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A B S T R A C T

The turbulent flow around a circular cylinder has been investigated at using direct numerical simulations.
Low frequency behavior, vortex undulation, vortex splitting, vortex dislocations and three dimensional flow within the
wake were found to happen at this flow regime. In order to successfully capture the wake three dimensionality, different
span-wise lengths were considered. It was found that a length was enough to capture this behavior, correctly
predicting different aspects of the flow such as drag coefficient, Strouhal number and pressure and velocity distributions
when compared to experimental values. Two instability mechanisms were found to coexist in the present case study: a
global type instability originating in the shear layer, which shows a characteristic frequency, and a convective type in-
stability that seems to be constantly present in the near wake. Characteristics of both types of instabilities are identified
and discussed in detail. As suggested by Norberg, a resonance-type effect takes place in the vortex formation region, as
the coexistence of both instability mechanisms result in distorted vortex tubes. However, vortex coherence is never lost
within the wake.

© 2016 Published by Elsevier Ltd.

1. Introduction

Aerodynamic research has been going on for over 100 years where
bluff body flow has been a very active research area and the flow
around a circular cylinder a benchmark problem. Flow over this geom-
etry has been extensively studied and the understanding of the dy-
namics and structures present has grown extensively in the past few
decades. Geometrical simplicity and an abundance of relevant three
dimensional results make this an exceptional case study. Experimen-
tal observations on this geometrical configuration date back to the
late XIX – early XX century with the work of famous physics like
Strouhal, Von Kármán and Prandtl; and hundreds of research papers
have been written concerning the study of the present configuration
(see for instance Williamson [48] and citations therein).

The laminar to turbulent transition in the present case is limited by
the particular geometry and flow conditions, i.e. transition is not in-
duced by the body geometry itself but rather by the interactions of dif-
ferent unstable regions in the flow. Three different zones can be found:
the boundary layer in the cylinder, two shear layers on top and bottom
of the body and, finally, the wake. Extensive work carried out by dif-
ferent authors such as Bloor [2], Gerrard [8], Roshko [35], 36] have
made possible the description of the different regimes encountered and
the particular phenomena associated with them.

⁎ Corresponding author.
Email addresses: davidal@cttc.upc.edu (D.E. Aljure); oriol.lehmkuhl@bsc.es (O.
Lehmkhul); ivette.rodriguez@upc.edu (I. Rodríguez); oliva@cttc.upc.edu, cttc@
cttc.upc.edu (A. Oliva)

A number of experimental and numerical studies [49,29,39,40,
amongst others] have been focused on the phenomenon of three-di-
mensional wake transition which occurs at Reynolds numbers between

[48]. This regime has been associated with discon-
tinuities in the Strouhal number and base pressure coefficient as the
Reynolds number increases. Furthermore, the appearance of vortex
pairs, vortex adhesion [49], upstream facing vortex loops [18] and
low-frequency irregularities [2] have also been reported. This geom-
etry and the three dimensional behavior present was further studied
by Williamson [46], who observed an additional phenomenon: vortex
dislocations. This phenomenon is related to the break down of turbu-
lence and is considered as a mechanism of wake transition, as the vor-
tex shedding shifts from wake mode A to wake mode B. Natural vor-
tex dislocations have been also reported in different wake-type flows
such as mixing layers [5], the flow over a flat plate [22], the flow over
a cone [28] and the flow over a stepped cylinder [19]. Vortex dislo-
cations might be seen as defects in the two dimensional vortex tubes
whose continuity is broken as a consequence of the frequency differ-
ence between two span-wise cells [46] or between cells of similar fre-
quency which are out-of-phase with each other [5]. Braza et al. [4]
studied the natural vortex dislocation phenomenon that occurs in the
three dimensional wake transition at . They showed the ex-
istence of naturally occurring dislocations in the near wake, and the
similarity of these structures to those obtained by Williamson [46]
using a ring on the cylinder to force their appearance. Additionally,
they analyzed the physical processes related to the introduction of
stream and cross-stream-wise vorticity components and their impact
on the span-wise variations of the Von Kármán vortex filaments and
described the steps that lead to vortex dislocations.

http://dx.doi.org/10.1016/j.compfluid.2017.02.004
0045-7930/© 2016 Published by Elsevier Ltd.
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At higher Reynolds numbers, vortex irregularities have been sug-
gested to be related with fundamental changes in the three-dimension-
ality of the wake past a cylinder. Several authors have observed tran-
sitional behavior around Re ≈ 5000. This behavior is evidenced by dif-
ferent changes in wake configuration. An increase in the fluctuations
of drag and lift forces and a loss of coherence in the vortex shedding
(observed as a wider bandwidth in the spectrum at the vortex shedding
frequency) have been reported. Furthermore, several authors point to
changes in the base pressure profile and the vortex formation length,
as well as, variation in length and behavior of the shear layers.

Son and Hanratty [38] studied the velocity gradients around the
cylinder observing an increase in the separation angle with Reynolds
number. Additionally they found that a small zone of positive veloc-
ity gradient, which they named zone B, appeared after the separation
point and could be explained by the existence of a small separation
bubble that decreased in size with Reynolds number. Finally, observa-
tions for the region following region B, region C (back of the cylin-
der), showed that for and the gradient in this
zone remains small with a slight increase towards the cylinder center-
line, larger for 10,000. For Reynolds numbers Re ≥ 20,000 the
trend in the profile seemed to change with a much larger increasing
rate as it approaches the cylinder center. The authors stated that results
in this section are open to question due to the small magnitude of this
quantity and that it may be changing direction. Kourta et al. [14] ob-
served, through hot-wire measurements and flow visualizations, two
different types of interaction between the vortex shedding and the
small scale structures in the transition process in the cylinder wake.
For a lower Reynolds range, that they defined as 2000 < Re < 16, 000,
they found a strong interaction due to similar frequencies in both phe-
nomena. For the larger Reynolds numbers, 16, 000 < Re < 60, 000, the
two phenomena are disconnected and the small vortices act as an eddy
viscosity. Unal and Rockwell [43] found that the formation length de-
creased for Reynolds numbers Re > 1900, indicating an increase in the
base pressure coefficient. Additionally for the higher Reynolds num-
bers they studied, and a distortion in the veloc-
ity fluctuation distribution with respect to the kinetic energy appeared,
larger for . Finally, they performed an eigenfunction analy-
sis on the velocity distribution along the shear layer and compared it
with theoretical distributions finding that the data for Reynolds num-
bers between 1900 < Re < 3400 follows the theory, however large de-
viations were observed for . Lin et al. [20] performed ex-
perimental observations on this geometry, observing for the Reynolds
numbers and low levels of vorticity and low
speed in the base region. They argued that the vortex formation is de-
coupled from the near-base region of the cylinder and this implied a
predominant role of convective-type instabilities leading to large vor-
tex formation. The authors wondered whether there is a shift in the
vortex formation regime causing a change from the convective to a
global instability mechanism for higher Re numbers and if this change
in vortex formation mechanism is responsible for the large changes in
the base pressure coefficient observed in the Reynolds number range
1000 < Re < 10,000.

Norberg, in several works [23,24,26,27], showed the appearance
of a transition in wake behavior for the flow at Re ≈ 5000 includ-
ing undulating vortex filaments and vortex splitting. He suggested
that these structures might be related to what he observed as a shift
from high to low quality vortex shedding. Finally, Norberg suggested
that for Re < 5000 transition to turbulence is triggered by vortices in
the wake, whereas after that Re number turbulence is triggered by a
Kelvin–Helmholtz (KH) instability within the shear layer. At the crit

ical value ( ) the two mechanisms coincide causing a res-
onance like behavior. Prasad and Williamson [31] investigated the
changes in the three-dimensional near-wake structures over the time
for 190 < Re < 10,000 and the influence of the end conditions on
the flow structure. The authors paid special attention to the wake
transition regime and its relation with the flow parameters, includ-
ing the vortex shedding frequency. They devoted especial attention to
the flow around Re ≈ 5000 where they stated the wake might be ex-
periencing a fundamental change. They observed different phenom-
ena such as a discontinuity in the value of the Strouhal number, a
twin-peak spectrum near the vortex shedding frequency and vortex
dislocations along the cylinder axis. The authors question whether
these observations were introduced by the end plates used in their ex-
periments, the finite length of the cylinder or if they were a real feature
of the flow. Rajagopalan and Antonia [32] also studied the flow over a
large range of Reynolds numbers in the sub critical range and focused
on the shear layer instabilities. They found that the relation of the ra-
tio between shear layer frequency and vortex shedding frequency with
the Reynolds number changed around . This change sup-
ports the previous observations of a change in the flow organization at
this Re number. Supporting the hypothesis proposed by Lin et al. [20],
Rajagopalan and Antonia [32] suggested that a convective instability
mechanism governs the flow for Re > 5000 rather than a global insta-
bility mechanism.

It is important to note that some scattering of results has been ob-
served in this Reynolds number range, probably due to different ex-
perimental configurations (span-wise length, blocking ratio, time in-
tegration period, inflow conditions). However, the work done so far
evidences the presence of a transition in wake behavior for the flow
around Re ≈ 5000. The present work aims to investigate this config-
uration using direct numerical simulations (DNS) in order to confirm
the presence of the three dimensional behavior observed at
and to try to deepen the knowledge into the transitional behavior ob-
served. Additionally, a detailed study into the instability mechanisms
present in the flow is carried out. To the authors’ knowledge no DNS
studies have been performed at this Reynolds number.

2. Mathematical and numerical model

2.1. Governing equations and numerical method

In order to study the flow, the incompressible Navier–Stokes equa-
tions are solved:

Fig. 1. Geometry and computational domain.

(1)
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Fig. 2. Location of the computational probes, P1 P2
and P3 .

where ui is the three-dimensional velocity field (u1, u2, and u3 are also
referred to as U, V and W), p is the pressure field, ν stands for the kine-
matic viscosity and ρ for the density of the fluid.

A collocated unstructured mesh is built and the spatial discretiza-
tion is carried out by means of finite volume techniques. A second-or-
der conservative scheme [45] for the continuous differential operators,
an explicit second order self-adaptive scheme for the temporal dis-
cretization, a back-ward Euler scheme for the pressure gradient and a
fractional step algorithm for the velocity-pressure coupling are used.
A more in depth presentation of the numerical schemes used can be
found in Aljure et al. [1], Jofre et al. [11], Trias et al. [41]. As the
meshes are constructed using a constant-step extrusion in the span
wise direction of a 2D unstructured grid, the Poisson equation can be
solved by means of a direct Schur-Fourier decomposition solver [3].

All simulations are run with the TermoFluids parallel unstructured
code (www.termofluids.com) and are carried out on the in-house JFF
cluster and on the Mare-nostrum III supercomputer, details on the
computing characteristics are found in Aljure et al. [1]. METIS li-
brary [13] is used for domain partitioning and parallel communica-
tions are implemented following a pure distributed model by means
of the Message Passing Interface (MPI) standard. Meshes reported
in this work are partitioned from 160 to 512 CPUs, as meshes grow
(see Table 1). The wall-clock time spent on each simulation is directly
proportional to the number required of time-steps and their cost. For
case M5, with a mesh of about 37 × 106 elements, the required itera

tion time is approximately 0.19 s on the Marenostrum supercomputer.
For the whole simulation about 3.16 × 106 outer iterations are per-
formed, which results in a simulation time of approximately 8.54 ×
104 CPU hour. The code and numerical approach used in the present
simulations have been proved to yield accurate solutions in flows with
massive separations [1,16,17,33,34].

2.2. Definition of the case and boundary conditions

The geometry to be considered is a cylinder with diameter D
shown in Fig. 1 submerged in an uniform fluid flow. Simulations are
carried out at a Reynolds number based on the
cylinder diameter D and the free-stream velocity Uref.

As this paper focuses on the three-dimensional effects that might
appear in the near wake, three different span-wise sizes are consid-
ered: being 2 and 3. Thus, the computational domain
is 30D × 20D × Lz in the stream-, cross-stream and span-wise direc-
tions. The center of the cylinder is located at a distance of 10D down-
wind from the inlet boundary and at a distance of 20D from the outlet
boundary (see Fig. 1).

A constant inlet velocity profile is imposed. A
pressure based condition is imposed for the outflow such that the mass
conservation is fulfilled at each time step. In addition, in order to avoid
any influence from non-physical waves reflected by the artificial out-
flow boundary, a buffer zone at x > 14D is used [44]. Top and bot-
tom surfaces are modeled as slip boundaries, periodic boundary condi-
tions are set for the span-wise direction ones and the cylinder surface
is modeled as a no-slip wall.

2.3. Computational domain and spatial discretization

In order to correctly solve all the phenomena present in the bound-
ary layer a fine near wall mesh is necessary. Similarly, a fine mesh
is also required for the full solution of the shear layers. Furthermore,
the near wake zone must be refined to correctly predict the flow struc-
tures, i.e vortex shedding, Von–Kármán vortex street and three dimen-
sionality. As the flow moves away from the cylinder the relative im-
portance of flow structures in the force coefficients and velocity pro-
files diminish and so does the mesh resolution.

Details about the different meshes used are given in Table 1. The
meshes used contain about 11, 23 and 34 million control volumes
(CV) for πD, 2πD and 3πD span-wise lengths respectively for the

plane mesh. For the plane mesh, they contain about

Fig. 3. (a): Time evolution of the averaged stream-wise velocity. (b): Time evolution of the stream-wise velocity fluctuations. Solid line: P1 [2D,0], Dashed line: P2: [0.75D,0.65D].

(2)
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Fig. 4. Mean pressure distribution around the circular cylinder for the different meshes.
Solid line mesh M1, dashed line mesh M2, dash-dash line mesh M3, dotted line mesh
M4, dash-dot line mesh M5, dash-dot-dot Lehmkuhl et al. [17] ( ), crosses
Norberg [26] ( ), circles Norberg [26] ( ).

Fig. 5. Mean (a) stream-wise and (b) RMS stream-wise velocities in the wake center
line. Solid line mesh M1, dashed line mesh M2, dash-dash line mesh M3, dotted line
mesh M4, dash-dot line mesh M5, squares Norberg [26] ( ), triangles Lam
et al. [15] ( ), crosses Prasad and Williamson [31] ( ).

18.6 and 37 million CV for πD and 2πD span-wise lengths, respec-
tively.

2.4. Time integration study

Simulations are started from homogeneous flow and are advanced
in time, about 500 time units ( ), until the initial tran-
sient behavior is washed out. Afterwards, statistics have been col-
lected and averaged by integrating the instantaneous data over a suf-
ficiently long-time period: about 3500 TU, over 700 shedding cycles.
This time integration span results in a long simulation time and should
ensure converged statistics and a large time span to analyze the three
dimensional phenomena present. First and second order statistics are
averaged in time and space (in the span wise direction). Flow mag-
nitudes are also studied by means of probes in several locations (see
Fig. 2). Fig. 3 shows the time history averaging for the first and second
order statistics registered at different locations in the wake for mesh
M5. Point 1 (P1) is located at the cylinder centerline, whereas Point 2
(P2) is located well within the shear layer. It can be seen in the figure
that these quantities stabilize around after being integrated
for 1500 TU. A longer time integration span was chosen to fully guar-
antee well converged statistics along the whole domain.

2.5. Mesh sensitivity study

Although many meshes were used for computations, for the sake
of brevity, results in this section are only presented for the meshes
summarized in Section 2.3. In order to ensure that the smallest scales
of the flow have been solved, a-posteriori analysis has been done by
evaluating the ratio between the mesh size and the Kolmogorov scales.
The latter are calculated using where ν corresponds to
kinematic viscosity and the energy dissipation rate. Pre-
sent simulations reach, for the finer meshes, a mesh ratio (h/η, be-
ing ) under 3. The highest values found (h/η > 3) cor-
respond to the shear and boundary layers, which are laminar and the
Kolmogorov hypotheses do not apply. This parameter is especially
important in the near wake area, that is 0.5 < x/D < 3 and .
Mesh M5 has, in this area, a volume-averaged ratio of resolved scales
to Kolmogorov scales of . A second aspect to assess the
meshes is the viscous boundary layer near the solid walls and its re-
quirements to be well solved. In the case under study, the boundary
layer is laminar, as transition to turbulence in the attached boundary
layers occurs beyond [36]. This fact allows the bound-
ary layer thickness to be readily be estimated. The meshes used in this
work are constructed so as to guarantee that at least 3 control volumes
are located well within the boundary layer. Finally, the shear layers re-
quire a full resolution by having enough grid points within. Saad et al.
[37] performed experiments to evaluate the behavior of the shear layer
and the near wake of the circular cylinders. Their measurements in the
unforced cylinder gave the approximate size of the shear layer for

1.7478/D long and 0.2134/D wide. Considering this, over
5000 mesh points (for each plane) are located within this area to en-
sure its complete resolution.

In order to check the mesh discretization and grid parameters used
in the present computations, results are compared to literature avail-
able results. In this sense, time-averaged flow parameters are summa-
rized in Table 2. Studied magnitudes include the mean drag coeffi-
cient (CD), the non-dimensional vortex shedding frequency (Strouhal
number ), base pressure coefficient ( ), fluctu-
ating lift coefficient ( ), separation angle (ϕs) and recirculation
length (Lrec/D). For comparison sake, values for these parameters are
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Fig. 6. Span wise averaged energy spectra of the cross-stream wise velocity fluctuations at two locations (a) P1 (b) P2.

Fig. 7. Coherent structures represented by means of Q iso contours . (a)2πD
span-wise length, (b) 3πD span-wise length.

presented from diverse published works (experimental and numerical)
for the Reynolds number range 3900 ≤ Re ≤ 6000. In general, com-
puted parameters are in quite good agreement with published works,
falling within the expected scattering reported at this Reynolds num-
ber. In particular present DNS results show minimal differences with
the long-term solution by Lehmkuhl et al. [17].

Fig. 4 shows the mean pressure distribution around the cylinder.
Results are compared to those measured by Norberg [24] for

and and the long term averaged solution DNS

Table 1
Mesh parameters. CVplane is the number of control volumes in the plane, Nplanes is the
number of planes in the span-wise direction, LZ the length of the span-wise directions,
NCV the total number of control volumes in the domain.

CVplane Nplanes Δz LZ NCV

M1 128 πD 1.13 × 107

M2 88519 256 0.0245D 2πD 2.27 × 107

M3 384 3πD 3.40 × 107

M4 115709 160 0.0196D πD 1.86 × 107

M5 320 2πD 3.70 × 107

results by Lehmkuhl et al. [17] for . All results converge
to the same curve for the laminar region of the boundary layer up to
approximately 60°. After this position, solutions show small differ-
ences. Solution for mesh M5 and the long-term averaged solution for

again, show a similar behavior, however, pressure values
are slightly lower for .

In Fig. 5, the stream wise velocity and its fluctuations in the wake
centerline are plotted against results from the literature by Norberg
[26] ( ), Lam et al. [15] ( ) and Prasad and
Williamson [31] ( ). Results compare rather well, although
main differences are present in the magnitude of the minimum veloc-
ity in the wake. As commented before, fundamental changes in the
wake around this Reynolds number have been reported, affecting the
wake topology and, thus, some scattering is expected. This is more ev-
ident in the stream wise velocity fluctuations, where different profiles
around the maximum peak are observed. Norberg’s averaged profiles
resemble the low-energy mode (mode L) observed at [17]
with a two-lobed stream-wise velocity fluctuation profile and a lower
stream-wise velocity minimum. Solutions obtained with all meshes
showed a similar profile to that obtained for the long term solution
at by Lehmkuhl et al. [17]. In fact, the stream-wise fluc-
tuation profile follows the same trend to that obtained by Prasad and
Williamson [31] for . More results are presented in Aljure
et al. [1].

Fig. 6 shows the energy spectrum of the cross-stream wise ve-
locity fluctuations, and for comparison the Kolmogorov law is
also represented. Also, readily visible on Fig. 6a and b is the energy
peak corresponding to the vortex shedding frequency, in
agreement with literature reported results (see Table 2). In addition to
the energy peak corresponding to the non-dimensional vortex shed-
ding frequency, the KH shear layer instabilities non-dimensional fre-
quency StKH can also be seen on Fig. 6b as a broad-band peak around

. This broad-band peak energy peak is the result of an un-
stable shear layer that unevenly transports energy to the near wake.
Flow in this geometry and with shows a rather large vor
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Fig. 8. Two point correlations in the span-wise direction for the velocity components. (a)Stream wise. (b) Cross-stream-wise. (c) Span wise. Solid line: 2πD span-wise length, Dashed
line: 3πD span-wise length.

tex shedding peak evidencing a very energetic vortex shedding phe-
nomenon. This large peak indicates a strong coherence in the flow
and affects the rest of the spectrum showing harmonic peaks at higher
wave numbers (St ≈ 0.42 and St ≈ 0.63). A harmonic peak is also
present for the shear layer frequency around although not
as notorious as with the vortex shedding frequency. The frequency
of these instabilities, which are closely related to the formation of
vortices, has been measured experimentally by different researchers
and its value expressed as a ratio of the vortex shedding frequency
(StKH/Stvs). Table 3 shows the present results compared to different re-
sults from the literature. The value of fKH/fvs found in the present work
is within the range of these studies, where the ratio between these two
frequencies varies from 6 to 8 for Re ≈ 5000.

3. Results

3.1. Wake three-dimensionality

Proper identification of the vortical structures are a means for un-
derstanding the flow dynamics. In this work coherent structures are
identified and analyzed by means of non-dimensional pressure iso
countours non-dimensional vorticity
and non-dimensional Q-criterion [10]. Fig. 7 shows,
using the Q-criterion, the coherent structures using 2πD and 3πD
span-wise lengths. It is important to point out that three dimensional
behavior is seen in both domain lengths, having curved vortex cores
and inclined vortex ribs. As the flow moves downstream, the span
wise irregularities remain: vortex tubes show distortion and the span

wise velocity component cause their shape to shift constantly. How-
ever, the span wise coherence of the vortex street is not lost.

As three dimensional behavior is observed in the wake, two point
correlations are calculated to evaluate the span wise lengths simulated.
Fig. 8 shows this parameter for the different velocity components at
the location P1, also evidencing the footprint of span wise structures
present in the near wake. Fig. 8a and c show that a span-wise length
of 2πD captures correctly the three dimensional phenomena for the re-
spective velocity components. Fig. 8b, which depicts the correlation
for the cross-stream velocity, shows that the 3πD span-wise length is
enough to correctly solve and capture the large scale span-wise be-
havior. The 2πD span-wise length captures this behavior, however
it is cut short from returning to the zero value. As seen in Fig. 7,
mesh M5 is able to capture the phenomena present, even though the
span-wise length is 2πD. Finally, it is important to point out that in-
creasing the span-wise length from 2πD to 3πD carries with it a con-
siderable increase in computational effort. Evidence of the three-di-
mensionality present in this configuration was presented by Norberg
[24] for the flow at and is shown in Fig. 9b. In the fig-
ure, a span-wise view of the flow obtained is presented (Fig. 9a)
and compared to the flow visualizations made by Norberg [24]. The
figure shows the undulating vortex filaments mentioned by Norberg
[23], 24] and Prasad and Williamson [31]. Also seen in Fig. 9 is
the vortex-splitting phenomenon, similar to a “Y” like shape in the
near wake and marked in Fig. 9 for clarity. It is important to note
the large length scale of the span-wise structures. A detailed study
into three dimensional behavior in the wake is carried out in this
section. To obtain an overall view of the vortex formation and the
irregularities present Fig. 10 shows, using p*, Q* and ω* iso sur
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Fig. 9. Vortex dislocations, span-wise view. (a) Velocity field at the wake centerline
plane. (b) Span wise flow visualization by Norberg at Re=5500 [24].

Table 2
Statistical flow parameters for the different meshes. Comparison with literature avail-
able results. Drag coefficient (CD), Strouhal number (St), base pressure coefficient (

), fluctuating lift coefficient ( ), separation angle (ϕs) and recirculation length
(Lrec/D). a: [24], b: [25], c: [27], d: [26].

Case CD St - ϕs[°] Lrec/D

colrule mesh M1 1.12 0.210 1.020 0.248 87.4 1.144

mesh M2 1.09 0.209 0.970 0.199 87.0 1.272
mesh M3 1.10 0.210 0.985 0.212 87.1 1.237
mesh M4 1.06 0.210 0.945 0.173 86.7 1.365
mesh M5 1.05 0.210 0.957 0.156 86.9 1.357
Norberg ( - EXP) 1.02a 0.209a 0.932b 0.146c – 1.40d

Son and Hanratty [38] (
- EXP)

– – – – 86 –

Lin et al. [20] ( -
EXP)

– – 0.84 – – –

Unal and Rockwell [42] (
- EXP)

– – 0.84 – – –

Kourta et al. [14]( -
EXP)

– – – – – 1.6

Jordan and Ragab [12] (
- LES)

1.01 0.206 1.02 – 87 –

Dong et al. [7] ( -
EXP)

– – – – – 1.47

Lam et al. [15] ( -
EXP)

0.96 – – – – 1.62

Lehmkuhl et al. [17] (
- DNS)

1.015 0.215 0.935 – 88 1.36

Ma et al. [21] ( -
DNS Case I)

0.96 0.203 0.96 – – 1.12

faces, the events leading to the detachment of vortex tubes. At 1/8T,
the top shear layer is starting to roll up creating a vortex core, named
here Vt1. Additionally, marked in the image for clarity, flow structures
from the bottom shear layer are seen to interact with the Vt1 vortex
forming on top. As explained by Gerrard [8], entrainment flow is ab-
sorbed partially by the top shear layer and by the growing vortex, in-
fluencing the vortex formation. Entrainment flow towards the growing
vortex does not vary significantly with Reynolds number, however,
entrainment flow towards the opposing shear layer increases with in-
creasing Reynolds number [8]. At the present flow regime, entrain-
ment flow seems to affect the shear layer generating unstable behav-
ior.

At 1/4T, the vortex Vt1 continues forming, however, irregular-
ities that appear during the shear layer roll up create stream and
cross-stream-wise structures that interact with the vortex core. These
interactions modify their shape and the way they detach from the
cylinder. Marked in the image are three locations that have been af-
fected by these interactions.

At 3/8T, the uneven shear layer roll up ends up breaking the conti-
nuity in the structure of the vortex core. As the main vortex core starts
to move downstream the locations marked in the image (same loca-
tions as in 1/4T) fall behind and remain attached to the vortex forma-
tion region.

At 1/2T, vortex Vt1 starts to detach from the formation region. As
it does, it remains broken and the stream-wise structures interacting
with it continue to deform the vortex core, see Fig. 10d. At this stage,
parts of the vortex tube have already detached from the formation re-
gion, whereas some parts fall behind and remain attached.

At 5/8T, the detaching process is finished for all the span of the
tube. As a result of the delayed locations identified in previous frames,
several vortex distortions are visible and marked in Fig. 10e. Finally,
at 3/4T, a second vortex tube (Vt2) starts to detach from the lower
part of the cylinder. Entrainment flow is again visible leaving the top
shear layer and entering the bottom shear layer and the vortex form-
ing, so that the process is repeated. Additionally, vortex Vt1 is seen
as it travels downstream taking part in the span wise coherent vortex
street. Direct effects of the three dimensional behavior can be seen on
the vortex cores as they travel downstream. Fig. 11 shows the non-di-
mensional pressure p* iso surfaces in the wake of the cylinder and the
cross-stream velocity in the mid plane. The vortex cores are visible
from the top of the cylinder (x-z plane) and show a higher grade of
three dimensional behavior not seen in flows with lower Re [17]. Flow
at the present regime show span-wise distortions of the vortex tubes
after they detach from the formation region due to the irregularities
present within the shear layers. These irregular vortex tubes are then
shed, and as they travel downstream their geometry continues to shift
due to three dimensional phenomena present. It is interesting to note
the appearance of a local break in the vortex tubes, similar to what has
been described as vortex dislocations [4].

Vortex dislocations can be seen as a local break of the vortex tubes
and have been considered a characteristic of the instability mode-A
occurring at Re ≈ 200 [47,48]. Furthermore, dislocations have been
confirmed numerically by the DNS of Braza et al. [4], where they
found that vortex dislocations in the transition regime were accom-
panied by a shift in phase of the mode A undulations. Their exis-
tence at Re ≈ 5000 has also been experimentally observed by Prasad
and Williamson [31], who documented the occurrence of disloca-
tions along the span of the cylinder and raised the possibility that
this phenomenon is a fundamental feature of the cylinder wake flow
in the “upper-sub-critical regime” (5000 < Re < 2 × 105). To con-
firm the presence of this phenomenon, time histories of velocity and
pressure were analyzed. Fig. 12 shows, by means of the cross-
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Fig. 10. cont: Vortex detachment time evolution. ωz ± 15 and iso surfaces.

Fig. 11. (a) iso surface and (b) Cross stream velocity in the mid plane showing the loss of coherence in a vortex tube.

stream velocity and pressure time history, the presence of what might
be vortex dislocations. The velocity signal shows modulation, whereas
the pressure signal shows a local maximum, followed by a rapid
drop. Both features suggests a dislocation is passing through (both
events are marked in the images for clarity). It is interesting to pro-
vide an overall view on the effect of vortex distortions observed on
the wake flow. Fig. 13 shows the passage of different vortex tubes
by means of the cross-stream (V/Uref) velocity time history. First, and
most notorious, at location P1 a large number of distortions are visi

ble (Fig. 13a). Moreover, the local breaks in the vortex tube conti-
nuity throughout the span seem to show a random distribution with
time. As has been shown in Fig. 6, the shear layer instability shows
a broad-band characteristic frequency, whereas no characteristic fre-
quency has been found for the convective-type instability. This be-
havior suggests the convective instability is constantly present within
the near wake, whereas the shear layer instability occurs at different
moments in time and span wise location. The appearance of the shear
layer instabilities might be causing, as suggested by Norberg, a reso
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Fig. 12. (a) Cross stream velocity and (b) pressure time history for P1 showing the pas-
sage of a vortex distortion.

nance type effect that distorts the shear layer roll-up. A detailed analy-
sis showing the steps leading to vortex distortions is carried out in
Section 3.3. Local discontinuities are visible on almost all vortex

tubes shown in Fig. 13a, and no direct relation can be observed be-
tween the dislocations in adjacent vortex cores. Fig. 13b shows the
cross-stream velocity at a location further downstream, P3. At this lo-
cation barely any distortions are seen on the vortex tubes. The DNS
study by Braza et al. [4] concluded that the appearance of stream wise
vorticity in the cylinder wake, led to the appearance of vortex disloca-
tions which affected the coherence of the whole wake. However, this
is not the case for the present flow regime.

3.2. Frequency analysis

In order to further study the behavior of the vortex shedding and
KH instabilities in the near wake, a fast Fourier transform was per-
formed on the cross flow velocity for each plane on P1 (see Fig. 2).
The results are presented in Fig. 14. The vortex shedding frequency
is seen as the dominant one in the flow for all z positions and, even
though there are some variations in the spectral energy along the span,
no large reduction of these energy peaks is observed at any span
wise location. According to Braza et al. [4] spectral energy reduces in
the regions where vortex dislocations occur, however, as observed in
Fig. 14, spectral energy does not vary much along the span. This be-
havior suggests that the distortions do not affect the vortex shedding as
their occurrence do not greatly change the energy associated with this
phenomenon. To perform a more in depth study of the vortex shedding
phenomenon present, a Fourier spectrogram for the cross flow veloc-
ity for the span wise mid plane is presented in Fig. 15. A spectrogram
is a visual representation of the spectrum of frequencies in a signal
as they vary with time. Results for this spectrogram are approximate
due to the fact that present results are not evenly spaced in time. As
expected, there is a high energy area around the non-dimensional fre-
quency coinciding with the vortex shedding frequency. No-
tice that even though the largest energy content occurs around the vor-
tex shedding frequency, small variations in both frequency and energy
are observed along the whole time span. These variations might be
associated with irregularities in the vortex formation at that location.
Close-ups of these variations are depicted in Fig. 15b–c for 1920 ≤ TU
≤ 2180 and 2920 ≤ TU ≤ 3180, where variations of the energy content
and in the value of the vortex shedding frequency are shown.

As our data is unevenly spaced in time, and as seen from the spec-
trogram, several frequency components seem to be acting in the flow,

Fig. 13. Cross-stream velocity on the (t,z) plane, illustrating the local perturbations on the coherence of the signal at P1 (a) and the recovery of coherence downstream at P3 (b).
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Fig. 14. Span wise variations of the energy spectra for the cross flow velocity for P1.

Table 3
Relation between shear layer frequency StKH and vortex shedding frequency Stvs.

Author StKH/Stvs

Bloor [2] 7.95
Unal and Rockwell [42] 8.0
Chyu et al. [6] 6.7
Prasad and Williamson [30] 7.1
Present 7.86

the empirical mode decomposition (EMD) method proposed by Huang
et al. [9] is here used. This method breaks down a signal into differ-
ent function components, known as intrinsic mode functions (IMFs),
and a monotone residue. This process is carried out by means

of an iterative algorithm. The advantage of this method over others,
such as the Fourier transform or wavelet analysis, is that data can
be unevenly spaced, have non-linear behavior and be non-stationary.
Thus, it renders the possibility of characterization and parametrization
of multi-scale patterns.

This technique has been applied to analyze the signal of the
cross-stream velocity of probe P1. As the probes used are sampled for
all planes in the span wise direction, resulting in a N plane signal, the
signal corresponding to the mid-plane has been used. For the analy-
sis, the initial time-series has been decomposed into eight IMFs plus
a residual. Fig. 16 shows the resulting decomposition. Observing the
different IMFs it can be seen that the behavior in the present case is
composed, as expected, of different frequency components. As can be
observed from Fig. 16, each IMF component shows a lower frequency
than the previous one. IMF 1 depicts the turbulent fluctuations inher-
ent of all turbulent flows, whereas IMF 2 shows the vortex shedding
component of the signal. As can be seen from this IMF component,
vortex shedding shows irregularities in its frequency and amplitude
with regards to time. The rest of the IMFs then represent the lower fre-
quency components acting on the wake flow and introducing irregu-
larities into the vortex shedding.

The Hilbert transform is then applied to each IMF to compose the
Hilbert spectrum (Fig. 17), which presents a quantification of the en-
ergy and frequency variations in time. Observing the Hilbert spec-
trum in Fig. 17, the vortex shedding (high energy) phenomena is read-
ily seen around the non-dimensional frequency . Addition-
ally, the lower frequency components represented by the higher or-
der IMFs are also seen, presenting an energy level comparable to

Fig. 15. Fourier spectrogram for the cross flow velocity for P1 at plane . (a) All integration time. (b) close up for 1920 ≤ TU ≤ 2180. (c) close up for 2920 ≤ TU ≤ 3180.
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Fig. 16. Empirical mode decomposition of the cross flow velocity for P1 (a) full time range, (b) close up to 1900 ≤ TU ≤ 2200, (c) close up to 2900 ≤ TU ≤ 3200.
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Fig. 17. Hilbert spectrum for the IMFs shown in Fig. 16. The energy levels increase as
color darkens.

that of the vortex shedding. Interactions between these different fre-
quencies disturb the local structure of the vortex street creating the 3D
behavior observed.

3.3. Shear layers and instability mechanisms

Lin et al. [20], Norberg [26] and Rajagopalan and Antonia [32] all
have suggested the existence of two instability mechanism in the wake
of cylinders. Lin et al. [20] and Rajagopalan and Antonia [32] both
have suggested the flow at the present Reynolds number is governed
by a convective instability mechanism, i.e. instabilities stemming from
the near wake, rather than by a global instability, i.e. instabilities in the
shear layer. On the other hand, Norberg [26] suggests that the two in-
stability mechanisms coincide for causing a resonance like
behavior.

Fig. 18 shows, for the same time instant, a span wise view at two
different planes where the vortex formation structure varies as the
flow is governed by the different instabilities. As the shear layer in-
stability occurs transition to turbulence takes place in this region. On
the contrary, when the flow is governed by the convective type insta-
bilities transition is done within the recirculation zone, resulting in a
larger vortex formation region. The co-existence of these two types
of instabilities result in the un-even shear layer roll up observed in
Fig. 19.

The shear layer roll up defines how the vortex tubes are formed.
Fig. 19a shows the shear layer roll up at . Shear layers are
visualized using non-dimensional span wise vorticity at a level 5.5%
of the maximum span wise vorticity on the cylinder surface (defined
in a similar fashion as in Dong et al. [7]). Marked in the image are lo-
cations where the shear layer roll-up evidences the span wise irregu-
larities in its length. Fig. 19b shows the resulting vortex tube at

. Marked in the image are the locations where the 2D
continuity of the tubes is disrupted. Also, note there exists more than
one location where the continuity is lost along the span.

To further study this behavior, span wise velocity is plotted over
time at two different span wise locations, and .
As can be seen in Fig. 20, the shear layer shows the KH instability for

whereas it is not present in span wise location .
To further understand the vortex irregularities generated, Fig. 21

shows, using non-dimensional Q (0 ≤ Q* ≤ 50) and pressure (
) contours, the vortex detachment process on two dif-

ferent span-wise planes for a vortex shedding cycle around
. Fig. 21a shows the first step in this process where, as the shear layer
finish their roll up phase, the vortex tube starts to move downstream.
Notice in the left of Fig. 21a, the large amount of small structures
(shown as the darker contour) in the vortex formation region com-
pared to those present in the right. It is also important to notice the
slightly larger formation length present in the left.

As time advances, the vortex core starts to detach (Fig. 21b), how-
ever, the influence of the different mechanisms present cause vortex
detachment to be done in a different fashion. In the left of Fig. 21b,
the vortex core moves downstream as it detaches from the recircula-
tion area. However, in the right of the image, the vortex core starts to
deform as the shear layer delays the vortex detachment, as seen in the
right of Fig. 21b.

In the later stages of vortex detachment (Fig. 21c), the vortex tube
(on the left side) successfully detaches and starts to travel downstream
maintaining its circle-like shape. In the right, pressure contours de-
form greatly as the vortex core detaches. In this plane the structural
integrity of the span-wise structure is lost, however, the span wise co-
herence is recovered downstream, as seen in Fig. 21d.

At a vortex shedding cycle around the vortex tubes do
not show the large deformations visible in Fig. 19b (see Fig. 22b). As
the shear layer rolls up to create this vortex tube, it does so without the
large span wise irregularities in its length (see Fig. 22a). In a similar
fashion as before, the span wise velocity is plotted for the two span
wise locations and in Fig. 23. A quick examina-
tion reveals that no shear layer instabilities are present in these planes,
suggesting this vortex tube is completely governed by the recircula-
tion instability mechanism.

Fig. 24 shows, similarly as Fig. 21, the vortex detachment process
at the two span wise locations shown in Fig. 23. The beginning of this
process is similar to what was observed before. Fig. 24a, shows the
small structures within the recirculation area. Note that the vortex for-
mation length is slightly different, however, the vortex in the right is
larger.

As the shear layer roll up finishes, the vortex tube starts to move
downstream, and it does so in a more uniform fashion than that ob

Fig. 18. Span wise view at two locations showing the two different types of instabilities governing the flow, (a) global instabilities and (b) convective insta-
bilities. Figure is colored by pressure.
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Fig. 19. Shear layer roll up for (a) using span wise non-dimensional vor-
ticity and resulting vortex tubes (b) using non-dimen-
sional pressure . Both images are colored by span wise velocity.

Fig. 20. Span wise velocity within the shear layer (P1) at two span wise locations,
and .

served in Fig. 21 (see Fig. 24b). It is important to note that the
cross-flow location of the vortex center varies along the span. Finally,
Fig. 24c–d show the vortex tube as it finishes the detachment process

and travels downstream. The structural integrity of this tube is con-
served throughout the whole process and the resulting vortex tube has
a quasi-2D structure (Fig. 22b).

4. Conclusions

DNS computations were carried out to study the flow around a
circular cylinder at . Different authors point to this flow
regime as a transition point in the flow behavior. In order to correctly
capture the three dimensional behavior found in this flow regime, a
larger span-wise size than that used for previous DNS with lower Re
had to be used. In the present investigation a span-wise size of 2πD
was found to be enough to capture the three dimensional phenomena.
In general, results from the present simulations agree quite well with
published works, falling within the expected scattering present at this
Reynolds number. The long-term solutions performed along 3500 TU
show a similar profile to that observed for [17]. As ex-
pected, vortex shedding and KH instabilities are observed and large
energy peaks are obtained in the energy spectra indicating a very co-
herent vortex shedding and a strong influence of the KH instabilities
in the rest of the flow.

For this flow regime, the shear layers and the near wake exhibit a
three-dimensional behavior not observed at lower Re numbers, which
points out to a fundamental change in the flow. The three-dimension-
ality of the wake is seen as vortex distortions and variation in the
vortex formation length. The latter, was already reported at a lower
Reynolds number of [17]. However, at the
three-dimensional behavior is extended to the whole near wake region
exhibiting vortex splitting, vortex undulation and local vortex disloca-
tions. In contrast to the vortex dislocation reported by Braza et al. [4],
all these phenomena are found to be limited to the vortex formation
region, as the coherence of the vortex street is not lost downstream.

As previously suggested by Norberg, it has been found evidence
that the three-dimensional behavior appears to be the result of the
coexistence of two instability mechanisms: a global and a convec-
tive-type instability. Actually, Norberg suggested that wake three-di-
mensionality is caused by a resonance-like behavior within the near
wake. Present results show evidence that the resonance effects does
exist, and the three dimensional behavior is triggered by the occur-
rence of both global and convective, instabilities within the same vor-
tex tube. These two instabilities at a same span wise location result in
a different formation length and a distorted shear layer. As the shear
layer roll up happens, vortex formation length variations in the span
wise direction produce distorted vortex tubes. Nonetheless, the span
wise distribution of the local breaks in the vortex tubes shows a ran-
dom behavior, and is related to the appearance of the shear layer insta-
bility.
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Fig. 21. Pressure and Q* contours depicting the shear layer roll up at two span wise locations, left and right .
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Fig. 22. Shear layer roll up for (a) using span wise non-dimensional vor-
ticity and resulting vortex tubes (b) using non-dimen-
sional pressure . Both images are colored by span wise velocity.

Fig. 23. Span wise velocity within the shear layer (P1) at two span wise locations,
and .
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Fig. 24. Pressure and Q* contours depicting the shear layer roll up at two span wise locations, left and right .
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