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Abstract

A theoretical, experimental and numerical study is presented of the interaction of a vortex–wake created by an

upstream blade with a downstream prismatic block. The aim of the study is to investigate the fundamentals of force and

noise generation for this type of flow and explain how inter-object spacing affects the far-field noise level. A theoretical

model, based on a compact form of Curle’s formulation, is developed and shows that acoustically constructive or

destructive interference is determined by the amplitude and phase of the forces on each object. Experimental and two-

dimensional, unsteady numerical results of the vortex–wake interaction case are presented for several blade–block

separation distances. Using a combination of experimental and numerical data, the theoretical model is able to explain

observed variations in far-field noise level with blade–block separation distance. The numerical model accurately

predicts the phase relationship between the unsteady forces on each object.

r 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The buffeting of bluff bodies is of fundamental concern to those involved in the aerodynamics of buildings, bridges,

automobiles and aircraft. The fluctuating loads are the cause of fatigue loading, undesirable structural movement and

annoying radiated noise that needs to be understood and controlled for better industrial design and improved public health

through the provision of quieter living areas. This paper is concerned with the particular case of noise caused by the

interaction of a vortex dominated wake (or vortex wake) generated by an upstream body with another, prismatic object.

The arrangement of tandem, in-line cylinders is the most investigated form of wake interaction to be found in the

literature. Zdravkovich (1987) provides an excellent review of the early work in this area. Examples of more recent

studies include the work performed by Papaioannou et al. (2006), who simulated the three-dimensional laminar and

early turbulent flow about tandem in-line cylinders. Meneghini et al. (2001) also performed a two-dimensional study for

laminar flow about tandem cylinders, while Fitzpatrick (2003) studied the flow and noise generated by turbulent

flow over tandem cylinders. As originally classified by Zdravkovich (1987), tandem cylinder flows are considered as a

problem in wake interference. The separation between the cylinders sets the type of wake interaction. Essentially, when

the cylinders are close to one another, vortex shedding from the upstream cylinder has been found to be suppressed.
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As the cylinder spacing is increased, a variety of flow modes are encountered (sometimes with hysteresis effects), with

upstream shear layer reattachment occurring first on the downstream cylinder, followed by the re-estabishment

of vortex shedding behind the upstream cylinder. Once this occurs, the impingement of the wake on the downstream

body creates high amplitude unsteady forces and intense radiated noise. Hydrodynamic feedback between the cylinders

synchronises their vortex shedding frequencies until the separation distance becomes very large. Most studies have been

performed at relatively low Reynolds number, however; recent experimental and numerical work at high Reynolds

number has been reported by Khorrami et al. (2007). While more complicated than the lower Reynolds number studies,

this work confirms that similar flow physics control the interaction in this flow regime as does related work (Jacob et al.,

2005) that examines the interaction of a turbulent cylinder wake with an airfoil.

Relatively recent aerodynamic investigations of vortex–wake or tandem bluff (sharp-edged) body interactions include

the work by Devarakonda and Humphrey (1996), who show that significant changes in unsteady forces and flow field

are observed with the addition of a second prism. Bull et al. (1996) and Blazewicz et al. (2007) have conducted a series of

flow and acoustic experiments for interacting tandem plates at low to moderate Reynolds number. These experiments

show similar behaviour to interacting circular cylinders in that there exists flow regimes where the vortex shedding from

the upstream plate is either suppressed or supported, depending on the separation distance between the plates. Once

the upstream plate sheds coherent vortex structures, the unsteady force amplitude increases dramatically on the

downstream plate and the observed sound pressure level also increases. This was attributed (Blazewicz et al., 2007) to

the vortex interaction at the leading edge of the downstream plate.

Hangan and Vickery (1999) develop an empirical buffeting load model for tandem bluff bodies from detailed

experimental results. The results show significant variation in aerodynamic forces based on separation distance. This

work was extended for two- and three-dimensional bluff bodies placed in boundary layers (Havel et al., 2001). Obi and

Tokai (2006) investigated the flow between two rounded thick plates at fixed separation distance (set at twice the plate

thickness) using particle image velocimetry and unsteady surface pressure measurements. The aim of this work was to

provide data for validating numerical methods, however, results showed strong turbulence between the bodies that was

attributed to vortex shedding by the upstream plate.

Applied aeroacoustic studies for the vortex–wake interaction for sharp edged bluff bodies are relatively rare in the

literature. Johnson and Loehrke (1984) measured the noise generated by tandem plates in an effective free-field. They

found that acoustic feedback affected flow and noise only when the wake between the plates was laminar. Once the

Reynolds number was increased so that turbulent flow existed in the wake, acoustic feedback effects were not noticed

and variations in sound level with plate separation were thought to be due to sources on each plate that reinforced or

cancelled each other, depending on their phase difference.

Stoneman et al. (1988) performed a study of tandem plates in a duct. The duct acoustic modes were excited by the

hydrodynamic field and a strong coupling between the acoustic and hydrodynamic fields was observed. In the current

work, the experiments do not excite any acoustic duct modes, so while the results of Stoneman et al. (1988) are

important, they are not completely representative of wake interference in an acoustic free-field. Of more relevance to the

present paper is the work on circular saw-blade noise by Martin and Bies (1992). This research led to a more generic

two-dimensional study of the noise generated by an air flow past two plates in tandem representing two successive teeth

on a blade (Bull et al., 1996). The apparent shortage of experimental work showing a clear and straightforward

agreement with theoretical prediction using Curle’s equation led Bies et al. (1997) to use this arrangement to further

investigate how Curle’s equation applies in the case of a rigid body suspended in the vortex–wake of an upstream bluff

body. Once again, the experimental results showed a discrepancy with the proposed theory. Sound power levels

measured in a reverberation room were found to be up to 7 dB above the predictions based on the measured force acting

on the downstream block, using Curle’s equation and a compact source model. Extraneous contributions from the

upstream blade were investigated by removing the radiating block. As a result, sound power levels decreased by more

than 12 dB, which led to the conclusion that the upstream blade had a negligible acoustic contribution to the reference

case under investigation and was not the cause for such a large under-prediction.

To account for the discrepancy between theory and experiment, Bies et al. (1997) suggested that the acoustic source

was better represented by a superposition of a concentrated hydrodynamic force and an oscillating sphere (Morse,

1948), since the block was suspended on taut wires and vibrating. This explanation was later re-assessed (Leclercq,

2002) and the acoustic contribution from the body oscillations was demonstrated to be negligible in that case. Leclercq

and Symes (2002) continued these investigations in a reverberation chamber, which consistently showed measured

sound power levels up to 5 dB above those predicted using Curle’s formulation.

Although practical in terms of providing a straightforward method of comparing experimental data with prediction,

the use of a reverberation chamber limits the possibilities to investigate the nature of the sound field produced and to

investigate particular noise contributions. Errors in sound power estimation may occur due to inconsistencies in the

assumptions used to calculate sound power from sound pressure and the inclusion of additional noise, such as that from



ARTICLE IN PRESS
D.J.J. Leclercq, C.J. Doolan / Journal of Fluids and Structures 25 (2009) 867–888 869
fluctuating aerodynamic drag. A comprehensive discussion of some of the errors associated with reverberation chamber

measurements for this type of flow can be found in Leclercq and Symes (2002).

To further investigate the possible reasons for the discrepancy observed in the reverberation chamber, an anechoic

testing facility was built so that more advanced signal processing techniques could be implemented. Preliminary

measurements (Leclercq and Symes, 2003) showed a significantly reduced discrepancy between the theoretical

predictions and the measurements, and, in spite of a strong noise contribution from the untreated air supply, the two

agreed within approximately 3 dB over the experimental range, after coherent output measurement techniques had been

implemented. However small, this nonrandom discrepancy could not be clearly attributed to a given phenomenon, but

was thought to be due to a phase relationship between the aerodynamic forces on each object that varied with flow

speed. Discrepancies between Curle’s theory and measurements continue to be used to support further questioning of

the validity of Curle’s theory (Bies, 2007), so it is important that these differences be resolved in order that Curle’s

theory be confirmed unambiguously.

This paper investigates the flow and noise generation associated with the interaction of a vortex–wake with a sharp

edged bluff-body. The aim is to enhance the present level of understanding regarding these flows and to confirm,

quantitatively, that the small difference observed between measurement and prediction using Curle’s theory is indeed

due to phase differences between the aerodynamic forces. Previous work (Johnson and Loehrke, 1984; Leclercq and

Symes, 2003) only suppose that this is true without comparison of theoretical and experimental results.

The paper is organised as follows. After the Introduction (Section 1), Section 2 presents Curle’s theory and a

theoretical model of the noise generation process; Section 3 describes the experimental methods; Section 4 details the

numerical techniques employed to calculate the aerodynamic flow field; Section 5 presents the aerodynamic results;

Section 6 presents the acoustic results and their comparison with theory; the paper concludes in Section 7.
2. Theoretical development

2.1. Curle’s theory

Following Lighthill’s (1952) acoustic analogy formulation predicting the far-field noise generated by a finite region of

turbulent flow, Curle (1955) proposed an extension to the case where rigid stationary boundaries were interacting with

this flow. This theory and subsequent developments of the acoustic analogy have been extensively used since their

publication to predict the noise generated by flows and their interaction with solid surfaces.

Curle’s equation, when applied to the ideal simple case of a concentrated hydrodynamic force, simplifies to a degree

such that the number of approximations can be significantly reduced when evaluating experimental results against

theoretical or numerical predictions. Assuming a low subsonic flow, the sound radiated by a rigid, stationary body in a

fluctuating flow can be written as the gradient of a surface pressure integral

4pc20ðrð ~x; tÞ � r0Þ ¼
@

@xi

Z Z
S

lj

r
½pdij � dSð ~yÞ, (1)

where c0 and r0 are the speed of sound and the fluid density in the medium at rest, respectively, and ~y denotes a point on

the rigid surface, separated from the observation point ~x by the distance r. li are the components of the unit vector that

is normal to the surface. The square brackets denote a value taken at the retarded time t� r=c0.

When the integration is carried out on a surface of acoustically compact dimensions, Curle’s equation can be

simplified to predict the acoustic far-field generated at an observation point by a fluctuating point force ~F applied on a

compressible fluid that is initially at rest:
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where Fi are the three vector components of the resulting force applied on the fluid. In the case of a harmonic force,

FiðtÞ ¼ ReðFi e
�iotÞ and

4pc20ðrð ~x; tÞ � r0Þ ¼ �Fi
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r
, (3)

which rearranges to the following expression for the complex radiated acoustic pressure (p̂):

p̂ð ~x; tÞ ¼ �ik0Fi
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r

e�ioðt�r=c0Þ

4pr
. (4)
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Thanks to its simplicity, this basic formulation of Curle’s equation has been evaluated against numerous experimental

and numerical simulation results. Early work investigating the application of Curle’s theory to the simple case

of a concentrated dipole force led to discrepancies that were qualitatively attributed to spurious phenomena in

the experimental set-up. Heller and Widnall (1970) studied the outlet noise generated by a turbulent flow around

a spoiler located either inside a pipe, or just downstream of its exit plane. The noise level generated by the flow

around the spoiler was found to be lower than that predicted using Curle’s equation applied to the measured fluctuating

forces acting on the airfoil. Heller and Windnall attributed this discrepancy to the influence of the nearby pipe

outlet.

Clark and Ribner (1970) measured the cross-correlation between the resulting force applied to an acoustically

compact airfoil located in the turbulent mixing region of a jet and the radiated acoustic pressure as well as the auto-

correlation of the force. Comparing these functions at the value of the delay that corresponds to the maximum

amplitude of the cross-correlation function, they deduced that the measured sound pressure was 73% of that predicted

using Curle’s equation with the measured force. They explained that this discrepancy was caused by a structural

resonance in the airfoil mounting system that artificially increases the force measured by the piezo-electric transducer

they use. This work, by the simplicity of its experimental arrangement, was at that time the most direct attempt at

interpreting Curle’s equation for the case of an acoustically compact body in a fluctuating flow.

Leehey and Hanson (1971) measured fluctuating lift forces and spanwise coherence length scales on cylinders in a

cross-flow to verify Curle’s equation. Their prediction agreed with their measurements within a tolerance of 3 dB.

Extensive discussion on the use and validity of Curle’s theory can be found in the texts by Goldstein (1976), Blake

(1986), Crighton et al. (1992) and Howe (1998); the reader is referred to them for more detail.

Interestingly, Gloerfelt et al. (2005) showed that Curle’s formulation could be re-cast as the diffraction of quadrupole

source terms at the surface, thus illustrating the theoretical consistency of acoustic analogy methods. Inoue and

Hatakeyama (2002) and Seo and Moon (2005) both performed direct numerical simulations of compressible cylinder

flow and acoustic fields. Their results showed close agreement between simulation and the theory of Curle.
2.2. Theoretical model

As will be shown, experimental and numerical results reveal strong tonal spectra for both the measured force and

sound levels. A theoretical noise model for aerodynamically interacting bodies is derived below that can be used to

describe observed experimental and numerical behaviour. A harmonic force model is described first, which is

subsequently used with the theory of Curle to develop expressions for far-field noise and the ratio of acoustic power

between noise generated by the block and the total noise.

Fig. 1 is a schematic illustrating the vortex–wake interaction. A pair of objects is placed in a uniform stream of air

with velocity U1, as shown. The thickness of each object is D and they are separated by a distance G. Vorticity is

generated by the upstream object (labelled object 1) that is convected downstream with convection velocity Uc. This

vorticity arrives at the downstream object (labelled object 2). Aerodynamic forces are generated on each object

(F1ðtÞ;F2ðtÞ) which in turn generate noise. It is assumed that, for the purposes of the theoretical model, a single

harmonic force applies to each object, with identical frequency but different phase. The model can be extended so that

harmonic forces at a multiple of frequencies can be considered, if desired.
2.2.1. Harmonic force model

It is assumed that the force generated by the upstream blade (F1) is

F1ðtÞ ¼ F10 sinðotÞ (5)
Fig. 1. Schematic illustrating the vortex–wake interaction.
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and by the downstream block (F2)

F2ðtÞ ¼ F20 sinðotþ fÞ, (6)

where o is the vortex shedding frequency of the particular test. The Strouhal number is related to o by

St ¼
oD

2pU1
.

The force developed by the downstream block emits sound at the same frequency as the upstream blade, but with phase

difference f. The phase shift varies with the distance between the blade and block (G). Determining what the phase

difference is between the blade and block forces is not a trivial matter. It depends on the fluid mechanics of the

particular configuration under study and whether a vortex–wake is established in the gap between the objects. For this

work, the phase difference between the upstream and downstream unsteady lift forces is defined as

f ¼ 2pSt t0, (7)

where t0 is the nondimensionalised time delay between the upstream and downstream lift forces as determined using a

standard time-domain cross-correlation technique

t0 ¼
DTU1

D
; (8)

here, DT is the output from the cross-correlation analysis.

2.2.2. Noise model

Using the theory of Curle in its compact form, the sound due to a harmonic force developed by the upstream blade at

observer position ~x ¼ ½xi�
T is

p01ð ~x; tÞ ¼
1

4pc0

x2

r2
ðoF10 Þ cosðotÞ, (9)

where t ¼ t� r=c0 is the retarded time. The vertical component of the distance to the observer (x2) is used as drag is

neglected and only the lift is considered. In terms of the force on the downstream block, this sound becomes

p01ð ~x; tÞ ¼
1

4pc0

x2

r2
ðoBF20 Þ cosðotÞ, (10)

where B ¼ F10=F20 .

The sound radiated by the downstream block is

p02ð ~x; tÞ ¼
1

4pc0

x2

r2
ðoF20 Þ cosðotþ fÞ. (11)

The combined sound is thus

p0cð ~x; tÞ ¼
1

4pc0

x2

r2
ðoF20 Þ½B cosðotÞ þ cosðotþ fÞ�. (12)

The distance to the listener from each object is considered identical and acoustic path differences are neglected. This

assumption is valid as long as the acoustic emitters are compact and in close proximity.

Using standard trigonometric identities, this reduces to the harmonic

p0cð ~x; tÞ ¼
1

4pc0

x2

r2
ðoF20 Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ B2 þ 2B cosf

q
cos wtþ tan�1

sinf
Bþ cosf

� �� �� �
. (13)

It can be seen that Eq. (13) will reduce to Eq. (9) if B!1 and Eq. (11) if B! 0.

The power ratio

PR ¼
p02
p0c

� �2

(14)

is thus written in terms of the harmonic amplitudes,

PR ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ B2 þ 2B cosf
p
 !2

. (15)
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Using the previously derived expression for phase (Eq. (7)), we have

PR ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ B2 þ 2B cosfð2pSt t0Þg
p
" #2

. (16)

This expression provides a convenient theoretical basis to understand the sound developed by two compact interacting bluff

bodies. If a constant vortex convection velocity (Uc) is assumed, then the convection velocity can be determined from

Uc ¼
G

DT
, (17)

and the nondimensional time delay can be written as

t0 ¼
1

k

G

D
, (18)

where k ¼ Uc=U1.

Fig. 2 plots the power ratio as calculated by Eq. (16) for 0pBp1:5 over a blade–block separation range 3pG=Dp10

using the constant convection velocity assumption. For this calculation, it was assumed that k ¼ 0:7 and St ¼ 0:2.
When B ¼ 0, all sound is produced by the downstream block and the power ratio is unity. As additional sound is

introduced to the system via force oscillation on the upstream blade, the power ratio will vary with G=D. When Bo1,

the power ratio oscillates about unity.

When B ¼ 1, total cancellation of the two tones can occur and the power ratio becomes infinite at certain separation

distances. This occurs when the separation distance is an odd multiple of one half the vortex–wake wavelength (lv),

defined as the distance the shed vortices travel in one vortex shedding period. By inspecting the denominator of Eq. (16),

G

D

� �
d

2pSt
k

� �
¼ np;

G

D

� �
d

¼
nk

2 St
¼

nlv

2D
, (19)

where lv ¼ Dðk=StÞ, ðG=DÞd is the separation where destructive interference occurs and n ¼ 1; 3; 5; . . . .
As B becomes greater than unity, the power ratio becomes increasingly negative until as B!1, PR!�1.

Eq. (16) can be conveniently used to analyse the experimental results and assist with the comparison with predictions

from the theory of Curle. The experiment measures both the force on the block and the combined sound pressure.

Hence, a power ratio can be calculated using

PR ¼
p02;Curle

p0c

� �2

, (20)
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Fig. 2. Power ratio as calculated by Eq. (16) for 0pBp1:5 over a blade–block separation range 3pG=Dp10. Constant convection

velocity has been assumed with k ¼ 0:7 and St ¼ 0:2.
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where p02;Curle is the root-mean-square (r.m.s.) sound pressure generated by the block as calculated by the theory of

Curle using the experimentally measured force as an input to Eq. (2). As illustrated by the theoretical model, any

variation in power ratio with separation distance is due to the amplitude ratio (B) and the phase difference (f). In order

to use the theoretical model to help explain experimental observations, experimental and numerical results are

combined to provide meaningful estimates of B and f.
3. Experimental arrangement

The case under investigation consists of a stationary rectangular solid block immersed in a fluctuating flow as

sketched in Fig. 3. The interaction between the flow and the rigid surfaces results in acoustic noise generation, which is

the phenomenon of interest. A vortex street is shed by an airfoil with an elliptical leading edge and a blunt trailing edge,

referred to as a blade in this paper. The elliptical leading edge isolates vorticity production to the trailing edge.

The blade is situated at the end of a 50� 50mm2 duct, as shown in Fig. 3. The blade spans the duct completely and has

a thickness D ¼ 8mm and a chord length of 80mm (or 10D). The blade trailing edge is positioned one blade thickness

upstream of the duct exit.

It is important to ensure that the blade does not excite an acoustic resonance within the duct in which it is situated.

This was achieved by choosing a flow velocity so that the vortex shedding frequency of the blade was much lower than

any duct mode resonance frequency. Following Parker (1967), the lowest resonance frequency is associated with the b
mode and for the experimental conditions of the current work, the resonance Strouhal number should be Stb ¼ 0:44.
As the maximum vortex shedding Strouhal number was found to be St ¼ 0:2, no acoustic duct modes are likely to be

excited during this experiment.

The downstream block is a rectangular prism of chord 30mm, span 30mm with an identical thickness to the blade

(D ¼ 8mm). The block is suspended on wires and has an embedded accelerometer for force measurement. Force is

determined by multiplying the block mass by the measured acceleration. Calibration of the block mounted

accelerometer was performed using an instrumented impact hammer. The calibration results showed that the block

behaved as a mass in the frequency range of interest and that the flexibility of the suspending wires had negligible

influence on force estimation. The block and the blade are separated by a distance G, which is varied from 3D to 6D.

The fluid medium of interest is ambient air, of density r0 in which the speed of sound is c0. The experimental models

were placed in an anechoic wind tunnel where the free-stream velocity (U1) was set to 44m/s (Mach number

M1 ¼ 0:13) for all acoustic tests. The Reynolds number, based on model thickness was ReD ¼ U1D=n ¼ 35 000. A

second series of experiments (Doolan and Leclercq, 2007) was also performed with the aim of investigating the velocity

field about the upstream blade in isolation. These experiments were performed using a single component hot-wire with

U1 ¼ 30m=s and ReD ¼ U1D=n ¼ 24 000. Mean boundary layer heights and wake velocity profiles were obtained for
Fig. 3. Sketch of the test case and annotations.
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comparison with numerical simulation. Additionally, hot-wire measurements showed that the boundary layer along the

walls of the duct containing the blade was approximately 1.5mm thick and the free-stream turbulence level was 0.37%.

The experimental apparatus was placed in an anechoic room. Two microphones were located on the axis of the

expected dipole sound field, with a third microphone located at an angle of 601 from the axis. Two reference

microphones were located in the plane of the block, where the dipole pressure field is ideally zero. These are therefore

expected to measure the background noise. Using these carefully located reference sensors, the anechoic environment

enabled the implementation of signal processing techniques to evaluate, and remove if necessary, the potential

contribution from extraneous noise sources.

The flow speed of interest was kept in the low subsonic range (M1o0:2), so that the acoustic contribution from the

flow itself, and convective effects on the acoustic field could be neglected (Roger, 1996). The frequency of the radiated

tone was such that the length scale of the rigid body was much smaller than an acoustic wavelength.

It should be noted that the noise generation mechanism does not involve any acoustic feedback, as the tone Strouhal

number does not present any discontinuity when plotted as a function of the flow velocity [consistent with Johnson and

Loehrke (1984)]. The vortex-shedding phenomenon is well established on the blunt trailing edge of the blade, and is not

triggered by acoustic waves emitted from the leading edge of the downstream block. There is, however, significant

hydrodynamic feedback between the block and blade and this is observed through variations in both experimental and

numerical Strouhal number results.

The simplified dipole formulation of Curle’s equation applies to low Mach number flows for the case of acoustically

compact material surfaces. If the dipole source is not acoustically compact, the full formulation of Curle’s (1955)

equation needs to be resolved to properly account for scattering by rigid surfaces. In the present experiment,

the compact limit is approximately reached at a Strouhal number of 2. All results are presented below a Strouhal

number of 0.5.
4. Numerical technique

4.1. Governing equations

To provide a better understanding of the flow about the blade and block, a computational model was developed

based on the Unsteady Reynolds Averaged Navier–Stokes (URANS) and continuity equations:

@Ui

@t
þUj

@Ui

@xj

¼ �
@P

@xi

þ
@

@xj

ð2nSji � u0ju
0
iÞ, (21)

@Ui

@xi

¼ 0, (22)

where i; j ¼ 1; 2 (two-dimensional), x is the position vector, P is the pressure, t is time and n is the kinematic molecular

viscosity. Further, the specific Reynolds-stress tensor is

tij ¼ �u0ju
0
i (23)

and the strain-rate tensor is

Sij ¼
1

2

@Ui

@xj

þ
@Uj

@xi

� �
. (24)

The velocities (Ui) represented above are Reynolds averaged, hence the instantaneous velocity is ui ¼ Ui þ u0i where u0i
is the fluctuating part of the velocity vector. Turbulence closure was provided by the standard two-equation k2� model

(Launder and Sharma, 1974).

4.2. Numerical flow models

The development of the flow model was performed in two stages. The first stage involved the investigation of the flow

about the upstream blade in isolation. The purpose of the development of this model was to test an assumption

regarding the simplification of the flow domain for the blade. As upstream separation is suppressed using an elliptical

leading edge, the main vorticity generation occurs at the trailing edge. Instead of simulating the complete flow about the

blunt blade, a modified flow domain was used where only the flow over the trailing edge was considered. To obtain the



ARTICLE IN PRESS
D.J.J. Leclercq, C.J. Doolan / Journal of Fluids and Structures 25 (2009) 867–888 875
correct boundary layer height at the trailing edge, a flat plate boundary layer solution was used. The length of the flat

plate is chosen to re-create the boundary layer height expected at the trailing edge of the blunt blade. The expected

height of the blunt blade boundary layer is calculated using the empirical correlation of Brooks et al. (1989) for

untripped boundary layers

d
c
¼ 10½1:6569�0:9045 log Recþ0:0596ðlog RecÞ

2
�, (25)

where d is the boundary layer height, c is the chord of the original blade and Rec is the Reynolds number based on the

chord.

Using this empirical model and the standard turbulent boundary layer relations (Cebeci and Bradshaw, 1977), an

effective length of flat plate can be used to re-create the same boundary layer height at the trailing edge. Using this

method, it was determined that a flat plate of length 11:2D was required.

Therefore, the airfoil geometry is represented by a rectangle of length 11:2D and height D, where D ¼ 8mm. The flow

domain is 28:7D� 41D in the x� y directions, as shown in Fig. 4.

By developing the model about the upstream blade in isolation, critical parameters, such as mesh accuracy, mean

boundary layer height and wake development could be assessed. Results of the simulations about the upstream blade

are shown in Section 5.1 and illustrate the success of the flow domain simplification method.

Five meshes were used to establish the accuracy of the model about the blade in isolation. Details of each mesh are

listed in Table 1 which lists the mesh density, maximum and average Dyþn values adjacent to the walls of the trailing

edge. The value Dyþn is defined using (Wilcox, 2006)

Dyþn ¼

ffiffiffiffiffi
tw

r

r
Dyn

n
, (26)

where tw is the skin friction at the wall and Dyn is the distance to the first grid point normal to the blade surface. These

calculations were taken after the initial flow field transients had disappeared and at multiple time-steps. Wall functions

are used in conjunction with a no-slip boundary condition at the walls.

Here, three methods, based on the Richardson extrapolation technique (Richardson, 1910), were used to estimate the

accuracy of the solution. Three methods were required, as it is sometimes difficult to properly estimate the order of the

solution, especially in turbulent flows (Celik and Karatekin, 1997; Roy, 2003).

The first- and second-order Richardson extrapolation methods of Celik and Karatekin (1997) were used. A special

mixed-order technique (Roy, 2003) was also used. Including a mixed-order method was considered important because,
Fig. 4. Flow domain used for simulations about the upstream blade in isolation.
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Table 1

Mesh density and Dyþn values.

Mesh Nx �Ny Maximum Dyþn Average Dyþn

Very coarse 58� 34 149.8 20.4

Coarse 115� 65 102.4 17.5

Medium 163� 91 80.9.4 15.2

Fine 230� 130 56.4 12.2

Very fine 325� 184 33.8 9.5

Table 2

Discretisation error results.

Order Error, eh (%)

Mixed order 2.34

First order 2.07

Second order 2.73
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in the current flow simulations, the computational method was regarded as mixed and the order was expected to be

realistically bounded between 1 and 2.

To estimate discretisation error, the time-varying flow velocity at a point x ¼ 1:75D; y ¼ 0:75D from the trailing edge

mid-plane was used for the analysis. Table 2 summarises the error calculated using the first-, second- and mixed-order

schemes. It can be seen that the error of the solution was below 2.8% regardless of the order assumed.

The very fine mesh containing Nx ¼ 325�Ny ¼ 184 grid points was used for all simulations of the blade in isolation

presented in this paper.

The second stage of model development involved constructing a series of computational meshes based on the very

fine mesh of the above test case but including the downstream block. Careful construction of the mesh was performed

for blade–block separation distances of G=D ¼ 126 so that similar levels of mesh refinement were maintained in each

case. For every mesh the downstream extent of the flow domain was kept at a constant distance from the trailing edge of

the block (17:5D). The flow domain used for simulations involving the blade–block pair is shown in Fig. 5. Flow results

for cases using this flow domain are presented in Section 5.2.
4.3. Computational details

The equations were discretised using a structured finite-volume method within the openFOAM software package

(Jasak et al., 2004). The convective and diffusive terms were evaluated using a second-order accurate central-

differencing method. Time integration was performed using an Euler method with the requirement that the maximum

Courant number was kept below 0.2. The pressure-implicit split-operator (PISO) algorithm with two correction steps

was used as an implicit, transient solution scheme. The resulting system of equations were solved using the incomplete

Choleski conjugate gradient method with a solution tolerance of 10�6.
4.4. Flow field initialisation

A two-dimensional potential flow solver is used to create a conservative flow field to initialise all simulations. Using

this as the starting condition at tU1=D ¼ 0, the two-dimensional URANS equations are iteratively solved. It takes

approximately 5000 time steps or a nondimensional time of 18.75 for vortex shedding to begin. All initial flow transients

have disappeared by tU1=D ¼ 150 or 5.2 computational domain flow-through times.

Flow simulations are obtained after the initialisation period for tU1=D ¼ 112:5 nondimensional time units or four

domain flow-through times. This corresponds to 30 000 time steps and captures 25 vortex shedding cycles with 1200

time steps per shedding period.
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Fig. 5. Flow domain used for simulations about the blade–block pair.

Fig. 6. Contours of instantaneous vorticity magnitude at tU1=D ¼ 262:5 about the trailing edge region of the blade in isolation. The

plot shows 50 equally spaced contours over a range of 0:67ooD=U1o8.
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All numerical results were performed using a free-stream velocity of U1 ¼ 30m=s corresponding to a Reynolds

number based on the thickness of the blade D of U1D=n ¼ 24 000.
5. Aerodynamic results

5.1. Blade in isolation

Contours of instantaneous vorticity magnitude calculated numerically are shown for the blade in isolation in Fig. 6.

It can be seen that the numerical method successfully captures periodic vortex shedding from the trailing edge region

and provides a description of the flow field behind the wake of the blade. Vortices are created at the trailing edge with

an initially low convection velocity. These vortices are then accelerated downstream via the action of momentum

transfer from the free stream to achieve an almost constant convection velocity.

Fig. 7(a) shows the unsteady lift and drag coefficients for the blade in isolation. The lift coefficient oscillates about a

mean of zero with an amplitude of 0.183. The drag coefficient has a mean of 0.072 and a maximum value of 0.078. It can

be noticed that the drag oscillates at approximately twice the frequency as the lift because each vortex shed from the

blade causes the same change in drag but opposite changes in lift.

Fig. 7(b) shows the force power spectrum for the isolated blade, calculated using numerical data. The amplitude

of the blade force is low and the Strouhal number is predicted to be 0.22, which is more than that measured

experimentally by sound measurement methods (0.2). The over-prediction of shedding frequency is a common feature
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of two-dimensional URANS simulations [see for example Casalino et al. (2003)] and is mainly due to the over-

prediction of Reynolds stresses in the near wake artificially constraining the size of the re-circulation bubble formed

immediately behind the bluff body (Roshko, 1993).
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Fig. 10. Contours of instantaneous vorticity magnitude at tU1=D ¼ 262:5 for the vortex–wake interaction for (a–f) G=D ¼ 126. Plot

shows 50 equally spaced contours over a range of 0:67ooD=U1o8.
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A comparison of mean wake numerical and experimental velocity data is shown in Fig. 8 and shows that the URANS

computation poorly predicts the flow in the near wake, hence affecting vortex shedding frequency and recirculation

bubble size, supporting previous arguments regarding the limitations of URANS simulations. However, further

downstream, the comparison with experiment improves significantly.

Fig. 9 shows the mean streamwise velocity across the boundary layer region at the very end of the trailing edge. For

these results, y ¼ yþ ¼ 0 indicates the upper surface of the trailing edge and all results have been normalised using

the friction velocity ut ¼
ffiffiffiffiffiffiffiffiffiffi
tw=r

p
. Compared against the numerical results are the expected turbulent boundary layer

profiles for the viscous sub-layer (uþ ¼ yþ) and the log-layer as assumed by the k2� turbulence model wall function

(uþ ¼ 1=k ln yþ þ C). The intercept value used for the wall function was chosen to be C ¼ 9 instead of the usual value

of C ¼ 5 for smooth walls. Comparison with single component hot-wire experimental data (Doolan and Leclercq, 2007)

obtained at the edge of the defect-layer shows good agreement and gives confidence in the accuracy of the modelling

assumptions used.
5.2. Wake–body interaction

5.2.1. Instantaneous flow field

Fig. 10 shows contours of instantaneous vorticity magnitude at identical times for numerical simulations with the

blade and block pair at separation distance of G=D ¼ 126. For G=Do3 (Fig. 10(a, b)), vortex shedding is predominant
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at the block trailing edge. The shear layers shed from the blade do not have an opportunity to form coherent vortex

structures within the small gap. However, these shear layers, as well as the flow within the gap region, are unsteady. This

behaviour has been observed experimentally (Bull et al., 1996) using hydrogen bubble visualisation in a water tunnel.

Depending on Reynolds number, when G=Dt3, the flow is said to be in the ‘trapped vortex’ regime, with stable or

quasi-stable vortices existing in the gap region and no vortex shedding by the upstream blade. The present numerical

simulations successfully recreate this physical behaviour.

At G=DX3 (Fig. 10(c–f)), the flow is said to transition (Bull et al., 1996) to the vortex shedding regime, where

coherent vortex structures are now permitted within the gap region. After transition to the vortex shedding regime,

impingement of vortex structures on the leading edge of the block occurs in a periodic fashion. The vortices then

undergo a process of stretching caused by viscous effects at the surface of the block and the accelerating flow about the

block.
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Fig. 11. Numerical unsteady lift and drag coefficients on the upstream blade for (a) G=D ¼ 1; (b) G=D ¼ 2; (c) G=D ¼ 3; (d) G=D ¼ 4;

(e) G=D ¼ 5; (f) G=D ¼ 6.
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As shown in Fig. 10(c–f), after impingement on the leading edge of the block, the vortex remains attached to the

leading edge and is simultaneously stretched by the accelerating flow about the block. The flow velocity about the block

was found numerically to be 20–23% higher than the free-stream velocity, causing acceleration of the vortex over the

surface of the block. The stretching process dissipates the vortex and allows a weaker shed vortex system to form in the

wake of the block.

It should be noted that this vortex acceleration process sets the rate of application of force to the block and affects the

phase difference between the blade and block unsteady lift forces. It also shows that an assumption of constant vortex

convection velocity is not valid for this type of flow.
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Fig. 12. Numerical unsteady lift and drag coefficients on the downstream block for (a) G=D ¼ 1; (b) G=D ¼ 2; (c) G=D ¼ 3;

(d) G=D ¼ 4; (e) G=D ¼ 5; (f) G=D ¼ 6.
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5.2.2. Unsteady forces

Fig. 11 shows the numerical unsteady lift and drag coefficients for the upstream blade for separation distances of

G=D ¼ 126. These forces, particularly the lift force, vary dramatically depending on separation distance.

The unsteady forces developed on the block for each G=D ratio are displayed in Fig. 12 as lift and drag coefficients.

In the trapped vortex regime (Fig. 12(a, b)), the drag reduces slightly as G=D increases and the amplitude of

the lift reduces by a much greater amount. The reduction in lift amplitude is due to the upstream shear layer becoming

unstable, disturbing the boundary layers on the block and reducing the magnitude of the vorticity shed at the

trailing edge.

Once transition to the vortex shedding regime has occurred (Fig. 12(c–f)), the amplitude of the fluctuating lift

coefficient increases greatly due to the forces developed by vortex impingement on the leading edge. Hence, the

interaction of the upstream vortex with the block surface induces forces that are higher than those developed by vortex

shedding alone.

The r.m.s. numerical lift coefficients for the blade and block are compared in Fig. 13. In all cases, the r.m.s lift

coefficient calculated for the downstream block is higher than the upstream blade. Also, the r.m.s. lift coefficient

increases on both objects as the vortex shedding mode is established at G=DX3. However, while the block r.m.s. lift

coefficient peaks at G=D ¼ 3, the r.m.s. lift coefficient of the blade increases until G=D � 5.
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Fig. 14 compares the root-mean-square force (F rms) applied on the block as a result of its interaction with the flow

with its numerical counterpart, which were calculated using the planform area of the block used in the experiments. The

experiments were only performed in the vortex shedding regime with G=DX3. Hence the experimental results show a

monotonic decrease in F rms with increasing G=D, due to increasing diffusion of the vortex over increasing gap lengths.

Numerical results show the same trend as the experiments, but do not show as rapid a decrease in F rms implying less

turbulent diffusion. This is to be expected as the simulations did not allow streamwise vorticity to develop (as they were

two-dimensional).

A striking feature of Fig. 14 is the differences in magnitude between numerical and experimental data. This can be

attributed to three-dimensional flow about the block in the experiment. This will result in the development of

streamwise vorticity (pressure release) that is not captured in the simulations. Fig. 14 therefore gives a useful estimate

for the order of correction required when performing two-dimensional simulations of this nature.

Fig. 15 shows the variation in force amplitude ratio B with separation distance calculated using the numerical data.

The force amplitude is not simply the ratio of lift coefficients, as the planform areas of the blade (4000mm2) and block

ð900mm2Þ are significantly different. The amplitude ratio is approximately unity until transition to the vortex shedding

regime occurs. When G=D43, the force on the upstream blade becomes approximately 2.5 times higher. Hence, the

blade would be expected to produce more acoustic energy than the downstream block. However, as will be shown, this

is not observed during the experiment and it is believed that this effect is due to three-dimensional flow not taken into

consideration in the simulations. As the blade is positioned at the end of a duct, the pressure constraining effect of the

end-walls is removed just downstream of the blade trailing edge. This allows some near wake streamwise vorticity to

develop that reduces the effective unsteady lift (and noise) amplitude.

Table 3 compares experimental and numerical Strouhal numbers for G=DX3. In all compared cases, numerical

calculations predict a vortex shedding frequency that is higher than experiment. As mentioned earlier, this is due to an

over-prediction of in-plane Reynolds stresses in the near wake.
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Fig. 15. Amplitude ratio, B ¼ F 10=F 20 , computed using numerical data.

Table 3

Strouhal number, time-delay, phase and amplitude ratio.

G=D St (experiment) St (numerical) t0 f (rad) B

1 – 0.221 – – 1.116

2 – 0.207 – – 0.703

3 0.164 0.187 2.70 1.01p 0.968

4 0.184 0.200 5.67 2.27p 2.360

5 0.191 0.207 6.38 2.64p 2.631

6 0.196 0.213 8.16 3.48p 2.111
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Table 3 also lists the nondimensional time delay t0 for G=DX3. This value was calculated from the numerical results

using a cross-correlation time-delay method where the force on each component was used in the analysis. Using this

time delay and Strouhal number, the phase difference f could also be determined. The phase is seen to vary from 1:01p
to 3:48p depending on separation distance. Therefore, based on the theoretical model presented in Section 2.2, the noise

level can be expected to be reduced when G=D � 3 due to the favourable phase relationship (i.e. f � p). As the

separation distance is increased, the noise level will be expected to increase until G=D � 3:7 as the phase difference

approaches 2p. Noise will be reduced again as separation distance is increased to G=D � 5:5 when f � 3p. This cycle of
noise cancellation and reinforcement can be expected to continue as G=D is increased. The numerically calculated

amplitude ratio B is also listed in the table for completeness.
6. Acoustic results

6.1. Noise from the blade in isolation

The noise power spectrum measured at microphone 1 for the case of the blade operating in isolation is shown in

Fig. 16(a). In Fig. 16(b) the noise calculated using numerical force data and Curle’s theory is presented. The numerical

data has been shifted in frequency so that the main tone occurs at an identical Strouhal number to the experiment.

According to Curle’s theory (Eq. (3)), linear frequency scaling also necessitates a small scaling in amplitude. The

frequency and amplitude were scaled according to

f shift ¼ f
Stexp

Stnum
, (27)

DSPLðdBÞ ¼ 20 log10
Stexp

Stnum
. (28)

The numerical sound level is much greater than what is measured in experiment at frequencies about the tone. The ratio

of experimental to numerical r.m.s. sound pressure was found to be 0.0113. It is assumed that this is due to three-

dimensional flow effects as explained earlier, and possibly shielding of the noise due to the duct walls. This same scaling

factor is applied to the numerical force data for comparison purposes with experiment (the empirical correction of B).

6.2. Noise measurements for the vortex–wake interaction

Fig. 17 shows the pressure power spectral densities measured at microphone 1 with G=D ¼ 326 and without the

block (G=D ¼ 1), at a flow speed of 44m/s. The peaks are sharp and well defined at more than 20 dB above

background noise levels. The figure also shows that when the block is removed, the blade alone emits a tone that is

17–21 dB below the tone emitted by the block, depending on the value of G=D. The measured acoustic power was found

to vary with blade–block separation distance in the experiment. The theoretical model can be used with numerically

computed values to explain this observed discrepancy and improve understanding regarding the physics of the noise

generation mechanism.

Fig. 18 shows the pressure power spectral density as measured by microphone M1 (which is placed directly above the

experiment in the plane of the dipole acoustic field), the coherent output power with reference to the block

accelerometer, and that predicted from the measured block acceleration for G=D ¼ 6 using the theory of Curle.

This figure shows that the dominant contribution to the radiated tone is a source that is coherent with the force applied

on the block. It also allows the reader to estimate the difference between the (unfiltered) measured signal and the

coherent one.

At higher frequencies (St40:25), the measured signal is larger than the coherent one. The coherent signal is obtained

by finding the cross-spectral density between the block acceleration and the noise signals. It is essentially a filtering

technique that rejects components of the noise signal that are not coherent with the force on the block. As shown in

Fig. 18, there are high frequency, noncoherent components of noise in the experiment, and these can be attributed

to flow turbulence and other broadband sources. At higher frequencies, the predicted noise signal is at the same level as

the measured one and indicates that the incoherent noise in the block acceleration signal is of the same magnitude as the

incoherent noise developed by turbulence and other sources.

As shown in Section 2.2, the noise radiated by the blade cannot be removed from the measured noise signals. Based

on experimental measurements, if the noise emitted by the blade were not affected by the presence of the block, this

would lead to an expected discrepancy of up to 1.3 dB between the noise as predicted from the block vibration and the

measured acoustic pressure. However, this is not the case, as illustrated by the data points in Fig. 19. These points
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Fig. 16. (a) Experimental noise power spectrum for blade in isolation. (b) Noise power spectrum calculated from numerical data.
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are the power ratio as calculated by Eq. (20) using experimental force and noise measurements. The power ratio clearly

shows an oscillating behaviour as a function of G=D.

Fig. 19 also shows the power ratio as calculated using the theoretical model in the form of Eq. (15). In order to use

Eq. (15), accurate values of amplitude ratio (B) and phase (f) need to be obtained. In this work, numerical values of

amplitude ratio are used; however, they are modified in two ways in order to be consistent with the experimental results.

First, the scaling factor obtained in Section 6.1 is used to take into account the difference between numerical and

experimental unsteady force on the upstream blade. Second, the difference between measured and computed force on

the downstream block is accounted for by using scaling factors derived from the results in Section 5.2.2. The numerical

values of phase are used (Table 3) without modification. As numerical simulations were performed at limited values of

G=D, values of B and f at intermediate points were estimated using an interpolation method based on a cubic spline.

As shown in Fig. 19, the comparison between theory and experiment is, overall, very good and shows that the phase

relationship as described by the numerical analysis is accurate over most of the experimental range. Given the correct

phase and amplitude relationship (as defined by the aerodynamic interaction), Curle’s theory shows how the acoustic

radiation from two compact bodies can cancel or reinforce each other depending on their separation distance. These

results give increased confidence in the use of Curle’s theory for predicting the noise emitted from acoustically compact

aerodynamically interacting bodies. It also shows that the analytical theory derived in this paper is a valid means for

describing the physics of noise generation for this particular aeroacoustic application.
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Fig. 19. Measured and predicted power ratio.
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Fig. 17. Measured sound power spectral density at Mic. 1 measured for various values of G=D.
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7. Conclusion

The force and noise generated by the interaction of a vortex–wake with a prismatic bluff body (or block) has been

investigated. A theoretical noise model, based on the theory of Curle in its compact form, was developed and

successfully used to explain observed discrepancies in acoustic measurements. The model shows how unsteady force

amplitude and phase difference affect noise in the far-field. Experimental and unsteady numerical simulations were used

to obtain these parameters as a function of the separation distance between the blade and block. Two-dimensional

numerical simulation results were able to accurately predict the phase relationship between the unsteady lift forces

developed on the blade and block. Physically, the phase difference was found to be controlled by the aerodynamic

interference developed when an object is placed in the wake of the vortex generator.

The present results leave little room to question the accuracy and performance of Curle’s fundamental theoretical

work in the present case. This is in contrast to what has been suggested by Zinoviev and Bies (2004) and Bies (2007)

based on earlier experimental results published by Bies et al. (1997).
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