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ABSTRACT

It is widely known that the near wake of bluff bodies is
subject to the Karman vortex street instability. It is much less
known that a qualitatively similar instability also exists in the
far wake, in which large scales vortices form, whether a near-
wake von-Karman exists upstream, or not. The cause of this
downstream ’secondary’ vortex street instability is a source of
controversy in the literature. This work presents an experi-
mental (PIV) and numerical (LES) investigation of the wake
of solid and porous plates in fully turbulent conditions. The
data are analysed using analysis of turbulent statistics and ap-
plication of modal decomposition techniques. Our results sug-
gest that the secondary street formation is due to the growth
and rearrangement of structures that first appear in the very
near wake. As the plate porosity is decreased, the secondary
vortex formation location is brought upstream, and eventu-
ally shares common characteristics with the conventional von-
Karman street, possibly suggesting similarities in the forma-
tion mechanism of the two types of vortex streets.

Introduction

The instabilities that develop in the turbulent wake have
been the subject of widespread research over the last century,
as they often give rise to large-scale coherent structures that
significantly affect the aerodynamic performance of bluff bod-
ies. The von-Karman vortex street is a notable example: in
that case, large scale vortices are generated immediately down-
stream of the bluff body, inducing periodic loads, and large ve-
locity/pressure fluctuations which significantly alter the mean
flow field (Williamson, 1996). Even though vortex shedding
has been studied for more than a century, a universal explana-
tion of its emergence has not been put forward. Another ex-
ample is the so-called secondary vortices (to distinguish them
from the primary von-Karman ones) that appear in the far
wake of bluff bodies (i.e., tens of diameters downstream (Cim-
bala er al., 1988)). These vortices are of interest because they
have been connected to the phenomenon of wake meandering,
which has important consequences in wind farm design (Gupta
& Wan, 2019). From a more fundamental perspective, the for-

mation mechanism of secondary vortices is of interest as it is
connected to the postulation of Townsend (1976) regarding the
onset of self-similarity in turbulent shear flows. In particular,
given that these structures appear in flow regions where the
mean velocities are self-similar, it is important to distinguish
whether their formation is linked to the initial conditions of
the flow (i.e., the bluff body) or not. If they do, Townsend’s
proposition that self-similarity presupposes the loss of mem-
ory of initial conditions from the flow comes into question (see
Bevilaqua & Lykoudis (1978) and Steiros et al. (2024) for a
more thorough discussion on the matter).

It is thus important to verify whether the secondary street
is a product of the local velocity shear (i.e., if it arises indepen-
dently of the initial conditions of the flow) or of the small-scale
vortices that exist much earlier on, very close to the plate. Both
explanations have been put forward in the literature (Cimbala
et al., 1988; Huang & Kefter, 1996), and Townsend himself
was in favour of the first one (Townsend, 1976). Cimbala et al.
(1988) performed a local linear stability analysis of the mean
flow profile in the wake of various bluff bodies, and recov-
ered the characteristic frequency of the secondary street. From
this they inferred that the secondary street is caused by the
mean shear, independently of the initial conditions. However,
local stability analysis of the mean flow is successful in find-
ing the correct frequencies even in the case of vortex shedding
near the body (Triantafyllou et al., 1987), where initial con-
ditions cannot be assumed to be negligible. Huang & Keffer
(1996) examined the evolution of the power spectral densities
derived from cross wire measurements acquired in the wake
of a porous plate. They found that the initial, near-wake spec-
tral peak connected to the shear layer instability, at each of the
two shear layers of the wake, gradually increased in magni-
tude and decreased in frequency as the hot wire moved down-
stream. From this, Huang & Keffer (1996) postulated that the
secondary street appears due to the merging of near wake vor-
tices. However, no direct visual evidence of the above postu-
lated process was provided.

To shed some light on the above, this work presents a joint
Particle Image Velocimetry (PIV) and Large Eddy Simulation
(LES) study of the near and far regions of the turbulent wake of
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Figure 1. Schematic of the experimental apparatus.

plates and meshes of varying porosity. Our results are in sup-
port of the secondary street mechanism postulated by Huang
& Keffer (1996), and show a significant influence of the initial
conditions on the secondary street dynamics.

The structure of this article is as follows: We first present
the details of the laboratory and numerical experiments, and
the data processing methods. We then discuss the experimental
and numerical results. Finally, we draw the conclusions of this
study.

Methodology
PIV measurements

Experiments were conducted in the aeronautics flume
of the Aeronautics Department of Imperial College London,
which has a square test section of 0.6 x 0.6 m? cross section
(see figure 1). The inlet velocity was set to 0.2 ms~!. At that
velocity the ambient turbulence intensity was measured to be
approximately 1.1%. The primary results concern the testing
of a uniform mesh and a porous acrylic plate of 54% and 50%
porosity, respectively, that spanned the whole channel. Poros-
ity here is defined as the open area of the mesh/plate over the
gross area and was carefully chosen so that the average veloc-
ity through the plate/mesh over the free stream velocity, u*,
was identical for the two cases and equal to u* = 0.63. A
plate with a porosity of 15% was also tested, so that the ef-
fect of the Karman vortex street on the far wake of the bluff
body could be documented. The through velocity in that case
was measured u* = 0.15. Note that porosities over 20% are
known to suppress the vortex street (Castro, 1971). All tested
bodies had a width of 3 cm. The Reynolds number based on
the plate/mesh width and the free stream velocity was approxi-
mately 6,000. High speed PIV was performed at an acquisition
frequency of 50 Hz at windows of 35x24 cm? size. The PIV
windows were positioned at the centreline of flume, and mea-
sured a horizontal slice of the flow field. Various downstream
locations, ranging from O to 80 plate diameters were measured.
A 4MP phantom v641 camera was synchronized with a Litron
laser using a delay generator. The vector fields were obtained
with the DaVis software using multi-pass cross-correlation (fi-
nal pass of 16 px).

Large Eddy Simulations

Large eddy simulations were carried out using Xcom-
pact3d (Bartholomew et al., 2020), an open-source finite dif-
ference framework dedicated to the study of turbulent flows.
The simulations employed 6th-order compact schemes and a
3rd-order Adams-Bashforth method. The Reynolds number
was Re = 5000, with the standard Smagorinsky model used
for turbulence modelling. The computational domain spanned
100x20x5 plate widths and was discretised with a uniform grid
consisting of 961x193x48 points. The porous plate was repre-
sented with the actuator disk method and was designed so that
the average normalized velocity through it was u* = 0.66. The
reasoning behind the LES is that they can generate an idealized
numerical experiment, in the sense that the ambient turbulence
intensity can be set to effectively zero, and the actuator plate
can have a fully homogenous porosity. Preliminary measure-
ments (not shown in this article) showed that both those pa-
rameters have an important effect on the characteristics of the
secondary vortex street.

Modal decomposition techniques

Both Proper Orthogonal Decomposition (POD) and Spec-
tral proper orthogonal decomposition (SPOD) were used to ex-
tract the evolution of coherent structures from the PIV and LES
data. Conventional POD is a standard technique and is not dis-
cussed further. Regarding SPOD, the algorithm described in
Towne et al. (2018) is used. SPOD solves the eigenvalue prob-
lem of the Fourier transform of the two-point space-time cor-
relation tensor (Towne et al., 2018). In that way, modes that
optimally represent the second-order space—time flow statistics
and oscillate at specific frequencies (i.e. have time-coherence)
can be obtained. For each frequency a set of spatial eigen-
modes is produced, ranked according to the magnitude of their
eigenvalues. If at a given frequency the first (dominant) eigen-
value exhibits a distinctly larger value compared to the remain-
ing eigenvalues, then this signifies the presence of a coherent
structure, at that characteristic frequency. This coherent struc-
ture can then be visualized by plotting the eigenmode that cor-
responds to the eigenvalue.

Results and Discussion
Secondary vortex street at high plate porosity

We begin our analysis with a SPOD reconstruction of the
LES data shown in figure 2 (the analysis was performed in the
cross-wise velocity component). The dominant eigenmodes at
three Strouhal numbers (defined as St = fD/U.. where f is
the frequency, D the plate width and U the free stream ve-
locity) are plotted. Those Strouhal numbers corresponded to
eigenvalues with large values in the SPOD analysis (see fig-
ure 3), i.e., these Strouhal numbers are the footprints of co-
herent structures. Indeed, the plotted dominant eigenmodes of
these Strouhal numbers clearly show the presence of coherent
vortices. We note that the LES data include 18 cycles of the
secondary vortex street, and cannot therefore be considered
perfectly converged (future work will address that). However,
the qualitative dynamics depicted are not expected to be dras-
tically altered with increased convergence.

Inspection of the top mode, corresponding to a Strouhal
number St = 0.4, reveals the existence of small vortices lo-
cated at the shear layers of the near wake, which are likely
the continuation of earlier Kelvin-Helmholtz instabilities. We
note that at that plate porosity the primary vortex street is sup-
pressed due to the large fluid bleeding from the plate (Cas-
tro, 1971). These vortices seem to disappear at a downstream
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Figure 2. First (dominant) eigenmodes, calculated using SPOD, for the cross-wise velocities at the wake of a u* = 0.66 actuator plate,

simulated via LES and situated at x/D = 0. The first eigenmodes of three different Strouhal numbers are shown.
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Figure 3. Distribution of SPOD mode energy versus eigen-
value number and Strouhal number.

distance of x/D ~ 12, at a location where the middle mode
(8t = 0.2) shows that larger vortices emerge. These vortices
span the whole plate width, and are the so-called secondary
vortex street (Cimbala er al., 1988; Huang & Keffer, 1996). In
turn, these larger structures disappear at a distance of approxi-
mately 45 plate widths downstream. At that point, even larger
structures emerge (see mode St = 0.1), persisting until the end
of the numerical domain. The above picture is also indicative
of what is observed in the SPOD analysis of the PIV data, but
in the case of LES the picture is much clearer, due to the ideal
nature of the LES numerical experiments (see section Large
Eddy Simulations above).

This flow picture could be thus thought to be in support of
the postulation of Huang & Keffer (1996), i.e., that the large
secondary street vortices are somehow connected to smaller

vortices close to the plate. In fact, the St = 0.4 SPOD mode
shows shear layer structures that are reminiscent of the vor-
tices that were reconstructed from the hot wire measurements
of Huang & Keffer (1996) using Taylor’s hypothesis. How-
ever, the SPOD analysis cannot reveal the dynamics of tran-
sition of the small to the larger vortices at roughly 20D. In
particular, do the vortices exhibit this increase in size at 20D
due to an abrupt merging of the earlier smaller vortices, or due
to a gradual diffusion and growth of vortices, or perhaps due
to a complete disappearance of the small vortices and then an
abrupt reorganization of the shear layers into larger structures,
as it has been observed in the far wake of flows where the Kar-
man vortex street is prevalent (Cimbala et al., 1988)?

To answer the above, one would need to inspect the dy-
namic evolution of coherent structures in the instantaneous
vorticity field but that is not straightforward given the multi-
scale nature of the flow. For instance, figures 4 and 5 show
instantaneous snapshots of vorticity, acquired via PIV, for the
u* = 0.63 mesh and plate, where it is obvious that a simple
visual extraction of coherent structures is unfeasible. To ad-
dress that, we performed a POD reconstruction of the instan-
taneous flow fields using a sufficient number of their higher-
order modes so that 50% of the POD energy is retained, i.e.,
aiming to filter-out the small-scale turbulent motions. Figure 7
shows the reconstructed flow field of the #* = 0.63 mesh. The
dynamics of the flow are more evident in the time resolved se-
quence of the reconstructed fields (available upon request) but
are also discernible in the instantaneous snapshots: The near
wake vortices grow in their respective shear layers until they
reach a critical size, and subsequently ‘invade’ the opposing
shear layer generating the secondary vortex street. The situa-
tion is qualitatively similar for the porous plate of u* = 0.63
and the actuator plate of u* = 0.66.

Figure 8 plots the distribution of mean streamwise
velocities and turbulence intensities (the latter defined as
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Instantaneous vorticity field, acquired via PIV, for the porous mesh (positioned at x/D = 0) of ™ = 0.63 and porosity 54%.
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Figure 5.

Instantaneous vorticity field, acquired via PIV, for the porous plate (positioned at x/D = 0) of u* = 0.63 and porosity 50%.
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Figure 6. Instantaneous vorticity field, acquired via LES, for the actuator plate (positioned at x/D = 0) of u* = 0.66.
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Figure 7. Filtered snapshot of vorticity for the porous mesh of figure 4, by retaining 50% of the POD energy at each measurement
plane. In the first two plates (i.e., until x/D = 18) shear layer vortices are growing, and in the third and fourth planes develop into the

secondary street.

Vu'2 +1v2 /U, with i’ and V' being the fluctuating compo-
nents of the streamwise and crosswise velocities, respectively)
along the centreline for the u* = 0.63 plate and mesh, as mea-
sured by PIV, and the u* = 0.66 actuator plate, simulated via
LES. All cases have similar effective porosity (i.e., #*) and
also same momentum deficit in the far wake (i.e., beyond 40
diameters). Still, their flow fields vary considerably, with the
relatively near field (up to 20 diameters) exhibiting the most
drastic differences: There, the porous plate exhibits very high
turbulence intensities in the centreline, and much lower mean
streamwise velocities, compared to the mesh and actuator plate
cases. This can be attributed to the much larger bulk vortic-
ity values of the porous plate at the near wake which enhance
mixing with the outer flow, compared to the mesh and actuator
plate cases where vorticity is initially confined in the shear lay-
ers and the bulk flow remains unmixed and laminar for longer
- vorticity only penetrates the wake beyond 7 diameters down-
stream (see figures 4 and 6). Given the almost identical effec-
tive porosity and far wake momentum deficit (i.e., drag) of the

three bodies, this difference can be attributed to their different
inhomogeneity: The pore size of the mesh is roughly ten times
smaller compared to that of the porous plate, and will thus gen-
erate an order of magnitude smaller vortices, which will decay
faster, not being able to sustain turbulent stresses and entrain
momentum from the outer wake.

Figure 8 shows that the differences between the three bod-
ies are abated in the far wake (i.e., beyond 30 diameters) but
are still persistent. In particular, while the wakes of all three
bodies are eventually characterized by almost identical mean
centreline streamwise velocities (reflecting an almost identical
momentum deficit), there is a clear difference in their turbu-
lence intensities: the wake of the porous plate is characterized
by consistently lower values of turbulence intensity compared
to the mesh. This is because the mesh, whose near wake is
not so well-mixed compared to that of the porous plate, is able
to generate a much more coherent secondary street. This can
be seen in figure 9, which plots the power spectral densities of
the cross-wise velocity component at the centreline location,
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Figure 8. Evolution of mean velocity and turbulence inten-
sity at the centreline, for the plate and mesh of 0.63 normalized
through velocity, acquired via PIV, and actuator plate of 0.66
normalized through velocity, simulated via LES.
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Figure 9. Compensated PSD plots of the normalized cross-
wise velocities, for the three highly porous objects, measured
at the centreline of the wake, 35 diameters downstream. The
peaks at St ~ 0.18 are footprints of the secondary vortex street.
The percentage in the legend refers to the u*.

35 diameters downstream of the bodies, and shows a higher
spectral peak for the mesh compared to the porous plate. The
’ideal’ numerical experiment of the actuator plate (i.e., without
ambient turbulence intensity and with a perfectly homogenous
plate) produces the largest turbulence intensities (see figure 8),
and the highest spectral peak (see figure 9) - it can thus be
thought as the limiting, or most favourable case for secondary
street formation. The above discussion suggests that, not only
that the secondary street is a product of near wake small vor-
tices, but that its evolution is highly dependent on the initial
conditions of the flow.

Influence on the primary Karman street

Figure 10 presents a snapshot of the vorticity of the POD
reconstructed flow of a porous plate of 15% porosity and
u* = 0.15. This configuration is particularly interesting as,
contrary to the cases presented above, the plate porosity is
not sufficient to completely suppress the Karman vortex street
(Castro, 1971). The latter thus appears, but its formation lo-
cation is transposed from the rear side of the pflate to several
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Figure 10. Filtered snapshot of vorticity for the porous plate
of 15% porosity, using 60% (first window) and 50% (second
window) of the POD energy. A Karman vortex street is ob-
served at the second window (x/D > 10).

diameters downstream the plate. The dynamics of the von-
Karman street formation are thus exposed in a clearer manner.

The first PIV window in figure 10 (x/D < 7) shows a
flow picture which is qualitatively similar to the one we de-
scribed above for the secondary vortex street: Shear layer vor-
tices grow large at their corresponding shear layers, and subse-
quently seem to move towards the opposing shear layer, form-
ing the von-Karman vortex street in the second PIV window
(x/D > 10). The above could hint that similar dynamics under-
pin the formation of the primary and secondary vortex streets.

Conclusions

We have performed a detailed experimental and numeri-
cal investigation of the wake of plates and meshes of varying
porosity at turbulent Reynolds numbers. The data are analysed
via inspection of their turbulent statistics and modal decompo-
sition techniques. Our results suggest that the secondary vor-
tex street forms due to the growth and rearrangement of near-
wake vortices, rendering it very sensitive to any change in the
boundary/initial conditions. The secondary street structures
exist in a flow region which is characterized by self-similarity
of the turbulent statistics. Therefore, given that the vortices
carry in them information of the initial conditions, this puts
in question the assumption that self-similarity presupposes the
loss of memory of the initial conditions from the flow. Our
results are therefore in agreement with the results of the previ-
ous studies of Bevilaqua & Lykoudis (1978) and Steiros et al.
(2024). Finally, our results hint that the dynamics behind the
formation of the secondary vortex street might share common
elements.
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