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I 

Abstract 

Vortex shedding after a bluff body in the cross flow creates alternating lift and 

drag forces on the rear surface of the body, which can cause serious structural 

vibrations, and considerable acoustic noise particularly due to the acoustic resonance 

with a downstream cavity. This phenomenon can be classified as a type of 

flow-structure-sound (FSS) interaction. FSS is a very complex and challenging 

research area, which is relevant to a large variety of applications in mechanical, civil 

and environmental engineering. One aspect awaiting technological breakthrough is 

the development of innovative technologies for stabilizing flow and suppressing 

flow-induced vibration vortex-induced noise at the same time. This issue motivated 

the present research, in which the active control of flow-induced acoustic resonance 

has been experimentally investigated by using a novel surface perturbation technique. 

Seven interrelated subtopics are addressed in the present thesis. Major conclusions 

are: 

1) The vortex shedding from a semi-circular leading edge test model and its 

associated acoustic resonance was controlled by utilizing a novel surface perturbation 

technique in the open-loop control scheme. It was observed that the control 

performances were repeatable and reliable. A reduction of sound pressure level (SPL) 

of about 16.3dB in the duct and 21.3dB in the cavity was achieved by using the 

optimal control parameters.  

2) During the generation of the trailing edge vortex shedding for the 

semi-circular leading edge test model, a pressure pulse was generated and feedback to 

the leading edge shear layer to influence the formation of the next vortex shedding. 
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The surface perturbation technique generates a small local perturbation in the space 

between leading edge shear layer and trailing edge, which disturbs the pressure pulse. 

The change of the pressure pulse alters the generation of next vortex shedding that can 

lead to a reduction in the vortex shedding strength. This mechanism is referred to as 

‘Pressure Disturbance Mechanism’. Furthermore, the surface perturbation technique 

changed the geometry of the up surface of test model and shifted the shear layer 

which was attached to the surface. The shift disturbed the shear layers around the test 

model, and thus resulted in a clear disturbance on the formation of the trailing edge 

vortices, leading to a significant reduction in the vortex strength in the wake of the 

model.  

3) A frequency shift phenomenon was observed in both open-loop and 

closed-loop control scheme, and its effect on suppressing acoustical resonance inside 

the cavity was discussed. A formula was derived to predict this frequency shift in the 

effective control region. It was shown that the applied perturbation brings about a 

small increase in the effective height of the control plate, resulting in a frequency shift. 

If the shedding frequency shift exceeded the resonance bandwidth of the downstream 

acoustic cavity, the sound reduction inside the cavity would be larger than that in the 

duct. This phenomenon along gave a rise to a further sound pressure reduction of 5 dB 

for open-loop control and 4.4dB for the closed-loop control inside the acoustic cavity, 

respectively.  

4) Closed-loop tests were proposed for a semi-circular leading edge test model, 

along with a down-sampling control algorithm. It was observed that the closed-loop 

control could achieve a better control performance than that of the open-loop control. 

At the optimum control voltage and control phase delay, a noise reduction of 17.5 dB 

in the duct and 22.6 dB inside the cavity was obtained. In particular, the phase delay 
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of control actuation could be optimally tuned so that the strength of vortex shedding 

energy could be minimized effectively, leading to a satisfactory noise reduction in the 

duct and cavity. This process was evident from the spectral phase shift results, where 

the vortex traveling time has been delayed at downstream of the test model.  

5) For the square leading edge test model, the developed surface perturbation 

technique was also effective. However, the control mechanism was found to be 

different from that of the semi-circular leading edge test model. The path of the 

leading edge vortex shedding started from the leading edge and then propagated 

downstream. The vertical velocity generated by the perturbation played the key role in 

the vortex strength reduction. More significant reductions can be achieved when the 

velocity disturbance was near the propagation path of the vortex shedding.  

6) The control strategies for two primary leading edge geometries have been 

investigated. The optimal control strategy for the semi-circular leading edge test 

model consists in arranging the perturbation at the position where the pressure pulse 

was the smallest. This way, the targeted noise reduction can be achieved by using 

perturbation within a relatively small area at a low control voltage. While for the 

square leading edge test model, the optimal control strategy requires applying the 

perturbation near the propagation path of the LEVS for achieving sufficient vortex 

strength abasement.  

 7) The energy distribution at vortex shedding frequency along the up surface of 

test model measured by the hot wire was used to identify the existence of the pressure 

pulse for the semi-circular leading edge test model. It was found that the pressure 

pulse had strong directivity characteristics; therefore, a small disturbance generated 

by the surface perturbation can change the direction of the pressure pulse and then 

influence the generation the vortex shedding.  
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1. Introduction 

1.1 Background 

Bluff bodies are utilized in many branches of engineering, such as aeronautics, 

mechanical, chemical and civil engineering. When subjected to airstreams at lower 

Reynolds numbers (the ratio between the inertia force and the friction force acting on 

the fluid), the flow over a bluff body is highly viscous, and the force exerted on the 

bluff body is mainly attributed to skin friction. However, when the Reynolds number 

exceeds a critical value, the so-called vortex shedding phenomenon occurs in the 

wake, resulting in alternating lift and drag forces on the rear surface of the body. Such 

alternating lift and drag forces can cause the oscillation of the bluff body. In general, 

vortex shedding can potentially cause serious structural vibrations, considerable 

acoustic noise particularly due to acoustic resonance, significant increases in the mean 

drag and lift fluctuations. A lot of efforts have been concentrated on this particular 

fluid-structure interaction (see, e.g., Bishop & Hassan [1], Tanida et al [2], Griffin & 

Ramberg[3], Davies[4], Sarpkaya [5], Bearman [6], Ongoren & Rockwell [7] and 

Williamson & Roshko[8]).  

In some other engineering applications such as mixing, combustion or heat 

transfer, such vortex shedding phenomena actually need to be enhanced in order to 

achieve a better performance. However in most cases, vortex shedding from bluff 

bodies needs to be impaired to reduce drag of vehicles, flow induced vibration and 

noise (among many studies, see e.g. Roshko [9-10], Monkewitz [11], Schumm et al. 

[12], Roussopoulos and Monkewitz [13]). Vortex-induced structural vibration should 

be suppressed in the cases of long-span bridges, tall buildings and towers, electric 

power transmission, heating ventilations and cooling systems. This is because the 
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excessive vibration may cause significant structural deformations or even damages to 

the engineering structures in the long run. Famous examples of catastrophical failures 

caused by vortex-induced vibration include the collapse of the Tacoma Narrows 

Bridge due to a sustained steady wind producing vortex shedding at the bridge 

resonance frequency over a long period of time and the damage of piling during the 

construction of an oil terminal on the Humber estuary of England in 1960s [3]. These 

serious accidents demonstrate the necessity of reducing the occurrence of resonance 

and synchronization of structures in the flow. Therefore, the control of vortex 

shedding behind bluff bodies is a subject of continued high interest and a considerable 

practical importance. There have been a considerable amount of research that focus 

on developing methodologies on how such vortex-induced structural vibration can be 

reduced (Ware& Shah[14], Yamane& Orita[15], Guerout & Fisher [16] and 

Pettigrew& Taylor[17]). 

1.2 Literature Review 

1.2.1 The vortex shedding process 

When considering the effect of viscosity in the system, the vortex shedding 

process can be explained. In general, a viscous fluid satisfies a no-slip condition of its 

particles on the surface of a body immersed in the flow. Even if the viscosity is very 

low this condition will hold but its influence on the flow regime will be confined to a 

small region: the boundary layer along the surface of the body. Within this boundary 

layer the velocity of the fluid changes from zero on the surface to the free-stream 

velocity of the flow as shown in Figure 1-1 for a flat plate. 
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Figure 1-1 Boundary layer for a flat plate 

 
Whilst the free stream is pulling the boundary layer forward the skin friction at the 

solid wall is retarding it. At surfaces with high curvature there can also be an adverse 

pressure gradient adding to the retarding action, which may cause the flow to be 

interrupted entirely and the boundary layer may detach from the wall. This 

phenomenon is called separation. Concerning the adverse pressure gradient, 

streamlined bodies can still experience the separation if the angle between free stream 

and surface is large enough. The viscosity and free stream velocity have an important 

influence and they can be described by the so-called Reynolds number 

v
Ul

=Re                                          (1) 

where
ρ
μ

=v  ,which is the kinematic viscosity, μ  is the dynamic viscosity of the 

fluid, ρ  is the density of the fluid and l  the characteristic length. For example, a 

great variety of changes in the nature of the flow occur with an increasing Reynolds 

number when the flow past a circular cylinder. The dependence of drag coefficient 

and pressure distribution on it is shown in Figure 1-2 and Figure 1-3. 
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Figure 1-2 Reynolds number dependence of drag coefficient for circular cylinder [20] 

 
Figure 1-3 Cylinder pressure distributions for different Re [21] 

 
At a very low Reynolds number (below 0.5), the inertia effects are negligible and 

the flow pattern is very similar to that for laminar flow, the pressure recovery being 

nearly complete. This means, that the pressure drag is also negligible and effective 

drag on the body is entirely due to skin friction. At an increased Reynolds number, 

approximately between 2 and 30, separation of the boundary layer occurs at two 

points at the back of the cylinder. Symmetrical eddies are formed which rotate in 

opposite direction. They remain fixed and the flow closes behind them. Further 

increase of the Reynolds number elongates the fixed vortices, which then begin to 

oscillate until they break away at a Reynolds number of around 90. The breaking 
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away occurs alternately from one and the other side, and then eddy travels 

downstream. This process is intensified with further increase of Reynolds number 

while the shedding of vortices from alternate sides of the cylinder is regular. This 

leads to the formation of the characteristic wake which is known as vortex street or 

Kármán vortex street. The eddying motion is periodic both in space and time. The 

pressure drag at this stage is already larger than the profile drag. Having passed a 

transition range where the regularity of shedding decreases, above a Reynolds number 

of 300 vortex shedding is irregular. However, there still is a predominant frequency 

but the amplitude appears to be random. At very high levels of Reynolds number from 

about 5103×  the separation point moves rearward on the cylinder. The drag 

coefficient decreases appreciably. The flow in the wake becomes so turbulent that the 

vortex street pattern is no longer recognizable. 

Generally, the process of vortex shedding and its dependence on the Reynolds 

number is highly complex which makes analytical as well as numerical treatment very 

challenging. A comprehensive overview of the vortex shedding phenomenon and its 

different modes has been presented by Zdravkovich [22]. Since the vortex shedding 

exerts a fluctuating force on the body, which is of particular interest when the body 

can be excited to oscillations, Strouhal [23] defined a dimensionless shedding 

frequency, the Strouhal number, to characterize this process 

U
ftSt =                                      (2) 

where f  is the shedding frequency, and t  is the thickness of the bluff body. For 

circular cylinders the formula can be applied when 5102Re250 ×<< .  

Parkinson [24] stressed that the most important physical parameters of a 

two-dimensional body exhibiting vortex-induced oscillations are the size and shape of 

its after body which is the part of the cross-section downstream of the separation 
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at the salient edge, whereas on bluff body with continuous surface curvature the 

location of separation depends both on the shape of the body and the state of the 

boundary layer. At low Reynolds numbers, when separation first occurs, the flow 

around the bluff body remains stable, but as the Reynolds number is increased to a 

critical value, these instabilities can lead to the vortex shedding. Until now, there is no 

complete theoretical solution to the problem of vortex shedding. Gerrard [30] has 

given an extremely useful physical description of the mechanics of the 

vortex-formation region. A key factor in the formation of a vortex-street wave is the 

mutual interaction between the two separating shear layers. It is postulated that a 

vortex continues to grow, fed by circulation from its connected shear layer, until it is 

strong enough to draw the opposing shear layer cross the near wake. The process of 

vortices which oppositely signed, in sufficient concentration, cut off further supply of 

circulation to the growing vortex, which is then shed and moves off downstream. 

Gerrard’s vortex-formation model can be illustrated as Figure 1-5, which indicates 

several entrainment flow processes.  

 
Figure 1-5 Vortex-formation model showing entrainment flows (Gerrard [30])  

 
In this model, entrainment flows (flow A, B and C) play an important role in vortex 

formation. Entrained flow A is engulfed into the growing vortex while flow B finds its 

way into the developing shear layer. The near wake region between the base of the 

body and the growing vortex oscillates in size, and further flow C, is temporarily 

Flow 

A
B

C
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entrained into it. Entrained flow A, which contains some fluid with oppositely signed 

vortices to that in the growing vortex, is the largest of the three flows. The photograph 

in Figure 1-6 shows smoke filaments around a bluff body, and the interaction between 

two shear layers and the vortex forming on the opposite side of the wake is clearly 

seen.  

 
Figure 1-6 Visualization of the flow in a bluff-body wake [6] 

 
The interaction process of shear layer interaction is extremely well illustrated in 

the numerical calculations of Abernathy & Kronauer [31]. They represented two 

parallel shear layers of opposing signs by rows of point vortices. The rows were 

disturbed and calculation proceeded until clouds of vortices resembling a vortex street 

were formed. Although these calculations may not have been carried out with the 

utmost mathematical rigor, they represent a very important step forward in the 

understanding of the mechanism of vortex shedding. They have shown that it is the 

presence of two shear layers, rather than the bluff body itself, that is primarily 

responsible for vortex shedding.  

Lucas and Turner [32] further presented the motion of boundary layers during the 

vortex formation process in detail and proved this model by using different bluff body 

geometries, as shown in Figure 1-7. Just downstream of the rear surface of the bluff 



1. Introduction 

9 

body there is a vortex formation region. Here, two shear layers 1SL  and 2SL  

alternately roll up to form the vortices in the wake. The process involves three flows: 

1) Flow A  from shear layer 1SL  on the opposite side of the wake is entrained into 

the growing vortex 1V  created from shear layer 1SL . 

2) Flow B  from shear layer 2SL  moves across the wake and is entrained by the 

shear layer 1SL  upstream of 1V , this causes detachment of 1V . 

3)  Flow C  from shear layer 2SL  is induced back into the formation region, by the 

action of the growing vortex 1V , ready to initiate production of the next vortex 2V  

on the opposite side of the wake. The strength of the vortices will be determined by 

the relative magnitudes of flows A, B and C. Normally C should be maximum, A 

minimum, with B just sufficient to ensure effective detachment of the growing vortex 

[32]. 

 

Figure 1-7 Motion of boundary layers during the vortex formation process (after Gerrad [30] and 
Lucas and Turner [32]).    

 
The six stages of the vortex shedding for a single bluff body in a half cycle are as 

follows Figure 1-8:  

Stage (a), the flow at rear of body reverses anticlockwise to clockwise. Flow of 

RH boundary layers moving into the RH vortex is about to stop as it becomes 

Flow 

Shear layer  
1SL

Shear layer
2SL

Formation region 

Growing vortex  ABC
1V



1. Introduction 

10 

detached. Anticlockwise vortex is about to move downwards to form the left-hand 

(LH) vortex. 

Stage (b), clockwise vortex is starting to form on right, i.e. C flow. LH boundary 

layers flow into LH vortex. RH layers starting to move left, i.e. B flow starting. 

Stage (c), as for (b) with clockwise vortex continuing to develop, RH layers 

moving further left as the B flow develops. 

 

Figure 1-8 Stages in vortex shedding for a single bluff body [33] 
 

Stage (d), as for (c) with a clockwise vortex (C flow) develops further, also RH 

layers moving further to left (B flow). LH layers still move into the LH vortex. 

Stage (e), as for (d), LH layers still moving into LH vortex but RH layers moving 

left (B flow) are about to cut off this flow of off. 

Stage (f), flow of LH layers into LH vortex stopping as LH vortex is detached. 

Clockwise vortex is about to move downwards to form RH vortex. 
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At very low Reynolds number, typically 50Re <=
v

Ut  (where U is free stream 

velocity, t the plate thickness and ν the kinematic viscosity of the fluid), the flow over 

a rectangular plate is completely laminar and the flow separation does not occur. At 

slightly higher Reynolds numbers, 100Re50 << , the flow remains attached to the 

leading edges and side faces of the plate but separates at the trailing corners, giving 

rise to vortex shedding and the formation of a von Karman vortex street in the wake. 

However, at all higher Reynolds numbers the flow is dominated by separation of 

shear layers at the salient points of the body, the leading and trailing corners. Even 

though the separation points are fixed, the flow regime established is still significantly 

dependent on the Reynolds number. The Reynolds number and the chord-to-thickness 

ratio tc  of the plate are the two most important parameters that determine the flow 

characteristics, when c is the length of the bluff body and t is the thickness of the bluff 

body.  

 

Figure 1-9 A single bluff body with square leading edge. 
 

Following flow separation from a leading corner of a long plate, the separated 

shear layer reattaches to the side surface of the plate, forming a closed 

leading-edge-separation bubble as shown in Figure 1-10a. The separation bubble is 

generally not steady, but fluctuates in length between Smax and Smin as indicated in 

the Figure 1-9. On a ‘short’ plate reattachment may or may not occur. For a 

sufficiently long plate the fluctuating shear layer reattaches intermittently on the plate 

(Figure 1-10b) and for a very short plate no reattachment occurs (Figure 1-10c). In 
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addition to the nature of the leading-edge separation, the flow regime established is 

influenced by the growth of instabilities in the separated shear layers and the 

characteristics of vortex shedding from the trailing edges of plate. All of these 

phenomena may be affected by the nature of incident flow, particularly the level of 

free-stream turbulence.  

 

Figure 1-10 Vortex patterns for a square leading edge bluff body. 
 

When a laminar shear layer separates from the leading edge of a bluff body, it 

may be subject to several types of instability. One is related to transition from laminar 

to turbulent flow. Another is related to vortex formation, which may involve a 

Kelvin-Helmholtz instability or, in the presence of a salient edge (such as the trailing 

edge of a single plate), an impinging-shear-layer instability. The source of both 

laminar-to turbulent transition and vortex formation can be seen as instability waves 

in the visualized flow patterns presented by Nakamura, Ohya and Tsuruta [21]. 

In the case of two-dimensional flow over short plates (i.e. plates with short stream 

wise chord length, or more specifically small chord-to-thickness ratio c/t) the two 

shear layers (of oppositely-signed vortices) separating from the leading corners do not 

reattach to the stream wise side faces but interact downstream of the plate. A flow of 
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this type shows strong similarities to the most extensively investigated bluff-body 

flow, namely that around a circular cylinder. An example of the similarity can be seen 

in Figure 1-11 which shows the flow patterns for a circular cylinder and a very short 

plate at similar Reynolds numbers. 

 

Figure 1-11 Patterns of flow around (a) a circular cylinder at Re=100 (Batchelor [34]) and (b) 
rectangular plate at Re= 200 (Bearman [35]). 

 
Details of the behavior of separated shear layers in the flow over circular 

cylinders, obtained in such investigations as those of Roshko [36] and Rockwell 

[37,38], can be expected to give a good indication of the behavior of the shear layers 

separating from the leading corners of short rectangular plates in particular the 

dependence on Reynolds number of the development of turbulent flow from 

instability of the laminar free-shear-layer and the development of vortices as a result 

of Kelvin-Helmholtz instability. The experimental findings of the cylinder 

investigations are broadly in agreement, although the Reynolds numbers which 

characterize various flow regimes differ somewhat according to individual 

free-stream flow conditions. 

On long plates the separated leading-edge shear layers reattach to the side faces to 



1. Introduction 

14 

form leading-edge-separation bubbles. The bubbles on the upper and lower surfaces 

appear to have no significant influence on each other. Each separated shear layer is 

subject to laminar-turbulent and Kelvin-Helmholtz instability: transition to turbulence 

and vortex formation may still occur, but vortices formed in each shear layer now all 

have the same sense of rotation (although opposite senses in top and bottom shear 

layers). There is also a similarity to circular cylinders with a splitter plate located 

downstream (Unal and Rockwell [38]), free mixing layers, or the separated shear 

layer behind a backward facing step (Eaton and Johnston [39]). In these flows, in 

contrast to the short rectangular plate flows, pairing of the small-scale instabilities 

does take place and a sub harmonic of the transition wave appears in velocity spectra. 

Depending on tc , the turbulent boundary layers can either roll into a regular 

vortex street in the wake of the plate without reattachment or with intermittent 

reattachment on the plate (‘short’ plates), or permanently reattach to form a separation 

bubble on the plate stream wise surface (‘long’ plates). For the short plates there is a 

critical value of 6.0≈tc  below which the plate does not interact with the separated 

shear layer (Bearman and Trueman [41]). Using wake frequencies from peaks in the 

velocity fluctuation spectra measured by hot-wire sensors, Parker and Welsh [40] 

identify four different flow regimes, depending on chord-to-thickness ratio.  

For 2.3≤tc , flow separation occurs at the leading edge of the plate and never 

reattaches. The shedding is an interaction generated at the leading and trailing edges 

of the plates and of the shear layers to form a vortex street. The separated shear layers 

roll up to form a vortex street downstream of the trailing edge of the plate without 

reattachment to it, there is a strong correspondence between the Strouhal numbers of 

the velocity fluctuations and the Strouhal numbers of frequency peaks observed in 

acoustic spectra. This leads to the conclusion that the vortex formation in the 



1. Introduction 

15 

separated shear layer is the main cause of noise radiation. The level of acoustic 

radiation reaches its maximum value at tc  corresponding to longer plates within 

this range. The anti-symmetric vortex street, which is a characteristic flow pattern for 

this regime, can occasionally, for a duration of a few shedding cycles, switch into a 

symmetric shedding mode, at least for 1300Re ≤ . Figure 1-12a shows the flow 

around a plate with tc  = 2 at Re ≈ 800, with separated shear layers forming a 

regular von Karman vortex street. However such anti-symmetric vortex shedding 

occasionally switches into symmetrical shedding as shown in Figure 1-12b. 

 

Figure 1-12 Flow visualization for a plate with tc  = 2.0 at 800Re ≈ : (a) anti-symmetric mode 
and (b) symmetrical mode. [42] 

 
For 6.72.3 ≤< tc , intermittent reattachment of the shear layers separated from 

the leading edge of the plate occurs on the stream wise surfaces. The separated shear 

layers reattach intermittently to the stream wise plate surfaces, vortex formation in the 

shear layer is the dominant cause of noise radiation for the smaller chord-to-thickness 

ratios. As the chord-to-thickness ratio is increased, the vortex shedding becomes 

weaker and the magnitude of the radiated noise drops as it apparently becomes 

dominated by complex three-dimensional effects. The radiation is also influenced by 

the low-frequency components associated with a variation in the impingement 

location of successive vortices. A typical flow pattern at 600Re ≈  is shown in 

Figure 1-13 for a plate with tc  = 3.6. In this case the separated shear layers reattach 

intermittently on the stream wise surfaces of the plates, as is indicated by hydrogen 
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bubbles swept downstream from a wire located just downstream of the plate’s trailing 

edge (top stream wise surface in Figure 1-13). The shear layers from both sides of the 

plates merge downstream of the trailing edges and form Karman Vortex Street. The 

peaks are distinct and accompanied by harmonics for the lower values of tc , but 

become smaller and less distinct as tc  is increased. The weakening of the 

characteristic peaks with the increase of tc  may indicate that as the time during 

which the separated shear layer is reattached to the plate increases the vortex 

formation in the layer becomes weaker and less regular and the flow becomes 

dominated by complex, three-dimensional flow fluctuations in the separated shear 

layers, as reported in previous investigations such as Kiya and Sasaki [43]. 

 

Figure 1-13 Flow visualization at Re ≈ 600 for a plate with tc  = 3.6 [42] 
 

For 166.7 << tc , permanent reattachment of the shear layer occurs, but no 

dominant spectral peak is detectable. The shear layer are always reattached upstream 

of the trailing edge and form a separation bubble which grows and divides in a 

random manner. This generates a boundary layer with discrete concentrations of 

vortices which move along the plate surface towards the vortex street formation 

region. The vortices are distributed randomly throughout the boundary layers and 

consequently produce irregular vortex shedding and no clear regular vortex street.  

The separated shear layer reattaches to the stream wise plate surfaces forming a 

permanent separation bubble, the only vortex shedding with a detectable discrete 
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frequency appears to occur at the trailing edge of the plate. This trailing-edge vortex 

shedding is weak and irregular, especially for the plates with the smaller 

chord-to-thickness ratios. It contributes to the noise radiation, but sound power level 

of the spectral peak corresponding to the shedding is relatively low. Figure 1-14 

shows flow in Regime 5 around a plate with tc  = 10 at Re ≈ 600 where the shear 

layers separate at the leading edges and reattach on the plate stream wise surfaces, 

forming permanent separation bubbles. The streak lines visible in the Figure 1-6 never 

reach the plate surface, with the mean separation/reattachment streamline located 

under the streak lines. The reattached flow separates at the trailing edges of the plate, 

forming a periodic vortex street. 

 

Figure 1-14 Flow visualization for a plate with tc  = 10.0, Re ≈ 600. [42] 
 

For 16≥tc , reattachment occurs and the spectra show a broad spectral peak 

that becomes sharper as tc  increases. The separation bubbles fluctuate in length in 

the same manner as described in 166.7 << tc , but the vortices, which are 

distributed randomly in the boundary layers, diffuse before reaching the trailing edge. 

The characteristics of the boundary layers on each side of the plate approach those of 

the fully developed turbulent state and interact to form a regular vortex street not 

directly related to the formation of leading edge separation bubbles. 
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The flow over a single plate with a semi-circular leading edge and a square 

trailing edge is characterized by attached flow over the leading edge and separation of 

the boundary layer at the trailing edge, followed by regular vortex street formation 

downstream of the plate. A sketch of the flow structures for flow past a semi-circular 

leading edge plate and a square leading edge bluff body is shown as Figure 1-15. 

There is only trailing edge shedding when flow pasts a semi-circular leading edge 

bluff body.  

 
Figure 1-15 Sketches of the vortical flow structures for flow past a semi-circular leading edge plate 

and a square leading edge bluff body. 
 

The results for plates with semi-circular leading edges show that only two 

regimes can be identified, separated by a jump in Strouhal number when tc  is 

approximately 1.20. Flow visualization showed that at tc =1.16, the flow separated 

from the curved surface and did not reattach, the two shear layer interacting directly 

to form the vortices behind the plate in the same way as for the shorter, square leading 

edge plates. The following figure show the result of vortex shedding from a plate with 

c/t=16 and t=12.1mm. It showed the vortices forming very close to the trailing edge 

and there was only trailing edge vortex shedding.  

 
Figure 1-16 vortex shedding from a plate with tc =16 and t=12.1mm [28]. 
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The theoretical analysis of aerodynamic noise radiation carried out by Lighthill 

[44, 45] shows that a field of aerodynamic quadrupoles constitutes the main source of 

acoustic radiation from a free turbulent flow. Lighthill’s result for the acoustic power 

W of quadrupole radiation from a free turbulent flow is 

5

28

a
LUW ρ

∝                                   (3) 

where ρ is the fluid density, L a characteristic length of the body, U the flow velocity 

and a is the speed of sound in the fluid. In contrast, Curle’s [46] extension of 

Lighthill's theory to turbulent flow over rigid objects shows that, if an object is small 

compared with the wavelength of the radiated sound, it can be treated as a dipole 

sound source and that the radiated acoustic power is proportional to the square of the 

force generated by the interaction between the fluid and the object, and the square of a 

characteristic frequency. This leads to:  
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where ω is a characteristic frequency (~ U/L), and F is the force fluctuation on the 

body. Experimental investigations aimed, either directly or indirectly, at testing 

Curle’s theory have been made by Etkin, Korbacher and Keefe [47]. 

1.2.3 Flow-induced acoustic resonances in duct 

It has been found in both experimental [48,49] and numerical studies [50,51] that 

shedding from both sides of the bluff body are out of phase and locked to a single 

frequency. The Strouhal number based on chord shows a stepwise increase with an 

increasing aspect ratio. This is a result of a feedback loop driven by vortices shed 

from the leading edge which later pass the trailing edge and generate a pressure pulse 

which in turn propagates upstream to lock further leading-edge shedding. More recent 



1. Introduction 

20 

work [52] has shown the presence of strong vortices forming at the trailing edge 

between the passing of leading-edge vortices and it has been proposed that the 

trailing-edge shedding plays a significant role in controlling the details of the 

feedback loop. As an example, a plate is placed in a duct as shown the sketch in 

Figure 1-17. The plate is placed centrally along streamwise axis parallel to the mean 

flow direction. Initially the flow is not locked and many frequencies may be present. 

If any of these frequencies match the natural frequency of the duct, the acoustic mode 

in the duct is excited and resonance occurs. If the flow system is receptive to this 

frequency, the flow will become locked and thus complete feedback loop, sustaining 

the resonance. Although it is possible to excite numerous acoustic modes in the duct, 

this study is only concerned with the first β-mode (as defined in [53]). This consists of 

a single standing wave in the cross flow direction. This field has a pressure node at 

the centre of the duct and an acoustic particle velocity node at the top and bottom 

surfaces of the duct. Earlier experiments by Welsh & Gibson [54] found two 

resonance ranges at 12.010.0 << tS  and 21.018.0 << tS  for a plate with an 

aspect ratio of 5=tc . These different resonances were excited by slowly increasing 

the flow velocity until the flow field became locked to the resonant acoustic field. If 

the plate had an aerodynamic leading edge, there was only one resonant range [55] 

because there is no leading edge shedding and the flow at the trailing edge is receptive 

only over a narrow frequency range. Later experiments [56] for plates in the range of 

165.0 << tc  found that while certain aspect ratios displayed multiple resonant 

ranges, these also showed a stepwise increase with aspect ratio. 
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Figure 1-17 Schematic of the plate in a duct leading to acoustic resonance. 

 
A similar phenomenon may occur if an acoustic cavity is present in the 

downstream. In that case, the acoustic resonance can be classified into self-induced 

and vortex-induced resonances. The former is excited by vortices shed from the 

orifice leading edge over the cavity, and often occurs in landing gears, weapon bays in 

aircrafts, and open cavities in moving vehicles. The latter is caused by vortex 

shedding from a bluff body in cross flows and is frequently seen in tube or plate 

bundles of heat exchangers and boilers, cascades of compressor blades and radial 

diffusers. Flow-induced acoustic resonance may induce acoustic pressure amplitude 

sufficiently high to cause very serious noise or vibration problems [57].  

Strouhal [58] showed that sound is produced when air flows around a body. 

Although he thought the sound was generated by friction, it is associated with 

periodic shedding of vortices. Howe’s theory [59] quantified the association. In a 

confined space, such as a duct, the sound generated is reflected back and can become 

very loud. The sound pressure level (SPL) produced by the flow around a plate with a 

semi-circular leading edge (Welsh et al.[55]) can reach 160 dB. In this case, the 

resonance occurs over a range of flow velocity where the natural Strouhal shedding 

frequency is close to the frequency of the appropriate acoustic mode in the space. 

Parker P-mode (Parker [53]) is the simplest acoustic mode for a plate in a duct. 
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When the velocity of air flowing past a plate with a semi-circular leading edge in a 

duct is increasing, the vortex shedding frequency from the trailing edge is 

proportional to flow velocity (Constant Strouhal number) until it approaches the 

P-mode acoustic frequency. Figure 1-18 shows the variation of the vortex shedding 

frequency and the SPL, at the frequency of the resonant acoustic β -mode. The major 

peak in SPL is due to locked shedding from the trailing edge, and has been described 

by Welsh et al [55]. Between 6 m/s and 15 m/s there are seven peaks in the SPL. The 

sound frequency at each peak is that of the P-mode (606Hz to 619Hz) which is much 

higher than the corresponding vortex shedding frequency shown in Figure 1-18. The 

disparity in frequency means that the vortex street is unlikely to be the source of 

sound. Stokes and Welsh [55] showed that for a plate with a square leading edge, 

P-mode resonances were generated over several ranges of flow velocity. The source 

of the sound was the stream of vortices shed from the leading edge separation bubble. 

These vortices moved along the plate and past the trailing edge where they exchanged 

energy with the sound field. The direction of the exchange depends on the phase of 

the acoustic cycle at which each vortex arrives at the trailing edge. This is primarily 

determined by the time taken for the vortices to traverse the length of the plate, and 

this in turn depends on the flow velocity. There are many possible time intervals, 

differing by a discrete number of sound cycles. And each corresponds to a different 

flow velocity range in which resonance is possible. Water droplets placed near the 

semi-circular leading edge of the plate used in the experiments described here show 

the existence of a small leading edge separation bubble. It is hypothesized that the 

sound field causes small vortices to shed from this bubble at the sound frequency, just 

as it does from larger bubbles on plates with square leading edges. These vortices 

would then enter the boundary layer and move along the plate past the trailing edge 
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where they act as a sound source before merging into the larger vortices observed in 

the vortex street. Evidence for this hypothesis is given in Figure 1-19. At the P-mode 

frequency, there is high coherence (0.98) between the probe microphone signal and 

the signal from the hot wire located above the mid-chord position of the plate. This 

means that the hot wire signal is associated in both frequency and phase with the 

sound field. However the velocity perturbation measured is much greater than the 

acoustic velocities anywhere in the region. Therefore, the coherence of the hot wire 

signal and the microphone response is attributed to the velocity fluctuations induced 

by passing vortices, whose release has been triggered by the sound field. 

 

Figure 1-18 Variation of vortex shedding frequency and SPL at the P-mode frequency with flow 
velocity [60] 
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Figure 1-19 Coherence of signals from the hot wire and the probe microphone located above the 
mid-chord position of the plate; flow velocity = 12 m/s; SPL = 93 dB [60]. 

 
Flow-excited acoustic resonance of duct that contains cavities of bluff bodies is a 

design concern in many engineering applications (Figure 1-20), such as tube bundles 

of heat exchangers and boilers (Blevins and Bressler[61]; Oengoren and Ziada[62]), 

cascades of compressor blades (Parker and Pryce[63]) and guide turning vanes in 

ducts and radial diffusers (Ziada et al.[64]). When these resonances are excited, the 

resulting acoustic pressure may exceed the dynamic pressure of the mean flow in the 

duct. This can be sufficiently high to cause acute noise and or vibration problems in 

diverse industrial equipment. The resonance occurs when the vortex shedding 

frequency sf  approaches that of first acoustic mode of the cavity. As the acoustic 

mode is excited by the dipole-like source of vortex shedding (Curle[46]), the resulting 

sound field of the resonant acoustic mode enhances the process of vortex shedding.  
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Figure 1-20 the sketch of the duct containing cavities 
 

Ziada and Shine (1999) and Graf and Ziada (1992) demonstrated that for piping 

systems with long side-branches ( 0.12,1 >>dL ) and large diameter ratios ( 0.1≈dt ), 

L is the length of the cavity and d is the height of the duct, the resonance frequencies 

of the coaxial side-branch modes can be accurately predicted based on the length 

between the ends of the side-branches and the speed of sound. The piping system can 

use the standard relationship used for long coaxial branches 

( )
L
nCf

2
12

2
−

=λ                                   (5) 

Where L  is the total length of the side-branches including the diameter of the main 

duct ( dLL ++ 21 ) and n  is the acoustic mode number. 

1.2.4 Control method 

Fundamentally, the bluff body excitation amplitude is controlled by the flow 

velocity, fluid and flow properties, dimensions and geometry of the body, damping 

and also on the orientation of the body to the flow direction. Hence, in general, by 

controlling one or more of these factors, the flow induced oscillations could be 

influenced. But, in situations where some of these factors could not be controlled or 
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unpredictable (for example, tall buildings exposed to extreme wind flows) or in 

situations where these factors are set at certain values to achieve certain other 

engineering objectives, other controlling measures have to be adopted. Two factors 

are centrally important in the vortex formation and shedding [18], (a) the shear layers 

should roll up to form vortices of sufficient strength; (b) the shear layers should 

interact closely with each other.  If any one of these factors (or both of them) is 

disabled or disrupted, then, it would prevent proper roll up of shear layers and thus, 

the vortex shedding phenomenon which would ultimately suppress the vortex-induced 

vibrations.  

Basically, vortex-induced vibrations could be controlled using passive and active 

control [67]. Gad-el-Hak [68] classifies recent bluff-body flow controls into three 

groups (passive, active open-loop, and active closed-loop controls, respectively) for 

cases of actuator(s) without power input, actuator(s) with power input but no sensor, 

and sensor(s) and actuator(s) with power input.  

Typical examples using passive methods include surface modifications with 

roughness [69], dimple [70, 71], helical wire [72], longitudinal groove [73], splitter 

plate [74], and small secondary control cylinder [75]. Among these passive methods, 

geometric modification in the spanwise direction near the separation point has been 

recognized as an effective control method. Although these techniques require no 

energy input, their effect has no relationship with flow or acoustic source and thus 

their performances are limited. 

Active control methods involve the input of energies via actuators to bring about 

desirable effect on shear flow and subsequent the flow-acoustic system, using either 

independent external disturbance (the active open-loop control), or feedback-signal 

controlled system (active closed-loop control). In both cases, one of the key points to 
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ensure a successful control is that actuators used should create significant effects on 

physical parameters to be controlled. There are many active open-loop control 

examples, such as rotary, streamwise, and transverse oscillations of a bluff body; 

inflow oscillation; electromagnetic forcing; steady blowing/suction; time-periodic 

blowing/suction; distributed forcing; and a synthetic jet; [76-86]. Sarno and Franke 

[87] successfully used the active open-loop control to suppress shear layer oscillations 

in a cavity through a 45° steady or pulsating flow injection to the flow at the cavity 

leading edge, resulting in a reduction of 10 dB in the sound pressure level (SPL) at the 

occurrence of the acoustic resonance.  

Controls using either passive or open-loop method cannot always lead to ideal 

performance for the control signal is not directly related to the response of the fluid 

field or body vibration. This problem can be solved by using active closed-loop 

methods; the input signal to the actuators for controlling is continuously adjusted 

based on the corresponding feedback signals acquired by sensors. Berger [88] first 

introduced the single-sensor feedback control by actuating a bimorph cylinder with 

signals from a hot-wire sensor located in the wake, reporting the possibility of 

suppressing vortex shedding behind a bluff body. Ffowcs Williams & Zhao [89] 

performed a feedback control of vortex shedding at Re = 400 with a loudspeaker 

based on the velocity phase information measured at a point in the wake and showed 

that velocity fluctuations at the nominal vortex shedding frequency were reduced. 

Park et al. [90] conducted a numerical simulation on a similar feedback approach by 

using a pair of blowing/suction slots on a cylinder and a single feedback sensor 

located in the wake, they showed that control results are sensitive to the feedback 

sensor location. Huang and Weaver [91] and Ziada et al [92] measured the fluctuating 

acoustic pressure inside the cavity, mounted on the wall of a tunnel, by a microphone 
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for feedback signals. The feedback signals were then amplified and phase-shifted by a 

controller to drive the loudspeakers at the entrance of the tunnel and at the upstream 

corner of the cavity, respectively. In this way, the shear layer oscillation across the 

cavity was attenuated by the acoustic excitation and thus the SPL under resonance 

was effectively reduced by 15 dB. In addition, Cattafesta et al. [93-95] and Kook et al 

[96] used an oscillating flap hinged near the cavity leading edge to disturb the shear 

layer separation. The action of the flap was controlled by a closed-loop controller with 

the feedback signals from the fluctuating acoustic pressure measured by a microphone 

within the cavity. As a result, the attenuation in SPL by 20 dB was reported in both of 

the two papers when the acoustic resonance occurred.  

Cheng et al [97] developed a novel perturbation technique to control both vortex 

shedding and structural vibration. The essence of the technique was to generate a 

controllable transverse motion of a structural surface using embedded piezo-ceramic 

actuators to alter fluid-structure interactions. The perturbed action to flow was based 

on an advanced piezoceramic THUNDER (THin layer composite UNimorph Driver 

and sEnsoR) [98] actuator. THUNDER could provide large displacement and load 

capacity, smaller dimensions, more reliability, strength and flexibility than other 

traditional actuators. In addition, its operation, unlike loudspeakers used in most other 

work, would not generate any noise.  

Zhang [99] experimentally studied an open-loop control of fluid-structure 

interaction by using the proposed perturbation technique. Three THUNDER actuators, 

embedded underneath the surface of the cylinder, and produced a periodic 

perturbation on the cylinder surface and thus the fluid field, which altered the 

interactions between synchronizing cylinder motions and vortex shedding. 

Subsequently, both vortex shedding and its induced cylinder vibration were modified 
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simultaneously.  

In order to improve the control performance obtained in the open-loop control 

and reveal the underlying physics of flow-structure interaction under external 

perturbation; Zhang et al. [100-103] developed a closed-loop control system based on 

a PID controller, including a resonant flow structure coupling on a flexible-supported 

rigid cylinder[100-101], a resonant flow-structure coupling on a fix-supported flexible 

cylinder [102], and a non-resonant coupling on a fix supported flexible cylinder.[103]. 

Three piezoelectric ceramic actuators were used to perturb the upper surface of the 

cylinder. They considered three control schemes using different feedback signals, 

such as the streamwise velocity signal (PID-u control), flow-induced structural 

oscillation signal (PID-Y control), and a combination of both signals (PID-Yu control). 

The feedback control based on PID-Yu showed the best result and led to an almost 

complete suppression of vortex shedding. This technique has recently been 

successfully applied to the control of noise caused by blade-vortex interaction (BVI) 

[104] and the control of airfoil aerodynamics [105]. Piezoceramic actuators are lighter 

and smaller than other actuation devices such as loudspeakers and electromagnetic 

actuators. Owing to its special design, the actuator presently used requires a relatively 

low energy input to generate appreciably large displacements. Typically, without any 

loading, it can vibrate at a maximum displacement of about 2 mm and a frequency up 

to 2 kHz. 

Zhang et al. [106] further proposed an active open-loop control to the control of 

vortex-induced acoustic resonance, comprised an upstream structure as vortex 

generator and a downstream acoustic cavity as noise amplifier. Piezoelectric actuators 

are embedded into the structure to generate control action to the flow. Experiments 

target the occurrence of acoustic resonance when the vortex shedding frequency 
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coincides with first acoustic resonance of the duct. It was found that the induced 

transverse vibrations were effective to reduce the acoustic resonance. The cavity 

sound pressure level (SPL) at resonance was reduced by 8.2 dB in presence of 

actuation. Zhang’s work mainly focused on flow-induced vibration. Though the 

flow-induced acoustic resonance phenomenon was investigated by using the 

open-loop control, apart from the apparent performance of the control, the underlying 

physical mechanism behind the control action still remained unknown. Furthermore, 

the sound reduction was interpreted as a direct consequence of the vortex strength 

impairment, the reason behind which, however, could not be fully explained either. 

Therefore, the primary objective of the present work is to provide a comprehensive 

assessment on the efficiency of the technique using an improved actuator 

configuration, and more importantly, provide experimental evidences for further 

explanation on the control mechanism of the perturbation technique in attenuating 

flow-induced sound. 

1.3 Motivations and Objectives 

The problem of flow-structure-sound (FSS) interaction is a very complex and 

challenging research area relevant to a large variety of applications in mechanical, 

civil and environmental engineering. Previous literature review shows that tireless 

effort of researchers and significant progresses have been made in the past few 

decades. But new ideas and breakthroughs are still much needed to provide practical 

solutions to various engineering problems.  

Most existing work has focused on a separate control of either flow field or 

structural vibration. A few papers which aim at controlling the structural vibration in a 

cross flow, considered the flow only as a disturbance, rather than a control target. In 

fact, a simultaneous control of both flow and its structural vibration would probably 
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be more effective. So, one aspect awaiting technological breakthrough is the 

development of innovative technologies for the dual purpose of stabilizing flow and 

suppressing flow-induced vibration, and then to reduce the vortex-induced noise.  

Details of the mechanism under the application of control action on the vortex 

shedding have not yet been comprehensively investigated. In particular, detailed 

analyses are still needed for a number of phenomena, including the study of the 

motions of boundary shear layers and the entrainment flows; and the change of vortex 

strength and vortex shedding frequency under the control application.  

Flow-induced acoustic resonance may generate sufficiently high acoustic pressure 

amplitudes that may cause serious noise or vibration problems. Control of 

vortex-induced acoustic resonance, however, has been scarcely reported in the 

literature, apart from a few papers reporting numerical simulations of the phenomenon. 

The present thesis will further develop an active closed-loop control system for 

minimizing the strength of vortex-induced acoustic resonance. The controller was 

implemented via a DSPACE rapid control prototyping system, which utilized 

feedback signals from sensor measurements and generated control actions to the 

piezo-driver for actuating THUNDERs. Hot wires and microphones were used either 

separately or simultaneously as feedback signals. A series of tests and analyses were 

then performed for the dual process of assessing the performance of the developed 

technique in suppressing vortex-induced noise and of providing guidelines for 

choosing the best control strategy. 

In conclusion, the main objective of this work is to develop an active closed-loop 

control system for suppressing flow-induced acoustic resonance. In the pursuit of this 

objective, the following specific issues are aimed in this work: 

1) To develop an active control methodology to control the vortex-induced noise 
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by using piezoelectric actuator-based perturbation technique, applied to 

different shapes of bluff bodies.  

2) To carry out a systematic experiment to investigate the controllability of the 

system and the physical mechanism of surface-perturbation control action for 

different leading edge test models.  

3) To understand the mechanism of vortex shedding strength reduction and 

quantify the control effect for better physical understanding and find an 

optimal control strategy for different types of the test models. 

1.4 Outline of the thesis 

This thesis is organized in seven chapters.  

Chapter 1 introduces the background of the present work. Previous related works 

are reviewed and the motivation and objectives of the present investigation are 

presented.  

In Chapter 2, the experimental condition is introduced and quantified, in which 

the flow field in the present system is measured and analyzed. The characteristics of 

the test model used to implement the perturbation technique are described.  

The open-loop control is experimentally investigated in Chapter 3. The control 

performance is shown and the preliminary mechanism is analyzed. The equation for 

the shedding frequency shift is developed and its effect on the cavity resonance is 

discussed.  

 In order to improve control performance, in comparison with other previous work 

in open-loop control, the present thesis includes comprehensive analyses on 

closed-loop control implementation. To take the advantage of the unique 

characteristics of actuators used in the test model, a down-sampling theory is 

proposed in the present experiment. Details of the closed-loop control implementation 
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are discussed in Chapter 4. 

Further in Chapter 5, a method to improve the performance of open-loop control 

is proposed by using the closed-loop control utilizing the down-sampling theory. The 

best control performance is shown and the physics mechanism behind the open-loop 

control and closed-loop control is further analyzed.  

 The control strategy of various leading edges is investigated in Chapter 6. 

Differences between square and semi-circular leading edges are investigated together 

with the corresponding control mechanisms. In order to understand the effect of 

different perturbation positions on vortex shedding control, the present work 

implements surface perturbations at different locations over a test model and 

investigate the control mechanism.  

Finally, the conclusions drawn from the work are summarized in Chapter 7. 
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2. The surface perturbation technique and experimental 

set-up  

2.1 Introduction 

The nonlinear dynamics of vortex shedding behind the bluff body had been the 

focus of increased attention in recent years. In these investigations, it was found that 

certain features of the vortex shedding behind the vibrating bluff body could be 

predicted by a low-dimensional iterative model [107-110]. In their work, the circle 

map, a standard universal model describing systems with two coupled oscillators, was 

used to study a cylinder wake subjected to an imposed oscillation of controlled 

amplitude and frequency. Although in the present study, the test model was a 

semi-circular leading edge bluff body or square leading edge bluff body, which is 

different from the cylinder, the method that Olinger [110] used in developing the 

low-order model for vortex shedding behind vibrating cylinder could be used to 

develop the low-order model for vortex shedding behind vibrating semi-circular 

leading edge or square leading edge bluff body.  

Based on this low-order model, the surface perturbation technique, developed by 

Cheng et al [97], could be used and interpreted to actively control vortex shedding, 

flow-induced acoustic resonance and structural vibration. The technique was 

primarily used to generate a controllable transverse motion on a structural surface 

using embedded piezo-ceramic actuators to alter the fluid-structure interaction.  

The main aim of this chapter is to introduce the low-order model and the surface
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perturbation technique. The low-order model for vortex shedding behind the vibrating 

bluff body is first developed, and then the principle of the surface perturbation 

technique, piezoelectric effect and THUNDER actuators will be described. The design 

of test models based on the surface perturbation technique will be then introduced. 

Finally, the design of downstream cavities and the preparation for the experimental 

set-up, including the control platform will be discussed.  

2.2 A low-order model for vortex shedding behind a vibrating 

bluff body 

 In Figure 2-1, a semi-circular leading edge bluff body is put in airflow stream. 

The frequency of the vortex shedding behind a rigid bluff body is denoted by sf . 

Suppose that a periodic excitation ( ) ( )tfAtC vπ2sin=  is used to vibrate the bluff body 

where, vf  is the signal frequency and A is the signal amplitude. The displacement of 

the bluff body is denoted by vd . Due to the interaction between the vortex shedding 

and the vibrating body, the frequency of vortex shedding is changed to sf ′ . Here, the 

displacement of bluff body is normalized and represented as 
t

d
K v= , where t is the 

thickness of the bluff body. Two parameters are defined: the bare winding number: 

s

v

f
f

=Ω ,                                        (2-1) 

and the dressed winding number: 

s

v

f
f
′

=Ω′ .                                         (2-2) 

The bare winding number Ω  can be thought of as an uncoupled frequency ratio in 

the absence of perturbation, while the dressed winding number Ω′  is the coupled 

frequency ratio when perturbation is applied.  
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Figure 2-1 The schematic of the vibrating semi-circular leading edge bluff body in the flow stream. 
a) Without vibration, the vortex shedding frequency is sf ; b) With vibration, the frequency of the 

signal is vf  and amplitude A . 
 

In Figure 2-1, when the bluff body vibrates, the body acts as an oscillator. The 

vibration influences the vortex shedding behind the body. At the same time, the vortex 

shedding also induces vibration in the flow field, so it acts as another oscillator. These 

two types of non-linearly coupled oscillators moves in the phase space on a 

two-dimensional torus 2T , which is the product of limit cycles of each of the two 

oscillators [110] as shown in Figure 2-2. The major and minor circumferences of the 

torus are each traversed at frequencies vf  and sf ′  respectively. Different types of 

orbits on this attractor are studied for investigating the dynamical behavior of a 

physical system. When the dressed winding number 
s

v

f
f
′

=Ω′  is a rational number, 

the orbit is in the Mode-locked states. In this state, the two-dimensional torus closes 

upon itself, which means that it is a periodic motion.   
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Figure 2-2 A generic system of two nonlinearly coupled oscillators at mode-locked state in phase 
space and Poincaré section [110]. 

 
A cross section of the torus, obtained by cutting the torus with a plane surface, 

can be used to study the coupled oscillators while still retaining all the essential 

dynamical information. In general, the torus is not a plane but all orbits should cross it 

transversally. A Poincaré section can be extracted from the trajectory of a system 

simply by sampling the trajectory at time intervals separated by one of the two 

frequencies in the system, vf  and sf ′ , as these two frequencies represent the 

frequency of passage around the major and minor circumferences of the 

two-dimensional torus. The dynamics of the system is then reduced to the 

investigation of the Poincaré section. Poincaré section is also shown in Figure 2-2. 

The angular coordinate θ  (radians) parameterizes the angular rotation on the 

Poincaré section. The study of the dynamics system is accomplished by building a 

return map of the circle onto itself. A return map is a functional relationship between 

the angular coordinate at the n-th crossing of the Poincaré section, nθ , and the 

angular crossing at the (n+1)-st crossing 1+nθ :  

)(1 nn f θθ =+ .                                         (2-3) 

In general, a second order differential equation  

),( θθθ ′=′′ f                                          (2-4) 

can be used to describe a general system with a periodically excited nonlinear 

sf ′

pf

θ

Phase space Poincaré section 
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oscillator. This function can be recast into a system of two first-order differential 

equations in the variables θ  and θ ′ . Bohr [111] and Bak [112] developed a method 

to construct a return map between values of θ  and θ ′ . Equation 2-4 became  

( )),( 211 nnn gg θθθ =+                         (2-5) 

where the functions ig  are periodic in θ . Equation 2-5 is a one-dimensional map of 

the circle onto itself. A general form of equation 2-5 which is known as the sine circle 

map [113-121] is most often studied: 

( ) ( )nnn
Kf πθ
π

θθθ 2sin
21 −Ω+== +                         (2-6) 

where sv ff=Ω  represents the average angular shift around the Poincaré section in 

the absence of forcing. The parameter K is analogous to the external forcing imposed 

on the system tdv . When 0=Ω  and 0=K , it means there is not external 

excitation, the angular Poincaré section in does not change. When there is external 

excitation, 0>Ω  or 0>K , the angular Poincaré section in changes due to the 

external frequency or displacement. 

 A low-order model for vortex shedding behind the vibrating bluff body is 

developed. In Equation 2-6, one can conclude that the vortex shedding behind the 

bluff body can be controlled by imposing vibration on the bluff body. Though 

Equation 2-6 cannot predict the exact strength or shedding frequency change on 

vortex shedding when an external oscillators are introduced to the system, it shows 

that the vortex shedding can be influenced by controlled parameters sv ff=Ω  and 

tdK v= , which are relative to the amplitude and frequency of external vibration. In 

principle the external vibration could be imposed in several ways, for example 

through acoustic excitation, a perturbation or a time varying mean flow. In the present 

experiment, a perturbation at a controlled amplitude and frequency in the transverse 
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direction of the up surface of the bluff body is used.  

The low-order model for vortex shedding behind the vibrating bluff body 

indicates that the vortex shedding behind the bluff body can be controlled by using 

external controllable vibration or perturbation. However, this model cannot predict the 

exact change of both the frequency and energy associated with the vortex shedding 

under the influence of external oscillators. The model is only a qualitative model for 

determining the relationship between two coupled oscillators. 

2.3 Experimental setup  

A closed circuit acoustic wind tunnel was used to carry out the experiments in the 

present thesis [Figure 2-3]. The flow in the wind tunnel was generated by a fan and an 

embedded control system could be use to adjust the flow velocity with an accuracy of 

about 0.1m/s. The wind tunnel had a parabolic contraction at the inlet to improve the 

uniformity of the flow velocity profile, and reduce boundary layer thickness. A 

flat-walled diffuser, with a half angle of 14°, was used downstream of the working 

section to increase pressure recovery. The maximum flow velocity was 50 m/s with a 

turbulence intensity of less than 0.1% in the upstream section. The background noise 

of the tunnel was low since the motor and fan noise was mostly absorbed by acoustic 

lining.  
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Figure 2-3 Sketch of the wind tunnel system. 

 
In the working section of the wind tunnel system shown in Figure 2-3, a 

1.82-m-long duct which had square test section of mm 100mm 100 ×  was installed, 

and the thickness of the duct wall was 10mm. The resonance frequency of the duct 

system was estimated to be 1700Hz. Since the vortex shedding frequency of interest 

was below 200Hz, the vortex shedding in the duct could not excite the resonance of 

the duct system.  

A test model with either semi-circular leading edge or square leading edge was 

used as a vortex generator. Design detail of the model will be given later. The test 

model was placed on both side walls of the test section and located about 0.4 m 

downstream of the exit plane of the tunnel contraction. The origin of coordinates was 

located at the leading edge of the test model.  

Two identical downstream cavities with square cross sections were located 

downstream of the plate, symmetrical to the streamwise flow line. The two 

downstream cavities acted as side-branch acoustic resonators. The distance between 

the trailing edge of the plate and the downstream wall of the cavities was about 10.0t, 

Fan 
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t was the thickness of the test model. This distance ensured an effective resonant 

fluid-acoustic interaction in the near vortex shedding of the test model inside the 

downstream cavities. 

2.4 The surface perturbation technique 

2.4.1 The principle of the surface perturbation technique 

When a bluff body is placed in a fluid stream in a duct, separated flow can be 

generated over a substantial proportion of the surface, yielding a vortex shedding 

process. The shedding of vortices from alternate sides of the cylinder becomes regular 

when the Reynolds number is sufficiently large. Such a vortex shedding phenomenon 

is called the Kármán vortex street, which can generate strong vortex-induced noise in 

the duct as depicted in [Figure 2-4(a)].  

Based on the low-order model for vortex shedding behind vibrating bluff body 

developed in Section 2.2, small local perturbation techniques can be implemented on 

the surface of bluff body in order to alter the vortex shedding behind the body. 

Previous work has indicated that local perturbations might significantly influence the 

nature of fluid–structure interaction or the vortex-induced structural vibration 

[107-113]. Based on this understanding, Cheng et. al developed a novel perturbation 

technique which was conceived to provide a possible control of both flow-induced 

acoustic resonance and structural vibration. When a small local perturbation was 

imposed on the structural surface of the bluff body such as using PZT actuators 

[Figure 2-4(b)], it was found that the vortex shedding could be altered and then 

consequently the vortex-induced noise was reduced.  
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Figure 2-4 The surface perturbation technique: (a) The strong vortex-induced noise; (b) The effect 

of a small local surface perturbation.  
 

2.4.2 The piezoelectric effect  

The piezoelectric effect was discovered by Jacques and Pierre Curie in 1880.  

Piezoelectric effect describes a phenomenon that occurs in a certain class of naturally 

occurring crystalline materials such as quartz, Rochelle salt and tourmaline. When an 

electrical charge (voltage) is applied to them, these materials change their geometry or 

dimensions. Conversely, when mechanical pressure is applied to them, they produce 

an electrical charge (voltage). However, these natural materials only exhibit minor 

piezoelectric behavior, leading to a development of piezoelectric ceramics with 

improved piezoelectric properties. These types of materials are often made of 

polycrystalline ferroelectric materials such as BaTiO3 and Lead Zirconate Titanate 

(PZT). 

The piezoceramic material is composed of randomly oriented crystals or grains. 

The material is isotropic and it does not exhibit any piezoelectric effect when no 

electric field (poling) is applied because the domain dipoles are randomly oriented. 
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When electric field poling is applied across the material, the dipoles will tend to align 

themselves parallel to the direction of the electric field, so that the material will have a 

permanent residual polarization. The material is then considered to be anisotropic 

because of the increased number of aligned dipoles. After the poling process, the 

material has a residual polarization, which means the domains will proportionally 

increase their alignment with an applied voltage. The result is a change of the 

geometric dimensions (expansion, contraction) of the PZT material with an applied 

voltage. [Figure 2-5] 

 

Figure 2-5 Dipole alignment in piezoelectric material. (Refer to: technique document of 
THUNDER actuators). 

 

2.4.3 THUNDER actuator and its installation   

THUNDER actuators were used in the present study for create controllable 

perturbation over the structural surface. THUNDER, developed by NASA Langley 

research center in 1996, is a ‘smart’ piezoceramic-based element. It is most 

commonly used in actuators, sensors, and acoustic sound generators. THUNDER is a 

unique, extremely rugged and highly adaptable member of the ‘smart’ materials group 

of products. THUNDER is a ferroelectric device made of multiple layers of material, 

typically stainless steel, aluminum and PZT piezoceramic. All the individual material 

layers are held together in a ‘sandwich-like’ package using a NASA patented high 

temperature polyimide adhesive called LaRC™-SI. The bonding strength of the 
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adhesive induces a ‘pre-stress or pre-load’ in the device and enables THUNDER to 

have exceptional ruggedness and performance capability. THUNDER is a layered 

composite in which individual materials are layered on top of each other to form a 

‘sandwich’, In a ‘standard’ THUNDER configuration found in Figure 2-6(a), the 

bottom layer is stainless steel followed by an adhesive, usually a NASA invention and 

trademarked material called LaRC™-SI, PZT, more LaRC™-SI and finally an 

aluminum layer on top. The entire assembly is placed into an autoclave for processing. 

During the autoclave cycle the ‘sandwich’ is heated and squeezed, allowed to cook 

and then cooled to room temperature. During the cool down cycle, the different 

individual materials' thermal coefficients of expansion rates begin to work against one 

another. However, the strength of the adhesive bond holds everything together. The 

result is a ‘pre-stress’ internal to the individual layers that results in the characteristic 

bend or curvature of the final product. [Figure 2-6(a)] 
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Figure 2-6 Description of THUNDER actuators: (a) THUNDER construction; (b) A photo of 
THUNDER; (c) A typical deformation versus applied voltage. (Refer to: technique document of 

THUNDER actuators).  
 

When zero voltage is present at the electrodes of a standard THUNDER device, 

the piezoceramic material is in a pre-stressed compressive state. At the same time, the 

substrate is actually in a tensile state as described previously. When positive voltage is 

applied across the electrodes of a THUNDER device, the piezoceramic is 

geometrically allowed to ‘shrink’, reducing the internal compression. This causes the 

stainless steel substrate to flatten and the THUNDER to move downward. Conversely, 

when negative voltage is applied across the electrodes of a THUNDER device, the 

piezoceramic is electrically excited and geometrically ‘grows’ in size. Since it is 

bonded to the stainless steel substrate, the substrate is made to arch to accommodate 

the ceramic’s increased length. This causes THUNDER to move upward. [Figure 
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2-6c] 

The THUNDER actuator used in the present work was the model TH 8-R, which 

may vibrate at a maximum displacement of about 2 mm within a frequency range up 

to 2 kHz in the absence of loading and may produce a force up to 67 N.  [Figure 

2-6(b)]. There are two mounting methods for the THUNDER actuator: simply 

supported mounting and cantilever mounting. [Figure 2-7]. Various measurements 

were done to check these two methods. It was found that the THUNDER actuator is 

easy to setup by using a simply supported mounting method, but the displacement 

achieved by using the simply supported mounting method was much less than that of 

the cantilever mounting method. Another key factor that needs to be considered is that 

the THUNDER actuator needs to be fixed at one end to make sure that the actuator 

will not move when placed in the flow. So in the present experiment, the THUNDER 

is arranged in the cantilever position.  

The detail of the installation of the THUNDER actuator in the cantilever position 

is shown in Figure 2-7(b). The THUNDER actuators should be firmly clamped or 

fastened at one end by using the tabs made in the substrate material. Slots in the tabs 

are not mandatory but are provided for ease of mounting. As a rule of thumb, the 

aluminum top layer can be considered as the geometric limits of the piezoceramic. 

The extreme deflection capability of THUNDER may cause stress at the mounting 

point, so to be certain the THUNDER is fastened at least 0.015 to 0.025 inches away 

from the edge of the ceramic. The deflection of THUNDER is measured in the 

cantilevered beam mount by placing a laser beam on the far edge of the ceramic, not 

the edge of the bottom substrate.  
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Figure 2-7 Mounting method of the THUNDER actuator. (a) Simply supported mounting and 
displacement measurements; (b) Cantilever mounting and displacement measurements. (Refer to: 

technique document of THUNDER actuators). 
 

The characteristic of a single THUNDER actuator in the cantilever mounting 

position was measured by using a Polytec Series 3000 Dual Beam laser vibrometer. A 

signal generator generated various sinusoidal signals with different frequencies. These 

control signals were amplified by a PZT amplifier before they were applied to the 

THUNDER actuator. The results were shown in Figure 2-8, where it was found that 

the THUNDER had resonant frequencies at 55Hz and 380Hz. In the subsquent 

experiments, the vortex shedding frequency is smaller than 200Hz, so the vibration 

characteristic of the THUNDER actuator at first resonant frequency 55Hz will be used 

for the design of test model in Section 2.5.   

 

 

 

(a) (b) 
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Figure 2-8 Vibration characteristic of the single THUNDER at various control frequencies. The 

control voltage is set to 140V: (a) Vibration velocity; (b) Displacement.  
 

2.5 The designs of test models and downstream cavities 

2.5.1 The perturbation module and its characteristic 

In this section, a perturbation module was constructed aiming at generating a 

small local perturbation for control purposes. A small local perturbation can be 

generated by using a thin plastic plate which is attached to THUNDER actuators. The 

surface perturbation can be applied on the up surface, down surface or on both up and 

down surfaces of the perturbation module. For an ideal perturbation module, the flow 

field around the up and down surfaces of the test model should be the same for vortex 

shedding control effectiveness. In other words, the local surface perturbations on the 

up surface and the down surface should create similar flow behavior over the module. 
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Another point needs to be considered is that the thickness of the perturbation module 

used in the experiment was 11mm, it was very difficult to add perturbation on both up 

and down surfaces by using the THUNDER actuators due to the geometrical 

constraints. So in the present investigation, the perturbation was added only on the up 

surface of the perturbation module.    

It should be noted that the small surface perturbation displacement pd  was 

relatively small compared to the thickness of the bluff body t. When the THUNDER 

actuators are installed using the cantilever mounting method, the maximum 

displacement measured at the displacement measurement point as Figure 2-7(b) is 

about 2mm. This displacement level was still consistent with the small perturbation 

requirement, relative to the thickness of the perturbation module.  

Figure 2-9 shows the installation of THUNDER actuators by using the cantilever 

mounting method. The position of the free-end in the module was adjusted in the 

installation using an adjustment bolt. Such an adjustment can change the vibration 

characteristic of THUNDER actuators. The distance between the fixed bolt and the 

adjustment bolt was relatively small (about 2mm) for avoiding a major change on the 

vibration characteristic of THUNDER actuator. The fixed bolt and the adjustment bolt 

were attached to the support plate, whose thickness was chosen as 5mm. A 1.2mm 

vibration plate was connected to the free-end of actuators using a double-sided tape, 

with the overall thickness of plate and tape was about 3.0mm. In this configuration, 

the THUNDER actuator required a vertical space of about 3.0mm, so to allow it to 

vibrate freely. Thus a channel was cut in the support plate that was located below the 

position of the free-end of the THUNDER actuator.  
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Figure 2-9 The installation of the THUNDER actuator by using cantilever mounting method (a) 
Side view; (b) Top view. 

 
For investigating the mechanism of the surface perturbation in controlling vortex 

shedding, the generated surface perturbation motion by the module must be 

reasonably uniform. In order to satisfy this requirement, the placement of the 

THUNDER actuators needs to be considered carefully. There are two placements for 

the THUNDER actuators in the perturbation module, they can be simply classified as 

type P-A and type P-B in Figure 2-10. Comparing these two different placements, 

though in theory the motions of all points on the vibration plate in these two 

placements can be nearly the same, it is not easy to install the vibration plate in type 

P-B. In fact, during the testing, it was not possible to find a good way to install this 

type in the requirement way. So in the perturbation module, type P-A is used. In this 

type of placement, the installation of the vibration plate is very easy and repeatable 

for every installation. All the motions of the points on the vibration plate are nearly 

the same.  
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Figure 2-10 The placement of THUNDER actuators in the perturbation module. (a) Placement type 
P-A; (b) Placement type P-B 

 
The connection between the vibration plates with THUNDER actuators is not 

rigid to allow the plate to freely vibrate. In the design, a flexible plastic ring covered 

the free-end of THUNDER actuator, the vibration plate was connected the flexible 

plastic ring by using a double-sided tape. This connection method only allowed the 

vibration plate to move in a tiny distance along THUNDER actuators as shown in 

Figure 2-11(a) for improving the performance of actuators.  

The final configuration of the perturbation module is shown in Figure 2-11. The 

module’s height t = 11 mm, and its width c = 16 mm. Two THUNDER actuators, each 

with a length of 63 mm and a width of 14 mm, were embedded in a slot of 240 mm 

long, 16mm wide and 7 mm deep on the top side of perturbation module. The 

actuators were installed in a cantilevered manner to create a maximum perturbation 

displacement in the transverse y-direction, and thus to achieve a better control 

performance for the same excitation condition. The actuators and the walls of the slot 

around the actuators were lubricated to minimize contact friction. A thin plastic plate 

with a thickness of 1.2 mm, mounted flush with the upper surface of the plate, was 

connected with the cantilevered end of the actuators using a double-sided tape. Two 

THUNDER actuator Vibration plate

Vibration plate (a) 

(b) 

Fixed end 
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adjustment bolts were used to adjust the position of the vibration plate. Driven by the 

actuators, the vibration plate oscillated to create a uniform transverse vibration on the 

y-direction of the plate surface. Figure 2-12 shows the picture of the perturbation 

module.   

 
Figure 2-11 The perturbation module (a) Installation of the perturbation module; (b) Top view of the 

perturbation module; (c) Side view of the perturbation module. 
 

The characteristic of perturbation module was measured by using a Polytec Series 

3000 Dual Beam laser vibrometer at the center point on the vibration plate. A signal 

generator generated various sinusoidal signals with different frequencies, these 

control signals were amplified by a PZT amplifier before applied to the THUNDER 

actuators inside the test model. The results were shown in Figure 2-13. It was found 

that the vibration characteristic of the perturbation module was changed when 

compared with the vibration characteristic of the single THUNDER actuators. The 

resonance frequency was around 30Hz. 
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Figure 2-12 The photo of perturbation module 

 
Two THUNDER actuators were used in the perturbation module and connected 

with each other by a double-sided tape with the vibration plate. This connection 

would change the vibration characteristic of the perturbation module. The vibration 

characteristic of the perturbation module at control frequency Hz30=pf  and 

control voltage 140=prmsV  volts are shown in Figure 2-14. Further, because the 

THUNDER actuator had maximum peak to peak voltage of +/-240V (root mean 

square voltage was about 168V), in the voltage of input signal was limited to this 

maximum voltage level.  
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Figure 2-13 Vibration characteristic of the perturbation module at various control frequencies. The 

control voltage was set to 140V  

 
Figure 2-14 Characteristic of the perturbation module at Hz30=pf , V160=prmsV  a) 

Time-domain; b) Frequency domain. 
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2.5.2 Test models   

In this work, the ‘module’ was used to classify different parts of the test model. In 

the experiment, different test models were used, using a combination of different 

leading edges, trailing edges and test model’s dimensions. In other words, a 

perturbation module was used to combine with other modules to form different types 

of test models. By using this method, all test models have the same perturbation 

characteristic, which was beneficial for investigating the differences in control 

mechanism of different test models. Another advantage for using such modules in the 

test model is that the installation of the test model becomes easy and repeatable.  

A complete test model contained the leading edge module, the perturbation 

module and the trailing edge module. Figure 2-15 shows different leading edge and 

trailing edge modules. In this experiment, only a square trailing edge was used in the 

test model. The thickness of all these modules were t=11mm, and the width of the 

semi-circular leading edge module was t/2=5.5mm. The width of the square leading 

edge module was 1.0mm and the width of square trailing edge module was 1.5mm.  

 

Figure 2-15 The leading edge and trailing edge modules. 
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These different modules were combined to construct a complete test model. 

Figure 2-16 shows the process of constructing a semi-circular leading edge test model. 

A semi-circular leading edge module, a perturbation module and a trailing edge 

module were combined together as a test model with dimensions of t = 11 mm and c = 

23 mm. In a similar way, a square leading edge test model (t = 11 mm and c = 18.5 

mm) was built as shown in Figure 2-17.  

 

Figure 2-16 The process for combining semi-circular leading edge test model. 
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Figure 2-17 The process for combining square leading edge test model. 
 

Although the present experiment is performed in an acoustic wind tunnel, the 

background noise inside the duct still exists and can affect the measurement. A flow 

velocity U=8.2m/s was used in the experiment to achieve a certain vortex shedding 

frequency sf  , the sound pressure level (SPL) at the shedding frequency sf  was 

measured for various dimensions c  of the bluff body, c is the width of the bluff body. 

For a square leading edge bluff body, the background noise was about 70 dB m when 

measured around the shedding frequency sf  in the duct. Figure 2-18(a) shows that 
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the strength of vortex shedding was strong enough to be distinguished from the 

background noise when mm30mm10 ≤≤ c , while the other dimensions were not 

suitable for measurement. For a semi-circular leading edge bluff body, the background 

noise was about 60 dB measured in the duct around the shedding frequency sf . In this 

case, Figure 2-18(b) shows that the strength of vortex shedding was strong enough to 

be distinguished from the background noise when mm30mm20 ≤≤ c . Based on the 

observations, therefore, the length of the test model was chosen within 

mm30mm10 ≤≤ c  for a square leading edge bluff body and mm30mm20 ≤≤ c  

for a semi-circular leading edge bluff body.  

 
Figure 2-18 Peak values measured in the duct by microphone 1 at the shedding frequency sf  for 

different length of the bluff bodies, (a) Square leading edge; (b) Semi-circular leading edge. 
 

Therefore, by considering the acoustic characteristic of bluff bodies with various 

lengths, various test models are designed as shown in Table 2-1.   

(a) 

(b) 
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Table 2-1 The list of test models used in experiment 
Name Leading edge type t(mm) c (mm) Remarks 
C-1 Semi-circular leading edge 11 23  
C-2 Semi-circular leading edge 11 39  

C-3-1 Semi-circular leading edge 11 23 
The width of vibration plate 

is only 3mm and near the 
leading edge  

C-3-2 Semi-circular leading edge 11 23 
The width of vibration plate 

is only 3mm and near the 
trailing leading edge 

S-1 Square leading edge 11 19  

S-2-1 Square leading edge 11 19 
The width of vibration plate 

is only 3mm and near the 
leading edge 

S-2-2 Square leading edge 11 19 
The width of vibration plate 

is only 3mm and near the 
trailing leading edge 

2.5.3 Downstream cavities  

Downstream cavities were installed in the downstream of the test model in the 

duct. Two cavities were installed symmetrically as shown in Figure 2-3 which acted 

as side-branch acoustic resonators. In the experiment, the cavity had a square cross 

section, whose dimensions were described by the depth of cavity L; the width of the 

cavity B in the stream-wise direction; and the width of the cavity H in the vertical 

direction relative to the stream-wise flow. The same value for the parameter 

H=100mm was used as previously described. The other two parameters B and L were 

to be chosen based on the following considerations.  

Figure 2-19 shows the main dimension in the room of the acoustic wind tunnel 

when duct and downstream cavities were installed in the work section of the wind 

tunnel. In the installation, a microphone was mounted on the bottom of the cavity CA. 

The depth of cavity CA was mm1150≤CAL  and the depth of cavity CB was

mm780≤CBL . These dimension limitations needed to be considered for choosing the 

depth of cavities, 
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Figure 2-19 The dimension limitation in the room of acoustic wind tunnel 

 
Ziada and Shine(1999) and Graf and Ziada(1992) demonstrated that the 

resonance frequencies of the coaxial side-branch modes can be accurately predicted 

based on the length between the ends of the side-branches and the speed of sound. 

The piping system uses a standard relationship used for long coaxial branches, the 

resonance frequency of the cavities af  is: 

( )
L

nCf a 2
12 −

=                                   (2-7) 

where L  is the total length of the side-branches including the diameter of the main 

duct ( dLL CBCA ++ ). Here, CAL  and CBL  are the depth of the cavities; d is the height 

of the duct; and n  is the acoustic mode number. So the first acoustic resonance 

frequency of the cavity is  

L
Cfa 2

)1( =                                   (2-8) 
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If the first acoustic resonance frequency )1(
af  is known, then the depth of the cavities 

can be calculated by using the equation 2-8. In the experiment setup, d=100mm, 

C=344m/s. suppose that the desired resonance frequency is )1(
af =160 Hz, the depth 

of each cavity can be calculated as 487mm. If )1(
af =80Hz, the cavity configuration is 

mm1150=CAL  and mm780=CBL .  

Another parameter to be considered is the width of the cavity B. If the width of 

cavity is too large, it will affect the flow field behind the test model, so it is better to 

select the width as small as possible. Various measurements were done to check the 

suitable width of cavity. In the measurements, two values were checked: B=20mm and 

B=70mm. The results are shown in Figure 2-20, where it was found that the resonance 

at )1(
af  with B=20mm was stronger than that of B=70mm. However, there was a 

‘drop’ in the sound pressure level at shedding frequency sf  when B=20mm. This 

behavior did not exist for B=70mm. Because of this behavior, the width of the cavity 

could not be too small. Thus in the experiment, the width of the cavity was chosen to 

be B=70mm. Table 2-2 shows the list of the cavities that were used in the experiment.  
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Figure 2-20 The characteristic of cavity at different width of cavity: (a) B=20mm; (b) B=70mm, 

m/s2.8=U and the shedding frequency of the bluff body installed in the duct is 78Hz. 
 

Table 2-2 The list of downstream cavities 
Name Resonance frequency (Hz) CAL (mm) CBL (mm) B(mm) 

DC-1 160 487 487 70 
DC-2 83 1150 780 70 

2.6 Platform and control strategy 

2.6.1 Measurement system 

The measurement system used in the present study was shown in Figure 2-21. 

Two 1/2’ condenser microphones (B&K 4189) were used to measure the fluctuating 

acoustic pressure. Microphone 1, referred to as Mic.1 hereafter, was flush-mounted 

with the top wall of the duct vertical to the trailing edge of the test model. Another 

microphone, Mic.2, was installed flush with the center of the top wall of the upper 
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cavity [Figure 2-21]. To analyze the control effect on the flow field, two 5 μm 

tungsten hot wires were deployed to measure the fluctuating flow velocity. One was 

located behind the test model, and the other one was located at y=11mm and x=0mm, 

which was the vertical plane of the leading edge of the test model. In addition, the 

perturbation displacement produced by the THUNDER actuators was measured at the 

center of the vibration plate using a Polytec Series 3000 Dual Beam laser vibrometer.  
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Figure 2-21 Sensing configurations, the control and measurement systems 

 
Figure 2-22 The experimental set-up system 
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All measurement signals were recorded using a real-time system rapid control 

prototyping and production code generation system, dSPACE. The data was measured 

at a sampling frequency of 6 kHz per channel. The duration of each record was about 

11 s. A dual channel PZT amplifier (Trek PZD 700-2) was used to amplify the control 

signal before it was applied to the THUNDER actuators inside the test model. The 

experiment set-up is shown in Figure 2-22. The schemes of open-loop control and 

closed-loop control are shown in Figure 2-21, they will be described later. 

2.6.2 dSPACE system and Simulink 

The dSPACE system was used as the control platform in the experiment. It 

provided both software and hardware tools for implementing and testing real-time 

systems including advanced control systems, hardware-in-the-loop simulations and 

other high-end signal-processing applications. 

 dSPACE system, was especially designed for rapid prototyping of applications 

in the field of control engineering and digital signal processing. It could automatically 

generate codes for Simulink a model to test them in a real time process environment.  

The Simulink used in the dSPACE system was a commercial tool for modeling, 

simulating and analyzing multi-domain dynamic systems. The primary interface of 

Simulink was a graphical block diagramming tool and a customizable set of block 

libraries. It offers a compact integration with the rest of the MATLAB environment 

and can either drive MATLAB or be scripted from it.  

2.6.3 Open-loop and closed-loop control strategies 

In the experiment, the THUNDER actuators in the test model can be activated in 

two different ways: 1) by a sinusoidal signal at a tunable frequency to form an 

open-loop control; and 2) by feedback signals acquired from system response to form 
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a closed-loop control. The detail of these two control strategies are introduced in the 

followings.  

Open-loop control, which is also called non-feedback control, is a type of control 

which computes its input into a system using only the current state of the system. A 

characteristic of the open-loop control is that no feedback is used in this control to 

check whether the output has achieved the desired control results of the input control 

signal. Consequently, it cannot correct any errors that it could make. Open-loop 

control is useful where the relationship between input and the resultant state can be 

modeled by a mathematical formula. So the open-loop control is often used in simple 

systems because of its simplicity and low-cost, especially in the systems where the 

feedback is not critical.  In the experiment, though it is not easy to model the vortex 

shedding by a simple formula, the open-loop can be used for initial investigation.  

The aim of the experiment is to control the vortex shedding that is generated by 

the test model in the duct [Figure 2-21] and its acoustic resonance inside the 

downstream cavities. Figure 2-23 shows the open-loop control process in the 

experiment. In the open-loop control, the control signal is generated by a signal 

generator system, and then this signal is input to a PZT amplifier to amplify the signal 

before being applied to the THUNDER actuators in the test model. The THUNDER 

actuators generated the small local perturbation in the up surface of the test model.  

 

Figure 2-23 Open-loop control process 
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occurring in the system. There is no possible direct adjustment on the control 

actuation. Thus, adding some feedback information from a number of sensors inside 

the duct or cavity may improve control performance because the control actuation will 

be influenced by the feedback response measured in the sensors. If these signals are 

adjusted properly, the generated control actuation may influence the flow field such 

that the resulting noise may be further reduced. So in order to avoid the problems of 

the open-loop control and improve the control performance, the feedback is 

introduced into the control system. 

A closed-loop control system uses feedback to control states or outputs of a 

dynamical system. In the closed-loop control, the measured response of a physical 

system is compared with a desired response. The difference between these two 

responses initiates actions that will result in the actual response of the system to 

approach the desired response. This in turn drives the difference signal toward zero. 

Typically the difference signal is processed by another physical system, which is 

called a compensator, a controller, or a filter for real-time control system applications. 

A closed-loop system is able to regulate itself in the presence of disturbance or 

variations in its own characteristics. In this respect, a closed-loop system has a distinct 

advantage over an open-loop system.  

In the experiment, control signal utilizes feedback signals acquired from the 

system, which may be from the hotwire, Mic.1 or Mic.2. In what follows, only cases 

using hotwire as feedback signal are discussed since the hotwire signal is generally 

more stable than the signals from microphones because the hotwire sensor is not 

significantly affected by the flow background noise that may be caused by the 

configuration of the experimental set-up. The signal is adjusted in simulink/dSPACE 

by using a down-sampled program before being applied to the PZT amplifier. The 



2. The surface perturbation technique and experimental set-up 

68 

detail of the down-sampled program is described in Chapter 4. The small local 

perturbation generated by the THUNDER actuators affected the vortex shedding in 

the duct and the change of the vortex shedding was measured using the hotwire. The 

signal was then used as feedback signals to the control system.  

 

Figure 2-24 The closed-loop control process. 
 

2.7 Flow characteristics   

The characteristic of the flow in the duct was measured. A single boundary hot 

wire was used to measure the boundary layer at the position of x=-275mm. The 

boundary-layer thickness, δ, was used as a thickness beyond which the velocity was 

essentially the free-stream velocity ∞U . The free-stream velocity is customarily 

defined as the distance from the wall to the point where ( ) ∞= Uyu 99.0 . In the duct, 

the thickness of the boundary layer was about 4.0mm [Figure 2-25], and the uniform 

flow field was from y=-46mm to y=46mm.  
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Figure 2-25 Velocity profile inside the duct, measured by a single boundary hot-wire probe at 

x=-275mm, m/s2.8=∞U  . 
 

As an example, the C1 test model was installed in the duct. The x-wire probe was 

used to measure the flow velocities in x and y direction at the same time, and it was 

located at the position x=34 mm. The distribution of U and V are shown in Figure 

2-26, where U and V is the mean velocity along x direction and y direction 

respectively. The vortex shedding was mainly in the range of -22mm to 22mm inside 

the duct, which was out of the range of boundary layer, so the results indicate that the 

vortex shedding in the duct was not affected by the boundary layer of the duct.  
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Figure 2-26 Flow distribution, measured at mm34=x , C1 test model, m/s2.8=∞U  . 

 

2.8 Conclusions  

A low-order model for vortex shedding behind vibrating bluff body had been 

introduced. This simple model provides a simple explanation on the working principle 

of the surface perturbation technique for controlling the vortex shedding and its 

acoustic resonance in the downstream cavities. The technique, generating a 

controllable transverse motion of a structural surface using embedded piezo-ceramic 

actuators, aims at altering the fluid-structure interactions. Advanced piezo-ceramic 

THUNDER actuators were utilized since THUNDERs had a larger displacement and 

load capacity, smaller dimensions with more reliability, strength and flexibility 
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compared to those of other conventional actuators.  

The design of test model and the downstream cavities were presented. The 

experimental setup, major experimental facilities and platform, as well as control 

strategy were explained in this chapter.
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3. Active open-loop control of flow-induced acoustic 

resonance 

3.1 Introduction 

 As the initial investigation, experiments were conducted using a surface 

perturbation technique with the open-loop control method. It was observed that the 

vortex-induced acoustic resonance could be effectively reduced after applying the 

surface perturbation technique. This was directly achieved not only from an 

impairment of the vortex shedding strength, but also from a shift in the shedding 

frequency created by the control action. The estimation of this frequency shift as well 

as its effect on the impairment acoustic resonance was experimentally assessed.    

3.2 Optimal control parameters for open-loop control 

 The active open-loop control experiment was undertaken in the set-up shown in 

Figure 2-22. The test model C1 and downstream cavities DC-1 was used in the 

experiment. The process of implementing the surface perturbation by control signal 

implementation was shown in Figure 3-1. The signal generator system used was either 

the Model DS345 or the virtual signal generator in dSPACE system. Due to the high 

voltage requirement for the THUNDER actuators, A PZT amplifier (Trek PZD 700-2) 

was used to amplify the control signal to the THUNDER actuators inside the test 

model. The flow speed in the duct was set to m/s2.8 , which determined the vortex 

shedding frequency sf  at about 160Hz. 
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 In the experiment, the primary focus was to investigate the vortex shedding 

phenomena, which had a tonal characteristics at vortex shedding frequency sf . 

Therefore, the sinusoidal type signal was chosen as the control signal in the 

experiment. Let ( )tu  to be the control signal implemented to the test model: 

( ) )sin( φω += tAtu p ,                                    (3-1) 

where pA  is the amplitude; pfπω 2=  is the angular frequency; and φ  is the phase. 

In the present open-loop control, φ  was set to zero:  

( ) )2sin( tfAtu pp π= .                                          (3-2) 

After amplifying the control signal, this final control signal has the following form: 

( ) )2sin( tfVtu pp π=                                           (3-3) 

where pV  is the output voltage measured from the PZT amplifier. Here, pV  and pf  

are critical control parameters that need to be optimized. From the principle of linear 

control, it can be argued that the effective control for such a system is when both 

vortex shedding and control actuation frequencies are similar sp ff = . However, in 

the present experiment, the test model’s characteristic shown in Figure 2-13 indicates 

that the test model had the largest maximum displacement when the control frequency 

pf  was around 30Hz. The maximum displacement significantly deteriorated when 

the control actuation frequency was further away from 30Hz. particularly when it was 

around vortex shedding frequency Hz160≈sf . In this case the displacement of the 

test model is extremely small and not sufficient to provide useful surface perturbation 

in the model. Because of this reason, Hz30=pf  was chosen for the control 

frequency.  
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Figure 3-1 The surface perturbation process used in active open-loop control. 
 

 Various measurements were done to investigate another optimal control 

parameter pV . Without control, the sound pressure level (SPL) at shedding frequency 

sf   measured in the duct was 1mSPL  and inside the cavity was 2mSPL . With 

control, the sound pressure level (SPL) at shedding frequency sf ′  measured in the 

duct was 1mLSP ′  and inside the cavity was 2mLSP ′ . The difference between the cases 

without control and with control could be used to analyze the control performance. 

Here,  

111 mmm LSPSPLSPL ′−=Δ ,                                   (3-4) 
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where 1mSPLΔ  represented the SPL reduction in the duct and 2mSPLΔ  represented 

the SPL reduction inside the cavity. The control frequency pf  was set to 30Hz and 

the control voltage pV  was varied from 0V to 160V. The results were shown in 

Figure 3-2. It was found that the SPL reduction linearly increased when the control 

voltage pV  increased. The best result was at the point V160=pV . So the optimal 

control parameters for the experiment were Hz30=pf  and V160=pV .  Although 

in principle, the reduction could be increased as the displacement of the vibration 
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plate increased; there was a maximum voltage limitation for the THUNDER actuators. 

Therefore in the experiment, the maximum input voltage was set to 160V. 

Furthermore, when V140≥pV , the SPL reductions in the duct and inside the cavity 

did not significantly vary. This indicates that a direct amplification of the plate 

displacement via open-loop control could not always achieve the same effect on the 

reduction of the SPLs both in the duct and inside the cavity. If one wants to improve 

the control performance, one needs to utilize other control method instead of a 

straightforward open-loop control. Furthermore, in Figure 3-2 the SPL reduction 

inside the cavity was larger than that in the duct because of the effect of downstream 

cavity resonance. The detail of this phenomenon will be investigated in Section 3.5.  

 
Figure 3-2 The control performance for different control voltages in open-loop control. 

 

3.3 Control performance of open-loop control 

The control performance of the test model in open-loop control was further 

evaluated in the sound field and flow field at U=8.2m/s (Re=5980) at the shedding 

frequency Hz3.161=′= as ff . Figure 3-3 showed the variation of the SPLs at the two 

microphone positions, in time domain and their counterparts in frequency domain. 

The spectra in the frequency domain were obtained using FFT transform from the 

time domain signals with a frequency resolution of 0.1 Hz. The fine resolution was 
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needed for an accurate determination of the locations as well as the values of the 

resonance peak corresponding to the shedding frequency. It could be seen that, upon 

deployment of the control, the sound pressure inside both the duct and the cavity 

underwent immediate reductions to different extents in the time domain. SPL spectra 

showed that, with control, the SPL at Mic.1 decreases from 81.0dB to 64.7 dB (a 

reduction of 16.3dB) at the shedding frequency as shown in Figure 3-3(a). Meanwhile, 

the SPL measured by Mic.2 decreases from 97.1dB to 75.8 dB (a reduction of 

21.3dB), as shown in Figure 3(b), which was larger than the reduction measured by 

Mic.1. This phenomenon would be investigated in detail in the next section. The third 

resonance frequency of the cavity af ′′′  was also excited by the flow, as indicated by a 

sharp peak shown in Figure 3-3(b), this peak was also reduced by the control. 

Generally the control in the sound field was deemed to be effective. Furthermore, the 

vortex shedding frequency was shifted from 161.3Hz to 158.4Hz. The vortex 

shedding frequency shift phenomenon was one of interesting issues that arose from 

the investigation, which would be discussed in detail in Section 3.5. In addition, the 

surface perturbation used in the open-loop control did create some extra noise at 30Hz 

and the multiples of 30Hz. This however was moderate when compared with the noise 

generated by the vortex shedding, relatively far away from the targeted vortex 

shedding frequency. Therefore, in the present experiment, the extra noise generated by 

the perturbation was not included in the discussion. 
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Figure 3-3 Control performance of open-loop control in sound field, flow speed is U=8.2m/s 
(Re=5980). (a) SPL measured by Mic.1; (b) SPL measured by Mic.2. 

 
 The corresponding time-domain results for the control performance in sound field 

were shown in Figure 3-4. All the time-domain signals were filtered by a 5Hz-band 

around the shedding frequency. It showed that the measured signals of vortex 

shedding both in the duct and inside the cavity were obviously reduced after control. 

Due to the cavity resonance, the reduction inside the cavity was larger than that in the 

duct. In Figure 3-4(b) and Figure 3-4(d), one could found that the amplitude of the 

signal were decreased, but they fluctuated all the time, it was the ‘Beat’ phenomenon. 

It is interference between two signals of slightly different frequencies. 

(a) 
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Figure 3-4 Time-domain results for the control performance in sound field, the signals are filtered 
by a 5Hz-band filter. (a) Without control: measured in the duct; (b) With control: measured in the 

duct; (c) Without control: measured inside the cavity; (d) With control: measured inside the cavity. 
 

 Figure 3-5 showed the corresponding changes in the flow field measured by the 

hot-wire 2 after the test model in terms of power spectra density Eu, located at x = 
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34mm and y =8.25mm. It could be seen that Eu decreases from 3101.4 −×  to 

4102.6 −×  (a reduction of about 85%). The result indicates that the open-loop control 

in the flow field was also effective; the perturbation on the up surface of the test 

model had damaged most part of the vortex shedding. The corresponding time domain 

signal was shown in Figure 3-6. It showed that the strong vortex shedding in flow 

field was damaged when with open-loop control.  

 The result for hot wire 1 which was located at the leading edge of the test model 

was similar with the result for hot wire 2, so the result for hot wire 1 was not shown.  

 
Figure 3-5 Control performance in flow field, flow speed is 8.2m/s (Re=5980). The hot wire 2 was 

located at x = 34mm and y =8.25mm. 
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Figure 3-6 Time-domain results for the control performance in sound field, measured by hot-wire 2 

located at x = 34mm and y =8.25mm. the signals are filtered by a 5Hz-band filter. (a) Without 
control; (b) With control.  

 

3.4 Vortex strength abasement mechanism 

 When analyzing the control mechanism for control vortex shedding problem, the 

first task is to identify the characteristic of vortex shedding generation and the 

propagation path of the vortex shedding. The second task is to analyze how the vortex 

shedding can be affected by the control method.  

3.4.1 The types of vortex shedding 

 Firstly, the types of vortex shedding around a semi-circular leading edge test 

model needed to be identified. In general, the vortex shedding could be classified into 

two types: Leading-edge vortex shedding (LEVS) and Trailing-edge vortex shedding 
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(TEVS). As mentioned in Chapter 1, around the short square leading edge bluff body, 

there was LEVS. LEVS and TEVS both existed for long square leading edge bluff 

body. When the leading edge was semi-circular, there was only TEVS.  

 Various measurements were performed to check the types of vortex shedding 

around a semi-circular leading edge test model. Hot-wire 1 was located at x=0mm and 

y=11mm, hot-wire 2 was moved along the y=11mm at different x positions. The 

spectral phase relationship 
21uuφ  between hot-wire 1 and hot-wire 2 showed the 

vortex distribution along the y=11mm. The spectral phase
21uuφ is defined by 

))Co/(tan(
212121

1
uuuuuu

Q−≡φ , where 
21uuCo  and 

21uuQ are the cospectrum and 

quadrature spectrum of 1u  and 2u , respectively. The cross-spectrum was computed 

from the Fast Fourier Transform of the correlation )()( 21 tutu τ+ .  The results were 

shown in Figure 3-7. It was found that within the range of the surface of test model 

there was no clear vortex shedding, and behind the semi-circular leading edge test 

model, there was clear vortex shedding, so in the present test model, the type of 

vortex shedding was primarily TEVS. Furthermore, a simple measurement had been 

conducted to check the spectral phase 
21uuφ  of the laminar boundary layer, it was 

found that for a laminar boundary layer, the spectral phase 0
21
=uuφ . In Figure 3-7, 

the spectral phase 0
21
=uuφ  from x=0mm to x=5.5mm and spectral phase 0

21
≠uuφ  

from x=5.5mm to x=23mm. The results imply that the laminar boundary layer had 

been changed within 5.5mm to 23mm, but it was not a vortex shedding. One could 

call it as redeveloped boundary layer. The redeveloped boundary layer acted as a key 

factor for the generation of the TEVS.  

 In addition, it was found that at the trailing edge the phase 0
21
=uuφ , which 

indicated that TEVS had begun on this point. The TEVS was very clear along 
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y=11mm and the length of one single vortex circle calculated by using the data in 

Figure 3-7 was about 38mm.  

 

Figure 3-7 Phase relationship between hot-wire 1 and hot-wire 2 along y=11mm. Hot-wire 1 was 
located at x=0mm and y=11mm, hot-wire 2 was move along the y=11mm at different x positions. 

 

3.4.2 Pressure disturbance mechanism  

 The low-order model for vortex shedding behind vibrating bluff body developed 

in Chapter 2 indicated that the vortex shedding behind the bluff body could be 

controlled by using external controllable vibration or perturbation. Furthermore, this 

model could be used to predict frequency shift phenomena. However, this model 

could not predict the exact change of both the frequency and strength of the vortex 

shedding under the surface perturbation because the model was only determine the 

qualitative relationship between two coupled oscillators. Section 3.3 described how 

the perturbation on the up surface of the test model did suppress the vortex shedding 

behind the test model. Although there were no exact mathematical models to explain 

the vortex strength abasement mechanism behind the vibrating bluff body, one could 

find a new way to explain the mechanism by the process of vortex shedding 

formation.  

 In general, a number of different local instabilities exist around elongated bluff 
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body or semi-circular leading edge bluff bodies when the flow past over them. The 

complexity of the flow around a bluff body is increased as a result of interaction 

between upstream and downstream flow structures and the interaction of flow 

structures and solid structures.  

 When the flow speed is above a critical Reynolds number, the instability in the 

wake is present in most bluff bodies. With long square leading edge bluff bodies and 

semi-circular leading bluff bodies, it is possible for the flow to separate at the leading 

edge and re-attach while shedding large-scale vortices at the trailing edge. A detailed 

investigation into the nature of this separated and re-attaching flow is found in Cherry 

et al. [110]. Two instabilities are involved: the Kelvin-Helmholtz instability that 

presents in the shear layer; and the instability that causes large-scale vortex shedding 

behind a bluff body. Experiments by Soria et al. [111] used long square leading edge 

bluff body to isolate any trailing edge effects. The separating and re-attaching flow 

was shown to be predominantly convectively unstable and receptive to a broad range 

of frequencies. The weak flapping of the shear layer without external perturbation 

could be the result of regions of local absolute instabilities. Another type of global 

instability occurs when a local convective instability interacts with a solid boundary 

downstream. Disturbances from the object downstream propagate upstream to 

complete a feedback loop. For a semi-circular leading edge bluff body, this 

phenomenon is observed when the shear layer from the leading edge is influenced by 

the trailing edge. This type of instability is similar to when jet or mixing layers 

impinge on some sharp edge downstream geometry of bluff bodies. The flow around 

square leading edge bluff body in the absence of any external forcing has been studied 

previously by Nakamura et al. [112-113]. The frequency of vortex shedding from the 

leading edge of the square leading edge is generally a single frequency. The instability 
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was thought to rely on the interaction of the leading-edge vortices with the trailing 

edge to generate a pressure pulse. This pressure pulse locks the leading-edge shedding 

and completes the feedback loop. The pressure pulse is relatively weak and therefore 

this locked response is restricted to low Reynolds numbers and only a limited range of 

chord-to-thickness ratios. It was described as impinging leading edge vortex (ILEV) 

instability since it can describes the process wherein leading edge vortices are shed, 

convected downstream and then interact with the trailing edge.  

 Hourigan[108] found that for short square leading edge bluff bodies, the leading 

edge shear layer can impinge directly on the trailing edge. For longer square leading 

edge bluff bodies, vortices are shed from the shear layer at the leading edge; these 

vortices convect along the plate and interact with the trailing edge. For semi-circular 

leading edge bluff body, it is the same characteristic as the long square leading edge 

bluff bodies. For bodies with streamlined trailing edges the leading-edge vortices 

generate a pressure pulse as they pass the trailing edge. However, for the bodies with 

bluff trailing edges as in the present case, the leading edge vortices or redeveloped 

shear layer interact with the shedding at the trailing edge. That is, trailing edge 

vortices can only form between the passing of leading edge vortices or redeveloped 

shear layer. The leading edge vortices punctuate the redeveloped boundary layer and 

restrict the phases at which trailing-edge shedding can occur. The pressure pulse from 

the vigorous trailing edge shedding then feeds back upstream and controls the leading 

edge shedding. The schematic of feedback loops of vortex shedding for semi-circular 

leading edge bluff body is shown in Figure 3-8. This process can be called as 

impinging leading edge vortex instability (ILEVI) and it consists of a combination of 

leading edge vortex shedding (LEVS) and trailing edge vortex shedding (TEVS). 
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Figure 3-8 Schematic of feedback loops of vortex shedding for semi-circular leading edge bluff 
body. 

 
 In the present study, a surface perturbation was used on the up surface of 

semi-circular leading edge bluff body and obtained a reduction in vortex strength. The 

reduction can be explained when taking the ILEVI into account. In the process of 

feedback loops of vortex shedding for semi-circular leading edge bluff body, the 

pressure pulse is not very strong but it is a key factor for generating the next vortex 

shedding. In Figure 3-9, a semi-circular leading edge bluff body is placed in the flow 

stream. The flow is separated when it meets with the bluff body. Firstly, it generates 

leading edge shear layer which is a laminar layer. This shear layer will develop into 

redeveloped boundary layer on the surface of the bluff body. When redeveloped 

boundary layer passes the bluff trailing edge, it interacts with trailing edge and 

generates the TEVS. During the generation of the TEVS, it will also generate a 

pressure pulse and feedback to the leading edge shear layer to control the next vortex 

shedding. The surface perturbation technique is to generate a small local perturbation 

in the space between leading edge shear layer and trailing edge. This small local 
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perturbation has two effects on the flow around it. Firstly, it continuously changes the 

surface of the bluff body in sequence of time which disturbs the pressure pulse on the 

trailing edge to feedback to the exact corresponding point in the leading edge shear 

layer and then damage the generation of next vortex shedding. Secondly, the 

perturbation also generates a small velocity in the transverse of the surface which 

alters the flow structure around the surface of the bluff body. The alteration disturbs 

the leading edge shear layer to convect to the trailing edge and the pressure pulse to 

feedback the leading edge shear layer, which influences the generation of trailing edge 

vortex shedding. However, the surface perturbation disturbs the generation of the 

trailing edge vortex shedding, not prevent the generation of the trailing edge vortex 

shedding. So in the present experiment, the vortex shedding strength is reduced but 

not disappeared.  

 
Figure 3-9 Illustration of pressure disturbance mechanism. 

  
 In conclusion, a mechanism which can be used to explained the abasement 

mechanism of vortex shedding strength when applying surface perturbation technique 

is developed and it is called ‘Pressure disturbance mechanism’. However, the flow 

structure is very complex around the test model; it is not easy to build a mathematical 

model for this mechanism. Therefore, one can use this mechanism to explain the 
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physics of the control.  

3.4.3 Shear layer shifts mechanism  

In section 3.4.2, pressure disturbance mechanism was developed to explain the 

abasement of vortex strength. This mechanism is focus on disturbing the generation 

for the new vortex shedding in the leading shear layer. In this section, another way for 

investigating the control of the vortex shedding is discussed; this method is base on 

the trailing edge vortex shedding formation process and focus on the flow structure 

change around the trailing edge.     

This trailing edge vortex shedding formation process, which was first presented 

by Gerrad [30] and further developed by Lucas and Turner [32], could be summarized 

in Figure 3-10,. In the model, two shear layers 1SL  and 2SL  alternately rolled up to 

form the vortices in the wake, the shear layer 1SL  created flow A , which entrained 

into the vortex 1V ;  Flow B  from shear layer 2SL  caused detachment of 1V ; the 

other flow C  from shear layer 2SL  was induced back into the formation region, 

which was ready to initiate production of the next vortex 2V . And the strength of the 

vortices would be determined by the relative magnitudes of flow A, B and C. 

Normally C should be maximum, A minimum, with B just sufficient to ensure 

effective detachment of the growing vortex.  
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Figure 3-10 Motion of boundary layers during the trailing edge vortex formation process and the 

schematic for applying small local perturbation.    
 

Two factors are centrally important in the trailing edge vortex shedding formation, 

(a) the shear layers should roll up to form vortices of sufficient strength; (b) the shear 

layers should interact closely with each other. If any one of these factors (or both of 

them) is disabled or disrupted, then, it would prevent proper roll up of shear layers 

and thus, the trailing edge vortex shedding phenomenon which would ultimately be 

suppressed.  

At the absent of external perturbation, the distance of two shear layers is SLd , the 

trailing edge vortex shedding is generated periodically. When small local perturbation 

is applied, the up surface of the vibration plate is vibrating on the transverse direction. 

The transverse velocity perturbation can weaken the strength of the shear layer 1SL , 

causing the strength ‘disharmonic’ of shear layer 1SL  and shear layer 2SL ,This 

causes the relative magnitudes of flow A, B and C to change and subsequently 

weakens the strength of the trailing vortex shedding. The perturbation also changes 

the geometry of the up surface of the bluff body. The displacement along the 

transverse direction of the up surface of the bluff body is pd , which varies based on 
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the applied control signal. Without the surface perturbation, there is no change in the 

up surface, 0=pd , and the distance between two shear layers is SLd . With the 

surface perturbation, the geometry of the up surface changes, 0≠pd  and the 

distance between two shear layers is now pSL dd ′+ , where pd ′  is relative to the 

displacement of the vibration plate with pp dd ≤′ . Therefore, the second factor in 

Gerrad [30] which is important for the generating of trailing edge vortex shedding 

cannot be satisfied. The distance between two shear layers changes all the time so the 

flow A, B and C cannot stay in a similar condition to that without control. Since the 

condition varies with time, the flow state may not be stable, which influences the 

generation of vortex shedding 1V . In conclusion, the change of the distance between 

two shear layers can result in a significant reduction in the energy of trailing edge 

vortex shedding behind of the test model.  

The small local perturbation shifts the shear layers and this shift weakens the flow 

A, B and C behind the test model and can determine the generation of the vortex 

shedding. When the generation of the vortex shedding is affected, the strength of the 

vortex shedding can be reduced. One could call it ‘Shear layer shifts’ mechanism’ and 

the process is shown in Figure 3-11. This mechanism also indicates that there is a 

frequency shift phenomena due to the geometry change of the test model, which will 

be explained in the next section.   
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Figure 3-11 The shear layer shifts mechanism. 
 

The occurrence of this mechanism in the experiment was investigated by 

measuring the flow distribution behind the test model. The test model was placed into 
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3-12. After the application of the surface perturbation, 22
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decreased by about 10%, imply that the strength of the generating vortex shedding 

had been weakened.  

Based on the above analyses, the shear layer shifts mechanism for the abasement 

of vortex energy can be summed up as the followings. The vortex-induced acoustic 
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trailing edge of the bluff body. The controlled surface perturbation disturbs the two 

shear layers, and thus weakens the strength of flow A, B and C, resulting in a clear 

disruption on the formation of the trailing edge vortices and creating a significant 

reduction in the vortex strength in the wake of the model. The whole process results in 

an effective impairment in the flow acoustic interaction and subsequently the 

vortex-induced acoustic resonance.  

In conclusion, two mechanisms are developed for explaining the abasement of 

vortex shedding strength when open-loop control was implemented on the test model. 

Although these two models cannot predict the quantitative value of the vortex strength 

reduction, it can illuminate important factors that influence the development of the 

vortex shedding under the surface perturbation control. The disturbance pressure 

pulse mechanism might be a more proper way for explaining the control mechanism 

based on the physics of the control process. On the other hand, the shear layer shift 

mechanism is easy to understand and can be used to predict the shedding frequency 

shift as detailed in the next section.  
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Figure 3-12 Cross-flow distribution of mean streamwise flow velocity and Reynolds stresses at 

tx , open-loop control. (a) ∞UU ,(b) 22
∞Uu , (c) 22

∞Uv , (d) 2
∞Uuv .  m/s2.8=∞U  . 

 

3.5 Frequency shift phenomena 

  In Chapter 2, the low-order model has predicted that when an external surface 

control perturbation on the bluff body, the frequency of the vortex shedding behind 

the test model shifted to a lower  or higher frequency, relative to the uncontrolled 

vortex shedding frequency. The frequency shift phenomenon was found in the present 

open-loop control results. In this section, the mechanism for the frequency shift will 

be analyzed.  

 In order to investigate the frequency shift in the open loop control, various 

measurements were done by using the open-loop system. When the perturbation 

displacement of the vibration plate was varied, the corresponding shedding frequency 

sf  was obtained from the Mic.1 measurements. The maximum displacement of the 

vibration plate pmd was measured by a laser vibrometer at the center point of the 

vibration plastic plate. In the present study, when without control, the vortex shedding 

frequency was Hz3.161=sf . As Figure 3-13 shows that the shedding frequency sf  

was generally reduced upon deployment of the control.  With small perturbation 

amplitude of typically less than 0.4mm, the reduction is trivial of typically less than 1 
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Hz. With higher pmd , the reduction in sf  became more appreciable. The optimum 

control configuration used in this paper ( Hz30=pf  and 160=pV V) corresponded 

to pmd =0.83mm, the shift in sf  could reach 2.84Hz. The effect of this frequency 

shift on the control performance will be assessed later.  

 
Figure 3-13 the shift of shedding frequency at various maximum displacement pmd  of the 

vibration plate, Hz30=pf , measured by Mic.1. 
 

In Section 3-4, it was explained from the point of view of the shear layer shift 

mechanism that when a relatively small surface perturbation is applied, the thickness 

of the plate increases and the distance between two shear layers behind the test model 

will be changed as a consequence. The distance SLd  between two shear layers will 

determine the shedding frequency of the vortex shedding, which means that the 

shedding frequency will change with time when the time-varying surface perturbation 

control is implemented. This is the mechanism of the vortex shedding frequency shift. 

However, it is no easy to identify the exact distance between two shear layers. One 

can find another way to calculate the relationship between frequency shift and the 

perturbation displacement. In fact, the perturbation also changes the geometry of the 

up surface of the test model. As Figure 3-14 shows that when applying a small local 

perturbation in the open-loop control, the maximum displacement of the vibration 
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plate is pmd  ( 0≥pmd ). In this mechanism, one can consider that the reduction of the 

shedding frequency can be attributed to the geometry of the up surface of the test 

model generated by the surface perturbation technique. The shedding frequency sf  

can be defined as follows, 

t
USf ts =                                      (3-6) 

Where St  is the Strouhal number, U  is the flow velocity, and t  is the thickness of 

the test model.  In Equation3-6, the shedding frequency can be calculated by using 

the Strouhal number tS , flow velocity U  and the thickness t  of the test model. In 

the present case, the perturbation only generates small transverse velocity which 

cannot influence the flow velocity U . There is no direct evidence that the Strouhal 

number St  will change when applying the surface perturbation technique. In fact, 

for a fixed experiment set-up and test model, the Strouhal number tS  is a constant 

value during the control period. So only the thickness of the test model can be 

considered to act as the key factor for the frequency shift. With control, the 

displacement of the vibration plate pd  varies with time with the maximum pd  

value of pmd  as illustrated in Figure 3-13. Assuming pd  represents the equivalent 

increase in the thickness of the vibration plate; the perturbed shedding frequency spf  

can be expressed as:    
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Figure 3-14 The schematic of effective displacement of the vibration plate 
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where 0sf  is the unperturbed vortex shedding frequency.  
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Figure 3-15 The effective perturbation displacement of the vibration plate, Hzf p 30= . 

 
Equation 3-9 shows that the reduction of spfΔ  is linearly related to pd , which 
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can be estimated by using the vortex shedding frequency shift data in Figure 3-13 and 

Equation 3-8. Figure 3-15 shows the variation of pmd versus pd . In the low 

perturbation region (with small perturbation amplitude, typically pmd < 0.4mm), 

pmp dd is roughly 12%, whilst for larger perturbation amplitude, pmp dd  

approached 23%. In the optimal configuration, the effective increase in the thickness 

of the vibration plate brought about by the perturbation is roughly 0.19/11 =1.7%. 

This was shown to cause 2.84 Hz shift in sf . So Equation 3-9 can be used to predict 

the shift of shedding frequency when using the surface perturbation technique.  

 In Equation 3-8, since in surface perturbation technique, 0≥pd , it indicates that 

the when with perturbation, the vortex shedding frequency only shifts to low 

frequency. In Figure 3-15 shows that the value of pmp dd  can be identified for the 

present test model and experiment set-up. When mmd pm 4.0≤ , 12.0≈pmp dd ; when 

mm4.0>pmd , 23.0≈pmp dd . A laser vibrometer was used to measure the 

maximum displacement pmd  at the centre point of vibration plate and calculate pd . 

Finally, the frequency shift spfΔ  was calculated by using the Equation 3-9. The 

overall process can be summarized as Figure 3-16. As a result, when the frequency 

shift spfΔ  is known, the maximum displacement of vibration plate on the surface of 

the test model can be predicted.  
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Figure 3-16 The prediction process of the frequency shift spfΔ .  
 

 The frequency shift phenomena discussed in the section can draw the following 

conclusions:  

(1) A low-order model was developed in Chapter 2 which predicted the vortex 

shedding frequency shift when external vibration or perturbation was applied to 

the system. This prediction has been confirmed by the frequency shift phenomena 

explained in this section. Although the low-order model cannot predict the value 

of the frequency shift, the Equation 3-9 developed in this section can be used to 

calculate the exact value of the frequency shift.  

(2) In this section, the displacement of the vibration plate is considered to play the 

main role on shifting vortex shedding frequency. Physically, the vortex shedding 

frequency is determined by the distance between two shear layers around the test 

model. The shift of the vortex shedding indicates that the distance between two 

shear layers has been changed. On the other hand, the shift phenomenon has 

confirmed that the shear layer shifts mechanism developed in section 3.4.3 is 

consistent. The perturbation on the vibration plate shifts the shear layer around 

the up surface of the test model; this shift can change the vortex shedding 
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frequency. And its structure, resulting in the abasement of vortex shedding 

strength. 

(3) The frequency shift is very useful for controlling the acoustic resonance. The 

adjustable shift in the present experiment allows the system to control the vortex 

shedding frequency by shifting it away from the acoustic resonance in the system, 

leading to a further noise reduction inside the cavity. This part will be discussed 

in the next section.  

3.6 Effects on downstream cavity resonance 

 Section 3.5 has shown that there is a shift in vortex shedding frequency when a 

surface perturbation is applied. Before discussing the effects of the shedding 

frequency shift on control performance, measurements were conducted to investigate 

the characteristics of the acoustic downstream cavity resonance. 

3.6.1 The resonance of downstream cavities    

 Figure 2-22 shows how the test model was installed in a duct with a cross section 

of mm100mm100 × . The acoustic resonance of the straight duct itself is about 

1700Hz, which is far away from shedding frequency of the test model in the 

experiment. Therefore the acoustics resonance of two downstream cavities can be 

used to check the effect of acoustics resonance. Downstream cavities DC-1 was used 

in the present experiment.  

 Using the above experiment configuration shown in Figure 2-22, and the test 

model is C1 and downstream cavities are DC-1. The sound pressure level spectra 

measured by the two microphones are compared in Figure 3-17 in terms of ∆SPL =-

2mSPL - 1mSPL , with 2mSPL and 1mSPL  being the SPLs at Mic.2 and Mic.1, 

respectively. Figure 3-17 clearly shows three different regions in which ∆SPL shows 
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very different characteristics.  

(1) Region A: In the low frequency range, ∆SPL totters around zero, indicating 

comparable SPLs in the duct and in the cavity. This suggests that the sound inside the 

duct is simply transported into the cavity. The flow noise inside the duct is within this 

region, since there is no effective way to avoid the influence of the flow noise, 

especially in the case of high flow speed, it is better to design the vortex shedding 

away this region.  

 
Figure 3-17 Downstream cavity resonance, mm487=L , mm100=d , m/s2.8=U . 

 
(2) Region B: In a region which is relatively close to cavity resonance frequency

af , sound pressure level inside the cavity is obviously higher than that in the duct. 

This is a clear evidence that sound is amplified by the cavity resonance effect. As an 

example, at resonance aff =  , the difference reached about 20dB. In order to show 

the effect of shift resonance, the vortex shedding frequency sf  is usually smaller 

than resonance frequency af . In the present open-loop control, when the vortex 

shedding frequency shift from 161.3Hz to 158.4Hz, there is 5.0dB extra reduction 

inside the cavity. This can be explained by the curve shown in Figure 3-17. When the 

vortex shedding frequency shift from 161.3Hz to 158.4Hz, the ∆SPL in Figure3-17 is 

decreased from 21.0dB to 16.8dB, the difference of these two points is 4.2dB, lower 
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than dB due to some unpredictable factor in the measurement system, it indicates that 

because the cavity acoustic resonance which contributes the extra reduction inside the 

cavity.  

(3) Region C: Above the resonance region, ∆SPL decreases, indicating a weaker 

acoustic field inside the cavity compared with that in the duct. One plausible reason is 

that at higher frequencies, sound dissipations increase with the decrease of wave 

length. Therefore, sound becomes much weaker when reaching the Mic.2 position 

which is at the far end of the cavity.  

3.6.2 Resonance bandwidth and acoustic resonance effect  

 In section 3.6.1, the characteristics of the acoustic cavity resonance has been 

identified. The resonance bandwidth is needed to be determined which is an important 

parameter for investigating the acoustical resonance effect. To this end, a series of 

tests were conducted to document the sound pressure level measured by Mic.1 and 

Mic.2 at shedding frequency sf  under various flow velocities before the control was 

deployed. The results are shown in Figure 3-18. The peak values of sound pressure 

level at  sf  , measured by Mic.1, monotonously increase as the flow velocities 

increase. While the peak values of sound pressure level at  sf  , measured by Mic.2, 

reaches a peak value of 97.1dB when m/s2.8== crUU (i.e. Hzff as 3.161== ). 

Using the bandwidth definition corresponding to -3dB reduction, the band width of 

the resonance peak was determined as 3.4 Hz from 159.0Hz to 162.4Hz, 

corresponding to a flow velocity variation from 8.0m/s to 8.3m/s.  
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Figure 3-18 Sound pressure level at sf  at various flow velocities, without control. 

 
 Figure 3-19 shows the control effect on the previously defined ∆SPL at sf  at 

various flow velocities with Hzf p 30=  and 160=pV  volts. It can be seen that 

apart from resonance region, sound reductions in the duct and in the cavity are almost 

the same. This should be attributed to the weaken vortex strength, which has been 

extensively discussed our previous section. Around cavity resonance, sound reduction 

inside the cavity exceeds that in the duct, by as much as 5.0dB.  This can be 

attributed to the control-induced shift of the vortex shedding frequency. In fact, a 

2.84Hz shift in sf  exceeds the half bandwidth of the cavity resonance, this alone 

should bring about more than 3dB reduction in the SPL.  

 
Figure 3-19 The control effect on 12 mm SPLSPL −  at sf  at various flow velocities, 

Hz30=pf  and 160=pV V. 
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 In conclusion, when applying surface perturbation technique on the test model, 

the perturbation increases the effective thickness of the plate. The increase of the 

effective thickness of the plate can shift the shedding frequency. The quantity of the 

shift can be estimated by Equation 3-9. If the shedding frequency shift that caused by 

the perturbation exceeds the resonance bandwidth of the acoustic cavity, the sound 

reduction inside the cavity is larger than that in the duct. In the present experiment, 

this phenomenon along gives a rise to a further sound pressure reduction of 5.0 dB 

inside the acoustic cavity. In a word, when vortex shedding occurs and its shedding 

frequency is close to the acoustic resonance of the cavity, the surface perturbation not 

only disturbs the two shear layers and thus weakens the strength of the vortex, but 

also shifts the shedding frequency, and then suppresses the acoustic resonance 

phenomenon.  

3.7 Conclusions 

The control of vortex-induced acoustic resonance by using an active open-loop 

control system has been experimentally investigated. The control results have shown 

that this method is an effectively control method for vortex-induced acoustic 

resonance problems. Generally, the present paper leads to the following conclusions. 

(1) Using optimal control frequency pf  and control voltage pV , the controller 

achieve the best performance by reducing the sound pressure level (SPL) at the first 

acoustic resonance by about 16.3 dB in the duct and 21.3dB in the cavity, respectively; 

Furthermore, the control performances are repeatable and reliable.  

(2) During the generation of the TEVS, a pressure pulse is generated and 

feedback to the leading edge shear layer to control the subsequent vortex shedding. 

The surface perturbation technique in the present experiment is used to generate a 
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small local perturbation in the space between leading edge shear layer and trailing 

edge. This small local perturbation can disturb the pressure pulse on the trailing edge 

to feedback to the exact corresponding point in the leading edge shear layer and then 

alter the generation of next vortex shedding, leading to a reduction in the vortex 

shedding strength.  

(3) The surface perturbation technique change the geometry of the up surface of 

the test model, it can shift the shear layer which attaches to the surface. The shift 

disturbs the two shear layers, and thus weakens the strength of flow A, B and C, 

which results in a clearly disturbance on the formation of the trailing edge vortices, 

leading to a significant reduction in the vortex strength in the wake of the model. This 

mechanism is called ‘shear layer shifts’ mechanism, which is also used to explain the 

vortex shedding frequency shift.  

(4) There is a shift in the shedding frequency caused by the control action. A 

formula was derived to predict this frequency shift in the effective control region. It 

was shown that the perturbation brings about 1.7% increases in the effective height of 

the plate, resulting in a frequency shift of about 2.84 Hz that was confirmed by the 

experiment.  

 (5) It is found that when vortex shedding occurs at the case that its shedding 

frequency is close to the first acoustic resonance of the downstream cavity, the present 

surface perturbation not only weakens the strength of the vortex shedding, but also 

shifts the shedding frequency, and then suppresses the acoustic resonance 

phenomenon. In the present open-loop control, due to the downstream cavities 

resonance effect, there is a further sound pressure reduction of 5.0 dB inside the 

acoustic cavity.  

 So the surface perturbation technique is an effective and practical method for the 
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flow-induced vortex control, it can not only weakens the strength of the vortex, but 

also change the shedding frequency, and then suppresses the acoustic resonance 

phenomenon. However, the control signal in open-loop control is independent of what 

is occurring in the system. One can improve the control performance by involving 

more information in system response using closed-loop control to be investigated in 

the next Chapter.  
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4. Downsampling theory and implement in real time control 

system 

4.1 Introduction 

 In Chapter 3, the control of vortex-induced acoustic resonance has been 

experimentally investigated by using an active open-loop control system. It is found 

that the open-loop control method is an effectively control method for vortex-induced 

acoustic resonance problems.  

 However, the control signals input into the test model are independent of what is 

occurring in the system, which does not allow adjusting the control signals according 

with the system response. Thus, adding some feedback information from a number of 

sensors inside the duct or cavity may be thought as a good way to improve control 

performance because the control actuation will be influenced by the feedback 

response measured by the sensors. The control system that uses feedback signals for 

controlling is called closed-loop control. If the feedback signal in the closed-loop 

control is adjusted properly, the generated control actuation may influence the flow 

field more such that the resulting noise may be further reduced. This consideration 

leads to the closed-loop control investigation.  

 At first, it seems to be a straightforward process to implement closed-loop control 

by using direct feedback signals from the sensors such as the hotwire. However, it is 

found from the investigation that there is a main difficulty of such control practice for 

our experiment configuration due to the characteristic of the test model used in the 
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present experiment which only generates larger displacement around 30Hz than that 

in high-frequency (>100Hz). Realizing the difficulty in using a high-frequency 

control signal in the closed-loop control system, a new signal analysis method which 

is called ‘downsampling’ is developed. In this method, the feedback signal at high 

frequency is down-sampled to a much lower frequency so that the test model can 

generate close to a maximum displacement. The detail of this signal analysis method 

and its implementation in real time control system will be described in this Chapter.  

4.2 Limitations of the open-loop control 

 In Chapter 2, an open-loop control was successfully applied in the control of 

vortex-induced acoustic resonance. The control signal is ( ) )2sin( tfVtu pp π=  in 

open-loop control, where pV  is the voltage that measured after the PZT amplifier 

and pf  is frequency of the control signal which is called control frequency.  The 

optimal pV  and pf  was identified in Chapter 2 by conducting various 

measurements and the best performance in open-loop control was achieved at the 

optimal pV  and pf . However, the signal of the open-loop control is independent 

with the system response, so there are some limitations for further improving the 

control performance.  

 Firstly, in the open-loop control, the sinusoidal type signal is chosen as the 

control signal based on the assumption that the measured signal around the shedding 

frequency sf  is primarily tonal. In fact, the measured signal around the shedding 

frequency sf  is relatively complex. The primary part of the signal is of a single 

frequency, but there also exists other signals with slightly different frequencies and 

magnitudes. In other words, it is a multi-tone signal. Therefore, a single-tone signal 

used in open-loop control may not be sufficient to capture the entire important 
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characteristics of the system response, particularly at frequencies around the vortex 

shedding frequency. Furthermore, the exact value of the vortex shedding frequency is 

practically not known since it varies according to the change in system dynamics. 

From the previous observation in open-loop control, the vortex shedding frequency is 

shifted to a low frequency and the shift slightly varies with time during control. These 

situations cannot be effectively accommodated in the open-loop control. The control 

performance can be improved if a more accurate signal, representative of the actual 

system response, is chosen as a reference to the control signal. In this case, the 

closed-loop control using feedback signals from the system provides a potentially 

better alternative to open-loop control. However, the challenge in this control method 

is in identifying the signals that are representative to the vortex shedding 

characteristics and in downsampling the signals so that they can be efficiently used 

for surface perturbation control. 

Secondly, the maximum level of surface perturbation is fixed in the open-loop 

control. However, a larger perturbation does not necessarily correspond to a better 

control performance. To ensure that the surface perturbation achieve its performance 

objective in controlling the vortex shedding process, it is necessary to adjust the level 

of surface perturbation based on the system response. This method can be done using 

the closed-loop control, which is another potential improvement from the open-loop 

control system.  

 Finally, the surface perturbation generated using open-loop control does not have 

any time dependence on the system response. In other words, in the open-loop control, 

there is no phase relationship of its control signal with the system response. In general, 

the phase of the control signal is regarded as one of the key factors in control. In 

general, the control signal with different phases might result in different control 
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performances. In the open-loop control, the control actuation using the surface 

perturbation is applied at a random time relative to the system response. Therefore, 

the control performance may not be optimal because the surface perturbation is 

applied not necessarily at the best timing to optimally reduce the vortex shedding 

strength. Using the closed-loop control can alleviate this problem by applying the 

surface perturbation at a better timing to obtain an optimal control performance. 

 In conclusion, although the open-loop control could be successfully implemented 

in the previous study and good control performance has been achieved in the 

open-loop control, the open-loop control still has its own limitations. In order to 

achieve a better control performance, these limitations need be carefully considered. 

For this purpose, an active closed-loop control for flow-induced acoustic resonance is 

proposed in the present study. The initial preparations of the closed-loop control will 

be discussed in this Chapter.  

4.3 Possibilities for applying closed-loop control strategy 

 In the closed-loop control system, the feedback signals can be obtained from 

hotwire, microphone and other sensors. Before the feedback signals are input into the 

test model, it can be dealt with different signal analysis processes. In this section, the 

possible ways for applying the closed-loop control strategy are discussed.  

 In general, the feedback signals can be used straightly in the closed-loop control, 

and then the system response can be feedback directly to the system again. In the 

present study, the main frequency of the feedback signal is around 160Hz. It means 

that the test model will work at this frequency when it is excited directly by the 

feedback signal. However, Figure 2-13 has shown that the test model used in the 

present study has a dominant frequency response at around 30 Hz, with a decreasing 

magnitude as the excitation frequency increases. The magnitude of control actuation 
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(displacement) is measured to be only 0.02mm at 160Hz, compared to the maximum 

displacement of 0.83mm at 30Hz. Such a small actuation of only 2.4% of the test 

model maximum capability at 160Hz is expected to lead to relatively poor control 

performance.  

 Realizing the difficulty in directly using a high-frequency control actuation in the 

present test model, one needs to find a new way for using the feedback signal in the 

closed-loop control. There are three parameters in the feedback signals: the amplitude, 

frequency and the phase. Due to the frequency response characteristic of the test 

model in the present study, the frequency of the feedback signal needs to around 30Hz 

which allows the test model to generate the maximum displacement when it is used as 

the control signal. However, one of the main challenges is to ensure the amplitude and 

phase of control signal can still be related to the original feedback signal when the 

signal is down-sampled from around 160Hz to around 30Hz.  

 A semi-closed-loop control was developed for an initial investigation. In this 

method, the type of the control signal was a sinusoidal function, where the control 

frequency was set to 30Hz, and the control voltage was fixed to a constant value. In 

this case, only the phase of the control signal was varied for control purposes. The 

sinusoidal cycle of the control signal was synchronized to start at the same phase 

relative to the phase of the primary feedback signal. After every cycle, the control 

signal was adjusted during control to ensure that it has the same initial phase relative 

to that of the corresponding feedback signal. This initial phase was varied for 

investigating the effect of phase information on control performance. Since the 

control signal uses the phase information from the feedback signals, it is called the 

semi-closed-loop control. This method can be easily realized in the control platform. 

However, it contains so fewer information of the feedback signal and cannot be 
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adjusted freely according to the system response.  

 Finally, a ‘downsampling’ concept was considered which involved two important 

factors. (1) The down-sampling of the frequency of original feedback signal to the 

optimal control actuation frequency of around 30Hz; (2) The corresponding frequency 

and phase relationship between original feedback signal and down-sampled control 

signal. In this method, the feedback signal at around 160Hz was down-sampled to a 

much lower frequency of around 30 Hz to ensure the test model can generate close to 

a maximum displacement. The detail of this proposed downsampling method will be 

explained in section 4.4.  

 The discussion in this section can be summarized in Figure 4-1. It shows the 

comparison of three different methods for applying closed-loop control. One can 

conclude that although it is not possible to use the feedback signal directly in the 

present study, a ‘downsampling’ concept which agrees with all the requirements in the 

present study can be used in the closed-loop control. Downsampling is a common 

concept in the signal processing that will be used for controlling the vortex shedding 

process using the surface perturbation method. In the next section, the detail of this 

concept will be described. The results of the control performance will be discussed in 

Chapter 5.  
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Figure 4-1 The possible methods for applying closed-loop control. 
 

4.4 Downsampling theory and its implementation 

 In signal processing, downsampling (or ‘subsampling’) is the process of reducing 

the sampling rate (sample frequency) of a signal. This is usually done to reduce the 

data rate or the size of the data. In general, since downsampling reduces the sample 

frequency of the signal, one must be careful to make sure the Shannon-Nyquist 

sampling theorem criterion is maintained to avoid the aliasing problem. However, in 

the present study, the aliasing phenomenon which happens when the sampling 

theorem is not satisfied is utilized. The detail of this process will be discussed in this 

section.  

4.4.1 Nyquist–Shannon sampling theorem and the aliasing 

phenomenon 

 The Nyquist–Shannon sampling theorem developed by Harry Nyquist and Claude 
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model 

The main frequency of 
the signal is 160Hz, but 
the actuation is in poor 

condition at this 
frequency  

Poor control performance 

Semi-closed-loop control 

Set the control frequency 
as 30Hz and control 
voltage to a constant 
value, but adjust the 

initial phase with 
feedback signal 

It uses only some phase 
information from the 

feedback signal 

 The down-sampled 
signal has a fixed 

magnitude and phase 
relationship with the 

feedback signal 

It includes all the 
necessary information 

from the feedback signal 

‘Downsampling’ concept 



4. Downsampling theory and implement in real time control system 

113 

Shannon is a fundamental result in the field of information theory, especially in 

telecommunications and signal processing. Sampling is the process of converting a 

signal which is a function of continuous time into a numeric sequence which is a 

function of discrete time. The theorem can be stated as in the following [124]: If a 

signal ( )tu  contains no frequencies higher than NSB Hz, the spectrum of this signal 

( )fU  is shown in Figure 4-2, this signal ( )tu  is completely determined by giving 

its ordinates at a series of points spaced 
NSB2

1  seconds apart.  

 

Figure 4-2 Spectrum of a band-limited signal as a function of frequency. 
 

 This theory can be further described by using the following equations. Let ( )tu  

represents a continuous-time signal and ( )fU is the continuous Fourier transform of 

this signal, it can be expressed: 

( ) dtetufU fti∫
∞

∞−

−= π2)(                                 (4-1) 

Here, the signal ( )tu  is assumed to be band-limited to a one-sided baseband 

band-width NSB , if ( ) 0=fU  for all Bf > . Then the sufficient condition for exact 

re-constructability from samples at a uniform sampling rate NSf  is: 

NSNS Bf 2>                                      (4-2) 

Where the quantity NSB2  is called the Nyquist rate and is a property of the 

f

U(f) 

NSB  NSB−  
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band-limited signal, while 2NSf  is called the Nyquist frequency and is a property 

of this sampling system. The time interval between successive samples is referred to 

as the sampling interval: 

NSf
T 1
=                                         (4-3) 

and the samples of ( )tu  are denoted by: 

[ ] ( )nTunu =                                      (4-4) 

where n  is an integer. The sampling theorem leads to a procedure for reconstructing 

the original ( )tu  from the samples and states sufficient conditions for such a 

reconstruction to be exact. The theorem describes two processes in signal processing: 

a sampling process, in which a continuous time signal is converted to a discrete time 

signal, and a reconstruction process, in which the original continuous signal is 

recovered from the discrete time signal. One can draw the following conclusions from 

this theorem. 

 (1) If the highest frequency NSB  in the original signal is known, the theorem 

gives the lower bound on the sampling frequency for which perfect reconstruction can 

be assured. This lower bound to the sampling frequency NSB2 is called the Nyquist 

rate. 

 (2) If the sampling frequency is known, the theorem gives us an upper bound for 

frequency components 2NSNS fB <  of the signal to allow for perfect reconstruction. 

This upper bound is the Nyquist frequency. 

 A continuous time signal ( )tu  can be converted to a discrete time signal ( )nTu . 

However, the Poisson summation formula shows that the discrete samples ( )nTu  of 

signal ( )tu  are sufficient to create a periodic summation of function ( )fU , it can be 
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expressed in the following [125], 

( ) ( ) ( ) nTfi

nk
NS enTuTkffUfU π2−

∞

−∞=

∞

−∞=
∑∑ =−=                 (4-5) 

The spectrum of Equation 4-5 is shown in Figure 4-3. It is found that there are several 

spectrums along the axis f. The spectrum which is shown in the solid line is the 

original spectrum and the other spectrums which are shown in dashed line are the 

image spectrums. In Figure 4-3, the spectrum is agree with the condition that 

2NSNS fB < , so the original spectrum and the image spectrums do not overlap, there 

are independently with each other, so one can use a low pass filter to remove the 

images and leave the original spectrum, thus recovering the original signal from the 

samples ( )nTu . It is the normal process for recovering the original signal.  

 

Figure 4-3 Spectrum of a properly sampled bandlimited signal (solid line) and images (dashed line) 
that do not overlap. A low-pass filter can remove the images and leave the original spectrum, thus 

recovering the original signal from the samples. 
 

 If the sampling condition is not satisfied, it is not possible to discern an 

unambiguous ( )fU . In this case, any frequency component above 2NSf  is 

indistinguishable from a lower-frequency component, which is called an aliasing 

phenomenon. Figure 4-4 described aliasing phenomenon. In the Figure 4-4,

2NSNS fB > , so  sampled band-limited signal (solid line) ( )fU  is overlap with the 

images(dashed line). These overlapping edges or ‘tails’ of the images can create a 

spectrum unlike the original. This spectrum cannot be reconstructed to the exact 

f

U(f) 

NSBNSB−

NSNS Bf − NSf
NSNS Bf +NSNS Bf +−NSf−NSNS Bf −−

Low pass filter 
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original time domain signal. Because of this reason, the aliasing phenomenon needs to 

be avoided in the measurement. In this case, one can set high sample frequency NSf  

to avoid this problem.  

 
Figure 4-4 Spectrum of an insufficiently sampled band-limited signal (solid line) ( )fU  is overlap 

with the images (dashed line). 
 

 In conclusion, Nyquist–Shannon sampling theorem is the basic theorem in signal 

processing. All the measurements need to satisfy this sampling theorem for obtaining 

completely original data. The aliasing phenomenon appears if the sampling condition 

is not satisfied. In general, the aliasing phenomenon needs to be avoided. However, 

one can find some useful properties from the aliasing phenomenon as described in the 

followings.  

 (1) Although the image spectrum is not the original spectrum of the signal, it can 

be made to completely overlap the original spectrum when shifted by a proper value 

along the frequency axis. This is of course can occur assuming that the aliasing 

problem is avoided by proper filtering. So the image spectrum can be regarded as the 

original spectrum which is shifted to other frequencies.  

f

U(f) 

NSBNSB−

NSNS Bf − NSf
NSNS Bf +NSNS Bf +−NSf−NSNS Bf −−

f

U(f) 

NSf
NSf−

Low pass filter 
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 (2) The value of the sample frequency NSf  can determine the relative position 

between the original spectrum and image spectrum. One can use the sample frequency 

to shift the image spectrum to any position along the frequency axis.  

 (3) The overlap between the original spectrum and the image spectrum can create 

a spectrum that differs from the original spectrum. However, if the spectrum has the 

narrow-band characteristics, one can use proper band-pass filtering in reconstructing 

the signal to avoid the aliasing problem.  

4.4.2 Downsampling theory  

 The purpose for the signal analysis is to down-sampled the frequency of the 

feedback signal from about 160Hz to about 30Hz while keeping as many as necessary 

frequency, magnitude and phase information that describe the system response. Based 

on the aliasing phenomenon, a new control method using the ‘Downsampling theory’ 

is developed to meet the control requirements. Since it is not possible to shift the 

original spectrum of a signal, but one can use a proper sample frequency NSf  to shift 

the image spectrum to the target low frequency and then use band-pass filtering to 

obtain a part of the image spectrum as the target spectrum. Because in the present 

study, the shifted image spectrum will overlap with original spectrum, it can be 

regarded as a type of aliasing phenomenon. The process can be described in Figure 

4-5. A typical spectrum of the vortex shedding system is used in the illustration with 

its dominant response at the vortex shedding frequency. The band spectrums around 

the peaks are marked by nS  ( L4,3,2,1=n ) in the Figure 4-5, the frequency band is 

BF.  

 In Figure 4-5, ( )fU n  (n is the integer number) is used for the definition of the 

spectrum, where 0=n  denotes the original spectrum ( )fU 0  (Solid line in the 
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Figure 4-5). and 0≠n  denotes the image spectrum. The position of the image 

spectrum is determined by the sampling frequency NSf . ( )fU1  is the first image 

spectrum in the positive f axis, while ( )fU 1−  is the first image spectrum in the 

negative f axis. The present study only focused on spectra ( )fU1  and ( )fU 1−  

(Dashed lines in the Figure 4-5). Only parts of the original spectrum which are 

defined as ( )fU source  ( 5S  in the Figure 4-5) and ( )fU source −  ( 2S  in the Figure 4-5) 

( ∈f  [ ]2,2 BFfBFf sourcesource +− ) will be used in the measurement. Here sourcef  is 

a source frequency (it is the vortex shedding frequency in the present study) and BF is 

the frequency band of the band-pass filter. ( )fU source  and ( )fU source −  are the two 

mirror spectrum parts along the f axis with similar spectrum characteristic. The 

corresponding image spectra ( )fU isource ( 4S  and 6S  in the Figure 4-5) and 

( )fU isource − ( 1S  and 3S  in the Figure 4-5). These four image spectra have been 

shifted by the sampling frequency NSf , so  

∈f ( [ ]2,2 BFffBFff sourceNSsourceNS ++−+ ,  

[ ]2,2 BFffBFff sourceNSsourceNS +−−− ). 

Here, sourcef  is a constant value for the present study, so one can choose a proper 

NSf  to move 3S  or 4S  to the target frequency ettf arg  which is the target low 

frequency for investigation. If 4S  is moved to the target frequency ettf arg , then the 

relationship of ettf arg , sourcef  and NSf  can be expressed by: 

sourceNSett fff −=arg                                 (4-6) 

Another case is that if 3S  is moved to the target frequency ettf arg , then the 

relationship of ettf arg , sourcef  and NSf  can be expressed as the following: 

NSsourceett fff −=arg                                 (4-7) 
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Because in the present study 0arg >ettf  and 0>sourcef ,  so that NSf  in equation 

4-6 is larger than that in equation 4-7.  It is better to have larger NSf  in the program, 

In the present study, equation 4-6 was chosen for further investigation.  

 

Figure 4-5 Schematic of the downsampling theory. 
 

 According to Equation 4-6, one of the spectra 4S  can be shifted to the target 

frequency. Furthermore, the corresponding relationship between 5S  and 4S  will be 

analyzed. 5S  is the original band spectrum, its mirror band spectrum is 2S , the 

transform from band spectrum 5S  to band spectrum 2S  is a fix function which can 

be defined as 52R , in fact, band spectrum 2S  can be easily obtained by adding a 

minus sign in the front of band spectrum 5S . 

25

52

SS
R

⇒                                          (4-8) 

52R : ( ) ( )
52 ss fUfU −=                              (4-9) 

And the transform from band spectrum 2S  to band spectrum 4S  is defined as 24R  

f
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f

U(f) 
Band-pass filter BPF2 

( )fU 0  ( )fU 1−  

( )fU1

1S 2S 3S 4S 5S 6S  

sourcef NSfettf arg

ettf arg

NSf−



4. Downsampling theory and implement in real time control system 

120 

which is can be expressed as the following. 

42

24

SS
R

⇒                                          (4-10) 

24R : ( ) ( )NSss ffUfU +=
24

                             (4-11) 

So the transform form band spectrum 5S  to 4S  can be expressed as the following, 

45

54

SS
R

⇒                                          (4-12) 

54R : ( ) ( )
54 sNSs ffUfU −=                              (4-13) 

Equation 4-13 indicates that there is a fix transform equation between band spectrum 

5S  to band spectrum 4S , so the characteristic of the band spectrum 4S  can be 

corresponded to the characteristic of the band spectrum 5S .  

   Equation 4-6, 4-12 and 4-13 together can be used as the basis equation for the 

downsampling theory. In this theory, a high frequency spectrum ( )fU source  ( 5S  in 

the Figure 4-5) ( ∈f  [ ]2,2 BFfBFf sourcesource +− ) can be down-sampled to a low 

frequency spectrum ( )fU ett arg  ( 4S  in the Figure 4-5) ( ∈f  

[ ]2,2 argarg BFfBFf ettett +− ) by using the Equation 4-6. And the relationship 

between ( )fU ett arg  and ( )fU source  is identified by using Equation 4-12 and 4-13. 

Figure 4-5 also shows that after the down-sampled process, the target spectrum is 

obtained by using a band-pass filter to clear away the other spectrums. The target 

spectrum can be used to reconstruct the time-domain signal. 

 Figure 4-6 shows the typical process for applying the downsampling theory in 

signal processing. In the present study, Hz160=sourcef  and Hz30arg =ettf . 

According to Equation 4-6, NSf  was chosen to be 190 Hz. So a 160Hz input signal 

would be down-sampled into a 30Hz signal. Similarly, a 159Hz input signal would be 

down-sampled into a 31Hz signal.  
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Figure 4-6 The typical process for applying the downsampling theory. 
 

 Additional, the possibility for the overlap between 4S  and 5S  also needs to be 

considered. In the present study, the spectrum around the vortex shedding frequency 

sf  is primarily narrow-band. Therefore, a Hz10=BF  band-pass filtering around 

the vortex shedding frequency should be able to capture most primary spectral 

characteristics associated with the vortex shedding. In practice, there were still some 

spectral components from the original spectrum that overlap with the reconstructed 

target spectrum at the target frequency band. However, the spectral components at 
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these frequencies were considerably smaller than that of the target spectrum.  

4.4.3 The implementation of downsampling theory  

 The process for applying the downsampling theory in the Simulink/dSPACE 

platform will be discussed in this section. Firstly, a sinusoidal signal generated by a 

Signal Generator in the Simulink was used instead of the feedback signal, and this 

signal was called the ‘original signal’. The characteristic of the original signal is 

shown in Figure 4-7. The frequency of the signal was 160Hz, and the sampling 

frequency was 5890Hz (5890Hz was calculated using the formula 31Hz190 × ). 

Therefore only a tonal spectrum was found within 1Hz to 1000Hz in frequency 

domain. Since it was tonal, there was no need for any band-pass filtering to obtain the 

signal at around 160Hz.  

 

Figure 4-7 The characteristic of the original signal. (a) Time-domain; (b) Frequency-domain. 

(a) 

(b) 
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 Secondly, based on the Equation 4-6, NSf  was chosen to be 190 Hz for the 

down-sampled signal. A Zero-Order Hold (ZOH) module in Simulink was used to 

change the data sampling from 5890Hz to 190Hz. The ZOH is one of commonly used 

practical signal reconstruction methods by a conventional digital-to-analog converter 

(DAC). It describes the effect of converting a discrete-time signal to a 

continuous-time signal by holding each sample value fixed over one sample interval. 

Thus ZOH could be used to reconstruct the present 160Hz original signal to a new 

low-frequency signal at 30Hz by using different sampling frequency NSf . The result 

is shown in Figure 4-8, in which the signal after ZOH is called ‘ZOH signal’ in the 

present study. The frequency has now been shifted to 30Hz. However, the spectrum of 

reconstructed signal using the ZOH method consists of other peaks apart from the 

original peak. They are the peaks from the overlapped image spectra during the 

reconstruction. These peaks are useless so it was cleared using the filter. 
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Figure 4-8 The comparison result by using Zero-Order Hold (ZOH) module to change the sample 
frequency of the signal. (a) Time-domain; (b) Frequency-domain. 

 
 Thirdly, after being down-sampled, the sampling frequency of the ZOH signal 

was 190Hz, with the time step of s00526.0=Δt . However, the time step of the 

output signal needed to be the same as the original signal which was s00017.0=Δt . A 

Rate Transition module was used to change the time step while keeping the 

characteristic of the ZOH signal. The output signal from the Rate Transition module 

was called ‘Transition signal’. The result is shown in Figure 4-9. In Figure 4-9(b) 

shows that though there are some small differences in frequency spectra between the 

original and reconstructed ones, all the peaks are mainly similar. In Figure 4-9(a), it is 

found that the Rate Transition module introduced a certain time-delay but with the 

same magnitude characteristic. It will cause the output signal to have a constant phase 

(a) 

(b) 
Image peaks  
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difference relative to the original signal.  

 

Figure 4-9 The results of using the Rate Transition module. (a) Time-domain; (b) 
Frequency-domain. 

 
 Finally, a band-pass filter was used to remove the image peaks of the 

reconstructed signal. A 2Hz-band-pass filter is used in the present study as shown in 

Figure 4-10. A down-sampled output signal was finally obtained at a frequency 

around 30Hz.  

(a) 

(b) 
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Figure 4-10 The comparison of transition signal with output signal. (a) Time-domain; (b) 
Frequency-domain. 

 
 The comparison between the output signal with the original signal is shown in 

Figure 4-11. From the figure, it is found that since the signal is a sinusoidal signal, the 

other image spectra of the original signal do not influence the output signal. In the real 

measurement system, one can use a band-pass filter to obtain a primarily tonal signal 

with a narrow-band spectrum.  

(a) 

(b) 
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Figure 4-11 The comparison of the original signal with the output signal. (a) Time-domain; (b) 
Frequency-domain. 

 
 The down-sampling control program, implemented in Simulink/ dSPACE, is 

shown in Figure 4-12. Based on the downsampling theory, the original signal 

(feedback signal in the closed-loop control) can now be down-sampled in real time by 

using the ZOH module and Rate Transition module in Simulink/dSPACE. For control 

purposes, the original feedback signal can be downsampled to a lower frequency for 

closed-loop control. 

   
Figure 4-12 The downsampling algorithm for closed-loop control. 

(a) 

(b) 
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4.5 Conclusions 

 In order to further improve the control performance of the open-loop control, 

closed-loop control using a downsampling process was developed. Based on the 

analysis, a downsampling theory which utilizes the aliasing phenomenon and the 

Nyquist–Shannon sampling theorem has been developed to down-sample a 

high-frequency original signal (feedback signal) to a low-frequency output signal 

(modified feedback signal). The relationship between these two signals could be 

induced by using the aliasing phenomenon. The downsampling process was 

implemented in the Simulink/dSPACE platform by using the Zero-Order Hold, Rate 

Transition and Band-pass filter modules. It was concluded that the relationship 

between the feedback signal and the modified feedback signal could be identified by 

equations 4-6, 4-12 and 4-13 which guaranteed that the modified feedback signal 

contains all the necessary phase, frequency and magnitude information as that in the 

feedback signal. The test model can use the modified feedback signal to adjust its 

control properties according to the system response obtained from the feedback signal. 

The application of the downsampling program will be further discussed for the 

closed-loop control implementation in Chapter 5. 
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5. Closed-loop control for the flow-induced acoustic 

resonance 

5.1 Introduction 

In this chapter, the implementation of closed-loop control scheme was 

investigated in the view of achieving effective control of vortex-induced acoustic 

resonance.  

 In Chapter 4, the downsampling theory which utilizes the aliasing phenomenon 

and the Nyquist–Shannon sampling theorem is developed to down-sample a 

high-frequency original signal (feedback signal) to a low-frequency output signal 

(modified feedback signal). The relationship between these two signals can be 

induced by using the aliasing phenomenon. It is concluded that the relationship 

between these two signals could be identified by the Equation 4-6, 4-12 and 4-13 in 

Chapter 4 which guaranteed the modified feedback signal contains all the necessary 

phase, frequency and magnitude information involved in the feedback signal. The test 

model can now use the modified feedback signal to adjust its control properties 

according to the system response that come from the feedback signal. A 

downsampling program is developed in the Simulink/dSPACE platform in real time 

by using the Zero-Order Hold, Rate Transition and Band-pass filter modules base on 

the downsampling theory. 

 Using the downsampling theory and program developed in Chapter 4, a 

closed-loop control tests were carried out in this chapter. It was found that the  

flow-induced acoustic resonance was effectively reduced after applying the 

closed-loop control. The physical mechanism behind the control was experimentally 

investigated in the view of developing an optimal control strategy.
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5.2 The signal processing in closed-loop control 

 The main difference between closed-loop and open-loop is that the feedback 

signal from the system response is used in the closed-loop control system. So in the 

closed-loop control, the signal processing is an important issue to be investigated. In 

this section, the process for dealing with the feedback signal before input into the test 

model is discussed.   

5.2.1 The selection of the single feedback signal  

In the closed-loop scheme, control signal utilizes feedback signals acquired from 

the system, which may be from the hot wire 1, hot wire 2, Mic.1 or Mic.2. Hot wire 1 

is located at x=0mm, y=11mm which is just above the leading edge of the test model; 

and hot wire 2 is located at x=34mm, y=11mm which is within the area of strongest 

vortex shedding. There are several observations that can be made from this 

experiment. 

Firstly, the comparison of the spectrum between the signal measured by hot wire 

1 and measured by hot wire 2 is shown in Figure 5-1. It is found that these two 

spectrums are similar to each other except that the signal measured by hot wire 1 is 

much weaker than that measured by hot wire 2. It is better to use the strong signal in 

the closed-loop control since the signal-to-noise ratio will be higher. Therefore, the 

signal from hot wire 1 can be left out of consideration in this experiment.  
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Figure 5-1 The comparison of the spectrum between the signal measured by hot wire 1 and 
measured by hot wire 2. 

 
Secondly, the signal measured by Mic.1 is used to compare with the signal 

measured by hot wire 2. In Figure 5-2, it is found that the peak of the signal measured 

by Mic.1 at the shedding frequency is similar to the signal measured by hot wire 2. 

However, there are noises in the spectrum of the signal measured by Mic.1, especially 

in the low frequency region. In the present experiment set-up, these noises are mainly 

from flow noise. The microphone is sensitive to the flow noise, which cannot be 

directly detected by the hot wire. Therefore for closed loop control purposes, it is 

more useful to use the signal measured by hot wire 2 than the signal measured by 

Mic.1.  

 

Figure 5-2 The comparison of the spectrum between the signal measured by hot wire 2 and 
measured by Mic.1 
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Thirdly, the spectrum of the signal measured by Mic.2 is shown in Figure 5-3. 

Due to the downstream cavity acoustic resonance, the peak at the shedding frequency 

sf is amplified. Therefore, the signal-to-noise can be improved for the signal 

measured by Mic.2 around the vortex shedding frequency sf . However, it was 

concluded that after applying control there was a vortex shedding frequency shift in 

Chapter 3. If the feedback signal is from the Mic.2, this frequency shift effect cannot 

be fully contained in the feedback signal.  

 

 Figure 5-3 The comparison of the spectrum between the signal measured by hot wire 2 and 
measured by Mic.2 

 
In conclusion, in the present study, only cases using hot wire 2 as feedback 

signal is discussed since the hot wire 2 signal is generally stronger than the signal 

measured by hot wire 1. The hotwire sensor is also more stable than the signals from 

microphones since it is not significantly affected by the flow background noise that 

may occur in the experiment. 

5.2.2 The application of downsampling program in closed-loop 

control 

 The process of the application of the downsampling program in the closed-loop 

control is described in the following.  
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 In the present study, the dominant vortex shedding is around 160Hz. Since the 

test model is placed in the flow stream inside the duct, there exist flow noise and back 

ground noise. The feedback signal measured by hot wire 2 is shown in Figure 5-4. In 

Figure 5-4 (a), it is found that the feedback signal has a considerable d.c. gain due to 

the electrical characteristic of the hot wire, and the signal contains much noise. Figure 

5-4(b) shows the spectrum of this signal with a sharp peak around 160Hz. Therefore, 

a band-pass filter can be used to remove the extra noise from this feedback signal.  

 

Figure 5-4 The feedback signal and its spectrum. (a) Time-domain; (b) Frequency-domain. 
 

 A 10Hz-band pass filter is used to filter the feedback signal. The filtered signal is 

called the ‘original signal’, which only contains the signal within 10Hz around the 

vortex shedding frequency. The filtered signal is shown in Figure 5-5. The main part 

of the original signal is the measured signal around the vortex shedding frequency; the 

(a) 

(b) 
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d.c. gain and extra noises have been removed. There is only one dominant peak in the 

spectrum, which satisfies the downsampling requirements. It should be noted that the 

original signal shown in Figure 5-5 is not a single-frequency signal. The signal 

generally consists of a combination of a number of sinusoidal signals at slightly 

different frequencies. 

 

Figure 5-5 The original signal and its spectrum. (a) Time-domain; (b) Frequency-domain. 
 

 The downsampling control program which can be used in the present closed-loop 

study is developed. The schematic of this program is shown in Figure 5-6. In this 

processing , in order to obtain a pure original signal for the downsampling program, 

the feedback signal which obtained by the sensors is filtered by a band pass filter 1, 

and then the original signal can be down-sampled in real time by using the ZOH 

module and Rate Transition module in Simulink/dSPACE. The output signal after the 

(a) 

(b) 
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band-pass filter 2 is called ‘down-sampled signal’.  

 

Figure 5-6 The downsampling algorithm for closed-loop control 
 

5.2.3 The normalization program 

 A typical feedback signal obtained from hot wire 2 is shown is Figure 5-7. The 

mean amplitude of the feedback signal is about 0.009, as shown in Figure 5-7 (a). The 

feedback signal for the case with control is shown in Figure 5-7 (b). It can be 

observed that the signal strength has been reduced after the implementation of closed 

loop control. The mean value of the signal is approximately 0.003. The results 

indicate that the control action has damaged the vortex shedding, as also observed 

from the spectrum shown in Figure 5-8.  

 From the experiment, it is also observed that the amplitude of feedback signal is 

fluctuating during the control. In this case, the maximum amplitude is about 0.006, 

while the minimum amplitude is about 0.0005. This phenomenon can be classified as 

the ‘beat phenomenon’, which is the interference between two signals of slightly 

different frequencies. In the present study, the control action can shift the vortex 

shedding frequency, but the shift is also dependent on the amplitude of the input 

control signal. Therefore, signals with slightly varying frequencies can be generated 

during the control implementation creating the ‘beat phenomenon’.  
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Figure 5-7 A typical feedback signal obtained from hot wire 2. (a) Without control; (b) With control, 

the control voltage is 150V which is measured before input into the test model.  

 
Figure 5-8 The spectrum of a typical feedback signal obtained from hot wire 2. 

 
 As shown in Figure 3-2 in Chapter 3, the input control maximum voltage was 

generally linear relative to the reduction of the strength of the vortex shedding. A 

fluctuating maximum control signal might result in a fluctuating control performance. 

(b)

(a)
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To achieve a consistent reduction in vortex shedding strength one needs to find a way 

to avoid the control signal that has a significant maximum amplitude variation. In the 

present study, a ‘Normalization’ program is developed to ensure that the maximum 

amplitude of control signal is reasonably constant during the control implementation.  

 In a standard process, the normalization program is used after the downsampling 

program by identifying the maximum amplitudes or peaks of the downsampled signal 

in real time. In the present study, the frequency of the dominant down-sampled signal 

is approximately Hz30=dsf . The peaks of the signal are estimated using the 

following approach. The 1/4 period of the signal can be calculated as 

s0333.0
4

1
4

≈=
ds

ds

f
T

, because the signal is expected to reach a peak within the 1/4 

period from the zero-crossing point. In the present study, ‘Transport Delay’ and ‘Hit 

Crossing’ modules are used in the normalization program, the ‘Transport Delay’ is 

used to set a time delay for 1/4 periods and the ‘Hit Crossing’ is used to identify the 

point when the signal come across the zero axis. The process for the normalization is 

shown in the Figure 5-9. This process can ensure the signal can be normalized in real 

time. It should be noted that since the main frequency of the signal is changing, this 

approach may only be able to estimate the signal peak from every cycle. However, the 

estimation of signal peak has been observed to be sufficiently accurate and can be 

effectively used for control. It is relevant to point out that although the normalization 

process alters the magnitude of the feedback signal, it does not affect the phase of the 

feedback signal. Therefore, the normalized signal still contains sufficient information 

about the present system to be used in the closed-loop control. 
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Figure 5-9 The process of normalization program 

 

5.2.4 Modified PID controller  

In general, the proportional–integral–derivative controller (PID controller) is 

widely used in the industrial control systems as a generic control loop feedback 

controller. A PID controller calculates an ‘error’ value as the difference between a 

measured process variable and a desired set-point. This controller attempts to 

minimize the error by adjusting the parameters of the control signal. In a standard PID 

controller, it involves three separate constant parameters, and is accordingly called 

three-term control: the proportional (P), the integral (I) and derivative (D) values. 

These values can be interpreted in terms of time: P depends on the present error, I on 

the accumulation of past errors, and D is a prediction of future errors, based on 

Using the ‘Transport 
Delay’ modules to shift the signal for 1/4 

period 

Down-sampled signal 

Using the ‘Hit Crossing’ modules to 
identify the time when the signal comes 

across the zero axes 

Trigger the action to fetch the peak value 
and absolute the peak value NA  

The signal within this peak to next peak is
multiplied by NA1  

Normalized signal 
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current rate of change. The designed control action can be obtained by tuning the 

three parameters in the PID controller algorithm. However, the use of the PID 

algorithm for control does not guarantee optimal control of the system or system 

stability. 

In the present study, initially the use of PID controller was investigated. However, 

our interest is to consider the effect of magnitude A  and phase φ  of the control 

signal on the control actuation. In general, the feedback signal has its own phase, 

defined as 0φ . The phase φ  is the initial angle between the feedback signal and the 

control signal. So tuning the phase φ  is equal to adjusting the difference between the 

feedback signal and the control signal. The physics of the tuning will be discussed in 

the section 5.4. 

In the PID controller, the changes in its parameters (P, I and D) do not correspond 

systematically to the changes in magnitude and phase of the controller, meaning that a 

full scale magnitude and phase investigation may not be easily performed. Therefore, 

this study considers a more direct feedback control whose magnitude and phase can 

be systematically adjusted so the impact of magnitude A  and phase φ  adjustment 

to control performance can be studied more closely. This type of controller is called 

‘modified PID controller’, in which only two parameters magnitude A  and phase φ  

are used. The optimal of the control can be obtained by tuning the magnitude A  and 

phase φ . In fact, the magnitude of A in the modified PID controller is equal to the P parameter 

in PID controller. But phase φ  is used to identify the optimal phase between the control 

signal with the feedback signal. 

Therefore, the whole signal processing for the present study is developed. The 

process is shown in Figure 5-10. A high-frequency feedback signal is obtain from the 

system; it is down-sampled by using the downsampling program to a corresponding 
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low-frequency down-sampled signal which is suitable for the excitation of the test 

model. Since the ‘Beat’ phenomenon can affect the control performance, the 

down-sampled signal is normalized by using the normalization program to reduce the 

impact of the ‘Beat’ phenomenon to control performance. The normalized signal can 

then be input into the modified PID controller for controlling the vortex shedding.  

 
Figure 5-10 The process of signal processing. 

 

5.3 Optimal control voltage and phase delay  

The investigation for seeking optimal control voltage could be performed by 

varying the magnitude of modified feedback signal. This generated signal was then 

down-sampled to generate the output control voltage  pV  for THUNDER actuation. 

The effect of varying the control voltage of the down-sampled feedback control on 

noise reduction was shown in Figure 5-11. Microphones in the duct and cavity both 

recorded the same general trend of increasing noise reduction as the control voltage 

was increased. The maximum magnitude was limited by the maximum voltage 

allowable for THUNDER actuator, which were about 160 V. For the present case, the 

best control voltage is  V155=pV  when the control voltage was varied from 10V to 

Feedback signal 

Downsampling program 

Normalization program 

Modified PID controller 

Modified feedback signal 

Test model 
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160V. The best noise reduction was 17.1dB in the duct, and 21.5dB inside the cavity.  

 In order to protect the THUNDER actuator in the test model, a limitation for the 

maximum control voltage needs to be imposed. A ‘Saturation’ module was used for 

this purpose. In the present closed-loop control, the feedback signal was dealt with the 

signal processing program which down-sampled and normalized the feedback signals. 

However, since the down-sampled signal was not a 30Hz tonal signal, the 

normalization program cannot fetch the exact peak in every cycle, so that the absolute 

value of some peaks of the normalized signal can exceed 1.0. In this case, these peaks 

will be cut off by the Saturation module so some of the feedback information is lost 

which is the reason why the control performance at 160V is not better than that at 

155V.  

Figure 5-12 shows the control performance when the phase delay of feedback 

signal was varied. The general trends of noise reduction measured by microphones in 

the cavity and duct were similar, indicating a consistent physical mechanism occurred 

in the system. The maximum performance occurred at the phase of approximately 288 

degrees, in which the obtained noise reduction was 17.5 dB in the duct and 22.6 dB 

inside the cavity. Therefore, there was an optimal phase delay relative to the feedback 

signal that can be used in closed-loop control for obtaining an effective noise 

reduction in the cavity and duct. The mechanism for the optimal phase delay will be 

discussed in section 5.6. 
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Figure 5-11 The control effect for different control voltages. The control signal was from hot wire 2 

which was located at x=35.5mm, y=11mm. 

 
Figure 5-12. The closed-loop control performance for varying phases. The feedback signal was 

obtained from the hot-wire 2 located at x=35.5mm, y=11mm. the control voltage is 155V. 
 

5.4 The control performance of closed-loop control 

 Using the optimal control voltage and phase delay, the best control performance 

was evaluated in terms of sound field and flow field. Figures 5-13 (a) and 5-13 (b) 

show the sound pressure spectra obtained from the Fast Fourier Transform (FFT) of 

time domain signals with a frequency resolution of 0.1 Hz. It can be seen that, upon 

deployment of active control, the sound pressures in the duct and the cavity 

underwent significant reductions. The Sound Pressure Level (SPL) spectra indicated 

that with control, the SPL in the duct decreased from 81.3dB to 63.8 dB (a reduction 

of 17.5 dB) at the vortex shedding frequency. Meanwhile, the SPL measured inside 

the cavity decreased from 97.8 dB to 75.1 dB (a reduction of 22.63 dB), which was 
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larger than the noise reduction measured in the duct. The experimental results showed 

that the active control in the sound field was effective.  

 
Figure 5-13 The best control performance in frequency-domain. (a) Measured in the duct; (b) 

Measured inside the cavity. 
 

 In the flow field, the control performance was investigated in terms of power 

spectra density of flow velocity Eu measured by two hot wires, located at x=0 mm, 

y=11 mm and x=34 mm, y=11 mm, as shown in Figures 5-14(a) and 5-14(b). From 

the figures, it can be seen that uE  has decreased from 4101.3 −×  to 5104.4 −×  (a 

reduction of about 86%) at hot-wire 1 and 3102.4 −×  to 4102.7 −×  (a reduction of 

about 83%) at hot-wire 2. The results show that the control in the flow field was also 

effective in reducing the flow velocity levels.  

(a)

(b)
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Figure 5-14 The best control performance in frequency-domain. (a) Measured by hot wire 1 at 

x=0mm, y=11mm; (b) Measured by hot-wire 2 at x=34mm; y=11mm; 
 

(b)

(a)
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Figure 5-15. Time-domain results for the control performance in sound field; the signals are filtered 
by a 5Hz-band filter. a) Without control, measured in the duct; b) With control, measured in the duct; 

c) Without control, measured inside the cavity; d) With control, measured inside the cavity. 

(b) 

(c) 

(d) 

(a) 
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Figure 5-16. Time-domain results for the control performance in flow field; the signals are filtered 

by a 5Hz-band filter. a) Without control, measured by hot wire 1 at x=0mm, y=11mm; b) With 
control, measured by hot wire 1 at x=0mm, y=11mm; c) Without control, measured by hot wire 2 at 

x=34mm, y=11mm; d) With control, measured by hot wire 2 at x=34mm, y=11mm. 
 

The control performance in time-domain was shown in Figures 5-15 and 5-16. 

(a) 

(b) 

(c) 

(d) 
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The signals were filtered by a 5-Hz band-pass filter around the vortex shedding 

frequency. Under control actuation, the noise and flow velocity reductions were 

clearly observed in all four sensors, indicating that the vortex shedding was disturbed 

by the control. 

5.5 The analysis of fluid-sound interaction 

The concept of spectral coherence and spectral phase were used to investigate the 

interaction of fluid and sound in the present experiment. The spectral coherence and 

spectral phase between two signals au  and bu  can be calculated by [99]  
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where 
bauuCo  and 

bauuQ are the cospectrum and quadrature spectrum of signal au  

and signal bu , respectively. The cross-spectrum was computed from the Fast Fourier 

Transform of the correlation )()( tutu ba τ+ .  
auE  and 

buE  are the energy of the 

signals. The control performance at the optimal configuration was investigated in this 

section.  

Firstly, the interaction of flow between two different measured positions 

(hot-wire 1 & 2) was discussed. The result was shown in Figure 5-17. It was found 

that after applying control, the coherence was reduced from 0.475 to 0.215 (a 

reduction of 54.7%) at the vortex shedding frequency. This indicated that after 

applying control; the structure of vortex shedding was altered, resulting in the 

reduction of the coherence between two different measured positions on the up 

surface of the test model. Meanwhile, the spectral phase was increased from -127.5 
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degree to -80.7 degree (an increase of 46.8 degree) which indicated that the 

propagation speed of vortex shedding was slowed down between these two measured 

positions. This phenomenon was agreeable with the vortex shedding frequency shift 

phenomenon that was observed in the present experiment.  

 

Figure 5-17 The spectral coherence and spectral phase at the vortex shedding frequency between 

1u  and 2u  for closed-loop control. Here, u1 was measured by hot-wire 1 which was located at x=0 
mm, y=11mm. u2 was measured by hot-wire 2 which was located at x=34mm, y=11mm. The 

feedback signal was obtained from hot-wire 2 for closed-loop control. (a) Spectral coherence; (b) 
Spectral phase. 

 
The spectral coherence and phase between the signals measured by two 

microphones were shown in Figure 5-18. The spectral coherence was decreased from 

0.976 to 0.628 (a reduction of 36%) and the spectral phase was increased from -52.5 

to -24.0 (a raise of 28.5 degrees). It indicated that the action of control had obviously 

affected the spectral coherence and phase between the signals measured by two 

(a) 

(b) 
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microphones.  

Furthermore, it is found that when the certain frequency ranges of signals have a 

strong spectral coherence to each other. The corresponding spectral phase is nearly at 

the same value within these frequency ranges due to strong coherence between two 

signals. However, if there is no strong spectral coherence, the corresponding spectral 

phase fluctuates which can be observed in Figure 5-18. Therefore, if the vortex 

shedding is damaged, the stabilization range of corresponding spectral phase can be 

expected to decrease.  

The spectral coherence and phase between the signal measured by Mic.1 and the 

signal measured by hot wire 2 were shown in Figure 5-19. It is found that the spectral 

coherence is deceased from 0.993 to 0.900 (a reduction of 9.3%) and spectral phase is 

changed from 30.5 to 50.8 (an increase of 20.3 degrees). The position of the hot wire 

2 is almost near the position of the Mic.1 in the present experiment, so the spectral 

alteration was not large. Furthermore, it is found that there is no strong coherence 

from 20Hz to 120Hz which indicates that the hot wires are not sensitive with the 

background noise in the present experiment, in contrast to the microphones. That is 

one of the reasons why the signal measured by hot wire 2 is chosen as the feedback 

signal in the present experiment. 
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Figure 5-18 The spectral coherence and spectral phase at the vortex shedding frequency between m1 
and m2 for closed-loop control. Here, m1 was the sound pressure measured in the duct. m2 was the 
sound pressure measured inside the cavity. The feedback signal was obtained from hot-wire 2 for 

closed-loop control. 

(a) 

(b) 
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Figure 5-19 The spectral coherence and spectral phase at the vortex shedding frequency between m1 
and u2 for closed-loop control. Here, m1 was the sound pressure measured in the duct. u2 was 

measured by hot-wire 2 which was located at x=34mm, y=11 mm. The feedback signal was obtained 
from hot-wire 2 for closed-loop control. 

 
The spectral coherence and phase between the signal measured by Mic.2 and the 

signal measured by hot wire 2 were shown in Figure 5-20. The spectral coherence is 

decreased from 0.974 to 0.529 (a reduction of 46%) and the spectral phase is 

increased from -22.3 to 27.3 (an increase of 49.6 degrees). The strong fluid-sound 

interaction of the signal measured by Mic.2 and signal measured by hot wire 2 was 

damaged by the closed-loop control action. Furthermore, since Mic.2 was installed 

inside the cavity, the alteration shown in the Figure 5-20 also represents that a strong 

fluid and resonance acoustic interaction that was influenced by the closed-loop 

control.  

(a) 

(b) 



5. Closed-loop control for the flow-induced acoustic resonance 

152 

 

Figure 5-20 The spectral coherence and spectral phase at the vortex shedding frequency between m2 
and u2 for closed-loop control. Here, m2 was the sound pressure measured inside the cavity. U2 was 
measured by hot-wire 2 which was located at x=34mm, y=11 mm. The feedback signal was obtained 

from hot-wire 2 for closed-loop control. 
 

 In conclusion, the spectral coherence of fluid and sound in the system was altered 

by the closed-loop control action. The spectral coherence at the vortex shedding 

decreased which indicates that control action of the closed-loop control has damaged 

the vortex shedding. The increase of the spectral phase shows that the vortex structure 

has been changed during the control action. The vortex shedding has been slowed 

down by the control action, which is agreeable with the vortex shedding frequency 

shift phenomena.  

(a) 

(b) 
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5.6 Vortex strength abasement mechanism for closed-loop 

control 

The same trend of the noise reduction indicates that the vortex strength 

abasement mechanisms for the open-loop control which had been developed in 

Chapter 3 are also suitable to be used to explain the vortex strength abasement in the 

closed-loop control. The ‘Disturb pressure pulse mechanism’ and ‘Shear layer shifts 

mechanism’ can be used to explain the physical vortex strength reduction in the 

closed-loop control.  

 When comparing to the closed-loop control best results, the open-loop control 

achieved 1.3 dB less reduction at the optimal control voltage and phase delay. Such 

control results were as expected because the harmonic actuation on the open-loop 

control was independent of what was occurring in the system. In the closed-loop 

scheme, the control input was influenced by the feedback signal that reflected the 

system response. This control scheme allowed a better adjustment of surface 

perturbation of test model to disturb the generated vortices, resulting to weaker vortex 

shedding and acoustic resonance in the cavity. 

 In order to investigate the vortex shedding process over the test model, the 

spectral phase relationship between two flow velocity measurements along the 

up-surface of test model, 1u  and 2u , was used. Here, 1u  was measured by hot-wire 

1 which was located at leading edge, x=0 mm, y=11mm, while 2u  was measured by 

hot-wire 2 which was moved along y=11mm.  

 Figure 5-21 shows the spectral phase at the vortex shedding frequency for cases 

without control, with open-loop control and closed-loop control. The results show that 

when there was no control, each cycle of vortex shedding began at the trailing edge of 

test model. Between the leading edge and trailing edge, there was no clear vortex 
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shedding as indicated by no significant spectral phase shift over this region. In this 

case, the flow over the leading edge and trailing edge is roughly in-phase. The 

spectral phase for  mm5.50 ≤≤ x  was relatively small, however the spectral phase 

shift began to increase significantly for x>5.5mm. Such a spectral phase shift 

indicated that the flow structure over this region has started to change, leading to a 

full generation of vortex shedding at the trailing edge.  

 Under the control actuation of the test model, the surface perturbation was 

implemented in the range of 5.5mm< x < 25.5mm. There was generally no dominant 

vortex shedding that dominated within this range. The boundary layer dominated the 

flow field in this range. Due to the complex nature of the boundary layer, the 

measured spectral phase shift was rather irregular. However, at the trailing edge, 

vortex shedding was fully developed and propagated downstream. From Figure 5-21, 

a clear trend of monotonically decreasing spectral phase shift was observed. In the 

majority of regions downstream the test model, the value of the spectral phase shift 

for controlled system was larger than that of the uncontrolled system. The increase of 

the spectral phase shift value might imply that more time was required for a vortex to 

travel from the trailing edge to the downstream of the test model. This is consistent 

with the phenomenon where the vortex shedding frequency was shifted to a lower 

frequency after control.  

 Further observation indicates that there was a generally larger spectral phase shift 

for system with closed-loop control than that of open-loop control, as can be seen in 

Figure 5-21. The result means that for the closed-loop control, the active surface 

perturbation has generated a more significant change to the vortex shedding structure 

than that of open-loop control. Therefore, the closed-loop control scheme could 

achieve more reduction in the vortex energy and induced noise in the duct and cavity, 
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compared to the open-loop control scheme. This is as expected since the closed-loop 

control utilizes feedback signals that contain the vortex information of the system, so 

an effective reduction of the vortex energy can be obtained. Thus, an optimal control 

strategy using the developed control technique could be used by optimally tuning the 

phase-delay term of the control actuation to create changes in vortex shedding 

structure, as observed by the spectral phase shift in the flow field.   

 
Figure 5-21. The spectral phase between 1u  and 2u  at the vortex shedding frequency. Here, 1u  

was measured by hot-wire 1 which was located at x=0 mm, y=11 mm. 2u  was measured by 
hot-wire 2 which was moved along y=11 mm. The feedback signal was obtained from hot-wire 1 for 

closed-loop control. 
 

5.7 Vortex shedding frequency shift in the closed-loop control 

 Chapter 3 had investigated the existence of vortex shedding frequency shift 

phenomenon that was observed in open-loop control results. It was found that when 

control actuation was activated, the vortex shedding frequency had been shifted away 

from the cavity resonant frequency, so that there was more noise reduction inside the 

cavity than that in the duct. In the present closed-loop control experiments, the 

phenomenon was also observed. The maximum displacement of the plastic plate pmd  

was measured by a laser vibrometer at the center point of the plastic plate of test 

model. In the present measurement, the phase delay is set to zero, only various the 

control voltages.  
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 Figure 5-22 indicates that when the perturbation displacement was increased, the 

vortex shedding frequency was shifted to a lower frequency. With a small 

displacement, typically less than 0.6mm, the frequency shift was trivial, typically less 

than 1 Hz. With a higher maximum displacement, however, more appreciable 

reduction in shedding frequency was observed. The maximum frequency shift was 2.6 

Hz when the maximum displacement was at 0.91 mm. Chapter 3 had concluded that 

the reduction of the shedding frequency could be attributed to the effect of surface 

perturbation of test model, which could be regarded as a way to increase the effective 

thickness of test model. In this case, the vortex shedding frequency shift can be 

predicted by an equation which relates the frequency shift to the maximum effective 

thickness of test model, and consequently to the control voltage actuation. Therefore, 

the same physical mechanism exists on this frequency shift phenomenon due to 

surface perturbation of test model, independent of the control strategies.  

In Chapter 3, it had concluded that the vortex frequency shift could be expressed 

as Equation 3-9.  

00 s
p

spssp f
t

d
fff =−=Δ                                (3-9) 

It shows that the reduction of spfΔ  is linearly related to pd , which can be estimated 

by using the vortex shedding frequency shift data in Figure 5-22 and Equation 3-9.  
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Figure 5-22 The shift in the vortex shedding frequency at various maximum displacements pmd  of 

the test model.  
 

 Figure 5-23 shows the variation of pmd versus pd . In the low perturbation region 

(with small perturbation amplitude, typically pmd < 0.6mm), pmp dd is roughly 3%, 

whilst for larger perturbation amplitude, pmp dd  approaches 23%. In the optimal 

control voltage, the effective increase in the thickness of the vibration plate brought 

about by the perturbation is roughly 0.21/11 =1.9%. This was shown to cause 2.6 Hz 

shift in sf .  

 
Figure 5-23 The effective perturbation displacement of the vibration plate. 

 
 It is found that the frequency shift is not obvious in the low perturbation region in 

the closed-loop control. In the open-loop control, the control signal is a pure 30Hz 

–signal. After applying control, extra noises generated by the test model was at 150Hz 
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and 180Hz, which are away from 160Hz, so The extra noise did not affect the results 

in the open-loop control. However in the closed-loop control, the frequency of the 

control signal was changing due to the system response, and it will generate an extra 

noise around the vortex shedding frequency sf . This extra noise will mix with the 

measured signal and affect the identification of the frequency shift. Therefore, in the 

low perturbation region, the frequency shift is not obvious. In high perturbation region, 

the frequency shift is big enough to avoid the effect of extra noise influence.  

5.8 Effects on cavity resonance in closed-loop control 

 Here, the resonance bandwidth is determined, which will be used as one of 

important parameters for investigating the acoustical resonance effect. To this end, a 

series of tests were conducted to document the sound pressure level measured by 

Mic.1 and Mic.2 at shedding frequency sf  under various flow velocities before the 

control was deployed at the optimal control voltage. The results are shown in Figure 

5-24. The peak values of sound pressure level at  sf  , measured by Mic.1, 

monotonously increase as the flow velocities increase. In contrast, the peak values of 

sound pressure level at  sf  , measured by Mic.2, reaches a peak value of 97.8dB 

when m/s2.8== crUU (i.e. Hz160≈af ). Using the bandwidth definition 

corresponding to -3dB reduction, the band width of the resonance peak was 

determined as 3.4 Hz from 158Hz to 162Hz, corresponding to a flow velocity 

variation from 8.0m/s to 8.3m/s. Because the open-loop and closed-loop control was 

conducted in the same experiment setup, the results shown in Figure 5-26 are the 

same with the open-loop control except some small differences which come from 

measurement error.   
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Figure 5-24 Sound pressure level at sf  at various flow velocities, without control. 

 
 Figure 5-25 shows the control effect on the previously defined ∆SPL at sf  at 

various flow velocities with optimal control voltage. It can be seen that apart from 

resonance region, sound reductions in the duct and in the cavity are almost the same. 

This should be attributed to the weaken vortex strength, which has been extensively 

discussed our previous section. Around cavity resonance, sound reduction inside the 

cavity exceeds that in the duct, by as much as 4.4dB. This can be attributed to the 

control-induced shift of the vortex shedding frequency. In fact, a 2.6Hz shift in sf  

exceeds the half bandwidth of the cavity resonance, this alone should bring about 

more than 3dB reduction in the SPL.  

 
Figure 5-25 The control effect on 12 mm SPLSPL −  at sf  at various flow velocities. 
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 Therefore, when applying surface perturbation technique on the test model in the 

closed-loop control, the perturbation increases the effective thickness of the vibration 

plate. The increase of the effective thickness of the vibration plate can shift the vortex 

shedding frequency to a low value. The quantity of the shift can be estimated by 

Equation 3-9, which is the same as open-loop control. Furthermore, if the shedding 

frequency shift that caused by the perturbation exceeds the resonance bandwidth 

which is defined in the Figure 5-24 of the acoustic cavity, the sound reduction 

measured inside the cavity is larger than that in the duct. In the present experiment, 

this phenomenon along gives a rise to a further sound pressure reduction of 4.4 dB 

inside the acoustic cavity. In summary, when vortex shedding occurs and its shedding 

frequency is close to the acoustic resonance of the down-stream cavities, the surface 

perturbation of the test model excited by the modified feedback signal not only 

disturbs the two shear layers behind the test model and thus weakens the strength of 

the vortex shedding, but also shifts the vortex shedding frequency, and then 

suppresses the acoustic resonance phenomenon inside the down-stream cavities. 

5.9 The combination of different feedback signals 

 In the present study, the feedback signal can be obtained from hot wire and 

microphone. The possibility to improve the control performance by using the 

combination of different feedback signals is an aspect worth considering. To that end, 

various measurements were conducted to check the control effect measured by Mic.1 

for combination of different feedback signals. All the signals were directly combined 

together before implemented on the downsampling program. Since different feedback 

signals have different amplitude and phase, using a combination of different feedback 

signals may allow more information from the system to be used for control.  

 In the measurement, the signals measured by hot wire 1, hot wire 2, Mic.1 and 
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Mic.2 were represented respectively as Sh1, Sh2, Sm1 and Sm2. The control effect 

measured by Mic.1 for combination of different feedback signals was shown in Figure 

5-26. It was found that control effect of the combination of different feedback signal 

were similar to that obtained using single feedback signal measured by hot wire 2. 

There was no obvious improvement by using the combination of different feedback 

signals.  

 

Figure 5-26 The control effect measured by Mic.1 for combination of different feedback signals. 
  

 Hot wire 1 and hot wire 2 were used to measure the vortex information in the 

flow field. Further, Mic.1 and Mic.2 were used to measure the vortex information in 

the sound field. There are no obvious improvements using multiple feedback signals 

because all the signals contained the same information of the mainly tonal vortex 

shedding response in the flow field.  

5.10 Conclusions 

The implementation of closed-loop control scheme was investigated in the view 

of achieving effective control of vortex-induced acoustic resonance in the system. The 

control signal in closed-loop control utilizes feedback signals acquired from the 

system, which may be from the hotwires and microphones. The hotwire signal is 

generally more stable than the signals from microphones because the hotwire sensor is 
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not significantly affected by the flow background noise that may be caused by the 

configuration of the experimental set-up. In the present experiment, the case of using 

hotwire as feedback signal was discussed.  

A signal processing program was developed for closed-loop control. In this 

process, a high-frequency feedback signal obtained by hot wire 2 was down-sampled 

by using the downsampling program to a corresponding low-frequency down-sampled 

signal suitable for exciting the test model. Since the ‘Beat’ phenomenon could affect 

the control performance, the down-sampled signal was normalized by using the 

normalization program. The normalized signal was then input into the modified PID.   

 The control of flow-induced acoustic resonance by using active closed-loop 

control was then experimentally investigated. It was found that the noise contributed 

by the flow-induced acoustic resonance could be effectively minimized by the 

implementation of the proposed surface perturbation technique. The present study 

leads to the following conclusions: 

(1) The flow-induced acoustic resonance can be effectively reduced by the 

implementation of the developed closed-loop surface perturbation technique. At 

the optimum control voltage and control phase delay for the present experiment, 

there was a noise reduction of 17.5 dB in the duct and 22.6 dB inside the cavity.  

(2) The closed-loop control could achieve a better control performance than that of 

the open-loop control. In particular, the phase delay of control actuation could be 

optimally tuned so that the strength of vortex shedding energy could be minimized, 

leading to a better noise reduction in the duct and cavity. This process was evident 

from the spectral phase shift results for the case of closed-loop control, where the 

vortex traveling time has been delayed at downstream of the test model. Therefore, 

an optimal control strategy was proposed by utilizing an optimal phase-tuned 
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active surface perturbation to create sufficient changes in the vortex shedding 

structure, leading to an effective noise reduction in the system. 

(3) The vortex shedding frequency shift was also observed in the closed-loop control. 

It can take extra noise reduction inside the cavity than that in the duct due to the 

down-stream cavity resonance. The mechanism in the closed-loop control is 

consistent with the open-loop control and the same equation 3-9 can be used to 

predict the frequency shift. The frequency shift phenomenon in the closed-loop 

control can give a rise to a further sound pressure reduction of 4.4 dB inside the 

acoustic cavity. Therefore, when vortex shedding occurs and its shedding 

frequency is close to the acoustic resonance of the cavity, the surface perturbation 

not only disturbs the two shear layers and thus weakens the strength of the vortex, 

but also shifts the shedding frequency, and then suppresses the acoustic resonance 

phenomenon.  
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6. The investigation of control strategy  

6.1 Introduction 

The active control for a semi-circular leading edge test model has been 

investigated in Chapters 2 to 5. It was found that both active open-loop control and 

active closed-loop control could be used to control the flow-induced acoustic 

resonance. The surface perturbation technique could be successfully applied for 

controlling the vortex shedding generated downstream a semi-circular leading edge 

test model.   

In practical engineering applications, various types of leading edge geometry can 

be used for a bluff body. However, they can be simply classified into two basic types: 

the square leading edge and the semi-circular leading edge. Other leading edge types 

can be regarded as a variation from these two basic types. It has been explained in 

Chapter 1 that when the flow past a bluff body, there are mainly two different vortex 

shedding types due to various leading edges: the leading edge vortex shedding (LEVS) 

and the trailing edge vortex shedding (TEVS).  The corresponding control strategy 

will be discussed by taking into account the differences of these two types of vortex 

shedding.  

In this Chapter, effective perturbation positions over the test model for both the 

square and semi-circular leading edges will be carefully investigated. The result of 

effective perturbation position will benefit the control strategy selection for various 

leading edge configurations. In Chapter 3, the ‘pressure disturbance mechanism’ was 

developed to explain the abasement mechanism of the surface perturbation technique 

for a semi-circular leading edge test model. This mechanism illustrated the physical 

control mechanism behind the surface perturbation technique.
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Furthermore, it indicates a general control strategy for a semi-circular leading 

edge bluff body. In this mechanism, the pressure pulse, which is generated by the 

trailing edge vortex shedding along the surface of the test model, is one of the 

important factors for vortex shedding control. The existence and the directivity 

characteristic of this pressure pulse will be further investigated here.  

Based on all these discussions, the optimal control strategy will be discussed 

and summarized for practical engineering applications.  

6.2 Vortex types and their characteristic for various leading 

edges 

 Before discussing the control strategy for various leading edges of test model, one 

first needs to identify the vortex types for various leading edge of the test model.  

 In general, the vortex shedding can be classified into two types: the Leading-edge 

vortex shedding (LEVS) and the Trailing-edge vortex shedding (TEVS). As 

mentioned in Chapter 1, around a short square leading edge bluff body, there was only 

LEVS. LEVS and TEVS both existed for a long square leading edge bluff body. If the 

leading edge was semi-circular, there was only TEVS. In the present section, a short 

square leading edge test model and a short semi-circular leading edge test model were 

used to check the types of the vortex shedding.  

6.2.1 Vortex type for semi-circular leading edge 

Various measurements were performed to check the types of vortex shedding 

around a semi-circular leading edge test model, denoted as C-1 in Chapter 2, and a 

square leading edge, denoted as S-1 in Chapter 2. Hot-wire 1 was located at x=0mm 

and y=11mm, while hot-wire 2 was moved along the y=11mm at different x measured 

positions. The spectral phase relationship 
21uuφ  between hot-wire 1 and hot-wire 2 
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showed the vortex distribution along the y=11mm in Figure 6-1 and Figure 6-4. The 

spectral phase 
21uuφ  of the laminar boundary layer was first checked; it was found 

that for a laminar boundary layer, the spectral phase 0
21
=uuφ . In Figure 6-1, the 

spectral phase 0
21
=uuφ  from x=0mm to x=5.5mm and spectral phase 0

21
≠uuφ  from 

x=5.5mm to x=23mm. The results implied that the laminar boundary layer had been 

changed from 5.5mm to 23mm, but it could be regarded as the redeveloped boundary 

layer. In Chapter 3, it had been concluded that the redeveloped boundary layer acted 

as a key factor for the generation of the TEVS.  

 Furthermore, the spectral phase between the point at the leading edge and the 

point at the trailing edge was close to zero, which implied that the TEVS started at the 

trailing edge. The range from leading edge to trailing edge can be defined as ‘Region 

T-A’, which is the ‘generation region’. And the range behind the test model can be 

defined as ‘Region T-B’ which is the vortex shedding region. Over the surface of test 

model (0<x<23mm) there was no vortex shedding, and behind the semi-circular 

leading edge test model, there was the periodic vortex shedding. In this case, the type 

of vortex shedding of the semi-circular leading edge test model was primarily TEVS.     

 
Figure 6-1 Phase relationship between hot-wire 1 and hot-wire 2 along y=11mm for C-1 test model. 
Hot-wire 1 was located at x=0mm and y=11mm, hot-wire 2 was move along the y=11mm at different 

x positions. 
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 The vortex shedding strength which can be expressed as the maximum 

magnitudes of the 
2uE  measured by hot wire 2 along y=11mm is shown in Figure 

6-2. In region T-B, the maximum magnitudes of 
2uE  increased from the trailing edge 

at x=23mm. The maximum vortex shedding strength max2uE  was about 0.004 at the 

measurement point x=52mm. In the region T-A, the maximum magnitudes of 
2uE  

were very small, which were only about 2.5% of max2uE  in the region from x=0mm 

to x=16mm. From x=17mm to x=23mm, the maximum magnitudes of 
2uE  increased 

but they were only 10% of max2uE . Therefore, it can be concluded that in the region 

T-A there are no obvious vortex shedding. The small maximum magnitudes of 
2uE  at 

the vortex shedding frequency in region T-A may be considered to come from the 

pressure pulse, which had been observed by Hourigan[123].  

 
Figure 6-2 The strength of vortex shedding distribution along y=11mm for C-1 test model. hot-wire 

2 was moved along the y=11mm at different x positions. 
 

 In conclusion, the vortex shedding around the semi-circular test model can be 

divided into two regions: Region T-A and Region T-B. Region T-A is the generation 

region for the TEVS, where there is no vortex shedding in this region. Small 

maximum magnitudes of 
2uE  measured by hot wire 2 can be regarded as the 

pressure pulse. On the other hand, Region T-B is the vortex shedding region. The 
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vortex shedding was observed to start at the trailing edge. Furthermore, the strength of 

TEVS increases almost linearly after the trailing edge before reaching the maximum 

vortex strength.   

6.2.2 Vortex type for the square leading edge 

The square leading edge is another typical leading edge used in the engineering 

application. In the present study, a short square leading edge was chosen for 

investigation. As mentioned in Chapter 1, only LEVS exist for a short square leading 

edge bluff body. A diagram illustrating the vortex type for a short square leading edge 

test model and the measured points is shown in Figure 6-3. In the experiment, the hot 

wire could not be located very near to the surface of the test model for the sake of 

protecting the hot wire. Therefore, hot wire 1 was located just above the leading edge 

at x=0mm and y=11mm. The hot wire 2 was moved along the dash dotted line as 

shown in Figure 6-3.  

 
Figure 6-3 Diagram of the vortex type for short square leading edge test model and the measured 

points. 
 

 The spectral phase 
21uuφ  along y=11mm is shown in Figure 6-4. It was found that 

the spectral phase was nearly zero over the front part of the test model 

( mm120 ≤≤ x ). At mm13=x , the spectral phase suddenly changed to 39 degrees 

with a tendency to decrease downstream the test model. The existence of a sudden 

change in spectral phase indicated that there was a vortex shedding occurring at

mm13≥x . The sudden change can be explained by considering the measurement 

Flow 

Hot wire 1  
Hot wire 2  
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points shown in Figure 6-3. For a square leading edge test model, the vortex shedding 

separated at the leading edge of the test model as illustrated in Figure 6-3. When the 

hot wire 2 was moved along the dash dot line in Figure 6-3, some of the measurement 

points were not within the range of the strong vortex shedding. Therefore when the 

hot wire 2 was moved at the range of mm120 ≤≤ x , the spectral phases 
21uuφ  were 

near zero.  

 For a short square leading edge test model (S-1 in the present experiment), there 

are only LEVS which start at the leading edge of test model. Therefore there is no 

generation region for a square leading edge, and Regions L-A which is the region 

between the leading edge and the trailing edge and L-B which is the region behind the 

test model can be regarded as the vortex shedding region.  

 
Figure 6-4 Phase relationship between hot-wire 1 and hot-wire 2 along y=11mm for S-1 test model. 
Hot-wire 1 was located at x=0mm and y=11mm, hot-wire 2 was move along the y=11mm at different 

x positions. 
 

The vortex shedding strength measured by hot wire 2 along y=11mm was used to 

show the maximum magnitudes of 
2uE . The results were shown in Figure 6-5. It was 

found that the maximum magnitudes of 
2uE  were small at the range mm120 ≤≤ x .  

When mm13≥x , the maximum magnitudes of 
2uE  suddenly began to increase to a 

certain level as shown in the figure. This indicates that there was fully developed 
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vortex shedding for mm13≥x  and the vortex shedding was fully developed before 

the trailing edge.  

 
Figure 6-5 The strength of vortex shedding distribution along y=11mm for S-1 test model. hot-wire 

2 was moved along the y=11mm at different x positions. 
 

 In conclusion, for a semi-circular leading edge there was only TEVS occurring in 

the system.  The regions over the test model can be divided into generation region 

and the vortex shedding region, which have different flow characteristics. For a short 

square leading edge test model, there is only LEVS. The region around the test model 

is only the vortex shedding region. There is no generation region on the up surface of 

the test model, and the vortex shedding starts at the leading edge and then propagates 

downstream.  Based on these observations, the optimal control strategy for test 

models with different leading edges can be investigated as follows. 

6.3 Control performance of square leading edge test model 

 The semi-circular leading edge test model was used in Chapters 3 and 5. Before 

discussing the control strategy for various leading edges, the control performance of 

the square leading edge test model which contains the surface module was 

investigated. In this section, the test model S-1 and the downstream cavity DC-2 were 

used.  
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6.3.1 Optimal control parameters 

 Firstly, various measurements were conducted to investigate the optimal control 

voltage for the open loop control. The control frequency was set to Hz30=pf  and 

the result is shown in Figure 6-6. It was found that the optimal control voltage was 

160V, and the best SPL reduction was 17.2dB inside the cavity and 14.9dB in the duct. 

Furthermore, it was found that the reduction was not obvious when V120≤pV . 

However when V120>pV  the SPL reduction increased rapidly as control voltage 

increased. This phenomenon can be explained by the control mechanism which is 

different from the mechanisms for a semi-circular leading edge test model. The detail 

of this mechanism is described in Section 6.3.4.  

 

 Figure 6-6 The control performance of different control voltages, open-loop control. 
 

 The determination for the optimal closed-loop control voltage could be performed 

by varying the magnitude of the modified feedback signal relative to the original 

feedback signal. The effect of varying the feedback control voltage of on noise 

reduction is shown in Figure 6-7. Microphones in the duct and cavity both recorded 

the same general trend of increasing noise reduction as the control voltage was 

increased. The maximum magnitude was limited by the maximum voltage allowable 

for THUNDER actuator, which were about 160V. The best control voltage was  
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V155=pV  when the control voltage was varied from 20V to 160V. The best noise 

reduction was 14.8dB in the duct, and 17.5dB inside the cavity.  

 

Figure 6-7 The control effect for different control voltages. The control signal was from hot wire 2 
which was located at x=30.0mm, y=11mm. 

 
 Figure 6-8 shows the control performance when the phase delay of feedback 

signal was varied. The general trends of noise reduction measured by microphones in 

the cavity and duct were similar, indicating a consistent physical mechanism occurred 

in the system. The maximum performance occurred at the phase of approximately 288 

degrees, in which the obtained noise reduction was 16.7 dB in the duct and 18.5dB 

inside the cavity. Therefore, there was an optimal phase delay relative to the feedback 

signal that could be used in closed-loop control for obtaining an effective noise 

reduction in the cavity and duct.  
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Figure 6-8. The closed-loop control performance for varying phases. The feedback signal was 

obtained from the hot-wire 2 located at x=30.0mm, y=11mm. the control voltage is 155V. 
 

6.3.2 The control performance of closed-loop control 

 Using the optimal control voltage and phase delay, the best control performance 

of closed-loop control was evaluated in the sound field and flow field. Figures 6-9 (a) 

and 6-9 (b) show the sound pressure spectra obtained from the Fast Fourier Transform 

(FFT) of time domain signals with a frequency resolution of 0.1 Hz. It can be seen 

that, upon deployment of active control, the sound pressures in the duct and the cavity 

underwent significant reductions. The Sound Pressure Level (SPL) spectra indicated 

that with control, the SPL in the duct decreased from 92.2dB to 75.6 dB (a reduction 

of 16.6 dB) at the vortex shedding frequency. Meanwhile, the SPL measured inside 

the cavity decreased from 105.4 dB to 86.9 dB (a reduction of 18.5 dB), which was 

larger than the noise reduction measured in the duct. The experimental results showed 

that the active control in the sound field was effective.  
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Figure 6-9 The best control performance in frequency-domain. (a) Measured in the duct; (b) 

Measured inside the cavity. 
 

 In the flow field, the control performance was investigated in terms of power 

spectra density of flow velocity Eu measured by two hot wires, located at x=0 mm, 

y=11 mm and x=30 mm, y=11 mm, as shown in Figures 6-10(a) and 6-10(b). From the 

figures, it can be seen that Eu has decreased from 3107.1 −×  to 4107.2 −×  (a 

reduction of about 84.3%) at hot-wire 1 and 2102.2 −×  to 3109.2 −×  (a reduction of 

about 87.1%) at hot-wire 2. The results show that the control in the flow field was 

also effective in reducing the flow velocity levels.  

(a) 

(b) 
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Figure 6-10 The best control performance in frequency-domain. (a) Measured by hot wire 1 at 

x=0mm, y=11mm; (b) Measured by hot-wire 2 at x=30mm; y=11mm. 
 

 The control performance in time-domain was shown in Figures 6-11 and 6-12. 

The signals were filtered by a 5-Hz band-pass filter around the vortex shedding 

frequency. Under control actuation, the noise and flow velocity reductions were 

clearly observed in all four sensors, indicating that the vortex shedding was disturbed 

by the control. 

(a) 

(b) 
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Figure 6-11. Time-domain results for the control performance in sound field; the signals are filtered 
by a 5Hz-band filter. a) Without control, measured in the duct; b) With control, measured in the duct; 

c) Without control, measured inside the cavity; d) With control, measured inside the cavity. 

(a) 

(b) 

(c) 

(d) 
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Figure 6-12. Time-domain results for the control performance in flow field; the signals are filtered 

by a 5Hz-band filter. a) Without control, measured by hot wire 1 at x=0mm, y=11mm; b) With 
control, measured by hot wire 1 at x=0mm, y=11mm; c) Without control, measured by hot wire 2 at 

x=30mm, y=11mm; d) With control, measured by hot wire 2 at x=30mm, y=11mm. 

(a) 

(b) 

(c) 

(d) 



6. The investigation of control strategy 

178 

6.3.3 The frequency shift and its analysis 

 Similar frequency shift phenomenon has also been observed in the present study. 

Compared with semi-circular leading edge case, no significant differences were found. 

Therefore, the results were no shown in this section.  

6.3.4 Vortex abasement mechanism for a square leading edge test 

model 

In Chapter 3, two mechanisms were developed for explaining the abasement 

mechanism for a semi-circular leading edge test model. Since there is no generation 

region on the up surface of a square leading edge test model, these two mechanisms 

are not suitable for explaining the abasement mechanism for a square leading edge 

test model. From Figures 6-6 and 6-7, it was found that the reduction increased slowly 

when the perturbation was small. When the control voltage exceeded 120V 

( mm78.0=pmd ), the reduction increased rapidly, which was different from the results 

of semi-circular leading edge test model. The results shown in Figure 6-13 indicate 

that displacement of the vibration plate linearly increased as the control voltage was 

increased during the measurements.   

 
Figure 6-13 The maximum perturbation displacement of the vibration plate. 

 
 At low control voltages, the SPL reduction was relatively small, typically about 
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2dB, when control voltage is equal to 120V. This can be explained by a small level of 

vertical velocity perturbation generated by the vibration plate. The surface 

perturbation was not large enough to affect the fully developed vortex shedding.  

 Typical LEVS of a short square leading edge test model is shown in Figure 6-14. 

The path of the vortex shedding is shown in the figure. It shows that the vortex 

shedding was not attached to the surface of the test model. The path of it is some 

distance away from the surface of the test model. When the perturbation is small, the 

displacement is smaller than 1pmd , the vertical velocity generated by the vibration 

plate is small, and the influences on the LEVS is not notable. While the displacement 

of the vibration plate is larger than 1pmd , the vertical velocity generated by the 

vibration plate is strong enough to disturb the vortex shedding especially the initial 

part of the vortex shedding near the leading edge which can be more easily effected 

by the vibration plate, and then prevent the vortex shedding propagates to the 

downstream. Furthermore, the edge of the vibration plate can act as another separate 

point for shifted shedding frequency vortex shedding to some extent, all these actions 

disturb the normal propagation process of the LEVS and then result in a rapid increase 

of reduction measured in the duct and inside the cavity. This mechanism can be used 

to explain the strength abasement of LEVS for the square leading edge test model. In 

the present study, 1pmd  is 0.78mm and it is about %0.7%100*
11
78.0

=  of the 

thickness of the test model.     
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Figure 6-14 The illustration of the abasement mechanism for short square leading edge test model. 

  
 Therefore, the vortex strength abasement mechanism of vortex shedding was 

discussed based on the characteristic of LEVS for the short square leading edge test 

model. The control action was applied to the vortex shedding region of the square 

leading edge test model. The control mechanism was different from that for 

semi-circular leading edge test model. The path of the LEVS started from the leading 

edge and then propagated the downstream. When applying control on the test model, 

the vertical velocity generated by the vibration plate play a key role for the vortex 

strength reduction. However, the initial part of the vortex shedding is more easy to be 

effected when the displacement of the vibration plate exceed some value.  

6.4 Effective perturbation position for various leading edges 

 The previous experiment utilized a vibration plate that almost covered the entire 

up 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. 

6.4.1 The semi-circular leading edge 

 The control strategy on the vortex generation region was investigated using the 

Flow 

t 

1pmd
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semi-circular leading edge test model. The diagram of the test model is shown in 

Figure 6-15; a 3mm-vibration-plate was installed on the up surface of the test model 

which only covered 13% of the entire up surface area of test model. As mentioned in 

Chapter 1, the separation point for the semi-circular leading edge test model is at the 

apex of circular. As shown in Figure 6-15(a), the 3mm-vibration-plate was installed 

6mm away from the leading edge (0.5mm away from the separation point), but 14mm 

away from the trailing edge which had been classified as C-3-1 in Chapter 2. In 

Figure 6-15(b), the 3mm-vibration-plate was installed 1mm away from the trailing 

edge but 19mm away from the leading edge (14.5mm away from the separation point) 

which had been classified as C-3-2 in Chapter 2. These two positions shown in Figure 

6-15 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. The results of 

investigating these two positions would help to understand the underlying control 

mechanism and the optimal surface perturbation position.  

 
Figure 6-15 The sketch of the 3mm-vibration-plate semi-circular leading edge test model (a) C-3-1; 

(b) C-3-2. 
 

 Various measurements were conducted by using a sinusoidal signal at a frequency 

of Hz30=pf  using an open-loop control scheme. The reductions measured in the 

duct by increasing the control voltages are shown in Figure 6-16. It was found that the 

control action on these two positions were both effective in reducing the noise in the 

6mm 3mm 14mm 

3mm-vibration-plate 
(a) 

3mm 

3mm-vibration-plate 
(b) 

1mm 19mm



6. The investigation of control strategy 

182 

duct. The best control performance of 10.0dB for the case of C-3-1 and 5.5dB for the 

case C-3-2 were achieved (The control performance of 16mm-vibration-plate shown 

in Chapter 3 was 16.29dB as measured in the duct). 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 perturbation position was near the trailing edge.  

 
Figure 6-16 The control performance of different perturbation positions for semi-circular leading 

edge test model. 
 

 As described in Figure 6-2, it was found that in the vortex generation region for 

the semi-circular leading edge test model, although there was no fully developed 

vortex shedding, the pressure pulse was the key factor for the generation of the vortex 

shedding. It exists in this region and its strength increases when it goes away from the 

leading edge to the trailing edge which was shown in Figure 6-2, The averaged value 

of the maximum magnitudes of 
2uE  from 6mm to 9mm was 4109.1 −×  for C-3-1 

case and 4103.5 −×  from 19mm to 22mm for C-3-2 case. When applying the 

perturbation on the surface of the test model, the small perturbation generated by the 

vibration plate would disturb the pressure pulse on the surface of the test model in this 

vortex generation region. In general, the pressure pulse near the leading edge is still 

weak because the vortex is not fully developed. Thus, a smaller level of surface 

perturbation is already sufficient to disturb the pressure pulse that will further disturb 
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the development of vortex shedding downstream.  

 Therefore, it is beneficial to locate the surface perturbation near the semi circular 

leading edge. Although the surface perturbation only covered 13% of the up surface of 

test model, the configuration can be used to achieve 10dB SPL reduction in the duct. 

This is compared to 16.3dB SPL reduction achieved using the surface perturbation 

that covered 100% of the up surface.  

 In conclusion, when applying surface perturbation technique on a semi-circular 

leading edge test model, the control action should mainly occur within the vortex 

generation region for the TEVS. The optimal control strategy is to apply the surface 

perturbation on the weaker region for the pressure pulse, which is also the position 

near the leading edge of test model. In this position, an effective noise reduction can 

be achieved by using a relatively small surface perturbation with a low control 

voltage.  

6.4.2 The square leading edge 

 The diagram of square leading edge test model is shown in Figure 6-17. A 

3mm-vibration-plate was installed on the up surface of the test model which was only 

16% of the whole surface. In Figure 6-17(a), the 3mm-vibration-plate was installed 

1mm away from the leading edge, but 15mm away from the trailing edge, which had 

been classified as S-2-1 in Chapter 2. In Figure 6-17(b), the 3mm-vibration-plate was 

installed 1mm away from the trailing edge but 15mm away from the leading edge, 

which had been classified as S-2-2 in Chapter 2. Taking LEVS generated by the short 

square leading edge test model into account, these two perturbation positions were in 

the vortex shedding region for the square leading edge test model. The vibration plate 

in S-2-1 was near the path of LEVS so the applied perturbation could better influence 

the path for LEVS. The vibration plate in S-2-2 was some distance away from LEVS, 
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the influence of the surface perturbation brought on the vortex shedding was mainly 

due to the vertical velocity generated by the vibration plate.  

 
Figure 6-17 The sketch of the 3mm-vibration-plate square leading edge test model (a) S-2-1; (b) 

S-2-2. 
 

 Various measurements were conducted by using a sinusoidal signal with a 

frequency of Hz30=pf  in an open-loop control scheme. The reductions measured 

in the duct are shown in Figure 6-18 by varying control voltages. The best SPL 

reduction for S-2-1 was 12.0dB at V160=pV  and the corresponding SPL reduction 

for S-2-2 at V160=pV  was 1.2dB (A 16mm-vibration-plate was used in Section 6.3 

and the best SPL reduction measured in the duct was 14.9dB). Therefore the control 

was only effective when the perturbation was applied near the leading edge of the test 

model.  

 
Figure 6-18 The control performance of different perturbation positions for square leading edge test 

model. 
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 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 perturbation technique was applied near the leading edge of the 

test model, the surface perturbation could better influence the path of LEVS. As it had 

been explained in Section 6.3.4, It is more easily to disturb the vortex shedding when 

the vibration plate is near the propagation path of the vortex shedding. Therefore, the 

effective position for the square leading edge is the perturbation arranged near the 

leading edge so that the perturbation can directly truncate the path of LEVS. In the 

present case, the vibration plate could better influence the vortex shedding when 

control voltage was larger than 110V. Using only 16% of the vibration surface, such a 

control configuration could achieve a 12dB SPL reduction measured in the duct, in 

contrast to a 14.9dB SPL reduction using 100% of vibration surface.  

 In conclusion, when applying the surface perturbation technique on the square 

leading edge test model, the control action is mainly within the vortex shedding 

region for LEVS. The optimal control strategy is to apply the perturbation near the 

path of the LEVS which is also the position near the leading edge of the test model. In 

this position, an effective vortex strength and noise reduction can be achieved.  

 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 characteristics of 
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these two leading edges. For a semi-circular 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 pressure pulse is smallest.  This way, an effective vortex strength and 

noise reduction can be achieved simply by using a narrow vibration plate and a low 

control voltage.  

 In contrast, for a square leading edge test model, the control action of the surface 

perturbation is mainly in the vortex shedding region. The vertical velocity is relatively 

small compared with the strength of the vortex shedding. So it can only obtain a small 

amount of reduction measured in the duct. The optimal control strategy is to arrange 

the vibration plate near the path of LEVS and then the surface perturbation can better 

disturb the path of LEVS for achieving vortex strength abasement. This control 

strategy can also be applied in the vortex shedding region of the semi-circular leading 

edge test model. Other leading edge types can be regarded as the combination of the 

basic semi-circular and square leading edges, therefore the control strategies can be 

the combination of these two control strategies. 

6.5 The verification of pressure pulse  

 Hourigan[115] found that for semi-circular leading edge bluff bodies, the pressure 

pulse played a key factor for the generation of the vortex shedding and it existed 

between the leading edge and the trailing edge. It has the characteristic of directivity, 

and since the pressure pulse is acting as an information carrier for the vortex shedding 

generation, it has the same frequency as the vortex shedding. The pressure pulse is 

very important for the optimal control strategy of the semi-circular leading edge test 

model. However, there are three things need to be identified. (1) The existence of the 
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pressure pulse between the leading edge and the trailing edge; (2) The corresponding 

relationship between the pressure pulse with trailing edge vortex shedding, without 

control and with control. Based on these two aspects, the characteristic of the pressure 

pulse and its function in the control mechanism needs to be discussed. (3) The 

characteristic of the pressure pulse which can benefit the control.  

6.5.1 The existence of the pressure pulse  

 For the semi-circular leading edge test model, there is no vortex shedding in the 

generation region between the leading edge and the trailing edge. The TEVS behind 

the trailing edge cannot propagate to the upstream. Therefore, the flow measurement 

in the vortex generation region can provide a way to identify the existence of pressure 

pulse in this region. 

 Measurements were done to identify the pressure pulse in flow field. The 

maximum magnitudes of 
2uE  at the vortex shedding frequency sf  measured by hot 

wire 2 between the leading edge and trailing edge are shown in Figure 6-19. It can be 

seen that between the leading edge and trailing edge , the maximum magnitudes of 

2uE >0 at the vortex shedding frequency. As mentioned in Chapter 1, there was no 

vortex shedding between the leading edge and the trailing edge. Therefore, the 

maximum magnitudes of 
2uE  at the vortex shedding frequency sf  shown in Figure 

6-19 could only be caused by the pressure pulse between the leading edge and trailing 

edge. From 0mm to 16mm, the value of maximum magnitude of 
2uE  was about 

0.0002, while for x>16mm, the magnitude increased rapidly to 0.001, although it was 

still much smaller than the maximum magnitude of 
2uE  measured in the strongest 

vortex shedding region. When open-loop control was implemented, the maximum 

magnitude of 
2uE  decreased significantly as shown in Figure 6-19. The results 
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indicates that the small local surface perturbation could reduce the pressure pulse on 

the up surface of the test model and then influence the vortex shedding generation, 

which is the principle of the ‘pressure disturbance mechanism’.        

 

Figure 6-19 The maximum magnitudes of 
2uE  measured by hot wire 2 between the leading edge 

and trailing edge. 
 

 In this study, the surface perturbation was applied between the leading edge and 

the trailing edge with the aim to reduce the pressure pulse over the up surface of test 

model. After control, the maximum magnitudes of 
2uE  measured over the test model 

and downstream its trailing edge has both decreased. The results indicate that the 

pressure pulse in the vortex generation region may have a direct relationship with the 

vortex shedding downstream the trailing edge. Thus, when the pressure pulse is 

damaged, the corresponding vortex shedding will be damaged too. The pressure pulse 

plays a key factor for the generation of TEVS and the pressure pulse is relatively 

small compared with the vortex shedding as observed from the experiment. Therefore, 

the development of optimal control strategy for the semi-circular leading edge test 

model can be focused on the vortex generation region which contains the pressure 

pulse.  
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6.5.2 The directivity characteristic of the pressure pulse 

 The pressure pulse acts as information containers between the shear layer in the 

leading edge and the TEVS behind the trailing edge, so that the directivity of the 

pressure pulse is one of the important characteristics which ensure the information can 

be exactly sent and received. The pressure pulse can be measured by the hot wire; it is 

not the pure sound pressure. However, it can be regarded as a velocity pulse along the 

up surface of test model and the frequency of this pulse is around the vortex shedding 

frequency, which is far away from the background flow noise in the present system.  

 The general equation for sound pressure of vortex shedding which comes the 

downstream vortex shedding region can be expressed as ( )1φω +tS  which has the 

characteristic of no-directivity and can propagated in all directions in the duct. The 

general equation of pressure pulse can be expressed as ( )2φω +tU P . It is assumed 

that the pressure pulse has the characteristic of directivity from the trailing edge to the 

leading edge or from the leading edge to the trailing edge. The sound pressure 

generated by the vortex shedding at the same measured position in the duct can be 

regarded as the same. By using these characteristics and assumption, a ‘modified two 

microphones method’ can be used to identify the directivity of the pressure pulse and 

its change during the control action.  

 The sketch of the ‘modified two microphones method’ is shown in Figure 6-20. 

Two microphones, Mic.3 and Mic.4, were used to measure the pressure (sound 

pressure and the pressure pulse in flow field) which were installed in the wall of the 

duct and just within the range of the leading edge and trailing edge. Two tubes, Tube 

A and Tube B, were used to guide in the pressure at the measured point around the test 

model. Tube A, is an L-tube and the nozzle of the tube parallels with the assumed 

direction of pressure pulse which is pointing from the trailing edge to the leading edge 
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of the test model. It can measure most parts of the pressure pulse. If Tube B is a 

straight tube and the nozzle of the tube is vertical with the assumed direction of 

pressure pulse, the tube can only measure a small level of pressure pulse. The position 

of the nozzles for both tube A and tube B are at the same distance away from leading 

edge to ensure they can obtain the same sound pressure of vortex shedding.  

 In tube A, the measured signal can be expressed as 

       ( ) ( ) ( )211 φωηφω +++= tUtStf PA                              (6-1) 

In tube B, the measured signal can be expressed as 

       ( ) ( ) ( )221 φωηφω +++= tUtStf PB                              (6-2) 

In general, there are two possibilities for the value of 1η  and 2η . If the pressure 

pulse does not have directivity characteristic, 21 ηη ≈ ; If the pressure pulse has 

directivity characteristic, 01 11 ≈>>≈ ηη . When applying control action, the 

pressure pulse and vortex shedding are reduced, and the remain pressure is about ε % 

of the original strength. The strength reduction measured in tube A and tube B can be 

expressed as  

( ) ( ) ( )211 )1()1( φωηεφωε +−++−=Δ tUtStf PA                     (6-3) 

( ) ( ) ( )221 )1()1( φωηεφωε +−++−=Δ tUtStf PB                    (6-4) 

( ) ( ) ( ) ( ) ( )221)1( φωηηε +−−=Δ−Δ=Δ tUtftftf PBA                  (6-5) 
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Figure 6-20 The sketch of the ‘modified two microphones method’, tube A is used to measure the 

pressure pulse from the trailing edge to leading edge. 
 

 If there is no directivity characteristic for the pressure pulse, then 21 ηη ≈ , 

( ) 0≈Δ tf . It indicates that the reductions measured in tube A and tube B are almost 

the same. If the pressure pulse has directivity characteristic, 01 11 ≈>>≈ ηη ,  

( ) ( ) 0)1( 2 >+−≈Δ φωε tUtf P . This indicates that there is more reduction measured 

in the tube A than that in tube B. Based on these analysis, it is possible to identify the 

directivity characteristic of the pressure pulse. 

 Various measurements were conducted by using the system shown in Figure 6-20. 

The results are shown in Figure 6-21. It was found that the reduction measured in the 

tube A was larger than that measured in the tube B when  V70>pV . The reduction 

of vortex shedding strength was 15.7dB when V160=pV , as measured in tube B in 

an open-loop control scheme. Further, there was another 2.5dB reduction of the 

pressure pulse measured in the tube A. It indicates the pressure pulse has directivity 
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characteristic.  

 Figure 6-21 The comparison of the reduction between tube A and tube B. tube A is used to measure 
the pressure pulse from the trailing edge to leading edge. 

 
 Directivity characteristic is one of the important characteristic of the pressure 

pulse, it play an important role in the generation of the vortex shedding. In the control 

strategy scheme, this characteristic is also a very important issue to be investigated. 

The TEVS are generated periodically by the assistance of the pressure pulse, and the 

pressure pulse has directivity characteristic which has been identified. When applying 

the surface perturbation on the surface of the test model, the disturbance and the weak 

pressure pulse are one part of the control mechanism. Another part of the control 

mechanism is that the vertical velocity disturbance can change the direction of the 

pressure pulse and then influence the generation of the vortex shedding as illustrated 

in Figure 6-22.  This is the primary reason why it is relatively easy to apply the 

surface perturbation technique in the vortex generation region to influence the vortex 

shedding process. 
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Figure 6-22 The sketch for changing the direction of the pressure pulse. 
 

Furthermore, the direction of the perturbation should be vertical relative to the 

direction of pressure pulse to ensure an effective control performance.  

6.6 The implementation of control strategy  

 Based on the investigations described in this chapter, the control strategy for 

semi-circular and square leading edges can be summarized as follows.  

 Firstly, one needs to identify the vortex shedding types for the bluff body 

depending on its leading edge type. There are generally two typical types of vortex 

shedding: LEVS and TEVS. In general, there exists the vortex generation region and 

vortex shedding region for TEVS. In the vortex generation region, there is only the 

pressure pulse which is the key factor for generation of the TEVS. In this case, the 

pressure pulse is relatively weak and it has exhibits strong directivity. Therefore, it is 

better to place the surface perturbation in the vortex generation region for effective 

control. In the case of LEVS, Vortex shedding starts at the leading edge of the bluff 

body, so there is only the vortex shedding region and no vortex generation region. 

Since the vortex shedding can be relatively strong and the vertical velocity generated 

by the vibration plate may not be sufficiently large to influence the vortex shedding, 

the optimal control strategy is to apply the perturbation near the path of the vortex 

shedding. This way, the truncation of the path for vortex shedding can decrease the 

strength of the vortex shedding.  

 Secondly, one also needs to identify the installation position and the area of the 

The direction of the pressure pulse 

New direction of the pressure pulse 

Small disturbance generated by the 
surface perturbation technique 
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vibration plate for generating the surface perturbation. In general, the area of vibration 

plate should be as large as possible for the semi-circular leading edge test model, and 

it should be installed in the vortex generation region. This way, the surface 

perturbation can effectively affect the pressure pulse in this region, which can lead to 

more significant reduction of vortex shedding strength. For a square leading edge test 

model, it is not necessarily to use a large perturbation area, since a small area of 

vibration plate should be enough to bring the perturbation effect on the LEVS.  

 Thirdly, due to the directivity characteristic of the pressure pulse in the generation 

region, the direction of the perturbation should be vertical relative to the direction of 

the pressure pulse.  

6.7 Conclusions 

A general control strategy to control the vortex shedding using the surface 

perturbation technique has been proposed. Two basic leading edge geometries for 

bluff bodies were investigated in this Chapter. It was found that the vortex shedding 

types were the main factor for considering the control strategy. Based on the 

characteristics of these two vortex shedding types, the perturbation position and its 

control mechanism were studied. 
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7. Conclusions  

7.1 General conclusions 

 Active control of flow-induced acoustic resonance has been experimentally 

investigated by using a novel surface perturbation technique. The whole work 

underwent five parts:  

 1) Based on a low-order model for the vortex shedding behind a vibrating bluff 

body, the novel surface perturbation technique, developed by Cheng et al [97], was 

used and interpreted to actively control vortex shedding and flow-induced acoustic 

resonance. This novel technique was primarily used to generate a controllable 

transverse motion on a structural surface using embedded piezo-ceramic actuators to 

alter the fluid-structure interaction for suppressing the vortex shedding and the 

corresponding acoustical resonance. Various test models for implementing this novel 

surface perturbation technique were designed. The experimental setup, major 

experimental facilities and platform, as well as the control strategy were developed 

for intensive investigation. 

2) Open-loop control tests were first carried out. Control results had shown that 

this method was an effective control method for vortex-induced acoustic resonance 

problems. It was also found that the control strategy could not only weaken the 

strength of the vortex, but also changed the shedding frequency, which subsequently 

suppressed the acoustic resonance phenomenon. 

3) Due to the difficulties in using a high-frequency control signal to excite the 

THUNDER actuators, a downsampling theory, which utilized the aliasing 

phenomenon and the Nyquist–Shannon sampling theorem, have been developed to 

down-sample a high-frequency original signal (feedback signal) to a low-frequency
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output signal (the modified feedback signal). The downsampling process was 

implemented in the Simulink/dSPACE platform by using the Zero-Order Hold, Rate 

Transition and Band-pass filter modules. The modified feedback signal was supposed 

to contain all the necessary phase, frequency and magnitude information for effective 

control, as those in the feedback signal. The results indicate that effective control of 

high-frequency vortex-induced acoustic resonance problems can be achieved by using 

a low-frequency surface perturbation.  

4) To further improve the control performance, a closed-loop control scheme was 

implemented in view of achieving better control of vortex-induced acoustic resonance 

in the system. The control signal in closed-loop control utilized feedback signals from 

hot wire sensors, which were down-sampled to a suitable low-frequency signal for 

test model excitation. Closed-loop tests were performed and the results were 

compared to those of the open-loop tests. 

5) Various leading edges were investigated for seeking a general control strategy 

for controlling vortex shedding in engineering applications. Two types of vortex 

shedding, LEVS and TEVS were elaborated. Based on the characteristic of these two 

vortex types, the perturbation position and its mechanism, the perturbation direction 

and the analysis were carefully studied, leading to a general control strategy.  

The present work leads to the following conclusions. 

1) The surface perturbation technique was utilized to control the vortex shedding 

and its associated acoustic resonance for a semi-circular leading edge test model in 

the open-loop control scheme. Using the open-loop control scheme, the sound 

pressure level (SPL) at the acoustic resonance can be reduced by about 16.3 dB in the 

duct and 21.3dB in the cavity. It was found that the control performances were 

repeatable and reliable.  
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2) The abasement of the vortex shedding strength during the control can be 

contributed by two mechanisms: ‘the pressure disturbance mechanism’ and ‘the shear 

layer shifts mechanism’. During the generation of the TEVS, a pressure pulse was 

generated and feedback to the leading edge shear layer to influence the formation of 

the next vortex shedding. The surface perturbation technique generates a small local 

perturbation in the space between leading edge shear layer and trailing edge. This 

small local perturbation disturbs the pressure pulse on the trailing edge, which is feed- 

backed to the leading edge shear layer. This pressure pulse alters the generation of 

next vortex shedding that can lead to a reduction in the vortex shedding strength. 

Furthermore, the surface perturbation technique changes the geometry of the up 

surface of test model and shifts the shear layer which is attached to the surface. The 

shift disturbs the shear layers around the test model, and thus weakens the strength of 

vortex shedding behind the test model. This situation results in a clear disturbance on 

the formation of the trailing edge vortices, leading to a significant reduction in the 

vortex strength in the wake of the model.  

3) The frequency shift phenomenon and its effect on the suppressing acoustical 

resonance were revealed. In the open-loop control scheme, a shift in the shedding 

frequency is caused by the control action. A formula was derived to predict this 

frequency shift in the effective control region. It was shown that the applied 

perturbation brings about 1.7% increases in the effective height of the control plate, 

resulting in a frequency shift of about 2.84 Hz that was confirmed by the experiment. 

If the shedding frequency shift exceeded the resonance bandwidth of the downstream 

acoustic cavity, the sound reduction inside the cavity would be larger than that in the 

duct. This phenomenon along gave a rise to a further sound pressure reduction of 5 dB 

inside the acoustic cavity. The same phenomenon was also observed in the 
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closed-loop control. This frequency-shift mechanism assists the control process in 

achieving a larger noise reduction level inside the cavity than that in the duct due to 

the down-stream cavity resonance. The mechanism in the closed-loop control is 

consistent with the open-loop control. The frequency shift phenomenon in the 

closed-loop control can give a rise to a further sound pressure reduction of 4.4 dB 

inside the acoustic cavity.  

4) For a semi-circular leading edge test model, closed-loop tests demonstrated 

the effectiveness of the proposed control technique. At the optimum control voltage 

and control phase delay, a noise reduction of 17.5dB in the duct and 22.6dB inside the 

cavity was obtained. It was observed that the closed-loop control could achieve a 

better control performance than that of the open-loop control. In particular, the phase 

delay of control actuation could be optimally tuned so that the strength of vortex 

shedding energy could be minimized effectively, leading to a satisfactory noise 

reduction in the duct and cavity. This process was evident from the spectral phase 

shift results for the case of closed-loop control, where the vortex traveling time has 

been delayed at downstream of the test model. Therefore, an optimal control strategy 

was proposed by utilizing an optimal phase-tuned active surface perturbation to create 

sufficient changes in the vortex shedding structure, leading to an effective noise 

reduction in the system.  

5) The developed surface perturbation technique can also be applied to a square 

leading edge test model using both open-loop and closed-loop control schemes. Under 

the application of control, the SPL in the duct decreased from 92.2dB to 75.6dB (a 

reduction of 16.6dB) at the vortex shedding frequency. Meanwhile, the SPL measured 

inside the cavity decreased from 105.4dB to 86.9dB (a reduction of 18.5dB). For the 

square leading edge model, it was found that its control mechanism was different 
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from that of the semi-circular leading edge test model. The path of the LEVS started 

from the leading edge and then propagated downstream. After the deployment of the 

control, the vertical velocity generated by the vibration plate played the key role in the 

vortex strength reduction. More significant reductions can be achieved when the 

velocity disturbance was near the propagation path of the vortex shedding.  

6) Control strategies for two primary leading edge geometries have been 

proposed. For the semi-circular leading edge test model, the surface perturbation 

mainly takes effect in the generation region, although perturbing on any surface 

within this region can lead to reduction when applying control. The optimal control 

strategy is to arrange the perturbation at the position where the pressure pulse was the 

smallest. This way, the target noise reduction can be achieved by using perturbation 

within a relatively small area at a low control voltage. For the square leading edge test 

model, the control action of the surface perturbation mainly exists in the vortex 

shedding region. It was observed that the vertical velocity generated by the 

perturbation was relatively small when compared with the strength of the vortex 

shedding. The optimal control strategy requires arranging the vibration plate near the 

propagation path of the LEVS for achieving sufficient vortex strength abasement. 

Furthermore, the process for choosing the optimal control strategy has been proposed 

in this work. In general, the area of vibration plate should be as large as possible for 

the semi-circular leading edge test model, to be installed in the vortex generation 

region. The perturbation can affect a stronger pressure pulse in this region so to lead 

to more reduction of vortex shedding strength. For the square leading edge test model, 

it is not necessarily to use a large perturbation area to bring the perturbation effect on 

the LEVS.  

 7) The existence of the pressure pulse for the semi-circular leading edge test 
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model has been confirmed. This was identified by using hot wires to measure the 

energy distribution at vortex shedding frequency along the up surface of test model. 

The directivity of the pressure pulse was studied by using a modified two microphone 

method and it was found that the pressure pulse had strong directivity characteristics. 

A small disturbance generated by the surface perturbation can change the direction of 

the pressure pulse and then influence the generation the vortex shedding.  

 

7.2 Recommendations 

The following areas are worthy investigating in the future: 

1) In the present work, the investigation was only focused on two typical leading 

edges. For other type of leading edge, a combination of control mechanism for both 

semi-circular and square leading edges can be intuitively used. However, further 

investigation can be done by applying the surface perturbation to models with more 

complex leading edges, such as airfoil and polygon leading edges that can generate 

complex vortex behavior. The optimal control strategy for these configurations can 

then be investigated.   

2) The present work focused on the active control mechanism for controlling the 

vortex shedding and acoustic resonance processes. The fluid-sound-structure 

interaction during the control still needs to be further investigated with the help of 

more accurate mathematical models which can allow a better understanding of the 

physical mechanism.  

3) Due to the vibration characteristic of the THUNDER actuators, the present 

work down-sampled the control frequency to low frequency. However, it can be 

beneficial to utilize other actuators with better dynamic properties which hopefully 

can provide more freedom during the investigation.  
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4) When the flow passes the semi-circular leading edge test model, there exist 

shear layers on the surface of the test model. A small surface perturbation does have 

influence on this shear layers. Further study can be done to investigate the control 

mechanism of these shear layers and to extend the application of the perturbation 

technique to boundary layers control.  
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