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ABSTRACT

As a follow-up study of Wang et al. [“Control of the flow around a finite square cylinder with a flexible plate attached at the free end,” Phys.
Fluids 34(2), 027109 (2022)], this paper presents an experimental study of flow around a wall-mounted finite square cylinder with a vertically
clamped flapping film at its free end. The width (d) of the square cylinder was 40mm, and the aspect ratio (H/d) was 5, where the height H
was 200mm. The flexible film was made of low-density polyethylene, with a thickness of 0.04mm and the width and length (l) each of d.
Flow visualization and particle image velocimetry were conducted in the central lateral plane and several horizontal planes to reveal the 3D
structure of the flapping induced vortex (FIV) and its effects on the cylinder near wake. All measurements were done in a low-speed wind
tunnel at a flow speed of U1¼ 5m/s with a Reynolds number of 13 700 based on U1 and d. Previous study suggests that the flapping film
reduces aerodynamic forces of the cylinder significantly and that the fluctuating lateral force is reduced by 60% [Wang et al., “Control of the
flow around a finite square cylinder with a flexible plate attached at the free end,” Phys. Fluids 34(2), 027109 (2022)]. Vortices that shed
from the trailing edge of the flapping film connect those from the side edges, forming n-shape FIVs downstream. FIVs induce more high-
speed flow downwards into the wake, which suppresses the mean recirculation zone near the free end but enlarges it in the lower part of the
wake. The two legs of n-shape FIVs are symmetrically arranged near the cylinder free end, whose effects diminish gradually as approaching
the bottom wall, where alternating Karman vortex shedding still prevails.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153537

I. INTRODUCTION

With typical applications in engineering like wind loads on high-
rise buildings and structures, aerodynamic characteristics and near-
wake structures of a finite square cylinder have long been a field of
intensive research over the past few decades (Kikuchi et al., 1997; Kim
et al., 2015; Maruta et al., 1998; Menicovich et al., 2014; Mooneghi
and Kargarmoakhar, 2016; Zheng and Zhang, 2012; Rastan et al. 2017;
and Mashhadi et al. 2021). Flow around a finite square cylinder is
much more complex compared with its 2D counterparts because of
the effects of the free end, cylinder-wall junction, finite span, etc.
(Rastan et al., 2021; Saeedi et al., 2014; Sumner et al., 2017; Sohankar
et al. 2018; Wang and Zhou, 2009; and Wang et al., 2006). The typical
near wake of a finite cylinder contains free-end downwash flow,

spanwise shear flow, and possible upwash flow from the bottom
(Bourgeois et al., 2011, 2012; McClean and Sumner, 2014; and Wang
and Zhou, 2009). Wang and Zhou (2009), suggesting that the down-
wash flow induced by the tip vortex connects the spanwise shear flows
from both sides of the finite cylinder, forming an “arch-type vortex”
structure in the near wake. Furthermore, there are two typical patterns
of this arch-type vortex, i.e., anti-symmetrical (Regime A) and sym-
metrical (Regime B) spanwise vortex shedding. The occurrence proba-
bilities of these two typical patterns are closely related to the
aerodynamic performance of the finite cylinder. The anti-symmetrical
vortex shedding (Regime A) results in a higher mean drag and fluctu-
ating lateral force on the cylinder than the symmetrical vortex shed-
ding (Regime B). In addition, a low-frequency signature in the flow
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near the cylinder free end was reported by Kindree et al., (2018) and
Peng et al., (2019), which associates with the shift between the two typ-
ical vortex shedding modes. This low-frequency behavior is connected
with the up-down flapping of the free-end shear flow, which is about
1/10 of the spanwise Karman vortex shedding frequency (Peng et al.,
2019).

Inspired by the potential impact of the free-end shear flow on the
overall near-wake structure, some passive and active flow control strat-
egies were proposed to optimize the aerodynamic performance of
finite cylinders (e.g., Park and Lee 2004; Rinoshika et al. 2017;
Sohankar et al. 2019; Rastan et al. 2019; and Wang et al. 2020). Park
and Lee (2004) studied the influence of free-end configuration on the
flow around a finite circular cylinder with an aspect ratio H/d¼ 6.
They suggested that the width of the recirculation region and the sepa-
ration bubble was largely reduced by chamfering and rounding the
edges of the free end. An inclined hole connecting the free end and
the leeward surface was proposed by Rinoshika et al. (2017) to control
the flow around a finite circular cylinder of H/d¼ 1. They found a
shrunk rear recirculation zone and contracted the separation region
on the free end. As for active control strategies, a steady slot suction at
the free-end leading edge can suppress the fluctuating lateral force and
vortex-induced vibration of a finite square cylinder with H/d¼ 5, as
reported by Li et al. (2019) and Wang et al. (2018). Similarly, a dual-
synthetic jet at the free-end leading edge was also proved valid for
modulating the flow around a finite square cylinder with H/d¼ 4
(Li et al. 2021), with the maximum reduction in the fluctuating lateral
force of about 30%. These previous investigations confirmed that a
reasonable local perturbation at the free end may lead to a remarkable
modulation of the entire flow around the finite cylinder, improving its
aerodynamic performance effectively.

A flexible film flapping periodically with large amplitude under
specific flow conditions results in large-scale vortices downstream,
which was widely used to realize flow control and energy harvesting
(Jin et al., 2018a, 2018b; Joshi et al., 2015; Chen et al., 2020; Kumar
et al., 2021; Shivashankar and Gopalakrishnan, 2020; Cui and Feng,
2022; Shao et al., 2023; and Zhang et al., 2023). Lee et al., (2017, 2018),
Singh and Lakkaraju (2019), Amini and Habibi (2022), and Xu et al.
(2019) utilized flexible films to improve the heat exchange in the chan-
nel flow and enhance the mixing at a jet nozzle exit. Inspired by the
landing approach of birds, Br€ucker and Weidner (2014) and Fang
et al. (2019) introduced film arrays on the upper surface of an airfoil
to delay its stall. The major difference between film-covered and clean
airfoils is the flow evolution along the upper surfaces. Regular vortices
induced by the flapping film dominate the former, while irregular flow
separation leading to a rapid non-linear transition into stall prevails
for the latter (Br€ucker and Weidner, 2014). In addition, extensive
efforts have been made to understand the effects of a flexible film
attached to the rear of a bluff body on its aerodynamic performance
(Liang et al., 2018; Niu and Hu, 2011; Sharma and Dutta, 2020; Wu
et al., 2014a, 2014b; Kim and Alam, 2015; Ameya et al., 2020; Cui
et al., 2022; Mao et al., 2022, 2023; and Shao et al., 2023). The fluctuat-
ing lateral force and the associated fluid-induced vibration can be
remarkably attenuated, together with the suppression of spanwise vor-
tex shedding.

Recently, Wang et al., (2022) employed a flexible film at the free-
end leading edge to control the aerodynamic forces of a finite square
cylinder with H/d¼ 5. They noticed that, once the oncoming flow

velocityU1 exceeds a critical velocity Uc, the flexible film flaps period-
ically with the flapping frequency increasing almost linearly with U1.
The coefficients of aerodynamic forces, i.e., time-averaged drag coeffi-
cient (Cd), fluctuating drag coefficient (Cd

0), and fluctuating lateral
force coefficient (Cl

0), reduce by about 5%, 25%, and 60%, respectively,
under the influence of the flapping film. Moreover, this reduction is
insensitive to the flapping frequency of the film. They also suggested
that the flapping-induced vortices (FIVs) in the free-end shear layer
enhance the momentum transport between the free stream and the
near wake, thus suppressing the spanwise vortex shedding and associ-
ated aerodynamic forces. However, the details of the modulation on
the near-wake structures by the flapping film have not been thor-
oughly revealed yet.

The present paper reports an experimental study on the near-
wake structure of a finite square cylinder of H/d¼ 5, and the main
contribution compared to Wang et al., (2022) is a more detailed inves-
tigation of flow around the cylinder. Specifically, the influence of the
flapping film at the cylinder free end on the near-wake structure was
systematically investigated. Both smoke-wire flow visualization and
particle image velocimetry (PIV) measurements were conducted in
multiple spanwise planes and the central lateral plane to reveal the
near-wake dynamics under the effects of the flapping film. Time-
average and phase-average methods were utilized to study the evolu-
tion of FIVs and their effects on the wake. FIVs identified through
flow visualization and PIV measurements were compared, and the
relation between the flapping motion and the development of FIVs
was also revealed in great detail.

II. EXPERIMENTAL DETAILS
A. Experimental setup

The experiments were conducted in an open-circuit low-speed
wind tunnel with a test section of 1200mm long, 450mm high, and
450mm wide. Freestream velocity U1 in the test section can be
adjusted continuously from 0 to 40m/s with a turbulence intensity less
than 0.5%. The tested model was a finite square cylinder with H/d¼ 5,
where H¼ 200 and d¼ 40mm are the height and width of the cylin-
der, respectively. As shown in Figs. 1(a) and 1(c), the cylinder was
fixed on a horizontal flat plate with a streamlined leading edge. The
width and length of this flat plate were 450 and 1000mm, respectively.
The horizontal plate was approximately 50mm above the bottom wall
of the test section to minimize the effects of the boundary layer on it.
The origin of the coordinate system was set at the center of the bottom
trailing edge of the testing cylinder, as shown in Fig. 1(a). Particularly,
x, y, and z indicate the streamwise, lateral, and spanwise directions,
respectively. The blockage ratio caused by the cylinder was 4%, small
enough not to affect the results (Hunt, 1982).

The flexible film was vertically clamped at the leading edge of the
cylinder’s free end [Figs. 1(a) and 1(c)]. The film was made of low-
density polyethylene with a density qs of 0.91 g/cm

3 and a flexural
modulus E of 240MPa. The flexible film was 0.04mm in thickness
and 40mm in width, identical to d [Fig. 1(a)]. The length l of the film
was also 40mm, i.e., the dimensionless length l�¼ 1. The superscript �

in the present paper indicates the normalization using d and/or U1.

B. Oncoming flow conditions

The square cylinder was located 0.4m downstream from the
leading edge of the flat plate. The boundary layer condition over the
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plate was documented using a Cobra probe (TFI, Series 100) along
the z axis prior to the model installation. The documentation was
conducted at U1¼ 5, 10, and 15m/s. The Cobra probe was fixed
on a 3D traverse system with an accuracy of 0.01mm in each direc-
tion. The sampling frequency was 2 kHz, and the sampling dura-
tion was 20 s at each measurement point. Figure 2 presents the
profile of the normalized time-averaged streamwise velocity U�
and the streamwise turbulence intensity Iuu at different U1. The
distributions of U� and Iuu agree well with each other for the three
U1, suggesting that the boundary layer over the plate was fully
developed. The boundary layer thickness is about 0.4 d, as shown
in Fig. 2, which means the majority of the cylinder is in a uniform
flow.

C. Measurement techniques

1. Measurement of aerodynamic forces

The effects of the flexible film at the free-end leading edge on the
aerodynamic forces of the finite square cylinder of H/d¼ 5 were stud-
ied in our previous investigation (Wang et al., 2022). It was found that
the flapping film reduces the aerodynamic forces of the cylinder
remarkably, which is almost independent of l� and U1. Figure 1(b)
presents the arrangement of pressure taps, which is identical to Noda
and Nakayama (2003), Wang et al., (2017, 2022) and Zhao et al.
(2021). Pressure taps were placed around the cylinder at z�¼ 1, 2, 3, 4,
and 4.5. There were 22 taps at each height, including 7 on the wind-
ward face and the rest 15 evenly arranged on the lateral and leeward
faces. The additional drag induced by the flapping film can be negligi-
ble in the present study, as confirmed by Wang et al. (2022). The pres-
sure tubes, connecting the taps and pressure scanner (DTC Initium),
were 300mm long with an inner diameter of 0.8mm. The maximum
uncertainty of the pressure scanner is about 60.1% of full scale pres-
sure range (2.4Pa). The sampling frequency of pressure scanners was
333Hz/channel, and the sampling duration was 150 s for each case.

Three aerodynamic force coefficients, i.e., time-averaged drag
coefficient Cd , fluctuating drag coefficient Cd

0, and fluctuating lateral
force coefficient Cl

0, are defined as

Cd ¼ Fd
1
2
qf U

2
1A

; C0
d ¼ F0

d

1
2
qf U

2
1A

; and C0
l ¼ F0

l

1
2
qf U

2
1A

; (1)

where the time-average drag Fd , the fluctuating drag force F0
d , and the

fluctuating lateral force F0
l are calculated through pressure integration

(neglecting viscous drag). A¼H�d is the projected area of the tested
cylinder in the cross-stream direction, and qf is the air density.

2. Measurement of near-wake flow

Since the reduction of aerodynamic forces is insensitive to U1
(Wang et al., 2022), the near-wake measurement was only performed

FIG. 1. Experimental setup and coordi-
nate system: (a) sketch of the setup, (b)
arrangement of pressure taps, and (c)
actual picture of the setup.

FIG. 2. Boundary layer conditions on the flat plate at U1¼ 5, 10, and 15m/s.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 095102 (2023); doi: 10.1063/5.0153537 35, 095102-3

Published under an exclusive license by AIP Publishing

 13 January 2025 03:03:30

pubs.aip.org/aip/phf


at U1¼ 5m/s in the present study, corresponding to the Reynolds
number of 13 700. Both smoke-wire flow visualization and PIV mea-
surements were conducted in the lateral central plane at y�¼ 0 and 14
horizontal planes from z�¼ 1.5 to 6, as shown in Fig. 3. As a classic
technique for flow visualization, smoke wire is commonly used in
wind tunnel experiments due to its convenience, economy, and flexi-
bility (Yarusevych et al., 2009). In the present study, a smoke-wire gen-
erator (Model: Hanghua SW) was used for flow visualization. Paraffin
oil was brushed on the thin stainless wire with a diameter of 0.1mm to
generate tracing smoke. The stainless wire was mounted 8 cm
upstream the cylinder. Because of surface tension effects, the paraffin
oil turned into evenly distributed droplets of about 0.2mm in diame-
ter. Two capacitors of 200 V were used to generate a powerful tran-
sient current of about 20A through the wire. The heated wire gasified
the paraffin droplets on it, generating thin tracing smoke.

A 2D PIV was also employed to measure the near-wake flow
fields in the planes as shown in Fig. 3 using an ANDOR Zyla sCMOS
camera operated at 5Hz. The resolution of the sCMOS camera was
2560� 2160 pixel2. The laser sheet was approximately 2mm thick,
produced by a 380 mJ Beamtech Vlite-380 double-pulsed laser. The
wavelength of the laser is 532 nm, and each pulse lasted for 6–9ns.
The synchronization among the laser triggering and the image taking
was realized by the IDT USB timing hub XS-TH. In each measure-
ment plane, 2000 instantaneous snapshots were captured for the anal-
ysis. The interval between two successive images was 50 ls for all
measurements that the particles would travel only around 0.25mm
(�0.006 d) at U1¼ 5m/s. Tracing particles used in PIV experiments
were atomized paraffin oil with an average diameter of about 3lm
generated by a pressure nozzle. The spatial resolution of the present
PIV measurement was 112lm/pixel. The interrogation window used
in the cross correlation algorithm was 32� 32 pixel2 with a 50% over-
lap in both directions. Accordingly, the real size of the interrogation
window was 3.58� 3.58mm2 (approximately 0.09 d� 0.09 d), corre-
sponding to the velocity vector fields with 159� 134 vectors, which
could be assumed fine enough to capture the large-scale flow struc-
tures in the cylinder near wake. The uncertainty analysis for the PIV
measurement was conducted using the image-matching methodology
by software Dynamic Studio, as described in Sciacchitano et al. (2013).
The maximum uncertainty for both velocity components was found to
be less than 2% of the mean velocity. Although flow near the free end
is highly three-dimensional, where particles could pass through the
laser sheet leading to a lower correlation between two successive

images because of perspective projection effects, but because of the rel-
atively low out-of-plane velocity [about one third of U1 in the vertical
and twice of U1 in the horizontal, Wang and Zhou (2009)] of flow in
this area, the correlation would be reliable where most of the particles
would stay in the laser sheet.

3. Phase average technique

Considering that the flexible film flaps periodically at U1¼ 5m/s,
the phase average technique is applied to reveal the flapping-induced
vortices, i.e., FIVs, in the near wake, similar to that used in Bourgeois
et al., (2011), Lyn and Rodi (1994), and Sattari et al. (2012). Using the
phase average technique, an instantaneous variable, v(t), can be decom-
posed into a phase-varying component, hvi, and a residual v0. The
phase-varying component hvi can be further decomposed into a time-
averaged component v and a periodic component ~v with a zero mean
value, resulting in the triple decomposition

v tð Þ ¼ hvi þ v0 ¼ v þ ~v þ v0 (2)

Different from the Reynolds decomposition, triple decomposition is
also an averaging method but performed for certain phases rather
than over the entire sampling record. The reference signal determining
the phase angle is crucial for phase-average analysis (Lyn and Rodi,
1994). Considering that the fluctuating pressure on the cylinder free
end associates well with the flapping motion of the flexible film (Wang
et al., 2022), it is used as the reference signal in the present study. To
this end, a pressure-image synchronization system was set up as
shown in Fig. 4, with an AD board simultaneously sampling the trig-
gering signal of PIV and the fluctuating pressure on the cylinder free
end.

The fluctuating pressure on the free end of the cylinder is pre-
sented in Fig. 5 as a gray curve. The pressure was measured using a
pressure transducer (Model: CYY4 Xi’an aviation instruments), and
the sampling frequency is 2000Hz. The uncertainty of the pressure
transducer is 0.1% of full scale pressure range (3 Pa), which is accurate
enough to capture the pressure variation and figure out the periodicity
of the flapping film as seen in Fig. 5. The flapping frequency of the
film at U1¼ 5m/s was 29Hz. Accordingly, the pressure signal was
bandpass filtered, reserving the components of frequency within 29
6 2Hz, as shown by the red line in Fig. 5. Obviously, both the raw
and the bandpass filtered signals exhibit a marked periodicity, with a
negligible phase shift between them. As shown in Fig. 5, critical phase
points, i.e., U¼ 0, p/2, p, and 3p/2, were recognized based on the fil-
tered signal, identical to that used by Hussain and Hayakawa (1987),
Lou et al., (2016), and Zhou and Yiu (2006). Subsequently, each cycle
was divided into 20 phase bins. The instantaneous PIV-measured flow
fields, corresponding to the triggering signal shown by the blue line in
Fig. 5, can be sorted into these specific phase bins. In each measure-
ment plane, a total of 2000 random snapshots ensured that there were
approximately 100 samples in each phase bin for the phase-average
analysis.

III. RESULT AND DISCUSSION
A. Aerodynamic forces

Since more details about aerodynamic forces can be found in
Wang et al. (2022), only a short description is included here.
Aerodynamic forces of the cylinder were estimated by integrating theFIG. 3. Arrangement of flow visualization and PIV measurement planes.
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pressure as discussed in Wang et al. (2022). Figure 6 depicts the
dependence of Cd , Cd

0 , and Cl
0 on U1 for the finite cylinder with and

without the flexible film. For the bare cylinder, i.e., l�¼ 0, Cd , Cd
0 , and

Cl
0 are 1.65, 0.06, and 0.12, respectively, independent of U1 increasing

from 4 to 20m/s. These forces are reduced by about 5%, 25%, and
60%, respectively, once the flexible film with l�¼ 1 flaps at its free-end
leading edge (Fig. 6). Wang et al. (2022) suggested that once the flexi-
ble film flaps at U1 > Uc, the reduction in the aerodynamic forces is
insensitive to both l� and U1. Interested readers may refer to our

previous publication (Wang et al., 2022) for more details about the
behaviors of the aerodynamic forces under the effects of the flapping
film. In the following discussion of the present paper, only the results
for l�¼ 1 andU1¼ 5m/s will be studied in detail to reveal the mecha-
nism of the force reduction induced by the flapping film.

B. Flapping configurations of the flexible film

Prior to further discussions on the wake structure, it is necessary
to discuss the flapping behavior of the flexible film. To do this, long
exposure photography was employed for the film with l�¼ 1 at
U1¼ 5m/s. The flapping film was illuminated by continuous and
pulsing lasers as shown in Figs. 7(a) and 7(b), respectively.

The envelope of the flapping film is clearly observed in Fig. 7(a),
which touches the free end at approximately 0.7d downstream of the
leading edge. Similar to that observed by Leclercq et al. (2018), the
film is more curved during the upward stroke than the downward
stroke, as shown in Fig. 7(b). Consequently, the trajectory of the trail-
ing end of the flapping film forms a teardrop shape curve, bending
upstream at its upper part (Fig. 7).

As a complement of the phase-average analysis of the wake, the
correlation between flapping configurations and fluctuating pressure
on the cylinder free end can be determined, as shown in Fig. 8. The tip

FIG. 4. (a) Schematic of the pressure-image synchronization system and (b) setup of PIV.

FIG. 5. Time histories of the raw and filtered pressure signals, and the triggering
signal of PIV.

FIG. 6. Aerodynamic forces of the finite square cylinder: (a) Cd , (b) Cd0 , and (c) Cl0 .
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of the film starts flapping downwards at phase 1, moves toward the
free end at phase 6, and touches the free end before flapping upwards
at phase 11. The middle part of the film reaches the highest point at
phase 16. After that, the trailing end of the film reaches its highest
position again at phase 1, starting a new cycle. More details can be
found in Wang et al. (2022). In addition, the flapping frequency of the
film is linearly related to the wind velocity and is always higher than
the vortex shedding frequency, as reported in Wang et al. (2022).

C. Near-wake structures

1. Flow visualization results

Figures 9(a) and 9(b) present the results of flow visualization in
the central lateral plane, i.e., at y�¼ 0, for the cases with l�¼ 0 and
1, respectively. The free-end shear flow in the uncontrolled case
[Fig. 9(a)] is laminar and smooth immediately after the separation,
followed by the Kelvin–Helmholtz (K–H) vortices downstream.
This free-end shear flow bends down gradually because of the
downwash flow and tip vortices (Wang and Zhou, 2009). As shown
in Fig. 9(a), no large-scale periodic vortices appear in the free-end
shear flow, in line with that reported by Uffinger et al. (2013) andWang
and Zhou (2009). Contrarily, for the controlled case with l�¼ 1 [Fig. 9
(b)], strong large-scale FIVs appear in the shear flow. Compared with
the uncontrolled case [Fig. 9(a)], FIVs enhance the momentum trans-
port between the freestream and the near wake, by introducing more
high-speed fluid into the wake, as marked by the arrows in Fig. 9(b).

This enhanced momentum exchange results in a significant change in
the near-wake structures, which will be addressed in detail later.

The flapping motion and the corresponding downstream evolu-
tion of FIVs in a typical cycle are presented in Fig. 10. The snapshot in
Fig. 10(a) corresponds to the moment when the flexible film is at its
lowest position and starts to flap upwards. The flexible film lifts the
free-end shear layer gradually when flapping upwards, as shown in
Figs. 10(a)–10(d). The elevated shear layer bends down significantly
when flowing over the flexible film, forming an obvious vortex behind
the film [Fig. 10(d)]. Compared to the bare cylinder case, the down-
ward bending of the free-end shear flow is more discernible because of
the strong negative pressure on the free end, induced by the flexible

FIG. 7. Visualization of the film configura-
tions using long exposure, illuminated with
(a) continuous laser and (b) pulsing laser.

FIG. 8. Diagram of the phase indicator, i.e., filtered pressure on the free end, defi-
nition of phases, and corresponding instantaneous configurations of the flapping
film at phases 1, 6, 11, and 16. FIG. 9. Flow visualization in the central lateral plane: (a) l�¼ 0 and (b) l�¼ 1.
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film when it flaps upwards; see Fig. 8 of Wang et al. (2022) for refer-
ence. The FIV enlarges gradually during the downward flapping stroke
of the film and matures when the film approaches its lowest position,
as shown in Figs. 10(e)–10(h). After that, the film flaps upwards,
repeating the process in the subsequent cycle. The flow between the
FIVs impacts the recirculation region behind the cylinder, which
extends downwards to z� � 3, as presented in Figs. 9 and 10, and is far
stronger than the effects of the downwash flow on the wake of the bare
cylinder.

Flow visualization snapshots in horizontal planes at different z�

are presented in Fig. 11. For the uncontrolled case, the cylinder has a
negligibly small impact on the flow over the free end of the cylinder at
z�¼ 5.5. The streamlines at this level are mainly parallel to each other.
On the other hand, an obvious convergence appears at z�¼ 5.5 for the
controlled case, as highlighted by the blue arrow in Fig. 11. This con-
vergence is attributed to the downwash flow generated by the
flapping-induced vortices (FIVs), as depicted in Figs. 9 and 10. This
observation becomes even more significant in the plane at z�¼ 5,
where a distinct pattern of alternating divergence and convergence of

streamlines is observed in the controlled case. In contrast, the uncon-
trolled case is characterized by primarily converged streamlines.

In the planes slightly lower than the free end, i.e., z�¼ 4.5 and 4,
for l�¼ 0, the spanwise shear flow, characterized by small-scale K–H
vortices, converges gradually when moving downstream, as marked
with red arrows in Fig. 11. For the case with l�¼ 1, large-scale sym-
metrical spanwise vortices dominate the near wake. This flow visuali-
zation suggests that the flapping film not only induces FIVs in the

FIG. 10. Flow visualization in one flapping cycle for the case of l�¼ 1.

FIG. 11. Flow visualization results for the uncontrolled case with l�¼ 0 (left) and
controlled case with l�¼ 1 (right) in horizontal planes from z�¼ 1.5 to 5.5 at
U1¼ 5m/s.
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lateral plane but also converts the spanwise shear flow near the cylin-
der free end into large-scale symmetrical vortices.

In the lower spanwise plane at z�¼ 3.5, the near wake is charac-
terized by a zigzag flow in the uncontrolled case. This zigzag structure
is less obvious in the controlled case. Moreover, the near wake is much
wider for the latter. As observed in Figs. 9 and 10, FIVs impact on the
recirculation zone at z�¼ 3.5, which explains the widening of the wake
and suppression of alternating spanwise vortices, as shown in Fig. 11.
It is worth mentioning that, based on their pressure measurement
results, Wang et al. (2022) suggested that alternating spanwise vortices
are also attenuated at z� � 3.5. However, the effect of the flapping film
on the near-wake flow at z� � 3.5 is not that obvious in the present
flow visualization result (Fig. 11), which suggests the necessity of a
more detailed quantitative analysis.

2. PIV measurements

Both time-averaged and phase-averaged PIV results are studied
systematically to quantitatively reveal the effects of FIVs on the near
wake. Figure 12 presents the iso-surface of U� ¼ 0 (red-bold line), i.e.,
the boundary of the mean recirculation region, in the cylinder wake,
which is reconstructed from the PIV results in the spanwise planes
shown in Fig. 3. In addition, the contours of U� overlapped with the
mean streamlines in the central lateral plane are also presented. Note
that the results in the central lateral plane are shifted to y�¼ 3 for easy
data interpretation.

For the uncontrolled case, the maximum streamwise extent of
the recirculation region reaches x�¼ 2.75 in the lower part of the
wake, which agrees well with the contour U� ¼ 0 in the central lateral
plane as in Sumner et al. (2017), Wang et al. (2006), Wang and Zhou
(2009), Zhao et al. (2021), and Wang et al. (2020). The streamwise
extent remains almost the same in the lower part z� < 2.5, whereas it
gradually shrinks toward the free end, obviously caused by the free-
end downwash flow, presented by the streamlines in the lateral plane.

As for the controlled case, the flapping film exerts a significant
effect on the near wake as shown in Fig. 12(b). An obvious crater
appears in the iso-surface of the recirculation region near the free end,

caused by the enhanced downwash flow. This observation accords
well with the smoke-wire flow visualization results shown in Figs. 9
and 10. That is, the FIVs bring in high-speed fluid from the free stream
into the wake, suppressing the recirculation region near the free end.
Contrarily, the recirculation region in the lower half of the wake
extends further downstream, reaching x�¼ 3.60 at z� ¼1.5, approxi-
mately 30% larger than the uncontrolled case. According to the result
in the central plane, the streamwise extent of the recirculation region
becomes almost unchanged at z� < 2, significantly lower than that of
the uncontrolled case. It can be confirmed that the effects of the FIVs
are not confined near the free end but appear on the entire cylinder
wake.

It is interesting to reveal the detailed near-wake structure modu-
lated by the flapping film, which is essential for understanding the
mechanism of the enhanced momentum transport caused by the
FIVs. Figure 13 presents the phase-averaged dimensionless lateral vor-
ticity ~x�

y , the dimensionless streamwise velocity ~u� in the central lat-
eral plane, and the dimensionless spanwise vorticity ~x�

z in the
horizontal plane at z�¼ 5. All results are overlapped with the corre-
sponding phase-averaged streamlines. Definitions of phases 1, 6, 11,
and 16 are given in Fig. 8.

The flexible film generates an alternating vortex row at z� � 6
in the central plane during its flapping stroke, as shown in Figs. 13(a),
13(d), 13(g), and 13(j). Particularly, the flapping film forms a positive
vortex downstream of its tail when it flaps downwards from its highest
position (from phases 1 to 6). This positive vortex detaches completely
from the film when the film reaches its lowest position (phase 11).
Subsequently, when the film flaps upwards (from phases 11 to 16), a
negative vortex grows, which detaches from the film when it arrives at
its highest position (phase 1). This process repeats continuously when
the film flaps periodically.

Although the foci of the streamlines in the central plane keep
approximately unchanged in height as the FIVs detach completely
from the film, the contours of ~u� extend downwards, i.e., to smaller
z�, gradually as the FIVs develop downstream, as shown in Figs. 13(b),
13(e), 13(h), and 13(k). This observation is also illustrated by the
streamlines in the central lateral plane, which point upstream and

FIG. 12. Time-averaged recirculation region and the contours of U� in the central lateral plane at U1¼ 5 m/s: (a) l�¼ 0 and (b) l�¼ 1.
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downstream alternately in the streamwise direction. As revealed by the
numerical simulation of Nishiura et al. (2019) and Huang and Sung
(2010), a flapping flag generates vortices not only from its trailing edge
but also from its side edges. The vortical structure shed from the trailing
edge connects those from the side edges, forming an n-shaped structure
with two legs. Figures 13(c), 13(f), 13(i), and 13(l) present the phase-
averaged vorticity and streamlines in the horizontal plane at z�¼ 5.
Symmetrical vortical structures present in this horizontal plane, which
are completely associated with the FIVs observed in the central lateral
plane. This observation suggests that the present flexible film, which is
perpendicular to the oncoming flow at its root, also generates n-shaped
structures during its flapping cycle. The vortical structure shed from the
trailing edge of the film connects those from side edges, similar to that
observed by Huang and Sung (2010) and Nishiura et al. (2019). The
two legs of this n-shaped vortical structure may extend to an altitude
lower than the free end, as revealed by the contours of ~u� and the corre-
sponding phase-averaged streamlines shown in Fig. 13.

To understand the wake structure in more detail, Fig. 14 presents
the phase-averaged flow structures in different horizontal planes from
z�¼ 6 to 3. Contours of ~u�, ~v�, and ~x�

z at each height are depicted and
vertically arranged in Fig. 14. Only the results at phase 1 are given for
simplicity. The vortex pairs induced by the flapping film are named
V1, V2, and V3, according to their positions in the x direction, as
shown in Fig. 14, which are distinguished with green and yellow
backgrounds.

Although ~x�
z at z�¼ 6 is fairly small compared to that at lower

heights, with no distinct vortex pairs, significant segmented flow

structures can be observed. The contours of ~v� develop in pairs and
those of ~u� develop one by one with different signs. A single contour
of ~u� connects the two pairs of ~v� contours. Weak ~x�

z at z�¼ 6 sug-
gests the feeble contribution of FIVs on vorticity at this height, while
the results in plane y�¼ 0 [Figs. 13(a) and 13(b)] suggest significant
FIVs with large ~x�

y . This huge discrepancy implies a very strong three-
dimensional effect of FIVs and their limited impact on the flow around
the free end.

The ~x�
z at lower heights, i.e., z

�¼ 5.5, 5, and 4.5, is larger since it
gets closer to the flapping film, and obvious vortex pairs can be
observed. The ~x�

z at z�¼ 5 is stronger that that at z�¼ 5.5 and 4.5.
The distribution of ~v� is qualitatively similar at z� from 6 to 4.5, as
shown in Figs. 13(a)–13(d). Contrarily, the contours of ~u� at z�¼ 6
have opposite signs compared to those at low heights. This discrep-
ancy in the signs of ~u� suggests that FIVs change their direction in a
streamwise direction between z�¼ 6 and 5.5, where the centers of
FIVs are located in the central lateral plane, as shown in Fig. 13.
Vortex pairs decay gradually as they develop downstream. For exam-
ple, the ~x�

z of V3 is smaller than that of V1 and V2. The distorted
streamlines of V3 at z�¼ 5.5 also suggest the same.

For lower spanwise planes, i.e., z�¼ 4 and 3, it is hard to distin-
guish vortex structures from the disordered streamlines and ~x�

z con-
tours. The value of ~x�

z at z
� ¼ 4 and 3 is generally smaller than that at

higher levels, suggesting the weakening of FIVs as approaching the
bottom wall. The weakening of ~u� and ~v� also proves the same. It can
thus be concluded that the impact of FIVs is limited in a range from
approximately z�¼ 6 to 4.

FIG. 13. Contours of phase-averaged ~x�
y and ~u

� in the central lateral plane and ~x�
z in the horizontal plane at z

�¼ 5 for case l�¼ 1. All contours are overlapped with phase-
averaged streamlines. [(a), (d), (g), and (j)] ~x�

y , [(d), (e), (h), and (k)] ~u
�, and [(c), (f), (i), and (l)] ~x�

z .

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 095102 (2023); doi: 10.1063/5.0153537 35, 095102-9

Published under an exclusive license by AIP Publishing

 13 January 2025 03:03:30

pubs.aip.org/aip/phf


Figure 15 shows the oblique development of FIVs as seen in the
horizontal streamlines; the thick lines indicate the vortex filaments of
the FIVs, which are characterized by the n-shape structure. The red
line corresponds to a positive value of ~x�

y in the central lateral plane at

y�¼ 0. Based on that, a sketch of FIVs is proposed in Fig. 16; from left
to right are V1, V2, and V3, respectively, colored in red, blue, and red
according to the sign of ~x�

y in the plane y�¼ 0. Due to the less orga-
nized structures at z� < 4 [Figs. 14(e) and 14(f)], the part of FIVs

FIG. 14. Contours of phase-averaged ~x�
z , covered with streamlines for case l�¼ 1 in horizontal planes (a) z�¼ 6, (b) z�¼ 5.5, (c) z�¼ 5, (d) z�¼ 4.5, (e) z�¼ 4, and (f)

z�¼ 3 at U1¼ 5 m/s.
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beneath z�¼ 4 is not included. Similar to vortical structures revealed
in Huang and Sung (2010) and Nishiura et al. (2019), FIVs in the pre-
sent study are also n-shaped. Particularly, the vortex from the trailing
edge connects those from side edges. The two legs of this n-shaped
vortical structure, i.e., the vortices from two side edges, decay gradually
with reducing z�. However, different from O-shaped vortices with a
closed tail induced by a flapping flag at a high Reynolds number as
reported in Huang and Sung (2010), the two legs from two side edges
do not connect with each other at the lower part of the wake because
of the presence of the cylinder in the present study.

IV. CONCLUSIONS

As commonly used simplified models for high-rise buildings or
towering structures, finite square cylinders are widely employed to do
aerodynamic tests and explore a new way for improvements. The pre-
sent study is a follow-up study of Wang et al. (2022), which introduced
a novel and efficient flow control method to reduce the aerodynamic
forces of a finite square cylinder and explains well the behind mecha-
nism through a series of pressure measurements. The main contribu-
tion of the present study is the supplementary explanation of load
reduction from the view of flow around the cylinder. The near-wake
flow structures of a finite square cylinder with a flapping flexible film
at its free-end leading edge were experimentally investigated through
flow visualization and PIV measurements. Phase-averaged analyses of
PIV results were conducted in the central lateral plane and several hor-
izontal planes near the free end to reveal the characteristics of FIVs.
The investigation leads to the following conclusions:

(1) Flow visualization results suggest that FIVs replace the shear
flow near the free end, converting small-scale irregular vortices
in the free-end shear flow into large-scale regular vortices, i.e.,
FIVs. For the flow relatively far from the free end, i.e., the flow
beneath z�¼ 3.5, the wake structure is still characterized by
alternating Karman vortices.

(2) Under the influence of the flapping film, an obvious crater appears
in the iso-surface of the recirculation region, implying the enhance-
ment of the downwash flow allowing the introduction of a high-
speed freestream into the wake. The enhanced downwash flow
caused by FIVs exhibits a suppression effect on the spanwise flow,
leading to a streamwise extension of the recirculation region.

(3) The flapping film produces a row of alternating vortices in the
wake. In the central lateral plane, a positive vortex forms when the
film flaps downwards from the highest position and it detaches
when the film reaches the lowest position. A negative vortex starts
to form when the film starts to flap upwards, and it detaches when
the film reaches the highest position. Based on the phase-averaged
results, the vortex from the trailing edge of the flexible film con-
nects those from its side edges, forming an n-shaped structure.

As a follow-up study of Wang et al. (2022), the present study
explains the reduction of the cylinder’s aerodynamic forces well based on
the modifications of the flow around the cylinder caused by FIVs.
Normally, the aerodynamic load acting on an object is closely related to
the flow nearby like the discussion in Ranjbar et al. (2021); the efficiency
of a vertical axis wind turbine changes with the development of vortices
near the blades. However, in the present study, the connection between
the aerodynamic forces, especially the lateral force, and the development
of FIVs is still unclear. Although FIVs dominate the flow near the free
end and suppress the spanwise vortices significantly, aerodynamic loads
on the square cylinder are still mainly generated by the spanwise vortices
as concluded in Wang et al. (2022). However, because of the frequency
discrepancies among the spanwise vortices and FIVs, connections
between the aerodynamic loads and the development of FIVs cannot be
built through phase-average method in the present study.
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