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and suppressing fluctuating amplitude of the dynamic wind 
loads acting on the test model. With 24 suction/jet holes 
evenly distributed over the cylindrical test model (i.e., the 
N13 design of the present study), the passive jet control 
method was found to be able to achieve up to 33.7  % in 
drag reduction and 90.6 % in fluctuating wind loading sup-
pression, in comparison with the baseline case. The PIV 
measurement results revealed clearly that the passive jet 
control method would cause airflow jets into the cylinder 
wake and change the shedding modes of the wake vortex 
structures from the cylindrical test model. Because of the 
dynamic interactions between the passive jets and the wake 
vortex structures, the antisymmetric pattern of the wake 
vortex shedding was found to be converted to symmet-
ric mode. The periodicity of the vortex shedding was also 
observed to be diminished and eventually disappeared with 
the number increase in the suction/jet holes. A linear stabil-
ity analysis was performed to suggest that the passive jet 
flow would modify the wake stability of the circular cylin-
der by decreasing the disturbance growth rate in the imme-
diate wake and pushing the region of absolute instability 
further downstream.

1  Introduction

Long and flexible cable structures are commonly used in 
bridge engineering, such as stay cables of cable-stayed 
bridges, vertical hangers of suspension bridges. Because 
of relatively low stiffness and damping ratios, cable struc-
tures are susceptible to wind and may suffer from oscilla-
tory instabilities. For example, vortex-induced vibration 
(VIV) and rain-wind-induced vibration (RWIV) of stay 
cables have been reported in previous studies (Zuo and 
Jones 2010; Hikami and Shiraishi 1988). When exposed to 

Abstract  In the present study, a passive flow control 
method, which is featured by passive windward suction 
combined with leeward jet over a circular cylinder for 
drag reduction and dynamic wind loading suppression, 
was experimentally investigated to manipulate unsteady 
wake vortex shedding from a circular cylinder. Four per-
forated pipe designs with different numbers of suction/jet 
holes (i.e., from 2 to 24 suction/jet holes) were used to cre-
ate flow communicating channels between the windward 
and leeward stagnation points of a cylindrical test model. 
The experimental study was performed in a wind tunnel 
at a Reynolds number of Re =  4.16 ×  104 based on the 
cylinder diameter and oncoming airflow speed. In addition 
to measuring surface pressure distributions to determine 
the dynamic wind loads acting on the test model, a digi-
tal particle image velocimetry (PIV) system was also used 
to quantify the wake flow characteristics in order to assess 
the effectiveness of the passive jet control method with dif-
ferent perforated pipe designs, in comparison with a base-
line case without passive jet control. It was found that the 
passive jet control method is very effective in manipulat-
ing the wake vortex shedding process from the circular 
cylinder. The perforated pipe designs with more suction/
jet holes were found to be more effective in reducing drag 
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wind, as any bluff body, cables with a circular cross section 
are characterized by flow separation and vortex shedding 
downstream in the near wake. Vortices are originated from 
the rollup of the unstable shear layers generated at the sepa-
ration point, and the alternating vortex shedding can induce 
large unsteady side force acting on the cylinder (Brika and 
Laneville 1993). As the shedding frequency approaches 
some order of the natural frequency of a given oscillating 
cylinder, a resonant response tends to develop freely. As a 
result, the vortex shedding frequency may be captured by 
the natural frequency of the cylinder, this fluid–structure 
synchronization often referred to as ‘lock-in’, may induce 
significant vibrations of the cables.

Extensive studies have been conducted in recent years to 
explore various techniques for effective suppression of vor-
tex-induced vibrations of circular cylinders. A number of 
passive control methods have been proposed to reduce the 
drag, suppress the fluctuating lift, and manipulate the wake 
vortex shedding from circular cylinders, including sur-
face protrusions, splitter plates, guiding vanes, base-bleed 
(Zdravkovich 1981). Owen and Bearman (2001) attached 
hemispherical bumps to force the separation lines of circu-
lar cylinders to be sinuous, up to 47 % drag reduction was 
achieved by using the passive flow control method.

Active flow control methods based on flow suction 
or blowing have also been suggested to suppress vortex-
induced vibration of circular cylinders. Amitay et al. (1997) 
introduced fluidic actuators based on synthetic jet tech-
nology to modify the aerodynamic shape and control the 
boundary layer flow separation over a circular cylinder. 
Their experiment demonstrated that because of the interac-
tion of the jets with the boundary layer flow, closed recir-
culating flow regimes were formed near the rear end of the 
cylinder surface. They indicated that the closed recirculat-
ing flow regimes could act as a “virtual surface” to dis-
place local streamlines outside, as a result, reduced drag up 
to 30 %. Since then, a number of studies were conducted 
to confirm that synthetic jet is an effective way to control 
flow separation over a circular cylinder, which can dimin-
ish or even completely eliminate the flow separation (Ami-
tay et  al. 1998; Crook et  al. 1999; Fujisawa and Takeda 
2003; Glezer et al. 2003; Wolfe and Ziada 2003; Fujisawa 
et al. 2004). As a result, drag was reduced and the develop-
ment of resonant response was also suppressed. Feng et al. 
(2010, 2011) and Feng and Wang (2010, 2012) conducted 
a series of experimental studies and found that synthetic 
jets located at the rear stagnation points of circular cylin-
ders could be used to impose symmetric perturbations on 
the cylinder flows and result in a modification of the vortex 
shedding mode. Chen et al. (2013) used a steady-suction-
based active flow control method to suppress the wake 
vortex shedding, thereby the vortex-induced vibration of 
a circular cylinder. Their experimental results indicated 

that the steady-suction-based flow control method exhibits 
excellent control effectiveness and can distinctly suppress 
the vortex-induced vibration by dramatically reducing the 
amplitudes of cylinder vibrations, fluctuating pressure 
coefficients and lift coefficients of the circular cylinder.

Dong et al. (2008) conducted a numerical study to dem-
onstrate that a flow control method with windward suction 
and leeward blowing (WSLB) would be more effective than 
suction-only/blowing-only in lift suppression. A stability 
analysis was also performed to reveal that the region of 
absolute instability shrunk and was displaced further down-
stream with WSLB control in the near wake, which gave 
a thorough understanding of the underlying mechanism 
of the WSLB control. It should be noted that the WSLB 
method suggested by Dong et al. (2008) is an active flow 
control method in the sense that external energy is needed 
to maintain the suction and blowing. While active flow 
methods are usually more effective and convenient to oper-
ate for optimized flow control effectiveness, in comparison 
with passive flow control methods, almost all the active 
flow control schemes are costly from the implementation 
standpoint since they require excessive energy expenditures 
to maintain the optimized flow control effectiveness. While 
WSLB method proposed by Dong et al. (2008) is an active 
flow control method, it can be easily implemented as a pas-
sive flow control scheme by adopting porous surfaces or 
forming communicating channels between the windward 
and leeward stagnation points of circular cylinders. Follow-
ing up the work described in Dong et al. (2008), Baek and 
Karniadakis (2009) successively investigated flow around a 
geometrically modified circular cylinder with a slit paral-
lel to the incoming flow. The slit was used to form a com-
municating channel between the windward and leeward 
stagnation points. The numerical simulation results of Baek 
and Karniadakis (2009) suggested that the existence of 
slit was effective in suppressing vortex-induced vibration 
by changing the vortex shedding mode. The slit with suf-
ficiently large width could cause strong airflow jets into the 
wake and interact with the wake vortices behind the cyl-
inder. Furthermore, when the slit was larger than the criti-
cal width, the instantaneous wake vortex shedding did not 
show any periodicity. Despite its distinctive flow control 
effectiveness, it would be quite difficult to adopt for various 
engineering applications because the slit configuration sug-
gested by Baek and Karniadakis (2009) would impair the 
structure integrity of the circular cylinder and cause non-
linear instability of the long and flexible cables. Perforated 
thin shells covering on circular cylinders can be an alterna-
tive design for practical implementations.

In the present paper, we aim to develop a passive flow 
control method for cable structures with circular cross sec-
tions. Inspired by the previous studies of Dong et al. (2008) 
and Baek and Karniadakis (2009), a passive jet flow control 
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method, characterized by passive windward suction com-
bined with leeward jet, is introduced and experimentally 
investigated in order to manipulate unsteady wake vortex 
shedding from a circular cylinder for drag reduction and 
suppression of dynamic wind loadings acting on a cylindri-
cal test model. In the context that follows, while the con-
figurations of the cylindrical test model to implement the 
passive jet control and experimental details are introduced 
in Sect.  2, surface pressure and PIV measurement results 
are presented and discussed in Sect.  3, followed by some 
conclusions and discussions in Sect. 4.

2 � Configuration and experimental details

2.1 � Test model with passive jet control

The experimental study was conducted in a wind tun-
nel affiliated to the Joint Laboratory of Wind Tunnel 
and Wave Flume, Harbin Institute of Technology, P. R. 
China. This closed-circuit wind tunnel has a test section 
of 505 ×  505  mm2, and the walls of the test section are 
optically transparent. With honeycombs and mesh struc-
tures mounted upstream, a contraction section is installed 
ahead of the test section to produce uniform incoming flow 
to enter the test section. The turbulence intensity level in 
the test section of the wind tunnel was found to be about 
0.36 %, measured by using a hotwire anemometer.

Figure  1 shows the schematic of the cylindrical test 
model used in the present study. The cylindrical model, 
with the diameter of 70  mm and the spanwise length of 
505 mm, was mounted horizontally into the test section of 
the wind tunnel. The test model was firmly mounted with-
out any detectable free vibration or flow-induced vibration 
during the experiments. Fifteen passive jet pipe units with 
the length of 30 mm, which were made of hard plastic and 
manufactured by using a 3D printer, were symmetrically 
arranged along the spanwise direction of the cylindrical 
model. With the thickness of 4 mm and an outer diameter of 

78 mm, two pressure measurement planes, which were also 
made with 3D printer technology, were arranged between 
the pipe unit in the mid-span and its two neighbors.

To provide a reference to evaluate the effectiveness of 
the proposed passive jet control technique, a baseline case 
without any flow control was also performed in the pre-
sent study. Note the diameter of the uncontrolled cylinder 
used in the baseline case was 78 mm, consistent with the 
outer diameter of the modified cylinders. The speed of the 
incoming airflow was fixed at 8.0 m/s for all the test cases. 
The corresponding Reynolds number, based on the diam-
eter of the test model and the incoming flow velocity, is 
Re = 4.16 × 104, which is a typical level of Reynolds num-
ber for wind-induced vibration of stay cables, as reported 
in Zuo et al. (2008).

2.2 � Passive jet flow control configuration

To form a flow communicating channel between the wind-
ward and leeward stagnation points of the circular cylinder, 
we developed some passive jet flow control pipe units (as 
shown in Figs. 2, 3). The inner diameter of the pipe unit is 
70 mm, which is the diameter of the cylindrical test model. 
With an overall thickness of 4 mm and a length of 30 mm, 
the pipe units are made with high-resolution 3D printer 
technology. Since the thickness of the shells has been set as 
1.0 mm, the size of the hollow flow channel is 28 × 2 mm2. 
Figure 3 illustrates the schematic of a passive jet flow control 
pipe unit with 5 suction holes on the windward surface and 
5 jet holes on the leeward surface. Suction and jet holes are 
symmetrically arranged on the windward and leeward sides 
of the circular cylinder. The geometry shape of the suction/

Fig. 1   Top view of the cylindrical test model Fig. 2   Schematic drawing of the passive jet control pipe units
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jet holes is rectangular, and the length of each hole is 15 mm, 
i.e., half of the length of each pipe unit, as shown in Fig. 3a. 
The interval angle between two neighboring holes equals 
15°, and the width in circumferential direction of the suction/
jet holes accounts for 7.5° (see Fig. 3b). It should be noted 
that the only difference of these control pipe units lies in the 
number of the symmetrically arranged suction/jet holes. The 
control process of the passive jet technique proposed here 
can be described as follows: when a circular cylinder with 
passive jet pipe units is exposed to wind, the incoming air-
flow would blow into the suction holes on the windward sur-
face of the pipe units. After passing through the communi-
cating channel, the airflow would be exhausted as high-speed 
jets into the near wake of the circular cylinder through the 
jet holes. This control scheme is passive in the sense that no 
external energy input is needed to maintain the flow control. 

In the present study, we define a non-dimensional equiv-
alent suction coefficient Csuc to characterize the suction 
capability of different passive jet pipe designs:

(1)

Csuc =

Ssuc

DH
=

∑
N

i=1
0.5H ×

7.5

360
× π × D× cos θS

DH

=

N∑

i=1

0.5×
7.5

360
× π × cos θS

=

N∑

i=1

0.0104π × cos θS

in which, Ssuc is the area projection of each suction hole 
on the plane perpendicular to the incoming flow, D is the 
diameter of the circular cylinder, H is the length of each 
pipe, θS is the deviation angle between the center line of 
each suction hole and the incoming flow, and N is the num-
ber of suction holes. In the present study, N varies from 1 
to 13 with the increment of 4, i.e., 4 controlled cases are 
experimentally investigated. Based on the number of suc-
tion/jet holes arranged on the windward/leeward surface 
of the pipe, the controlled cases are abbreviated as the test 
case of N1, N5, N9 and N13, respectively. By the definition 
given in Eq. (1), Csuc values for the 4 test case are 0.0327, 
0.1524, 0.2313 and 0.2483, respectively. It can be seen that 
the value of Csuc increases monotonically as the number of 
the suction holes increases. It is worth noting that for the 
test case N13, there are 24 suction/jet holes being evenly 
distributed around the circular cylinder model.

2.3 � Experimental setup for surface pressure 
distribution measurements

A digital pressure measurement system (model DSM3400; 
Scanivalve Corporation, Liberty Lake, Washington) was 
used to measure the surface pressure distributions on the 
cylindrical test model. Seventy-two pressure taps were 
evenly distributed on two pressure measurement planes, 
i.e., 36 pressure taps for each. During the experiments, 
the data acquisition time for instantaneous surface pres-
sure measurements was set to be 30  s with the sampling 
rate of 625 Hz for all the test cases. In the present study, all 
the pressure taps were connected by using polyvinyl chlo-
ride (PVC) tubes with 0.50 m length and 0.9 mm internal 
diameter to the pressure transducers. Based on the work 
described in Irwin et  al. (1979), the effect of the tubing 
system such as the amplitude attenuation and phase lag of 
the instantaneous pressure signals caused by the 0.9-mm-
diameter and 0.5-m-long PVC tubing used for the surface 
pressure measurements was expected to be quite small and 
negligible for the present study. The solid blockage and 
the wake blockage effects of the test model on the pres-
sure measurements were corrected, as suggested by Bar-
low et al. (1999). In addition, pressure distributions around 
the two measurement planes were found quite similar due 
to the symmetry nature of the flow field and the model 
setup. Therefore, we only present and discuss the pressure 
results obtained in one measurement plane in the following 
sections.

After the integration process of the measured surface 
pressure distributions around the cylinder, the result-
ant wind loads (i.e., the lift and drag forces) acting on the 
cylindrical test model could be estimated. The coefficients 
of the drag and lift forces acting on the cylinder, CD and CL 
are calculated as in Chen et al. (2014):

Fig. 3   Schematic of the passive jet control technique with 5 suction 
holes (i.e., test case N5). a Front elevation. b Cutaway view
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where Cpi is the surface pressure coefficient on the cylindri-
cal test model, pi is the static pressure on the cylindrical 
test model, p∞ is the static pressure of the incoming flow, 
time series of pi and p∞ are obtained and recorded by the 
digital pressure measurement system. θi is the azimuthal 
angle of the pressure tap, and �θ is the angle difference 
between the two neighboring pressure taps, for the present 
study, �θ = 10°.

It should be noted that the surface pressure measure-
ments were conducted only in the plane between the pas-
sive jets for the present study, the surface pressure dis-
tributions around the cylindrical test model may vary if 
the pressure taps are located in other cross-planes on the 
perforated pipes with the suction/jet holes. Therefore, the 
estimated aerodynamic forces acting on the test model are 
expected to be different if the pressure measurement plane 
is located in other cross-planes on the perforated pipes. It 
is worth noting that, since the pressure taps used in the pre-
sent study are actually located in the plane with the greatest 
distance from the center of the suction/jet holes, the passive 
jet flow control technique is expected to have least effec-
tiveness in the pressure measurement plane due to the long-
est distance away from the suction/jet holes. As a result, the 
flow control effectiveness evaluation based on the surface 
pressure measurement results would be on the conserva-
tive side, which is actually an underestimated estimation on 
the effectiveness of the passive-jet-based flow control tech-
nique in reducing drag and suppressing fluctuating ampli-
tude of the dynamic wind loads acting on the test model.

(2)

CD =

1

2

∑

i

Cpi
·�θi · cos θi ,

CL =

1

2

∑

i

Cpi
·�θi · sin θi ,

Cpi
=

pi − p∞

1

2
ρU

2

0

,

2.4 � Experimental setup for PIV measurements

To quantify the wake flow characteristics behind the cylin-
drical test model with and without passive-jet-based flow 
control, a high-resolution particle image velocimetry (PIV) 
system was employed to conduct detailed flow field meas-
urements in the vertical planes located in the mid-span of 
the test model. Figure 4 shows the schematic of the experi-
mental setup for the PIV measurements. The incoming 
airflow was seeded with 1–5 μm oil droplets by using a 
seeding generator. The vertical plane was illuminated by a 
double-pulsed Nd:YAG laser adjusted on the second har-
monic and emitting two pulses of 200 mJ at the wavelength 
of 532 nm with a repetition rate of 4 Hz. Manipulated by 
a set of optics and mirrors, the laser beam was shaped to 
a thin sheet with a thickness of about 1.0 mm in the target 
plane. A high-resolution 16-bit CCD camera (PCO 1600, 
CookeCorp) was used for image acquisition with the axis 
of the camera perpendicular to the laser sheet. The CCD 
camera and double-pulsed Nd:YAG lasers were connected 
to a workstation (host computer) via a Digital Delay Gen-
erator (Berkeley Nucleonics, Model 575), which con-
trolled the timing of the laser illumination and the image 
acquisition.

After acquiring the PIV images, instantaneous velocity 
vectors were obtained by using frame to frame cross-corre-
lation technique involving successive frames of the patterns 
of particle images in an interrogation window of 32 × 32 
pixels. An effective overlap of 50  % of the interrogation 
windows was employed in PIV image processing. After 
the instantaneous velocity vectors (u, v) were determined, 
instantaneous spanwise vorticity (ωz) could be derived. The 
distributions of ensemble-averaged flow quantities, such 
as the mean velocity (U,V ), normalized Reynolds stress 
(τ̄ = −u′v′/U2

∞
) and in-plane turbulence kinetic energy 

(TKE = 0.5× (u′2 + v′2)/U2

∞

), could also be obtained 
from instantaneous PIV measurements. More than 300 

Fig. 4   Schematic of the experi-
mental setup for PIV measure-
ments
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frames of instantaneous PIV image pairs were obtained for 
each case in order to ensure a good convergence of the PIV 
measurements. For the PIV measurement conducted in the 
present study, the measurement uncertainty level for the 
velocity vectors was estimated to be within 2.0  %, while 
the uncertainties for the measurements of ensemble-aver-
aged flow quantities such as Reynolds stress and turbulent 
kinetic energy distributions about 5 %.

3 � Results and discussions

3.1 � Pressure measurement results

Figure 5 gives the measured azimuthal distributions of the 
pressure coefficients on the surface of the cylinder model 
for the baseline case and the controlled cases. As expected, 
Fig. 5a shows a typical pressure distribution around a circu-
lar cylinder for the baseline case, i.e., the test case without 
control. Before the flow separation, the surface pressure on 

the windward face of the cylinder would recover gradually 
at θ ≈ 0°–70°. As the recovery develops, the surface pres-
sure goes into a region characterized with negative pressure 
gradients on the test model (i.e., θ ≈ 70°–90°). After that, 
a large plateau region with a constant low surface pressure 
coefficient value is found to exist at the leeward side of the 
test model in the region of θ ≈ 90°–270°. As revealed by 
the PIV measurement results to be presented in Sect. 3.2, 
a large recirculation region is formed in the wake behind 
the cylinder due to the flow separation. The pressure dif-
ference between the windward and leeward face of the cyl-
inder, which is originated from fluid viscosity, results in 
a drag force acting on the circular cylinder model. There-
fore, a general philosophy adopted in drag reduction is to 
decrease the pressure difference by means of lifting the pla-
teau region in the leeward side of the cylinder. As shown 
clearly in Fig.  5a, the plateau regions in the leeward side 
of the cylinder are lifted substantially for all the test cases 
with passive jet control. Besides, the lifting is also found to 
be gradually strengthened as the suction capability of the 
passive jets increases (i.e., characterized by greater Csuc 
value). Moreover, it should be noted that, for the test cases 
of N9 and N13, the point of flow separation is found to be 
shifted to θ ≈ 110°, indicating a greater drag reduction of 
the test cases. The mean pressure distributions on the wind-
ward side are also found to vary noticeably for the different 
test cases. Due to the suction effect on the windward side, 
the windward surface pressure on the circular cylinder is 
observed to experience a marginal but steady rise, as the 
value of Csuc increases. As shown in Fig. 5b, the root-mean-
square (RMS) values of the instantaneous pressure coeffi-
cients are also calculated in the present study to quantify 
the fluctuation amplitudes of the surface pressure distribu-
tions around the circular cylinder, which can be used to 
evaluate the unsteadiness of the dynamic wind loads act-
ing on the cylinder. It can be seen clearly that the RMS 
values of the instantaneous pressure coefficients on the 
test model, especially on the leeward side of the cylinder, 
for the controlled cases are much smaller than that of the 
baseline case, which indicates a substantial suppression of 
the unsteady dynamic wind loads acting on the cylindrical 
model. In general, the measurement results given in Fig. 5 
demonstrate that a higher Csuc value would contribute to a 
better effectiveness of the flow control both in drag reduc-
tion and unsteady loading suppression.

The time histories of drag and lift force coefficients of 
the test model are plotted in Figs. 6 and 7. In the plots, the 
red dashed lines denote the baseline case, while the black 
lines represent the controlled cases with different Csuc val-
ues. Dramatic changes of the drag and lift are observed as 
the Csuc value increases. It can be seen that, for the base-
line case, both lift and drag forces acting on the cylinder 
are highly unsteady with their magnitudes fluctuating 
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significantly and randomly. This is believed to be closely 
related to the unsteady vortex shedding in the near wake of 
the cylinder. As shown in the figures, for the test cases with 
passive jet control, the fluctuation amplitudes of the instan-
taneous lift forces acting on the cylinder are considerably 
suppressed. The unsteady aerodynamic forces acting on the 
test model are widely considered to be responsible for the 
excitation of the vortex-induced vibration; hence, the cyl-
inder will be exempted from the vortex-induced vibration 
with the implementation of passive jet control. Moreover, 
the mean drag force coefficients of the controlled cases are 
also found much smaller in comparison with that of the 
baseline case. It is noticeable that when the value of Csuc 
reaches 0.2313 (i.e., test case N9), the mean drag coeffi-
cient is found to be basically below 1.0.

Figure  8 shows the power spectrum of the measured 
dynamic lift forces acting on the test model through a fast 
Fourier transform (FFT) analysis. As shown clearly in 
the plots, the baseline case has a dominant frequency of 
21.84  Hz and the corresponding Strouhal number (St) is 
about 0.21, which is consistent with the measurement data 

reported in Kondo (1993) and Fransson et al. (2004) for the 
wake vortex shedding frequency from circular cylinders at 
the Reynolds number level of the present study. A domi-
nant frequency can also be identified in the power spectrum 
for the test case N1, indicating a periodicity of the vortex 
shedding from the circular cylinder. However, the fre-
quency for the test case N1 exhibits a minimal offset from 
that of the baseline case, which demonstrates that the wake 
vortex shedding process is indeed influenced by the passive 
jet control. Moreover, the dominant frequency in the power 
spectrum is found to diminish or even disappear for all the 
other test case with more suction/jet holes (i.e., higher Csuc 
values), revealing a gradually enhanced capacity of the pas-
sive jet flow control to manipulate the periodic wake vortex 
shedding process. The experimental observations based on 
the spectrum analysis are confirmed clearly and quantita-
tively by the PIV measurement results to be presented in 
Sect. 3.2.

Based on the time sequences of the measured dynamic 
aerodynamic forces acting on the cylinder, the time-aver-
aged drag force (i.e., mean drag) and root-mean-squire 
(RMS) values of the instantaneous lift coefficients for 

Fig. 6   Time histories of the instantaneous lift coefficients with and 
without passive jet control

Fig. 7   Time histories of the instantaneous drag coefficients with and 
without passive jet control
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different test cases (including the baseline case and the 
four controlled cases) can be calculated, and the results are 
shown in Fig. 9, which can be used to evaluate the effec-
tiveness of the passive jet control technique more quanti-
tatively. It can be seen clearly that the implementation of 
the passive jets control technique can greatly reduce the 
drag and lift acting on the cylindrical test model. When the 
equivalent suction coefficient Csuc equals 0.037, i.e., for 
the test case N1, while the mean drag coefficient obtains 
a reduction by 11.9  %, the RMS value of the lift coeffi-
cient witnesses a remarkable drop by 67.2 %, in compari-
son with the baseline case. With the Csuc increases, both 

mean drag and RMS value of the lift coefficients experi-
ence a downward trend. As Csuc grows to 0.1524 (i.e., the 
test case N5), 16.2  % of drag reduction and 83.5  % sup-
pression of lift RMS value are obtained. When Csuc reaches 
0.2313 (i.e., the test case N9), the drag coefficient is 
reduced up to 30.1 % and the RMS value of the lift coef-
ficient is suppressed up to 86.8 %. After a slight increase 
in Csuc (0.2483), the test case N13 experiences a marginal 
but consistent reduction in both the mean drag (33.7  %) 
and the RMS value of the lift (90.6  %). Reasonably, the 
passive jet control technique reaches its peak effect at the 
maximum Csuc. It should be noted that when the value of 

Fig. 8   Power spectrum of the 
lift forces for different con-
trolled cases versus the baseline 
case
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Fig. 9   Lift and drag coefficients of the test model with and without passive jet control
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Csuc is 0.1524, the RMS value of the lift coefficient drops 
below 0.1, which demonstrates the fluctuating lift could be 
significantly suppressed even for the test case N5.

3.2 � PIV measurement results

As described above, a high-resolution PIV system was 
employed in the present study to quantify the flow char-
acteristics of the wake behind the cylindrical test model in 
order to gain a further insight into the mechanism of the 
passive jet control technique. In the present study, snapshot 
proper orthogonal decomposition (‘snapshot POD’) intro-
duced by Sirovich (1987) is adopted for the post process-
ing of the PIV measurement results. The first five POD 
modes are used to reconstruct the flow structures, as sug-
gested in Meyer et al. (2007). Quoting the finding of Meyer 
et al. (2007), ‘If a flow has dominant flow structures, these 
are therefore reflected in the first POD modes and hence 
a given snapshot can often be reconstructed satisfactorily 
using only the first few modes’.

Figure  10 shows the PIV measurement results (both 
instantaneous and time-averaged flow fields) of the wake 
flow behind the cylindrical test model for the baseline case 
without passive jet control. As shown in the instantaneous 
PIV measurement, a pair of antisymmetric vortex struc-
tures is shed from each side of the cylinder, and a Karman 
vortex street is observed to form in the wake behind the 
cylinder. The alternative shedding of the unsteady wake 
vortex structures from sides of the cylinder would cause 
dramatic variations of the surface pressures around the 
cylinder, especially in the flow separation region on the 
leeward side of the test model, as shown from the surface 
pressure measurement results given in Fig. 5. As a result, 
the wind loads acting on the cylinder, both lift and drag 
forces, would be fluctuating dramatically, which could 
excite vortex-induced vibration if the cylinder was not rig-
idly mounted. The time-averaged PIV measurement result 
of the baseline case given in Fig.  10b reveals that flow 

separations are found near the azimuthal angles of 90° and 
270°. As shown in Fig. 5, the plateau region in the surface 
pressure profile starts at 90° and ends at 270° and indi-
cates the locations of two separation points for the baseline 
case, which is in good agreement with the flow topology 
revealed from the PIV measurements. Owing to the flow 
separation, a large recirculation region is observed to form 
in the wake behind the cylinder and cause pressure differ-
ence between the windward and leeward sides of the cylin-
der. In addition, the turbulent kinetic energy (TKE) values 
in the wake are found to be quite high, especially along the 
shedding paths of the vortex structures. Note the TKE val-
ues, which are associated to the vortex structures, are usu-
ally used as the measurement of the turbulence mixing in 
the wake flow (Benard et al. 2008). Moreover, TKE values 
in the wake flow can also be used to indicate the unsteadi-
ness of the surface pressures and the fluctuating amplitude 
of the resultant dynamic wind loads acting on the cylinder 
(Chen et al. 2014). Therefore, TKE values in the wake flow 
behind the test model are adopted as an indicator to assess 
the effectiveness of the passive jet control in the present 
study.

Typical instantaneous vortex structures in wake flow 
behind the cylindrical test model for the controlled cases 
obtained by PIV measurements are given in Fig.  11. As 
expected, a pair of symmetric jet vortices is found to form 
in the near wake behind the cylindrical test model for the 
test case N1. The jet flows into the wake and modifies the 
pattern of wake vortex shedding by interacting with the 
wake vortices behind the cylindrical test model. As a result, 
the region of the vortex formation is elongated and pushed 
further downstream. Despite the modifications in the near 
wake, the alternating vortex shedding from the cylinder is 
still observable, which explains the existence of dominant 
frequency in the power spectrum of the measured lift force 
for the test case N1 as shown in Fig. 8. For the test case 
N5, the jet vortex pair is also noticeable, and the process of 
the elongation and modification is further enhanced. With 

Fig. 10   PIV measurement 
results in wake behind the test 
model for the baseline case 
without passive jet control. 
a Instantaneous flow field. b 
Time-averaged flow field
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the two arrays of vortices tend to detach, the antisymmetric 
pattern of the vortex shedding is roughly changed to sym-
metric in the wake behind the cylinder, which is in good 
agreement with the previous result reported in Feng et al. 
(2010). When the jet flows from the jet holes are not strong 
enough, i.e., for the test cases N9 and N13, no distinct jet 
vortex pair is observed in the instantaneous PIV results, 
but they can still contribute effectively to the elongation 
of the shear layers and the modification of the wake vor-
tex shedding pattern in the wake flow behind the cylindri-
cal test model. Due to the enhanced jet flow into the wake 
for the test cases N9 and N13, two arrays of wake vortices 
with opposite sign are noticeable, indicating the pattern of 
the wake vortex shedding has been completely converted 
into a symmetric mode. Correspondingly, the RMS value 
of the measured instantaneous lift forces acting on the cyl-
inder are substantially decreased, in comparison with that 
of the baseline case. Liu and Feng (2015) proposed that 
the suppression of the lift fluctuation on a circular cylinder 
could be realized by inducing a symmetric vortex shedding 
mode in the wake. The flow structures and pressure meas-
urement results reported in the present study confirm their 
conjunctures. Moreover, since the alternating vortex shed-
ding has been eliminated for the test cases N9 and N13, 

the time periodicities of the resultant aerodynamic forces 
acting on the test model are fading away. This explains 
the disappearance of the dominant frequency in the power 
spectrum of the measured dynamic lift forces acting on the 
test model, as shown in Fig. 8. While the region of the vor-
tex formation behind the cylinder is pushed further down-
stream for the test cases N9 and N13, the drag force act-
ing on the test model reaches the minimum, as described 
above.

Time-averaged flow structures obtained by PIV 
measurements for the controlled cases are illustrated in 
Fig. 12. For the test case N1, the flow jets into the near 
wake through the jet hole and interacts with the recircu-
lating flow in the wake behind the cylinder. As a result, 
two recirculation regions, an upstream one and a down-
stream one, are found to form in the wake behind the test 
model. Though the wake vortices shed from two sides 
of the cylinder still exist, the jet flow pushes them fur-
ther downstream, and the recirculation region becomes 
larger in comparison with that of the baseline case. The 
upstream recirculation region is not as obvious as that 
reported by Feng et  al. (2010) and Baek and Karniada-
kis (2009), this is mainly because the vortices jet into 
the wake is relatively small and the downward velocity 

Fig. 11   The instantaneous PIV 
measurement results in wake 
behind the test model for the 
controlled cases. a Case N1. 
b Case N5. c Case N9. d Case 
N13
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is quickly dissipated in the competition with the strong 
reversing flow. It is noteworthy that the distribution of 
TKE in the wake behind the test model has been greatly 
changed, in comparison with that of the baseline case. 
Clearly, while the TKE levels in the wake flow were 
found to become smaller in general, the region with high 
TKE values is pushed far away from the cylinder, which 
indicates a lower turbulence level in the near wake behind 
the test model for the test cases with passive jet control. 
As a result, the unsteadiness of the surface pressure and 
the fluctuating amplitude of the resultant dynamic wind 
loads acting on the test model are suppressed. Moreover, 
with the increase in the suction holes, the jet process is 
no longer confined to the region near the rear stagnation 
point and the jet velocity becomes relatively smaller. 
Therefore, the recirculation regions in the upstream 
tend to be pulled back to the side walls of the test model 
according to the streamline pattern shown in Fig.  12. 
It can also be seen that the absolute TKE levels in the 
wake flow become lower in general for the test cases with 
more suction holes, which indicates a better suppression 
in fluctuating wind loads acting on the test model for the 
test cases with more suction holes.

3.3 � Linear stability analysis

As revealed clearly from the PIV measurement results 
given above, the wake flow pattern and wake vortex shed-
ding mode at the two sides the cylinder have been modified 
significantly after the implementation of passive jet control 
to the cylindrical test model. It is worth noting that the vor-
tex formation behind a stationary cylinder is usually associ-
ated to the absolute instability in the wake, as suggested in 
Triantafyllou et al. (1986). Since the cylindrical test model 
used in the present study is set to be stationary during the 
experiments, it is appropriate to employ linear local stabil-
ity analysis theory to explore the underlying mechanism 
of the passive jet control technique, by following the work 
described in Dong et  al. (2008), Baek and Karniadakis 
(2009).

Figure  13 illustrates the streamwise velocity profiles 
in the wake behind the cylindrical test model at differ-
ent downstream location behind the test model, which are 
extracted from the time-averaged PIV measurement results. 
While the time-averaged velocity profiles are mostly sym-
metric about the centerline of the test model in general, 
some small imperfections can still be seen in the profile 
due to various minor system measurement errors in the PIV 

Fig. 12   The time-averaged 
PIV measurement results in the 
wake behind the test model for 
the controlled cases. a Case N1. 
b Case N5. c Case N9. d Case 
N13
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measurements, e.g., the non-perfectly uniform incoming 
flow, limited frame number of the instantaneous PIV meas-
urements to calculate the time-averaged flow field.

In the very near wake, i.e., at the downstream location of 
X/D = 0.75, local cusps are noticeable in the velocity pro-
files at Y/D = 0 for both the test cases of N1 and N5, which 
indicates relatively strong jets exhausted from the jet holes. 
As the passive jets convect downstream, the cusps are 
found to disappear gradually and are no longer observed 
after the downstream location of X/D =  1.0. In addition, 
as the downstream distance from the test model increases, 
the velocity deficits in the profiles gradually recover. It can 
be seen from Fig. 13 that the velocity deficit in the wake 
flow behind the test model would recover much slower 
for the controlled test cases than that of the baseline case, 
which demonstrates the elongation of the recirculation 
regions revealed from the PIV measurement results given 
in Fig. 12. Considering its working mechanism, the trans-
portation capability between the windward and leeward 

stagnation points plays a crucial role in the passive jet con-
trol, and the suction/jet holes arranged near the stagnation 
points contribute most to the transportation process. As a 
result, the time-averaged velocity profiles for the test cases 
N5, N9 and N13 exhibit a similarity after the downstream 
distance reaches X/D =  1.0. On the other hand, since the 
modification in the wake flow for the test case N1 is not as 
effective as the other controlled test cases, the recovery of 
the velocity deficits for the test case N1 is found to be sig-
nificantly faster than all the other test cases.

Based on the time-averaged velocity profiles extracted 
from the PIV measurement results at different downstream 
locations, inviscid Orr–Sommerfeld equation is solved to 
determine the coordinates of the critical point in the com-
plex frequency plane, as suggested by Triantafyllou et  al. 
(1986). The dispersion relation ω = ω(k) maps ki constant 
lines on the ω plane at different downstream locations. For 
different ki, a bunch of quadratic maps with similar shape 
can be obtained. The quadratic maps touch at the critical 

Fig. 13   Time-averaged velocity profiles in the wake flow at the downstream locations of: a X/D = 0.75. b X/D = 1.0. c X/D = 2.0. d X/D = 2.5
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point. The nature of the instability is determined by the 
imaginary part of the complex frequency at the criti-
cal point (denoted by ωi). A positive ωi suggests absolute 
instability, which indicates that any initial disturbances will 
grow at any fixed positions. On the other hand, if ωi is neg-
ative, the instability is then convective, and any initial dis-
turbances will grow with time but is convected away.

Figure 14 gives a map of lines (ki = constant) in the ω 
plane, where k is the complex wave number and ki denotes 
its imaginary part. This map is derived based on the time-
averaged velocity profile behind the test model at down-
stream location of X/D =  0.75 for the uncontrolled case. 
The mapped curves touch at the critical point, which looks 
like a cusp on the plane. As revealed from Fig.  14, the 
imaginary part of the critical point can be clearly observed 
as 0.38, while its real part (denoted by ωr) is 1.31. There-
fore, the wake flow behind the cylindrical test model at the 
downstream location of at X/D = 0.75 for the uncontrolled 
case supports an absolute instability, which leads to the for-
mation of a vortex street as observed in the experiments. 
Furthermore, the corresponding Strouhal number (St) can 
be derived from the value of ωr by St = ωr/2π = 0.2085 , 
which is in good agreement with the result obtain by the 
power spectrum analysis of the measured dynamic lift 
forces acting on the test model (i.e., St =  fD/U = 0.21) 
discussed above.

Figure 15 shows the values of ωi at different downstream 
locations for the baseline and 4 controlled cases. It can be 
seen that, while a region of absolute instability is observed 
in the wake for the uncontrolled baseline case, the distur-
bance growth rate ωi for all the controlled cases is found 
to decrease in the immediate wake (i.e., the region of 
X/D < 1.0) and the absolute instability zone is shifted fur-
ther downstream. For the baseline case, the wake is found 

to be converted into convective instability after the down-
stream location of X/D = 1.4. The linear stability analysis 
also predicts that the local growth rate ωi would reach its 
peak at the downstream location of X/D = 0.75, which is 
close to the center of vortices formed in the wake behind 
the cylinder for the uncontrolled baseline case, as shown in 
Fig. 10b. For the test case N1, while the absolute instabil-
ity zone is displaced downward, the maximum growth rate 
is found to be larger than that of the baseline case. This is 
consistent with the findings reported in the previous study 
of Baek and Karniadakis (2009). In addition, the peak 
growth for the test case N1 is found to occur in the neigh-
borhood of X/D = 1.5. As revealed from the time-averaged 
flow field given in Fig. 12, the recirculation region for the 
test case N1 is elongated and pushed further downstream 
due to the passive jet flow exhausted from the jet hole at 
the rear stagnation point of the test model. As a result, the 
centers of jet vortices are shifted downward to the location 
of X/D ≈  1.4, which agrees reasonably well with finding 
of the linear stability analysis. Figure 15 also reveals that, 
as the number of the suction/jet holes increases, the abso-
lute instability region would to shift further downstream. 
As shown clearly in Fig.  13, the velocity profiles for the 
test cases N5, N9 and N13 would exhibit good similarity 
in the downstream locations between X/D = 1.0–2.5. Since 
the velocity profiles of the time-averaged flow is the base 
for the linear stability analysis, the disturbance growth 
rate of these test cases are expected to be quite close to 
each other within such downstream locations. This is con-
firmed by the results of the stability analysis, as shown in 
Fig. 15. For the test cases N5, N9 and N13, the predicted 
maximum growth rates occur in range of the downstream 
locations of X/D = 1.5–2.0. Accordingly, the centers of the 
wake vortices are found to appear in the neighborhood of 

Fig. 14   Map of lines ki = constant in the ω plane, at X/D = 0.75 for 
the baseline case

Fig. 15   Imaginary part of the critical point versus X/D for various 
test cases
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the downstream location of X/D ≈ 1.8, as shown in Fig. 12. 
Interestingly, it is the test case N9, instead of the test 
case N13, whose absolute instability pump is found to be 
expanded broadest along the streamwise direction. This is 
mainly because that the velocity of the jet flows exhausted 
from the jet holes for the test case N9 is marginally larger 
than that of the test case N13, which can modify the wake 
flow in a farther region.

4 � Conclusions and discussions

In the present study, an experimental campaign was con-
ducted to investigate the effectiveness of a passive jet flow 
control scheme to manipulate the vortex shedding process 
from a circular cylinder in order to reduce the fluctuating 
amplitudes of the dynamic wind loads acting on the cyl-
inder. The passive flow control scheme, characterized by 
passive windward suction combined with leeward jet, was 
realized by using perforated pipes to create flow commu-
nicating channels between the windward and leeward stag-
nation points of a cylindrical test model. The experimental 
study was performed in a wind tunnel at a Reynolds num-
ber of Re = 4.16 × 104 based on the cylinder diameter and 
oncoming flow speed. In addition to the surface pressure 
measurements, a digital particle image velocimetry (PIV) 
system was also used to achieve detailed flow field meas-
urements to quantify the flow characteristics of the wake 
flow behind the cylindrical model for the test cases with 
and without passive jet flow control.

The measurement results reveals that, while the fluctua-
tion amplitudes of the instantaneous lift forces acting on 
the cylinder could be significantly suppressed due to the 
passive jet control, the mean drag force coefficients of the 
test model were also found to become much smaller for 
the controlled cases, in comparison with the baseline case. 
In addition, a higher equivalent suction coefficient Csuc 
was found to contribute to a better flow control effective-
ness by using the passive jet control scheme. The quanti-
tative PIV flow field measurements confirmed the findings 
derived from the surface pressure measurements. In com-
parison with those of the baseline case without flow con-
trol, recirculation regions behind the test model for the test 
cases with passive jet flow control were found to be elon-
gated and pushed further downstream owing to the inter-
action of the jet flows exhausted from the jet holes near 
the rear stagnation point of the test model with the wake 
flow. Moreover, the TKE levels in the wake flow behind 
the test model were also found to be much smaller for the 
test cases with passive jet control, in comparison with that 
of the baseline case. Apart from the power spectrum anal-
ysis of the dynamic wind loads acting on the test model, 
the instantaneous wake vortex structures revealed from the 

PIV measurement results also confirmed that the passive jet 
flow control method could manipulate the shedding process 
of the wake vortices from two sides of the cylindrical test 
model effectively. Linear stability analysis suggested that 
the jets exhausted from the holes on leeward surface of 
cylindrical model would modify the wake stability behind 
the cylinder by displacing the region of absolute instability 
further downstream. Linear stability analysis also demon-
strated the similarity of the wake flow pattern for the test 
cases with sufficient suction/jet holes to realize the pas-
sive jet control scheme. Since the mechanism of the pas-
sive jet control scheme is to form a communicating chan-
nel between the windward and leeward stagnation points, 
the transportation capability of flow between windward and 
leeward stagnation points has been found to decide the flow 
control effectiveness.

The passive jet control technique described here is rela-
tively easy to implement for various engineering applica-
tions, even for the existing stay-cabled bridges. While the 
perforated pipe design with 5 pair of suction/jet holes (i.e., 
the test case N5 of the present study) were found to be 
able to substantially suppress the fluctuating amplitude of 
the dynamic wind loads acting on the circular cylinder, the 
perforated pipe design with evenly distributed suction/jet 
holes around the circular cylinder (i.e., the test case N13) is 
highly recommended for engineering applications since the 
angle of attack of the incoming wind may vary significantly 
in the field.

It should also be noted that although the effectiveness of 
the passive jet control scheme has been proved based on the 
pressure measurements and the detailed flow field measure-
ment result reported in the present study, some important 
questions remains unsolved. For example, as described in 
Owen and Bearman (2001), flow control techniques often 
confront a fundamental limitation. They may exhibit dis-
tinctive effectiveness for dynamic wind loading suppres-
sion for fixed cylinders, while they will not work well for 
elastically mounted structures. It is also well known that 
the flow characteristics behind a circular cylinder may 
change significantly as the spanwise length of the cylinder 
increases, and there may exist a critical spanwise length for 
the perforated pipe unit beyond which the effectiveness of 
the passive jet control scheme may be limited. Therefore, 
further comprehensive studies are still needed to explore/
optimize design paradigms to maximize the effective-
ness of the passive jet control scheme. As a follow-up of 
the work presented here, we are planning to conduct an 
experimental study by employing an elastically mounted 
cylindrical test model to evaluate the effectiveness of the 
passive jet control scheme under more realistic conditions 
for cable-stayed bridge applications. While the effects of 
the spanwise length of perforated pipe units on the flow 
control effectiveness will be investigated systematically, 
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the spanwise variations of the wake flow characteristics 
behind the circular cylinders with and without passive jet 
flow control will also be examined in great details by con-
ducting detailed PIV measurements in different spanwise 
cross-planes. The experimental results will be reported in 
the near future.
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