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Control of the VIV of a cantilevered square cylinder with free-end suction
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Abstract. A steady slot suction near the free-end leading edge of a finite-length square cylinder was used to control its aerodynamic
forces and vortex-induced vibration (V1V). The freestream oncoming flow velocity (U,,) was from 3.8 m/s to 12.8 m/s. The width of the
tested cylinder d =40 mm and aspect ratio H/d = 5, where H was the height of the cylinder. The corresponding Reynolds number was from
10,400 to 35,000. The tested suction ratio Q, defined as the ratio of suction velocity (Us) at the slot over the oncoming flow velocity at which
the strongest VIV occurs (U,), ranged from 0 to 3. It was found that the free-end slot suction can effectively attenuate the VIV of a
cantilevered square cylinder. In the experiments, the RMS value of the VIV amplitude reduced quickly with Q increasing from O to 1, then
kept approximately constant for Q > 1. The maximum reduction of the VIV occurs at Q = 1, with the vibration amplitude reduced by 92%,
relative to the uncontrolled case. Moreover, the overall fluctuation lift of the finite-length square cylinder was also suppressed with the
maximum reduction of 87%, which occurred at Q = 1. It was interesting to discover that the free-end shear flow was sensitive to the slot
suction near the leading edge. The turbulent kinetic energy (TKE) of the flow over the free end was the highest at Q = 1, which may result in

77

the strongest mixing between the high momentum free-end shear flow and the near wake.
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1. Introduction

Vortex-induced vibration (VIV) is a classic fluid-
structure interaction phenomenon, which has long been the
subject of fundamental and engineering investigations,
especially the VIV of a two-dimensional (2D) cylinder. Our
understanding of the VIV of a 2D cylinder has been
significantly deepened in the last two decades, which has
been reviewed in Chen et al. (1995), Khalak and
Williamson (1997a), Cheng et al. (2003), Jauvtis and
Williamson (2003), Sarpkaya (2004), Williamson and
Govardhan (2004), Gabbai and Benaroya (2005),
Williamson and Govardhan (2008), Bearman (2011), etc.

For a 2D circular cylinder, VIV occurs when the vortex
shedding frequency matches with one of the natural
frequencies of the cylinder. The amplitude of the VIV is
closely related to the mass-damping ratio (m”¢) (Khalak and
Williamson 1997a, b) and Reynolds number (Re)
(Raghavan and Bernitsas 2011), where m” is the mass ratio
and ¢ is the damping ratio. Additionally, m” is also an
important parameter which determines both the branches of
resonance (initial branch, upper branch, lower branch), the
region of excitation, etc. (Feng 1968, Khalak and
Williamson 1997b). The near wake behind an oscillating
cylinder is also a long-established field of study. Up to now,
four modes of vortex formation, including 2S mode, 2P
mode, 2C mode and 2T mode, have been observed, e.g.,
Williamson and Roshko (1988), Williamson and Jauvtis

(2004), Flemming and Williamson (2005), etc. Compared
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with the VIV of a circular cylinder, there are fewer
documents about the VIV of a square cylinder. Corless and
Parkinson (1988) developed a quasi-steady model for
simulating the VIV of a square cylinder. It was found that
the model provided good quantitative predictions of the
combined effects of both VIV and galloping, except for a
modest over-prediction near the resonance region. For a
square cylinder, the flow induced vibration is sensitive to its
angle of attack o (Nemes et al. 2012, Zhao et al. 2014).
When o = 0° (face oriented to the oncoming flow), VIV is
followed by significant transverse galloping with the
increase of oncoming flow velocity. On the other hand,
when o = 45° (corner oriented to the oncoming flow), only
VIV occurs, which is similar to that of a circular cylinder.

The diversified techniques used to control the
aerodynamic forces and/or VIV of both 2D and three-
dimensional (3D) bluff bodies can be classified into two
categories, i.e., active and passive, depending on whether
energy input is needed or not. The passive methods require
no energy input and have been widely applied, such as
external elements, roughness elements, helical grooves,
strakes, etc. For example, cutting the corner of a square
cylinder at the leading edge can significantly suppress the
vortex shedding in its near wake (He et al. 2014). Besides,
helical grooves and strakes were also found effective in
suppressing the VIV of the circular cylinder (Huang 2011
and Zhou et al. 2011).

Similar to the passive methods, active control methods
of different technigues have also been developed, such as
moving-wall (Wu et al. 2007), dynamic controlled plate
(Grager et al. 2011) and plasma actuators (Thomas et al.
2008). Recently, many documents have reported the effects
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Fig. 1 Schematic of the experimental setup and the coordinate system

of suction/blowing on the aerodynamic forces and VIV of a
2D square cylinder. Cuhadaroglu et al. (2007) discovered
that the position and rate of injection had significant
influences on the pressure coefficient and the drag
coefficient of a square cylinder. Akansu and Firat (2010)
experimentally investigated the manipulating functions with
the slot jet from the rear face of a square prism. Sohankar et
al. (2015) numerically investigated the effects of various
combinations of suction and blowing around a square
cylinder at low Reynolds numbers. They found the
optimum configuration, with suction applied both side
surfaces and blowing applied on the front and rear faces,
had a maximum drag reduction of 72%.

However, a lot of structures in engineering applications
are finite in length or height, such as high-rise buildings.
Under the effects of the finite span, wall junction and free
end, the flow around a wall-mounted finite-length structure
is highly 3D and different drastically from that around a
nominal 2D one (Rastan et al. 2017, Zhang et al. 2017,
Sohankar et al. 2018). Relevant papers about the VIV and
flow control for finite-length cylinders are far less than
those for 2D bluff bodies.

Since the spanwise shear flow of a 3D square cylinder
bears obvious similarities to that of the corresponding 2D
square cylinder, the control methods for the latter are
presumably still applicable to the former. Menicovich et al.
(2014) successfully attenuated the aerodynamic forces of a
finite-length rectangular cylinder, using steady tangential
blowing along the spanwise leading edges. Steady slot
suction at the spanwise leading edges was also found
applicable for reducing the aerodynamic forces on a square
cylinder with H/d = 2.7, where H and d are the height and
width of the cylinder, respectively (Zheng and Zhang 2012).
These suction/blowing control methods for 3D square
bodies are essentially similar to those for 2D square
cylinders. By weakening the spanwise flow separation, the
fluctuating lift will be restrained.

Considering that the free-end shear flow of a 3D
cylinder connects the spanwise shear flow from its both
sides (Wang and Zhou 2009, Kawai et al. 2012, Rastan et
al. 2017), the nature of the free-end shear flow may have
remarkable effects on the entire near wake, especially for

the cylinders with relatively small H/d. In the previous
study, it has been proved that the steady free-end slot
suction can significantly suppress the overall aerodynamic
forces of a finite-length square cylinder, especially its
fluctuation lift (Wang et al. 2018). Nevertheless, it is still
not clear whether the VIV of a cantilevered cylinder can be
suppressed by manipulating its free-end shear flow. The
present paper reports an experimental investigation on this
topic. A steady slot suction near the free-end leading edge
of a finite-length square cylinder was utilized to suppress its
free-end shear flow and VIV. The effect of the suction ratio
(Q) on the control results was also studied systematically.

2. Experimental details
2.1 Experimental setup

The experiments were conducted in an open-loop wind
tunnel with a 1000 mm long square test section of 450 mm
x 450 mm. The maximum wind speed in this test section is
40 m/s, and the longitudinal turbulence intensity is less than
0.5%. The tested model contained two parts, i.e., an outer
shell made of acrylonitrile butadiene styrene (ABS) using a
3D printer and a central stainless-steel plate. The length,
width and thickness of the steel plate were 240 mm, 20 mm
and 1.5 mm, respectively. As shown in Fig. 1(a), about 160
mm of the stainless-steel plate was inside the model. The
surface of the model was polished and was smooth enough.
The model penetrated through the wind tunnel bottom wall
and mounted rigidly at a pedestal outside the test section, as
shown in Fig. 1(a). The gap between the model and the
wind tunnel bottom wall was less than 0.5 mm and was
sealed with glycerol to prevent air leaking through it. The
width d of the tested model was 40 mm and the effective
H/d = 5, as shown in Fig. 1(a). The mass ratio of the tested
model was 250. After the installation, the model was pushed
slightly from its equilibrium position and released to vibrate
freely. The lateral displacement of the model was measured
by a laser displacement transducer. The natural frequency
(fo) and damping ratio ({) of the model could then be
determined, which were 11.37 Hz and 0.7 %, respectively.
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As shown in Fig. 1(b), the x, y and z axes were in the
streamwise, lateral and spanwise directions, respectively.
The blockage ratio caused by the model was about 3.9%,
whose effect was neglected. During the experiments, the
freestream oncoming flow velocity (U,,) was from 3.8 m/s
to 12.8 m/s. The corresponding Reynolds number (= U..d/v,
where v is the kinematic viscosity of air) was from 10,400
to 35,000. Relative to the structure with a curved surface,
e.g. a circular cylinder, the aerodynamic characteristics of a
finite-length square cylinder with H/d = 5 are less sensitive
to Reynolds number (Wang et al. 2017). Thus, the main
findings and conclusions of the present investigation may
be also applicable at higher Reynolds numbers.

The suction slot was located at the cylinder free end, 1
mm (0.025d) downstream from its leading edge, as shown
in Fig. 1(b). The total length of the slot was 36 mm (0.9d),
and the width was 1 mm (0.025d). A steady suction was
established at the slot using a vacuum pump located outside
of the test section. The flow rate of the vacuum pump was
monitored with a volume flow meter. Consequently, the
mean suction velocity (Us) at the slot could be calculated
based on the mean volume flow rate and the area of the slot.
The power of the vacuum pump could be adjusted
continuously to control Us. The suction ratio Q, defined as
UJU, (U, is the oncoming flow velocity at which the
maximum VIV occurs), was varied from 0 to 3, to test its
effects on the control results.

The boundary layer on the wind tunnel bottom wall was
documented using a Cobra probe (TFI, Series 100) at the
position of the cylinder axis prior to its installation. The
sampling frequency of the Cobra probe was 2 kHz, and the
sampling duration for each measurement point was 20 s.

U" represents the time-averaged streamwise velocity and
uns is the root-mean-square (RMS) value of the
fluctuation  velocity, respectively. The

streamwise
superscript “” in the present paper indicates normalization

with U,, and/or d. Fig. 2 presents the distributions of U"
and u,,, on the bottom wall. The overbar “” denotes
time-average in the present paper. The boundary layer
thickness was about 0.25 d. That is, most of the cylinder
span was in uniform oncoming flow with the turbulence
intensity of approximately 0.5%.

2.2 Measurement techniques

Pressure on two side faces of the tested square cylinder
was measured at four spanwise locations, ie., 2= 1, 2, 3
and 4, simultaneously. At each spanwise location, two
pressure taps were installed at the center of the side faces B
and D, respectively, as shown in Fig. 1(b). The sampling
frequency of the pressure transducer was 2,000 Hz. A total
of 20,000 instantaneous samples were collected for each
channel. The reason why only eight pressure taps were used
in the present experiment is that the effective damping ratio
of the tested model will be increased if more pressure taps
and tubes were installed, which may suppress the VIV
amplitude and thus jeopardizing the observation. Each tap
was connected to a pressure transducer using a PVC tube
with a length of about 25 cm and the inner diameter of 0.6
mm. According to the phase-averaged pressure distribution
around a square cylinder, the pressure on the cylinder side
faces is quite uniform during the whole vortex shedding
circle (Noda and Nakayama 2003). Thus, the pressure
measured by each of the pressure taps (as shown in Fig.
1(b)) can be considered as the averaged pressure on the side
face at certain z'. Consequently, it is acceptable to estimate
the instantaneous sectional lift coefficient based on the
pressure measured at only the center points of side faces B
and D via Eq. (1)

Ci, = (Pgrd - Ppd) / 0.5:p- U.2-d = Cpg,- Cpp, (1)

where Cy, is the instantaneous lift coefficient at the spanwise
location of ', Pg, and Pp, are the instantaneous pressure
measured at the same z. Cpg, and Cpp, are the
corresponding instantaneous pressure coefficient. The
sectional fluctuation lift coefficient C,. is the RMS value
of the 20,000 instantaneous C;. Besides, the overall
instantaneous lift on the whole tested cylinder can be
estimated by the weighted average values of the four
sectional results along the cylinder span using the Eq. (2)

C= (1.5C|1+ Cp+Cist+ 15C|4) /5 (2

where C,; is the overall instantaneous lift coefficient on the
model, and C;;, Cp, Ci3 and C,, are the instantaneous
sectional lift coefficients at z” = 1, 2, 3 and 4. Consequently,
the overall fluctuation lift coefficient C, can then be
calculated by the RMS value of the 20,000 instantaneous C;,

In order to provide a benchmark for comparison and
validate the present pressure measurement technique,
measurement was also conducted for a rigid model with the
same geometry as the aeroelastic model shown in Fig. 1.
The rigid model measurement was conducted at U,, = 4.8
m/s, at which the maximum VIV occurs for the aeroelastic
model.

A laser displacement transducer (LDT) was utilized to
measure the vibration amplitude of the tested model. As
shown in Fig. 1(b), the LDT was placed outside of the test
section. The laser beam can go through the transparent wind
tunnel side wall to conduct the measurement of the cross-
wind vibration of the model in y direction. The height of the
laser beam was z~ = 3.5. The vibration amplitude at the
cylinder free end, i.e., z = 5, can then be calculated based
on the measurement results of the LDT. Note that, the RMS
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vibration amplitude A" discussed in the following sections
indicates that of the cylinder free end. In the experiments,
the sampling frequency of the LDT was 2 kHz, and the
sampling duration for each measurement was 20 s.

Both flow visualization and PIV measurement were
conducted at the y~ = 0 plane over the cylinder free end to
document the variation of free-end shear flow at different
Q. Note that, for the flow visualization and PIV
measurement, a rigid model with the same dimensions as
that shown in Fig. 1 was used. Flow visualization was
performed using the smoke-wire technique. The smoke-
wire was placed about 2d upstream from the tested cylinder.
Smoke was generated with silicon oil on the smoke-wire
heated by a pulse current. The flow visualization was
conducted at U,, = 1.1 m/s, corresponding to a Re of 3,000.
The flow visualization images were then taken by a Canon
6D SLR camera synchronized with the pulse current. The
PIV measurement was conducted at U, = 10 m/s,
corresponding to a Re of 27,000. The sampling frequency of
the PIV system was 10 Hz, far smaller than the vortex
shedding frequency. A total of 500 random snapshots were
captured for each tested Q, to get the distribution of time-
averaged velocity and turbulent kinetic energy over the free
end.

2.3 Uncertainty analysis

The total uncertainties of experimental results are
affected by the experimental environment and the
uncertainties of measurement facilities, i.e., Cobra probe,
pressure transducer and LDT. According to the error
propagation formula (Cuhadaroglu et al. 2007), the

uncertainty of U, i.e., ugF (where u( ) is the uncertainty
of certain variable), can be evaluated from Eqg. (3)

p— 5 — 570.5
(U, (Ul0U @)
o \Feu ') T\ Feu, U

Using the partial derivatives, which were defined as

out 1 Ut U
wons w2 @

The uncertainty of the U® was obtained as

0.5
w= = [(up)® + ((1yuy, )T (5)

The uy and uy, , which are affected by the finite
number of data samples, the calibration device, air density,
etc. Given a sample size greater than 50, the uncertainty
from a finite number of data samples can be estimated by
1/+/N (N is the number of data samples). For the present
experiment, this part was estimated to be 0.5%. Other parts
were evaluated to be about 2.5%. So the uy and u,_ were

about 3%. Thus, the total uncertainty of the U™ was
evaluated to be 4.2%.
Following the procedure above, the u, ~and u -~ were

A
estimated to be 4.6% and 3.2%, respectively.

Table 1 Uncertainty of parameters

Parameter Uncertainty Parameter Uncertainty
A 32% U 3%
C 72 % U 42 %
c 8% U 4.6 %
CL 7.2% p 2.5%
o 8% Ap 3%
U, 3%

According to the error propagation formula and Eg. (1),
the uncertainty of the instantaneous sectional lift coefficient
was evaluated from Eq. (6)

(Ap&% f+(pach f+(Uwa¢ Y°5 ©)
c.odp ") "\c. 73 ) "\, au, "

Where Ap = Pg, — Pp,. Using the partial derivatives,
which were defined as

u“lz:

oCr _ [ oC; _ (-DAp .,

dAp %pUWZ’ o 122" U, %,,Ul} (7)

3 Usx

A _ (2)bp

The uncertainty of the instantaneous sectional lift
coefficient was obtained as

0.5
g, = [(uap) + ((1y1,) + ((2)ug, ] ®)

The u,, depends on the precision limit of the pressure
transducer, variation of ambient temperature, etc. was
estimated to be 3%. The uncertainty of the air density,
determined by ideal gas law, was considered to be 2.5%.
Finally, the total uncertainty of the instantaneous sectional
lift coefficient was evaluated to be

u, = [3%+ ((-1).2,5)2+ ((-2).3)2 ]O‘SX 100%=72% (9)

Similarly, the uncertainty of the C,, was estimated to be
8 %.

According to the error propagation formula and Eg. (2),
the uncertainty of the C; was evaluated from Eqg. (10)

oc,  oc,  ac, oG

=—y +—u, +t—u. +— 10
Uey acy Uey dcp Uep dcp Ueps dcyy Ucyy (10)
Because u, , e, Uey, U= U, = 7.2 %, it can be
obtained
1.5 1 1 15
U, = |[—+=+=-+—|x72%=72% (11)

¢ 15 55 5

Accordingly, the uncertainty of C, was estimated to be
8 %.

The uncertainties of different parameters discussed
above are summarized in Table 1.

3. Results and discussions

3.1 Vibration amplitude
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Fig. 3 The effects of Q on RMS value of the cross-wind displacement

To highlight the effects of the free-end suction on the
VIV amplitude, Fig. 3(a) compares the normalized RMS
values of lateral displacement (A") at different reduced
velocity U, (= U./fyd) for Q = 0 and 1. For the uncontrolled
case, i.e., Q = 0, it was found that with the increase of
oncoming flow velocity, the lock-in occurs at U, from 9.8
to 12. Note that, the maximum vibration occurs at U, =
10.5, i.e., U, = 4.8 m/s, which is used as the reference
velocity for calculating the suction ratio Q. With the further
increase of U,, the vibration almost disappears for U,
ranging approximately from 12 to 25. However, for U, > 26,
A’ shots up again abruptly, as shown in Fig. 3(a), which is
related to the occurrence of galloping. For the case with Q =
1, the lock-in region of the VIV almost disappears
completely, as shown in Fig. 3(a). This observation suggests
that the free end suction with Q = 1 effectively suppresses
the VIV of a cantilevered square cylinder. Moreover, the
galloping which occurs at U, > 26 is also postponed by the
free-end suction, although it is not the primary concern of
the present paper.

Fig. 3(b) shows the effect of Q on A" of the cylinder
measured with U, of 10.5, at which the maximum vibration
occurs. For the uncontrolled case (Q = 0), A" = 0.12. It
reduces quickly with the increase of Q from 0 to 1. For the
case with Q = 0.5, A* = 0.08, reducing by about 33%
relative to the uncontrolled case. Interestingly, A” reaches
about 0.01 at Q = 1. The maximum reduction in A" is 92%,
that is, the VIV in the lock-in region is almost completely
suppressed at Q = 1. The significant VIV disappears in all
the cases with Q > 1, as shown in Fig. 3(b).

3.2 Fluctuating lift

Fig. 4 shows the variation of the overall fluctuating lift

C, of the cylinder with the increase of Q. All the data
shown in Fig. 4 were measured at the same U, as that used

in Fig. 3(b). That is, the C; in Fig. 4 was the fluctuating lift
measured in the lock-in region, where the maximum A"
occurs. For the uncontrolled case (Q = 0), the present

measured C; is 0.48. This maximum C; is far larger than
the corresponding C; of 0.13 for a stationary finite-length

cylinder with the same H/d (Wang et al. 2018). This
difference may be ascribed to the strong coupling effect in
the lock-in region, which enhances the spanwise vortex
shedding and thus results in a larger fluctuating lift. With
the increase of Q, C) reduces quickly similar to the
behavior of A", as shown in Fig. 3(b). At Q = 1, the C; is
approximately 0.075 with the maximum reduction of 84 %,
which is similar to that reported by Wang et al. (2018) for a
stationary finite-length square cylinder. It should be noticed
that the control effects are much better than that observed
by Akansu and Firat (2010) with the maximum reduction of
60 % for the fluctuating pressure coefficient of a 2D square
cylinder. So the control strategy for 3D square cylinders
shows its priority than that for 2D models. This is excepted,
since at Q = 1, the cross-wind vibration almost disappears
under the effect of the free-end suction. For Q> 1, the
fluctuation lift coefficients keep approximately constant.
Obviously, the minimum C; also presents at Q = 1,
corresponding to the maximal reduction of amplitude,
relative to the uncontrolled case (Q = 0).

It is also interesting to know the effects of free-end
suction on the sectional fluctuating lift Cj, at different
spanwise positions since the flow around a wall-mounted
finite-length cylinder is highly 3D.

0.6

05F . —=— U, =105

'

0.1}

0.0

Fig. 4 Dependence of the overall fluctuating lift coefficient
C, onQ
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Fig. 5 presents the C,. along the cylinder span at different
Q, ranging from 0 to 3. Note that the result of the rigid
stationary model is also included for comparison. For the
rigid model, the present measured C,, is quite similar to
that reported by Wang et al. (2018). Although most of the
cylinder span is immersed in uniform oncoming flow (see
Fig. 2), it is obvious that C,, is not constant along the
cylinder span. C. is the smallest at z = 4 and increases
gradually with the bottom wall approached. Moreover, the
C, atz' = 2.5 (the mean value of C, atz' =2 and 3) is
0.16, which is far smaller than the corresponding value of a

2D square cylinder of about 1.05-1.18 as reported by
Tamura and Miyagi (1998) and Noda and Nakayama
(2003). This is because the downwash flow tends to
attenuate spanwise vortex shedding (Wang et al. 2006), thus
resulting in a smaller fluctuating lift.

For the uncontrolled aeroelastic model, i.e., Q = 0, the
C, is much larger than the stationary case. This
observation suggests that the strong coupling in lock-in
region enhances the spanwise vortex shedding noticeably
for the present tested model.
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For the controlled case with Q > 1, the C, at all
measured spanwise positions is much smaller than the
uncontrolled case. The maximum reduction of C, occurs
at Q = 1, and the reduction rates of C;, at all spanwise
locations are all larger than 80%. Compared to the
stationary model investigated by Wang et al. (2018), the
sectional fluctuating lift can be attenuated by free-end
suction with similar control results. It is interesting to note
that, the free-end suction suppresses fluctuating lift not only
near the free end, but also over the entire cylinder span.
This observation suggests that the slot suction which
manipulates the free-end shear flow can change the whole
near wake flow and the aerodynamic forces over the entire
cylinder span, then successfully suppress the VIV. It is
worth mentioning that, for the present tested controlled
cases with Q > 1, the distribution of C,, along the cylinder
span is independent of Q, and accords quite well with that
reported by Wang et al. (2018) for a stationary model. This
observation is not unexpected, since the vibration is almost
ceased for Q > 1 (Fig. 4), thus the C), of the present tested
model becomes similar to that of the stationary one.

To highlight the effects of free-end suction on the
aerodynamic force, Fig. 6 presents the typical instantaneous
signals of sectional lift coefficient and Fig. 7 shows the
power spectral density function of the lift coefficient for

various Q and z". Again, the results of both stationary model
and aeroelastic model were compared at U, = 4.8 m/s,
corresponding to the U, of 10.5 for the later, at which the
maximum VIV occurs. For the stationary model, the large
amplitude fluctuation of C,, occurs intermittently due to
the two typical vortex shedding modes occur randomly in
the near wake of a finite-length square cylinder (Wang and
Zhou 2009, Sattari et al. 2012, Uffinger et al. 2013). While
for the aeroelastic model, with Q = 0, C,, presents strong
periodic fluctuation with large amplitude. Noted that the
frequency of these signals is the same as the natural
frequency of the square cylinder because of the intense
resonance. When the free-end slot suction is applied with Q
= 1, the fluctuation of C,, attenuates drastically. Moreover,
the variation of fluctuation amplitude of C, also retreats
relative to the stationary model case, which may suggest the
shifting between the two typical vortex shedding modes
disappears.

In Fig. 7, all the spectra are normalized to dB scale
using the highest peak value of C,, which occurs at z* = 1
of the aeroelastic model with Q = 0. There are obvious
peaks presence at f “= 0.11 for the stationary model and f
= 0.10 for the aeroelastic model. These predominant
frequencies are lower than the corresponding value of a 2D
square cylinder of about 0.13 (Wang et al. 2017). The
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Fig. 9 Distribution of mean velocity and TKE over the free end: (a-c) U_x* and mean streamlines; (d-f) TKE. (U, = 10

m/s)

reason is that the free-end downwash flow separates the
spanwise shear flow and prolongs the spanwise vortex
shedding (Zdravkovich 2003). Besides, the peak values
decrease gradually with the increase of z', suggesting that
the periodicity of spanwise vortex shedding is weakened
under the free-end effects. As expected, the spectral peak
of C,, for the aeroelastic model with Q = 0 is much stronger
than that of the stationary model, which inherently consists
with that revealed in Fig. 5. For the aeroelastic model with
Q = 1, the spectral peak becomes suppressed, relative to
that of the uncontrolled case. Moreover, the peak values at
all z* are smaller than the those of stationary model case.

3.3 Free-end shear flow

Fig. 8 shows the flow visualization results in the
symmetric plane at y* = 0 over the cylinder free end. The
solid red line in Fig. 8 indicates the shape of the free-end
shear layer. Note that, the suction ratios were calculated
based on U, of 1.1 m/s, which was used for the flow
visualization experiments.

For the uncontrolled case, the shear flow separates from
the free-end leading edge and overshoots the cylinder. This
shear flow bends towards the ground and forms a
downwash at about 2d downstream from the cylinder. This
downwash flow interacts with the spanwise shear flow in
the near wake, resulting in the special aerodynamic
characteristics of a finite-length cylinder (Tamura and
Miyagi 1999). For the controlled case with Q = 1, the free-
end shear flow separates at the leading edge and reattaches
on it at approximately 0.5d downstream (Fig. 8(b)), forming
a recirculation bubble on the free end. It is observed that the
free-end shear flow becomes quite unstable under the effect
of leading-edge suction, which is characterized by a wavy
motion as moving downstream (Fig. 8(b)). This wavy free-
end shear flow may enhance the interaction between the
free-end shear flow and spanwise vortex shedding, thus
suppress the fluctuating lift effectively. With the further
increase of Q to 3, the separation bubble on the free end
disappears completely. The shear flow becomes fully
attached on the free end, as shown in Fig. 8(c).
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Fig. 9 shows the distribution of time-averaged

streamwise velocity U, together with streamlines and
turbulent kinetic energy (TKE) over the cylinder free end
measured by PIV. Since the PIV used in the present
experiment is a 2D system, the definition of TKE is thus
given by u”+w?/2U%, where u', w' the variances of the
fluctuation velocities in x and z directions, respectively.

As shown in Figs. 8(a)-8(c), the shape of free-end shear
flow agrees well with the flow visualization results shown
in Fig. 8. At Q =0, the oncoming flow separates at the free-
end leading edge forming a flow reversal zone, as indicates
by the streamlines shown in Fig. 9(a). Correspondingly, the
high TKE region is limited within the shear layer over the
free end (Fig. 9(d)). At Q = 1, the separation of the shear
flow is significantly suppressed relative to that at Q = 0.
However, the recirculation bubble revealed by the flow
visualization (Fig. 8(b)) is not observed. This is because the
PIV measurement region locates 0.1d higher than the free
end to avoid surface reflection, thus it cannot capture the
recirculation bubble on the free end, as shown in Fig. 8(b).
It is interesting to note that, at Q = 1, the TKE is much
higher than that at the uncontrolled case. Moreover, the
region dominated by high TKE is also far larger than that of
the uncontrolled case. High TKE corresponds to strong
momentum transportation. That is, the interaction between
the free-end shear flow and spanwise vortices may be
enhanced by leading-edge suction with Q = 1. With the
further increase of Q to 3, the separation on the free end is
suppressed completely. Since the oncoming flow fully
attaches on the free end without separation, the high TKE
region over the free end also disappears, as shown in Fig.

9(f).

4. Conclusions

The present paper proposes a novel aerodynamic control
method with steady suction at the free end of a cantilevered
square cylinder to suppress its VIV. A steady slot suction
near the leading edge of the free end was utilized to
manipulate the free-end shear flow. The tested suction ratio
Q, defined as the ratio of the suction velocity at which the
slot to the oncoming flow velocity at the maximum VIV
occurred, ranged from 0 to 3. Based on the experimental
investigation, the following conclusions can be drawn:

» Steady free-end slot suction can significantly suppress
the overall fluctuation lift of the finite-length square
cylinder. Relative to the uncontrolled case, the overall
fluctuating lift decreased with Q increasing from 0 to 1.
The maximum reduction of C, was 87%, which
occurred at Q = 1. At Q > 1, the reduction rate of the
fluctuating lift (C;,) was always higher than 80% at all
spanwise positions. It suggests that the steady slot
suction suppresses the aerodynamic forces not only
near the cylinder free end but also over the entire
cylinder span.

» Steady free-end slot suction can significantly suppress
the VIV of the finite-length square cylinder. The
maximum RMS value of the lateral displacement of the

model reduced rapidly with the increase of Q from 0 to
1, then kept approximately constant with Q > 1. The
maximum reduction of the maximum RMS value
occurred at Q = 1, which reached 92%.

» The free-end shear flow is sensitive to the slot suction
near the leading edge. At Q = 0, the oncoming flow
separated at the leading edge and overshot the free end.
At Q =1, the oncoming flow reattached on the free end
forming a recirculation bubble. The TKE of the flow
over the free end was the highest at Q = 1, which may
result in the strongest mixing of the high momentum
shear flow and the near wake.
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