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notably delayed, the wake width behind the slotted cylinder 
was decreased and the vortex formation length was greatly 
shrunk, in comparison with the baseline case. Instantane-
ous pressure measurement results revealed that the pressure 
difference between the two slot ends and the periodically 
fluctuating pressure distributions would cause the alternative 
boundary layer suction and blowing at α = 90°.

1  Introduction

The understanding of flow around a bluff body is of great 
importance owing to its significance in fundamental fluid 
mechanics as well as many related engineering applica-
tions. A circular cylinder, with a relatively simple shape, is 
a typical and the most commonly studied bluff body. Flow 
characteristics, including flow-induced forces acting on the 
body, flow instabilities, flow patterns and vortex shedding 
behaviors in the wake of circular cylinder, have attracted 
extensive research interests. A perspective outlook on bluff 
body flows in general and flow around a circular cylinder in 
particular has been contributed by Roshko (1993).

For a circular cylinder immersed in a moving flow, it 
is characterized with flow separation and periodic vortex 
shedding downstream in its near wake (Brika and Laneville 
1993). If the circular cylinder is free to oscillate, vortex-
induced vibrations (VIVs) may take place when its vortex 
shedding frequency fits some order of the structure’s natural 
frequency. Extensive efforts have been dedicated to develop 
various passive and active control techniques to manipulate 
the flow and mitigate the potential VIVs, as reviewed in 
Choi et al. (2008). Concerning active control, Dong et al. 
(2008) introduced a novel flow control concept of windward 
suction and leeward blowing (WSLB) to eliminate the alter-
nating vortex shedding in the wake. By using the WSLB 
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the slot width S = 0.075 D (D is the diameter of the cylin-
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cylinder without slot) and slotted cylinder at various angles 
of attack. Measurement results suggested that at low angles 
of attack, the passive jet flow generated by the slot would 
work as an effective control scheme to modify the wake flow 
characteristics and contribute to reducing the drag and sup-
pressing the fluctuating lift. The flip-flop phenomenon was 
also identified and discussed with the slot at 0° angle of 
attack. As the angle of attack α became 45°, the effects of 
the slot were found to be minimal. When the angle of attack 
α of the slot approached 90°, the self-organized boundary 
layer suction and blowing were realized. As a result, the flow 
separations on both sides of the test model were found to be 
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control, the wake instability was modified and the vortex 
induced cross-flow vibrations were substantially suppressed. 
Baek and Karniadakis (2009) extended the WSLB concept 
and investigated the flow around a circular cylinder geo-
metrically modified with a slot parallel to the incoming flow. 
The slot was used to form a communicating channel between 
the windward and leeward stagnation points. The passive 
WSLB scheme worked as a zero-net-mass flux (ZNMF) 
actuator. The numerical simulation results suggested that the 
slot could cause strong jets into the wake flow and interact 
with the wake vortices behind the cylinder. As a result, the 
vortex shedding mode was changed and the vortex-induced 
vibration was effectively suppressed. Wang et al. (2016) 
successively extended the WSLB concept to both open-
loop and closed-loop implementations. They performed a 
Lattice–Boltzmann method-based numerical study to dem-
onstrate that in the open-loop control, the combination of 
WSLB was the most effective, while the pure suction was the 
least. In the closed-loop control, the effects of the four key 
control parameters, i.e., the proportional gain constant, the 
integral gain constant, the length of data history used for the 
feedback and the location of the sensor, were investigated.

In some cases, suppressions on fluidic forces are desired, 
while in some other particular cases greater fluidic forces are 
expected. For example, a greater lift force will enhance the 
flight control of an airplane, and a larger flow-induced vibra-
tion will improve the efficiency of energy harvesting. As 
early as in his first papers in the year 1904, Ludwig Prandtl 
described some experiments in controlling boundary lay-
ers (Schlichting et al. 1979). Classical methods to control 
boundary layers include motion of the solid wall (Mittal and 
Kumar 2003; Degani et al. 1998; Chew et al. 1995), accel-
erating the boundary layer (Piomelli et al. 2000), boundary 
layer suction (MacManus and Eaton 2000; Antonia et al. 
1995) and cooling the wall (Gran et al. 1974). Active suction 
is a widely used control strategy, especially in the design of 
aircraft wings. The underlying philosophy of suction con-
trol is to evacuate the decelerated fluid particles from the 
boundary layer before they have a chance to separate. If the 
decelerated fluids are removed, a new boundary layer will 
be formed that is capable of withstanding a certain adverse 
pressure gradient. With proper arrangements of active suc-
tion implementations, the separation from a bluff body could 
be completely eliminated under favorable flow conditions. 
The laminar flow control of an aircraft using suction has 
been reviewed by Joslin (1998).

In addition to active methods, extensive efforts have also 
been made by modifying the geometries of the bluff bodies 
to reduce the drag, control the vortex shedding and sup-
press the VIVs. Dimpled surface (Choi et al. 2006; Zhou 
et al. 2015), helical strake (Zdravkovich 1981), splitter plates 
(Bearman 1965; Anderson and Szewczyk 1997; Hwang et al. 
2003), hemispherical bump (Owen et al. 2001), passive jet 

(Chen et al. 2015) and segmented and wavy trailing edge 
(Rodriguez 1991; Tombazis and Bearman 1997) are classic 
examples of passive flow control methods. It should be noted 
that the active flow methods are generally more effective and 
convenient to obtain optimized flow control effectiveness 
in comparison to the passive ones. However, nearly every 
active scheme is costly from the implementation standpoint. 
The biggest advantage of passive flow control is that it can 
be easily implemented and require no extra energy expendi-
tures to maintain the control process.

In the present study, an experimental investigation was 
conducted to examine the flow characteristics around a cir-
cular cylinder for the test cases with and without passive 
flow control using a slot along its axis. While the slot width 
was fixed at 0.075 D in the present study, the flow charac-
teristics around the slotted cylinder at different angles of 
attack were studied and discussed. It should be mentioned 
that the slot width was found to have significant effects 
on the effectiveness of the passive flow control when the 
angle of attack (AOA) was fixed at 0°, which has already 
been addressed extensively in the recent work of Gao et al. 
(2017). By conducting the experimental investigation of 
the present study, we found that the passive jet flow control 
and boundary layer control could be successively achieved 
by simply changing the angle of attack. In the context that 
follows, the test model setup and experimental details are 
introduced in Sect. 2, and the experiment results are pre-
sented and discussed in Sect. 3, followed by the conclusion 
in Sect. 4.

2 � Test model and experimental setup

The experimental study was conducted in a low-speed cir-
cuit wind tunnel (SMC-WT1) affiliated to the Joint Labora-
tory of Wind Tunnel and Wave Flume, Harbin Institute of 
Technology, P. R. China. The wind tunnel has a test section 
with optical walls and its dimension is 505 mm × 505 mm. 
With honeycombs and mesh structures mounted upstream, 
a contraction section was installed ahead of the test section 
to provide uniform airflow into the test section. Based on 
the measurement results using a hotwire anemometer probe, 
the turbulence intensity level in the test section of the wind 
tunnel was measured to be about 0.36%.

2.1 � The slotted circular cylinder

Figure 1a sketches the slotted cylinder model used in the pre-
sent study. The test model was made of a smooth aluminum 
alloy cylinder with its outer diameter 50.0 mm. To adapt to 
the width of the wind tunnel test section, the spanwise length 
of the test model, L, was determined to be 503.5 mm. With a 
longitudinal length L0 of 400.0 mm, a slot was manufactured 
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inside the cylindrical test model. To minimize the errors of 
the mechanical process, the slotted cylindrical model was 
manufactured using the computer numerical control (CNC) 
technique. The width of the slot (S) was set to be 3.75 mm, 
resulting in a slot ratio (S/D) of 0.075. The value of L0/S was 
found to be 106.67; thus, the two-dimensionality of flow 
around the slotted cylinder was expected in the mid-span. 
Using two steel bars, the test model was fixed horizontally in 
the test section of the wind tunnel and was perpendicular to 
the incoming airflow, as shown in Fig. 1b. Further informa-
tion about the test model and experimental setup is available 
in Gao et al. (2017).

As shown in Fig. 1c, the angle of attack, α, of the slot is 
defined as the angle from the slot center axis to the incoming 
airflow (i.e., x-axis). During the experiments, α was changed 
from 0° to 90° with an increment of 15°. For the test case 
with α = 0°, the slot was parallel to the incoming airflow. 
The slot would be normal to the airflow if α increased to 
90°. In addition to the slotted cylinder, a cylinder model 
without slot was also investigated as the baseline case for the 
comparative study. During the experimental campaign, the 
speed of the incoming airflow U0 was set constant at 8.0 m/s, 
corresponding to a Reynolds number of Re = 2.67 × 104.

2.2 � Surface pressure distribution measurement

A digital pressure measurement system, which consisted of 
three models (DSA3217; Scanivalve Corporation, Liberty 
Lake, Washington), was employed to measure and record the 
surface pressure distributions at the mid-span of the cylindri-
cal test model. The pressure measurement plane was made of 
powdered photosensitive resin and manufactured using a 3D 
printer. 36 pressure taps were evenly distributed on the pres-
sure measurement plane, i.e., one pressure tap for every 10°. 
With a sampling rate of 312.5 Hz, the data acquisition time 
for instantaneous surface pressure measurements was set to 
be 32 s during the experiments. 36 independent polyvinyl 
chloride (PVC) tubes with 0.45 m length and 0.9 mm inter-
nal diameter were used to connect the pressure taps to the 
pressure transducer arrays. Based on the findings described 
in Irwin et al. (1979), the effects of the tubing system, i.e., 
the signal phase lag and the amplitude attenuation caused by 
the 0.9-mm-diameter and 0.45-m-long PVC tubing on the 
instantaneous pressure measurements were expected to be 
minimal. However, the solid blockage and the wake block-
age effects (the blockage ratio is 9.9%) of the test model on 
the pressure measurements were corrected, as suggested by 

Fig. 1   Sketch of the cylindrical model and experimental setup
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Barlow et al. (1999). Some important aerodynamic features 
(e.g., the lift and drag forces) acting on the test model could 
be estimated by integrating the measured surface pressure 
distributions. As suggested in Chen et al. (2014, 2015), the 
instantaneous lift and drag coefficients acting on the cylin-
der, CL and CD, could be calculated as:

where Cpi
 is the instantaneous pressure coefficient on the 

model surface, pi is the static pressure on the test model and 
p∞ is the static pressure of the incoming air. The time series 
of pi and p∞ are obtained and recorded by the digital pres-
sure measurement system. �i is the azimuthal angle of the 
pressure tap, and Δ�i is the angle difference between the two 
neighboring pressure taps for the present study, Δ�i = 10°.

2.3 � PIV measurement

In addition to measuring pressure distribution around the 
surface of the test model, a digital particle image veloci-
metry (PIV) system was also used to quantify the flow 
characteristics around the baseline and slotted circular 
cylinders. Figure 1d shows the schematic of the system 
setup for the PIV measurements. The vertical plane in the 
mid-span of the test model was illuminated by a double-
pulsed Nd:YAG laser with a repetition rate of 8 Hz. The 
laser beam was manipulated by a set of optics and mirrors 
to a thin sheet with a thickness of about 1.0 mm in the 
target plane. For each test case, 500 frames of instantane-
ous PIV image pairs were obtained. After acquiring the 
PIV images, instantaneous velocity vectors were induced 
using frame to frame cross-correlation technique involv-
ing successive frames of the patterns of particle images. 
The size of the interrogation window was 32 × 32 pixels 
and an effective overlap of 50% of the interrogation win-
dows was employed in the PIV image processing. After 
determining the instantaneous velocity vectors (u, v), the 
instantaneous spanwise vorticity (�z) could be derived. 
The distributions of ensemble-averaged flow quantities, 
such as the mean velocity (U,V ) and in-plane turbulence 
kinetic energy (T.K.E = 0.5 × (u�2 + v�2)∕U2

0

), could also 

be obtained from the instantaneous PIV measurements. 
For the PIV measurements conducted in the present study, 
the uncertainty level in the velocity measurement was 

(1)

CD =
1

2

∑

i

Cpi
⋅ Δ�i ⋅ cos �i ,

CL =
1

2

∑

i

Cpi
⋅ Δ�i ⋅ sin �i ,

Cpi
=

pi − p∞
1

2
�U2

0

,

estimated to be within 2.0%, while the measurement 
uncertainties for the ensemble-averaged flow quantities 
were about 5%.

3 � Experimental results

3.1 � Flow characteristics

Derived from the pressure measurement results, Fig.  2 
illustrates the mean and fluctuating pressure distributions 
of the natural and the slotted cylinder at different angles 
of attack. At low angles of attack, i.e., α ≤ 30°, the base 
pressure regions of mean pressure distributions on the lee-
ward side of the slotted cylinders in Fig. 2 were found to be 
lifted, in comparison to the baseline case (i.e., the surface 
pressure distribution around the cylinder without slot). This 

Fig. 2   Mean and fluctuating pressure distributions around the cylin-
drical models
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indicated a drag reduction for the slotted cylinder at low 
angles of attack. When the angle of attack α changed from 
30° to 45°, the base pressure region dropped below that 
of the baseline case. As the angle of attack α continued to 
increase, the negative pressure region experienced a remark-
able decrease, indicating large drag coefficients for those test 
cases. According to the distributions of the negative pressure 
regions, it could also be noted that the separation points 
were delayed in comparison with the baseline case for the 
cylinder without slot.

In addition, the root-mean-squared (RMS) values of the 
instantaneous pressure coefficients were also calculated and 
presented in Fig. 2 to quantify the fluctuation amplitudes of 
the pressure distributions around the circular cylinder. It was 
found that the pressure fluctuation amplitudes were reduced 
greatly on the leeward side of the slotted cylinder for the 
test cases with the slot at low angles of attack, indicating a 
suppression of the unsteady lift forces acting on the cylinder 
model. When the angle of attack α shifted to 45°, the fluctu-
ating pressure distribution on the slotted cylinder was found 
to be in good agreement with that of the baseline case. As 
the angle of attack α continued to increase, the fluctuating 
pressure distributions on the cylinder surface were found to 
be quite high, implying that the fluctuating lift forces acting 
on the cylinder model would become substantially larger.

Based on the pressure measurement results, the mean 
drag coefficients C

D
, the mean lift coefficients C

L
 and the 

root-mean-square (RMS) values of the instantaneous lift 
coefficients C ′

L
 for test cases with different angles of attack 

were calculated and the results are illustrated in Fig. 3. The 
dashed lines represented the baseline values measured from 
the cylinder model without slot. The mean drag coefficient 
C
D

 for the baseline case was found to be 1.19, and the RMS 

lift coefficient C ′

L
 was 0.39. It was shown clearly that, for the 

test case with the slot at low angles of attack, both C
D

 and C ′

L
 

of the slotted cylinder were clearly decreased, in comparison 
to the baseline case, suggesting that the slot would work 
as an effective flow control scheme for drag reduction and 
lift suppression. Particularly, for the test case with α being 
set as 0°, a drag reduction of 25.7% and lift suppression of 
63.4% were achieved. Therefore, an effective flow control 
could be achieved by simply manufacturing a slot parallel 
to the incoming flow. Similar findings were also reported 
by the previous numerical study of Baek and Karniadakis 
(2009), who investigated the flow around a circular cylinder 
with a slot parallel to the incoming flow. The slot was used 
to form a communicating channel between the windward 
and leeward stagnation points. In addition, the aerodynamic 
coefficients of the slotted cylinder were found to be very 
much close to the baseline values as the angle of attack α 
increased to 45°. With such a setting, the effects of the slot 
were expected to be minimal. This finding will be confirmed 
by PIV measurements to be discussed in the following sec-
tions. Furthermore, when the angle of attack α became 
even higher, the aerodynamic coefficients were found to 
experience an upward trend. During the experiments, the 
peak values for the mean drag and RMS of lift coefficients 
(i.e., C

D
 and C ′

L
) were both found to be at α = 75°. For the 

case, the mean drag coefficient was 27.7% higher than the 
baseline value, while the RMS of the lift coefficient C ′

L
 was 

found to be 3.04 times the baseline value. It is also notewor-
thy that when the angle of attack α was further increased 
from 75° to 90°, the mean drag coefficient C

D
 would drop 

remarkably, but was still found to be 11.5% higher than the 
baseline case. Meanwhile, the RMS value of lift coefficients 
remained quite high, which was still about 3.01 times the 
baseline value. It could also be noted that the time-averaged 
lift coefficient C

L
 for the slotted cylinder would witness a 

remarkable climb as the angle of attack exceeded 45°, while 
C
L
 remained 3–5% above or below zero when the angle of 

attack was in the range of 0°–45°. The maximum C
L
 value 

was found to be 1.16, which was achieved for the test case 
at the angle of attack of 90°.

As described above, a high-resolution digital PIV system 
was employed in the present study to get an insight into 
the flow characteristics around the slotted circular cylin-
der at different angles of attack. Following up the work of 
Sirovich (1987) and Meyer et al. (2007), a method of snap-
shot proper orthogonal decomposition (i.e., ‘snapshot POD’) 
was adopted in the present study for the post-processing of 
the PIV measurement results.

Figure 4 illustrates the time-averaged flow structures in 
the mid-span of the test model for different test cases. It 
was shown that a large recirculation region was formed in 
the wake behind the natural cylinder without slot (i.e., the Fig. 3   Aerodynamic coefficients estimated from pressure measure-

ment results
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baseline case). Besides, the turbulent kinetic energy (TKE) 
values in the wake of the natural cylinder were found to be 
quite high, especially along the vortex shedding paths. As 
suggested by Benard et al. (2008) and Chen et al. (2014, 
2015), the TKE values could be used as a measure of the 
turbulence mixing in the wake flow as well as an indicator 
to assess the unsteady surface pressures and the fluctuating 

amplitude of the resultant dynamic wind loads acting on 
the cylinder. For the slotted cylinder with the slot at the 
angle of attack α = 0°, it could be observed from the time-
averaged streamlines that the passive flow would jet into the 
near wake through the orifice slotted at the leeward stagna-
tion point and interact with the recirculating flow behind the 
cylinder. The interaction and competition between the jet 

Fig. 4   The time-averaged PIV 
measurement results in the mid-
span plane
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flow and the separation flows resulted in two recirculation 
regions, i.e., an upstream one and a downstream one, in the 
wake behind the test models. The TKE distributions in the 
wake flow were found to be substantially decreased, imply-
ing that the unsteadiness of the surface pressure and the fluc-
tuating amplitude of the resultant dynamic wind loads acting 
on the test model were greatly suppressed. In consequence, a 
drag reduction and lift suppression were achieved, as shown 
in Figs. 2 and 3. When the angle of attack α of the slot 
shifted to 15° and 30°, the interactions between the inclined 
jet flow and the separation flow were found to be weakened. 
As a result, the Kármán vortex street would form again, and 
the regions with higher TKE values also became notice-
able. Therefore, the effectiveness of the flow control for the 
passive jet was found to be degraded. At the angle of attack 
α = 45°, the time-averaged flow characteristics, including 
streamlines, vortex formation length, wake width and TKE 
distributions, around the slotted cylinder were found to have 
considerable similarity to those of the natural cylinder. This 
verified our previously proposed observation, i.e., the effects 
of the slot would become almost minimized at this angle of 
attack. When the angle of attack α continued to increase, 
the vortex formation length witnessed a gradual shrinkage 
toward the rear surface of the cylinder model and the TKE 
distributions were found to be gradually strengthened. When 
the slot was normal to the flow direction, the vortex forma-
tion length was found to be greatly shrunk and the flow sepa-
ration apparently delayed. The boundary layer suction and 
blowing were realized at the angle of attack α = 90°. Due 
to the boundary layer suction and blowing, the drag and lift 
coefficients were found to be enhanced, in comparison to the 
baseline values. A detailed discussion on the boundary layer 
suction and blowing will be given in Sect. 3.4.

The instantaneous vorticity distributions in the wake 
flow behind the cylindrical test model for different test cases 
obtained by the PIV measurement system are presented in 
Fig. 5. As shown in Fig. 5a, a pair of anti-symmetric vortex 
structures were found to shed from each side of the cylinder 
model to form Kármán vortex streets in the wake behind 
the natural cylinder. For the slotted cylinder at the angle of 
attack α = 0°, a pair of symmetric jet vortices was generated 
in the near wake behind the cylindrical test model to elon-
gate the shear layers rolled up from both sides of the cylinder 
model, which helped to detach the alternating vortex street. 
As a result, the vortex formation region was pushed further 
downstream. This was believed to be the underlying flow 
control mechanism for the slotted cylinder at the low angles 
of attack. With the increase of the angle of attack α for the 
slot, the interactions between the inclined jet vortices and 
the separation flow were gradually weakened.

At the angle of attack α = 45°, though a weak jet flow 
still had a chance to form, the jet vortices could hardly be 
identified in the cylinder wake under this test condition and 

the resultant wake flow pattern was found to be very similar 
to that behind the natural cylinder (i.e., baseline case) given 
in Fig. 5a. As shown in Figs. 2 and 3, the pressure distribu-
tions and aerodynamic coefficients for this test case were 
found to be almost the same as the baseline case. Therefore, 
it was speculated that the effectiveness of flow control with 
the slot would be the minimal at α = 45°.

As the angle of attack α changed from 60° to 90°, there 
existed a vortex adhering to the suction side of the cylinder 
surface, while a strong vortex rotating in an opposite direc-
tion was formed on the other side. As the vortex was shed 
into the wake flow, the blowing side would convert to be 
the suction side. Consequently, the boundary layer suction 
and blowing were found to appear alternatively and a vor-
tex street was formed behind the slotted cylinder. It is also 
noticeable in Fig. 5 that, with the increase of angle of attack 
α for the slot, the vortex formation length would witness a 
gradual shrinkage and the strength of the vortices was gradu-
ally enhanced.

Based on the pressure measurement and PIV measure-
ment results described above, it can be concluded that, at 
low angles of attack (α = 0°–30°), the slot would contribute 
to a passive jet flow control, while the effects of the slot 
were found to become almost negligible with the angle of 
attack of the slot reaching 45°. Furthermore, when the angle 
of attack of the slot varied from 60° to 90°, the boundary 
layer suction and blowing were found to take place. To gain 
further insight into the process and mechanism of the pas-
sive jet and boundary layer suction and blowing, a more 
detailed flow measurement was also conducted using the 
digital PIV system.

3.2 � Passive jet and flip‑flop at α = 0°

Figure 6 shows the time-averaged streamlines behind the 
slotted cylinder obtained based on 500 frames of instantane-
ous PIV measurements. It revealed clearly that, when the jet 
flow was generated by the slot and evacuated into the wake 
flow, it competed with the backward flow and was found to 
be relocated laterally. Afterward, the passive jet flow would 
interact with the shear layers and they were transported 
downstream together. In consequence, there were two pairs 
of vortices being formed behind the cylindrical test model. 
This vortex system was different from the vortices patterns 
generally formed in the wake behind a natural cylinder, as 
discussed above. Figure 6 gives a more detailed look into the 
upstream recirculation region. Besides, the detailed instan-
taneous flow structures behind the slotted cylinder are also 
presented in Fig. 7. It can be seen clearly that the jet flow was 
deflected toward the upward side, downward side or stream-
wise-oriented intermittently. The jet vortices shed from the 
slot orifice were expected to be small scale and symmetric, 
while the vortices rolled up from the unstable shear layers 



	 Exp Fluids (2017) 58:132

1 3

132  Page 8 of 15

of the cylinder were found to be essentially alternating and 
asymmetric. The competition between the small-scale jet 
vortices and the asymmetric-mode instability led to the 
deflected flow patterns in the near wake. This phenomenon, 
often referred to as flip-flop, is usually found in the coupled 
wakes of two bluff bodies with a gap (Bearman and Wadcock 
1973; Williamson 1985; Kim and Durbin 1988; Zhou et al. 

2002). The flip-flop was characterized by an unsteady wake 
as a result of the gap flow being intermittently deflected 
toward the upside or downside of the cylinders; therefore, 
the forces acting on the cylinder were affected by the bista-
ble wake flows. Figure 8a illustrates an arbitrary segment 
of lift coefficient time history. The blue dashed line denotes 
the baseline case, while the red solid line represents the 

Fig. 5   The instantaneous PIV 
measurement results in the mid-
span plane
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lift coefficients of the slotted cylinder at α of 0°. It can be 
seen that the fluctuation amplitudes of the instantaneous lift 
forces acting on the slotted cylinder were decreased greatly, 
in comparison with those of the baseline case. To have a 
detailed look into the change of lift coefficients, a smaller 
segment of signal was extracted and presented in Fig. 8b. 
Sudden switchovers in lift coefficient, which was one of the 
main characteristics of the flip-flop phenomenon, could be 
clearly observed. Furthermore, Fig. 9 shows the frequency 
spectra of the measured dynamic lift forces acting on the 
test models with and without the slot through a fast Fourier 
transform (FFT) analysis. It can be seen that the frequency 
of the flip-flop was significantly lower than the vortex shed-
ding frequency of the natural cylinder case. According to the 
research findings of Kang (2003), the switchover time was 
one order larger that the vortex shedding, which suggested 
that the switchover frequency was at least one order lower 

Fig. 6   Time-averaged streamlines in the near wake of the slotted cyl-
inder at α = 0°

Fig. 7   Bistable flow patterns 
in the near wake of the slotted 
cylinder at α = 0°
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than the vortex shedding. Moreover, as reported in many 
previous studies, one noticeable features of the flip-flop phe-
nomenon was that it consisted of multiple timescales which 
exhibited little regularity, i.e., the switchover time interval 
was intermittent and even random. It is worth noting that 
during our experimental campaign, 12 groups of succes-
sive pressure measurements (with a sampling frequency of 
312.5 Hz and a sampling time of 32 s for each group) were 
repeated for each test case. At the angle of attack α of 0°, 
the switchover frequency in the lift force for each recorded 
signal was identified to be random, though it remained at a 
very low level, as illustrated in Fig. 10. This is also consist-
ent with previous research findings.

As shown in Figs. 4b and 6, two vortex systems were 
found to form in the wake region of the cylinder: one was 
attached to the rear wall of the cylindrical test model and the 
other was located downstream. The absolute instability of 
the wake flow behind the circular cylinder was responsible 
for the vortex formation behind a stationary cylinder, as sug-
gested by Triantafyllou et al. (1986). By performing a linear 
stability analysis, the stability nature of the velocity profile 
in the wake could be determined. Based on the time-aver-
aged velocity profiles obtained by the PIV measurements at 
different downstream locations, the expansions in Cheby-
shev polynomials firstly introduced by Orszag (1971) were 
adopted to solve the inviscid Orr–Sommerfeld equation. The 
dispersion relation � = �(k) mapped ki constant lines on the 
� plane at different X/D average velocity profiles. For differ-
ent ki, a group of quadratic maps with similar shape touched 
at the critical point that had a coordinate of (�r, �i). The 
nature of the instability was determined by the imaginary 
part of the critical part �i. As suggested in Triantafyllou 

Fig. 8   Time history of the instantaneous lift coefficients

Fig. 9   Frequency spectrum of the lift force time histories: natural 
cylinder (up) and the slotted cylinder at α = 0° (down)

Fig. 10   Frequency variations of the lift time histories for different 
measurements
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et al. (1986), a positive �i supported an absolute instability, 
while a negative �i would support a convective instability.

Figure 11 illustrates a map of iso-value contour lines (i.e., 
ki constant) in the complex plane of �, in which k is the 
complex wave number and ki denotes its imaginary part. The 
Orr–Sommerfeld equation was solved to plot Fig. 11 based 
on the time-averaged velocity profile behind the natural cyl-
inder at the downstream location of X/D = 0.75. The mapped 
curves touched at the critical point, which looked like a cusp 
on the plane. As can be identified from Fig. 11, the imagi-
nary part of the critical point was 0.40, while its real part (�r)  
was 1.33. Therefore, the mean velocity profile of the wake 
flow behind the natural cylinder at the downstream location 
of X/D = 0.75 supported an absolute instability, resulting 
in the formation of vortex in the near wake. In addition, the 
Strouhal number (St) could be obtained by the real part of 
the critical value �r, by St = �r∕2� = 0.21, which was in 
excellent agreement with the non-dimensional vortex shed-
ding frequency derived from the power spectra analysis of 
the measured dynamic lift forces acting on the test model 
(i.e., St =  fD∕U0 = 0.204).

Figure 12 illustrates the �i values at different downstream 
locations for the natural and slotted cylinder. It can be seen 
that with the implementation of a slot, the results of the 
linear stability analysis showed a great modification in the 
wake flow. As suggested in Baek and Karniadakis (2009), 
the local peak values of �i predicted the maximum local 
growth rates, which was associated with the center of vor-
tices formed in the wake. It can be seen from Fig. 4 that the 
center of the vortices behind the natural cylinder was near 
the station of X/D = 1.0. In Fig. 12, two absolute instability 
pockets separated by a saddleback valley could be observed 
in the near wake of the slotted cylinder, which also reflected 

the evolution of vortex formation. As in Fig. 4, two vortex 
systems were formed in the wake region: one was attached 
to the rear surface of the cylindrical test model and the other 
was located farther downstream. The vortex centers were 
found close to the location where the predicted peak values 
of �i appeared in Fig. 12.

3.3 � Flow structure at α = 45°

The time-averaged streamlines around the slotted cylinder at 
� = 45° are plotted in Fig. 13. It can be seen clearly that only 
a small amount of airflow was formed and jet into the wake. 
Besides, the interaction between the jet flow and the sepa-
rated shear layer near the outflow orifice was weak at this 

Fig. 11   Map of lines ki  =  constant in the ω plane, at X/D  =  0.75 
behind the natural cylinder

Fig. 12   Imaginary part of the critical point versus X/D for baseline 
and slotted cylinder

Fig. 13   Time-averaged streamlines in the near wake of the slotted 
cylinder at α = 45°. (TKE contour level is consistent with Fig. 4)
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angle of attack. As a result, a symmetric recirculation region 
was formed in the wake behind the slotted cylinder and the 
TKE distributions were found to be quite high, which were 
similar to the flow characteristics around a natural circular 
cylinder without a slot. Figure 13 confirms that the effects of 
the slot are almost negligible at the angle of attack � = 45°.

3.4 � Boundary layer suction and blowing at α = 90°

The time-averaged streamlines around the slotted cylin-
der at � = 90° are plotted in Fig. 14. Due to the boundary 
layer suction, the low energy fluid in the boundary layer 
was removed and the flow followed along the surface of 
the cylinder where the slot was vertically implemented for 
a considerable distance. As a result, the flow separations 
on both sides were notably delayed, though not been pre-
vented completely. This observation was consistent with the 
pressure distributions, as illustrated in Fig. 2. Besides, the 

wake width behind the slotted cylinder was decreased and 
the vortex formation length was greatly shrunk in compari-
son with the natural cylinder. It can be noted that the TKE 
distributions were not symmetric, despite the symmetry of 
the model setup and flow conditions. The reason is that the 
laser sheet was manipulated from the bottom to the upside, 
and in this case the area near the upper slot could not be suf-
ficiently illuminated by the reflection mirror placed on top, 
as shown in Fig. 1d.

With respect to the instantaneous flow structures, vor-
ticity analysis as given in the above sections was adopted 
to identify the dynamic characteristics of vortex motion, 
including location, size, strength and rotation direction. The 
objective of the analysis given in this section is to gain an 
insight into boundary layer suction. However, according to 
the definition of vorticity, it describes not only the vortex 
motions but also shearing motions in the flow. In the near-
wall region, the strong shear layers will therefore make the 
identification of the virtual vortices difficult. To identify the 
vortex structures near the wall more clearly, a concept of 
swirling strength is adopted in this section. Swirling strength 
was defined as the imaginary part of the complex eigenvalue 
of the velocity gradient tensor by Adrian et al. (2000).

The instantaneous swirling strength behind the slotted 
cylinder at � = 90° was identified and presented in Fig. 15. 
It can be observed from Fig. 15a that a boundary layer suc-
tion was done on the upper end of the slot and the point of 
flow separation from this side was considerably delayed. A 
flow that could withstand more adverse pressure gradient 
was closely adhering to the cylinder wall and was moving 
along the surface of the suction side. On the other hand, a 
strong vortex formed and grew at the lower side. Since the 
slot could be considered as a zero-net-mass flux (ZNMF) 
actuator, a slot blowing would take place simultaneously at 
the lower side. In consequence, the shear stress was reduced 
and the vortex was shed into the near wake. As shown in 
Fig. 15b, the same phenomenon could be observed, but in 

Fig. 14   Time-averaged streamlines in the near wake of the slotted 
cylinder at α = 90°

Fig. 15   Instantaneous swirling 
strength in the near wake of the 
slotted cylinder at α = 90°
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an upside-down manner. Therefore, it can be concluded that 
a self-organized boundary layer suction and blowing would 
be realized alternatively without any external energy input. 
It is noteworthy that at � = 75°, a similar phenomenon could 
also be observed as that shown in Fig. 4g.

A fast Fourier transform analysis was performed to plot 
the frequency spectra of the measured dynamic lift forces 
acting on the test model at � = 90° and the result is illus-
trated in Fig. 16. The peak frequency was identified as 
31.2 Hz, which was very much close to the vortex shedding 
frequency from a natural cylinder (see Fig. 9). In addition, 
the corresponding period, T, was calculated to be 0.032 s. 
Since the sampling frequency of the pressure measurement 
was 312.5 Hz for the date acquisition, which was about ten 
times the target signals, it was possible to capture the time-
variant pressure distributions on the cylinder surface. The 
obtained time-variant pressure data have been non-dimen-
sionalized by Eq. (1), and the instantaneous distributions 
of the surface pressure coefficients within one period were 
plotted (Fig. 17).

As shown in Fig. 17, the negative pressure near the upper 
end (i.e., � = 90°) was found to be large at t = 0, and the 
pressure difference between the two slot ends were nota-
bly high. The pressure difference would drive a boundary 
layer suction. Consequently, the point of flow separation 
was delayed on the upper end of the slot. A flow that could 
withstand adverse pressure gradient was observed closely 
adhered onto the cylinder wall and was moving along the 
surface of the suction side, as shown in Fig. 15a. Because 
the slot was a zero-net-mass flux (ZNMF) actuator, the suc-
tioned airflow was evacuated simultaneously through the 
lower end of the slot. With the change of time (t), the pres-
sure distributions were found to fluctuate greatly. From the 
pressure distributions, it can be predicted that the suction 
would be gradually weakened on the upper end since the 

negative pressure region recovered gradually. When the time 
increased to the half-period (t = 0.5 T), the large negative 
pressure distribution was formed near � = 270°, indicating 
that the suction side had been shifted to the lower end, while 
the upper slot end worked as the blowing end. At this time, 
the distribution of surface pressure coefficients was found 
to be symmetric with that of t = 0 at about � = 180°. It 
corresponded to the instantaneous flow structures plotted 
in Fig. 15b. The great pressure fluctuations on the cylinder 
surface would also result in larger aerodynamic forces acting 
on the cylindrical model. As time continued to increase to a 
whole period (t = T), the pressure distributions were found 
to exhibit similarity to t = 0. Presumably, the boundary layer 
suction would occur at the upper end again. Therefore, the 
periodically fluctuating pressure distributions on the cylinder 

Fig. 16   Frequency spectra of the lift force at α = 90°

Fig. 17   Instantaneous evolutions of the surface pressure distributions 
on the slotted cylinder within a period at α = 90°
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surface would lead to an alternative boundary layer suction 
and blowing process on both ends of the slot at � = 90°. The 
alternating frequency was found to be consistent with the 
vortex shedding frequency.

4 � Concluding remarks

The flow characteristics around a circular cylinder with a 
slot at different angles of attack were experimentally inves-
tigated in the present study. The cylindrical test model 
was manufactured with a slot having a fixed slot width of 
S = 0.075 D and viable angle of attack � (i.e., changing 
from 0° to 90°). The experimental study was performed in 
a wind tunnel at the Reynolds number of Re = 2.67 × 104 
based on the cylinder diameter and the speed of incoming 
airflow. The pressure distribution measurements on the cyl-
inder surface and PIV measurements were both conducted 
to quantify the flow around the natural and slotted cylinders 
at various angles of attack.

At low angles of attack (� = 0°–30°), the slot was found 
to contribute to a passive flow control scheme. As a result, 
both CD and CL of the slotted cylinder were found to be lower 
than the baseline values, and the wake flow patterns were 
modified greatly. For the test case with slot at the angle of 
attack � = 0°, it can be observed from the PIV measure-
ment results that the passive flow generated from the slot 
would jet into the near wake and interact with the recirculat-
ing flow behind the cylinder, resulting in two recirculation 
regions in the wake behind the test model. A linear stability 
analysis was also conducted to confirm the vortex forma-
tion behind the slot cylinder. A bistable flow phenomenon, 
which is often referred to as flip-flop, was also identified and 
discussed for the test case with the slot at � = 0°.

When the angle of attack of the slot reached 45°, the 
effects of the slot were found to be minimal and almost 
negligible. The surface pressure distributions, aerodynamic 
coefficients and wake flow patterns behind the slotted cylin-
der for this test case were found to exhibit significant simi-
larity to the natural cylinder without slot (i.e., the baseline 
case).

As the angle of attack of the slot continued to increase 
(i.e., � = 60°–90°), self-organized boundary layer suction 
and blowing without requiring any external energy input 
were observed. For the angle of attack of the slot 90°, instan-
taneous flow structures behind the slotted cylinder revealed 
that a boundary layer suction was performed on one end of 
the slot and the flow separation point from this side was sub-
stantially delayed. A vortex was formed and closely adhered 
onto the cylinder wall and was moving along the surface 
of the suction side, while another strong vortex was found 
to form and grow on the other end. Pressure measurement 
results revealed that the pressure difference between the two 

ends would lead to a boundary layer suction. Furthermore, 
the periodically fluctuating and changing pressure distribu-
tions were found to be responsible for the alternative bound-
ary layer suction and blowing process on both ends of the 
slot as well as the larger aerodynamic forces acting on the 
slotted cylindrical model. Due to the alternative boundary 
layer suction and blowing, the flow separation points on 
both sides were found to be notably delayed, the wake width 
behind the slotted cylinder was decreased and the vortex 
formation length was greatly shrunk, in comparison to the 
baseline case for the cylinder without slot.

The findings of the present study also imply that, for a 
certain passive flow control method, the effectiveness of 
the flow control could be decreased greatly and even be 
switched to negative effects under different experimental 
settings (i.e., the slot at different directions in relation to 
the incoming flow for the present study). Further extensive 
studies are still needed to elucidate the underlying physics 
and to examine the relevant parameters, such as the possi-
ble flow directions and other important flow parameters, to 
explore/optimize the design paradigms in the implementa-
tion of a passive flow control scheme to various practical 
engineering applications.
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