
Vol.:(0123456789)1 3

Experiments in Fluids (2020) 61:171 
https://doi.org/10.1007/s00348-020-03005-6

RESEARCH ARTICLE

Identification of structures and mechanisms in a flow field by POD 
analysis for input data obtained from visualization and PIV

Rut Vitkovicova1  · Yoshifumi Yokoi2 · Tomas Hyhlik1

Received: 6 September 2019 / Revised: 28 June 2020 / Accepted: 1 July 2020 / Published online: 9 July 2020 
© The Author(s) 2020

Abstract 
This paper investigates the application of proper orthogonal decomposition (POD) for data obtained from visualizations. 
Using the POD method, the flow field behind one and two cylinders in a staggered configuration was analyzed. The data 
processed by this method were obtained from experimental measurements of flow fields using the particle image velocimetry 
(PIV) method and visualization. The dominant frequencies of the flow pattern from these data were compared using constant 
temperature anemometry (CTA) measurements. Attention was mainly focused on the flow at three Reynolds numbers: 500, 
1200, and 2500. Velocity and vortex fields were created from PIV measurements in the wind tunnel for Re = 500, and video 
images of flow fields were obtained from dye visualizations in the hydrodynamic tunnel. The components of velocity, vor‑
ticity (both of PIV), and change in grayscale (from visualization) were used as input data for POD analysis. A methodology 
for data processing from visualizations was developed for subsequent analysis using the POD method. A new technique has 
been found to identify structures in the wake of the cylinders in a staggered configuration by analyzing POD based on various 
types of input data. The measured fields of dominant frequencies from the CTA and a thorough analysis of the POD modes 
and their relative energy values for each type of data made it possible to identify the structures and mechanisms that occur in 
the wake of cylinders. This analysis facilitated a better understanding of the importance of these structures and mechanisms, 
which can then be used to control the flow behind the cylinders.
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Graphic abstract

1 Introduction

1.1  POD method

Proper orthogonal decomposition (POD) is a technique 
for solving and analyzing the characteristics of flow fields 
and their structures. Its use has increased significantly in 
recent years. This method facilitates the analysis of large 
datasets by reducing the order description process. This 
leads to easier identification of processes that occur in 
the system under study. Using the POD method, physical, 
mathematical, biological, and environmental phenomena 
can be investigated and characterized owing to the fact 
that the dominant features and trends of processes can 
be recognized (Holmes et al. 1996). The POD method 
is known as Karhnunen–Loéve decomposition, princi‑
pal component analysis, singular system analysis, and 

singular value decomposition. Lumley (1967) was among 
the first to relate the POD method to turbulent flow. The 
advantages of the POD method—when used to study non‑
linear systems such as turbulent boundary layers—have 
been highlighted in Breuer and Sirovich (1991). Berkooz 
et al. (1993) discuss, in detail, the use of the POD method 
for turbulent flow. They show how POD can be used to 
analyze and model turbulent flow. Because this method 
makes it possible to simultaneously analyze and combine 
space–time data (Aubry 1991), other authors began to use 
the POD method to solve flow problems, especially in con‑
nection with the development of new experimental meth‑
ods such as particle image velocimetry (PIV) (Wang et al. 
2014; Graftieaux et al. 2001; Gurka et al. 2006; Hyhlik 
et al. 2013 and others) and computational fluid dynam‑
ics (CFD) (Frederich and Luchtenburg 2011; Le Clainche 
et al. 2015 and others).
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By applying the POD method to the data obtained by 
measuring or investigating the flow, it is possible to ascertain 
flow patterns that correspond to the structures with the great‑
est energy contribution to the flow. These structures do not 
necessarily correspond to coherent flow structures, but rather 
correspond to events that statistically contribute most to the 
current energy (Kostas et al. 2005). The velocity field, the 
vorticity field (Tang et al. 2015), the pressure field, and the 
flow visualization (Brevis and Garcia‑Villalba 2011) can be 
used as input data to be processed by the POD method. By 
analyzing the flow field around two cylinders using the POD 
method, it is possible to obtain both the dominant frequen‑
cies occurring in the cylinder wakes and the structures that 
have the greatest influence on the formation of the wake. 
From the obtained results, it is possible to reconstruct the 
flow using a selected number of modes for a selected time 
period. However, Graham and Kevrekidis (1996) demon‑
strated that time averaging is not always the most beneficial 
for capturing dominant phenomena in the observed system. 
Another problem with using the POD method is interpreting 
the first mode in a turbulent flow. This is because the energy 
of the monitored signal is divided between the two largest 
modes (Kevlahan et al. 1994).

Nevertheless, the POD method simplifies the analysis of 
complex problems such as the flow around one or more cyl‑
inders, making it possible to ascertain other possibilities for 
its use. As mentioned previously, the velocity and vorticity 
fields are most often analyzed using this method. Neverthe‑
less, the analysis of visualization data can also be conducted 
using this method. Further, there is a lack of research on this 
topic. However, Brevis and Garcia‑Villalba (2011) demon‑
strate that POD can provide useful information about the 
flow structure and the energies of individual structures from 
the visualization of the flow field behind a single cylinder. 
Schmid et al. (2011) use the dynamical mode decomposition 
(DMD) method on Schlieren helium jet snapshots. However, 
the question arises as to how the POD method (used for PIV 
or visualization data) can be applied to solve flow problems 
around two cylinders in a staggered configuration.

When using the input data from a visualization for the 
POD method, it is necessary to take into account that there 
is only a visual change instead of a physical quantity. There‑
fore, it seems very useful to investigate more thoroughly how 
the analyzed data can be interpreted.

1.2  Flow around two cylinders in a staggered 
configuration

Solving the flow field around two cylinders is complex and 
requires the consideration of several variables. Flow behav‑
ior around a single‑cylinder has been described by sev‑
eral authors, such as Roshko (1954), Williamson (1996), 
and Zdravkovich (1997). If there is another body close to 

a cylinder, such as another cylinder, the wake changes its 
behavior. The shear layers of both cylinders interact, along 
with the vortices and wakes. In his review, Zdravkovich 
(1977) examined the results of studies on the interactions 
between two cylinders in tandem and staggered configura‑
tions. In his paper (Zdravkovich 1987), he describes four 
areas—based on the measurement of forces—that can be 
found in the wake behind the cylinder. Strykowski and 
Sreenivasan (1990) define regions of influence of the sec‑
ond cylinder based on experimental measurements (CTA, 
LDV, and visualization) and numerical simulations for 
low Reynolds numbers (Re = 40–80) and different cylin‑
der diameter ratios (D/d = 3–20). Hwang and Choi (2006) 
attempted to numerically find areas in the wake of the cyl‑
inder that, if affected, would reduce instability in the wake. 
Choi et al. (2008) compared these areas with the regions 
defined by Strykowski and Sreenivasan (1990). The three 
regions behind the cylinder are the result of comparing these 
researches, which have common intersections in some parts. 
An extensive study of visualizations and PIV measurements 
was performed by Sumner et al. (2000). Research has been 
conducted for D/d = 1 and Reynolds numbers between 850 
and 1900. The authors have defined nine characteristic 
types of flow around two cylinders that change the behav‑
ior of vortex structures and shear regions in the wake. Hu 
and Zhou (2008) (Re = 7000), Zhou et al. (2009) (Re from 
1500 to 20 × 105) and Wong et al. (2014) (Re from 1500 to 
20 × 105) show, in their studies, how similar configurations 
look at higher Reynolds numbers. They define the areas of 
four specific regions behind the cylinder for three Reynolds 
numbers.

Most of the studies presented here, which led to the dis‑
covery of regions and their characteristics, were based on 
experimental measurements and optical observations of the 
flow field of cylinders of the same diameter. However, these 
studies did not assess what happens in the wake when the 
diameter ratio of the cylinders changes, what is the main 
dominant structure in the flow, and how much it affects the 
phenomena occurring in the wake.

2  Experimental details

2.1  Experimental setup

The POD method was applied to the data obtained by 
researching the wake behind two cylinders in a staggered 
configuration (Vitkovicova and Yokoi 2019). To investi‑
gate the processes taking place in the wake of two cylin‑
ders, measurements were performed for a combination of 
cylinders with three diameter ratios D/d = 1, 1.67, and 2.5, 
where D is the diameter of a cylinder placed in front (which 
was 10 mm in all cases) and d indicates the diameter of 
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the cylinder downstream. The diameter of the rear cylinder 
was changed for each combination: d = 10 mm for D/d = 1, 
d = 6 mm for D/d = 1.67, and d = 4 mm for D/d = 2.5. The 
length of all cylinders was 300 mm. Aspect ratios (L/D) had 
values of 75 (for d = 4 mm), 50 (for d = 6 mm), and 30 (for 
d = 10 mm). The positions of the second cylinder have been 
chosen at seven points, as shown in Fig. 1a. Table 1 shows 
the coordinates of these positions and Fig. 1b defines the 
dimensions.

The first cylinder was placed between two plates that were 
part of the tunnel wall. For CTA measurements, circular 
plates were added to the wall. A second cylinder was placed 
between the positioning plates. In the longitudinal direction, 
the spanwise uniformity of flow was checked by measur‑
ing multiple hot wire probes at the same distance from the 
cylinder at a given moment in time for Reynolds numbers 
between 600 and 8700. In the case of a single cylinder, it 
was found that the values of the frequencies measured by the 
fluctuations were identical, given the measurement accuracy.

In all cases, Reynolds numbers (Re = U∞ D/ν) are rela‑
tive to the diameter D of the front cylinder, the free stream 
velocity U∞, and kinematic viscosity ν.

2.2  Experimental methods and facilities

Particle image velocimetry (PIV) measurement and visuali‑
zation data are the basis for POD analysis. From this data, 
patterns of individual modes and their relative energy, along 
with the frequency of patterns of structures for each mode 
were identified. These frequencies were compared with those 
obtained from CTA measurements in a grid of points in the 
cylinder wakes because this method facilitates a detailed 
overview of the frequencies occurring in the flow field.

2.2.1  Visualization

Visualization measurements were performed in a small cir‑
culating water tunnel with a cross‑section of 300 × 200 mm 
and a measuring space length of 1200 mm. The tunnel 
velocity was adjusted using a frequency transducer with 

a calibration curve for velocity dependence, where the 
measurement uncertainty was ± 1% of the current velocity. 
To visualize the structures and flow around the cylinders, 
a pouring streak method was used to visualize the flow. 
A different color ink was made to flow to the surface of 
each cylinder. Two ports on the cylinder were positioned 
at ± 60° from the stagnation point of the cylinder where 
the ink was evenly discharged, to keep the cylinder bound‑
ary layer intact. The observed area was illuminated by 
a 500 W halogen light. The video was recorded using a 
video camera with a CCD chip and a recording device at 
a frame rate of 29 fps. The mounting of the cylinders was 
similar to that of the wind tunnel—the first cylinder was 
fixed to the tunnel walls; the second cylinder was placed 
between the sliding plates.

The flow field was observed using the visualization 
method for cylinder diameter ratios D/d = 1, 1.67, and 2.5 
for seven previously defined positions and three Reyn‑
olds numbers—500, 1200, and 2500 (Yokoi and  Vitko‑
vicova 2017). The maximum of the solid blockage ratio 
for D/d = 1 was 10% in position 1, for D/d = 1.67 was 8% 
in position 1, and for D/d = 2.5 was 7% for position 1. The 
single cylinder with the diameter D = 10 mm blocked 5%. 
For each recorded position and each Reynolds number, 
image data was obtained and subsequently processed using 
the POD method.

Fig. 1  Setup and notation of 
two cylinders in a staggered 
configuration: a location of the 
center of the second cylinder 
behind the first cylinder, b 
dimensions

Table 1  Coordinates of cylinder positions

Position no. x/D y/D R/D α (°)

1 4.3 − 1.25 4.48 16
2 3.2 − 0.8 3.30 14
3 2.4 − 0.8 2.53 18
4 1.95 − 0.8 2.11 22
5 2 − 0.6 2.09 17
6 1.5 − 0.35 1.54 13
7 1.5 0 1.50 0



Experiments in Fluids (2020) 61:171 

1 3

Page 5 of 21 171

2.2.2  CTA method

The CTA method was chosen to accurately determine the 
frequencies in the wake behind the cylinders and evaluate 
the Strouhal numbers.

An Eiffel‑type wind tunnel with a closed measuring space 
was used for CTA measurements. The tunnel velocity was 
determined using the pressure drop on a nozzle—Rosemount 
pressure transducer (± 1 Pa measurement accuracy)—and 
verified using an OMNIPORT 20 HA040402 velocity probe 
for 0–20 m/s and OMNIPORT 20 HA040401 calibrated for 
0–2 m/s. The uncertainty for velocity measurement was 
determined to be ± 0.04 ± 1% of the velocity measured for 
the velocity range from 0.08 to 2 m/s and ± 0.02 ± 2% of 
the velocity measured for the velocity range of 2–8 m/s. 
The measurement uncertainty for the Strouhal number was 
dependent on the velocity. The influence of uncertainties is 
shown in Fig. 2, where the maximum possible error in the 
calculation of the Strouhal number for CTA measurements 
(position 6) is shown.

The turbulence intensity in this tunnel was around 1.1%. 
The length of the measuring space was 750 mm and its 
cross‑section had dimensions 300 mm × 200 mm. Two meas‑
urement systems were used to measure flow fluctuations. 
The first was a MiniCTA 54T30 system (Dantec Dynamics) 
with one 55P16 HW probe, and the other was a multi‑chan‑
nel StreamWare Pro system (Dantec Dynamics), with two 
55P11 HW probes. The solid blockage ratio was the same 
as that in the circulating water tunnel used for visualization.

The frequencies for the two‑cylinder diameter ratios—
D/d = 1 and 2.5—were measured using the MiniCTA sys‑
tem. In these cases, the hot‑wire probe was positioned in 
120–140 locations in the cylinder wake in the same plane for 
16 Reynolds numbers, within the range of 285–2600. The 

StreamWare Pro multichannel system was used to measure 
the fluctuation change not only in time but also according to 
the position of the probe in the wake. Measurements using 
this system were performed for one cylinder diameter ratio, 
D/d = 2.5, and for 15 Reynolds numbers in a range of about 
285–2900. The probes were always placed in the plane per‑
pendicular to the direction of flow at a distance of 41–75 mm 
behind the first cylinder. The spacing between the probes 
was 52 mm. The sampling rate used in both measurement 
systems was 10 kHz. Figure 3a shows a grid in one plane 
and Fig. 3b shows a grid of points measured in two planes, 
XY, behind the first cylinder.

2.2.3  PIV measurement

PIV measurement was performed in a circulating wind 
tunnel with an open test section. The turbulence inten‑
sity in this tunnel was about 1%. The outlet nozzle had an 
octagonal shape with a maximum width of 360 mm and a 
maximum height of 200 mm. The test section was 395 mm 
long. The tunnel velocity was determined and verified in 
the same manner as CTA measurements. The PIV measure‑
ment uncertainty was determined to be 5% at a displacement 
of 1–10 pixels for the velocity field, and the vorticity field 
reached an uncertainty of 10%.

The measuring apparatus consisted of a 1 W laser diode 
(532‑mm wavelength emission) with a lens array for the 
laser sheet and a high‑speed Olympus i‑SPEED 3 camera 
with a Nikkor lens with a focal length of 85 mm, a resolution 
of 1280 × 1024, a maximum frequency of 150,000 fps, and a 
full resolution of the maximum frequency of 2000 fps. The 
Safex Fog Generator was used to create seeding particles. 
The cylinders were placed between two plexiglass plates—
the first cylinder was firmly mounted on the stationary 

Fig. 2  Error in Strouhal num‑
bers for position 6

Fig. 3  Grids of measured points behind the cylinders using the CTA method: a in one plane, b in two planes
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plates; the second cylinder was attached to the sliding plates. 
The maximum solid blockage ratio of this wind tunnel for 
D/d = 1 was 9.7% in position 1, for D/d = 1.67 was 7.7% in 
position 1, for D/d = 2.5 was 6.8% for position 1. The single 
cylinder with a diameter of 10 mm blocked 4.8%.

The velocity fields were measured for Re = 500 and for 
the cylinder ratio D/d = 2.5.

2.3  Proper orthogonal decomposition

As mentioned in the introduction section, the POD method is 
a statistical technique that can be used to analyze events that 
are expected to have certain dominant recurring phenomena 
(Chatterjee 2000). This method can be used to determine the 
phenomena that contribute most to the energy of the flow, 
depending upon the input variable—this is the maximization 
of the square of the variable (Kostas et al. 2005). For exam‑
ple, if the variable is velocity, the structures related to kinetic 
energy are highlighted in the POD modes. The POD modes 
are, therefore, related to the events that statistically contrib‑
ute the most to the energy relative to the input variable.

There are two ways to obtain dominant modes: the direct 
method and the snapshots method (Holmes et al. 1996). Both 
approaches are based on the same assumption that there is an 
instantaneous fluctuation component of the flow field, which 
can be expressed as:

where u (x, t) represents the fluctuation component, ai (t) 
represents the time‑dependent POD coefficients, and φi (x) 
represents the eigenfunction of the POD modes.

The snapshot method, formulated by Sirovich (1987), 
makes it easier to find the solutions for coefficients and func‑
tions. Therefore, it is advantageous to select this method 
when analyzing a large amount of experimental data. Since 
this method is used to process the data presented in this 
work, only this approach will be discussed in the text.

Before decomposition, it is necessary to construct a 
matrix of fluctuating components U = [u1, u2 … uN] defined 
in space and time in M points and N frames. Fluctuating 
components can be both scalar and vector functions. For 
example, if the input data is a velocity field, the U matrix is 
constructed from both velocity components:

(1)u
N
(x, t) =

N∑

i=1

a
i
(t)�

i
(x),

The covariance matrix G is solved in the first step to find 
the POD coefficients and modes for the N matrix with a 
fluctuating flow component U, which is determined by:

The next step is to find the eigenvalues and eigenvectors 
of the matrix G from the relation:

where vi are the eigenvectors and λi are the eigenval‑
ues. From the eigenvalues sorted in descending order 
(λ1 > λ2 > λ3··· > λN), eigenvectors vi, and the fluctuation 
matrix U, it is possible to obtain POD modes using:

The POD modes are ordered in descending order accord‑
ing to their eigenvectors; therefore, the first modes are most 
important in terms of the significance of the events taking 
place in the observed area. They contain most of the energy 
of the fluctuations.

Time‑dependent POD coefficients, whose frequency 
spectrum corresponds to the frequencies of events in the 
monitored area, can be expressed as follows:

How much the individual modes contribute to the overall 
flow pattern can be calculated from the eigenvalues of the 
flow. These represent the energy1 contained in the modes, 
whose relative values can be expressed as follows:

(2)

U = [u(∶, 1), u(∶, 2,… u(∶,N))]
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i
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T

i

√
�
i
.

(7)E
i
=

�i

∑N
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�i
.

1 It should be noted here that, if the POD method is used to analyze 
data that has no relevant physical meaning, rather than as energy—
more precisely, a ratio of energies—it is necessary to understand the 
meaning of the eigenvalues as the magnitude of the given phenom‑
enon in the flow. However, for the sake of simplicity,  Ei will hereinaf‑
ter be referred to as energy.
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From the obtained eigenvectors and eigenvalues, it is 
possible to plot fields of modes, which are the dominant 
prevailing features of the flow. Through this, their effect 
on the energy of the respective phenomena can be seen. 
The phenomena that predominantly shape the flow pat‑
tern can be ascertained from the first POD modes. From 
these “first” modes, it is possible to reconstruct images 
of the flow at a selected time period according to the fol‑
lowing relation:

where tn is the selected time period and K is the selected 
number of modes. Thus, it is possible to observe how the 
flow patterns contribute to the overall flow field.

(8)u(x, t
n
) =

K∑

i=1

a
i

(
t
n

)
�
i
(x),

3  Methodology of experimental data 
processing

3.1  Processing of results from visualization 
measurements

The video sequences visualizing the flow around the two 
cylinders were processed in two ways. The first was to 
obtain high‑quality images for the description of events, 
from which it was possible to obtain the necessary infor‑
mation on the structures that are created in the wakes. 
This was further used to identify these structures from the 
POD modes. The second and main method of processing 
was analysis using the POD method, performed in MAT‑
LAB. The first step was to convert images to grayscale 

Fig. 4  Image processing pro‑
cedure
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and write them into a matrix. This process had several 
phases, as shown in Fig. 4. Original color images from 
the movie were first converted to grayscale, specifically 
to 8‑bit images, where the intensity level varied between 
0 and 255 (0—black, 255—white). On the basis of these 
modified pictures, a section that met the criterion of con‑
stant saturation was chosen. This means that the maxi‑
mum deviation in grayscale for an unaffected background 
is up to 10%. In this case, the resulting error regarding the 
magnitude of the kinetic energy is up to 0.2%. Smoothing 
with the median filter is the next phase of image editing, 
followed by increasing the contrast and calculating the 
mean of all images. In the final step, the mean value is 
subtracted from each frame. In this way, the dominant 
structures are highlighted. The noise seen at the bottom 
and top of the image has no effect on the mode shapes and 
energy. The error here is less than 0.1% and the modes are 
not affected. The POD modes are calculated from these 
adjusted images.

Subsequently, a section was selected from the video 
sequence that had to meet the visualization criteria. The first 
criterion that was important to eliminate evaluation errors 
was the constant saturation criterion. It is not possible to 
maintain the same saturation intensity and constant back‑
ground shade in the circulating water tunnel over a long 
period of time. Therefore, only those sections that met this 
criterion were selected. Another important requirement was 
the saturation rate. If a small amount of visualization ink was 
present, all the movements and structures of the cylinder’s 
wake could not be captured. In contrast, if the amount of ink 
was too high, owing to the saturation of the flow around the 
cylinders, it was also impossible to distinguish the develop‑
ment and changes in the structure. For this reason, sections 
of the same length were not always selected. Samples of bad 
and good images are shown in Fig. 5.

The length of the section was largely determined by the 
quality of the data and the requirement for capturing the 
complete flow period. The number of frames was usually 
in the range of 700–1300. How much the different number 
of frames had an influence on the resulting flow patterns 

was investigated, the influence on relative energy. Testing 
determined that the effect of the number of snapshots on 
their patterns was not apparent, and the relative energy in the 
first modes had a difference of up to 1% of the total energy. 
This difference was not necessarily due only to the number 
of frames, but it was an important factor if the section also 
recorded the complete period of the wake. After selecting 
the recording area, the images were adjusted using a median 
filter and lightened slightly. Subsequently, their mean value 
was subtracted from all the images such that the first mode 
could correspond to the structures in the wake of the cylin‑
ders and not the stream itself. The next step involved calcu‑
lations of the correlation matrix, eigenvectors, and eigen‑
values. The POD coefficients a, individual modes φ, and 
relative energy were obtained from the calculations. Sub‑
sequently, the courses of POD temporal coefficients for the 
first seven modes were plotted. The quality of the input data 
could be verified from them. In case the magnitude of the 
amplitude of coefficients a was not constant and differed sig‑
nificantly, it was necessary to thoroughly check the selected 
section of the recording to ascertain whether the quality of 
any image was reduced in terms of the above criteria. If the 
given section met the requirements for all images, the domi‑
nant ten frequencies were again obtained for the first ten 
modes from the frequency spectrum of the POD coefficients 
and the Strouhal numbers were calculated. From these POD 
modes, the fields of eigenmodes were plotted.

3.2  Processing of PIV measurement results

Images were processed using the FlowManager program 
(Dantec Dynamics). 2500 images were evaluated for each 
measured position. In FlowManager, adaptive correlations 
were calculated for each frame (16 × 16 area size with 50% 
overlap) and vector statistics were calculated. The vortex 
values were calculated from the adaptive correlations using 
this program. From the fluctuations of velocities at the 
selected points, the dominant frequencies at one point in 
the cylinder wake were calculated and velocity fields were 
drawn from vector velocity statistics in MATLAB.

Fig. 5  Samples of two bad 
(unsaturated and oversaturated 
flow) and one good image
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Using the POD method, the individual modes were 
evaluated from both velocity fields and vorticity fields in 
MATLAB. The procedure for conducting POD analysis was 
similar to that for visualization. In the case of velocity fields, 
relative energy was obtained from both velocity vectors, as 
well as the coefficient a and mode φ. However, the eigen‑
modes were drawn in vector form from both velocity com‑
ponents and the eigenmodes were obtained separately for 
each velocity component. The dominant frequencies were 
obtained for each mode and the Strouhal numbers were sub‑
sequently calculated.

3.3  Processing of CTA results

From the CTA measurements, data (velocity and voltage 
fluctuations) were saved in text files and subsequently pro‑
cessed using MATLAB. The important findings included 
the dominant frequencies, calculated Strouhal numbers, and 
graphs of the power spectral density (PSD) for each meas‑
ured point. From these courses, it was possible to deter‑
mine other significant frequencies that occur in the flow. A 
large grid of measured points made it possible to observe 
the frequencies of the separate structures behind the cylin‑
ders, in detail. A comparison of the strong frequencies in the 
individual parts of the wake with the frequencies obtained 
through POD analysis contributed to the understanding of 
the importance of the individual structures depicted in the 
modes.

4  Identification of dominant structures 
from POD analysis

4.1  Frequencies of structures

The first measurements included the measurement of fre‑
quency and calculation of Strouhal numbers behind a single 
cylinder. Figure 6a shows the results of the measurements 
compared to the calculated values based on the relationships 
found in Fey et al. (1998). The value of the Strouhal num‑
ber from the POD field velocity analysis is not shown here 
because it is identical to the value obtained from velocity 
field fluctuations.

Two frequencies in the wake are often reported in the 
case of two interacting circular cylinders in a flow field. 
Zdravkovich (1987) found that one frequency depends on 
the front cylinder and the other on the rear cylinder. Sumner 
et al. (2000) related the second frequency to the shear layer 
of the cylinders. Ishigai et al. (1972) investigated the area 
behind the two cylinders, where the frequencies are lower 
and higher. However, actual measurements do not fully cor‑
respond to these theoretical values. This is why both the 
strongest frequencies and other significant frequencies that 

appear in the frequency spectra have been closely monitored. 
The two values of the Strouhal number are shown in Fig. 6 
for most Reynolds numbers. The second frequencies were 
determined from the spectral power density graphs—PSD 
in the case of CTA measurements—and the frequency of the 
4th mode was taken as the second dominant frequency when 
using the POD method.

Figure 6b–h shows the dependence of St–Re for D/d = 1, 
for each position. This dependence was ascertained from 
the CTA measurements and POD analysis from visuali‑
zations compared to the course of Strouhal numbers on a 
single cylinder and examples of visualization images for 
three Reynolds numbers—500, 1200, and 2500. At position 
1 (Fig. 6b), the second cylinder evidently does not affect 
the resulting wake frequency significantly; the values of the 
Strouhal number are almost identical to those for a single 
cylinder. At position 2 (Fig. 6c), there are already significant 
changes, and the dominant frequency decreases. However, 
the course of the second strong frequencies in the wake, 
which is not as smooth as the values of the second frequen‑
cies from POD, indicates the occurrence of local wake dis‑
orders. At position 3 (Fig. 6d), a situation similar to position 
2 occurs, but there are already disturbances and a change in 
the flow. Up to roughly the value of Re = 1000, the values 
of the Strouhal number decrease, then rise up to Re = 1500. 
Up to the maximum measured value of Re = 2500, they have 
a constant course. Strouhal’s CTA and POD numbers differ 
significantly in this position. This is probably due to the fact 
that the hot wire positioned in the grid of points in the wake 
is more sensitive to local changes and fluctuations that occur 
here, while the POD considers the observed area as a whole.

The course of Strouhal numbers at position 4 (Fig. 6e) 
is similar to that at position 2; however, at lower Reynolds 
numbers, there is a noticeable difference in that Strouhal 
numbers have a higher value. From a comparison of the 
Strouhal numbers of positions 4 and 5 (Fig. 6f) and their 
development with increasing Reynolds numbers, it can be 
assumed that the positions are identical. The flow pattern 
is reflected in the Strouhal numbers for the 4th mode from 
the POD analysis for Re = 500 and Re = 1200; however, at 
position 5 the values of the Strouhal numbers are lower. At 
position 6 (Fig. 6g), the Strouhal numbers follow the trend 
of positions 4 and 5, with the values shifted slightly lower 
than the values for a single cylinder. It can be seen from the 
smooth course of the values that there are no significant dis‑
turbances in the wake of both cylinders, which corresponds 
to a very good match of the Strouhal numbers from both 
measurements. At position 7 (Fig. 6h), the Strouhal number 
values are different from the assumption that two cylinders 
in a row will exhibit similar behavior as a single cylinder. In 
this case, the wake is possibly weakened by stretched shear 
layers, which will be reflected in the values of dominant 
frequencies, but only in measurements using a heated probe.



 Experiments in Fluids (2020) 61:171

1 3

171 Page 10 of 21

Fig. 6  Dependence of St–Re from CTA and POD analysis for D/d = 1 and visualization of positions for Re = 500, 1200, and 2500 (from left to 
right), a single cylinder, b position 1, c position 2, d position 3, e position 4, f position 5, g position 6, and h position 7
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Fig. 7  Dependence of St–Re from CTA and POD analysis for D/d = 2.5, and visualization of positions for Re = 500, 1200, and 2500 (from left to 
right), a position 1, b position 2, c position 3, d position 4, e position 5, f position 6, and g position 7
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Figure 7 shows the results from frequency measurements 
by CTA, PIV, and POD analysis for D/d = 2.5 with single 
cylinder values. Further, it shows visualization images for 
three Reynolds numbers—500, 1200, and 2500. The Strou‑
hal numbers at position 1 (Fig. 7a) have a similar pattern to 
those for D/d = 1. At position 2 (Fig. 7b), there are already 
distinct differences. From the CTA measurements, it can be 
seen that the values of the Strouhal numbers differ slightly 
from the POD measurements. The reason for this is prob‑
ably the same as that for D/d = 1 at position 3. However, the 
Strouhal numbers of the dominant frequencies from CTA are 
higher than those for a single cylinder and their course shows 
that local instabilities occur at this position. At position 3 
(Fig. 7c), the first cylinder’s wake disruption is most notice‑
able. From the CTA measurements, it is very difficult to 
determine which frequency is dominant in this case, because 
(similar to position 2) it strongly depends on the position of 
the heated probe. The main reason for these frequency dif‑
ferences across the wake is the variation in the frequency of 
formation of the shear layers from the individual cylinders 
and the repeated disruption of the formation of the vortex 
street of the first cylinder by the shear layers of the second 
cylinder. Position 4 (Fig. 7d) does not show such a chaotic 
near wake. The near wake is more compressed; therefore, 
the vortex streets are formed behind the second cylinder. 
It is also clear from the graph in Fig. 7d that this second 
cylinder position reduces the dominant frequency in the 
wake significantly (especially for lower Reynolds numbers). 
At Position 5 (Fig. 7e), no separate vortex street is formed 
behind the second cylinder. Compressing the near wake of 
the front cylinder and splitting its shear layers weakens the 
wake, which results in lower dominant frequencies and thus 
lower Strouhal numbers in comparison to a single cylinder. 
The rear cylinder, located at position 6 (Fig. 7f), does not 
significantly disturb the wake of the first cylinder, but simply 
introduces several possible disorders into the system. The 
situation here is similar to that for D/d = 1. At position 7 
(Fig. 7g), the smaller cylinder tends to shed the shear lay‑
ers at a different frequency than the first cylinder. Although 
these shed layers are absorbed by the shear layers of the 
first cylinder, they cause flow disturbances. The absence of 
the second significant frequencies at the higher Reynolds 
numbers indicates a complete synchronization of the wakes 
and the “unification” of the two cylinders into a single body, 
in terms of flow.

4.2  Structures in flow

As mentioned previously, the main characteristics of flow 
are included in the first few POD modes, which result from 

the relative energy values of the phenomena. Usually, the 
shapes of the POD modes are paired, which means that the 
plotted patterns have similar relative energy values and very 
similar structures, which differ only by phase shift. There‑
fore, the pattern of the first and second modes will be almost 
identical,2 as will the third and fourth, and so on. Neverthe‑
less, it can be seen from the analysis of a large amount of 
data that there are cases in which one of the first modes does 
not contain clear wake structures, but rather the pattern of 
the flow, even if the mean value is subtracted. The possible 
cause of this phenomenon will be discussed later.

For POD modes obtained from both velocity and vorti‑
city field PIV data and visualization data, differently shaped 
structures are obtained. As mentioned in 2.3, the choice of 
input data affects the resulting mode patterns, as the POD 
analysis processes and highlights how the input quantity 
contributes to the overall characteristics of the flow (Kostas 
et al. 2005). For this reason, differences are evident, although 
not extensive. If the aim is to obtain information regarding 
the shapes of coherent structures in terms of their defini‑
tion—such as in a study by Hussain (1986) and the physical 
approach—vorticity seems to be the most appropriate input 
for describing coherent structures, since vorticity is invariant 
according to the classical principle relativity (Kostas et al. 
2005). For determining the kinetic energy’s relationship with 
individual processes and flow patterns, the velocity field is 
more advantageous as input data. Given that the change in 
intensity of gray shade has no physical meaning, in individ‑
ual modes, it is more about highlighting flow structures and 
drawing analogies with other physical quantities. Therefore, 
to understand the meaning of the eigenmodes, it is neces‑
sary to examine the obtained modes in more detail. Only 
in this way can a parallel be drawn between these patterns, 
which—in fact—describes the same processes in the flow, 
only each from a slightly different point of view.

4.2.1  Single cylinder

From the data obtained from PIV measurements, the veloc‑
ity field was only analyzed for D = 10 mm and a Reynolds 
number of 450. Figure 8a shows the first mode of the POD 
from the velocity field.

Tang et al. (2015) presented similar results (input data 
also obtained using PIV) as those in Fig. 9. The first modes 
from the velocity fields (Fig. 9a) and the vorticity fields 
(Fig. 9b) are shown in this figure.

Figure 10 shows the first and third POD modes from 
the visualizations for D = 10  mm and Re = 500 (the 

2 This is true when the mean value of all frames is subtracted from 
the data. In case it is not subtracted, the first mode contains the 
energy of the flow.
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visualizations were also observed for Re = 1200 and 2500, 
but since the shapes are essentially identical, they are not 
shown here).

Thus, in Figs. 8, 9, 10, the same Karman’s vortex street 
is depicted, only the Reynolds numbers differ. The develop‑
ment and direction characteristics of the dominant structure 
associated with the velocity field (Figs. 8, 9a) are evident 
from the decomposition of the velocity fields; the first mode 
of the POD from the vorticity field (Fig. 9b) shows the shape 
of the dominant coherent structures. Figure 10 shows Kar‑
man’s vortex street behind a single cylinder for one Reynolds 
number for the POD modes from the visualization. In the 
first mode, the same structure is visible for all modes (the 
same is true for the second mode, which is not shown here), 

which is anti‑symmetrical to the x‑axis and represents the 
translational movement of structures in the flow (Brevis and 
Garcia‑Villalba 2011). These structures, which represent the 
time POD coefficient a, have a dominant frequency and a 
Strouhal number that corresponds to the Strouhal number 
obtained from the CTA measurements. Modes 3 and 4 (not 
shown here, but its characteristics are the same as those for 
mode 3) correspond to the transverse movement of struc‑
tures (Brevis and Garcia‑Villalba 2011). In this case, the 
structures are symmetrical about the x‑axis and their fre‑
quency corresponds to the second strongest frequency of 
the CTA. The mode shapes for the individual components 
of the POD velocity field correspond to this statement, as 
shown in Fig. 8b, c. The shapes of the flow of the first mode 

Fig. 8  First mode of the POD from the velocity field, D = 10 mm, Re = 500; a vector field from both components, b shapes of the x‑component, 
and c shapes of y‑component

Fig. 9  First POD mode of single cylinder, D = 10 mm, Re = 5800; a velocity field, and b vorticity field, taken from Tang et al. (2015)

Fig. 10  The first and third POD 
modes from the visualization 
for a single cylinder D = 10 mm; 
a mode 1, Re = 500, and b mode 
3, Re = 500
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in the flow direction have the same anti‑symmetrical char‑
acteristics as the first mode of the visualization. In all cases, 
the POD shapes in the transverse direction are symmetrical 
about the x‑axis; however, the shapes from the velocity and 
vorticity fields are similar (Fig. 9b). It is by combining the 
information from these results that one can understand what 
the flow shapes of POD modes from visualizations represent 
in this case.

Figure 11 shows the correlation between structures of 
all types of input data. The same structure is identified in 
the red box presented from a different perspective, from the 
point of view of input quantity. The first POD mode from the 
visualization corresponds to the first mode from the velocity 
field in the x‑direction, both in pattern and in Strouhal num‑
ber. Both show movement of the structures in the flow direc‑
tion. The third POD mode from the visualization and the 
first mode from the velocity field in the y‑direction exhibit 
dominant motion in the transverse direction; however, there 
are slightly different eigenmodes and Strouhal numbers. In 
the case of the first mode of the velocity field in both the x 
and y directions, the dominant frequencies (and Strouhal 
numbers) are the same. This is not the case in the first and 
third modes of visualization. The third mode has twice the 
dominant frequency of the first mode. Further, when the 
eigenmodes are compared, one shape of the structure in the 
first mode of the velocity field corresponds to two shapes of 
the third mode, as shown in the figure. This explains why 
the dominant frequency of the third mode is twice that of 
the first mode. The fact that the two structures of this mode 
are similar to those in the first mode of the velocity field in 
the y‑direction demonstrates mainly the distance from the 
cylinder and the dimensions of the formation.

Proper orthogonal decomposition (POD) analyses differ 
most in relative energy. With respect to the analysis of veloc‑
ity field data, the first two modes contain 48% of the kinetic 

energy. Tang et al. (2015) (Re = 5800) reported this value to 
be approximately 69% and Zhang et al. (2014) (Re = 8000) 
reported 56.6%. The difference could be owing to different 
Reynolds numbers and changes in the flow structure. Tang 
et al. (2015) report that the value of energy, especially the 
enstrophy from vorticity fields for the first two modes, is 
approximately 68%, which is almost identical to the kinetic 
energy. A similar energy value indicates that, in this flow, 
most of the energy is concentrated in coherent structures. 
The energy of the structures from the POD analysis for the 
first two modes at Re = 500 is about 27%; for Re = 1200, it is 
37%; and for Re = 2500, it is 41%. Thus, the relative energy 
of the first modes (in this case, for a given Reynolds number 
range) tends to increase with increasing Reynolds numbers. 
This is also confirmed by the work of Brevis and Garcia‑
Villalba (2011) (Re = 16,200), who report a relative energy 
value for the first two modes of 53% (input data from visuali‑
zation). However, as shown by Zhang et al. (2014), at a cer‑
tain Reynolds number, the relative energy in the first modes 
start to decrease, at least in the case of data from velocity 
fields. Nevertheless, the question arises as to whether this 
applies to POD from any input data or whether it is related 
to a certain type of data. Further research can help explain 
this better.

4.2.2  Two cylinders in a staggered configuration

Position 1 of the second cylinder is a position that does not 
have such a significant effect on the entire wake. Figure 12a 
shows the first POD mode for D/d = 2.5 and Re = 500. The 
patterns for all D/d ratios have similar characteristics; they 
differ mostly only in the energy of individual structures. In 
the POD modes obtained from the PIV data (Fig. 12b–d) 
from the velocity and vortex fields), shape‑different struc‑
tures are seen at first glance in comparison to the POD mode 

Fig. 11  Identification of struc‑
tures behind one cylinder from 
different POD data (vorticity 
field from Tang et al. (2015))
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structures from the visualization, as was in the case of the 
single cylinder. In the picture of the first mode of vorticity 
(Fig. 12d), there are four formations between the first and 
second cylinders. In view of what has been stated in the 
previous paragraphs on the patterns of the POD modes from 
vorticity, it can be stated that these formations are coherent 
structures. Two blue3 formations indicate two vortexes in the 
near wake. The following two structures are vortexes in the 
Karman street. The same can be seen in the first mode from 
the velocity fields for both the x and y directions. A similar‑
ity to these structures can also be found in the POD modes 
from visualizations, as shown in Fig. 13, where the struc‑
ture (vortices) occurs for the D/d = 2.5, Re = 500, in both the 
first and third modes. An identical vortex is marked in the 
red rectangle (Fig. 13a) is mode 1, Fig. 13b is mode 3, and 
Fig. 13c is the corresponding structure for POD vorticity).

At position 2, for D/d = 1 (Fig. 14a, b), the largest struc‑
tures are formed by the outer shear layer of the second cylin‑
der. With increasing diameter ratios of cylinders and Reyn‑
olds numbers, it is clear that the importance of the shear 
layers of the first cylinder increases. This can be seen from 
the distinctive structures below the horizontal axis of the 
first cylinder in Fig. 14a.

At position 3, the visualizations showed that, in the case 
of D/d = 1, an unsynchronized formation of vortices from the 
shear layers occurs. This is evident in the first POD mode of 
this ratio. With Re = 500 (Fig. 14c), no coherent structure is 
recognizable—the visible structure represents the flow. At 
higher Reynolds numbers, shear layers and their develop‑
ment into vortex streets appear in the first mode itself. As 
the D/d ratio increases, the importance of the second cyl‑
inder and its vortex path increases (D/d = 1.67, Re = 2500, 
Fig. 14d). For position 3, for higher D/d in most cases, the 

smallest or second smallest relative energy of the structures 
is contained in the first two modes, and the next two modes 
are only slightly less. This makes it evident that the forma‑
tion of clear structures in this position is disrupted.

At position 4, the wake of the front cylinder is signifi‑
cantly compressed and the shear layers of the first cylinder, 
along with the inner shear layer of the second cylinder, cre‑
ate vortices and synchronize with the vortex street from the 
outer shear layer of the second cylinder (Fig. 14e). As the 
Reynolds number increases, the vortex street gains greater 
importance for the rear cylinder and its outer shear layer, 
which may have a large impact on the reduction of the domi‑
nant frequency for Reynolds numbers ranging between 500 
and 4000 (Fig. 14f).

At position 5, there is no significant disruption of struc‑
tures, as in the previous positions. This is evidenced by 
the actual flow patterns in the third mode at Re = 500, for 
all three D/d ratios (Fig. 14g) shows the third mode for 
D/d = 2.5, Re = 500). As is the case for a single cylinder, a 
coherent structure (vortex) can be recognized and precisely 
identified, as can be found in the first vortex mode image 
(Fig. 14h). Overall, this position no longer has its own vor‑
tex street for the second cylinder, but the second cylinder 
significantly affects the overall wake and its position contrib‑
utes to a significant reduction in the Strouhal number. The 
relative energies in the first two modes of this position are 
among the highest. The exception is D/d = 1 and Re = 500 
and 1200. A disturbance of stability in this position by the 

Fig. 12  First POD mode of position 1, D/d = 2.5, Re = 500; a visualization, b velocity field in direction x, c velocity field in direction y, and d 
vorticity

Fig. 13  Structure identification behind the first cylinder for D/d = 2.5, 
Re = 500; a first mode of visualization, b third mode of visualization, 
and c first mode of vorticity

3 The blue scale of the POD modes indicates negative values and 
the red scale indicates positive value of the eigenfunction. The color 
scale is not given here owing to its lack of physical meaning (in the 
case of POD from visualization). The color scale is only significant 
in terms of comparing the structures and their shapes for each mode.
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overcompressed near wake of the first cylinder may be the 
reason for this.

At position 6, the POD analysis facilitates a more clear 
understanding of what the source of the aforementioned 
disturbances could be. A significant outer shear layer in 
the first mode from the second cylinder is clearly visible in 
almost all configurations and Reynolds numbers, which is 
shown in Fig. 14i. With an increasing D/d ratio and a slightly 
increasing Reynolds number, its significance reduces a small 
amount.

At position 7, there is already a tandem configuration, 
where the shear layers of the second cylinder are connected 
to the shear layers of the first cylinder. The POD patterns of 
all configurations—in both the first and third modes—are 
very similar to the intrinsic POD patterns of a single cylinder 
(Fig. 14j). Differences can only be observed at the start of 
the formation of dominant structures.

If the influence of measurement uncertainties on the con‑
clusions drawn from the data analysis conducted would be 

studied, it could be said that the impact is very small. This 
is owing to the fact that the whole complex of information 
about the behavior of structures has been studied from a 
large volume of different types of data, such as mechanisms 
and phenomena in the flow field around two cylinders, the 
velocity field, vorticity field, shapes of structures, and Strou‑
hal numbers.

4.2.3  Stability losses in the wake

However, as mentioned before, when analyzing a single cyl‑
inder using POD, flow patterns occurred in the first seven 
modes, in which there were no structures corresponding to 
vortices. However, in these modes, the shape of the flow 
was recognizable. This is despite the fact that the mean flow 
value was subtracted from images or fields of vorticity and 
velocity prior to POD analysis. These modes, with flow 
patterns, occur in all three types of processed data. This 
phenomenon has also been reported by some other authors, 

Fig. 14  POD modes, a 1st visualization mode, position 2, Re = 500, 
D/d = 1, b 1st visualization mode, position 2, Re = 500, D/d = 2.5, c 
1st visualization mode, position 3, D/d = 1, Re = 500, d 1st visu‑
alization mode, position 3, D/d = 1.67, Re = 2500, e 1st visualization 
mode, position 4, D/d = 1, Re = 500, f 1st mode of vorticity, position 

4, D/d = 2.5, Re = 500, g 3rd visualization mode, position 5, D/d = 2.5, 
Re = 500, h 1st mode of vorticity, position 5, D/d = 2.5, Re = 500, i 1st 
visualization mode, position 6, D/d = 2.5, Re = 500, j 1st visualization 
mode, position 7, D/d = 2.5, Re = 1200
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such as Zhang et al. (2014). The reason for this was not fully 
elucidated in this work; however, videos from the visualiza‑
tions suggested where this could be the cause. Almost every 
configuration setup and even single cylinders have seen very 
short stability losses, at which the vortex street disappeared 
in the wake. In Fig. 15, this anomaly is shown. Figure 15a 
shows the time course of the coefficient a for the first two 
modes. The marked sections show both the course of peri‑
odic vortex shedding (Fig. 15b) and a short loss of vortex‑
street stability (Fig. 15c).

Owing to the length of some records and the frequency 
of occurrence (in tens of seconds), the latter, for this event 
for individual settings and Reynolds numbers, has not 
been determined yet. The POD analysis also showed that it 
depends on how many frames are used for evaluation and 
whether the selected set includes this significant loss of sta‑
bility. When processing data from the POD visualization, it 
is also important to recognize when the change in the POD 
coefficients is caused by the image quality and when it is 
influenced by vortex‑street decay. Therefore, without prior 
knowledge on the visual record, it is not possible to deter‑
mine the time course of the POD coefficient and when the 
anomaly occurs.

4.2.4  Energy in POD modes

As has been mentioned previously regarding POD, important 
phenomena and processes are contained in its first modes, 
as evidenced by the values of relative energies. Analyses 
show that the fewer disturbances in the system (Brevis and 
Garcia‑Villalba 2011) refer to this as highly coherent flow), 
the higher the percentage of the total energy contained in 
the first two modes.

Figure 16 shows the relative energy for the single cylinder 
and each position from the visualizations for D/d = 1, 1.67, 
and 2.5 and Re = 500, 1200, and 2500 and for D/d = 2.5 and 
Re = 500 from PIV data. It is not easy to determine what 
exactly affects the relative energy in each position.

One of the assumptions in the evaluation was that the 
higher coherence (and fewer disorders) of the wake, the 
greater the difference between the relative energy value of 
the first two modes and the higher modes. However, this is 
not so clear from the POD results from the visualization 
shown in Fig. 16. Position 1 of the second cylinder does 
not significantly affect the wake, especially at higher D/d 
values, which corresponds to the energy values of the first 
two modes in all configurations and for all Reynolds num‑
bers. At position 2, the occurrence of disturbances in the 
observed area is more clearly shown. The ratio D/d = 1 with 
a higher Reynolds number weakens the dominant structures, 
which is reflected in the decrease of the relative energy val‑
ues against those in position 1 (Fig. 16b, c) and the increase 
of energy in higher modes. With increasing D/d values, the 
vortex street of the first cylinder is not as weakened by the 
second cylinder, and the energy in this position approaches 
the value of position 1. The rising Reynolds number has the 
same effect; for example, for D/d = 2.5 and Re = 2500, the 
relative energy for position 2 is higher than that for position 
1 (Fig. 16i). The occurrence of disturbances in the wake 
of position 3 results in low relative energies in almost all 
cases, particularly in the small‑value differences between 
the first and third or fourth POD modes. Interestingly, for 
D/d = 1, this characteristic corresponds to that in position 2. 
Further, it is clear that, with increasing Reynolds numbers, 
the disturbances slightly stabilize—emerging disturbances 
are suppressed and the differences between the first and third 
mode increase. A situation similar to that at position 3 also 
occurs at position 4. Position 5 shows that the flow is more 
stable and the relative energy in most cases increases rela‑
tive to position 4. This is especially significant for higher 
D/d ratios and higher Reynolds numbers. Although there 
are disturbances in position 6 owing to small misalignments 
of the second cylinder, the dominance of the structures is 
not affected much; therefore, this position has the highest 
relative energy values in the first two modes in almost all 
cases. However, it is surprising that these values are higher 

Fig. 15  Loss of stability in 
the vortex street, a coefficient 
and time dependence for a 
single cylinder, D = 10 mm, 
Re = 500—an example of an 
area with a stable vortex path is 
indicated in violet, an exam‑
ple of an area with a loss of 
stability is indicated in green, b 
stable vortex street, and c loss 
of stability in the vortex street
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than or equal to the relative energy values at position 7. As 
for the other observations, position 7 seems to be the most 
stable. There are several reasons for this. One of these may 

be the weakening of the strong structures in the flow, which 
results in a decrease in the value of the relative energy of 
the first two modes.

Fig. 16  Relative energy, a visualization, D/d = 1, Re = 500, b visu‑
alization, D/d = 1, Re = 1200, (c) visualization, D/d = 1, Re = 2500, 
d visualization, D/d = 1.67, Re = 500, e visualization, D/d = 1.67, 
Re = 1200, f visualization, D/d = 1.67, Re = 2500, g visualization, 

D/d = 2.5, Re = 500, h visualization, D/d = 2.5, Re = 1200, i visualiza‑
tion, D/d = 2.5, Re = 2500, j velocity field, D/d = 2.5, Re = 500, and k 
vorticity field, D/d = 2.5, Re = 500
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Figure 16j, k show the results of the energies obtained 
from PIV measurements. The kinetic energy values 
were determined from the velocity fields using the POD 
method (Fig. 16j) and the enstrophy values (Fig. 16k) 
were obtained from the fields of vorticity. The overall 
energy flow of both analyses is similar—they differ only 
at positions 4 and 5, where they have a lower relative 
value for enstrophy than kinetic energy. Another differ‑
ence is the relative energy values themselves. POD veloc‑
ity fields have higher values than POD vorticity fields.

As mentioned before, the percentages of relative 
energy show how important the structures are in terms of 
the studied complex. Higher percentages of kinetic energy 
may represent a stronger influence of translational move‑
ment, and smaller percentages of enstrophy indicate a 
greater presence of disorders in the wake. This is very 
evident from the value of enstrophy at positions where 
the most disturbances were recorded in the given setting 
(D/d = 2.5, Re = 500), i.e., at positions 3 and 4. In Fig. 16j 
at position 3, the first mode has a relative kinetic energy 
value of 9.8%; the second, 8.92%; the third, 7.83%; and 
the fourth, 5.17%. These are very low values for the 
first two modes and very high values for the 3rd and 4th 
modes. The same applies for position 4. Measurement 
results from two probes can partly answer why. Figure 17 
shows the measurement results for positions 1, 3, and 4. 
For positions 3 and 4, it is clear that the Strouhal numbers 
differ significantly, depending on the probe, compared to 
position 1. The greatest differences occur at lower Reyn‑
olds numbers. Therefore, it can be concluded that there 
is also a significant movement of structures in the direc‑
tion of the z‑axis, perpendicular to the observed plane. 
The values of the relative energies at positions 1, 6, and 
7 show that there are not too many disturbances in the 
flow and it is, therefore, more coherent. At position 5, the 
lower value of relative enstrophy indicates the occurrence 
of some small disturbances, which is similar but weaker 
than at position 2.

5  Conclusion

Data analysis using the POD method was applied to data 
from PIV measurements and data obtained from visualiza‑
tions. Two types of data were used from the PIV—velocity 
field and vorticity field. The analysis of PODs obtained 
their flow patterns, which were related to the input quantity 
and their relative energy. The POD method applied to the 
velocity field in its modes exhibited the strongest moving 
structures, and the relative energy expressed here is kinetic 
energy (in the area). The first POD modes from the vorti‑
city fields presented the strongest coherent structures and 
their relative energy—in this case, enstrophy. As for the 
visualization measurement, there is no physical quantity 
in the case of input data. The POD modes of visualizations 
showed significant structures and their relative energy by 
varying the gray intensity. An analogy to the POD modes 
of speed and vorticity was subsequently sought in these 
results. Other measurements and analyses contributed to 
the recognition of structures and their importance. There‑
fore, it was possible to identify the individual structures 
in the flow, to determine their importance, and to obtain 
an overall view of the flow field. From the calculated POD 
coefficients, the dominant frequencies of each mode were 
determined using frequency analysis; Strouhal numbers 
were calculated from these results. A comparison with 
CTA data revealed that the Strouhal numbers match in 
most cases. Where this was not the case, further analyses 
have shown that, in configurations where there is a higher 
occurrence of disorders, there is a noticeable change in 
the size of the dominant frequency, depending on the 
position of the hot‑wire probe. The POD method does 
not analyze events in points but across an entire area; the 
first two modes are usually representative of the strongest 
structures, which is one of the ways in which this method 
differs from CTA . Another aspect of the POD is that, in 
some cases, the strongest structures in the first two modes 

Fig. 17  St–Re dependence of CTA for two probes, a position 1, b position 3, and c position 4
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differ slightly in their relative energy value against those 
in the following modes. Therefore, if this was the case in 
some configurations, it was pointed out that the determi‑
nation of a single dominant frequency characterizing the 
investigated area in the wake was basically impossible, 
as confirmed by CTA data. From the analysis of the POD 
patterns using visualizations, it was shown how to inter‑
pret the structures contained in the first modes and iden‑
tify likely coherent structures. From the presented results, 
it is clear that the POD method can significantly help in 
the identification of structures in the flow, not only from 
the input data—whose essence is the change of physical 
quantities—but also from data where only the visual char‑
acteristics change. Therefore, it is analogous to physical 
processes in the flow field.
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