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Abstract. 7KH G\QDPLFV RI WKH WLS YRUWLFHV LQ WKH ZDNH EHKLQG D ZDOO
PRXQWHG ILQLWHOHQJWK FLUFXODU F\OLQGHU RI WKH DVSHFW UDWLR  ZDV VWXGLHG
H[SHULPHQWDOO\XVLQJWLPHUHVROYHGVWHUHR3,9WHFKQLTXH7KHF\OLQGHUZDV
PRXQWHG QRUPDO WR D JURXQG SODQH DQG LW ZDV VXEMHFWHG WR D FURVVIORZ
ZLWK WKLQ ERXQGDU\ OD\HU GHYHORSHG RQ WKH ZDOO WKH 5H\QROGV QXPEHU
EDVHG RQ LQIORZ YHORFLW\ DQG F\OLQGHU GLDPHWHU ZDV  WKRXVDQGV 7KH
G\QDPLFVRIWLSYRUWLFHV ZHUHDQDO\VHGXVLQJWKH32'PHWKRGDSSOLHG WR
WKH SODQH SHUSHQGLFXODU WR WKH IORZ FORVH WR WKH F\OLQGHU %HVLGHV WKH
GHFD\LQJ SRZHU VSHFWUXP VORZHU WKDW WKH .ROPRJRURYW\SH RQH WKH WZR
GLVWLQFW IUHTXHQFLHV ZHUH GHWHFWHG RQ 6WURXKDO QXPEHUV  DQG 
7KHVHIUHTXHQFLHVFRXOGEHOLQNHGWRWKHYRUWLFDOVWUXFWXUHVG\QDPLFVLQWKH
ZDNH 7KH IUHTXHQF\ 6K  FRUUHVSRQGV WR SUHGRPLQDQWO\ VSDQZLVH
YRUWLFHV G\QDPLFV ZLWK DQWLV\PPHWULFDO SDWWHUQV ZLWK UHVSHFW WR WKH
F\OLQGHU D[LV ZKLOH WKH IUHTXHQF\ 6K  FRUUHVSRQGV WR PDLQO\
VWUHDPZLVH YRUWLFDO VWUXFWXUHV G\QDPLFV ZLWK V\PPHWULFDO SDWWHUQV
UHVSHFWLYHO\Thus, the von Kármán vortex street was detected on Strouhal
IUHTXHQF\

1 Introduction
Infinitely long circular cylinder in cross-flow is one of the canonical cases of the fluid
dynamics. This case is connected with periodical separation of vortical structures from the
sides of a bluff-body, so called von Kármán-Bénard vortex-street. Many experimental
studies and mathematical simulations could be find in literature (see e.g. [1,3,4,8,10,17]).
However, every real cylinder is of a limited length, its effect could be quantified by so
called aspect ratio defined as the follows: AR = L/D, where L stands for the cylinder length
and D for its diameter. There are numerous practical applications of the finite-length
cylinder, obstacles in flow parts in turbo-machines or typical architectonic structures
including buildings to give a few typical examples.
The wake dynamical behaviour of an infinite length cylinder is characterized by a
pseudo-periodical phenomenon, i.e. von Kármán-Bénard vortex-street with its fundamental
frequency. The dimensionless frequency is called Strouhal number and it is defined as



&RUUHVSRQGLQJDXWKRUXUXED#LWFDVF]


© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

MATEC Web of Conferences 328, 05008 (2020)
XXII. AEaNMiFMaE-2020

https://doi.org/10.1051/matecconf/202032805008

follows: St = (f.D)/U, where f is the frequency, D is the cylinder diameter and U is the
incoming velocity. Typical value of the Strouhal number corresponding to the fundamental
frequency is about St = 0.2 in the broad range of Reynolds numbers, higher than 200 (see
e.g. [1,9]).
The presented study brings some experimental results of wake dynamics behind a short
cylinder. The finite-length circular cylinder of the subcritical aspect ratio AR = 2 attached
on a wall was studied experimentally using stereo PIV technique. The cylinder was
mounted normal to a ground plane and it was subjected to a cross-flow with thin boundary
layer developed on the wall. The Reynolds number based on inflow air velocity and
cylinder diameter was 9.7 thousands. The dynamics of the wake is studied in the plane
perpendicular to the flow. Basic frequency and respective flow dynamics are to be studied.
Unlike infinitely long circular cylinder in cross-flow the finite length cylinder is not
studied thoroughly in the available literature, see e.g. [12,13,14,15,16]. In [12,13,16] it is
demonstrated, that the flow behind the cylinder of the aspect ratio higher than 5 is similar to
that of the infinite cylinder with dominating Kármán-Bénárd vortex street, however
deformed in a 3D manner, dominated by strong end-effects. The shorter cylinders are
characterized by qualitatively different flow structure. In paper [15] the critical value of the
AR is defined, bellow which the vortex shedding changes from the anti-symmetrical von
Kármán type to the symmetric arch-type. The critical value of the aspect ratio ARcrit is
reported to be between 2 and 6 (see e.g. [15]). The subcritical case is characterized by
parallel vortex shedding in the wake. Then both the tip and base vortices resulted from the
projection of the three-dimensional arch-type flow structure in the cross-section plane. The
horse-shoe vortex originates in subsequence of interaction between the wall-boundary layer
and the cylinder. Trailing (base) vortex is the result of the strong down-wash effect.
In the presented study only tip vortices and von Kármán type dynamics are to be studied
in the near wake.

2 Experimental Setup and Instrumentation
The experimental setup and the experimental method used will be specified now.
2.1 Experimental Setup
The cylinder of diameter 15 mm is placed perpendicularly to the flow in the test-section
inlet of the blown-down facility. The cross-section of the closed test-section is
250 x 250 mm2 in the position of the cylinder. The velocity on the test-section inlet was
Ue = 5 m/s corresponding to the Reynolds number about 9 630.
The situation is depicted schematically in Fig. 1, there is the cylinder (in green)
mounted on the bottom wall (in violet), and plane of measurement (in grey). Cartesian
coordinate system (xr, yr, zr) with origin located on the cylinder axis, the coordinates are
expressed in multiples of the cylinder diameter D and thus dimensionless. The flow is in the
xr axis direction.
The plane of measurement was located in the position xr = 1.17. Blockage of the test
section cross-section was about 6 %, the boundary layer thickness in the cylinder position
was about 2 mm, that is 0.07 D.
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Fig. 1.6FKHPDRIH[SHULPHQWDOVHWXS

2.2 Instrumentation
The velocity vector fields were measured using Particle Image Velocimetry (PIV) method
in stereo version.
The measurement apparatus consists of laser and 2 CMOS cameras by Dantec
Company. The laser is New Wave Pegasus, Nd:YLF double head with wavelength of
527 nm, with maximal frequency 10 kHz and shot energy of 10 mJ (for 1 kHz), thus the
corresponding power is 10 W per one head. The 2 cameras VEO 410 with resolution of
1 280 x 800 pixels are able to acquire double snaps with frequency up to 2500 Hz (full
resolution) and they use internal memory 16 GB each. The Scheinpflug mounting were
used for the cameras lenses to get the focus planes identical with the laser-sheet plane. The
stereo-PIV configuration is a standard one described e.g. in [2]. The data were acquired and
post-processed using the Dynamic Studio and Tecplot software.
The PIV measurement was performed using acquisition frequency 2 kHz, 4 000 doublesnapshots representing 2 s in real time were acquired. The Safex generator of particles in
the form of oil droplets was used, the mean diameter of the particles was 1 m.
The stereo PIV method provides all 3 velocity vector components, which were
evaluated in the plane of measurement. More detailed description of the experimental setup
and procedures could be found in [6].

3 Results
The results are to be presented in dimensionless form. The distances are expressed in
multiples of the cylinder diameter D and the velocities in multiples of the incoming velocity
Ue. All other quantities (as vorticity or TKE) are non-dimensioned with help of the D and
Ue as well.
The plane of measurement is shown in the positive xr axis direction.
3.1 The Mean Flow-Field
The flow-field is to be shown in terms of time-mean quantities first.

3

MATEC Web of Conferences 328, 05008 (2020)
XXII. AEaNMiFMaE-2020

https://doi.org/10.1051/matecconf/202032805008

In Fig. 2 the time mean velocity vector field is shown. For the sake of clarity, the
corresponding vector-lines in black are added in an arbitrary manner.

Fig. 2.0HDQYHORFLW\GLVWULEXWLRQLQWKHSODQHRIPHDVXUHPHQW

In Fig. 2 the contour of the cylinder is shown by violet dashed line. Low velocity region
(with back-flow) in the wake is depicted in blue, while outside the wake the velocity
approaches the incoming velocity value Ue, with even overshoot on sides. The down-wash
effect close to the cylinder axis is evident as well as the pair of contra-rotating tip vortices
in positions yr = +-0.4 and zr = 1.35.
For the dynamical analysis only part of the flow-field was chosen bounded by white
dashed rectangle in Fig. 2, yr   0.833;0.833 and zr   0.473;2.133 . Hereinafter we
will call it the Area of Interest (AoI).
The mean flow-field in this area is to be shown in details. In Fig. 3 again mean velocity
distribution is depicted on the left, vectors represent the in-plane velocity components,
while colour quantifies the out-of-plane velocity component. The white line delimits the
back-flow region. In Fig. 3 on the right, the vector-lines from in-plane velocity components
are shown together with the out-of-plane mean vorticity component (red positive, blue
negative). The tip vortices are visualised in this way.
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Fig. 3.0HDQYHORFLW\DQGPHDQYRUWLFLW\GLVWULEXWLRQVLQWKH$R,

To demonstrate the velocity field dynamics, the Turbulence Kinetic Energy (TKE) was
evaluated and its distribution is shown in Fig. 4, again in dimensionless form.

Fig. 4.7.(GLVWULEXWLRQLQWKH$R,

The blue regions are calm, while the red colour indicates high fluctuating activity. The
two high activity regions are located close to the cylinder contour in the bottom AoI part.
3.2 The Proper Orthogonal Decomposition
The Proper Orthogonal Decomposition (hereinafter POD) is considered as a basic tool to
study dynamics of extended dynamical systems, e.g. turbulent flows, see e.g. [2,5,11]. The
POD provides an unbiased technique for identifying deterministic features from a random,
fine grained turbulent flow. The method extracts the best correlated structures in a
statistical sense. A set of structures is identified with the orthogonal eigenfunctions of the
decomposition theorem of probability theory.
The goal of the decomposition methods in general is to look for a specific base with a
distinct physical meaning. In the case of the POD that means an orthonormal basis
corresponding to decorrelated (i.e. orthogonal) modes maximizing the spatio-temporal data
variance. In the case of application on velocity field the maximized quantity physical
interpretation is a total turbulent kinetic energy, i.e. sum of all TKE within the analyses
region.
In this paper we will consider the POD in its extended version, which uses
decomposition in both spatial and temporal domains. This version is also called Bi-
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Orthogonal Decomposition, see e.g. [5]. Each mode is to be represented by its topological
(Topos) and temporal (Chronos) parts.
The result of the POD analysis is to be presented. The set of 4 000 snapshots was
decomposed using a standard POD procedure implemented in the DynamicStudio software
resulting in the 4 000 POD modes. In Fig. 5 the kinetic energy distribution among the POD
modes is shown. The first quantity the Energy Fraction (EF) express the percentage shear of
a given POD mode on the total kinetic energy, the Accumulated Energy (AE) expresses the
sum energy of all lower order POD modes and Residual Energy (RE) is an unexplained part
of the total kinetic energy by a given set of modes.
Please note that the Total Kinetic Energy is the sum of the Turbulence Kinetic Energy
within the AoI.

Fig. 5..LQHWLFHQHUJ\GLVWULEXWLRQDPRQJWKH32'PRGHV

The first 10 POD modes cover only about 46 % of the total kinetic energy. The first 4
modes, which are to be shown below in details, contain 8.4, 6.3, 5.8 and 5.1% of the total
kinetic energy respectively.
The temporal parts of the POD modes are to be analysed first, as they play the crucial
role in the dynamics. The power-spectra were evaluated.
In Fig. 6 the power-spectra for the modes 1, 2, 3 and 4 Chronoses are shown in log-log
representation. The frequencies are shown in dimensionless form as Strouhal numbers Sh.
The pink full line represents the Kolmogorov law characterized by the slope -5/3 and the
dashed line is the most representative slope of the turbulent part of the analysed POD
modes, characterized by the slope about -7/6.
The spectra in Fig. 6 show some peaks and slopes. For the small frequencies up to Sh
about 0.08 the spectra are more or less constant. The high frequencies, Sh 0.2 and higher,
the spectra obey the decay law, however the slope is about -7/6, rather far from
Kolmogorov law, not so steep. This could be effect of not well developed turbulence very
close behind the cylinder, which is dominated by quasi-regular vortical structures, which
are fare from to be isotropic.
The dashed line marks the Sh = 0.15, modes 1 and 2 show maxima on this frequency.
The dotted line is on Sh = 0.09, the modes 3 and 4 have their maxima here.
The spectra of higher order POD modes contain no distinct peaks on any frequency,
they are basically dense with slower or steeper decay, maximum slope again -7/6.
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Fig. 6.6SHFWUDRIWKH&KURQRVHVPRGHDQG

The corresponding Toposes are to be shown as well. The in-plane velocity component
fluctuations are shown as vectors boosted by vector-lines. The colour represents the out-ofplane velocity fluctuation component, in blue negative, in red positive. Absolute values has
no meaning, only patterns matters.
The first two POD modes characterized by the frequency peak on Sh = 0.15 are in
Fig. 7. The fluctuating velocity vectors distributions are close to be anti-symmetrical with
respect to the cylinder axis (dash-dotted).

Fig. 7.7RSRVHVRIWKH32'PRGHVDQG

Those structures could be related to alternative shedding from the cylinder sides.
Especially the POD mode 1 represents well the vortex shedding of von Kármán type, as
horizontal vector-lines are present. The POD mode 2 is dominated by a streamwise vortex
with its centre on the axis, streamwise component of fluctuating velocity are positive and
negative on sides. However, the anti-symmetrical character of the modes 1 and 2 indicates
presence of spanwise oriented structures, parallel to the cylinder axis, appearing in
alternative manner.
The POD modes 3 and 4 characterized by Sh = 0.09 are shown in Fig. 8. The patterns
are more or less symmetrical with respect to the cylinder axis. The mode 3 is dominated by
a vortex on the right-hand-side, on the left the vortex is a little degenerated, but there is a
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sign of it. The mode 4 consists of 4 vortices in symmetrical configuration. The streamwise
component distribution is close to symmetry for both modes. This could be connected with
appearance of spanwise structures shed parallel.

Fig. 8.7RSRVHVRIWKH32'PRGHVDQG

The 3 and 4 POD modes are dominated by streamwise vortical structures in a pattern
close to be symmetrical.
The higher order POD modes have no distinct peak in theirs Chronos spectra and the
corresponding Toposes look to be not ordered in the sense of symmetry. The higher order,
the more complex and chaotic the topology is. As an example the POD modes 30 and 100
are shown in Fig. 9.

Fig. 9.7RSRVHVRIWKH32'PRGHVDQG

The Toposes are dominated by randomly distributed streamwise vortices and spots of
positive-negative streamwise velocity fluctuations.
In general, the tendency of the high order modes is towards white noise character of the
Chronos spectrum and increasing complexity and randomness of the Topos structure.
The chaotic character of POD modes was studied in [6].

4 Conclusions
The dynamics of the tip vortices in the wake behind a wall-mounted finite-length circular
cylinder was studied experimentally.
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The cylinder 15 mm in diameter was mounted normal to a ground plane and it was
subjected to a cross-flow 5 m/s with thin boundary layer developed on the wall. The
Reynolds number based on inflow velocity and cylinder diameter was 9.7 thousands. The
aspect ratio of the cylinder was 2, having the length 30 mm. Thus the aspect ratio was
subcritical producing different wake structure than a long cylinder.
For experiments the time resolved stereo PIV technique was used for detecting full
velocity vectors in a plane perpendicular to the inflow in the near cylinder wake. Only part
of the wake containing tip vortices was studied. Besides the flow statistics, the POD
method was applied to decompose the flow dynamics into coherent modes. Both temporal
and spatial analysis have been performed.
The analysis of modes time evolution by Fourier spectra the 2 distinct frequencies and
decay law were detected. The Strouhal numbers corresponding to the detected frequencies
were numbers 0.09 and 0.15. The decay law exponent of the power spectrum -7/6 was
ascertained, considerably smaller than the Kolmogorov-type one.
The detected frequencies are linked to the vortical structures dynamics in the wake. The
frequency Sh = 0.15 corresponds to predominantly spanwise vortices dynamics with antisymmetrical patterns with respect to the cylinder axis, those structures correspond to von
Kármán type alternative vortex shedding phenomenon. The frequency Sh = 0.09
corresponds to mainly streamwise vortical structures dynamics with symmetrical geometry.
Those dynamical structures are characterized by synchronous dynamical behaviour.
The authors acknowledge the financial support of the work by the Grant Agency of the Czech
Republic, projects Nos. 17-01088S, 19-04695S and 19-02288J.
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