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ABSTRACT

The flow behind nine different arrays of cylinders is experimentally investigated via Particle Image Velocimetry (PIV) at a Reynolds number
of Re ~100 based on the diameter of the cylinders. Each array consists of a column of four cylinders in front and three in the rear.
The horizontal distance between the two columns and the vertical distance between the cylinders within each column are varied for H/D
= [2,4,8] and V /D = [2,4, 6], resulting in nine different arrays denoted as mVnH, where m corresponds to V/D and n stands for H/D. The
PIV measurements are conducted for 15s at 200 Hz frequency, corresponding to 39 to 360 vortex shedding events for the wakes in this
study. Then, proper orthogonal decomposition is applied to the velocity fields to analyze the flow dynamics. All arrays show unsteady flow,
and based on their flow structures, they are classified in to three main categories of single bluff body (SBB), transitional (TR), and co-
shedding (CS) flow. SBB characteristics can be seen for 2V2H and 2V4H arrays, but the latter has more steady vortex shedding as the H/D
increases from 2 to 4. Then, 2V8H and 4V2H have an asymmetric flow with several vortex streets and act as an intermediary stage in the shift
from SBB to CS flow structure when the distances are increased. The highest total kinetic energy values and widest probability density func-
tions of the velocity components are observed for this group. The five remaining arrays in the CS group have symmetric flow, with three or
five vortex streets present behind. However, based on the distances, the frequency and phase synchronization of the vortex streets change
considerably, which might have an important effect on, for example, the heat transfer or the structural load of the cylinders.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155102

I. INTRODUCTION

Examples of flow past arrays of bluff bodies are widespread in
nature and engineering. Offshore structures, marine risers, a group of
chimney stacks, tubes in heat exchangers, bridge piers, wind farms,
chemical reaction towers, and skyscrapers with close spacing are typi-
cal examples in engineering, while in nature, one can observe such
structures in aquatic vegetation, close islands, or mountain chains.
Even the sensing capacity of harbor seal vibrissae or whiskers can be
modeled by this flow. ” Aside from that, there are some attempts to
harvest vibrational energy from such structures within flows through
what is known as vortex-induced energy harvesting."

When flow approaches an isolated cylinder, fluid viscosity results
in the formation of a boundary layer around it; however, an adverse
pressure gradient in the streamwise direction causes boundary layer
separation on the rear side of the cylinder for large enough Re (well
below 10), creating a highly turbulent region known as the wake.
Eventually, the separated shear layer in the wake detaches from the

up- and downsides of the cylinder in the form of discrete vortices,
forming a vortex street with discrete vortex shedding frequency
depending on the Reynolds number. This vortex street is known as
von Karman vortex street, and its effect on the flow structure, induced
oscillations, and aerodynamic forces has been extensively studied.
However, as already discussed in the previous paragraph, cylinders are
present in the form of organized or random arrays in nature and engi-
neering, and the introduction of further cylinders to the flow results in
interaction between the boundary layers and vortex streets. Even the
experienced upstream flow will change in the case of the presence of
bodies upstream. This creates very rich and complex flow dynamics
depending on the arrangement of the cylinders in the arrays.

In this regard, a more generic approach is to study the flow past
patches of cylinders.'”*" However, several categories of such arrays
have been identified and studied in the last few years. Flow past
multiple tandem cylinders has been studied to reveal the effect of
the presence of bluff bodies upstream on the flow structure.”” > **
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For two cylinders, depending on the distance between the objects,
there are three possible scenarios: extended-body flow, reattachment
flow, and co-shedding flow.””** When the pitch distance between the
two objects is large enough, a two-row shear layer structure is formed
and co-shedding flow is represented, whereas, for smaller distances,
the frontal cylinder does not produce its independent vortex street.
However, adding a third cylinder will result in a much larger
complexity."”

For flow past two side-by-side cylinders, similar investigations
have been carried out recently,*** °° where authors reported five dif-
ferent flow regimes based on the cylinders’ proximity L/D, where L is
the distance between the cylinders and D, their diameter. Initially, for
L/D < 1.2, there is no jet (gap) flow between the cylinders, and the
entire set behaves like a single bluff body (SBB). Then, the flow pattern
changes from a single bluff body flow to a deflected or flip-flopping
pattern as the distance between the cylinders increases. Finally, for
even more considerable distances of the cylinders, in-phase or anti-
phase vortex shedding will happen based on the L/D. Additional flow
characteristics, such as modulation and asymmetry, will occur around
three cylinders side-by-side. In modulation, the central cylinder has a
slightly higher vortex shedding frequency.”*"’

For the staggered arrangements of two cylinders, the alignment
angle with respect to free stream a, the distance L between cylinders,
and their diameter D determine the flow regime.”* > This arrange-
ment exhibits five different flow regimes: base bleeding, shear layer
reattachment, vortex pairing and enveloping, vortex impingement,
and complete vortex-shedding.”® The interactions were described as
boundary layer—cylinder, shear layer or wake cylinder, shear layer—
shear layer, vortex cylinder, vortex-shear layer, and vortex-vortex.”” A
strong three-dimensionality of the flow was reported in the gap
between the cylinders.”

Tandem, side-by-side, and staggered cylinders each have their
own distinct characteristics and variations, but in reality, a combina-
tion of all are typically encountered. One of the most typical cylinder
arrays is the three circular cylinders in equilateral-triangular arrange-
ment (one placed upstream), which has been investigated by many in
recent years, focusing on a specific feature of the flow.”””* Chen et al.
simulated the flow structure for Re = 50-300 and L/D = 1.0-6.0,”
and the oscillation regimes of vortex-induced vibrations for Re =100
and L/D = 2.0-5.0,"" where in the latter, the cylinders were elastically
mounted. They concluded that L/D and Re have a significant influence
on the hydrodynamics of the flow. Up to nine flow regimes are identi-
fied in the simulations. For Re=100, single bluff-body flow
(L/D = 1.0-1.4), deflected flow (L/D = 1.5-1.9), flip flopping flow
(L/D = 2.0-2.5), anti-phase flow (L/D = 2.6-2.8 and 3.5-4.1), in
phase flow (L/D =2.9-3.4 and 4.2-4.5), and fully developed in-
phase co-shedding flow (L/D = 4.6-6.0) were identified. Three addi-
tional wake patterns emerge when Re = 50-175 is considered, namely,
steady symmetric flow, steady asymmetric flow, and hybrid flow.
Similar to the flow structure, the oscillation regimes and underlying
mechanisms of vortex-induced vibrations are significantly varied
based on the flow structure, and five distinct regimes are observed
there as well.

Two-dimensional numerical simulation of flow past six circular
cylinders arranged in rectangular formation in two rows and three col-
umns was conducted in Re=100 by Gao et al,’' and four flow
regimes are observed based on L/D: single bluff body, shielding,

ARTICLE pubs.aip.org/aip/pof

reattachment, and co-shedding flow. Sui et al.” investigated the output
characteristics of different piezoelectric energy harvester arrays based
on flow-induced vibration. Two and three cylinders in both tandem
and side-by-side arrangement, and nine cylinders in square formation
were studied. They found the highest average value of energy harvest-
ing capacity and lowest initial vibrational velocity for the array of nine
cylinders in square formation. Cornejo Maceda et al.* stabilized the
flow past three rotating cylinders in triangular formation (fluidic pin-
ball), with automated gradient-enriched machine learning algorithms.
Some studies have also attempted flow modeling and control as well.
Deng et al. was successful in the Galerkin force modeling® and
cluster-based hierarchical network modeling of fluidic pinball.”* Li
et al.” implemented an exploratory gradient method for active drag
reduction of fluidic pinball. The net drag power was reduced by 29%
at Re=100.

This study experimentally investigates the flow structure and
dynamics of nine different arrays of seven cylinders. The cylinders are
arranged in two columns, four cylinders in front, and three in the rear.
Then, the horizontal distance between these two columns (H/D)
and the vertical distance between the cylinders in the columns (V/D)
is varied for H/D = [2,4,8], and V/D = [2,4, 6]. Thus, the arrays
are kind of a combination of tandem, side-by-side, and staggered
arrangement of cylinders, as mentioned above. The measurements
are conducted via particle image velocimetry (PIV) for Re ~100. The
Re =100 was chosen primarily since it is commonly used in the liter-
ature to describe flow around cylinder arrays. Therefore, comparing
the results with previous studies for different configurations is easier
and the dataset is complemented by this arrangement. From the fluid
dynamical perspective, it is interesting as the flow for Re=100 is
already unsteady and very rich in dynamics. This is especially the
case for the arrangement of multiple cylinders as one could also
define a Reynolds number based on some characteristic dimension of
the array, which then would be much higher. Thus, although higher
Reynolds numbers will add extra information, general conclusions
about the unsteady flow for these configurations are already possible.
Flow structures are then described by analyzing the instantaneous
and average velocity fields. Finally, proper orthogonal decomposition
(POD) is applied to the data to analyze the long-term dynamics of
the flow.

In this study, we have taken a step forward in understanding the
flow behind cylinder arrays in the Reynolds number range similar to
those of most studies (Re < 500). However, it differs from previous
studies in that it is experimental and because the arrays are arranged
in a new form that makes independent wake flows a possibility.
Furthermore, while side-by-side, tandem, and staggered arrangements
of cylinders have been investigated in the past and each represented its
own distinct features, the zigzag arrangement of the arrays in the cur-
rent study provides the possibility to investigate the combined effect of
the three aforementioned arrangements, meanwhile that it is not truly
identical to any of those. It is also expected that the interaction of the
wake flows is maximized in this case, which would be beneficial for,
e.g., heat transfer problems. It can even be argued that to some extent
when V/D = H/D, the arrangements can also be referred to as the
case where three equilateral-triangular cylinders are placed in a side-
by-side arrangement in the flow. In addition, the long-time measure-
ment of the flow allows further analysis of the unsteady flow behind
such arrays.
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Il. EXPERIMENTAL SETUP

Figure 1 shows a schematic sketch of the experimental setup.
Flow behind nine different cylinder arrays inside a water channel is
measured via particle image velocimetry (PIV). Each array consists of
seven cylinders arranged in two columns: four in the front and three
in the rear. All cylinders are rigid and have a diameter of 1 mm.
However, the horizontal distance between these two columns (H) and
the vertical distance between cylinders inside each column (V) are var-
ied for H=[2, 4, 8] mm and V = [2, 4, 6] mm. The water channel has
a cross section of 50 x 50 mm?. The flow was seeded by polyamide
particles of 5 u m in diameter and hallow glass spheres of 10 4 m in
diameter, with the density of 1.03 and 1.1 g/cm’, respectively. The
polyamide particles were used for the arrays with V/D = 2 and 4,
whereas for the arrays with V /D = 6, larger tracer particles were
needed to keep the high signal-to-noise ratio for the larger field of
view, and thus, the hallow glass spheres with twice the diameter were
used instead. The particle concentration was set to meet the criteria for
good PIV data evaluation,” which states a minimum of six-ten par-
ticles per interrogation window size if no averaging is done.”” The ver-
tical mid-plane of the channel was illuminated by a continuous-wave
laser (Laserworld Green-200 532). Optical elements formed a light
sheet with a thickness of 1 mm. Then, a high-speed camera (HS 4M by
LaVision GmbH) perpendicular to the laser sheet outside the channel
captured PIV images of the illuminated particles. It was necessary to
calibrate the images against a calibration target since the camera was
close to the flow and there were no wall boundaries in the images. The
target was two-dimensional, consisting of white dotes on a black back-
ground. The Reynolds number (Re) based on the diameter of the sin-
gle cylinder (D) is Re = VoD/v ~ 100. Here, V., stands for free
stream velocity (Vs = 133 mm/s) and v is the kinematic viscosity.
The free stream velocity in the case of no cylinder present in the flow
is denoted as V.. It should be noted that for the test section of the
channel, the flow is fully developed. The data were collected at 200 Hz
recording frequencies with 15 s measurement durations. For the wakes
in the current study, this corresponds to 39 to 360 vortex shedding
events, which is long enough to achieve convergence in the data.
Figure 2 shows the evolution of the mean value for the horizontal
velocity u in time at a selected point in the middle of field of view for
each array. The locations of the selected points are represented by

FIG. 1. Photograph of the field of view for the PIV measurements and the arrange-
ment of the cylinders in the flow. In total, there are nine different sets of cylinders,
with V=12, 4, 6] mm and H=[2, 4, 8] mm.
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FIG. 2. The evolution of the mean value for the horizontal velocity u over time at
the middle of the field of view for each array.

small black crosses in Fig. 4. In about less than 9, the average values
converge in all arrays. The latest convergence belongs to 4V2H array,
which is in line with its extremely asymmetric and unsteady flow
structure as later will be discussed. Although the evolution of the mean
values for the vertical velocity v is not shown here, similar trends are
observed for them with even faster convergence.

The PIV processing was performed using an advanced cross-
correlation evaluation via DaVis 10 software (LaVision GmbH) for an
initial rectangular interrogation window size of 64 x 64 pixels with
50% overlap, and a final circular Gaussian window weighting of
16 x 16 pixels again with 50% overlap. The number of passes of the
initial and final interrogation windows was two and three, respectively.
For the arrays with V=2 and 4 mm, the final spatial resolution was
0.069 x 0.069 mm?, while for the arrays with V=6 mm, the final spa-
tial resolution was 0.12 x 0.12 mm? in physical coordinates. All arrays
had 231 x 138 vectors. In a normalized median test, the number of
outlier vectors is under two percent for all arrays.” The absolute error
can be estimated to be 0.1 pixels in properly adjusted experiments.”’
The dynamic spatial and velocity ranges are [0-14] pixels and [0-150]
mm/s, respectively. This results in minimum relative uncertainties of
1% and 1.3% for V=2, 4 and V=6 in the free stream. However, in
areas with lower displacements, the values will be higher. Details about
recent PIV algorithms, including the one used in the current study,
can be found in Kahler et al.”

lll. RESULTS

This section includes the presentation and analysis of the PIV
measurement results. Furthermore, in order to better understand the
flow dynamics, snapshot proper orthogonal decomposition” (POD)
was applied to the data. Flows with complex geometry, especially wake
flows, have long been analyzed using POD-based reduced-order mod-
els,”””” and here, POD will assist in analyzing the spatial and temporal
distribution of the structures in the flow. From now on, the arrays will
be referred to as mVnH where m and n represent the vertical (V/D)
and horizontal (H/D) distances between the cylinders, respectively.

A. Classification

Figure 3 shows the average absolute velocity (|V|) magnitudes
behind the arrays. Even though each array represents a distinct flow
structure, as will be shown later, some general classifications of the
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FIG. 3. Time-averaged absolute velocity (| V) field behind the arrays. The free stream velocity is V., = 133 mm/s.

flow structures can still be made from the average flows. The 2V2H and
2V4H arrays represent single bluff body flow. Meaning that due to the
proximity of the cylinders, the flow sees the array as a single bluff body
and there is a single large vortex street behind. Then, there are groups of
five arrays, namely, 4V4H, 4V8H, 6V2H, 6V4H, and 6V8H, which rep-
resent co-shedding flow. This means that all the individual cylinders in
the second column and some of the cylinders in the first column repre-
sent individual vortex streets. Finally, there is a third group of arrays,
2V8H and 4V2H, that have strongly asymmetric and irregular flow, and
they appear to be the transition from single bluff body flow to co-
shedding flow. While most arrays have (| V) values equal or less than
free stream velocity (Vo, = 133 mm/s), 4V2H has even higher values
up to 150 mm/s emerging from the gaps between cylinders.

In order to have a general overview about the fluctuations, Fig. 4
shows the Total Kinetic Energy (TKE) distribution behind each array.
TKE is defined as

1k - xr, (W (v (1)

This is important as any form of vibrational energy harvesting or
heat transfer behind these arrays, or calculation of the vibrational load
over the structures behind, requires an understanding of the TKE dis-
tribution and that high TKE is good for heat transfer but bad for struc-
ture load. While arrays of single bluff body flow (2V2H and 2V4H)
represent a circle of high TKE values behind, and co-shedding arrays
show symmetric stretched regions of high fluctuations behind the cyl-
inders, the transitional group (2V8H and 4V2H) show very asymmet-
ric patterns. Within all nine arrays, the highest and lowest TKE values
are seen in 4V2H (=5 x 10° mm?/s*) and 2V2H (=5 x 10°> mm?/s?)
arrays, respectively. This indicates how significantly the flow structure
can change by only increasing the vertical distance between the cylin-
ders from 2D to 4D. For 4V8H, the minimum TKE values occur
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FIG. 4. Total kinetic energy (TKE) distribution behind the arrays. The black crosses at the center of each TKE field represent the coordinates of the points, which were used to

show the evolution of the mean horizontal velocity u over time in Fig. 2.

behind the upper and lower cylinders in the second column, while the
neighboring central cylinder represents the highest TKE values. The
same is true for 4V4H to a lesser extent.

For further understating of the fluctuations behind the arrays, the
probability density function (PDF) of the vertical (V) and horizontal
(V) velocities is shown in Fig. 5. The PDF can be formulated as

b
PR,(a<u<b)= J PDF, du. (2)

Here, PR stands for the probability of values in the respective
range of velocity. When the PDF distributions are compared, it should
be considered that the size of the field of view is larger for the arrays
with V/D = 6. In general, the 4V2H array has the widest PDF for
both v, and V.. This is in line with what has been shown in TKE fields,
where this array also had the most asymmetric extreme values of TKE.
For V,, the 2V2H array has two additional peaks other than V,=0.

These two are basically the typical upward and downward velocity val-
ues inside its vortex street. For the 2V4H array, these two peaks are also
almost visible, but they diminish and disappear as V/D and H/D
increase. For the PDF profiles of V, there is a band of high probability
V. values for each array. For example, for 2V2H and 2V4H arrays, this
band is stretched from almost V, = —10 mm/s to V ,= 130 mm/s.
While the 130 is the representation of the free stream in the flow, the
—10 is where the flow turns back in the recirculation zone of the flow
within the vortex street immediately after the object(s). This negative
peak value is represented in all arrays. Therefore, the backward velocity
magnitude in the recirculation zone is quite comparable between the
different wake configurations.

The energy distributions of the POD modes are shown in Fig. 6.
In principle, by comparing the energy distributions of the POD modes
of the arrays, one can obtain a more general understanding of how
comparatively complex the flow structure behind each array is. In this
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regard, Fig. 6 right shows the sum of energies of the POD modes for
each array. Comparatively, the flow structure becomes simpler as
cumulative energy increases. Depending on the array, the first ten
modes can account for 57% to 84% of the total kinetic energy. It is evi-
dent that there is a significant difference between the arrays in terms
of flow complexity. The arrays can be classified into two groups and
one intermediary based on their energy distributions. 2V2H and
2V4H have the simplest structures, while 4V2H is an intermediate,
and others have quite similar degrees of complexity. The shares of
each individual POD mode in the total kinetic energy are shown in
Fig. 6 left. Basically, one can categorize the most energetic modes into

two groups. One group for the modes representing the vortex shed-
ding(s) in the flow and another group for the oscillations in the jet
flows in the gaps between the cylinders and/or in the recirculation
zones behind the cylinders. Table I shows a brief description of the
flow structure behind each array. Furthermore, discussions will be
continued in the next sections.

Finally, before deeper analyzing the flow behind individual
arrays, general observations can be made about the jet flows emerging
from the gaps between the cylinders. As can be seen in Fig. 3, all arrays
show these jet flows in their average velocity fields. However, the mag-
nitude, direction, and length vary significantly. As the vertical and

TABLE I. A brief description of the flow characteristics behind each array. “For 2V2H and 2V4H due to the single bluff body flow, the width of entire array set is considered for

Strouhal number calculation.

Array 2V2H 2V4H 2V8H 4V2H 4V4H 4V8H 6V2H 6V4H 6V8H
Vortex shedding frequency 2.6(0.14)° 2.6(0.14)° 18(0.13) 24(0.18) 16(0.12) 18(0.13)  18(0.13)  19(0.14)  15(0.11)
in Hz and (Strouhal number) e 13(0.10)  16(0.12) - 14(0.11)  19(0.14)  15(0.11)
18(0.13)  16(0.12)  18(0.13)  14(0.11)  19(0.14)  15(0.11)
6(0.05)  16(0.12) 14(0.11)  19(0.14)  15(0.11)
18(0.13) 16(0.12)  18(0.13)  18(0.13)  19(0.14)  15(0.11)
Energy percentage 83 84 57 71 59 63 64 60 58
of top ten modes
Symmetric Yes Yes No No Yes Yes Yes Yes Yes
Phys. Fluids 35, 067125 (2023); doi: 10.1063/5.0155102 35, 067125-6
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horizontal distances increase, the angle between the jets and the free
stream approaches zero. For a fixed V/D, the increase in H/D will
result in more stretched jets that cover almost the entire field of view
and prevent the vortex streets in between from colliding and mixing
with neighboring wakes. For the power or magnitude of jet flows, there
is not a general trend with respect to the increase in distances, and the
highest values belong to the 4V2H array with velocity magnitudes
even higher than the free stream velocity. Finally, both arrays with
transitional flow structures (2V8H and 4V2H) have significantly
asymmetric jet flows.

B. Single bluff body

Figure 7 shows the flow behind 2V2H and 2V4H arrays at the
top and bottom, respectively. For each array, the instantaneous abso-
lute velocity field, the spatial POD modes (SPM), and the respective
time coefficients of POD modes (TCPM) are shown in left, middle,
and right, respectively. In both arrays, the instantaneous velocity fields
indicate a single bluff body flow with a large vortex street behind the
arrays due to the extreme proximity of the cylinders. These vortex
streets are shown in the second and third modes in 2V2H and the first
and second modes in 2V4H. As evident from comparing these SPMs,
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the vortex shedding center has slightly moved upwards toward the cyl-
inders in the 2V4H array. The TCPM:s of the respective modes show a
similar vortex shedding frequency of 2.6 Hz for both arrays; however,
the vortex shedding is significantly unstable for the 2V2H. Based on
the stream-wise cross-sectional length of the entire array (7D), the
Reynolds number is Re = 900, which results in the Strouhal number of
St = fD/Vy, = 0.14.

The jet flows that originate from the gaps between the cylinders
are another major feature of the flow behind these arrays. In the vicin-
ity of the arrays, the main flow characteristics are these jet flows, as the
vortex formation center downstream is relatively far away. Even
though they appear symmetric in time-averaged fields (Fig. 3), instan-
taneous velocity fields indicate that their fluctuations are responsible
for vortex shedding. For 2V4H, the jet flows are represented in the
third mode with 15% of total kinetic energy (TOTKE), while for the
2V2H array, this appears in the first mode with 24% of TOTKE. Thus,
although they have a similar shape in both arrays, for 2V2H, they
appear to have more fluctuations. Considering the fact that 2V8H and
4V2H do not exhibit single bluff body flow, it can be concluded that
the limit for having single bluff body (SBB) flow behind the arrays is
certainly somewhere around 2 < V' /Dgpppay < 4 and 4 < H/Dsgpmax
< 8.

Mode 4  Mode 5

Mode 9 Mode 10

Mode 4  Mode 5

D N NN
Mode 9 Mode 10 0 AN AN
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FIG. 7. The instantaneous absolute velocity field |V| (left), the spatial POD modes (center), and their corresponding time coefficients (right) for the 2V2H and 2V4H arrays at

top and bottom, respectively.
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C. Transitional

As the distance between the cylinders further increases, the flow
regime transforms from single bluff body to co-shedding flow.
However, this transition is not immediate, and intermediary flow
regimes appear in between. As already discussed in the classification
section, the flow behind 2V8H and 4V2H arrays are classified as tran-
sitional flows. The results for the 2V8H array are shown at the top of
Fig. 8. The flow regime has clearly shifted from a single bluff body
flow in 2V2H and 2V4H. Three distinct tails as the recirculation zones
behind the cylinders in the second column are visible. However, the
average flow in Fig. 3 shows that the flow is asymmetric, with the
upper cylinder in the second column having a longer tail than
the lower ones. The SPM one represents the fluctuation in the tail of
the lower cylinder in the second column, and its distinct kinetic energy
of 19% (see Fig. 6) indicates significant perturbations in this region.
This aligns with TKE values in Fig. 4, where they also reflect the high
turbulence in this region. It should be noted that despite the tails fluc-
tuating over time, the upper cylinder in the second column has a lon-
ger recirculation zone for almost the entire measurement period.
Modes 3-4 and 7-8 correspond to the vortex streets of the upper and
lower cylinders of the first column, respectively. There is no
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synchronization between them, as different modes correspond to these
two vortex streets. As can also be seen from the instantaneous velocity
fields, these two cylinders in the first column were the only ones able
to shed distinct vortices due to their location at the edges. From their
respective TCPM, it is apparent that both have unsteady vortices with
similar structures and frequencies of 18 Hz.

The results for the 4V2H array are shown in Fig. 8 bottom. There
is a significant asymmetric flow behind the array due to a large recircu-
lation zone (tail) behind the lower cylinder in the second column for its
vortex street that sheds with 6 Hz frequency. This is by average at least
three times longer than the tails of the other two cylinders in the second
column. Even though its length fluctuates over time, this particular cyl-
inder has the longest recirculation zone for the entire measurement
time. Because of the considerable backward flow within this large recir-
culation zone, this array has the highest PDF values for negative V, in
Fig. 5 right. Furthermore, among all nine arrays of the study, it has the
highest values for TKE (see Fig. 4), and depending on where an
observer would be positioned behind the array, significantly different
perturbations are faced. The large tail suppresses the vortex shedding of
the lower cylinder in the first column. The central and upper cylinders
in the second column and the upper one in the first column have vortex
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FIG. 8. The instantaneous absolute velocity field |V| (left), the spatial POD modes (center), and their corresponding time coefficients (right) for the 2V8H and 4V2H arrays at

top and bottom, respectively.
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shedding frequencies of 18, 13, and 24 Hz, respectively. In the entire
arrays, 24 is the highest observed frequency, even higher than a single
isolated cylinder in a flow [f =22Hz (Ref. 94)]. The most energetic
modes belong to the vortex street behind the upper cylinder in the sec-
ond column, with almost 15% of TOTKE. It is also rather interesting
that the central cylinder in the second column shows a higher frequency
in the wake in comparison with its neighbors, and its vortex street is
represented via three modes (3, 4, and 5) in the SPMs. Similarly to
2V8H, neither of the vortex streets in this array are synchronized.

Generally, for 2V8H and 4V2H, the distances between the cylin-
ders are large enough to prevent the array from acting as a single bluff
body in front of the flow. However, they are still not large enough to
let each cylinder represent its own vortex street in a relatively symmet-
ric way. Therefore, irregular and asymmetric flow patterns arise
behind the arrays, which are not ideal in terms of the hydrodynamic
or aerodynamic forces acting on the bodies inside the arrays or behind
them downstream. However, it would definitively avoid resonances,
since frequencies may change over time and space.

D. Co-shedding

As the distance between the cylinders further increases, the co-
shedding flow appears behind the arrays. In this scenario, flow is

ARTICLE pubs.aip.org/aip/pof

symmetric on average (although some temporary asymmetric flows
might emerge), and all the cylinders in the second column and the two
upper and lower cylinders in the first column have their own distinct
vortex streets (4V8H is an exception to this). However, the vortex
streets are still clearly interacting with each other, and each of the five
arrays in this group (4V4H, 4V8H, 6V2H, 6V4H, and 6V8H) has dif-
ferent flow structure and dynamics to some extent. For 4V4H (Fig. 9,
top), the five vortex streets are shedding with 16 Hz frequency. The
central cylinder in the second column has a smaller recirculation zone
compared to its neighbors. However, it is considerably fluctuating, as
shown in SPM 7. Thus, the TKE behind this cylinder is higher than
the other two in the second column (Fig. 4).

The configuration 4V8H represents extended tails behind the
two upper and lower cylinders in the second column (Fig. 9, bottom).
Here, the fluctuations are small, and TKE values are the lowest (see the
green area behind these two cylinders in Fig. 4). Although the two vor-
tex streets of the upper and lower cylinders in the first column are
apparent at the edges however, in the center, instead of a distinct vor-
tex street, the entire area between the two elongated tails oscillates. All
three have a frequency of 18 Hz; however, the oscillations at the center
are synchronized with the lower vortex street. This is inferred from the
fact that the first SPM pair captured the oscillations in these two streets
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together, while the upper street has its own pair of SPMs representing
its fluctuations.

As the V/D increases to 6, one might expect a minimal interac-
tion between the flows behind the cylinders. Although by looking at
the instantaneous velocity fields in Fig. 10, this might seem to be the
case, however, the POD analysis proves the opposite. First, let’s again

ARTICLE pubs.aip.org/aip/pof

remind that an individual cylinder for the current Reynolds number
will have steady vortex shedding with 22 Hz frequency.”* Second,
one should consider that if there is any synchronization between the
vortex streets, then this proves that they interact with each other;
even so, there might be no visual interaction between them
downstream.
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The results for the 6V2H array are shown in Fig. 10, top. Here, the
tails of the two central cylinders in the first column are stretched to the
field of view and have separated the three vortex streets of the second
column. Therefore, only the vortex streets of the upper and lower cylin-
ders of the first and second columns collide with each other. Although
the regular expectation is that these two pairs of vortex streets at the top
and bottom might be synchronized with each other; however, this is not
the case, and from the SPMs, it is evident that the three streets of the
second column are strongly synchronized and have a frequency of
14 Hz. However, this synchronization appears in two main phases, the
first two modes are for phase one, and the third and fourth modes are
for phase two. The difference is whether the vortex centers of the central
cylinder are in the same horizontal position as its two neighbors or not.
The two cylinders at the edges of the first column oscillate with a higher
frequency of 18 Hz. This might be the reason that they are unable to be
synchronized with the other three vortex streets.

As H/D increase to 4 in 6V4H, all five vortex streets represent
19 Hz frequency. However, this does not result in fully synchronized
vortex shedding in the flow. Based on the SPMs, it can be seen that the
central vortex street is synchronized with the two lower streets, and
the other two upper ones are synchronized together (see SPMs in Fig.
10 middle). The tail of the two central cylinders in the first column is
now unable to separate the vortex streets, and they mix with the vorti-
ces themselves. Furthermore, from the larger recirculation zone for the
upper cylinder in the second column in the instantaneous velocity
field, it is apparent that while the time-averaged flow is symmetric, but
asymmetries might happen in the individual time steps.

Finally, for 6V8H, the vortex shedding frequency for the five
streets is reduced to 15Hz. This is indeed interesting as one might
assume that as the H/D increase from 4 to 8 the effect of the upstream
column of the cylinders should be minimized, and thus, the vortex
street must be further closer to the case of an isolated cylinder with the
frequency of 22 Hz. Although the SPMs indicate some sort of synchro-
nization between different vortex streets but seems that compared to
previous cases, these synchronizations are further complex and change
from time to time. Last but not least, due to the large horizontal dis-
tance, the tails of the two central cylinders in the first column have
completely disappeared from the flow.

IV. CONCLUSIONS

In this study, experiments were conducted to study the flow
dynamics and structure of nine arrays of multiple cylinders. Each array
contained two columns of four (upstream) and three cylinders (down-
stream) in total. Nine different arrays were created by varying the distan-
ces between the columns and cylinders within each column for V/D =2,
4, 6, and H/D=2, 4, 8. PIV measurements were conducted for the
arrays in a water channel at Re ~100. In order to gain more insight into
the flow dynamics, POD analysis was applied to the velocity fields. The
main conclusions of the current study can be summed up as follows:

In contrast to a single cylinder in Re = 100, all arrays represented
unsteady flow structures. This proves that the cylinders affect the flow
behind each other as long as V/D < 6 and H/D < 8. Each array
shows distinct features; thus, there might be even more flow regimes
for intermediate distances. There are differences between the arrays in
the number and shedding frequencies of the vortex streets, how they
synchronize with neighboring streets, and whether the flow is symmet-
ric or not.

ARTICLE pubs.aip.org/aip/pof

The flow structures can be categorized into three general groups
denoted as single bluff body, transitional, and co-shedding. A single
bluff body flow with only large wake and thus one vortex street was
observed for both 2V2H and 2V4H arrays, with the latter having
stronger and more steady vortex shedding at similar frequency. Next
are the 2V8H and 4V2H arrays, which deviate from single bluff body
flow by representing individual vortex streets for the cylinders.
However, the proximity of the cylinders results in an asymmetric flow,
particularly for 4V2H. For the 4V8H array, the cylinder wakes in the
second column have very distinct long tails. This suggests that when
distances are carefully chosen, even in such large values of V/D = 4
and H/D = 8, vortex shedding behind cylinders can be suppressed.
The remaining four arrays, namely, 4V4H, 6V2H, 6V4H, and 6V8H,
all represent symmetric flows with five vortex streets belonging to the
two upper and lower cylinders in the first column and the three in
the second column. Other than the 6V2H array, whose cylinders
in the second column show lower frequencies of vortex shedding, all
other arrays have identical frequencies for all five vortex streets. For
each array, however, the coupling of the phase of the vortex streets is
distinct and different.

The current study reveals unique features of the flow behind cyl-
inder arrays depending on their vertical and horizontal distances. This
will have direct benefit in various applications to for example increase
the heat transfer, lower the structural impact, avoid resonance, or pro-
vide maximum available vibrational energy for vortex-induced energy
harvesting. There are however several possible directions that one can
proceed to extend the topic. Minimal horizontal and vertical distance
should be determined at which the effect of neighboring cylinders
diminishes from the flow structure. This is especially important when
numerous bodies (wind turbine supports, vortex-induced energy har-
vesters, skyscrapers, etc.) are to be distributed in a limited area without
encountering the complications of wake interactions. Additionally, the
maximum Reynolds number at which the steady flow structure
appears must be determined. Depending on the distances, this may
differ for each array. It will be interesting to measure the lift and drag
loading over the cylinders on such arrays as well.
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APPENDIX: A PROPER ORTHOGONAL
DECOMPOSITION

Lumley” was the first to introduce proper orthogonal decompo-
sition (POD) as a tool to visualize the hidden structures in the turbu-
lent flow in fluid dynamics. Later, Sirovich”' introduced the snapshot
POD method in particular for the cases where discrete time steps of
the flow are available experimentally or numerically. Assuming v/ (x, t)
as the velocity fluctuations over time and space, POD transforms the
1/ to separate functions of time () and space (x)

U (x,t) = T a(t) Dk (x). (A1)
Such that

J” Dy, (x) Dy, (x) dx = {(1) e (A2)

Here, the ®(x) are the spatial modes and the ai(t) are their
respective time coefficients. The spatial modes are deterministic and
orthogonal to each other, whereas the time coefficients are random
and solely dependent on their respective spatial mode. The motivation
for data reduction via POD is that these deterministic spatial modes
will reveal hidden structures in the turbulent flow, which are regularly
unseen when velocity fields are observed. In this method, @y (x) are
the eigenvectors of the covariance matrix of the velocity, and their
respective eigenvalue determines the ratio of the modal kinetic energy
of the respective spatial mode to the total kinetic energy of the flow.
Therefore, it is possible to determine, for instance, that how many per-
centages of total kinetic energy are captured by a limited number of
the spatial modes. This is, in particular, useful when one aims to
reduce the data to be used in machine learning for flow modeling.”*
For further detail about POD, see Ref. 100.
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