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Abstract 
The subject of fan noise generating mechanisms and its control has been studied 

intensively over the past few decades as a result of the ever-increasing demand for more 

powerful fans. A unique feature of fan noise is that it consists of high-level discrete 

frequency noise related to the blade passing frequency, and low-level broadband noise 

due mostly to turbulent airflow around the fan. Of the two types of fan noise, the 

discrete frequency noise is the more psychologically annoying component.  

 

Past research into fan noise has shown that the discrete frequency fan noise are dipole in 

nature and are caused predominantly by the fluctuating lift acting on the surfaces of the 

fan blades. Based on this, several theoretical models have been established to correlate 

these fluctuating lift forces to the far-field sound pressure. However, one general 

assumption in these models is that the fan blades are assumed rigid, and the 

consequence of such an assumption is that it is unclear if the far-field sound pressure is 

caused solely by the aerodynamic lift force, or whether the blade vibration also plays a 

substantial role in the generation of the far-field fan noise. One of the goal of this thesis 

was thus to experimentally quantify the contribution of blade vibration to far-field fan 

noise and it was found that blade vibration, whilst coherent with the far-field fan noise, 

did not contribute significantly. 

 

Aside of this, several experiments aimed at filling knowledge gaps in the understanding 

of fan noise characteristics were also be conducted, in particular, to understand the 

relationship between far-field sound pressure level to blade lengths as well as the 

number of blades on the fan. The experiments showed that for fans with many blades, 

the dependency of the far-field sound pressure on blade length is stronger than fans with 

less blades. Furthermore, dipole measurements showed that the dipole characteristics of 

fan noise does not occur only at the discrete frequencies, but also within a range of 

broadband frequencies, implying that the source for both discrete and broadband is the 

same. 

 

The second section of this thesis deals with the study of vortex shedding and its active 

control. When a circular cylinder (or any object) is placed in a flow within a specified 

Reynolds number range, flow separation and periodical wake motion is formed behind 
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the cylinder, which is known as vortex shedding. It has been found in previous research 

that this wake motion is affected by acoustic field imposed on it via loudspeakers. This 

suggests that there is a strong acoustic-vortex relationship. However, little of this 

relationship is understood as conventional methods of studying vortex centre around the 

use of hot-wire anemometry, which effectively measures the velocity fluctuation in the 

flow. This thesis is the first in using a microphone to study the acoustic characteristic of 

the vortex wake, and experimental results shows that the two parallel shear layers of the 

wake carry the strongest pressure signals at the vortex shedding frequency, whilst the 

entrapped region between the layers carries the strongest pressure signals at the first 

harmonic.  

 

The second part of this section on vortex shedding studies the use of feedforward 

control on the internal excitation technique to gain a deeper understanding of the 

acoustic-vortex relationship established earlier. In the internal excitation technique, a 

cylinder with a narrow slit along the spanwise direction is placed in the flow through 

which acoustic excitation is introduced via two loudspeakers placed on both ends of the 

cylinder. Past researches have used feedback control whereby the signal measured at a 

downstream hot-wire is used as the excitation signal. Whilst control is achieved via this 

method, it did not provide a clear picture of the acoustic-vortex interaction. In the 

feedforward control scheme, a flush-mounted microphone placed in the centre of the slit 

is used as the error microphone and it was found that, in suppressing the acoustic signal 

at this error microphone, the vortex wake is suppressed.  

 

Finally, active noise control was applied to fan noise in a bid to develop a practical 

active fan noise control solution. To date, several studies have focussed on the active 

control of fan noise, and whilst these studies proved that active control is indeed 

feasible, the experiments are more exploratory in nature and do not relate to a specific 

practical fan noise problem. Furthermore, these experimental studies focussed primarily 

on the discrete frequency components. In this final part of the thesis, the principle goal 

was to develop, manufacture and assess the effectiveness of a hybrid active-passive fan 

noise control solution. The passive control component consists of a rectangular duct 

internally lined with absorptive materials used to attenuate the broadband components. 

This duct also serves as a wave-guide for the discrete frequency fan noise, which 

enables global control to be much more easily achieved.  
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The active control part of the device consists of a control loudspeaker, an error 

microphone and a reference sensor. A simple duct modelling exercise was performed to 

determine the most effective location along the duct for placement of the control 

loudspeaker. Two types of reference sensors were used; an acoustic sensor – 

microphone – and a non-acoustic sensor – an infrared sensor. Both sensors yielded 

similar control results of the discrete frequency, though the infrared sensor removed the 

feedback path that was present when the microphone was used as reference. Finally, the 

system was monitored over a 9-hour period and good control stability was achieved at 

all times. This system was then modified and installed permanently to showcase active 

control to students and staff of the engineering department. 
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Chapter 1 
 

  

General introduction and literature 
review 

 
This thesis is about the study of active control of fan noise and vortex shedding noise. 

The study involves three principle areas of research, 

 

1. Fan noise generating mechanisms,  

2. Vortex shedding, and 

3. Active control and its application to fan noise and vortex shedding. 

 

On the outset, the three areas of study are somewhat unrelated to each other especially 

in areas concerning fan noise and vortex shedding. How they came to be the central 

focus of this dissertation came about in the initial investigations on fan noise control.  

 

At the commencement of this dissertation, the principle objective was to study the 

active control of fan noise, and as will be reviewed later, current investigations in this 

field centres around the control of the fan noise field. In other words, the fan noise is 

treated as “just another noise source” and the noise field is subsequently altered by the 

addition of an active noise source. Whilst control results shows that active control can 

indeed be used to attenuate fan noise, one of the primary drawbacks of such an approach 

is that the control is local and strictly limited to a specific direction relative to the fan 

(Quinlan, 1992). To achieve global control, the fan noise source needs to be suppressed, 

which implies that an understanding of the fan noise generating mechanisms is crucial 

and is the reason why this area of study is involved.  

 

During the initial investigations, vortex shedding is found to be one of the many fan 

noise generating mechanisms and a quick search into the current studies revealed that 

vortex shedding is a flow-related phenomenon that has significant practical engineering 

importance, especially in the areas related to flow across bluff bodies. With the 

encouragement of the author’s supervisor, as well as the availability of the various 
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experimental facilities needed to study vortex shedding, it is thus natural that part of this 

dissertation will also be devoted to the study of vortex shedding.  

 

These three areas thus complete the bulk of the work attempted here and a review of 

past work is now presented below. 

 

1.1 Fans and fan noise studies 

There are generally four distinct types of fans; axial flow, centrifugal, mixed, and 

tangential. Of the four types of fans, axial flow fans are the most commonly used and 

studied due to its close link with the aeronautical industry; the work performed here will 

thus also be restricted to axial flow fans only. An example of axial flow fans is shown in 

Figure 1.1 and the word fan will also be used as short for axial flow fans from here 

onwards. The arrows in the figure represent the air flow direction of axial fans. 

 

 

 

Figure 1.1 Axial flow fan (Neise, 1992). 
 

 

The general working principle of fans can be described as follows: as the fan rotates and 

the airfoil cuts through the air, it produces positive pressures on the lower surface of the 

airfoil and negative suction pressures on the upper surface. The magnitude of the 

suction pressures on the top surface is much larger than the positive pressures on the 

lower surface and the interaction of these positive and negative pressures create a lift 

force L. As a reaction to the lift force, the air stream is deflected and this produces the 

static pressure of the fan, which produces air movement. Also, as the fan rotates, a drag 

force D is present that is parallel to the relative air velocity. The resultant force, F, is 

thus a combination of both the lift force and the drag force. These forces are represented 

on a schematic cutaway of a blade section in Figure 1.2.  
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Figure 1.2 Cross-section of an airfoil fan blade (Bleier, 1998). 
 

 

Note that D is an undesirable, power consuming component and that airfoils are usually 

designed to give high lift-to-drag L/D ratio. The convex upper surface of fan blades is 

also commonly referred to as the suction side; and the concave lower surface as the 

pressure side. The angle of attack of the fan blade, α, is defined as the angle formed 

between the baseline and the relative air velocity.  

 

Before discussing the fan noise generating mechanisms, it is useful to know that fan 

noise generally consists of high level discrete frequency noise and low level broadband 

noise. The discrete frequency noise is typically 10-15dB higher in amplitude than 

broadband components and resembles “sharp peaks” in the fan noise spectrum. It is 

these high level discrete frequency components that cause the most psychological 

annoyance in fans and is evident in the linear noise spectrum of a 5-bladed fan of tip 

diameter of 300mm rotating at 980revs/min shown in Figure 1.3. The noise floor of the 

anechoic room in which the measurement was made is also displayed for comparison. 

 

These discrete frequency components are harmonics of the blade passing frequency, or 

BPF, which are linked to the fan rotational speed by, 

 

Κ32160 , ,  Hz, n nBΩ requency Discrete f ==  (1.1)   

 

α 

F 

D 

Concave lower surface 

Convex upper surface 

L 

Baseline 

Leading edge 

Trailing edge 

Relative air 
velocity 
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where Ω is the rotational speed in revolutions per minute of the fan, B is the number of 

blades and n is the harmonics number. 

 

 

 

Figure 1.3 Comparison between the noise floor and the noise spectrum of a fan. 
 

 

1.1.1 Fan noise generating mechanisms 

Fan noise is generated by a number of different mechanisms and each of these 

mechanisms can be classified as one of the three fundamental noise sources, which are 

monopole, dipole and quadrupole. Each of these fundamental noise sources has its own 

distinct directivity patterns depicted in Figure 1.4 and are formed differently. In physical 

terms, monopoles are created by volume displacement; dipoles by fluctuating forces; 

and quadrupoles by the existence of shear stresses within fluid layers (Norton, 1996). 

 

In the context of fan noise, monopoles are created by the solid blades moving through 

air, thereby displacing the air, and creating periodic volume displacement fluctuations in 

the adjacent field. This noise is also commonly referred to as blade thickness noise. 

Dipoles are created as a result of the fluctuating lift forces acting on the fan blades and 

Discrete frequencies 

Broadband noise 
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the surrounding medium; and quadrupoles are formed when, for example, the turbulent 

shear stresses arise in the interaction of inlet flow distortions with the flow around the 

fan blades (Ffowcs-Williams and Hawkings, 1969). These three noise sources are 

summarised in Figure 1.5, which also shows the type of noise generated by each source, 

i.e. discrete or broadband noise. 

 

 

 

Figure 1.4 Directivity patterns. Left to right: monopole, dipole, lateral quadrupole. 
 

 

 

Figure 1.5 Summary of fan noise generating mechanisms (Neise, 1992). 
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Monopole and quadrupole noise 

Blade thickness noise, or monopole noise, has been explained by Glegg (White and 

Walker, 1982) as being a significant contributor to fan noise only when the blade tip 

speed has a Mach number greater than 0.5; which is also supported by Neise (1992). 

The source of monopole noise is the volume displacement effects of the moving fan 

blades, which generates periodical disturbances as the blade displaces fluid mass. In the 

case of low speed fans where the blade tip speed is lesser than 0.5 Mach number, the 

azimuthal phase velocity of these fluctuations is well below sonic, and so their radiation 

efficiency is low. 

 

Likewise, quadrupole noise is also ignored in this dissertation as, according to Morfey 

(1971a), it becomes important only when the blade tip Mach number is greater than 0.8, 

or when it approaches supersonic. Quadrupole noise is typically generated by shear 

stresses, an example of which is the interaction of inlet flow distortions with the flow 

around the fan blades, and for this reason it only becomes a dominant noise mechanism 

in fans with high blade tip speeds. Fan with such high blade tip speeds are usually 

termed high speed fans and are used most commonly in aeronautical propulsion 

applications and thus the primary focus of this dissertation will be the dipole fan noise.  

 

Dipole noise 

Dipole noise is the dominant noise generating mechanism in all fans regardless of fan 

speed and has been the subject of intensive research when compared against the other 

two noise sources. It can also be seen from Figure 1.2 that the dipole noise is closely 

linked to the lift force, which is the main mechanism of air movement in fans. What 

follows is an introduction into the various mechanisms that falls under the dipole noise 

category in Figure 1.5. 

 

As seen previously, dipole fan noise can be divided into two types of noise components, 

 

1. Discrete frequency noise, and 

2. Broadband noise. 

 

These two types of noise can be further classified as either interaction noise or self-

noise (Blake, 1986); with interaction noise used to describe all sounds resulting from an 
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encounter of the rotating fan blade with a time-varying disturbance whilst self-noise is a 

result of flow over the blade themselves and thus requiring no unsteady inflow. In 

another sense, interaction noise is generally regarded as due to the reaction of the blades 

to local alternating angle of attack on the blades whilst self-noise is generally due to 

viscous flow over the blades.  

 

Gutin noise → self-noise 

This type of noise was first studied by Gutin (1948), who theorised that the forces 

experienced by the fan blades operating in a uniform steady flow field are steady. It is a 

form of self-noise and occurs at discrete frequency components at multiples of the BPF, 

the amplitude of which is proportional to the steady loading on the rotor. The 

occurrence of Gutin noise is generally observed on fans having small number of blades 

(Filleul 1966, Blake 1986). Farassat and Succi (1980) further reported that Gutin’s 

theory is only successful for low tip speed fans, and in all other cases (higher tip speeds 

and greater number of blades), Gutin’s theory tends to under-predict the sound pressure 

levels of the discrete frequency noise, which is also reported by Lowson (1965), Doak 

and Vaidya (1969) and Chandrashekhara (1971a). All of the above findings relate to the 

fact that Gutin, in assuming the flow around fan blades are steady, failed to take into 

account the potential interaction between the turbulent wakes generated by the trailing 

edge of the preceding fan blade and the following fan blade (Chandrashekhara 1971a), 

as well as the non-uniform inflow impinging on the fan rotor annulus. These 

interactions cause large unsteady fluctuating forces on the blades that repeat with every 

fan rotation. This situation is depicted in Figure 1.6. 

 

 

 

Figure 1.6 Vortex wakes shed at trailing edges of fan blades. 
 

Turbulent wakes 

Ω 
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Non-uniform steady flow → interaction noise 

Non-uniform inflow commonly arises from the presence of upstream obstructions, 

which creates wakes in the airflow entering the fan annulus. If these wakes are steady 

(periodical) in nature, then steady flow results. Upstream obstructions can be any object 

such as fan guard, inlet guide vanes (IGV) and stator blade rows in the case of multi-

stage axial compressor; all of which significantly modifies the airflow conditions into 

the fan when compared to the airflow in their absence. 

 

As these inflow asymmetries enter the fan annulus they impinge on the fan blades, 

causing it to change its velocity and angle of attack, thereby creating large fluctuating 

blade forces and generating discrete frequency noise at the BPF and harmonics. This is 

the primary cause of the annoying discrete frequency noise in fans and work 

investigating this noise generating mechanism includes those of Filleul (1966), Lowson 

(1968a), Doak and Vaidya (1969), Mani (1971), Morfey (1971a), Longhouse (1976), 

Mugridge (1976), Fitzgerald and Lauchle (1980), Base et al. (1988), Chiu et al. (1989) 

and Boltezar, Mesaric and Kuhelj (1998). A point to note is that steady flow also 

implies periodic flow disturbances (unsteady flow, or non-periodic random turbulent 

flow disturbances will be discussed in the following section).  

 

Typically, the removal of such upstream obstructions is accompanied by a dramatic 

reduction in the sound pressure level at the BPF and harmonics, indicating that such 

inflow asymmetries are directly responsible for the discrete frequency components and 

the large fluctuating lift forces experienced by the fan blades. Likewise, if the distance 

between the fan rotor and upstream obstructions are increased, the sound pressure level 

at the BPF and harmonics will also decrease, which is a direct result of a decrease in the 

magnitude of the inflow velocity disturbances. However, even in a completely free-field 

scenario, the sound pressure level at the BPF and harmonics is still measured to be 

higher than broadband noise due to wakes shed from the preceding fan blade 

(Chandrashekhara, 1971a), and also due to naturally occurring turbulence, which also 

causes the large fluctuating lift upon ingestion into the fan rotor annulus (Hanson, 

1974). 

 

Non-uniform unsteady flow → interaction noise 

The noise generating mechanism in this case is similar to that for the steady flow case, 
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except that the disturbances on the blades are fully random (turbulent) rather than 

periodic (for the steady flow case), thereby giving rise to broadband noise. A car 

radiator cooling matrix is an example that generates fully turbulent inflow into the rotor 

annulus (Mugridge, 1976). 

 

Secondary flows → interaction noise 

Secondary flows, which are a form of interaction noise, can be thought of as flows not 

originating from the principle mechanism by which a fan generates air movement; in 

other words, flows which do not directly affect the force acting on the fan blades. An 

example of secondary flows is tip clearance flow, whereby air is forced or squeezed 

through the small gap between the blade tip and inner-wall of the fan enclosure, such as 

a duct or fan guard housing. The wakes formed through the small gap produces 

generally broadband noise and has been studied by Longhouse (1978) and Fukano et al. 

(1986), who reported an increase in broadband noise levels as a result of an increase in 

tip clearance. Quinlan and Bent (1998) confirmed this finding by showing that 

artificially reducing the tip clearance by the insertion of flanges on the blade tip reduces 

the broadband noise levels as seen in Figure 1.7. Note that in Quinlan and Bent’s result, 

only the broadband noise was reduced with negligible reduction at the BPF and 

harmonics after the insertion of the flanges at the blade tips. This suggests that such 

secondary flows are not part of the discrete frequency fan noise generating mechanisms 

and are independent of each other.  

 

 

 

Figure 1.7 Broadband sound level reduction as a result of reducing the tip clearance. 
(Quinlan and Bent, 1998). 
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In a study into the effects of tip clearance by Fukano et al. (1986), it is reported that tip 

clearance flow may aggravate the unsteady fluctuating blade force responsible for the 

generation of the BPF and harmonics when the tip vortex couples with the duct wall to 

interact with the fan blades.  

 

Vortex shedding → self-noise 

Vortex shedding noise has been studied by Archibald (1975), Tam (1974), Wright 

(1976), Longhouse (1977) and Fukano et al. (1977) and the origin of such noise is 

believed to be the unstable Tollmien-Schlitching waves in the laminar boundary layer 

on the suction side, or the convex upper surface of the fan blade. These unstable 

Tollmien-Schlitching waves commence at the point of instability (end of laminar 

region) and travels downstream along the blade. They then interact with the trailing 

edge turbulence and generate a pressure disturbance which radiates upstream to 

reinforce the unstable waves, and thus forming an aerodynamic and acoustic feedback 

loop as shown in Figure 1.8.  

 

 

 

Figure 1.8 Schematic of the feedback loop in vortex shedding (Longhouse 1977). 
 

 

Vortex shedding noise is generally discrete (Tam 1975, Longhouse 1977), although in 

some cases it is also reported to be broadband (Fukano et al., 1977). To prevent the 

formation of such an acoustic feedback loop, or the formation of Tollmien-Schlitching 
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waves, the laminar flow over the suction side of the fan blades can be “tripped” such 

that flow becomes suitably turbulent over the entire span of the fan blades. Such an 

experiment was conducted by Longhouse who installed serrations on the leading edge 

of the fan blades and showed that the broadband noise spectrum is subsequently reduced 

by the serrations. 

 

Turbulent boundary layer → self-noise 

Turbulent boundary layer noise is due to the airflow around the fan blades, flow over 

the blade tips and so on. It is formed when air movement is present. This noise is also of 

the least concern when compared to the discrete frequency noise components and is 

often regarded as the “minimum level” in broadband noise of fans, with the broadband 

noise generated by unsteady flow being higher in level than this due to turbulent 

boundary layer (Neise, 1992). 

 

1.1.2 Fan noise theoretical models 

With this understanding of the fan noise generating mechanisms, there has been a vast 

number of theoretical models developed to describe and correlate the various noise 

mechanisms to the measured far-field sound pressure. Some of the researches are 

described briefly here:  

 

• Cremer (1971) and Abom and Boden (1995a, b) treated fans black box models;  

• Chandrashekhara (1971b), Homicz and George (1974), George and Kim (1977) 

examined turbulent broadband noise;  

• Hanson (1974) formulated a theory for the inlet flow asymmetries from naturally 

occurring atmospheric turbulence;  

• Filleul (1966), Ffowcs Williams and Hawkings (1969), Lowson (1970), Barry and 

Moore (1971), Chandrashekhara (1971a), Morfey and Tanna (1971), Wright (1971, 

1976), Morfey (1972), Siddon (1973), Hawkings and Lowson (1974), Glegg 

(White and Walker 1982) and Wu, Su and Shah (1997) studied fan noise based on 

Lighthill’s aerodynamic formulations;  

• Sharland (1964), Mugridge (1971) and Wright (1995) developed empirical 

formulae to calculate the sound power of fan noise;  

• Van Niekerk (1966), Lowson (1967), Longhouse (1976, 1977), Fukano, Kodama 
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and Takamatsu (1977ab, 1978, 1986) and Maling (1992), derived equations 

predicting the overall sound pressure level of fans due to various fan noise 

generating mechanisms. 

 

The above list can be further expanded to include many others (see reference section), 

but the most prevailing method used in fan noise prediction scheme is Curle’s 

formulation, which is based on Lighthill’s aerodynamic theory. 

 

Lighthill (1952) was believed to be the first to describe the aerodynamic sound 

generation in the absence of solid boundaries and identified the various types of 

radiation sources. Curle (1955) and Ffowcs-Williams and Hawkings (1969) later 

extended Lighthill’s theories to include the effects of solid boundaries. In depth 

discussion of these theories will not be presented here and the interested reader is urged 

to read the above articles, or alternatively a summary is provided by Goldstein (1974) 

and Farassat (1981).  

 

Lighthill’s theory is written here and expressed by Hawkings and Lowson (1974) as,  
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where the three terms on the right hand side of the equation correspond to the 

quadrupole shear stress term, dipole force term and monopole volume displacement 

term. Note that the term Tij is Lighthill’s famed turbulence stress tensor. 

 

If one chooses to ignore the quadrupole and monopole term (due to the specific fan 

conditions in which these only occur); replace the surface integral S’ (which needs to be 

evaluated over the “upper” and “lower” surfaces of the blade) with a mean planform 

area S (due to thin blade assumption, Lowson 1968b) and replace the acoustic density 

perturbation by the pressure perturbation and taking the integrals over the mean 

planform area, the equation can be reduced to, as shown by Glegg (White and Walker, 

1982), 
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where xi = (x1, x2, x3) which represents the Cartesian coordinates of the observer 

location and Fi is the fluctuating force components in each direction. Note that the force 

term Fi is to be evaluated in the retarded time and corresponds to the pressure acting on 

the blade surface, which is the pijnj term in equation (1.2). Also, the Doppler shift 

vector, rM1− , is neglected as the fan is stationary relative to the observer. The 

inclusion of the Doppler shift term is only necessary if the fan is moving relative to the 

observer, i.e. fan in forward flight such as plane propellers and helicopter rotors (Howe, 

1998). 

 

Equation (1.3) is the commonly adopted equation to describe fan noise and it is clear 

that once the force Fi is specified, the sound pressure due to just the interaction noise 

(which causes the fluctuating blade forces) at an observer location xi can be calculated. 

A great majority of the work to determine this force Fi has correlated it to the inflow 

distortions caused by upstream obstructions (Lowson 1970, Barry and Moore 1971, 

Chandrashekhara 1971a, Morfey and Tanna 1971, Hawkings and Lowson 1974 and so 

on). Essentially, the inflow distortions are modelled as gusts impinging on the fan 

blades. These gusts can be resolved into two components being upwash (normal to 

blade surface) and chordwise (parallel to blade surface). Both components are then 

resolved into the lift and drag forces and the force Fi correlated to these two forces. The 

resulting equation can then be Fourier analysed to give the discrete frequency peaks 

corresponding to the BPF and harmonics.  

 

In a research which departed from the above method is the work of Wu, Su and Shah 

(1997), who modelled a free-space fan where the inflow into the rotor is considered 

asymmetric (no upstream obstructions to create velocity disturbance in the flow), in 

which case the force Fi was correlated to the lift force acting on the blade surface 

calculated by the Blasius theorem over a Joukowski airfoil. The virtue of their work is 

that it enables engineers to calculate and determine the fan noise spectrum based on the 

operating speed, dimension, number of blades and other parameters such as the CFM 

value and so on.  
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1.1.3 Objectives of present investigation 

The above three sub-sections present a general overview of the current work in fan 

noise and the approach taken by the various authors is clear. Whilst the theories 

developed to predict fan noise has been shown to give good agreement with 

experimental measurements, one glaring omission is that in all cases, the fan blade has 

been implicitly assumed to be rigid. So far, there is no reported research – to the 

author’s knowledge – on the contribution to fan noise from blade vibrations and hence, 

whether or not the blades can be assumed rigid is open to debate.  

 

One other motivation for the study of the blade vibrations are the results of Chiu, 

Lauchle and Thompson (1989), who found good correlation between the inflow non-

uniformity, unsteady blade loading and the discrete frequency radiated noise. A piezo-

ceramic transducer positioned between the rotor and the root of the fan shaft is used as 

the force transducer, which measures the total (integrated) unsteady rotor axial force. 

The good correlation between the rotor force and radiated sound was established by the 

good coherence found between the two measured parameters for two cases with and 

without an upstream obstruction. The difference in coherence spectrum between the two 

cases is that, without an upstream obstruction, very good coherence is observed only at 

the BPF; whilst with an upstream obstruction – which introduces two inflow 

disturbances per fan revolution – good coherence is established at the BPF, 2×BPF and 

4×BPF. In both these cases, the broadband noise is observed to be weakly correlated to 

the unsteady blade loading. Whilst measurement of the unsteady rotor axial force 

provides information on the total integrated unsteady blade loading acting across all 

rotor blades, it does not provide information on the unsteady loading acting on 

individual blades, and hence the blade vibration. It remains to be seen whether good 

coherence can be obtained between the blade vibration patterns and the far-field sound 

pressure. The objective of this investigation is thus to develop an experimental device to 

measure and study the blade vibrations, and also quantify its contributions to fan noise. 

 

1.2 Vortex shedding studies 

In the previous section describing the various fan noise generating mechanisms, vortex 

shedding was identified as a form of self-noise that contributes to the far-field measured 

fan noise and suitable control of the vortex shedding noise was proposed by Longhouse 
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(1977) with the use of leading edge serrations on the fan blades. In a quest to gain a 

deeper understanding on the vortex shedding mechanisms, a quick search into existing 

literatures revealed that vortex shedding is a much more complex phenomenon than 

previously described in the context of fan noise. For example, not only is vortex 

shedding the cause of intense acoustic noise of about 90×106 Watts power in gas flow 

heat exchangers (Blevins, 1985), but the mechanism itself also causes an increase in the 

unsteady cross-flow force, or the fluctuating lift, acting on cylindrical structures such as 

offshore risers, bridge piers and so on (Norberg, 2003). If the structures are flexible and 

lightly damped, then vortex induced vibrations occur. If the frequency of vortex 

shedding is close to, or at the resonant frequency of the cylinder or cylindrical system, 

then a phenomenon known as lock-on occurs (Griffin and Hall, 1991). Lock-on 

typically generates large cylindrical vibrations and can often lead to structural fatigue 

and damage (Chen and Aubry, 2003). Knowledge on vortex shedding is thus crucial for 

the aero-dynamic and hydro-dynamic design and control of the cross-stream loading on 

such structures (Blevins, 1990). It is because of its wide ranging and practical 

engineering significance that motivated the author to devote a part of this dissertation to 

the study of vortex shedding and its control. 

 

Vortex shedding is an extremely broad area of study and a review of the complete set of 

literature and detailed description of the vortex shedding mechanism will not be 

attempted here. The interested reader is referred to the recent reviews in this field 

provided by Huerre and Monkewitz (1990) and Griffin and Hall (1991). The reviews 

and scope of study attempted in this dissertation will pertain only to areas on the active 

control of vortex shedding. Furthermore, only circular cylinders are investigated here as 

it is an important structural form currently found in many engineering structures. 

 

1.2.1 Vortex shedding overview 

When placed in fluid flow, a circular cylinder generates separated flow. At low 

Reynolds number when separation of flow first occurs, the flow around the cylinder 

remains stable. As the Reynolds number increases beyond a critical value, instabilities 

develop, which leads to organised unsteady wake motion, disorganised motion or a 

combination of both. Such wake motion is termed vortex shedding and becomes a 

dominant feature of the cylinder wake. Vortex shedding is present irrespective of 
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whether the separating boundary layers are laminar or turbulent (Bearman, 1984). The 

presence of vortex shedding is typically accompanied by an increase in the fluctuating 

cross-flow forces acting on the cylinder (or lift forces), which is due mainly to the 

fluctuating pressures acting on the surface of the cylinder.  

 

Vortex shedding is a periodic event, and the frequency of vortex shedding, fs, is linked 

to the Strouhal number by, 

 

sf
u
DS
∞

=  (1.4)   

 

where u∞ is the free stream velocity, D is the diameter of the cylinder, fs is the vortex 

shedding frequency in Hz and S is the Strouhal number, which can be approximated as a 

constant of 0.2 in air (Morse and Ingard, 1962). 

 

As mentioned earlier, vortex shedding occurs as a result of flow instabilities beyond a 

critical Reynolds number, and the nominal region in which vortex shedding is generally 

expected is between Reynolds number of 50 to 106 (Griffin and Hall, 1991). The 

Reynolds number is defined as,  

 

ν
DuRe ∞=

 
(1.5)   

 

where u∞ is the free-stream velocity, D is the diameter of the circular cylinder and ν is 

the kinematic viscosity of the medium. 

 

1.2.2 Vortex shedding control 

Over the years, many control methods have been developed to control or modify vortex 

shedding and can be broadly categorised into, 

 

1. Passive control, and 

2. Active control. 
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Some examples of passive control techniques include the use of base bleed (Schumm, 

Berger and Monkewitz, 1994), the insertion of a small secondary cylinder (Strykowski 

and Hannemann, 1991) and changing the gap and diameter ratios of tandem cylinders – 

which is an arrangement of two cylinders placed cross-flow with one directly 

downstream of the other (Albedoor and Almusallam, 1997).  

 

In contrast, active control techniques typically involve energy input into the flow and 

there are predominantly two types of active control mechanisms,  

 

1. Open-loop control, and  

2. Feedback control. 

 

The difference between the two control mechanisms is that in open-loop control, the 

active excitation is not derived from the vortex wake response. An example of open-

loop control are the work of Blevins (1985), who experimented across a range of 

Reynolds number from 2×104 to 4×105 by introducing acoustic excitation via two 

control loudspeakers flush-mounted on the wind tunnel roof. In the absence of acoustic 

excitation, the vortex shedding is found to wander randomly about the nominal vortex 

shedding frequency. Application of sound at the vortex-shedding frequency eliminates 

this wander and correlates the shedding along the cylinder axis. Furthermore, the vortex 

shedding frequency can also be shifted by sound applied either above or below the 

nominal vortex-shedding frequency. Other examples of open-loop control includes the 

frequency and amplitude modulated excitation work of Nakano and Rockwell (1993, 

1994), as well as rotary oscillation control experiments by Tokumaru and Dimotakis 

(1991); all three of which were conducted in a free surface water channel instead of an 

aerodynamic wind tunnel. 

 

The study of feedback control of vortex shedding is still relatively rare (Wolfe and 

Ziada 2003). The first study of its kind is probably by Berger (1967) who used an oval 

shaped cylinder placed in a low-turbulence air jet which was excited transversely by a 

shaker using an applied voltage. Using this feedback mechanism, vortex shedding 

control is achieved for Reynolds number up to 80. This experiment was later studied 

and verified analytically by Monkewitz (1989). More recently, Warui and Fujisawa 

(1996) conducted similar experiments with a circular cylinder at Reynolds number of 
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6,700. A reference hot-wire placed in the lower shear layer of the cylinder is used to 

derive the reference feedback signal, which is used to drive the cylinder oscillations. By 

adjusting the magnitude of transverse cylinder oscillation displacement, as well as the 

phase between the reference feedback signal and cylinder oscillations, attenuation of the 

vortex near wake can be achieved. Reversing this optimal phase by 180o phase shift 

resulted in vortex reinforcement in the near wake. The attenuation and reinforcement of 

the vortex in the near-wake is evident in a series of smoke flow visualisation photos; 

where for the attenuated case, the vortex roll-up occurs further downstream to the 

cylinder whilst for the reinforced case, the vortex roll-up occurs closer to the cylinder. 

 

Aside of using transverse cylinder oscillations, acoustic excitations has also been used 

in active feedback control. Ffowcs-Williams and Zhao (1989) first performed a series of 

experiments using a hot-wire sensor and a loudspeaker as the single actuator. The hot-

wire signal is used to drive the loudspeaker, which then affects the vortex shedding and 

thereby creating the acoustic feedback loop. The experimental results showed that for 

Reynolds number 400 to 104, the control significantly reduced the vortex shedding 

frequency component of the hot-wire signal. Roussopoulos (1993) later adopted a 

similar approach to Ffowcs-Williams and Zhao’s (1989) experiment by employing two 

loudspeakers flush mounted to the duct-walls directly above and beneath the circular 

cylinder as actuators. With this setup, Roussopoulos has been able to suppress the 

vortex and increase the critical Reynolds number for the onset of vortex shedding from 

a cylinder by about 10% with the controller optimally adjusted; a reduction of 10dB at 

the vortex shedding frequency at the control sensor (with which the feedback signal is 

derived) can also be achieved up to 20% above the critical Reynolds number.  

 

Although the above acoustic feedback control experiments were valuable in providing 

an insight into vortex shedding behaviour, the acoustic excitation in such setups tended 

to affect the entire wake, making detailed local study on the effects of sound on vortex 

shedding difficult. For localised acoustic excitation, Hsiao and Shyu (1991) and Huang 

(1995, 1996) utilised a cylinder with a narrow slit. Typically, acoustic drivers mounted 

on the ends of the cylinder generate the acoustic excitation, which can then only be 

introduced into the flow through the narrow slit. This technique is also called the 

internal acoustic excitation technique.  

Hsiao and Shyu (1991) first used the internal acoustic excitation technique and their 
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experimental results indicated that the shear layer is sensitive to the acoustics introduced 

into the flow. Using an acoustic excitation frequency different from the vortex shedding 

frequency, control of vortex shedding was reported when high intensity excitation sound 

level in the vicinity of around 120-130dB is used. Whilst these results demonstrate the 

potential of the internal acoustic excitation technique, the use of different acoustic 

excitation frequency to the vortex shedding frequency makes it difficult to understand 

the acoustic-vortex interaction mechanism. This issue was addressed by Huang (1995, 

1996). 

 

In Huang’s internal acoustic excitation experiments, two hot-wires were used; one as 

the reference (or feedback) probe and the other as the monitoring probe. The signal 

from the reference probe was band-passed and then used as signal input to the acoustic 

drivers, ensuring an acoustic excitation frequency that matches the vortex shedding 

frequency. Moving the monitoring probe throughout the wake revealed that vortex 

shedding can indeed be controlled by acoustic excitation at the vortex shedding 

frequency and furthermore, the results also showed that weak acoustic excitation (less 

than 80dB) is sufficient for control. By placing the reference probe at different 

downstream distances from the cylinder, it was found that complete suppression of the 

vortex can only be achieved downstream of the reference probe, with little suppression 

achieved upstream of the probe. This seems to suggest that the vortices shed from the 

cylinder must travel to the reference probe in order to give the feedback signals (Huang, 

1996). It was also observed that by manipulating one side of the shear flow, both shear 

layers across the top and bottom of the cylinder are controlled, suggesting that vortex 

shedding does not simply involve the growth of initial instabilities but are also the result 

of the instabilities associated with the two parallel layer shear flows, meaning that the 

control of one will have an effect on the other, and thus on the whole vortex wake.  

 

1.2.3 Objectives of present investigation 

From the internal acoustic excitation work of Huang (1995, 1996), two important 

questions remain unanswered. Firstly, Huang (1996) demonstrated that only the vortex 

wake downstream of the reference probe (from which the feedback signal is derived) 

can be controlled. This suggests that the vortex from the slit position to the reference 

probe are relatively unaffected by the acoustic excitation, and as such, the acoustic-
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vortex interaction in this upstream region is still unclear.  

 

Secondly, feedback is still the only current active method used to control vortex 

shedding. Although such control method is simple and easy to setup, it does have its 

disadvantages. The most glaring disadvantage is that the vortex signal at the reference 

probe can not be fully attenuated, for without this reference signal, there would be no 

means of deriving the excitation signal required to control the vortex in the first place. 

This demonstrates the inability of feedback control to fully attenuate the vortex signal 

and its wake. Another disadvantage of feedback is the tedious process required to 

determine the best acoustic excitation sound level, which can easily be missed during 

experiments (Huang, 1995). An alternative to feedback control is feedforward control, 

which is commonly used in the active control of sound (Elliot and Nelson, 1994). The 

application of feedforward control to the problem of vortex shedding is yet to be 

attempted and the success of such an approach is still to be seen.  

 

The principle difference between feedback control and feedforward control lies in the 

use of an additional sensor such that the reference and error signals are derived from 

two independent sensors. As such, the error signal can be fully attenuated, negating the 

limitations imposed by deriving both the reference and error signal from the same 

sensor as in feedback control. Another advantage of feedforward control is that specific 

location of the vortex wake can be targeted for control, which enables a greater 

understanding of the vortex shedding mechanisms and its control. 

 

Feedforward control is easy to implement in the context of sound where the error signal 

is usually derived from an acoustic sensor such as a microphone. Sound attenuation then 

occurs when the control source – which is typically an acoustic driver – generates, at the 

error sensor, an acoustic wave 180o out-of-phase relative to the acoustic wave from the 

noise source, thereby destructively cancelling each other. This presents a potential 

problem when applying the feedforward method to control vortex shedding, as the 

vortex wake has so far been studied with hot-wire probes that measures the velocity 

fluctuations. Substituting hot-wire probes with microphones for the error sensor in order 

to implement feedforward control is questionable as there is an absence of data on the 

acoustic characteristics of vortex wakes. The only acoustic vortex wake study to date is 

that of Fitzpatrick (2003); however, the data obtained pertains only to tandem cylinder 
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arrangements and not single cylinders.  

 

From the above summary, it is clear that there are still many interesting unexplored 

areas in the active control of vortex shedding using the internal acoustic excitation 

technique. The contributions of this dissertation will thus be made via a series of 

exploratory experiments, which involves the study of the acoustic characteristics of 

vortex wake, and the application of feedforward control to the internal acoustic 

excitation technique. 

 

1.3 Active control of fan noise 

1.3.1 Fan noise reduction 

In section 1.1.1, the noise reduction methods have been discussed briefly and in the 

previous section, the lift force Fi has been shown by theory to be related to the sound 

pressure level at the interaction noise. It remains that to reduce Fi, the wake impinging 

on the fan blades have to be somehow modified or reduced, and several measures have 

already been mentioned, such as by removing upstream obstructions or increasing the 

distance between rotor (Barry and Moore 1971, Chandrashekhara 1971a, Doak and 

Vaidya 1969, Filleul 1966, Fitzgerald and Lauchle 1980, Longhouse 1976, Lowson 

1968a, Mugridge 1976 and Neise 1992).  

 

Another method is by the use of unsymmetrical blade spacing. The effect of having 

unsymmetrical blade spacing to the sound pressure level of fan noise is twofold, 

 

1. A shift to the lower frequencies of the BPF, and 

2. Additional harmonics are generated around the BPF and its harmonics. 

 

In creating a shift to the lower frequencies of the BPF, measurement of the A-weighted 

sound pressure level provides a “better” noise level due to the A-weighted filter. The 

creation of additional harmonics around the BPF and harmonics also produces a more 

“broadband” like noise spectrum, as these merge with the discrete frequency 

components. Work relating to the use of unsymmetrical blade spacing has been 

conducted by Boltezar, Mesaric and Kuhelj (1998) and Dobrzynski (1993). 

The above results represent those concerning a single stage fan only and are typical of 
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the measures currently being employed to reduce fan noise. These methods are called 

passive methods and are often implemented during the fan design stage. A new 

technology, which entails the use of active noise control elements, is currently emerging 

as a viable alternative or supplement to the above techniques and are discussed below. 

As stated briefly, active control of fan noise can be approached in one of two possible 

ways, 

 

1. Active noise field control, and 

2. Active noise source control. 

 

The difference between the two methods is that the former involves the control of the 

fan noise field whilst the latter targets the noise generating mechanism. The result of the 

former method is usually local control, whilst the control of the noise generating 

mechanism itself will generally lead to global fan noise reduction. 

 

1.3.2 Active fan noise control overview 

Active noise field control is generally easier to implement as the understanding of the 

noise generation mechanism is not crucial to the success of the control method and it is 

also possible to treat the fan as just “another noise source”. This control method thus 

entails the use of error microphones and acoustic drivers. Such work has been attempted 

on different types of fans by Quinlan (1992) and Lauchle, MacGillivray and Swanson 

(1997) on small cooling fans mounted in baffles; Sutliff and Nagel (1995) on a ducted 

propeller; Koopmann and Fox (1988) and Neise and Koopmann (1991) on a centrifugal 

fan; and Thomas et al. (1993, 1994) and Myers and Fleeter (1999) to the inlet of a 

turbofan engine. Each of these studies utilised the filtered-X LMS algorithm as their 

control algorithm, with the far-field sound pressure as the error function. Success of this 

form of control method on the BPF and harmonics is reported in each case. An example 

from the results of Quinlan (1992) is shown in Figure 1.9. 
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Figure 1.9 Sound pressure level at error microphone. Left: before, right: after active 
noise control (Quinlan 1992). 

 

 

1.3.3 Objectives of present investigations 

The successful active control work reviewed above demonstrates the potential of active 

control on fan noise. However, the primary focus of their work is to attenuate the 

discrete frequency components, which leaves the broadband fan noise unaffected. The 

objective of this work is thus to further the active control work and develop a practical 

device that will attenuate not only the discrete frequency components but also the 

broadband components. 

 

1.4 Thesis contributions and outline 

The main objectives of each of the three sections have been discussed. The main 

contributions of this dissertation can be outlined as follows. 

 

Fan noise 

• To develop, manufacture and test an apparatus to measure fan blade vibrations, 

• To determine the coherence between the blade vibrations and far-field fan noise, 

• To quantify the contributions of blade vibrations to far-field fan noise. 

 

Vortex shedding 

• To study the acoustic characteristics of vortex wake across a range of Reynolds 

number for both a stationary cylinder and a feedback oscillated cylinder. 

• To assess the effectiveness of using feedforward control as an alternative to 

feedback control on the internal acoustic excitation technique. 
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Active fan noise control 

• To develop, manufacture and test a practical device that will attenuate both the 

discrete and broadband components of fan noise. 

 

This chapter briefly outlines the current work of fan noise and its active control, and the 

current feedback work on vortex shedding control. Chapter 2 is an introduction to the 

experimental fan that will be used throughout this study and preliminary measurements 

to study the directivity characteristics of the fan are reported. Chapter 3 discusses the 

various issues involved in the development of an apparatus to measure the blade 

vibration and concludes with the results quantifying the contribution to far-field sound 

pressure. Chapter 4 focuses on the vortex shedding work, and much of the feedforward 

experiments are exploratory in nature. In chapter 5, a practical fan noise device is 

developed and the control results are presented before and after installation of the 

device. This dissertation concludes in chapter 6, where some possibilities for future 

work are outlined. 
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Chapter 2 
 

  

Experimental fan noise measurements 
 

A brief review of the fan noise researches to date has been covered in the previous 

chapter. Whilst the objective of this chapter is to simply gain an understanding of the 

model fan that will be used in this dissertation, the work here also attempts to bridge the 

current knowledge gaps in these areas, 

 

1. The effect of blade lengths and the number of blades on the sound pressure level at 

the BPF and harmonics,  

2. Fan noise in free-space, and 

3. Directivity and phase measurements of free-space fan noise. 

 

In the first case, there is still no evidence to suggest that changing the blade lengths and 

the number of blades will lead to a change in the sound pressure level at the BPF and 

harmonics. The work of Filleul (1966) and Doak and Vaidya (1969) have established 

the proportionate trend between the sound pressure level at the discrete components and 

the fan rotational speed, but it is still inconclusive as to whether the pressure level is 

dependent on speed only. Furthermore, the change in blade length may suggest the 

presence of any effect of turbulent wakes shed by the preceding blade on the upcoming 

blade as suggested by Chandrashekhara (1971a). With a longer blade, these wake 

effects are stronger as there is a greater length in which the blade can be affected, 

furthermore, with a greater number of blades, the blades are actually closer in proximity 

to each other, thereby with a possible increase in the dependency of the sound pressure 

level on the wake shed by preceding, closer blades. 

 

In the second case, the lack of measurements of fan noise in free-space stems from the 

fact that the majority of these studies are aimed at investigating axial flow compressor 

noise, which is approximated by a ducted fan and the work of Tyler and Sofrin (1962), 

Mugridge (1969), Barry and Moore (1971) and many others fall in this category. 

Chandrashekhara (1970) conducted some experiments of an IGV-rotor combination in 
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free-space, but there is still the interaction between the IGV (which is an upstream 

obstruction) and rotor which needs to be accounted for in the noise spectrum. Measuring 

fan noise in free-space gives a spectrum which is free of tip gap effects (ducted fan) and 

the coupling of higher order modes (IGV-rotor combination). The lack of directivity 

pattern measurements is also explained by the above reasons.  

 

Phase measurements to verify the dipole nature of fan noise has been conducted on a 

ducted fan by Margetts (1987), who showed that the phase difference of the BPF and 

harmonics are indeed 180o, and the same trend is also found for other specific 

frequencies not coinciding with the discrete components of fan noise. Such phase 

measurements will also be conducted here to further support the findings of Margetts. 

 

The objective of this chapter is thus to experimentally study the above fan noise 

characteristics and explain the results using the current understanding in fan noise 

generating mechanisms. This chapter also serves as an introduction to the primary fan 

that will be used throughout this dissertation.  

 

2.1 Fan description and experimental setup 

The fan that will be used is a 4-pole APO314 axial flow fan by Fantech. It is a direct 

drive fan with a variable speed controller to allow adjustment of the rotational speed of 

the fan. It is commonly used in ducts but the duct is removed to allow fan noise 

measurements in free-space. A picture of the fan as supplied by the manufacturer is 

shown in Figure 2.1. 

 

 

 

Figure 2.1 Fan used in this dissertation (Fantech, 1996).  
 

 

The hub diameter of the fan is dh = 150mm and the fan blades supplied are 280mm long 
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straight blades that can be cut down to various lengths as required. The fan blades are 

made of glass reinforced plastics and all have a 10o angle of attack.  

 

2.1.1 Experimental setup 

The fan experimental setup is shown in Figure 2.2. Removed from the duct, the fan is 

bolted onto a heavy, solid steel stand with a pivot pin for a rotating arm mounted on the 

base stand directly beneath the fan hub. A protractor with 5o markings allows sound 

pressure level measurements to be made at 5o increments in a circle around the fan for 

the directivity measurements. A microphone stand is mounted on an adjustable slider, 

which is slid over the rotating arm with a screw and allows sound pressure level 

measurements to be made in the near-field or far-field of the fan. A windshield is 

attached to the microphone to reduce air flow turbulent noise and the microphone can 

also be adjusted to various heights on the microphone stand as required. 

 

 

 

Figure 2.2 Fan setup. 
 

 

The entire fan setup is placed in a 4.2m × 4.2m × 3.4m anechoic chamber at the Active 

Noise and Vibration Control Laboratory at the University of Western Australia. The 

sound pressure measurements were recorded with a HP 35665A Dynamic Signal 

Analyser and saved onto 3½ inch floppy disks, which are then transferred to a desktop 

computer and analysed with MATLAB or EXCEL. Prior to each experimental 

measurement, the microphone is calibrated with a Brüel and Kjær microphone calibrator 

and the calibration checked at regular intervals. 
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Fan motor 
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The microphone is typically located at a distance of 1.6m from the fan, which represents 

the maximum distance allowable within the anechoic chamber and this distance is thus 

assumed to be in the far-field of the fan. Furthermore, fans are considered a compact 

source if the sound wavelength is larger than the diameter of the fan (Chiu, Lauchle and 

Thompson 1989), which for a blade length of 280mm, corresponds to a “lower-limit” 

compactness frequency of 475Hz, and this limit increases with decreasing blade length. 

 

2.2 Fan noise – general characteristics 

In this section, the general characteristic of fan noise in free-space is presented. The 

purpose is to check the following characteristics, 

 

• BPF and harmonics occur as according to equation (1.1), 

• The sound pressure level at the BPF and harmonics increases with fan speed, and 

• The sound pressure level at the BPF and harmonics increases in the presence of an 

upstream obstruction. 

 

The microphone position in all these measurements is located on the fan axis at the 

maximum allowable distance of 1.6m in front of the fan rotor. The upstream obstruction 

is created by placing a heavy steel rectangular plate (thickness 5mm and width 80mm) 

10cm in front of the fan rotor, which is bolted onto the fan stand. The height of the 

obstruction extends only for the fan radius, thereby creating a flow disturbance of once 

per revolution. The obstruction is depicted in Figure 2.3. 

 

The noise spectrum of a 10 bladed fan running at 1010revs/min with and without the 

upstream obstruction is shown in Figure 2.4. The fan blade length is 280mm in both 

cases. In the presence of the upstream obstruction, the sound pressure level at the BPF 

and harmonics are increased dramatically although the broadband noise level stayed the 

same. This is due to the increase in the interaction noise caused by the upstream 

obstruction, which is the primary cause of the discrete frequency noise. The frequencies 

of occurrence for the BPF and harmonics also follow well with equation (1.1).  
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Figure 2.3 Side and front view of upstream obstruction. 
 

 

 

Figure 2.4 Noise spectrum of 10 bladed fan at 1010revs/min with and without upstream 
obstruction. 

 

 

The sound pressure level at the BPF and the 2nd harmonic against fan speed is shown in 

Figure 2.5, with and without the upstream obstruction. The trend is similar to those as 

reported by Doak and Vaidya (1969) and Filleul (1966) and the positive relationship 

between the sound pressure level and fan speed is clear. 
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Figure 2.5 Sound pressure level against fan speed: 10 bladed fan. 
 

 

Repeating the same measurements for a 5 bladed fan revealed identical trends; where 

the broadband noise level is unaffected by the presence of the obstruction and there is a 

steady increase in the sound pressure level at the discrete frequency components in 

relation to fan speed. The results for the 5 bladed fan of 280mm blade lengths are shown 

in Figure 2.6. 
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Figure 2.6 Sound pressure level against fan speed: 5 bladed fan. 
 

 

A point to note, and which was reported briefly by Quinlan (1992), is that for the free-

space fan, the sound pressure level is not constant at the discrete frequency components, 

meaning that the sound pressure level at the BPF and harmonics tend to fluctuate over 

time. The reason for this observation has been explained by Hanson (1974). In chapter 

1, it is known that the discrete frequency components are caused by the fan blades 

impinging on velocity disturbances, which could be caused by the wake shed from the 

preceding fan blade or from upstream obstructions. This causes a change in the angle of 

attack of the blade and causes unsteady lift forces, which in turn radiates noise as 

acoustic dipoles. In free-space and in static condition (stationary fan), the fan acts as a 

sink, sucking in naturally occurring atmospheric turbulent eddies, which in the process 

becomes elongated in the axial direction and contracted in the transverse dimension. 

These eddies often stretch to many rotor diameters long and are chopped several times 

as it passes through the rotor, causing the fluctuating blade loads and hence the discrete 

frequency components. As these turbulence does not follow a periodic pattern, the blade 

load varies every revolution and the sound pressure level at the discrete frequency 

components are expected to change with time. 

 

In the presence of an upstream obstruction, the fan passes through the wakes shed by the 

obstruction once per revolution and hence experiences the same fluctuating load 
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periodically. This explains why the fan was more coherent with an upstream obstruction 

than without and likewise, in Quinlan’s active control experiment, the test fan was made 

coherent by placing a strip of wood across the fan inlet. 

 

2.3 Fan noise – varying blade length 

To assess blade lengths effect on fan noise, four different blade lengths were used; 

280mm, 255mm, 230mm and 205mm. The measurements were also conducted at 

various fan speed for both 5 and 10 blade configuration. All measurements were 

conducted with the upstream obstruction to keep the fan noise coherent. The position of 

the microphone remains on the fan axis, at 1.6m in front of the fan. The results for 5 and 

10 blades are shown in Figure 2.7 and Figure 2.8 respectively. 
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Figure 2.7 Sound pressure level at BPF for 5 bladed fan with varying blade lengths. 
 

 

The relationship between blade length and the sound pressure level at the BPF is clear 

from the above results. Whilst an increase in blade length produced an overall increase 

in the sound pressure level at the BPF for the 10 bladed case, no such increase in sound 

pressure level exists for the 5 bladed case. If one chooses to ignore the data variation 

(approximately 1 – 2dB) for 255mm blade length in the 5 bladed case, it is seen that 
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changing blade lengths has no discernable effect on the sound pressure level.  
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Figure 2.8 Sound pressure level at BPF for 10 bladed fan with varying blade lengths. 
 

 

To summarise, it seems that blade length only has a noticeable effect on the sound 

pressure level when there are many blades on the fan (10 blades) and vice versa. An 

explanation to this observation is that for fans with many blades, the blades are in closer 

proximity to each other, meaning that wakes shed by the preceding blade has less time 

to disperse before being chopped by the upcoming blade and there is strong interaction 

noise. Longer blade lengths also mean that the effects of the wake-blade interaction are 

greater and hence decreasing the blade length for a fan with many blades decreases the 

interaction effect and consequently the sound pressure level. For fans with lesser 

number of blades, the wake-blade interaction noise is weaker due to the longer 

dispersion time allowed for the wakes and hence a lesser dependence of the sound 

pressure level on blade length. 

 

2.4 Fan noise – dipole noise source 

There are two different ways to ascertain the dipole nature of fan noise; one is by the 

measuring the directivity pattern and the other is by measuring the phase difference 



  Experimental fan noise measurements 
 
 

34 

between two phase-matched microphone located at the maximum lobes of the dipole. 

Both these measurements are required in order to fully ascertain the nature of free-space 

fan noise. The first method, which is tedious, is required to find the skew angle of the 

dipole directivity pattern, as the maximum lobes of the dipole do not necessarily lie on 

the fan axis as reported by Quinlan (1992) and Lauchle, MacGillivray and Swanson 

(1997). Having found the skew angle (if the dipole is actually skewed), the second 

method can then be used to ascertain the 180o phase difference at the maximum lobes. 

 

2.4.1 Directivity pattern 

To measure the directivity pattern, the scheme shown in Figure 2.9 is employed, where 

the rotating arm is rotated through 5o increments in the anti-clockwise direction. The 

upstream obstruction is removed to depict a free-space condition and the sound pressure 

level at the BPF and harmonics are tracked over a 10 second period and the maximum 

value in that time is noted and recorded. This technique, which was adopted by Quinlan 

(1992), helps to minimise the error of the partially coherent fan noise. 

 

 

 

Figure 2.9 Direction of measurements. 
 

 

The following fan configurations are chosen and measured and shown in Figure 2.10, 

 

• 5 blade: 280mm → 205mm at 980revs/min: BPF = 82Hz, and 

• 10 blade: 280mm → 205mm at 800revs/min: BPF = 134Hz. 
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Figure 2.10 Directivity patterns of BPF and first 2 harmonics for various fan 
configurations. Arrow indicates direction of airflow. 

 

 

From the above results, it is clear that in all patterns there is no skew angle and the 

maximum lobes lie on the fan axis. This is in contrast with Quinlan’s (1992) results 

where the patterns are skewed. An explanation for this discrepancy is that for this study, 

the fan is completely free-space (i.e. there were neither fan guard nor 

upstream/downstream obstructions) whereas in Quinlan’s case, the slight azimuthal 

variation in blade tip clearance (gap between blade tip and fan guard) is thought to have 

caused a skewed pattern. The directivity patterns, for most cases, also exhibit a minima 

occurring at φ = 90o and φ = 270o, although the “dip” at these angles are stronger for the 

10 bladed case than for the 5 bladed case, which for the shorter blade lengths, resembles 

more like a monopole.  

 

2.4.2 Phase measurements 

Having ascertained that the dipole directivity pattern is not skewed from the above 

results, the phase difference can then be measured by two phase-matched microphones 

placed on the fan axis at the front and back, and at equal distances from the blade 

impeller. The phase difference of the 10 bladed fan with 280mm long blades and 

rotating at 800revs/min is shown in Figure 2.11 (this measurement corresponds to the 

first measurement for 10 blades as depicted in Figure 2.10). 

 

The results show that between the region of 130Hz to 290Hz, and from 370Hz to 
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410Hz, the noise from the fan resembles a dipole. This frequency range encompasses 

the discrete frequencies with a BPF at 134Hz. From 410Hz onwards, the broadband 

noise starts to be less and less like a dipole. The measured noise spectrum at the 

respective front and rear microphones is shown in Figure 2.12. The fluctuating phase 

difference below 80Hz can be explained by the fact that the rear microphone, which is 

downstream from the fan, picks up a fair amount of turbulence and this is evident in the 

measured noise spectrum, where the rear microphone contains higher level of 

turbulence in this region than the front microphone. 

 

 

 

Figure 2.11 Phase difference for 10 bladed fan with 280mm long blades between two 
sound pressure measurement at front and rear microphones. 
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Figure 2.12 Noise spectrum from the front and rear microphones. 
 

 

For the 5 bladed fan at 980revs/min with 280mm long blades, the phase difference plot 

is shown Figure 2.13.  

 

 

 

Figure 2.13 Phase difference for 5 bladed fan with 280mm long blades between two 
sound pressure measurement at front and rear microphones. 
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One of the similarities between the 5 blade and 10 blade results is the observed 

fluctuation of phase difference in the low frequencies between 0Hz and 100Hz, which is 

attributed, again, to the turbulence flow over the rear microphone. The noise spectrum 

of the front and rear microphones respectively for this measurement is shown in Figure 

2.14. Despite these phase fluctuations, the phase difference at the BPF of 82Hz is still 

found to be 180o, which signifies a dipole. 

 

An interesting fact in the two phase difference plots presented above is that in the same 

region where the fan noise exhibits a dipole pattern, there is an observed “hump” which 

occurs between 290Hz and 370Hz. Checking through the phase plots of other fan 

configurations also revealed the presence of this hump. Furthermore, it is observed that 

in all other measurements, a clear dipole is found in the region of 130Hz to 290Hz, and 

from 370Hz to 410Hz; and for frequencies beyond 410Hz, the steady increase in 

deviation in the phase difference from 180o is also similar. This deviation from 180o at 

the “hump” and beyond 410Hz could be due to an increasing skew angle of the dipole 

pattern at these frequencies. An explanation for this clear trend is that the fluctuating lift 

forces on the blades necessary to create the acoustic dipole at the BPF and harmonics is 

also responsible for the broadband components, which also forms the dipole pattern, and 

also that the noise mechanism is not dependent on the blade length or the presence of an 

upstream obstruction as all phase plots yielded the same result. Figure 2.15 shows the 

measured phase difference plots with various fan configurations. 
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Figure 2.14 Noise spectrum from the front and rear microphones. 
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Figure 2.15 Phase plots with various fan configurations between two sound pressure 
measurement at front and rear microphones. 

 

 

2.5 Fan noise – simple theoretical model 

From the wealth of directivity measurements obtained in the previous section, an 

empirical formula can be developed to simulate the directivity at the discrete frequency 

components. This method is much akin to curve-fitting and the procedure is outlined as 

follows. 

 

To curve fit the experimental data, it can be assumed that the directivity is formed by 

any of the fundamental sound sources and for this case, a monopole and dipole are used 

to describe the directivity patterns. The curve fitting process will then be done by 

varying the source strengths of the sources until an approximation is obtained. 

 

The sound pressure of the monopole and dipole as a function of distance r and at time t 

can be written respectively as, 
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where QM and QD are the source strengths of the monopole and dipole source 

respectively, k is the wave number of the radial frequency ω, ρo is the density of the 
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medium. The term dcosθ in the dipole equation is commonly referred to as the 

directivity factor; where d is the source separation distance between the 2 out-of-phase 

monopoles of the dipole.  

 

The total radiated rms pressure of both sources can be expressed as a product of the total 

sound pressure and its complex conjugate, 
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where the total sound pressure at any location x, pT, can be found by adding equations 

(2.1) and (2.2). The final expression is thus, 
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If the measured dipole directivity is skewed, a skew angle, β, can be introduced into the 

equation to cater for this scenario, 
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Equation (2.5) thus represents the basic curve fitting model of the fan directivity 

patterns. Using this equation, the curve-fit results at the BPF for a 5 (82Hz) and 10 

(134Hz) bladed fan of the same blade length (280mm) is shown in Figure 2.16. The 

arrow in the diagram represents the direction of air-flow. 

 

One fundamental problem with such an empirical model is that, not only does it require 

a large amount of data to be collected, it also does not contribute to the understanding of 

fan noise generating mechanisms nor it does not show the relationship between the 

blade forces and the sound pressure level at the discrete components. However, this 

simple exercise shows that fan noise directivity pattern can be described by using 

monopole and dipole models, and the phase relationship at the maximum lobes of the 
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dipole are also reflected in the equation. 

 

 

   

Figure 2.16 Curve fit results. Left: 5 bladed fan, right: 10 bladed fan. 
 

 

2.6 Conclusion 

In this chapter, the fan for this dissertation was introduced. Experimental measurements 

showed that the fan exhibits many of the typical fan noise characteristics as reported in 

other studies, in particular, contributions towards the understanding of fan noise has 

been made in the following areas, 

 

• Sound pressure level and its dependence on blade length,  

• The effect of the number of blades on the sound pressure level, and  

• Dipole pattern not just at the discrete frequencies but also at broadband. 

 

Between those three points, the more significant finding is that of the dipole pattern 

through phase difference measurements. In all previous studies, broadband noise has not 

been given nearly as much attention as the discrete frequency components as the latter is 

the more annoying of fan noise. Although it has been recognised that the broadband 

components are also dipole in nature, the experimental results presented here are the 

first conclusive evidence to support this fact for free-space fans.  
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Chapter 3 
 

  

Blade vibration measurements 
 

The work of this chapter is motivated by the results of Chiu, Lauchle and Thompson 

(1989) which is already reviewed earlier in Chapter 1.  

 

It is well known that any structure experiencing periodical external forces acting on it 

will vibrate, and the magnitude of structural vibration is in proportion to the magnitude 

of the external forces. In the worst case scenario where the external forces excites a 

resonant mode of the structure, large vibrations result that could eventually lead to 

structural fatigue. In essence, a rotating fan blade experiences both lift and drag forces, 

which manifests themselves as blade vibrations. Thus, measuring the blade vibrations 

will enable the study of the unsteady loading acting on a single rotor blade to be carried 

out.  

 

The significance of measuring blade vibrations is twofold. Firstly, as mentioned earlier, 

it provides an understanding of the unsteady loading acting on a single blade. Secondly 

and of greater importance, is that it challenges the assumption that blades are rigid 

structures. Up until this point, the blades in all fan noise studies have been implicitly 

assumed to be rigid and its vibration has not been studied, therefore the contribution of 

vibrating blades to the far-field fan noise is unknown♦. The work of this chapter will 

thus be the first in assessing the significance of blade vibrations to fan noise, but first, a 

reliable experimental method to measure and predict blade vibrations needs to be 

devised. 

 

3.1 Strain gauges for vibration measurement 

There are several methods to measure the blade vibration and the method that will be 

adopted here involves the use of strain gauges. Strain gauges are thin, light and can be 

                                                 
♦ The question was raised by Associate Professor Le Ping Fang of the Department of Aeronautical and 
Vehicle Engineering, KTH, S-100 44 Stockholm, Sweden, through private communication and is 
gratefully acknowledged. 
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flush mounted on the blades in such a way as to have negligible effect on the airflow. 

Although it does not give direct measurements of the blade displacement, velocity or 

acceleration, these parameters can be easily correlated to the strains measured on the 

strain gauges (Pisoni et al., 1995). 

 

Strain gauges work on the principle that electronically conductive materials possesses a 

strain/resistance relationship defined as the ratio of relative electrical resistance change 

of the conductive material to the relative change in its length. Strain gauges are 

available in a variety of sizes and shapes depending on the application at hand. For a 

detailed discussion on strain gauge selection methods and its installation procedures, 

refer to Window (1989) and the technical notes from Micro-Measurements Group 

(2001). As the measurements conducted here are dynamic in nature, the gauge with a 

good fatigue life is chosen. The physical properties of the gauge are tabled in Table 3.1. 

 

 

Properties Value 

Gauge length 8mm 
Measurable strain 3 to 4% max 
Temperature range -30oC to + 80oC 
Gauge resistance 120Ω ± 0.5% 

Gauge factor 2.1 
Fatigue life > 106 reversals at 1000µ strain 

Foil material Copper-nickel alloy 

Table 3.1 Properties of selected strain gauge. 
 

 

The strain gauges are connected in a full Wheatstone bridge circuit, which utilises four 

active strain gauges on each of the four arms as shown in Figure 3.1. Voltage supply 

occurs across the top and bottom of the diamond-shaped bridge and the change in 

voltage is measured across the sides as indicated by the mV in the figure. 

  



  Blade vibration measurements 
 
 

46 

 

Figure 3.1 Full Wheatstone bridge circuit showing strains in all four strain gauges. 
 

 

With equal strains (tension or compression) being experienced by members of the 

opposite arms (indicated by the -ε and ε), the strain acting across the gauges can be 

determined by (Window, 1989), 

 

3o 10F
E
E −×= ε  (3.1)   

 

where Eo is the measured voltage difference due to the presence of a mechanical strain 

in mV, E is the supply voltage in V, F is the gauge factor and ε is the strain in µ strain. 

 

For fan blade vibration measurements, the major issue is the interfacing between the 

rotating fan blades and stationary equipment that allows the supply of power to the 

strain gauges and extraction of the gauge readings, and one way to achieve this is by the 

use of slip-rings. A primary concern in the use of slip-rings is the rubbing noise caused 

by the slip-ring circuitry which may degrade the signal-to-noise ratio and render gauge 

measurements inaccurate.  

 

A simple circular slip-ring is fabricated with the use of common carbon brushes found 

in pneumatic drills for the conduction of electricity. A circular printed circuit board of 

the fan hub diameter (0.15m) is manufactured and mounted onto the fan hub. A brush 

holder is fabricated from heavy steel and bolted onto the fan stand. The size of the fan 

hub and carbon brushes allows space for a 6-channel slip-ring configuration and the 

finished design is shown in Figure 3.2. With 6-channels, the strain signal from two 

mV 

-ε 

ε -ε 

ε 

V+ 

V-
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gauge bridges can be simultaneously measured, where 2-channel is used as common 

power into the gauge bridges and 4-channel for outputs from both gauge bridges.  

 

 

 

Figure 3.2 Picture of slip-ring setup. 
 

 

To improve the signal-to-noise ratio of the strain measurements, two small and identical 

amplifier circuit boards are designed and placed on the rear of the copper circuit board 

for each gauge bridge. They are placed directly opposite each other to minimise 

rotational imbalance.  

 

A picture of the rear of the circuit board with the amplifier circuit boards is shown in 

Figure 3.3. Note that the input-output wires from the amplifier circuit board are soldered 

onto the copper slip-rings on the other (front) side of the circuit board holder and the 

circuit board holder is fastened via a screw directly onto the fan hub. 
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Figure 3.3 Amplifier circuit board and counter-weight on the rear of slip-rings board. 
 

 

The signal flow through the amplifier can be simplified as shown in Figure 3.4. A 12V 

supply is used and after passing through the first slip-ring interface, the voltage is 

regulated to the 5V bridge voltage by a regulator and supplied to the strain gauges. The 

signal from the strain gauges is then amplified and passed through the second slip-ring 

interface and recorded as amplified strain. The reason for having a regulator in the setup 

is to regulate – or “compress” – the voltage, thereby supposedly removing any noise 

caused by the first slip-ring interface. 

 

 

 

Figure 3.4 Signal flow through amplifier, strain gauges and slip-rings. 
 

 

A novelty of this setup is that the amplification factor of both the amplifiers can be 

adjusted by changing a resistive element on the circuit boards. This is crucial as the 

amplification factor can be adjusted to maximise the signal-to-noise ratio, as well as to 

allow sufficient headroom in the signal to prevent clipping.  
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A preliminary test with the fan running at a slow speed of 45revs/min showed large 

fluctuations as observed on the oscilloscope. This is later found to be the noise from the 

first slip-ring interface which was amplified, although it was previously thought that 

regulating the supply voltage from 12V to 5V would be sufficient to remove this 

rubbing noise. An additional capacitor is thus placed between the input slip-ring 

interface and the regulator to smoothen the voltage.  

 

To measure the rubbing noise caused by the slip-rings, the strain gauges are replaced by 

four 120Ω resistors to simulate the resistive presence of the strain gauges. The recorded 

rubbing noise and the signal using strain gauges with the fan rotating at 1010revs/min 

are shown in Figure 3.5.  

 

 

 

Figure 3.5 Comparison of strain gauge measurement and rubbing noise. 
 

 

The rubbing noise produces an approximate ±0.1V peak-to-peak noise. For an 

optimised amplification factor adjusted to produce a ±4.5V peak-to-peak strain gauge 

signal, the error is approximately 2%, thus giving confidence in this measurement setup.  

 

Another potential cause of measurement errors is the gauge self-heating effect. Self-

heating of gauges is caused by the inability of the porous fan blade to conduct heat away 
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from the gauges. As a result, the change in measured resistance is due to the rise in 

temperature of the gauges and not an applied mechanical stress. This effect causes a 

fluctuating offset in strain reading and can be observed clearly on an oscilloscope, 

where the strain level gradually increases over-time as it heats up. The removal of this 

offset is crucial and is done by simply inserting a capacitor immediately after the gauge 

bridge and before signal amplification. The capacitor used has a capacitor number of 

33µF, giving a response time of approximately 0.5 seconds. This implies that any strain 

fluctuations < 2Hz will be removed by the capacitor and cannot be measured. This is of 

no consequence to the measurements here as preliminary measurements showed that the 

slowest vibration will occur at the rotational speed of the fan, which is already greater 

than 9Hz in the studies attempted here. 

 

3.2 Blade vibration prediction from strain measurements 

In a statically deflected structure, the strain measured across any part of the structure’s 

surface can be correlated to the surface normal displacement (or deflection) at any 

arbitrary position along the structure by simple mechanics if basic properties such as the 

second moment of area, neutral axis and material properties are known (Shigley, 1986). 

In dynamically deflected structure, the process is more complex and requires knowledge 

of the structure’s modal patterns. 

 

3.2.1 Modal analysis 

Modal analysis is the study of the structural properties and provides an understanding of 

the mode of vibrations of the structure. It is crucial in the study here as it gives an 

insight into the natural frequencies of the fan blade and allows calculation of surface 

normal displacements or velocities based on surface strain signals.  

 

Modal analysis can be conducted using either or both of the following methods, 

 

1. Experimental, and 

2. Theoretical or numerical. 

 

Experimental modal analysis is typically performed by measuring the frequency 

response function between an applied force and the structure’s response to the force. 
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The typical setup usually consists of an excitation device, such as an impact hammer or 

a shaker; a vibration transducer, such as an accelerometer; and an analyser to calculate 

the required frequency response function, which can be one of receptance (displacement 

versus force), mobility (velocity versus force) or accelerance function (acceleration 

versus force). Detailed description of these functions and modal testing is provided by 

Ewins (1986). 

 

Theoretical or numerical modal analysis provides easily obtainable modal results 

without having to go through the rigours of experiments. For simple structures, such as 

a cantilevered beam, there exist complete mathematical formulae for the calculation and 

determination of modal properties. For more complex structures where such 

mathematical formulae are not available, the numerical approach – based on finite 

element analysis – provides an alternative solution. In this dissertation, the numerical 

approach is adopted and the results are experimentally verified. 

 

Numerical modal analysis 

The numerical modal analysis is performed using the Solid-Edge software and the finite 

element package PATRAN. Solid-Edge is used to construct accurate three-dimensional 

drawings of the fan blade, which are then imported into PATRAN for meshing and 

analysis. The analysis procedure in PATRAN is straightforward, although the accuracy 

of the analysis is highly dependent on the size of the mesh elements; with finer mesh 

elements providing a wider useable frequency range (PATRAN, 2003). In this case, the 

size of the mesh elements is selected to give accurate modal modelling up to a 

frequency of 700Hz.  

 

The first four normal displacement modes for the three different blade lengths studied 

here of 280mm, 255mm and 230mm are analysed and the results are displayed in Figure 

3.6 to Figure 3.8. In all figures, the magnitudes of the normal mode shapes are 

normalised to the maximum normal displacement vector by PATRAN, thereby 

expressing the normal displacement as a number from zero to 1.  
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Mode 1 = 43.104Hz 

Mode 2 = 214.79Hz 
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Figure 3.6 Mode shapes of the first four normal displacement modes for 280mm blade. 
 

 

Mode 3 = 231.02Hz 

 

Mode 4 = 533.2Hz 
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Mode 1 = 50.937Hz 

 

Mode 2 = 240.37Hz 
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Figure 3.7 Mode shapes of the first four normal displacement modes for 255mm blade. 
 

 

Mode 4 = 603.29Hz 

 

Mode 3 = 272.24Hz 
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Mode 1 = 61.207Hz 

 

Mode 2 = 266.23Hz 
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Figure 3.8 Mode shapes of the first four normal displacement modes for 230mm blade. 
 

 

Mode 4 = 681.9Hz 

 

Mode 3 = 331.6Hz 
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From the PATRAN results, the first mode of each of the blade lengths from 280mm to 

230mm is 43Hz, 51Hz and 61Hz respectively, indicating that shorter blades have a 

dynamically higher resonant frequencies, which is expected. 

 

Experimental modal analysis 

The frequency positions of these mode shapes are experimentally verified by measuring 

the receptance function. The fan blade is bolted onto a heavy solid steel support and 

excited using a shaker attached to the root of the fan blade. This shaker position is 

necessary as exciting the blade at any other positions away from the root of the blade 

may introduce mass loading by the shaker (Ewins 1984). A laser Doppler vibrometer 

(LDV) is used as the force transducer and the frequency response functions are 

measured and recorded by a HP 35665A Dynamic Signal Analyser. The HP 35665A is 

set to a resolution of 800 lines per 200Hz, giving a frequency resolution of 0.25Hz. 

 

The frequency response functions are measured across no less than 5 different positions 

along the fan blade to reduce the errors caused by positioning the LDV at modal nodes. 

The results are then imported and analysed by an experimental modal analysis program, 

STAR-Modal, which separates spurious modes from actual blade modes. The 

experimental and numerical results are compiled in Table 3.2. 

 

 

Blade length Mode number Numerical (Hz) Experimental (Hz) 
1 43.104 44.25 
2 214.79 216.75 280mm 
3 231.62 235.25 
1 50.937 51.50 
2 248.37 251.25 255mm 
3 272.24 276.75 
1 61.207 63.00 230mm 2 266.23 270.25 

Table 3.2 Comparison of numerical and experimental modal frequencies. 
 

 

From the above table, it is clear the experimental and numerical results are in good 

agreement with each other, giving confidence in the numerical results obtained from 

PATRAN. 
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3.2.2 Blade vibration calculation methodology 

The method of calculating structural normal displacements based on strain gauge 

measurements for a dynamically excited structure is given by Pisoni et al. (1995). The 

procedure is straightforward and is briefly described here.  

 

The normal displacement at any arbitrary position along the structure is the summation 

of the product between the mode shape vector and modal coordinate at that position,  

 

( ) ( ) ( ) n2,1j,ty,t
n

1j
jj Κ== ∑

=
dd rru ψ  (3.2)   

 

where u(rd,t) describes the displacement at position rd at time t, ψj is the mode shape 

vector at rd, yj is the modal coordinate and j is the modal number. The mode shape 

vector, ψj, is known and hence if yj is known, the displacement at any position rd can be 

calculated. 

  

The time dependent modal coordinate yj, is linked to the measured strain by, 

 

( ) ( ) ( ) n2,1m;n2,1j,tyt,
n

1j
jj ΚΚ === ∑

=
mm rr ϕε  (3.3)   

 

where ε(rm,t) is the time varying strain measured at strain gauge position rm, φj is the 

strain eigenvector of the jth  mode at the same strain location and m is indicative of the 

strain position.  

 

Finally, the equation which links the measured strain at position rm to the displacement 

at position rd, and which allows the determination of φj is, 

 

( ) ( )
( ) n2,1m;n2,1j,,

E
U

j
j ΚΚ ===

m

dj
md r

re
rr

ϕ
ψ

ω  (3.4)   

 

where ( )j,,
E
U ωmd rr  is the measured frequency transfer function between the normal 
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displacement at position rd and the measured strain at position rm.  

 

The determination of u(rd,t) can then be done in these steps, 

 

1. Determine the mode shape vector ψj either numerically or experimentally. 

2. Measure the frequency transfer function ( )j,,
E
U ωmd rr  and using ψj from part 1, 

calculate strain eigenvector φj. 

3. Measure strain ε(rm,t) and using calculated strain eigenvector φj from part 2, setup a 

series of simultaneous equations and solve for yj. 

4. Knowing yj and mode shape vector ψj, calculate normal displacement u(rd,t). 

 

Critical to the success of this method is the proper determination of the mode shape 

vector ψj. In Pisoni et al. (1995), a maximum unity criterion was used to normalise the 

mode shape vectors. This step essentially normalises all mode shape vectors to the 

maximum normal displacement of any particular mode, and is similar to the normalising 

function used in obtaining the results in section 3.2.1 from PATRAN. If the mode 

shapes are not normalised, then this method of determining normal displacement via 

strain measurements will fail. This further implies that to experimentally measure the 

mode shape vector ψj is hard, if not impossible, for one will need to determine and 

measure the value of maximum normal displacement. For example, whilst it is expected 

that the maximum displacement for the first mode will occur at the blade tip, it is not so 

easy to pinpoint locations of maximum displacement for higher order modes without 

having to go through tedious experimental measurements across the entire surface of the 

structure. It is for this reason that results from the PATRAN analysis is used. Even if the 

position of maximum normal displacement is known, the results are bound to contain 

experimental errors.  

 

From equation (3.3), it is obvious that there should be at least as many strain 

measurement locations m as there are number of modes n, otherwise the unknowns 

cannot be solved. The implication of this is that one must decide how many modes to 

take into consideration when calculating blade displacements and in this case, the 

number of modes is limited by the number of simultaneous gauge measurements able to 

be extracted from the slip-rings configuration, which gives a total of two strain 
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measurements when all 6-channels of the slip-rings are utilised.  

 

The experimental setup to measure the strain eigenvector, φj, is similar to that used 

earlier to verify the modal frequency positions of the PATRAN analysis, except that in 

this case the response transfer functions between the displacement via the LDV and 

strains at positions A and B is measured.  

 

3.2.3 Simulation results 

To verify the above method, several experiments are conducted involving stationary 

blades. For the 280mm blade, grid lines are drawn that divides the blade into a grid of 4 

rows and 14 columns as depicted in Figure 3.9, forming a total of 56 measurement 

points. Similar grid lines are also used for the shorter 255mm and 230mm blades, 

although there are only 12 and 11 columns respectively. Point E denotes the excitation 

position where the shaker is attached, and a random chirp excitation is used. The LDV 

is used to measure the actual blade displacement at any of the 56 points, and the LDV 

signal is simultaneously acquired together with the signals from gauges A and B by a 

data acquisition computer. 

 

 

 

Figure 3.9 Grid points used for 280mm blade response measurements. 
 

 

Figure 3.10 shows the reconstructed and measured normal displacement signals at 

several randomly picked positions along the blade for all three blade lengths. From the 

figure, it is seen that the reconstructed signal agrees well with the measured normal 
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displacements, although in certain instances (such as for the 280mm col-11 row-4 case), 

the reconstructed signal tended to over estimate the actual blade normal displacements. 

This slight error is attributed to the fact that only 2 modes were taken into consideration 

and if greater number of modes were taken into account, it is expected that the 

reconstructed signal will be more accurate.  
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Figure 3.10 Reconstructed and measured normal displacement signals at several 
positions on different blade lengths. 

 

 

So far, this method has only been tested here on a fan blade, as well as in the 

cantilevered beam results of Pisoni et al. (1995) using a single excitation point. It is not 

known if this method will still produce reliable prediction if the excitation force is 

distributed, as will be experienced by a fan blade in operation. To test the validity of this 

method with distributed loads, the fan blade is mounted in a wind tunnel with an 

identical blade placed immediately upstream. The turbulent wakes of the upstream blade 

then impinges on the downstream fan blade, thereby causing a distributed excitation 

across the area of the blade. The LDV is placed on the wind tunnel roof to measure the 

normal blade displacements. The setup is depicted in Figure 3.11. A nominal flow 

velocity of 15ms-1 is used. 

 

 

 

Figure 3.11 Setup for wind tunnel testing. 
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Figure 3.12 shows the reconstructed and measured normal displacement signals at two 

different points on a 280mm blade. Again, close agreement is found between the 

predicted and measured displacement signals, indicating that this method is suitable for 

both point load and distributed load excitations. The results also give confidence in this 

method in the measure of blade vibrations during fan operations. 

 

  

    
 

 

Figure 3.12   Reconstructed and measured normal displacement signals at three different 
points on the blade: Blade length = 280mm. 

 

 

3.3 Blade vibration measurements 

Having developed a reliable method of measuring the blade vibrations, actual blade 

vibration experiments are now carried out, which can be divided into two different 

parts. Firstly, the coherence between the blade vibrations and far-field sound pressure is 
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measured to determine if the two measured quantities are related to each other. Good 

coherence could indicate one of the following, 

 

1. That far-field sound pressure is caused by the blade vibrations, or 

2. That the mechanism which causes fan noise – in this case, generally accepted as the 

non-uniform steady blade loading mechanism – also acts on the blade, thereby 

giving good coherence as the source of both fan noise and blade vibrations are the 

same, or 

3. A combination of either of the above two mentioned causes. 

 

In order to test and determine which of the above three mentioned scenarios are true, a 

second test is devised to determine the sound pressure generated at the same 

microphone position by a non-rotating vibrating blade using a mechanical shaker. These 

results are presented in the two following sections and in-depth description of the 

second method is described in the latter subsection.  

 

3.3.1 Coherence measurements with far-field sound pressure 

Experimental setup 

The experimental setup to measure the coherence between blade vibrations and far-field 

sound pressure is depicted in Figure 3.13. It is very much similar to previous fan noise 

measurements and is conducted in the anechoic chamber. The HP 35665A Dynamic 

Signal Analyser was used to simultaneously acquire the sound pressure spectra of the 

far-field microphone and from one of the strain gauges, and was then used to compute 

the coherence between the two signals. 
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Figure 3.13 Schematic of experimental setup for coherence measurements. 
 

 

Results 

Figure 3.14 and Figure 3.15 shows the measured coherence for three different blade 

lengths (230mm, 255mm and 280mm) against the fan rotational speed from 

480revs/min to 960revs/min for both 5 and 10 bladed fans respectively. 

 

For the 5 bladed case, the coherence at the BPF is relatively poor compared to the 

second harmonic for all blade lengths and speeds. Whilst for the 10 bladed case, the 

coherence at the BPF is very good although the coherence at the second harmonic is 

poor at some speeds. 
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Figure 3.14 Coherence of 5 bladed fan over a range of fan speeds and three different 
blade lengths. 

 

 

The good coherence observed at these discrete frequencies between the blade vibrations 

and far-field sound pressure thus suggests that either the sound pressure at the 

microphone is due to the blade vibration, or the mechanism that causes the sound 

pressure is the same as that which causes the blade vibrations, or there could be a 

combination of both. This question is resolved in the following section. 
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Figure 3.15 Coherence of 10 bladed fan over a range of fan speeds and three different 
blade lengths. 

 

 

3.3.2 Contribution of blade vibration to far-field sound pressure 

Experimental setup 

The experimental setup is very much similar to the previous section and is depicted in 

Figure 3.16. In this case, the fan is stationary and a shaker is attached to the fixed end of 



  Blade vibration measurements 
 
 

69 

one of the fan blades. From the coherence measurements of the previous section, the 

vibration level of the fan blade during operation is known at the BPF and each of the 

harmonics. The shaker is thus adjusted to excite the fan blade at the same vibration level 

at the BPF and harmonics, and the sound pressure level is measured by the far-field 

microphone at 1.6m away from the fan. This measured sound pressure level is thus due 

the vibration of a single blade only.  

 

 

 

Figure 3.16 Schematic of experimental setup to determine sound pressure level      
caused by vibrating fan blade. 

 

 

To determine the total sound pressure caused by the 5 or 10 blades vibrating at the same 

time, the magnitude of the sound pressure are multiplied by a factor of 5 or 10 for the 

number of blades, and then converted back into dB scale. This method does not take 

into account the phase relationships between the blades, but represents the worst case 

scenario where all blades are vibrating in-phase giving a maximum sound pressure.  

 

Results 

Figure 3.17 shows the measured sound pressure spectrum of a 10 bladed fan at 

960revs/min at 3 different blade lengths and Figure 3.18 is a waterfall plot of the far-

field sound pressure of a single blade excited at the BPF, which is 160Hz. 
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Figure 3.17 Measured sound pressure spectrum of a 10 bladed fan at 960revs/min at 
three different blade lengths. 

 

 

 

Figure 3.18 Waterfall plot of sound pressure for three different blade lengths shaken at 
160Hz. 

 

 

From the waterfall plot, it is clear that for the 230mm blade, the sound pressure due to 

the shaking of the single blade is not even detected above the background noise of the 

anechoic chamber. Looking at the 280mm blade, which has a shaken 20dB sound 

pressure level, the corresponding total sound pressure for 10 blades is only 40dB, which 
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is well short of the 72dB sound pressure measured during fan operation. The measured 

results at other fan speeds showed similar conclusions. This therefore proves that, 

 

1. The contribution of the blade vibration to far-field sound pressure is minimal. This 

further supports the assumptions that the fan blade can be assumed rigid during 

theoretical modelling of fan noise, and 

2. The mechanism that causes fan noise acts and manifests itself as blade vibrations as 

evident by the good coherence obtained between the blade vibration and far-field 

sound pressure. 

 

3.4 Conclusion 

In this chapter, an experimental device based on strain gauges is developed that enabled 

the fan blade vibrations to be measured. The experimental device was tested rigorously 

and found to contain negligible error, giving confidence in the measured blade 

vibrations. The method developed by Pisoni et al. (1995) was used to correlate the 

measured strain to normal blade displacements, and experimental tests with distributed 

excitation conditions in the wind tunnel yielded good agreement between measured and 

predicted normal blade displacements.  

 

Initial measurement revealed good coherence between the blade vibrations and far-field 

sound pressure at the blade passing frequency and harmonics, which suggests that the 

far-field sound pressure is indeed due to blade vibration, or that a similar mechanism 

causes both the blade vibration and the observed far-field sound spectrum. However, 

experiments with a shaken fan blade revealed that the noise generated blade vibrations 

is too weak to be a significant contributor of far-field fan noise. The results observed 

here is thus – to the author’s knowledge – the first to validate the assumption that fan 

blades can be assumed as rigid structures in the development of fan noise theory, except 

possibly for the case where the BPF coincides with the natural frequency of the blade. 
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Chapter 4 
 

  

Experimental vortex shedding studies 
 

The key objective of this chapter is to gain further understanding of the acoustic-vortex 

interaction mechanisms. A review of the vortex shedding work to date as well as issues 

to be addressed in this dissertation has been covered previously. The experimental work 

attempted here to achieve this objective is divided into two separate sections, 

 

1. Study the acoustic characteristics of the vortex wake, and 

2. Application of feedforward control to the internal acoustic excitation technique. 

 

In the first section, the vortex wake of a stationary cylinder is studied across a range of 

Reynolds number. Additionally, the oscillated feedback controlled experiments of 

Warui and Fujisawa (1996) are repeated to study the acoustic characteristics of vortex 

wakes with suppressed and reinforced near-wake. The results of this first section will 

form the foundations to the feedforward control experiments of the second section. 

 

The feedforward control experiments are exploratory in nature, and it is hoped that aside 

of proving feedforward control to be a viable alternative to the current adopted feedback 

control method, greater insight into the acoustic-vortex interaction can be gained. These 

two sections form the contribution of this dissertation to vortex shedding studies. 

 

4.1 Experimental facility 

The experimental investigation described in this chapter requires a controlled 

environment. In the context of vortex shedding studies, this implies that the flow 

conditions must be known and well behaved. Typical flow measuring devices such as 

hot-wire anemometers are also central to the experiments conducted here. This section 

gives a brief description of the facility and equipment used. 
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4.1.1 Wind tunnel  

The wind tunnel facility was designed by Soria (1988). The main components and 

general arrangement of the open-circuit blow-down wind tunnel are shown in Figure 

4.1. The main components of the wind tunnel are as follows. 

 

1. A power unit, which consists of an air-intake filter, fan and Macfarlane motor. The 

power unit is mounted on vibration isolators. The speed of the motor is sensed with 

an infra-red optical sensor and a wheel with 120 slots. The speed of the motor is 

displayed to enable adjustment of the motor speed, whilst a HP5308A 

timer/counter is used to provide a feedback signal for the motor. The motor speed 

can be adjusted to provide and maintain flow velocities in the working section of 

up to 40ms-1. 

2. A wide angle diffuser. The diffuser is connected to the fan outlet with flexible 

coupling to minimise transmission of vibration from the power unit to the rest of 

the wind tunnel. Two screens of 20-mesh and 0.355mm wire diameter are 

positioned at the beginning of each expansion to suppress flow separation. 

3. A settling chamber consisting of four screens and one honeycomb. The first screen 

is of 0.355mm wire diameter and 20-mesh. This is followed by the honeycomb 

9.5mm hexagonal cells of 75mm depth. This honeycomb screen is much more 

effective at removing swirl and velocity variations than the screens, although the 

honeycomb themselves also generate turbulence (Soria, 1988). Therefore, three 

additional screens are installed downstream of the honeycomb to remove the 

turbulence. 

4. A 9:1 three-dimensional contraction moulded from fibre-glass is used to provide a 

smooth three-dimensional transition from the settling chamber to the working 

section.  

5. A 380m × 250mm × 2000mm wind tunnel working section. This section comprises 

two 25mm thick Perspex vertical walls supported by plywood panels and bolted to 

rectangular hollow steel supports. The roof and floor of the wind tunnel are made 

of 25mm thick MDF boards and can be removed for modifications. A 10mm wide 

self-sealing slot is machined along the roof’s centreline for easy insertion and 

attachment of measurement sensors.  
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Figure 4.1 Plan view of the boundary layer wind tunnel facility. 
 

Pow
er unit 

W
ide angle diffuser 

Settling 
cham

ber
9:1 3-dim

ensional 
contraction 

380m
m

 × 250m
m

 w
orking section 

2000m
m

 
1380m

m
 

820m
m

 
1220m

m
 

12kW DC Motor 

Air-filter box 

1 

1 

2 

3 

Flexible coupling 

Power plant foundation 
(spring mounted) 

1: 0.355mm diam, mesh 20 wire screen 

2: 0.355mm diam, mesh 16 wire screen 

3: 9.5mm hexagonal cells, 75mm deep 



  Experimental vortex shedding studies 
 
 

75 

The longitudinal turbulence intensity component with respect to the mean free-stream 

velocity measured at 160mm downstream from the start and in the centre of the working 

section is shown in Figure 4.2. The turbulence intensity profiles measured at the same 

downstream location in the centre (spanwise direction) and vertically across the 

working section relative to the floor, over several flow velocities is shown in Figure 4.3. 

 

 

 

Figure 4.2 Variation of turbulence intensity 160mm downstream from the start and at 
centre of working section. 

 

 

 

Figure 4.3 Turbulence intensity profiles measured vertically, 160mm downstream    
from start and centre (spanwise) of working section. 
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The natural turbulence intensity level is found to fluctuate between 0.05 – 0.1% in the 

centre, whilst the boundary layer flow caused by the floor and roof of the working 

section produces a slightly higher intensity level near the walls. This low level 

turbulence requirement of the wind tunnel is typical of the experimental facility used in 

vortex shedding studies by Hsiao and Shyu (1991), Huang (1995, 1996) and Warui and 

Fujisawa (1996). 

 

4.1.2 Measurement equipment 

Both hot-wire anemometry and conventional condenser microphones are used to study 

the velocity fluctuation and acoustic characteristics of the vortex wake respectively.  

 

Hot-wire anemometry 

Detailed description and basic operating principles of hot-wire anemometry is provided 

by Perry (1982) and Lomas (1986). Briefly, the hot-wire equipment used for the 

following study was manufactured by TSI and comprises, 

 

1. Two TSI-1150 probe support,  

2. TSI 1261-T1.5 miniature boundary layer probes and TSI 1210-T1.5 standard hot-

wire probes – both probes have a tungsten sensor of 4µm diameter and of 1.25mm 

length, 

3. Two TSI model 150 constant temperature anemometers,  

4. Two TSI model 157 signal conditioning modules, and  

5. A TSI IFA 100 flow analysis system. 

 

Worthy of mention are the TSI model 157 signal conditioning modules, which are 

incorporated into the TSI IFA 100 flow analysis system. These modules can be directly 

connected to the bridge output of the TSI model 150 anemometers, or they can also be 

used on any external analogue signal fed via a BNC connection. The signal conditioners 

provide high-pass filtering of signals at 0.1Hz, 3Hz or 10Hz and selectable low-pass 

filtering between 1Hz and 400kHz. With the high-pass filter, the DC offset in the hot-

wire input signal (i.e. mean flow component) can be removed, thereby allowing the 

fluctuating component (i.e. turbulent flow component) to be directly measured.  
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A lineariser designed by Soria (1988) is used to convert the hot-wire anemometer 

voltage reading into direct velocity flow readings. Comprehensive details on the design 

and calibration methods of the lineariser for this wind tunnel facility is provided by 

Soria (1988). The hot-wire system is calibrated statically prior to the start of each 

experiment. 

 

Microphone 

The microphones used to study the acoustic characteristics of the vortex wakes are 

standard ½” condenser microphones. A primary concern is that the presence of the 

microphone will alter the vortex wake, and furthermore, when placed in air-flow, the 

aerodynamic turbulence level generated around the microphone may mask the sound, if 

any, generated by the vortex wake. To overcome these problems, the microphone is 

fitted with a Brüel and Kjær Nose Cone UA0386.  

 

The nose cone has a streamlined shape of highly polished surface to give the least 

possible resistance to air-flow and thereby reduces the noise produced by the presence 

of the microphone. The fine wire mesh around the nose cone permits sound pressure 

transmission to reach the microphone diaphragm. This nose cone has previously been 

used by Soria (1988) in this wind tunnel to collect acoustic data. This setup is also 

identical to that used by Fitzpatrick (2003), who performed acoustic measurements of 

tandem cylinders in wind-tunnel of speeds up to 40ms-1. This gives confidence in the 

acoustic measurements attempted here. 

 

4.1.3 Flow visualisation 

In the study of vortex shedding, it is often convenient to have a method of visualising 

the vortex wake. In the current work, flow visualisation is provided by a smoke flow 

device manufactured by Chiu (1986). A thin wire, which is typically a 250µm diameter 

nichrome wire, is placed across the wind tunnel. The wire is coated with liquid paraffin 

– which was found to give the best smoke streaks – and both ends of the wire are 

attached to the terminals of the smoke flow device. When the circuit is completed via a 

switch, electrical current is passed through the wire which subsequently heats up, 

causing the liquid paraffin to burn off, emitting fine smoke streaks. The output voltage 

of the smoke flow device is adjustable between 1.25V to 20V, with a maximum current 
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supply of 10A. The voltage output needs to be adjusted depending on the flow velocity.  

For best flow visualisation, the roof, floor and far vertical wall of the wind tunnel is 

covered with black paper, leaving only one of the vertical Perspex wall uncovered. 

Lightning is provided by a light source positioned at the open end of the wind tunnel 

pointing towards the vortex wake. The vortex wake motion can then be captured by a 

digital video camera. For best results, the “negative” function available in most photo-

processing software is applied on the images to further enhance the vortex detail. 

 

4.2 Acoustic characteristics of vortex wake 

The aim of this section is to study the acoustic characteristics of the vortex wake of a 

stationary cylinder across a range of Reynolds number, and of an oscillated feedback 

controlled cylinder based on the work of Warui and Fujisawa (1996).  

 

4.2.1 Experimental setup 

The cylinder used in this experimental study is a 375mm long hollow steel cylinder of 

3mm wall thickness and 60mm outside diameter (D). The outside surface is smooth. 

The cylinder is placed 160mm downstream from the start of the working section and is 

supported in the centre of the wind tunnel by two 6mm rigid solid steel rods on both 

ends of the cylinder. There is an end clearance of 2.5mm on either side of the cylinder 

to the internal duct wall, which allows the cylinder to oscillate vertically freely during 

oscillated feedback control. The experimental layout is depicted in Figure 4.4. 
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Figure 4.4 Experimental layout for acoustic measurements and feedback control. 
 

 

The origin of the coordinates used is taken at the centre of the cylinder, with the positive 

x-axis pointing in the direction parallel to the flow. The coordinates and positive 

directions of the y- and z-axis are also indicated in Figure 4.4. Distances of 

measurement devices (hot-wire probes and microphones) relative to the origin are 

typically expressed as a ratio of the cylinder radius (Warui and Fujisawa, 1996) or 

diameter (Huang, 1995, 1996). In this dissertation, the convention used by Huang 

(1995, 1996) is adopted. 

 

Figure 4.5 is a schematic of the experimental setup for acoustic measurements of the 

vortex wake and oscillated cylinder feedback control. Acoustic measurements of the 

vortex wake was obtained from the microphone with the fitted nose cone, which could 

be traversed along the duct in the x-y plane at 0D
z = . The sound pressure spectrum 

was averaged and recorded by a HP 35665A Dynamic Signal Analyser with 10 spectral 

averages at 0.25Hz resolution.  

 

The supporting rods are attached to a shaker, which consists of a Brüel and Kjær Exciter 

Body Type 4801 and with an attached Mode Study Head Type 4814. Two 6mm holes 

were drilled in the floor of the wind tunnel to allow the supporting rods to protrude 
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through and be attached to the shaker; the two holes further acts as a constraint that 

restricts cylinder movements along the vertical direction only.  

 

 

 

Figure 4.5 Experimental setup for acoustic measurements and feedback control loop. 
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Kjær Amplifier Type 2707 to provide the transverse cylinder oscillations during 

feedback control. The feedback signal was obtained via a reference hot-wire probe 
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4.2.2 Stationary cylinder 

Hot-wire measurements across vortex wake 

In this initial measurement, the monitoring microphone was replaced with a hot-wire 

probe to measure the fluctuation at the vortex shedding frequency across the wake by 

traversing the hot-wire probe vertically at the centre of the cylinder at 0D
z =  and at 

several downstream locations. Figure 4.6 shows the measurement result at Reynolds 

number = 5,500, which corresponds to a vortex shedding frequency of 5Hz at a flow 

velocity of 1.5ms-1. 

 

 

 

Figure 4.6 Vortex shedding frequency levels measured across the wake at         
Reynolds number = 5,500. 

 

 

The plot indicates 2 parallel shear layers occurring across the top and bottom of the 

cylinder within the region 1D
y5.0 ≤≤ . This result is a typical characteristic of the 
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at 1D
x = , 75.0D

y =  and 0D
z =  across a range of flow velocities from 1.5ms-1 to 

9.0ms-1 is shown in Figure 4.7. This represents a Reynolds number range from 5,500 to 

33,400.  

 

 

 

Figure 4.7 Sound pressure spectrum at various flow velocities;                       

microphone at 1D
x = , 75.0D

y =  and 0D
z =  where D = 60mm.  

 

 

The dotted-line in the plot represents the calculated vortex shedding frequency based on 

equation 1.4, where the approximation of the Strouhal number = 0.2 is used (Morse and 

Ingard, 1962). Close agreement between the measured and calculated vortex shedding 

frequency is also evident in the plot. An interesting point to note is the presence of the 

first harmonic, which occurs at twice the vortex shedding frequency. The first harmonic 

is most prominent at lower flow velocities, whilst beyond a flow velocity of 6ms-1 

(Reynolds number = 22,000) the presence of the first harmonic is no longer detected 

over the broadband background noise at this microphone position. 
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To measure the sound pressure distribution contours at the vortex shedding frequency, 
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the microphone is traversed along the roof of the wind tunnel, covering an area from 

1D
x =  to 3D

x =  and from 5.1D
y =  to 5.1D

y −=  in the plane of 0D
z = . The 

sound pressure levels at the vortex shedding frequency and the first harmonic are 

measured in linear dB and the contours are shown in Figure 4.8 to Figure 4.13 for a 

range of Reynolds numbers. 

 

 

   

Figure 4.8 Contour plots of sound pressure level (dB); Reynolds number = 5,500.  
 

 

   

Figure 4.9 Contour plots of sound pressure level (dB); Reynolds number = 11,100.  
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Figure 4.10 Contour plots of sound pressure level (dB); Reynolds number = 16,500.  
 

 

   

Figure 4.11 Contour plots of sound pressure level (dB); Reynolds number = 22,000.  
 

 

   

Figure 4.12 Contour plots of sound pressure level (dB); Reynolds number = 27,500.  
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Figure 4.13 Contour plots of sound pressure level (dB); Reynolds number = 33,000.  
 

 

From the above figures, the contour plots at both the vortex shedding frequency and the 

first harmonic have distinct patterns that are similar across the range of Reynolds 

numbers studied. At the vortex shedding frequency, the maximum sound pressure level 

is observed to be at the top and bottom shear layers at 1D
y5.0 ≤≤  respectively. At 

any particular D
x  location, the sound pressure level along the vertical D

y  direction is 

observed to decrease away from these two parallel shear layers, creating a dip in sound 

pressure level directly behind and downstream of the cylinder. The sound pressure level 

is also observed to decrease as the D
x  distance increases.  

 

In Huang’s (1995, 1996) hot-wire measurements, the two parallel shear layers are found 

to contain the highest vortex shedding frequency signal; whilst Warui and Fujisawa’s 

(1996) hot-wire measurements also showed that the highest turbulence intensities are 

observed in these two shear layers. Their findings, together with the acoustic 

measurements made here, indicate that vortex wakes carry acoustic waves only in their 

shear layers. Furthermore, unlike conventional acoustic sources, the acoustic waves 

contained in the vortex wake do not behave as plane waves (uniform sound pressure 

across the duct cross-section – Hansen and Snyder, 1997) despite the fact that the vortex 

shedding frequencies studied above are well below the duct’s cut-on frequency of 

447Hz.  

 

Examining the contour plots for the first harmonic, it is observed that the region of 
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maximum sound pressure level occurs in the fluid entrapment region between the two 

shear layers, with the sound level decreasing as one moves vertically along the D
y  

direction away from this “entrapped” region.  

 

The similarity in the acoustic characteristics at the vortex shedding frequency and the 

first harmonic observed above can be explained by the fact that they all fall within the 

subcritical regime, which is 300 ≤ Reynolds number ≤ 150,000 (Williams and Amato, 

1989). In this Reynolds number range, the vortex forms 2 parallel shear layers across 

the top and bottom of the cylinder and the vortices are shed off these 2 layers alternately 

one after another. The vortices always roll-up or down towards the rear-centre of the 

cylinder as depicted Figure 4.14. 

 

 

 

Figure 4.14 Schematic depiction of direction of vortex roll.  
 

 

Each vortex roll occurs at a rate determined by the vortex shedding frequency and hence 

the highest sound pressure at this shedding frequency is found in the shear layers. If one 

moves in between the shear layers, then one would sense periodic pressure fluctuations 

at twice the vortex shedding frequency due to the alternately rolling up/down of the 

vortex from the bottom and top shear layers respectively. It is for this reason that the 

highest sound pressure at the first harmonic is found in between the shear layers 

decreases as one move outwards away from this region. 

 

4.2.3 Oscillated feedback controlled cylinder 

In the previous section, the acoustic characteristics of the vortex wake of a cylinder 

across a range of Reynolds number are measured. In this section, the Reynolds number 
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is fixed and the vortex wake modified by vertical oscillating movements based on the 

feedback control work of Warui and Fujisawa (1996). The aim is to study and compare 

the acoustic characteristics of a modified wake.  

 

The experimental setup for oscillated feedback control has been described previously. In 

Warui and Fujisawa’s work, a feedback coefficient α is defined as the ratio of the 

cylinder displacement variation to the reference velocity variation, and is non-

dimensionalised by free-stream velocity U and vertical displacement R. Results showed 

that as α increases, the vertical cylinder displacement increases, and the effect of the 

cylinder oscillations on the vortex wake also increases. As such, the maximum α was 

used throughout their study. In light of their results, the maximum amplifier gain is 

selected on the Brüel and Kjær Amplifier Type 2707 to provide the maximum 

displacement allowable by the Mode Study Head Type 4814, which is ±12.5mm. The 

only parameter left to determine is thus the phase lag between the reference hot-wire 

signal and cylinder oscillations. 

 

The measured turbulence intensity at different phase lags at the reference hot-wire probe 

is shown in Figure 4.15. The hot-wire probe was located at 5.1D
x =  , 8.0D

y −=  and 

0D
z = , and the flow velocity in this case was 1.5ms-1, which corresponds to a 

Reynolds number of 5,500 with a vortex shedding frequency of 5Hz. For this case, the 

reference hot-wire signal was high-pass filtered at 3Hz and low-pass filtered at 8Hz by 

the TSI model 157 signal conditioning modules. 
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Figure 4.15 Turbulence intensity measured at reference probe in relation to phase lag. 
 

 

From the figure, it is clear that reverse control (vortex reinforcement) occurs at 145o 

phase lag whilst optimal control (vortex suppression) occurs at 325o phase lag. The 

corresponding measured sound pressure contour plots at the vortex shedding frequency 

and first harmonic for the reverse control, stationary cylinder and optimal control cases 

are shown in Figure 4.16. 

 

Looking at the vortex shedding frequency, the difference between the contour plot for 

the reverse control, optimal control and stationary cylinder is clear. For optimal control, 

the separation between the two shear layers is more distinct and nearly symmetrical 

about the x-z plane at 0D
y = . In particular, the 45dB region is elongated (when 

compared against the stationary case) to beyond 5.1D
x = , whereas in the stationary 

case, the 45dB region stops just before 5.1D
x = . For reverse control, the 45dB region 

of both shear layers is shortened relative to the 5.1D
x =  position.  

 

At the first harmonic, the contour plots for the reverse control, optimal control and 

stationary cylinder are quite similar. The region of highest sound pressure level is found 

in the “entrapped” region between the top and bottom shear layers. This is as expected 

as the cylinder oscillations merely changes the vortex near-wake and not the Reynolds 

number, and therefore still falls within the subcritical regime. 
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Figure 4.16 Sound pressure contour plot of reinforced, stationary and suppressed vortex. 
 

 

To further explain the above observations at the vortex shedding frequency, smoke-flow 

visualisation is used and the vortex motion is captured with a digital camera recording at 

30 frames-per-second, thereby giving a complete vortex cycle across 6 frames. The 

captured images for the stationary, reinforced (reverse control) and suppressed (optimal 

control) is shown in Figure 4.17. The vertical dotted line across all photos marks the 
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5.1D
x =  position, which is the x-position of the reference hot-wire probe. 

 

The smoke flow photos depict a similar scenario as observed by Warui and Fujisawa 

(1996). For the stationary cylinder case, the vortex roll-up is seen to occur at around 

5.1D
x = . This roll-up position is shifted upstream for reverse control and downstream 

for optimal control and in so doing, causes the vortex wake to be shortened and 

lengthened respectively. The strength of the roll-up motion for reverse control is greatly 

accentuated, and the interaction between the top and bottom shear layers is stronger. For 

optimal control, the roll-up motion is considerably weakened and the interaction 

between the two vortices from the shear layers is subsequently reduced.  
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Figure 4.17 Vortex shedding photo sequence over one vortex roll-up: Left: Stationary 
cylinder; Centre: Reinforced vortex; Right: Suppressed vortex. 

 

 

This shortening and elongation of the vortex wake structure thus clearly explains the 

shortening and lengthening of the 45dB sound pressure region in the vortex shedding 
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same with and without cylinder oscillations. 
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4.3 Feedforward vortex shedding control 

In the previous section, the acoustic characteristics of a stationary and oscillated 

cylinder have been studied. It was found that the acoustic wave at the vortex shedding 

frequency was only carried by the shear layers as evident from the sound pressure 

contour plots. Furthermore, when the length of the vortex was altered by cylinder 

oscillation, the sound pressure contour plots also reflect this change of the vortex wake. 

The above results not only demonstrate the possibility of using a microphone as an 

alternate method to hot-wire anemometers in the study of vortex shedding, but also 

indicate that vortex shedding also generates acoustic waves that are closely related to 

the velocity fluctuations. This observed acoustic-vortex relationship thus forms the basis 

of the exploratory work carried out in this section. 

 

The work of Huang (1995, 1996) has demonstrated that acoustic excitation introduced 

into the flow locally through a slit can suppress vortex shedding. However, the acoustic-

vortex interaction and vortex suppression mechanism is still not clear. For example, 

does vortex suppression occur as a result of the acoustic excitation interfering 

destructively with the acoustic waves carried by the vortex? If not, in what way does it 

interact with the flow across the slit? 

 

To address this issue, a whole new approach to active vortex suppression is proposed. 

Based on the knowledge gained of the acoustic-vortex relationship from the previous 

section, it will be interesting to see if altering the acoustic characteristics of the vortex 

wake will have an impact on the vortex shedding mechanism, that is, whether vortex 

shedding can be suppressed by simply suppressing the acoustic wave carried by the 

flow instabilities. To do so, the use of feedforward control is advantageous as an error 

microphone can be inserted into any part of the vortex wake to derive an error signal, 

which then becomes the primary focus of the controller and suppression of the acoustic 

wave at the error microphone is achieved.  

 

The aim of this section is to explore the possibility of using feedforward control to 

suppress vortex shedding and hopefully gain greater insight into the acoustic-vortex 

interaction mechanism.  
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4.3.1 Experimental setup 

The experimental setup here is similar to the internal excitation setup used by Huang 

(1995, 1996) with several minor differences. A 25mm outside diameter (D) hollow 

aluminium cylinder of 2mm wall thickness and 420mm length is used. The cylinder 

surface is polished and smooth. A single 160mm × 0.5mm slit is machined in the centre 

of the cylinder. Rather than placing the error microphone in the vortex wake, the 

microphone is flush mounted in the centre of the cylinder aligned with the slit. The 

schematic of this setup is shown in Figure 4.18. 

 

 

 

Figure 4.18 Dimensions of cylinder; position of slit and flush mounted microphone. 
 

 

The position of the slit relative to the flow can be changed by rotating the cylinder and 

rigidly fixed again once the slit is at the desired position. The relative angle between the 

flow and the slit is defined as α and is shown in Figure 4.19. 

 

 

 

Figure 4.19 Definition of slit location α.  
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The reason for flush mounting the error microphone at the slit is because the initial flow 

instabilities that eventually develops into vortex shedding occurs on part of the surface 

on the cylinder as shown in Figure 4.20. By adjusting α, the region where the flow is 

attached to the cylinder surface can be easily targeted and controlled. 

 

 

 

Figure 4.20 Schematic illustration of separated shear flow and slit-microphone position. 
 

 

 

Figure 4.21 Experimental layout for internal excitation feedforward control. 
 

 

The experimental layout is depicted in Figure 4.21. Two holes were drilled through the 

vertical Perspex walls 160mm downstream from the start of the working section and 

Fl
ow

 Region where 
flow is attached 
to cylinder 
surface 

Cylinder 

Fl
ow

 

x

z

380mm 

160mm 

Horn driver 

Horn driver 

Top view 

Slit and microphone 



  Experimental vortex shedding studies 
 
 

95 

vertically in the centre to allow the cylinder to be rigidly mounted horizontally. Two 

TOA TU-650 horn driver units were mounted on opposite ends of the cylinder, which 

are used to emit the cancelling sound wave during active control. The origin of the 

coordinates is taken to be at the centre of the cylinder, with the positive x-, y- and z-axis 

similarly defined as in the previous section. The relative angle α can be adjusted by 

removing one of the TOA horn drivers and replacing it once the slit and microphone 

was positioned at the required α. 

 

 

 

Figure 4.22 Experimental setup for feedforward control. 
 

 

The experimental setup for feedforward control is shown in Figure 4.22. Aside of the 

error signal – derived from the flush mounted error microphone in the centre of the slit – 

central to feedforward control is the reference signal, which is derived from a hot-wire 

probe placed in the top shear layer. The best position for the reference probe is yet to be 

determined experimentally. The filtered-X LMS algorithm was used, which is covered 

in greater detail by Hansen and Snyder (1997). During active control, the controller 

generates a control signal based on the reference and error signal input, which is 
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amplified and sent to horn driver. The control acoustic wave then travels down the 

cylinder and into the flow through the slit to suppress the signal detected at the flush 

mounted microphone.  

 

4.3.2 Preliminary measurements 

Hot-wire measurements across vortex wake 

Figure 4.23 shows the hot-wire signals at the vortex shedding frequency measured 

across the wake at Reynolds number = 15,500 at a vortex shedding frequency of 82Hz. 

The plot clearly shows the presence of the 2 shear layers across the cylinder, with the 

strongest signal occurring within the region of 1D
y5.0 ≤≤ . This result agrees well 

with previous measurements by Huang (1995, 1996). 

 

 

 

Figure 4.23 Vortex shedding frequency levels measured across the wake at Reynolds 
number = 15,500. 

 

 

Sound pressure spectrum against flow velocity 

Figure 4.24 shows the waterfall plot of the sound pressure spectrum measured by the 
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monitoring microphone at 1D
x = , 75.0D

y =  and 0D
z =  over a range of flow 

velocities from 4ms-1 (Reynolds number = 6,200) to 16ms-1 (Reynolds number = 

25,000). 

 

 

 

Figure 4.24 Sound pressure spectrum at various flow velocities;                     

microphone at 1D
x = , 75.0D

y =  and 0D
z =  where D = 25mm.  

 

 

The dotted line represents equation (1.4) and good agreement with the measured vortex 

shedding frequency is evident. The above plot is comparable to Figure 4.7 although the 

first harmonic in this case is less prominent.  

 

Polar plot of vortex shedding frequency against microphone angle, α 

To determine the best microphone angle, α, the cylinder is rotated at 10o interval and the 

sound pressure spectrum at each angle is measured. The sound pressure level plot at the 

vortex shedding frequency for two flow velocities is shown in Figure 4.25.  
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Figure 4.25 Polar plot at vortex shedding sound pressure level (dB) against    
microphone angle α. 

 

 

The symmetry about the 0o-180o axis shows that the flow separation occurring across 

the top and bottom of the cylinder are identical for both flow velocities. The highest 

sound pressure region occurs at around 60o ≤  |α| ≤  100o, which represents the top and 

bottom part of the cylinder where the flow is still attached to the cylinder surface. This 

region is also found by Huang (1995, 1996) to be the best slit position with the highest 

sensitivity to feedback control. For the rest of this dissertation, the microphone and slit 

is positioned in the lower shear flow at α = -80o. 

 

Determination of reference probe location 

The amount of dB reduction that can be achieved by feedforward control is given by 

Elliott, Stothers and Billet (1990),  

 

⎥
⎦

⎤
⎢
⎣

⎡
−

=
)(1

1log10reductiondB 210 ωγ
 (4.1)   

 

where )(2 ωγ  is the magnitude-squared coherence measured between the reference and 

error signal.  

α 
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ow

 

 

∞u = 10ms-1, f = 80Hz 

∞u = 14ms-1, f = 112Hz 
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With the error microphone fixed at α = -80o, the reference hot-wire probe was traversed 

along the top shear layer to locate a position that will yield good coherence between the 

reference and error signal. A 2D spanwise distance between the reference probe and 

downstream monitoring hot-wire/microphone is allowed to prevent possible 

disturbances induced by the wake of the reference probe. The best position was found to 

be at 5.0D
x = , 1D

y = , 2D
z =  and the coherence plot for Reynolds number at 

15,500  and 21,600 is shown in Figure 4.26.  

 

 

    

Figure 4.26 Coherence plot between reference and error signals at 15,500 and 21,600.  
 

 

Based on the measured coherence values and from equation (4.1), a possible reduction 

of approximately 15dB at both Reynolds numbers can be achieved at the error 

microphone at the vortex shedding frequency.  

 

4.3.3 Feedforward control results 

Error and reference signals 

Figure 4.27 shows the spectrum of the error microphone and reference hot-wire probe 

(at 5.0D
x = , 1D

y = , 2D
z = ) for Reynolds number at 15,500 and 21,600. 
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Figure 4.27 Error and reference signal spectrum. Reynolds number = 15,500. 
 

 

    

Figure 4.28 Error and reference signal spectrum. Reynolds number = 21,600. 
 

 

As predicted by equation (4.1), a 15dB attenuation of the vortex shedding frequency at 

the error microphone for both Reynolds number is achieved by feedforward control. 

However, in suppressing the vortex shedding frequency, 2 additional peaks are 

generated. These two peaks are much lower in level and occur in the vicinity of the 

vortex shedding frequency. The presence of these peaks is also observed by Huang 

(1996) during feedback control, but the causes of them are unknown. 

 

In suppressing the acoustic wave in the lower shear layer (where the slit and error 

microphone are positioned), the upper shear layer is also affected by the control as 

evidenced by the change in the reference signal. Not only is vortex shedding suppressed 

over the top shear layer, but the 2 additional peaks detected at the error microphone 

10dB 

10dB 
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during control are also present. This not only confirms Huang’s observation that 

suppressing the vortex at one side of the cylinder causes the vortex on the other side to 

also be suppressed, but further shows that any flow instabilities arising as a result of the 

active control are found in both sides of the cylinder, forming a perpetual mirror image 

of each other about the x-z plane at 0D
y = . 

 

Streamwise control results: hot-wire probe 

The above results show that feedforward control can be used to suppress vortex 

shedding. However, as both the error microphone and reference hot-wire probe are 

positioned in and around the cylinder, it is not clear if suppression of the vortex is 

achieved further downstream. To examine if the suppression is local or global, the 

monitoring hot-wire probe is traversed in the top and bottom shear layer along  

75.0D
y ±=  and 1D

z = . The hot-wire spectrum before and after active control at 

several downstream positions are shown in Figure 4.29 and Figure 4.30 for Reynolds 

number at 15,500 and 21,600 respectively. 

 

In both figures, the suppression of both the top and bottom shear layer is clear. This 

demonstrates that global control of the vortex wake can be achieved by simply 

suppressing the acoustic wave at the vortex shedding frequency in the region where the 

flow is attached to the cylinder surface, which is achieved by feedforward control. This 

also shows that the instabilities not only consist of velocity but also acoustic 

fluctuations that are interlinked together. Although only the bottom shear layer is 

manipulated, the top shear layer is also controlled to a significant extent, confirming 

again that the instabilities within the subcritical regime require the presence of both 

shear layers to commence the periodical shedding of vortices. The amount of 

suppression at the shedding frequency of the hot-wire signals across the top shear layer 

is less than that across the bottom shear layer as only the bottom layer is directly 

affected by the positioning of the slit. 
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Figure 4.29 Streamwise control effect with monitoring hot-wire probe in upper and 
lower shear layer; Reynolds number = 15,500. 
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Figure 4.30 Streamwise control effect with monitoring hot-wire probe in upper and 
lower shear layer; Reynolds number = 21,600. 
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Spanwise control results: hot-wire probe 

To assess the spanwise control effect, the roof section of the wind tunnel duct is 

modified to allow spanwise measurements at the positions of 2D
x =  and 5D

x = , 

over a range of 2D
z2 ≤≤− . This spanwise range covers a length of 100mm, which is 

well short of the slit length of 160mm. The results at these two streamwise positions for 

both Reynolds number at 15,500 and 21,600 and in the lower shear layer at 

75.0D
y −=  are shown in Figure 4.31 to Figure 4.34. 

 

The control results for both cases are similar, with attenuation of the vortex shedding 

possible across the spanwise range measured. For both Reynolds number, the control at 

2D
z ±=  is greater immediately downstream of the cylinder at 2D

x =  than at 

5D
x = . In all cases, the best control is found at 0D

z = , which falls at the spanwise 

position of the error microphone.  

 

These observed control results reveals the following: the vortex wake is 2-dimensional 

within the spanwise range measured as indicated by the similarity in the measured 

uncontrolled hot-wire signals at the monitoring probe; and the controlling sound 

introduced into the flow have the same phase across the entire slit, as by controlling 

only the sound detected by the microphone at 0D
z = , the wake across the entire slit is 

controlled. 
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Figure 4.31 Spanwise control effect with monitoring hot-wire probe in lower shear layer 
at 1D

x = , 75.0D
y −= ; Reynolds number = 15,500. 
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Figure 4.32 Spanwise control effect with monitoring hot-wire probe in lower shear layer 
at 5D

x = , 75.0D
y −= ; Reynolds number = 15,500. 
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Figure 4.33 Spanwise control effect with monitoring hot-wire probe in lower shear layer 
at 1D

x = , 75.0D
y −= ; Reynolds number = 21,600. 
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Figure 4.34 Spanwise control effect with monitoring hot-wire probe in lower shear layer 

at 5D
x = , 75.0D

y −= ; Reynolds number = 21,600. 

 

 

Control results: microphone with nose-cone 

The control results measured by the microphone placed in the vortex wake at      

10dB 10dB 

10dB 10dB 
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5D
x = , 1D

y −=  and 0D
z =  at both Reynolds number is shown in Figure 4.35.  

 

 

   

Figure 4.35 Sound pressure spectrum before and after active control in cylinder 
centreline, 0D

z = . 

 

 

In this figure, the control results clearly shows an attenuation at the vortex shedding 

frequency, which when compared with the acoustic results of the oscillated feedback 

controlled cylinder case, indicates a complete suppression of the vortex wake and not 

just the modification as observed in the latter case. 

 

4.4 Conclusion 

In this chapter, the acoustic characteristics of the vortex wake shed by a circular 

cylinder have been studied experimentally. It is found that the regions of highest sound 

pressure at the vortex shedding frequency can be found in the top and bottom parallel 

shear layers, whilst at the first harmonic, it is the region entrapped by the 2 shear layers 

where the highest sound pressures are found. Comparing these observations with hot-

wire measurements made here and in other works, it is concluded that not only does the 

shear layers carry high velocity fluctuations at the vortex shedding frequency, but also 

acoustic signals. This then became the basis for attempting the feedforward control 

experiments of the second part using a microphone signal as the error function. 

 

In the feedforward control internal acoustic excitation experiments of the second 
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section, a microphone was placed in the middle of a slit and the acoustic signal at this 

point was attenuated by control waves emitted from two control loudspeakers placed at 

the end of the cylinder. This control waves travels to the microphone via the slit and is 

introduced into the flow this way. Attenuation of the vortex shedding frequency at the 

error microphone was detected. Furthermore, streamwise and spanwise measurements 

of the vortex wake indicate that the vortex wake control is global and both shear layers 

are suppressed. Comparing the acoustic measurements of the controlled wake with the 

earlier oscillated feedback controlled experiments indicate that in this case, the entire 

wake was suppressed, not just modified. This experiment demonstrates that feedforward 

control can indeed be used as an alternative to the currently adopted feedback control 

method. 
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Chapter 5 
 

  

Hybrid active-passive control of fan 
noise 

 
The work of this chapter is based around the successful implementation of active 

control of fan noise in the various studies reviewed earlier in chapter 1. However, where 

this dissertation departs from previous works is that it focuses on the practical aspect of 

fan noise control, where not only active control is used, but also passive control. It is 

interesting to see, as well as quantify, the amount of fan noise reduction that is 

achievable by combining the two noise control technologies into one hybrid device. 

Such a hybrid device is ideally suited to solve fan noise problems, as fan noise typically 

consists of, 

 

1. High level, low frequency discrete components associated with the fan’s blade 

passing frequency – which can be attenuated by active control, and  

2. Low level broadband components resulting from the turbulent airflow around the 

fan blades – which can be reduced by passive control.  

 

The objective of this chapter is thus to design, manufacture and test one such hybrid 

practical fan noise control device. Aside of discussing the various issues involved in the 

product development, the noise reduction brought about by the implementation of each 

control method – whether passive or active – was also studied independently in order to 

assess the effectiveness of each method in the control of their respective fan noise 

source. But first, the fan noise problem is described. 

 

5.1 Problem description 

On the ground floor of the Civil and Mechanical Engineering building at the University 

of Western Australia is a small computer room that houses the mainframe computer 

network, which consists of several racks of network hubs and computers. The 

equipment is switched on permanently and an exhaust fan is mounted on the wall of the 
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room to discharge the hot air into the corridor as shown in Figure 5.1. Due to the 

location of the room, it is not possible to achieve cooling by any other means. 

 

Figure 5.1 Location of discharge fan. 
 

 

The discharge fan is a 5 bladed, backswept, 6-pole, 300mm diameter axial flow fan 

delivering an air flow of 0.35m3s-1 at a rotational frequency of 16Hz. A picture of the 

fan lifted from the manufacturer’s catalogue is shown in Figure 5.2 and the rotation 

direction of the fan is anti-clockwise relative to the picture. 

 

 

 

Figure 5.2 Picture of discharge fan (Fantech 1996). 
 

 

Sound pressure level measurements of the fan noise at a distance of 1m from the fan 

shows that it contains low level broadband noise and high level discrete tonal noise as 

depicted in Figure 5.3.  

 

 

Fan

Stair platform 

Steam engine 
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Figure 5.3 Spectrum of fan noise measured under stair platform. 
 

 

The high level discrete tones, which are approximately 15dB(A) above the noise floor, 

occur at 85Hz, 170Hz, 255Hz and 340Hz, with 85Hz being the blade passing frequency 

(BPF) and the remaining peaks form the second, third and fourth harmonics of the fan 

noise respectively. These high level tonal components are a source of annoyance to the 

occupants of the building and can be heard from anywhere along the corridor, stairs and 

on the first floor. 

 

On the outset, active control is the most appropriate solution to controlling fan noise and 

initially, it was proposed that the discrete noise be attenuated using loudspeakers placed 

next to the fan exit louver. However, this presented a few foreseeable issues. Firstly, 

there is the problem of finding the best location for the error microphone and control 

loudspeaker orientation. Secondly – and unless the control loudspeaker can be placed 

sufficiently close to the fan – only local control can be achieved (Hansen and Snyder, 

1997), with the annoying BPF and harmonics noise possibly being higher in sound level 

at other locations due to constructive interference; the large thickness of the wall which 

separates the fan and control loudspeaker dictates local control only. Lastly, such an 

arrangement would only attenuate the discrete components, which still leaves the 

problem of the broadband noise components.  
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A better solution would then be to construct a short duct to fit over the fan, forcing the 

fan noise to travel in a 1-dimensional manner and the active suppression of the discrete 

noise components anywhere along the duct will also result in downstream suppression. 

Furthermore, the internal duct walls can be padded with sound absorption materials for 

passive control.  

 

Measurement positions 

In order to allow for a comparison of the fan noise after each stage of noise reduction 

(passive duct and active control), a series of measurement positions were drawn out as 

shown in Figure 5.4. Positions A, B, C and D are on the ground floor along the corridor, 

which are shaded light grey. Position E is in the middle of the flight of stairs, with 

position F on the stair platform directly above the discharge fan and position G on the 

first floor directly above position A. These measurement positions were chosen as they 

all fall on the path most travelled by students and staff of the building. 

 

 

 

Figure 5.4 Layout of measurement positions. 
 

 

According to the Australian/New Zealand Acoustics Standard AS/NZS 2107:2000, the 

recommended maximum allowable noise limit within an educational building is 

50dB(A). The overall dB(A) sound pressure level measured at the measurement 
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positions are shown in Table 5.1 and which shows that the overall sound pressure level 

exceeds the recommended level by approximately 5dB(A). The overall dB(A) sound 

pressure level at these measurement positions with the fan switched off is also presented 

for comparison. 

 

 

Measurement 
positions A B C D E F G 

Overall sound 
pressure level, dB(A) 
with fan switched on 

56.4 57.1 55.4 55.9 58.1 56.2 55.3 

Overall sound 
pressure level, dB(A) 
with fan switched off 

46.3 45.6 46.6 47.1 46.5 46.3 45.6 

Table 5.1 Overall dB(A) sound pressure level at measurement positions. 
 

 

5.2 Passive control 

For the passive noise control of the higher frequency broadband noise (f > 800Hz), the 

short square duct of dimensions 0.45m x 0.45m x 0.9m is constructed of 2mm thick 

galvanised panel and placed over the outlet side of the fan. The duct was made this long 

due to the space constraint beneath the stair platform. The inside walls of the duct were 

lined with 1.5cm thick wool blanket to provide sound attenuation. Based on 

approximate sound absorption coefficients of mineral wool provided by Osborne (1977) 

and the dimensions of the duct, an approximate attenuation of 7dB at 2kHz should be 

possible with this duct. Measured at a distance of 1m from the fan and under the stair 

platform, the noise spectrum of the fan before and after the installation of the duct is 

shown in Figure 5.5.  

 

The duct provided a sound attenuation of approximately 10dB for broadband 

frequencies above 1kHz while the level of the BPF and harmonics remained unchanged. 

This is as expected due to the large thickness of damping material required at low 

frequencies at the BPF and to reduce the level of its harmonics. Although a thicker liner 

could produce more sound attenuation, it would also increase the overall size and 

weight of the duct. Moreover, further attenuation of the higher frequencies may not be 

necessary as the overall sound pressure level is dominated by the lower frequency BPF 
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and harmonics after the passive treatment. 

 

 

 

Figure 5.5 Sound pressure level with and without passive duct. 
 

 

The unweighted noise spectrum measured at positions A to G also revealed an 

approximate 5dB reduction in the broadband noise. However, A-weighted overall sound 

pressure level measurements taken at these positions indicated a decrease in overall 

sound pressure level of only 2dB(A) (see Table 5.2). The small reductions can be 

attributed to the fact that the overall sound pressure level is predominantly determined 

by the high level discrete frequency noise of the BPF and harmonics, which are hardly 

reduced even after the installation of the duct. 

 

 

Measurement 
locations A B C D E F G 

Without duct, dB(A) 56.4 57.1 55.4 55.9 58.1 56.2 55.3 

With duct, dB(A) 54.3 55.1 53.2 54.7 55.8 54.5 54.2 

Table 5.2 Overall dB(A) sound pressure level before and after installation of the duct 
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5.3 Active noise control 

For the active control part, feedforward control based on the filtered-X LMS algorithm 

will be used. The first step is to determine the best method and location for deriving the 

reference and error signals, as well as the placement of the control loudspeaker. The 

method of deriving the reference signal will be discussed in detail later. The error signal 

is best derived from a microphone (as acoustic fan noise is being dealt with here) and 

intuition dictates that it must be placed after the control speaker downstream of the 

discharge fan, otherwise the system will attenuate the discrete noise components inside 

the duct without any positive control outside of it. Therefore, the location of the error 

microphone depends on the location of the control speaker, which can be found by a 

simple duct modelling exercise. 

 

5.3.1 Duct modelling 

The short duct can be represented as shown in Figure 5.6. Assuming a duct of length L 

with a point source of volume velocity Q located at x = xo. The duct can then be divided 

into two regions with the acoustic pressure in region 1 governed by the duct end 

impedance Z1 and pressure p1, and similarly in region 2 with impedance Z2 and p2. The 

fan in this model is situated at x = 0 with impedance Z1, and the open end of the duct, 

which is covered by a louver, will be at x = L with impedance Z2. 

 

 

 

Figure 5.6 Simple representation of short duct. 
 

 

The equations governing the pressure inside the duct can then be written as follows, 

 

jkx
1

jkx
11 eBeA)x(p −+= , 0 < x < xo (5.1)   
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jkx
2

jkx
22 eBeA)x(p −+= , xo < x < L. (5.2)   

 

where A1, B1, A2 and B2 are constants.  

 

At x = 0 and x = L, the boundary conditions are as follows, 
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where ρ is the density of air and ω is the angular frequency of excitation due to the point 

source Q. Note that for all equations so far the harmonic dependence on e-jωt is 

implicitly implied, where t is the time. 

 

At x = xo, the pressure from region 1 and 2 must be the same to ensure continuation. 

 

)xx(p)xx(p o2o1 === . (5.5)   

 

Also at x = xo, the particle velocity at that point must equal the particle velocity emitted 

by the point source of source strength Q, 
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Based on the above boundary conditions, the constants A1, B1, A2 and B2 can be 

determined knowing the values for xo, L and the impedances Z1 and Z2. The impedances 

Z1 and Z2 can be calculated by measuring the cross-correlation and auto-correlation 

spectrum between two phase-matched, closely spaced microphones (Hansen and Snyder 

1997).  

 

The experimental setup to measure the impedance Z1 is set up as shown in Figure 5.7.  
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Essentially, white noise is sent through the horn driver and the cross-correlation and 

auto-correlation spectrum measured using a dual channel real time frequency analyser. 

Rock wool is placed on the other end of the duct to minimise the effect of the 

impedance of the other end of the duct on the measurement results. The same procedure 

is used to measure the impedance Z2. 

 

 

 

Figure 5.7 Experimental setup for measuring impedance Z1.  
 

 

Using a Brüel & Kjær Type 2144 dual channel real-time frequency analyser, the 

complex cross spectrum, GAB and the auto spectra, GAA and GBB can be measured, 

whereby A and B are two phase-matched microphones. The complex impedance at Z1 

can then be determined by,  

 

( ) ( )
( )ω
ωω

I
pZ

2

1 =  (5.7)   

 

where I(ω) is the complex intensity. 

 

The mean active intensity and amplitude of the reactive intensity are given respectively 

by: 
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where ∆ is the distance separating the two microphones 

 

The impedance Z2 can be determined in a similar way. The acoustic pressure at any 

point x along the duct due to the point source at xo can then be calculated using 

equations (5.1) and (5.2), which can also be expressed in terms of complex transfer 

impedance as follows, 

 

)x(Q
),x(p),x(Z

o

ωω = . (5.10)  

 

A hybrid theoretical and experimental model is thus developed using this complex 

transfer impedance Z(x, ω) that will allow the prediction of the duct response. 

 

During the experimental determination of the complex impedances Z1 and Z2 via the 

measurement of the auto-correlation and cross-correlation functions given in equations 

(5.8) and (5.9), a horn driver and two phase-matched microphones were used. These 

devices will have their inherent transfer function that needs to be factored out from the 

calculations of Z1 and Z2 and this can be done by measuring the electro-acoustic 

response of the system. The experimental setup to do so is shown in Figure 5.8.  

 

 

 

Figure 5.8 Experimental setup to measure the electro-acoustic system response. 
 

 

The horn driver is attached to a small cavity of volume V and the microphone is placed 

in the cavity. The horn driver is then driven by an input signal ei which causes an 

acoustic pressure inside the cavity of pin. This acoustic pressure is then measured by the 

microphone as the output signal eo.  
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Using this setup, the response of each of the element can then be defined as, 

 

• HL = Horn driver response, 

• HC = Cavity response, 

• HM = Microphone response, and 

• HEXC = Voltage-voltage frequency response. 

 

The measured voltage-voltage frequency response can thus be linked to the individual 

elements transfer functions by,  

 

i

o
MCLEXC e

e
HHHH == . (5.11)  

 

Knowing the volume of the cavity V, the cavity response can be calculated by, 

 

Vj
cH C ω
ρ 2

−= . (5.12)  

 

The measured magnitude and phase voltage-voltage response of the cavity are shown in 

Figure 5.9.  

 

Using the above method, the voltage-voltage frequency response of the duct can be 

expressed as, 

 

i

o
MLDuct e

e
ZHHH == . (5.13)  

 

Seeing as the horn driver and the microphones used in determining the complex 

impedances Z1 and Z2 are the same as those used to determine the cavity response HEXC, 

equations (5.11) and (5.13) can be combined to give, 

 

C

EXC
Duct H

ZH
KH =  (5.14)  



  Hybrid active-passive control of fan noise 
 
 

122 

whereby K is a constant scaling factor and Z is the complex transfer impedance defined 

in equation (5.10).  

 

 

   

Figure 5.9 Left: magnitude response and right: phase response of the cavity. 
 

 

From equation (5.14), the response of the duct can then be calculated using this hybrid 

theoretical and experimental method. Figure 5.10 shows the experimental verification of 

the hybrid duct model. As can be seen, the theory gives a reasonable prediction of the 

duct response, with the zeroes at 160Hz, 360Hz and 560Hz also predicted by the theory, 

although they were slightly offset. 

 

The hybrid model can also be used to predict the frequency response of the secondary 

path for any location of the control speaker. A plot of dB magnitude of the frequency 

response along the duct is shown in Figure 5.11. This is useful in avoiding locating the 

speaker at a node, or zero. At control speaker location zero, the control speaker is at the 

fan and at 1 the control speaker is at the open end of the duct where the louver is.  
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Figure 5.10 Experimental verification of hybrid theoretical-experimental duct model. 
 

 

 

Figure 5.11 Duct frequency response of the secondary path.  
 

 

Seeing as there are no zeroes in the duct response at frequencies coinciding with the 
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BPF and harmonics, the control loudspeaker is placed as close to the duct opening as 

possible. The reason for this control loudspeaker placement will become obvious later. 

 

5.3.2 Active control system setup 

The active noise control system installed for this project is of a typical adaptive 

feedforward control system. Hardware components consist of a reference sensor, a 

control speaker, an error sensor and a controller based on Analog Devices ADSP 21061 

SHARC DSP. As this paper deals only with sound, the error sensor is a microphone 

with an attached windshield to protect against turbulent flow pass the microphone.  

 

Two different types of reference sensors were used. The first was a microphone with an 

attached windshield and the second an infra-red device (IR). Only one reference sensor 

was used at one time and the control results were compared to study the effectiveness of 

using an acoustic versus non-acoustic reference sensor. The hardware setup is shown in 

Figure 5.12. The dimensions of the duct also dictate that the cut-off frequency for plane 

waves in the duct is approximately 400Hz. 

 

 

 

Figure 5.12 Schematic layout of active noise control system. 
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Microphone as reference sensor  

One of the most significant problems with active noise control using a microphone as 

the reference sensor is the presence of acoustic feedback from the control speaker to the 

reference sensor (discussed in previous chapters). In the present application, feedback 

can occur in two ways. Firstly, since the duct links the computer room and corridor, 

sound can travel through the duct from the control speaker to the reference sensor. 

Secondly, if the computer room’s door is left open, there is an acoustic path between the 

control speaker and reference sensor, which is significant at low frequencies and high 

sound pressure levels.  

 

To minimise this effect, the best location for the reference microphone was found by 

trial-and-error. The best position in this case is to mount the reference microphone 

directly onto a corner of the ring plate of the fan inside the computer room. The noise 

spectrum at the reference microphone before and during active noise control is shown in 

Figure 5.13 and it can be seen that the feedback effect has minimal impact on the 

reference signal. However, when the door is opened during active noise control, the 

system becomes unstable. This indicates feedback between the reference microphone 

and the control speaker via the opened door. Once the door is closed the active noise 

control system becomes stable again, as the feedback path is eliminated. 

 

 

 

Figure 5.13 Reference microphone spectrum with and without active noise control. 
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Using a microphone as the reference sensor, attenuation of the BPF and its harmonics to 

levels similar to the low-level broadband noise at the error microphone location can be 

achieved. Figure 5.14 shows the unweighted spectrum at the error microphone before 

and after active noise control is applied. 

 

 

 

Figure 5.14 Reduction at error microphone before and after ANC. 
 

 

At the error microphone, a reduction of 23dB is achieved at the BPF. Harmonics of the 

BPF are also reduced by 4dB and 10dB at the second (170Hz) and the third (255Hz) 

harmonics respectively. However, the fourth harmonic at 340Hz did not show 

significant reduction. There is also a reduction of about 8dB around 115Hz. This is due 

to the fact that the coherence is good at these frequencies. An increase of 15dB is also 

observed at 90Hz and the sound pressure around that frequency has been increased. 

Small increases in the sound pressure level can be attributed to control spill-over and 

background random noise. Control of the fourth harmonic at 340Hz is poor because the 

anti-aliasing and reconstruction filters used in the experiment are low-pass filters of the 

fourth order and with cut-off frequencies of 240Hz. As a result, little control can be 

expected at frequencies much higher than 240Hz. Good reduction at the error 

microphone does not necessarily imply good global reduction. To assess the extent of 
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global control, measurements were taken at all designated locations. The amount of 

reduction at the BPF and harmonics at all measurement locations is shown in Table 5.3.  

 

 

Noise reduction, dB A B C D E F G 

85Hz 14.6 16.5 13.8 13.3 12.5 11.7 12.5 

170Hz 2.5 4.5 5.4 3.3 2.3 1.2 2.5 

255Hz 4.6 5.7 3.4 5.2 4.3 3.6 5.4 

330Hz -1.8 2.1 -0.6 2.7 -2.9 -3.4 -3.0 

Table 5.3 Reduction in dB of discrete components at measurement locations. 
 

 

In general, significant reduction of the BPF is achieved, whilst reduction is also 

achieved at the second and third harmonic at all measurement locations. At 330Hz, due 

to the anti-aliasing and reconstruction filters used, reduction is negligible at positions B 

and D, with other positions indicating an increase in the discrete level as denoted by the 

negative values. The overall A-weighted sound pressure level before and after active 

noise control at all measurement positions is shown in Table 5.4.  

 

 

Sound pressure level, 
dB(A) A B C D E F G 

ANC off 54.3 55.1 53.2 54.7 55.8 54.5 54.2 

ANC on 49.8 50.2 50.1 51.2 49.3 49.8 50.3 

Table 5.4 Overall A-weighted sound pressure level at measurement locations. 
 

 

In actively controlling the high level BPF and harmonics noise, an average reduction of 

5dB can be achieved in the overall A-weighted sound pressure level. 

 

Infra-red device as reference sensor 

The infra-red device (IR device) consists of a transmitter and a receiver formed in a U 

shape as shown in Figure 5.15. A step voltage is generated by the IR device every time 

the transmitter senses a blockage, resulting in a pulsed signal as depicted in the figure. 
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Figure 5.15 Infra-red device and generated pulse signal. 
 

 

In this study, a circular disc with five equidistant small holes at the edge of the disc is 

mounted on the shaft of the fan. The IR device is then placed over the holes such that an 

impulse is generated each time the IR device “sees” a hole and with five holes, this 

gives an impulse at the BPF. The mounted disc and IR device is shown in Figure 5.16. 

 

 

 

Figure 5.16 IR device and circular disc with five equidistant holes. 
 

 

The frequency spectrum of the pulse signal generated by the IR device is as shown in 

Figure 5.17. The voltage of the impulse signal is adjusted to suit the input ratings of the 

controller input. In light of the control results obtained using a microphone reference 

sensor, the cut-off frequency of the anti-aliasing and reconstruction filter was increased 

from 240Hz to 480Hz to give better control of the fourth harmonic at 340Hz. 

 

Pulse signal 

ReceiverTransmitter

IR deviceHoles on disc 
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Figure 5.17 Spectrum of the IR device reference sensor. 
 

 

Using the IR device and the modified cut-off frequency of the anti-aliasing and 

reconstruction filter, attenuation of the BPF and the second, third and fourth harmonics 

to levels of broadband noise can be achieved at the error microphone as depicted in 

Figure 5.18. Global reduction of the BPF and third harmonic is also observed and the 

results shown in Table 5.5.  

 

 

Noise reduction, dB A B C D E F G 

85Hz 14.6 16.4 16.2 11.2 15.6 12.6 11.2 

170Hz 4.5 3.4 6.5 1.4 2.3 0.2 1.2 

255Hz 4.3 2.3 4.7 5.6 2.4 1.2 6.3 

330Hz 1.2 1.3 0.7 1.2 0.5 0.6 -2.3 

Table 5.5 Reduction in dB of discrete components at measurement positions. 
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Figure 5.18 Reduction at error microphone before and after ANC. 
 

 

Table 5.6 shows the overall A-weighted sound pressure level reduction achieved. 

Reduction of the fourth harmonic at 330Hz is limited in all positions due to the fact that 

the sound level at these positions was initially low as observed previously.  

 

  

Sound pressure level, 
dB(A) A B C D E F G 

ANC off 54.3 55.1 53.2 54.7 55.8 54.5 54.2 

ANC on 50.6 50.2 49.7 50.1 49.5 49.6 49.1 

Table 5.6 Overall A-weighted sound pressure level at measurement locations. 
 

 

5.3.3 Analysis and comparisons of results 

Using either reference sensor produced good attenuation of the discrete fan noise 

components globally, although using an IR device produced marginally improved 

control results. Reduction of the fourth harmonic is markedly improved when the IR 

device is used as the reference sensor. However, this is due to the increase of the filter 

cut-off frequency from 240Hz to 480Hz, and similar control results will be expected if 
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this filter is used for the case with the reference microphone. The main advantage of 

using an IR device is that it reduces any possibility of acoustic feedback and provides 

guaranteed long term stability of the active noise control system. Reduction at the error 

microphone of the BPF, second and third harmonics are greater using the IR device than 

the microphone as reference.  

 

The measured coherence between the two reference sensors and error microphone is 

shown in Figure 5.19. Comparing the results, it can be seen that coherence between the 

reference sensor and the error microphone produced marginally better results for the IR 

device, and hence the improved performance when using the IR device This figure also 

indicates that using an IR device as the reference sensor will provide good control only 

at the BPF and harmonics, whilst using a microphone provides control at other 

frequencies due to the good coherence.  

 

 

   

Figure 5.19 Coherence measurements of left: microphone and right: IR device. 
 

 

Using equation (4.1) and the measured coherences, the maximum achievable reduction 

based on the coherence is tabulated in Table 5.7 together with the measured reduction at 

the error microphone. As can be seen, the measured reduction at the error microphone 

agrees reasonably well with the calculated reduction and this implies that the active 

noise control system is achieving near maximum possible reduction of the BPF and 

harmonics. 
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Reference microphone Reference IR device 
Noise reduction, dB 

Theoretical Experimental Theoretical Experimental 

85Hz 24.5 23.3 28.4 26.3 

170Hz 7.5 3.2 15.3 14.7 

255Hz 10.7 9.6 14.6 12.5 

Table 5.7 Theoretical and experimental reduction at error sensor. 
 

 

Another reason the IR device showed better performance is that during system 

identification (system ID) involving the use of the reference microphone, the reference 

signal, which is used for improved system ID, is contaminated by the white noise 

emitted by the control speaker as depicted in Figure 5.20, whereas the IR device 

reference signal is not contaminated. Also, the signal to noise ratio of the IR device is 

better. 

 

 

 

Figure 5.20 Reference signal during system ID using microphone as reference sensor. 
 

 

5.4 System implementation and performance test 

Whilst the system has shown good performance in all experimental tests so far, it is hard 
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to predict the behaviour of the system over an extended period of time. The system, 

which may be stable in the short term, may gradually grow unstable after extended use 

and have a detrimental effect on the amount of control that can be achieved.  

 

For this test, the system with the IR device as the reference sensor was run continuously 

for 9 hours and measurements were taken at the error sensor every 15 minutes. As can 

be seen from Figure 5.21, the dB reduction at the BPF and all harmonics has been 

maintained over the 9 hour period. The result also indicates that although there is an 

8dB drop in control performance of the BPF at around 12pm and 3:15pm, the system is 

able to recover and maintain control. The system was then left to run continuously for 2 

days and was found to be stable.  
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Figure 5.21 Performance test results over a 9 hour period. 
 

 

Following the positive result of this performance test, the controller was permanently 

installed in the computer room and left to run continuously. As this system is 

conveniently located in the corridor of the engineering building, an on/off switch is also 
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installed on the outside so that passers-by can hear the difference between before and 

after active noise control is applied to the fan noise. A poster detailing the basics of this 

system is also mounted next to the on/off switch as a practical introduction to active 

noise control. Figure 5.22 is a photo of the completed active noise control system.  

 

 

 

Figure 5.22 Photo of completed active noise control system. 
 

 

5.5 Conclusion 

In this chapter, a hybrid active-passive noise control system is developed for an axial 

fan. It is shown that the broadband component of fan noise can be attenuated by using 

passive control and the high level low frequency discrete fan noise can be attenuated 

globally by using active noise control. The active noise control system was tested using 

a microphone and an IR device as the reference sensor. The difference in performance is 

marginal, with the IR device providing slightly better control of the discrete 

components. When using a microphone as the reference sensor, the best location of the 

reference microphone was experimentally found. The main drawback of using a 

microphone as the reference sensor is possibility of acoustic feedback, especially when 

the door is opened. Using the IR device as the reference sensor eliminates this problem.  

Control 
speaker 
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The combined passive and active control produced an overall attenuation of about 6dB 

of the overall A-weighted sound pressure level. To ensure that the active noise control 

system can be of practical use, the system was closely monitored for nine hours. It is 

then installed and left to run continuously as a practical demonstration to active noise 

control♦. 

 

 

 

 

                                                 
♦ Note: At the time of completion of this dissertation, the active noise control system has been 
continuously running for over 2 years and the performance has remained as reported in  Figure 5.21. 
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Chapter 6 
 

  

Conclusion and future work 
 

The various works on fan noise generating mechanisms, vortex shedding studies and 

active fan noise control are summarised and the main conclusions of the research are 

drawn in this chapter. Future work is also discussed. 

 

6.1 Conclusion 

At the start of this thesis, the dependence of the far-field sound pressure levels of a free-

field fan noise on blade length and the number of blades is unknown. Furthermore, the 

general assumption that fan blades can be assumed as rigid structures is challenged, as 

there has been no conclusive evidence that the contribution of blade vibration to far-

field fan noise can be assumed negligible. 

 

In chapter two, experimental measurements revealed that for a fan with many blades (10 

blades), there is a strong relationship between blade length and the observed far-field 

sound pressure levels; the longer the fan blade, the greater is the wake-blade interaction 

and subsequently, a reduction in blade length resulted in a reduction in the far-field 

sound pressure level at the blade passing frequency. For fan with fewer blades (5 

blades), the wake-blade interaction is weaker and hence there is a lesser dependence of 

the sound pressure level on blade length.  

 

Measuring the phase difference across two phase-matched microphones placed 

equidistant at the front and rear of the fan revealed a fan noise dipole characteristic not 

just at the blade pass frequency and harmonics, but also across a range of broadband 

frequencies. An explanation for this observed trend is that the fluctuating forces, which 

generate the discrete frequency components, are also responsible for the broadband 

dipole pattern. 

 

In chapter three, an experimental rig centred on the use of strain gauges was developed 

and tested to enable blade vibrations to be measured. This experimental rig, together 
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with a method developed by Pisoni et al. (1995), was used to measure and correlate the 

measured strain to normal blade surface displacements. The procedure was not only 

tested using single point excitation force but also tested in the wind tunnel under 

distributed load conditions on the fan blade and the measured and predicted normal 

blade surface displacements agree well with each other.  

 

Using this experimental rig, coherence measurements between the blade vibrations and 

far-field sound pressure across several blade lengths and fan speed revealed good 

coherence at the blade pass frequency and the first harmonic. This result raised the 

possibility that the far-field sound pressure is indeed generated by the blade vibration, or 

that the mechanism that generates the far-field noise is the same as that which causes 

the blade to vibrate, or a combination of both. To further quantify the effect of blade 

vibrations, the fan blade is shaken at the blade passing frequency and the far-field sound 

pressure measured. The result of this experiment showed that the contribution of blade 

vibrations is negligible, thereby justifying the statement that fan blades can be assumed 

as rigid structures. 

 

The work of chapter four focused on the study of vortex shedding across a circular 

cylinder and two key areas were investigated, 

 

1. Acoustic study of vortex wake across a stationary and oscillated controlled 

cylinder, and 

2. The application of feedforward control to the internal excitation technique. 

 

The aim of the first part of the study on vortex shedding was to establish the acoustic-

vortex relationship. This was accomplished by traversing a microphone with an attached 

wind-shield through the shear layers of the vortex and the acoustic pattern was studied 

at the vortex shedding frequency and first harmonic. It was found that, at the vortex 

shedding frequency, the highest sound pressure level occurs in the top and bottom shear 

layers and despite the fact that this vortex shedding frequency is well below the cut-on 

frequency of the wind tunnel duct, it does not behave as plane waves and decays with 

distance downstream from the cylinder. For the first harmonic, the highest sound 

pressure level was detected in between the two shear layers and gradually decays as one 

move towards and beyond the shear layers from the centre position.  



  Conclusion and future work 
 
 

138 

This initial finding for the stationary cylinder was further confirmed when the cylinder 

was feedback oscillated to either reinforce or suppress the vortex wake. Study of the 

acoustic pattern revealed that for the reinforced vortex case, whereby the vortex roll-up 

occurs closer to the cylinder, the region of high sound pressure in both shear layers were 

shortened and vice versa for the suppressed case. This was confirmed via a series of 

smoke flow photographs. The conclusion of this first part of the study was that there is a 

strong acoustic-vortex relationship and subsequent manipulation of the vortex wake 

produced a similar change in the acoustic characteristic of the wake. 

 

The second part of the study and the primary motivation for it is to gain a deeper 

understanding of the acoustic-vortex interaction using the internal excitation technique. 

In this case, feedforward control is used and the error microphone flush-mounted in the 

centre of the slit in the cylinder was used as the error criterion. It was found that by 

suppressing the sound pressure at this error microphone, global suppression of the 

vortex wake is achieved not just streamwise but spanwise along the cylinder as well. 

This shows that by suppressing the acoustic component, the vortex wake is also 

modified. 

 

Finally, in chapter five, a practical hybrid active-passive control device is developed, 

manufactured, installed and tested. This is the first study of its kind – to the author’s 

knowledge – that combines two different control methods and assesses the effectiveness 

of each method on fan noise control. With both active and passive control working 

together, a reduction of the fan noise of the order of 5 to 10dB(A) is achieved.  

 

For the active control part, a hybrid theoretical and experimental model is developed 

that enabled the duct response to be calculated. This is useful as it allows the best 

position for the control loudspeaker to be determined. Furthermore, two different error 

sensors – acoustic and non-acoustic sensor – are used and the effectiveness compared. 

Whilst there is negligible difference in the control results using either type of sensor, the 

non-acoustic sensor was chosen so as to eliminate the feedback path, which can cause 

control instability. 

 

6.2 Future work 

The work studied here on fan noise generating mechanisms has been conclusive in 
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bridging several gaps of knowledge in this area, in particular, the work in proving that 

blade vibration noise is negligible for cases where the BPF does not coincide with the 

natural frequency of the blade. Further work will be required to study and examine 

whether this observation holds true for the case where the BPF coincides with the blade 

natural frequency.  

 

In the study here, whilst the blade vibration in itself does not generate significant far-

field noise, the mechanism that causes such vibration is the primary cause of the far-

field noise – that is, the wake-blade interaction mechanism. One avenue for future work 

here would be to correlate and determine the wake-blade interaction forces from the 

measured blade vibration. Furthermore, in the work here, only surface normal vibrations 

are measured and to extend this work, it will be interesting to examine and study 

torsional blade vibrations by orientating the strain gauges in a different direction on the 

fan blades.  

 

Another possible avenue for future research would be to establish a quantifiable 

relationship between blade spacing, blade length and the number of blades to blade 

vibration. An interesting observation from chapter two is the inter-relationship between 

far-field sound pressure level, blade length and number of blades. By expanding the 

current experimental apparatus to accommodate greater number of slip-rings to allow 

for more strain gauges, two set of gauges can then be attached to two consecutive fan 

blades as shown in Figure 6.1. This will enable comparison of blade vibration patterns 

between two blades and with blades of different lengths and spacing. 
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Figure 6.1 Schematic setup of strain gauges for wake-blade interaction studies. 
 

 

In regards to fan noise control, active noise control has been shown to be successful at 

controlling the discrete frequency components and the ease with which such a system 

can be developed makes it appealing. However, the sole limitation is that current active 

control work centres on active noise field control and does not directly affect the noise 

source itself, thereby making global control difficult unless the control source can be 

placed in close proximity to the fan, or that the fan is ducted. 

 

The next step in active fan noise control is to explore the possibilities in noise source 

control, and for this, a thorough understanding of the fan noise generating mechanism is 

imperative. The blade vibration work described in chapter three has laid down the 

foundation for such an approach, as by studying the wake-blade interaction mechanism, 

one can then design experiments to explore different methods of control. It has already 

been implied in the experiments conducted in chapter three that actively controlling the 

blade vibration will not result in much attenuation of far-field noise, and thus, one will 

be inclined to investigate the possibility of actively changing the blade’s angle of attack 

to minimise the wake-blade interaction. 

 

Finally, in the study on vortex shedding control, further exploratory experiments can be 

performed utilising the feedforward internal acoustic excitation technique described in 

chapter four. It has been shown that by positioning the error microphone and slit at        

α = -80o from the horizontal plane (see Figure 4.25), control of the vortex shedding 

frequency is possible. However, if this position is changed – especially if it is positioned 

Turbulent wakes 

Ω 

Strain gauges 
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such that the slit is directed downstream (90o < α < -90o) – whether or not control at the 

vortex shedding frequency can be achieved is yet to be seen, and if not, why.  
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