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a b s t r a c t

The present paper is devoted to an investigation on the flow-induced noise control
downstream of bluff bodies with various leading edges using the surface perturbation
technique. Four typical leading edges used in various engineering applications were stu-
died in this work: the semi-circular, square, 301 symmetric trapezoid and 301 asymmetric

embedded underneath the surface of a bluff body placed in a cross flow. To suppress the
flow-induced noise downstream bluff bodies with those leading edges, the surface per-
turbation technique was implemented. Based on the experiments, a noise reduction in the
duct of more than 14.0 dB has been achieved for all leading-edge cases. These results
indicated that the vortex shedding and its flow-induced noise have been successfully
suppressed by the proposed control scheme. The flow structure alteration around the bluff
bodies and the shear layer shift phenomenon observed on the trailing edges were then
investigated for interpreting the control mechanism for this flow-induced noise sup-
pression, which were based on the vortex shedding strength suppression and vortex
shedding frequency shift phenomenon. The effective control position for various leading
edges was also studied for developing optimal control strategies for practical engineering
applications.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Structural vibration and acoustic noise commonly observed in engineering applications can be caused by the generation
of vortex shedding behind a bluff body, which is placed in a cross flow [1–3]. This phenomenon can be classified as one kind
of flow–structure–sound (FSS) interaction problems. FSS is relevant to a large variety of applications in mechanical, civil and
environmental engineering, thus arousing the extensive research interest during the last few decades. Generally, this
phenomenon can be controlled by using either passive or active control methods [4]. Without requiring additional energy
input, typical passive control methods include surface modifications with roughness, splitter plate and small secondary
control cylinder [5–7]. While in active control methods, the flow system is altered via actuators which are driven by the
external energy input. Active control methods can further be classified as open- and closed-loop control depending on
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whether feedback signals are used in the control process. Rotary, streamwise, transverse oscillations of a bluff body and
inflow oscillation [8–11] are the representative open-loop control examples. While typical closed-loop control examples
include Berger [12], Huang and Weaver [13], and Cattafesta et al. [14–16] used the feedback signals from the dynamic
system for the control actions.

Pursuant to the surface perturbation technique proposed by Cheng et al. [17], a series of experimental studies were
carried out using various configurations [18]. It was demonstrated that the actively controlled perturbation could suc-
cessfully alter the interactions by ensuring proper synchronization between the motion of the perturbed surface and vortex
shedding. The primary benefit of this control method is that both vortex shedding strength and the vortex-induced
structural vibration could be simultaneously attenuated. The feasibility of using the proposed technique for the control of
flow-induced acoustic resonance with downstream acoustic cavities behind a semi-circular leading edge test model was
also investigated [19–21]. The latest work [20,21] provided a comprehensive assessment on the efficiency of the technique
by using an improved actuator configuration for the semi-circular leading edge bluff body, and more importantly, offered
explanations on the control mechanism of the perturbation technique in attenuating the flow-induced sound. It was
demonstrated that the effective reduction in the acoustic resonance is originated not only from a direct impairment of the
vortex shedding strength, but also from the perturbation-induced vortex shedding frequency shift, that could be predicted
using a simple formula, which described that the shift was linearly related to the equivalent increase of the thickness of the
bluff body in a flow duct.

However, the exploration on the bluff bodies with either a square leading edge or a semi-circular leading edge are still
needed to be generalized for various leading edges so that the surface perturbation technique can be used for various
engineering applications. Furthermore, more studies are still required to understand the physical mechanisms of the present
control technique on bluff bodies with various leading edges. Thus, bluff bodies with various leading edges were experi-
mentally investigated in the present paper, by using the same technique. Upon control deployment, corresponding flow
structure alterations for each test model with different type of leading edge, including the semi-circular, square, 301
symmetric and 301 asymmetric trapezoid leading edge test models were experimentally assessed. Three major objectives in
this work are: 1) To assess the performance of the surface perturbation control technique when it is applied to bluff bodies
Fig. 1. Test model in details. (a) Installation of the vibration module; (b) Top view A-A of the vibration module; (c) Side view B-B of the vibration module;
(d) Various leading edges of the test models in 3D view.
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with different leading edges, in both flow and acoustic fields; 2) To document and understand the flow structure alterations
around the test model, in terms of the boundary layer structure alteration and its shift from the original position, for further
interpreting the mechanism behind the vortex shedding strength suppression and vortex shedding frequency shift phe-
nomenon. 3) To investigate the effective control position for various leading edge test models.
2. Experimental set-up

Measurements were conducted in a closed circuit acoustic wind tunnel (1820 mm-long with a square test section of
100 mm� 100 mm), with details given in the previous work [20], the low background noise was achieved in this wind
tunnel since the noise of the motor and fan was mostly absorbed by acoustic duct linings. A rigid thick plate with a zero
angle of attack, called the ‘test model’ in the present experiment, is installed in the flow duct. The two ends of the test model
are rigidly fixed on the walls of the duct. THUNDER actuators developed by NASA Langley research center are used in the
present experiment for creating relatively large controllable perturbation on the upper surface of the test model.

Details of the test models are shown in Fig. 1. Various leading edges were used in test models (including four typical
leading edges commonly used in engineering applications: the semi-circular, square, 301 symmetric trapezoid and 301
asymmetric trapezoid leading edges) with the height of each test model to be h¼11.0 mm. The length of square leading edge
test model was 18.5 mm, while the length of the other test models was 23.0 mm. These test models were made up from a
vibration module shown in Fig. 1 and a leading edge module. Two curved THUNDER piezo-ceramic actuators were placed in
the test model as shown in Fig. 1. In order to create a maximum displacement in the transverse y-direction, the actuators
were installed in a cantilever manner. A thin plastic plate of 1.2 mm thick, called as the ‘vibration plate’, was mounted flush
Fig. 2. Experimental setup. (a) Control system and measurement system; (b) Experimental setup in 3D view.
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with the upper surface of the plate, and connected with the cantilevered end of the THUNDER actuators by using a double-
sided tape. The vibration plate driven by the actuators, would oscillate to create a span-wise uniform transverse vibration
along the y-direction of the test model, which were confirmed by the measurement of velocity over the plate using a laser
vibrometer. Fig. 1(d) shows the 3D view of the various leading edges of the test models.

Fig. 2 shows the entire test configuration together with the measurement system. To generate the control perturbation,
two cantilever actuators were simultaneously activated by a sinusoidal signal with controllable frequency, using the dSPACE
rapid control prototyping system, and then amplified by a dual-channel PZT amplifier (Trek PZD 700), as shown in Fig. 2. A
sinusoidal signal at a single frequency in an open-loop control scheme was used. The acoustic pressure was measured by a 1/
20 0 condenser microphone (B&K 4189), which was flush-mounted on the top wall of the duct at the trailing edge of the test
models. A 5 μm tungsten single hot wire was deployed to measure the fluctuating flow velocity at various positions around
the test model. It could be located at any positions around the test model depending on the requirement of the mea-
surement. Generally, the position of the hotwire was determined in the shear layer or vortex trajectory for measuring the
velocity fluctuations to indicate the turbulent region, commonly observed in both before and after control cases. In the
present experiment, the flow speed was adjusted in the experiment to ensure that there was stable vortex shedding behind
the bluff bodies. Sound is produced when a bluff body placed in the flow fluid [22], later Howe's theory [23] quantified that
the sound is associated with periodic shedding of vortices. In a duct, the sound generated is reflected back and can become
very loud. When the vortex shedding frequency is close to the frequency of the appropriate acoustic mode in the space, the
resonance can occurs over a range of flow velocity [24]. Therefore stable vortex shedding would be generated behind the
bluff bodies with a relatively high sound pressure level (SPL) at the vortex shedding frequency. Based on this observation,
the experimental set-up, as detailed in this manuscript, was designed to achieve this vortex shedding occurrence. A number
of measurements using hot-wire and microphone in the duct have confirmed the existence of vortex shedding behind the
bluff body, consistent with the observation from previous works [24,25]. Thus, the subsequent investigations are based on
the observation that stable vortex shedding occurred downstream, and the flow velocity fluctuation can be used to identify
the vortex shedding strength at the vortex shedding frequency. The hot wire was used to measure velocity fluctuations at
the vortex shedding frequency, and these velocity fluctuations assist the identification of the flow structures and their
corresponding change around the bluff bodies after the control application. Thus the measured positions of hot wire were
determined by the distribution of flow structures around the bluff bodies and the measurement objectives. In addition, a
Polytec Series 3000 Dual Beam laser vibrometer was used to measure the displacement at the center of vibrating plate
produced by actuators. All measurement signals were recorded for the duration of 11 s using a personal computer through a
12-bit A/D board at a sampling frequency of 6000 Hz per channel after amplification.

In order to have the consistent flow conditions as in the previous work [20,21], the flow velocity was set to the same
value U ¼ 8:2 m=s. Before the installation of the test model, a single boundary hot wire was used to measure the boundary-
layer thickness, δ, at free-stream flow velocity U ¼ 8:2 m=s. Here, δ is customarily defined as the distance from the wall to
the point where u yð Þ ¼ 0:99 U, beyond which the flow velocity is essentially U. The measured δ was about 4.0 mm in the
present case, corresponding to a uniform flow region in the duct from y¼�46 mm to y¼46 mm in y direction. The Reynolds
number was 5980 based on the thickness of bluff body and the free-stream velocity U ¼ 8:2 m=s.
3. Parameter identification and control performance for various leading edges

3.1. Vibration characteristics and optimal control parameters

Firstly, the vibration characteristics of the vibrating plate on the test model, being excited by embedded THUNDER
actuators, were investigated by measuring the displacement at the center of plate using a laser vibrometer. The results
shown in Fig. 3 include two cases: (1) various controlled excitation frequencies at a constant control voltage of 160 V;
(2) various control voltages at the optimal control frequency. It was observed from Fig. 3(a) that the test model’s frequency
Fig. 3. Vibration characteristic of the vibrating plate on the test model, measured at the center of the vibrating plate. (a) At various control frequencies. The
control voltage was set to 160 V; (b) At various control voltages. The control frequency was set to 30 Hz.



Fig. 4. The control performance for different control voltages at U¼8.2 m/s for various leading edges of the test model, measured by microphone inside the
duct. The control frequency was set to 30 Hz.
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response peaked at around 30 Hz, and rapidly decreased in magnitude as the excitation frequency increased. The maximum
displacement of control actuation of the test model was measured to be 0.90 mm at approximately 30 Hz. It is clear that a
large actuation of the test model would be better for achieving a satisfactory control performance. Therefore, the optimal
control frequency was chosen to be 30 Hz. Fig. 3(b) shows that at the optimal control frequency 30 Hz, the displacement dp
of the vibrating plate installed on the upper surface of the test model monotonously increased with the increase of control
voltage.

The developed control system [20] was implemented to the system to control the vortex shedding and the flow-induced
noise in the duct. As concluded those papers, the THUNDER actuators had an optimum activation frequency. Therefore, the
amplitude of the control voltage was to be adjusted. The effect of varying the control voltage at 30 Hz on the noise reduction
in the duct is shown in Fig. 4 in terms of Sound Pressure Level reduction (ΔSPL) with respect to their uncontrolled coun-
terparts for four different leading edges. Here, ΔSPL is the magnitude difference between the peaks of the noise spectra at
the vortex shedding frequency before and after the active control was implemented. The control voltage was about 160 V,
which was limited by the maximum voltage allowable for THUNDER actuators, the control voltage could not be further
increased, since high control voltage might damage the THUNDER actuators. A microphone installed in the duct recorded
the same general trend of increasing noise reduction as the control voltage was increased for these four different leading
edges, while for the asymmetrical configuration, it was found that a further increase of control voltage (Vp482 V) would
not result in a better performance.

Furthermore, for the square leading edge test model, a gradual noise reduction was observed as control voltage was
increased from 0 to 130 V. However, a significant increase in noise reduction level was observed when the control voltage
Vp4130 V. Since the displacement of the vibrating plate at the test model has a gradual increase with the increase of
control voltage (as shown in Fig. 3(b)), the drastic change in the noise reduction level should not be attributed to the sudden
change of control action. It is known that the vortex shedding generated behind the square leading edge test model could be
described by the ‘leading edge vortex shedding’ (LEVS) [24,25], which began at the leading edge and then travelled
downstream along a horizontal parabolic path. It was observed that when the fluid flows pass a leading or trailing edge of
the test model, a shear or velocity gradient would exist in a layer of fluid flow, this layer of fluid flow was called ‘shear layer’
[24,25]. The region of shear layer with increasing amplitudes close to the surface of square leading edge test model was
stronger than those for the semi-circular and symmetric trapezoid leading edge models, as will be observed in the mea-
surements described in Section 4.1. Based on the observation, one plausible reason is that when control voltage Vp4130 V
and displacement dp40:64 mm, the vibrating plate generated a large enough perturbation to influence the shear layer,
leading to a significant weakening of the vortex shedding as shown in Fig. 4.

Furthermore, a special phenomenon was observed for the asymmetric trapezoid leading edge test model. The vortex
shedding is generally generated downstream the test model through the interaction between the two separating shear
layers on both sides of the bluff body [24,25]. For the asymmetric trapezoid leading edge test model, as observed in the
measurement, the vortex shedding was mainly generated on the upper surface of test model and propagated downstream
for a short distance, as will be observed in the measurements described in Section 4.1. In Fig. 4, the best control performance
can be achieved at relatively low control voltage of around 82 V. In summary, the surface perturbation technique seems to
be effective for all four typical leading edges.

It should be noted that the vortex shedding frequency is not of a multiple integer of 30 Hz, which is the control frequency
used. The present experiments indicate this complex fluid–structure interaction affects the higher harmonics of the vortex
shedding frequency that cause the noise reductions at higher harmonics. Thus, different control frequencies can be used as
long as they can provide sufficient level of maximum displacement for the control actuation, since the control performance
is mainly affected by the magnitude of surface perturbation.



Fig. 5. Control performance shown in frequency-domain at U¼8.2 m/s, measured by microphone inside the duct. The control frequency was 30 Hz.
(a) Semi-circular leading edge test model; (b) Square leading edge test model; (c) Symmetric trapezoid leading edge test model; (d) Asymmetric trapezoid
leading edge test model. The corresponding control voltages are 160 V, 160 V, 160 V and 82 V, respectively.

Fig. 6. Control performance shown in frequency-domain at U¼8.2 m/s, measured by hot wire at x¼34 mm, y¼11 mm. The control frequency was 30 Hz.
(a) Semi-circular leading edge test model; (b) Square leading edge test model; (c) Symmetric trapezoid leading edge test model; (d) Asymmetric trapezoid
leading edge test model. The corresponding control voltages are 160 V, 160 V, 160 V and 82 V, respectively.
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3.2. Control performance

Using the optimal control voltage obtained in the previous analysis, the control performance was further investigated in
both sound and flow fields. Fig. 5 depicts the sound pressure spectra obtained from the Fast Fourier Transform (FFT) of time
domain signals from respective microphone’s measurements inside the duct for four different leading edges, with a fre-
quency resolution of 0.1 Hz. It can be seen that, upon control deployment, the sound pressure in the duct underwent
significant reductions for all cases. The spectra indicated that with control, the SPL in the duct decreased from 75.9 dB to
61.4 dB (a reduction of 14.5 dB), 93.9 dB to 78.5 dB (a reduction of 15.4 dB), 78.6 dB to 59.4 dB (a reduction of 19.2 dB) and
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76.2 dB to 53.1 dB (a reduction of 23.1 dB) for the respective semi-circular, square, symmetric and asymmetric trapezoid
leading edges at the vortex shedding frequency. Furthermore, it was found that there was a moderate increase in noise level
at low frequencies when control was applied on the system, as shown in Fig. 5. This extra noise was generated by the fluid–
structure interaction between the upper surface of the vibration plate and the flow field around the test model at the
optimal control frequency.

The control effect in the flow field was investigated in terms of the power spectrum density of flow velocity Eu measured
by hot wire, located at downstream of the test model at x¼34 mm, y¼11 mm (x¼29.5 mm, y¼11 mm for the square
leading edge test model), as shown in Fig. 6(a–d). Here, Eu is the power spectrum density of the measured velocity flow
fluctuation with the unit ðm=sÞ2=Hz. From the figures, it can be seen that Eu at the vortex shedding frequency has decreased
from 2.8e-3 to 2.0e-4 (a reduction about 92.8%), 1.5e-2 to 3.2e-3 (a reduction about 80.0%), 3.0e-3 to 3.0e-4 (a reduction
about 90.0%) and 2.1e-3 to 2.0e-4 (a reduction about 90.5%) for the respective semi-circular, square, symmetric and
asymmetric trapezoid leading edges at the vortex shedding frequency. Though the hot wire could only measure the flow
velocity fluctuations, these velocity fluctuations were indicative of the vortex shedding, with the strength reduction of the
velocity fluctuations indicated the corresponding reduction on the vortex shedding. Therefore, the control was also effective
in reducing the flow velocity levels generated by the vortex shedding. Moreover, although the location of vortex center was
not known exactly, it was observed from the streamwise and lateral measurements (shown as the Figs. 8 and 10 in Section
4) that there was a consistent reduction of peaks in the power spectrum after the control application. It could thus be
inferred that there had been reduction in the strength of vortex shedding because of the control action. Therefore, the
hotwire measurement results can be reliably used to identify the strength of the vortex shedding.

Furthermore, it was found that for all these cases the vortex shedding frequencies were shifted to a lower value after the
surface perturbation application. This observation agrees with the previous results [20,21], and the detail for this phe-
nomenon will be explained in Section 4.2. An interesting observation is the appearance of dominant sub-harmonics and
higher-order harmonics of vortex shedding frequency, indicating the non-linear nature of the system of interest. It is
generally known that the vortex shedding frequency can be determined by the distance between the two shear layers
behind a test model [1]. The test models used in this work have the same thickness, but the distance of the shear layers will
be slightly different due to variation in leading edge types, leading to a slightly different fundamental vortex shedding
frequency. For the asymmetric trapezoid leading edge test model, the second harmonics of vortex shedding frequency is the
dominant harmonics at 322.7 Hz. For the square leading edge test model, the first sub-harmonics at 72.8 Hz dominated the
system response.
Fig. 7. The comparison of the peak values of Eu between before and after control for measured by hot wire along the path y axis from �22 mm to 22 mm
behind the test model at U¼8.2 m/s. (a) Semi-circular leading edge test model; (b) Square leading edge test model; (c) Symmetric trapezoid leading edge
test model; (d) Asymmetric trapezoid leading edge test model.
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4. Discussions on the control mechanisms

4.1. The vortex shedding strength reduction mechanisms of various leading edges

Experiments were performed to examine the vortex shedding type around various leading edge test models. A hot wire
was moved along the y-direction at x¼34 mm (x¼29.5 mm for the square leading edge test model). The power spectrum
density of flow velocity Eu at the vortex shedding frequency was measured before and after control, with results shown in
Fig. 7. For the symmetric leading edge test models, a relatively symmetric power spectrum density distribution can be
observed. For these cases, there are two maximum peak values within the range y¼�22 mm to y¼22 mm. These maximum
peaks can be attributed to the strongest shear layer, which are the regions of flows with significant velocity gradient [26]
associated with the shear layer. The interaction of two shear layers on both sides of bluff body can subsequently generate the
vortex shedding that propagates downstream [1]. If the shear layers on both sides of test model do not have the same
strength due to the non-symmetric surfaces or other conditions, the stronger shear layer will dominate the interactions
between these two shear layers, leading to asymmetric power spectrum density distributions behind the test model. In
general, the vortex shedding behind the semi-circular test model is called the trailing edge vortex shedding (TEVS), while
the vortex shedding behind the square leading edge is called the leading edge vortex shedding (LEVS) [24,25,27,28]. The
characteristic of these TEVS and LEVS can be observed in Fig. 7. It is found that the maximum strength of TEVS occurred at
approximately y¼�5.5 mm and y¼5.5 mm, which correspond to the upper and lower sides of semi-circular leading edge
test model shown in Fig. 7(a). For the square leading test model result shown in Fig. 7(b), however, the maximum strength
of LEVS occurred at approximately y¼�11 mm and y¼11 mm, which were located further upper and lower than those for
the semi-circular leading edge test model. The width of shear layers for the symmetric and asymmetric trapezoid leading
edge test models, shown in Fig. 8(c-d), are wider than that of shear layers for individual TEVS and LEVS cases. These results
were confirmed by Deniz and Staublib [27] who showed that the flow for the symmetric trapezoid leading edge test models
is separated at the leading-edge, but the leading-edge vortices are at the side surfaces and/or edges of the body before
separating from the trailing edge. Thus the vortex shedding behind these types of bluff bodies should be the intermediate
case between the TEVS and LEVS. Here the intermediate means the shear layer observed behind the bluff body contains the
characteristics of shear layers that represent both TEVS and LEVS. This is based on the observation of the shear layer
measured for separate TEVS (the semi-circular leading edge) and LEVS (the square leading edge) cases, as shown in Fig. 7.
Similar results were observed by Taylor et al. [28] who used the test models with the square, semi-circular and triangular
leading edges to study the features of vortex shedding around the bluff bodies. It was observed that the corresponding
vortex shedding types for those test models were respectively LEVS, TEVS and the intermediate case between the TEVS
and LEVS.

For further investigation, the power spectrum density distribution was also measured by using a hot wire that was
moved along x direction at y¼11 mm. The peak values Eu at the vortex shedding frequency were then measured before and
Fig. 8. The comparison between without control and with control for the peak values of Eu measured by hot wire along the path y¼11 mm, x from 0 to
80 mm at U¼8.2 m/s. (a) Semi-circular leading edge test model; (b) Square leading edge test model; (c) Symmetric trapezoid leading edge test model;
(d) Asymmetric trapezoid leading edge test model.



Fig. 9. The comparison of the peak values of Eu between before and after control for measured by hot wire along the path y axis from 5.6 mm to 15.0 mm
on the trailing edge the test model at U¼8.2 m/s. (a) Semi-circular leading edge test model; (b) Square leading edge test model; (c) Symmetric trapezoid
leading edge test model; (d) Asymmetric trapezoid leading edge test model.

Fig. 10. The shear layer shift phenomenon, measured by hotwire along the trailing edge of the test model at U¼8.2 m/s. (a) Measured peak values for y
from 6.00 mm to 15.00 mm behind the square leading edge test model; (b) Normalized peak values for y from 6.00 mm to 15.00 mm behind the square
leading edge test model; (c) Measured peak values for y from 5.60 mm to 15.00 mm behind the semi-circular leading edge test model; (d) Normalized peak
values for y from 5.60 mm to 15.00 mm behind the semi-circular leading edge test model.
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after control as shown in Fig. 8. From Fig. 8(a), the shear layer strength associated with TEVS, slowly increased from the
trailing edge until they reached the more stable state at x¼40 mm downstream the test model. For the LEVS case shown in
Fig. 8(b), vortex shedding has already started upstream the trailing edge, which agrees with the experimental results done
by Stokes and Welsh [25], which stated that for the short bluff body, the vortex shedding is generated by the interaction of
two shear layers behind a test model. However, for the case of asymmetric trapezoid leading edge test model in Fig. 8(d),
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there was no stable vortex shedding occurring downstream the test model. The plausible reason is that the two shear layers
on both sides of test model were not similar as indicated in Fig. 7(d). As a result, unequal shear layers could not develop into
stable vortex shedding, and these shear layers would dissipate after only a short distance behind the test model. This
observation demonstrates that a surface perturbation control technique can be used to create unbalanced shear layers, by
simply generating the surface perturbation on one side of test model.

A hot wire was moved from y¼6.00 mm to 15.00 mm (from y¼5.60 mm to 15.00 mm for the semi-circular leading edge
test model) at the trailing edge of the test models for measuring the power spectrum density of flow velocity Eu at the
vortex shedding frequency before and after control, as shown in Fig. 9.

It can be observed from Fig. 9(a) that the maximum peaks of Eu are located around y¼6.50 mm for the semi-circular
leading edge test model, which is consistent to the corresponding maximum peaks at around y¼5.50 m in Fig. 7(a). The
locations of the maximum peaks are different between the two figures because of different flow structures at the measured
positions. The results in Fig. 9(a) were measured at the trailing edge of the test model, while results shown in Fig. 7(a) were
measured at x¼34 mm from Fig. 9(a), the maximum peaks of Eu should be away from the surface of the test model, since
the generated vortex shedding behind the test model was attracted by the other shear layer at the opposite surface of test
model, causing the maximum peaks of Eu to be shifted closer to the lower surface. These results are agree with the
descriptions in Gerrard’s paper [1]. After applying control action, these maximum peaks were reduced to smaller values as
shown in Fig. 9(a), as the corresponding maximum peaks also suppressed in Fig. 7(a). Similar comparisons can also be found
in Fig. 10(b–d) and Fig. 8(b–d). It is clear that the surface perturbation applied between the leading edge and the trailing
edge, can affect the downstream flow structures or the vortex shedding.

For the symmetric trapezoid and asymmetric trapezoid leading edge test models, the flow structures at the trailing edges
are quite different from each other as shown in Fig. 9(c) and (d). The maximum peaks of Eu for the symmetric trapezoid
leading edge are located at around y¼6.5 mm and y¼9.6 mm, while for the asymmetric trapezoid leading edge, the
maximum peak is at around y¼8.2 mm. The asymmetric trapezoid leading edge test model, however, does not have
balanced shear layers as shown in Fig. 7(d), leading to no stable vortex shedding behind the test model. In contrast, the
symmetric trapezoid leading edge test model has two symmetric shear layers behind the test model as shown in Fig. 7(c),
therefore the interaction of shear layers generates the stable vortex shedding which propagates downstream. Since the
trapezoid leading edge is the intermediate case between the semi-circular and square leading edges, the vortex shedding
behind the bluff body is not simply the TEVS or LEVS. Fig. 9(c) indicates that the combined aspect of TEVS and LEVS exists
behind the trapezoid leading edge. Therefore, its physical mechanism can be regarded as the combination of the vortex
shedding mechanisms for the semi-circular and square leading edge.

Based on the present experimental results, the vortex shedding mechanism can be generalized for more general types of
leading edges, with special cases for the semi-circular leading edge with its TEVS, and the square leading edge with its LEVS.
For trapezoid leading edges, it is observed that the vortex shedding mechanism is a combination of LEVS and TEVS. The
incoming flows can be divided into two kinds of flows when passing over the trapezoid leading edge, some are still attached
to the surface of the bluff body while the others are separating and they act as independent shear layers.

Another aspect worth investigating is for the asymmetric trapezoid leading edge test model. As shown in Fig. 7(d), there
was rather weak vortex shedding at y¼6.5 mm, compared to that associated with TEVS for semi-circular and symmetric
trapezoid leading edges (Fig. 7(a) and (c)). However, due to instability of vortex shedding, the vortex shedding weakened
downstream (see Fig. 8(d)). Fig. 8(d) shows that there still has vortex shedding near the trailing edge of the asymmetric
trapezoid leading edge test model. However, the flow structures from the upper and lower surfaces of the test model cannot
regularly interact with each other, so the vortex shedding disappear within a short distance behind the test model. Fig. 7
(d) depicts this unbalanced vortex shedding, where the vortex shedding at above the bluff body (y¼6.5 mm) is considerably
stronger than that under it (y¼�6.5). Furthermore, the maximum strength of vortex shedding occurred at about y¼6.5 mm
(See Fig. 7(d)) which is mainly caused by TEVS generated from the attached flow structures on the upper surface of test
model, while the LEVS could not be generated effectively due to two different separating shear layers on the leading edge.
Therefore the LEVS initially dominated TEVS at the trailing edge, but due to its instability the LEVS weakened downstream
and TEVS started to dominate although at a weakened state. This phenomenon indicates that if the regular flow structures
from the upper and lower surfaces can be disturbed using a surface perturbation, the interaction between the flow
structures can be affected in a way that the vortex shedding generations can be suppressed. The results also indicate that
apart from using an active control method, a passive control method by using an asymmetric surface on the bluff body can
also be used to suppress the vortex shedding downstream.

Based on the investigation, the vortex shedding characteristics over a bluff body is affected by the relative strength of
LEVS and TEVS. If the leading edge geometry is more squared, relatively strong LEVS will be generated that can dominate
over TEVS since its shear layer develops earlier. If the leading edge geometry is more semi-circular, relatively weaker LEVS
will be generated and TEVS will dominate as the consequence. In the case of the asymmetric leading edge, the stability of
both LEVS and TEVS cannot be maintained, because there are no regular interactions of flow structures generated from both
surfaces of bluff body. The applied surface perturbation between the leading edge and trailing edge generates additional
vortices that interact with the vortex shedding process by altering the flow structure around the test model. These addi-
tional vortices from the oscillating vibration plate will destroy the spatial coherency of the trailing edge vortex system [20].
As the consequence, all these processes contribute to the reduction of the strength of shear layers, resulting in a reduction of
vortex shedding downstream the test model. While for the free shear layers which are separating at the leading edge, the
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shear layers gradually propagate away from the surface of the test model at the separate point, from x¼0 mm, y¼75.5 mm
to the position of around x¼29.5 mm, y¼711 mm for the present cases. The applied surface perturbation can generate the
required flow disturbance to weaken the shear layers, so weak vortex shedding is generated.

In addition, although the surface perturbation was applied only on one side of the various leading edge test models, the
effect on the flow structure occurred on both sides of the test models, as evidenced by the symmetric feature of the curves
shown in Fig. 7(c). This phenomenon can be explained by considering the formation mechanism of the vortex shedding. In
fact, the vortex street is generated behind the test model through the interaction between the two separating shear layers
on both sides of the bluff body. The one-sided perturbation disturbs one of the shear layers and subsequently alters its
interaction with the other shear layer, leading to a reduction of the vortex shedding strength. Therefore, the proposed
surface perturbation technique does not need to be applied on both surfaces of the bluff body for achieving satisfactory
control performance.

In summary, the alteration on upstream flow structures could change the downstream flow structures by creating
unbalanced shear layers. As a consequence, the vortex shedding strength can be affected leading to the reduction of flow-
induced noise in the duct. The strength of the vortex shedding is determined by the relative strength and the distance of the
shear layers. Therefore, one of key factors for controlling the vortex shedding behind the bluff bodies is by altering the shear
layers to prevent the generation of vortex shedding [1]. It was observed from Figs. 8–10 that after the control application
using surface perturbation, the flow structure around the test model was altered, thus the flow structure behind the test
model was correspondingly changed. The strong shear layers behind the test model were reduced to relatively weak shear
layers, resulting in the generation of weak vortex shedding. Fig. 8 shows that from the leading edge to the downstream of
the test model, the vortex shedding have been suppressed after applying the surface perturbation control.

4.2. Shear layer shift mechanism

It is observed in Figs. 5 and 6 that the vortex shedding frequency was shifted to a lower value after applying the surface
perturbation. Previous work [20] had concluded that the shift of the vortex shedding frequency can be attributed to the
effect of the perturbation and it can be quantified in terms of displacement by using a simple formula. Furthermore, Gerrard
[1] has pointed out that there are two important factors for determining the vortex shedding frequency behind bluff bodies:
the distance between two shear layers and the turbulence of the shear layers. When the shear layers are brought closer
together, the periodic time is shortened. An increase in the turbulence in the shear layers will result in their being more
diffuse in the region of interaction and take longer for initiate shedding. In the present paper, more measurements were
conducted to investigate the boundary layer or shear layer alteration at the trailing edge of the test model by using the hot
wire. The results can be used to explain the physical mechanism of the vortex shedding frequency shift. Since the vortex
shedding behind the symmetric trapezoid leading edge test model are the combination of TEVS and LEVS, while the
asymmetric trapezoid leading edge test model does not have stable vortex shedding, the present analysis is only focused on
the semi-circular and square leading edge test models.

Firstly, a hot wire was moved from y¼5.60 mm to 15.00 mm at the trailing edge of the semi-circular leading edge test
model, and the minimum step for measurement was Δy¼ 0:05 mm. Values of Eu at the vortex shedding frequency were
then measured before and after control with results shown in Fig. 10(a) for the semi-circular leading edge test model. In
order to compare the power spectrum density distribution before and after control in the same scale, the normalized peaks
of Eu before and after control at the vortex shedding frequency, were plotted in Fig. 10(b) for the semi-circular leading edge
test model. To evaluate the shifting of shear layers, a measure is introduced by using the centroid or the geometric center of
the area under each curve. For the analysis, the bandwidth is chosen to be the region with relatively high shear layer
strength from y¼5.60 mm to 7.80 mm as shown in Fig. 10(b). Based on the measurement data, the centroid’s y-location is
found to be 6.59 mm for the case without control. It is noted in Fig. 5(a) that the surface perturbation has shifted the vortex
shedding frequency from 156.7 Hz to 153.7 Hz, a frequency shift of about 3.0 Hz. Using the equation developed in previous
work [20], it is predicted that the overall increase of effective displacement between two shear layers is about 0.21 mm,
indicating that the shift for each shear layer is about 0.105 mm. After applying the surface perturbation, the original shear
layers were disturbed to a relatively weaker shear layer. Based on measurement data shown in Fig. 10(b), it is found that the
new centroid’s y-location is 6.69 mm, reflecting a shift of 0.10 mm from the original shear layers to the new shear layer. The
centroid’s shift is indeed reasonably close to the predicted value of 0.105 mm, associated with the vortex shedding frequency
shift of 3.0 Hz.

Secondly, a hot wire was moved from y¼6.00 mm to 15.00 mm at the trailing edge of the square leading edge test model,
and the minimum step for measurement was Δy¼ 0:05 mm from y¼10.50 mm to 12.50 mm. Values of Eu at the vortex
shedding frequency were then measured before and after control with results shown in Fig. 10(c). In order to compare the
power spectrum density distribution before and after control in the same scale, the normalized peaks of Eu before and after
control at the vortex shedding frequency, were plotted in Fig. 10(d). The bandwidth of the calculation for the centroid is
chosen to be the region with relatively high shear layer strength from y¼9.00 mm to 13.00 mm as shown in Fig. 10(d). Based
on the measurement data, the centroid’s y-location is found to be 10.82 mm for the case without control. It is noted in Fig. 5
(b) that the surface perturbation has shifted the vortex shedding frequency from 72.8 Hz to 69.3 Hz, a frequency shift of
about 3.5 Hz. Using the equation developed in previous work [20], it is predicted that the overall increase of effective
displacement between two shear layers is about 0.52 mm, indicating that the shift for each shear layer is about 0.26 mm.
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After applying the surface perturbation, the original shear layers were disturbed to a relatively weaker shear layer. Based on
measurement data shown in Fig. 10(d), it is found that the new centroid’s y-location is y¼11.05 mm, reflecting a shift of
0.23 mm from the original shear layer to the new shear layer. The centroid’s shift is indeed reasonably close to the predicted
value of 0.26 mm, associated with the vortex shedding frequency shift of 3.5 Hz.

The above observation confirms that the actively controlled perturbation actually generates a flow structure alteration on
the upper surface of the test model. This control action does not only weaken the shear layers, but also separates the two
shear layers away from each other same as observed by the hot wire measurements. As a result, the overall increase of
effective displacement between shear layers leads to a shift in the vortex shedding frequency.
4.3. Effective perturbation position for various leading edges

The previous experiment utilized a vibration plate that almost covered the entire upper surface of test model. In practice,
only a part of the surface on the test model may be used for surface perturbation. So the effective surface perturbation
positions for both the square and semi-circular leading edges need to be carefully investigated. Such an investigation will
provide insights into how an optimal control strategy can be implemented for test models with different leading edges.

The test model with the reduced surface area was developed to investigate the effect of surface perturbation location to
the control performance. For the design of the test model, the width of the vibration plate should be as small as practically
possible to allow the surface perturbation to be generated at a specific point-wise location over the test model. This assists
with the analysis since the surface perturbation could be applied at this point-wise location. For this purpose, a suitable
dimension for the vibration plate was carefully considered due to the fabrication limitation. The use of vibration plate with
different widths (1 mm, 2 mm and 3 mm) has been investigated and it was found that that the one with 3 mm width
provide the most practical option for the test model, allowing the vibration plate to have only 13% coverage out of the total
surface area of the test model. The locations for the vibration place were deliberately chosen nearby the leading edge and
trailing edge respectively, to investigate the effect of surface perturbation in influencing the leading edge vortex shedding or
trailing edge vortex shedding for a number of test model configurations. Thus a 3 mm-vibration-plate was installed on the
upper surface of the test models, including the semi-circular leading edge and square leading edge test model. As shown in
Fig. 11(a), the 3 mm-vibration-plate was installed 6 mm away from the semi-circular leading edge, but 14mm away from the
trailing edge, and it was classified as C-1 test model. In Fig. 11(b), the 3 mm-vibration-plate was installed 1 mm away from
the trailing edge but 19 mm away from the semi-circular leading edge and it was classified as C-2 test model. These two
positions shown in Fig. 11(a) and (b) are the two important positions in the vortex generation region which are related to the
initial stability of shear layer and the generation of the TEVS. In Fig. 11(c) and (d), the 3 mm-vibration-plate was installed
1mm away from the square leading edge, but 15 mm away from the trailing edge, and it was classified as S-1 test model.
Fig. 11. The sketch for the 3 mm-vibration-plate semi-circular and square leading edge test model. (a) C-1; (b) C-2; (c) S-1; (d) S-2.



Fig. 12. The control performance of different perturbation positions at U¼8.2 m/s. (a) Semi-circular leading edge test model; (b) Square leading edge
test model.
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Finally, the 3 mm-vibration-plate was installed 1mm away from the trailing edge but 15 mm away from the square leading
edge, classified as S-2 test model.

Various measurements were conducted by using the surface perturbation. The noise reductions measured in the duct by
increasing the control voltages are shown in Fig. 12(a) for the semi-circular leading edge test model. It was found that the
control action applied at these two positions were both effective in reducing the noise in the duct. The best control per-
formances of 10.0 dB for the case of C-1 and 5.5 dB for the case of C-2 were achieved. From the results, it is clear that the
control performance for the case when the perturbation was near the leading edge is better than the case that the per-
turbation position was near the trailing edge. Therefore, it is beneficial to locate the surface perturbation near the semi-
circular leading edge. This result is expected because the additional vortices generated by this surface perturbation can
develop further downstream so to be able to affect the TEVS in a more effective way. Although the surface perturbation only
covered 13% of the upper surface of test model, the configuration can be used to achieve 10 dB SPL reduction in the duct.
This is compared to 14.5 dB SPL reduction achieved using the surface perturbation that covered 100% of the upper surface.

For the square leading edge test model, the best control performance of 12.0 dB for the case of S-1 and 1.2 dB for the case
S-2 were achieved (Fig. 12(b)). The control was only effective when the perturbation was applied near the leading edge of
the test model. When the perturbation was applied near the trailing edge, the vortex shedding had already fully developed
and stable at some distance away from the surface of the test model. The small surface perturbation generated by the
vibration plate in the study could not directly affect the vortex shedding but influenced it via the vertical velocity generated
by the vibration plate. The vertical velocity was much smaller than flow velocity contained in the vortex shedding, so the
vertical velocity perturbation could only disturb the vortex shedding strength by a small amount. When the surface per-
turbation technique was applied near the leading edge of the test model, the surface perturbation could better influence the
path of LEVS. Using only 13% of the vibration surface, such a control configuration could achieve a 12 dB SPL reduction
measured in the duct, in contrast to a 15.4 dB SPL reduction using 100% of vibration surface. Contrasting the results for both
leading edges, it can be observed that better noise reduction was achieved by the semi-circular leading edge when the
vibration surface was located near the leading edge. This can be expected since the surface perturbation can be applied
upstream the generated vortex shedding for the semi-circular leading edge, while the perturbation can only be applied
downstream the vortex shedding for the square leading edge.

In summary, although the effective perturbation positions for semi-circular and square leading edges are both located
near the leading edge of the test models, the control strategies are completely different due to the different vortex char-
acteristics of these two leading edges. For a square leading edge test model, the control action of the surface perturbation
mainly takes effect in the vortex generation region. Although the surface perturbation can be located anywhere within this
region, the optimal control strategy is to arrange the perturbation at the position near the leading edge where the shear
layer is at its initial stage of development. By this way, an effective vortex strength and noise reduction can be achieved
simply by using a narrow vibration plate and a low control voltage.
5. Conclusions

The surface perturbation technique was experimentally investigated for test models with various leading edges. Four
leading edges were used since they represent typical leading edges commonly used in engineering applications. In the
experiments, different size of the plate, chord length and the flow velocity had been tested, and the results shown in this
manuscript were the primary results based on the experimental measurements and analysis. The main conclusions are
summarized as follows:

(1) The surface perturbation was successfully applied for the flow-induced noise behind bluff bodies with various leading
edges. With control, the SPL in the duct decreased from 75.9 dB to 61.4 dB (a reduction of 14.5 dB), 93.9 dB to 78.5 dB (a
reduction of 15.4 dB), 78.6 dB to 59.4 dB (a reduction of 19.2 dB) and 76.2 dB to 53.1 dB (a reduction of 23.1 dB) for the
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respective semi-circular, square, symmetric and asymmetric trapezoid leading edges at the vortex shedding frequency,
which indicated that the vortex shedding and its flow-induced noise have been successfully suppressed. The control
performance for a bluff body with a general leading edge can be explained by understanding the vortex shedding
mechanism that is a combination of LEVS and TEVS.

(2) The surface perturbation between leading edge and trailing edge causes additional vortices that interact with the vortex
shedding process by altering the flow structure around it, resulting in a reduction of the vortex shedding strength
downstream the test model. On the other hand, the applied surface perturbation between the leading and trailing edge
could generate the flow disturbance to weaken the shear layers developed early at the leading edge, leading to weaker
vortex shedding downstream the test model. Additional, the investigation leads to a conclusion that the proposed
surface perturbation technique does not need to be applied on both surfaces of a bluff body, since a one-sided surface
perturbation should be sufficient for achieving satisfactory control performance.

(3) The surface perturbation alters the flow structure on the upper surface of the test models with various leading edges.
This control action does not only weaken the shear layers, but also separates the two shear layers away from each other,
resulting in a shift in the vortex shedding frequency. This phenomenon turns out to be critical in off-setting the acoustic
resonance observed previously [20].

(4) The optimal control strategy is to arrange the perturbation at the position near the leading edge so that the surface
perturbation can generate additional vorticities that can further develop in strength downstream. This way, an effective
vortex strength and noise reduction can be achieved simply by using a narrow vibration plate and a low control voltage.
Furthermore, the size of the vibration surface also matters since a larger surface perturbation can perturb a larger
section of flow over the test model, generating more effective vortices for control purposes. For a given size of vibration
plate, a lower control voltage can be achieved for the semi-circular leading edge test model since the perturbation can
be applied before the vortex shedding is generated at the trailing edge.
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