m under 0.5.

The one-dimensional spatial and temporal spectra of the stream-
wise velocity fluctuations, shown in Fig. 6, were measured at the
position (x/D,y/D) = (1.54,0.5) for approximately five vortex shed-
ding cycles. A regular decay of slope close to �5/3 is observed and
the inertial subrange is well resolved, which is essential for a suc-
cessful LES computation. The one-dimensional wave number spec-
tra (Fig. 6, upper) obtained at grid B is characterized by a somewhat
higher energy level over the resolvable inertial subrange corre-
sponding to 5 6 kz 6 15 compared to the grid C. The resolvable wave
number range pertinent to the grid C follows the k�5=3

z range for
about one decade. It should be noted that the sampling rate corre-
sponding to the chosen time step width (f/fst � 400, Fig. 6) is higher
than the grid cut-off frequency fc (depicted as the vertical line in
Fig. 6; fc = U/Dx at (x/D,y/D) = (1.54,0.5)), the latter denoting the
maximal resolvable frequency on the adopted grid in accordance
with the streamwise spacing and Taylor’s hypothesis. This confirms
a sufficient temporal resolution of the present simulations.

The spanwise autocorrelation functions q11, obtained along a
spanwise line within the cylinder wake at three streamwise loca-
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tions x/D = 1.54, 6.0 and 10.0 applying the grid B, are plotted in
Fig. 7 in order to check the adequacy of the spanwise size of the
solution domain. As illustrated, the autocorrelation vanishes at a
distance of the half domain size, which is required to resolve the
lowest possible wavenumber in the flow. The adopted domain size
in the spanwise direction pD in combination with the periodic
-2
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boundary conditions is therefore considered to be sufficient to en-
sure spanwise decorrelation.

According to the analysis performed it is concluded that the grid
B can be regarded as appropriate for the present study and adopted
for the subsequent simulations of the cases with the mean shear
imposed on the approaching flow.
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3. Results and discussion

To investigate the shear effects and the corresponding wake
structure on the cylinder, the simulations were conducted applying
the grid B for five different shear rates SR = 0.0, 6.53 � 10�4,
6.53 � 10�3, 0.0918 and 0.177. The Reynolds number was kept
constant (ReD = 3900). The dynamic Smagorinsky model was ap-
plied as the subgrid-scale model. In the following discussions,
the symbol for the filter operation ð Þ is omitted for the sake of
brevity. The evolution of the mean flow (velocity and pressure
fields) and turbulent quantity profiles in the cylinder wake and
associated Reynolds stress anisotropy evolution will be shown first
for both shearless and sheared cases followed by the analysis of the
mean shear influence on the terms in the transport equations of
the Reynolds stress components and the structural properties in
the cylinder wake.

3.1. Mean flow and turbulence evolution

Figs. 8 and 9 display the profiles of the mean velocities and the
Reynolds stress components in the wake of cylinder for the shear-
less case (SR = 0). The velocity field exhibits a typical evolution rep-
resentative of a flow past a bluff body dominated by a large
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Fig. 11. Evolution of the mean axial velocity profiles
recirculation zone (see also Fig. 13). The shear layers separated
from the upper and lower cylinder sides join at the free reattach-
ment point situated at the symmetry plane. This process is fol-
lowed by the flow bifurcation at the reattachment. Whereas one
branch flows back creating the recirculation zone, another branch
contributes to the flow recovery. The Reynolds stress field indicates
the highest turbulence intensity in the regions with the most
intensive mean flow deformation (largest axial and radial velocity
gradients; see also Figs. 19–22). In addition to the present results
obtained by using both the Smagorinsky and dynamic models
and available experimental data, the LES results of Breuer (1998)
and Kravchenko and Moin (2000) are shown for comparison. The
results for the velocity field exhibit a high level of agreement with
results of reference simulations in both characteristic flow zones:
flow reversal immediately behind the cylinder and recovery region.
This is also visible in Fig. 10, where the centerline velocity evolu-
tion is depicted, exhibiting negative values in the separation bub-
ble and a gradual increase until the bulk velocity is recovered. A
slight deviation of the computational velocity profile from the
experimental one at the position x/D = 1.06 in the recirculation
region points out the difference in the profile shape. Whereas a
U-shape velocity profile was obtained computationally, the exper-
imentally detected profile exhibits a V-shape associated with a
slightly narrower recirculation zone. Contrary, the larger length
of the separation bubble corresponding to Lr/D � 1.3 is obtained
computationally compared to the experimental one Lr/D � 1.18.
The former corresponds to the position of the free reattachment
point at x/D � 1.8. These results are in very good agreement with
the LES of Kravchenko and Moin (2000). They argued that the
reason for a somewhat shorter separation bubble obtained exper-
imentally may lay in the earlier transition in the separated shear
layer being caused by some external disturbances. It can to a cer-
tain extent justify the noticed departure. The computationally ob-
tained results for the cross velocity component indicate perfectly
symmetrical profiles contrary to the experiments which exhibit a
certain scatter resulting in a finite velocity value at the symmetry
plane. Nevertheless, the overall agreement between simulations
and experiment can be considered satisfactory. However, this is
not entirely the case for the Reynolds stress development. Espe-
cially affected is the shear stress component in the far wake region.
The shear stress profiles at x/D = 6 and 7 exhibit some anomalous
departure from the experimental data in the region of highest tur-
bulence intensity, representing an unsatisfactory outcome. It is a
1.00.0

10.0

∞

/ D

SR = 0.177
SR = 0

in the cylinder wake for SR = 0 and SR = 0.177.
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very surprising result, especially when looking at the smooth pro-
files of the other two Reynolds stress components. Interestingly,
although not at the same location, an identically anomalous profile
shape at x/D = 10 was obtained by Mittal and Moin (1997; dis-
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Fig. 12. Evolution of the Reynolds stress component pro
played in Fig. 17 in the work of Kravchenko and Moin, 2000). Its
origin is indeed unclear. One possible reason can be the inadequate
grid refinement in this region. It should be mentioned that the grid
refinement in the spanwise direction (grid C) did not contribute to
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the elimination of this anomaly. The differences between our grid
design and those applied in other relevant works were discussed in
the section about computational details. The cause for that can also
be associated with the adopted central differencing scheme. It
should be recalled, that the above mentioned result of Mittal and
Moin (1997) was obtained by using the finite difference method
and the second-order central differencing scheme, which was
also applied in the present manuscript. The relevant discussion will
be continued when analysing the results of the shear flow simula-
tions pertinent to the Reynolds stress components and energy
budgets.

Figs. 11 and 12 show the axial velocity and Reynolds stress
component development in the cylinder wake corresponding to
the highest considered shear rate SR = 0.177. The results obtained
for the shearless case are also shown in order to emphasize the rel-
ative difference between both flow configurations. It is interesting
to note that the recirculation zone was not affected by the mean
shear imposed on the flow. The size of the backflow region
(Lr/D � 1.3) was not changed at all. Hence, the profiles in the sep-
aration bubble retain their symmetrical shape. The effects of the
shear rate imposed is noticeable in the regions above (intensifica-
tion of the convective transport implies a higher level of the shear
stress) and below this region and especially in the far wake. The
profiles of all quantities become gradually asymmetrical towards
the high velocity side. The strongest influence of the mean shear
is observed at the profiles of the shear stress component hu0v0i.
The turbulent shear stress exhibits positive values over a wide
range of the far wake. Hereby, the positive peak values are substan-
tially higher than the negative ones. The shear stress component
profiles for the shear case also exhibit similar curious dimples as
in the shearless flow, although less pronounced. One should note,
that the magnitude of the shear stresses is much lower (10–20
times) compared to the streamwise and normal stress components.
Correspondingly, all potential errors arising in the Reynolds stress
Fig. 13. Pathlines of the mean velocity field for differ
evaluation are emphasized much more in the case of the shear
stress component, just because of its significantly smaller level. De-
spite these anomalies the influence of the shear imposed on the
flow approaching the cylinder is clearly visible. The peak value of
the hu0v0istress component is increased by a factor of three or more.

Fig. 13 shows the pathlines extracted from the mean velocity
field for two typical shear rates. The results for the other shear
rates are similar to those in the case of the highest one. The goal
was to explore the origin of the fluid elements which reside within
the recirculation zone or flow through it. The pathlines were calcu-
lated by integrating back (against the flow directions) the positions
of the fluid particles which ended up at the cross-section corre-
sponding to the position x/D = 0.5. The pathline plot illustrates
the fluid elements on the low velocity side flowing back to the cyl-
inder in the presence of the high shear rate, whereas they recircu-
late within the separation bubble in the shearless case. Because the
fluid elements on the low velocity side possess less momentum,
the pressure gradient between the cylinder rear and the ambient
wake can also be smaller (smaller pressure loss due to recircula-
tion). This explains the higher base pressure (Figs. 15 and 16) by
enhanced shear rates. The increase of the base pressure with the
shear rate was also observed in the work of Cao et al. (2007).

Another useful illustration of the mean shear influence on the
Reynolds stress field in the cylinder wake is given in form of the
Reynolds stress anisotropy expressed by the stress anisotropy ten-
sor bij = huiuji/(2k) � dij/3 and its principal invariants, second
II = � bijbij/2 and third III = bikbkjbji/3. Fig. 14 shows the traces of
the joint variations of n = (III/2)1/3 and g = (�II/3)1/2 in the anisot-
ropy invariant map (Pope, 2000, scaled the principal invariants II
and III in order to enhance the visibility) at the selected cross-sec-
tion in the far wake at x/D = 7 from y/D = � 1.5 to y/D = 1.5. The
corresponding turbulence state resides very close to the right
branch representing the axisymmetric turbulence. The maximum
anisotropy (the point being closest to the one-component turbu-
ent shear rates: SR = 0 (upper) and 0.177 (lower).



0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.1 0  0.1  0.2  0.3

η

ξ

2C Turbulence

Axis
ym

metr
ic 

Exp
an

sio
nAxisymmetric Contraction

x / D = 7.0

0 < y / D < 1.5
-1.5 < y / D < 0

0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.1 0  0.1  0.2  0.3

η

ξ

2C Turbulence

Axis
ym

metr
ic 

Exp
an

sio
nAxisymmetric Contraction

x / D = 7.0

0 < y / D < 1.5
-1.5 < y / D < 0

Fig. 14. Traces of joint variations of the second and third anisotropy invariants
across the far wake at x/D = 7.0 for SR = 0 (upper) and SR = 0.177 (lower).

T. Omori et al. / International Journal of Heat and Fluid Flow 29 (2008) 703–720 713
lence – upper right vertex – corresponding to the highest n and g
values, approximatelly about P0.21) is observed around the wake
centerline (y = 0). Here, the normal Reynolds stress component
hv0v0idominates over the other two (Fig. 9). In terms of the Rey-
nolds stress anisotropy, the far wake behind cylinder is similar to
the log-law region in the turbulent channel flow, whose turbulent
state corresponds closely to the axisymmetric expansion (this is
especially the case at very low Reynolds numbers). At the edges
of the near wake (not shown here), the turbulence state deviates
from the axisymmetric expansion towards the axisymmetric con-
traction. This trend was also observed in the developing region of
the turbulent mixing layer in the experiment of Bell and Mehta
(1990), despite the fact that the turbulent mixing layer is much less
anisotropic than the turbulent cylinder wake. The difference be-
tween the shearless and the sheared configuration is only evident
in the far wake. In the sheared case, the stress anisotropy is some-
what stronger on the high velocity side due to the shift of the Rey-
nolds stress profiles (note the slight trend towards the central
region of the invariant map represented by empty symbols in
Fig. 14, lower). The strong bias in the shear Reynolds stress hu0v0i
profile does not affect too much the stress anisotropy because hu0v0i
is typically an order of magnitude smaller than the normal stress
components.

3.2. Lift forces acting on cylinder

Fig. 15 compares the contours of the mean pressure field with
and without velocity gradient imposed on the oncoming flow.
The stagnation point at the upstream cylinder side is clearly shifted
towards high velocity flow region, whereas the near wake struc-
ture remains nearly symmetrical. The mean pressure distributions
on the cylinder for the shearless case and the case with the highest
shear rate are shown in Fig. 16. The normalization was performed
using the reference velocity U1 and reference pressure p1 at the
inlet plane at y/D = 0 in accordance with the following formulation:

Cp ¼
p� p1jy¼0

1
2 qU2

1jy¼0

ð7Þ

The angular position was measured clockwise from the stagnation
point (intersection of the x-axis with the cylinder perimeter). Beside
stagnation point displacement the pressure distribution indicates
the surface pressure enhancement at the higher velocity side and
decrease at the lower velocity side. Apart of that, the pressure coef-
ficient variation reveals an almost entirely symmetrical distribution
along the downstream cylinder surface (jhj > 100�). Another inter-
esting observation is the base pressure coefficient increase in terms
of the shear rate enhancement and the consequent drag coefficient
decrease (not shown here).

In order to quantify the lift force acting on a cylinder, the lift
coefficient Cl was examined. This coefficient is defined as follows:

Cl ¼
Fl

1
2 qU2

1jy¼0A
ð8Þ

where A is the projection area and Fl (�Fy) is the cross component of
the resultant force imposed on the cylinder consisting of the pres-
sure and viscous forces:

Fi ¼ �
Z

A
pdAi þ

Z
A

2lSij �
2
3

ldijSkk

� �
dAj; i ¼ x; y ð9Þ

Fig. 17 displays the time series plot of the lift coefficient Cl of the
cylinder. The lift coefficient for SR = 0.177 is clearly shifted towards
negative values in contrast to the shearless case, because of the dis-
placement of the high pressure region observed in Fig. 15. This phe-
nomenon corresponds to the particles’ migration towards the side
walls (i.e. towards negative velocity gradient) observed experimen-
tally by Moraga et al. The Strouhal frequency fst, extracted from the
history of the lift coefficient, led to St = 0.236 for the shearless case.
This value is somewhat higher compared to the relevant experi-
mental investigation, e.g., Norberg (1987) – 0.21 6 St 6 0.22 and
Kwon et al. (1992) – St = 0.22. This departure is to the largest extent
the consequence of a somewhat stronger flow acceleration over the
cylinder due to the adopted flow domain height H = 10D (Fig. 2), i.e.
the blockage ratio D/H = 0.1, compared to the cases unaffected by
the blockage through the upper and lower boundaries. Upper and
lower solution domain boundaries (symmetry boundary conditions
were applied here) are located at y/D = 5 and y/D = �5, respectively.
It would be interesting here to repeat the conclusion from the work-
shop on LES of the flows past bluff bodies (Rodi et al., 1997) claim-
ing that the prediction of the vortex shedding frequency should not
be overvalued as the criteria for the quality of an LES simulation.
The lift coefficients evaluated using Eq. (9) are summarized in
Fig. 18 for all shear rates. For the sake of comparison, the lift coef-
ficients obtained experimentally by Kato and Adachi (1976), Hay-
ashi et al. (1991), Sumner and Akosile (2003) and Cao et al.
(2007) are also displayed. The negative lift coefficient values being
the consequence of the stagnation point dislocation at the wind-
ward side towards the upper cylinder half were clearly obtained
for the entire shear rate range observed. A quantitative comparison
is not entirely appropriate because of the significant differences in
the flow Reynolds numbers these experimental investigations and



Fig. 15. Mean pressure field for SR = 0 (upper) and SR = 0.177 (lower). X* = x/D, Y* = y/D.
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the present LES have been performed at (let us recall that all corre-
sponding Reynolds numbers are still pertinent to the subcritical re-
gime; see introductory section for their ranges). Nevertheless, the Cl
variation with shear rate obtained in the present work follows clo-
sely the reference trend resulted from relevant experimental
studies.
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3.3. Turbulence kinetic energy and Reynolds stress budgets

Important insight in the wake structure characteristics can be
gained by studying the budgets of the terms in the equations gov-
erning the kinetic energy of turbulence (k ¼ 0:5hu0iu0ii) and the Rey-
nolds stress components (hu0iu0ji):
huki
ohu0iu0ji

oxk|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Cij

¼� hu0ku0ii
ohuji
oxk
þhu0ku0ji

ohuii
oxk

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Pij

þ p0

q
ou0i
oxj
þ

ou0j
oxi

� �� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Uij

�
ohu0ku0iu

0
ji

oxk|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Dt

ij

� o

oxk
hp0u0iidjkþhp0u0jidik

� 	
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Dp
ij

þm
o2hu0iu0ji

ox2
k|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

Dm
ij

�2m
ou0i
oxk

ou0j
oxk

� �
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

�GS
ij

�
ohu0js0ikþu0is

0
jki

oxk|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
DSGS

ij

þ s0ik
ou0j
oxk
þs0jk

ou0i
oxk

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

�SGS
ij

ð10Þ

This equation is derived by manipulating appropriately the filtered
Navier–Stokes equation and corresponding continuity equation (Eq.
(2)). The last two terms on the right-hand-side (RHS) represent the
contributions from the SGS stresses, one of which is of diffusive and
the other of dissipative nature. The sum of the two dissipation
terms, �GS

ij and �SGS
ij , is regarded as the stress energy dissipation rate

�ij. The other terms are convection (Cij), production (Pij), redistribu-
tion (Uij), turbulent diffusion (Dt

ij), pressure diffusion (Dp
ij) and

molecular (viscous) diffusion (Dm
ij). The transport equation of the

turbulence kinetic energy k can be easily obtained by contracting
the indices (i = j). It should be recalled that the budgets of the Rey-
nolds stress equations obtained from a large eddy simulation can
differ from the true budgets because of the filtering operation being
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1=D) in budget of the equation of the Reynolds

shear stress at x/D = 3.0 for SR = 0 (upper) and SR = 0.177 (lower).
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inherently contained in the LES method. However, the effect of the
filtering in this study is considered to be rather limited to the dissi-
pation term, since the grid filter is placed well in the inertial sub-
range. Another important remark to be made is that when using
an eddy viscosity type model, sa

ij ¼ sij � dijskk=3 ¼ �2mtSij, the com-
putationally obtained pressure represents actually the modified
pressure

P ¼ pþ q
3

skk; P0 ¼ p0 þ q
3

s0kk ð11Þ

whose effect on the evaluation of the terms in Eq. (10) comprising
pressure is also considered to be negligible, because the SGS kinetic
energy skk/2 is only a fraction of the total turbulent kinetic energy as
illustrated in Fig. 5. In the following, the symbol for the filter oper-
ation (ð Þ) is omitted for the sake of simplicity.

Fig. 19 shows the evolution of the terms in the turbulent kinetic
energy budget along the centerline y = 0 in the near wake for both
the shearless and the sheared cases. The residual of the balance
equation, being sufficiently small, is denoted as ‘RES’. Fig. 19 re-
veals high similarity level, even quantitatively, in the dynamics
of the corresponding turbulent mechanisms for both cases. The
production term (Pkk/2) reaches its maximum around the free reat-
tachment point (x/D � 1.8). The reattachment region represents a
region, where the upper and lower separated shear layers impinge
onto each other. This stagnation flow region is characterized by
intensive straining contributing strongly to the enhanced turbu-
lence production. Afterwards the mean velocity gradients at the
symmetry plane, and consequently the production rate, weaken
gradually towards zero value in the very far wake. The difference
between the production term and the two diffusion terms, the
pressure diffusion term (Dp

kk=2) and the turbulent diffusion term
(Dt

kk=2), is balanced by the convection transport (solid line), which
represents the rate of change of the turbulence kinetic energy
along the streamline. It should be noted here, that the convective
term, in contrast to the other terms, acts on the left-hand-side
(LHS) of Eq. (10). Immediately after the recirculation zone charac-
terized by a low intensity flow reversal the diffusive transport
terms reached their peak values corresponding to the production
rate maximum. In the recovery region after the reattachment, the
kinetic energy production is mainly balanced by the turbulent dif-
fusion and convective transport. The dynamics of the turbulent ki-
netic energy transport immediately after the reattachment, shown
in Fig. 20, reveals the entirely symmetric profile shapes pertinent
to all budget terms for both sheared and shearless cases. This is
consistent with the behaviour of the normal Reynolds stress com-
ponents, which are only slightly affected by the imposed mean
shear and retain almost symmetrical profile in the near wake,
Fig. 12. In both cases investigated, the turbulent kinetic energy pro-
duction is highest in the wake core. The same is valid for both dif-
fusion processes (Dt

kk and Dp
kk) which completely balance the

production rate in this central region. In the edge regions of the
wake (±0.5 < y/D < ± 1.0) the both transport processes, turbulent
diffusion and convection, dominate the turbulence dynamics. The
same remark concerning the sign of the convective term in the dis-
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cussion above (related to Fig. 19 and Eq. (10)) applies here too. The
importance of the diffusion process in this free flow should be
underlined at this place. Unlike in the wall-bounded flows, e.g.
channel flow (Mansour et al., 1988), where the diffusion transport
(it relates to both terms Dt

kk and Dp
kk) plays a secondary role, it dom-

inates the turbulence kinetic energy budget (the same is valid for
the individual Reynolds stress components).

The budgets of the normal Reynolds stress components (hu0u0i,
hv0v0i and hw0w0i) follow a similar symmetrical pattern and are only
slightly influenced by the mean shear. Because of that, they are not
shown here. The interested readers are referred to the work of
Omori (2007). It should be only noted, that the production and
the pressure diffusion processes are absent in the budget of the
spanwise stress component, because of the statistical homogeneity
of the flow. The energy, fed into this component from the other two
stresses by the redistribution mechanism, is simply dissipated and
transported to the wake edges by the turbulent diffusion process.
The convective transport development points out the maximum
value of hw0w0iin the reattachment region.

The most important difference between the shearless and the
sheared cases is observed in the dynamics of the shear stress com-
ponent, as presumed from Fig. 12. Figs. 21 and 22 compare the Rey-
nolds shear stress (hu0v0i) budgets along the cross-section at two
selected locations in the wake: x/D = 3.0 (immediately after reat-
tachment, where the hu0v0i stress component exhibits sign change
towards negative values in the upper wake half, Figs. 9 and 12)
and x/D = 6.0 (corresponding to far wake, where the hu0v0i stress
takes only positive values, Fig. 12) for the shearless case and the
most strongly sheared case. In both cases, the essential transport
mechanism is qualitatively similar. Unlike in the budgets of the ki-
netic energy of turbulence and all three normal stress components,
the influence of the mean shear on the shear stress structure is
x
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Fig. 23. Spanwise vortex structures in the near wake: 11 contours of instantaneous vort
SR = 0.177 (lower).
clearly evident. The maxima and minima of the production term
are located in the shear layer, i.e. the edge region of the wake
y/D � ± 0.5. This location coincides with the peak values of the
shear stress component itself. The production term is mostly in
balance with the redistribution term in both cases. However, its
effect is totally different. While for the shearless case, the redistri-
bution term acts to reduce the level of the Reynolds shear stress,
hence the anisotropy, for the sheared case, the redistribution term
behaves in fact as the production term increasing the Reynolds
shear stress and consequently causes the shift of other stress com-
ponents (Fig. 12). The diffusion terms exhibit a unique alternating
pattern in accordance with the antisymmetric distribution of hu0v0i.
The diffusion process, especially the one driven by the fluctuating
pressure (Dp

12), is enhanced in the upper half of the wake and atten-
uated in its lower half. This phenomenon, in addition to the con-
vection due to the fluid entrainment observed in Fig. 13, is
believed to have important contribution in driving the shift of
the Reynolds stress profiles (Fig. 12). The peak value locations of
the convective term, being actually situated on the LHS of Eq.
(10) (representing accordingly its imbalance), coincide with the
maxima/minima positions of the other terms. What is particular
with the strong asymmetry of the shear Reynolds stress is the sig-
nificant enhancement of its positive value in the entire wake re-
gion downstream the location x/D � 4.0 being in accordance with
the coherent structure intensification on the high velocity side, ob-
served in Fig. 24. Admittedly, a certain doubt concerning the cred-
ibility of the budget evaluation can arise, keeping in mind the
anomalous dimples at the shear stress profiles, Figs. 9 and 12.
We would like to emphasize that the hu0v0ibudget was obtained
by evaluating the terms in the corresponding exact transport equa-
tion (Eq. (10)). No single term in this equation is dependent on the
(time-averaged) shear stress component, not even the production
/ D
2 4

/ D
2 4

icity magnitude between jxzjD/U1 = 2.5 and jxzjD/ U1 = 10.0 for SR = 0 (upper) and
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term: P12 = �hu0u0iohVi/ox � hu0v0i(ohUi/ox + ohVi/oy) � hv0v 0iohUi/
oy. The term in brackets corresponds to the divergence of the mean
velocity field which takes zero value in the case of incompressible
flow considered here. Accordingly the evaluation of the hu0v0ibud-
get is not influenced by the anomalous hu0v0i profile.

3.4. Wake structure visualization

The cylinder wake and its structural characterization have
important impact on the forces acting on cylinder. Fig. 23 shows
the contours of the instantaneous spanwise vorticity xz in the near
wake of both shearless and sheared cases. Eleven contours of
instantaneous vorticity magnitude between jxzjD/U1 = 2.5 and
jxzjD/U1 = 10.0 are displayed. The snapshots were made at the
Fig. 24. Iso-surfaces (three levels) of the pressure fluctua
time instant, where the lift coefficient reached its minimum. In
both flow configurations, the boundary layer separating from the
cylinder surface and the consequent development of the Kármán
vortex street are clearly promoted. The onset of the laminar-to-tur-
bulent transition in the shear layer is also noticeable as well as the
intensification of the turbulent fluctuations entrainment into the
separation bubble. In the sheared case, the shear layer on the lower
side tends to be drawn back to the cylinder. This case is character-
ized by more detailed small structures immediately behind the
cylinder.

Further illustration of the mean shear influence on the coherent
structures in the cylinder wake is given in Fig. 24, where the iso-
surfaces of the pressure fluctuations at one instant were compared
for three shear rates. The level of each iso-surface was common for
tion (from the top: SR = 0,6.53 � 10�4, 1.77 � 10�1).
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all three cases. Regions of alternating, regularly located negative
and positive pressure regions, which indicate the existence of the
Kármán vortices, can be seen in all three cases. However, intensifi-
cation of the asymmetry with the shear rate is especially visible
when comparing the last two figures. In the far wake, the vortex
formation doesn’t follow a staggered arrangement on both sides
of the cylinder at the highest shear rate, in contrast to the case
characterized by a fairly weak shear rate (SR = 0.000653). Accord-
ingly, the vortices are observed only on the high velocity side.
Regardless of the level of the iso-surface, no coherent structures
on the low velocity side were recognized. In the case of higher
shear rates, the vortices are well preserved even in the far wake re-
gion. The convection into the positive y direction is clearly intensi-
fied, contributing decisively to the enhancement of the positive
shear stress component (Figs. 21 and 22).

The vortex structure in the wake is further represented by
means of the Q-criterion (Q = 0.5(Xij Xij � Sij Sij)), representing in
general the second invariant of the velocity gradient tensor, Hunt
et al. (1988). With this criterion the influence of the mean shear im-
posed on inflow on the small scales in the wake can be investigated.
As illustrated in Fig. 25, the small vortical structures connecting the
large-scale vortices exhibit no significant differences between the
shearless and sheared cases. It can be inferred that the small-scale
motion in the wake is less affected by the mean shear than the
large-scale motion, the latter observation being reflected in the
mean velocities and the second moments. The spanwise length
scale of the small structures in the near wake is typically one fourth
to one third of the cylinder diameter, which is in good agreement
Fig. 25. Iso-surfaces (two levels) of Q: SR = 0 (uppe
with the experimental and numerical observations found in the
open literature, see e.g., the works of Kravchenko and Moin
(2000), Mansy et al. (1994) and Williamson (1996).
4. Conclusions

Turbulent flow past a circular cylinder subjected to uniform
mean shear at Reynolds number ReD = 3900 was studied computa-
tionally by means of large eddy simulation (LES) in the range of
shear rates SR between 0 and 0.177. Special attention was devoted
to minimizing the uncertainties arising from the grid quality and
the adopted grid resolution and the imposed boundary conditions
were assessed in detail. The focus of the present work was on the
wake structure. In the very near wake, the inlet mean shear caused
the entrainment of the fluid elements into the recirculation bubble
on the low velocity side. This process is responsible for the pres-
sure loss reduction, but the turbulence statistics remain almost
unaffected in this flow region. The symmetric profile shapes were
preserved. In contrast, in the wake region after reattachment the
mean flow statistics were shifted to the high velocity side by
increasing the shear rate. The analysis of the stress anisotropy re-
vealed that the turbulence structure closely followed the axisym-
metric expansion state. The strongest influence of the mean
shear was observed in the profiles of the turbulent shear stress
hu01u02i, whose positive value enhancement was mostly caused
by the fluctuating pressure-related turbulent mechanisms. The
hu01u02i energy budget exhibits an asymmetrical distribution,
r) and 0.177 (lower); note the inclined x-axis.
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promoting the asymmetry of the normal turbulent stress compo-
nents and formation of coherent structures on the high velocity
side. The lift force pushing the cylinder towards negative mean
velocity gradient is the consequence of the asymmetric pressure
distribution characterized by the displacement of the stagnation
point on the windward side. The increase of the negative lift coef-
ficient in terms of the shear rate obtained computationally is
supported by the reference experimental investigations.
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