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UNIVERSITY OF SOUTHAMPTON

ABSTRACT
FACULTY OF ENGINEERING AND APPLIED SCIENCE
INSTITUTE OF SOUND AND VIBRATION RESEARCH

Doctor of Philosophy

AERODYNAMIC SOUND PRODUCTION IN LOW SPEED FLOW DUCTS
by Philip Arthur Nelson

The work presented consists of three main parts. The first two parts
consider specific engineering problems directly related to the production
of aerodynamic sound in flow ducts, whilst the third part is concerned with
an in-depth experimental study of the fluid dynamics of a flow excited
acoustic resonance.

The first engineering problem dealt with is that of the prediction of
the sound generated when an arbitrary obstruction is placed in a given
flow duct. The problem is idealised by considering flat plate flow
spoilers placed perpendicular to an oncoming low Mach number flow.
Measurements of the sound power radiated by a series of spoilers are in
excellent agreement with theoretical predictions based on an analysis
which models the source of sound as an equivalent dipole distribution.

A technique is thus produced which enables the accurate estimation of the
noise generated by low speed flow in the wake of bluff bodies in ducts.

The second engineering problem considered is that of the noise generated
by flow over the perforated facings of acoustically absorbent duct linings.
Measurements of spectra of the noise generated by flow over practical
perforated facings are found to be in good agreement with the predictions
of an idealised model. A technique is evolved which enables the
estimation of the level and spectral distribution of sound generated by
flow over perforated duct liners.

The third part of the work describes detailed observations of the vortex
shedding in the neck of a Helmholtz resonator excited to peak amplitude
by a mean grazing flow. Results of flow visualisation are presented,
together with measurements of the static pressure fluctuations in the
resonator neck and measurements of the mean and fluctuating parts of the
velocity field. The velocity measurements were undertaken using a two
component Laser Doppler Velocimeter. Many of the features of the
experimental results are explained using a simple model of the inter-
ference of periodic vortex shedding with a transverse reciprocating
potential flow. An interpretation of these observations is presented in
terms of the local momentum and energy balances occurring in the resonator
neck. This analysis suggests that the vortex shedding is controlled by
the reciprocating potential flow principally through the action of the
Coriolis acceleration. The Coriolis acceleration is also responsible for
the production of a source of 'generalised acoustic intensity' near the
downstream edge of the resonator neck. This source produces energy

which is a few times greater than the acoustic enerxrgy radiated to the far
field.
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1. THE THEORY OF AERODYNAMIC SOUND

Lighthill's (1) inspired rearrangement of the mass and momentum
conservation equations of fluid motion led to the first formal
theoretical framework for dealing with problems of aerodynamically
generated sound. The true brilliance of Lighthill's contribution lies
not in his relatively straightforward mathematics, but in his interpre-
tation of the theoretical formulation produced. In fact, one is led to
wonder how many other workers may previously have stumbled across that
particular combination of the equations of fluid motion without
realising its full significance. The concept of the "acoustic analogy"
recognised by Lighthill is a very simple one. A fluctuating fluid flow
surrounded by a "uniform acoustic medium at rest" is replaced by a
distribution of "equivalent sources". The form of these equivalent
sources is determined by the form of the turbulent fluctuations occurring
in the real flow. The sound field in the surrounding medium is then
calculated as acoustic waves are "forced" by the equivalent source
distribution. Provided the equivalent sources are determined exactly
from the characteristics of the real fluid motion, then the sound field
produced by the equivalent sources exactly reproduces that generated by

the real flow.

Such a simple formulation of what, to an observer of a turbulent
flow, appears an immensely complicated problem, must necessarily have
its drawbacks. The fundamental limitation, which the observer of
turbulent flow may well find disappointing, is that the equivalent sources
that replace the fluid motion in solving the acoustic problem do not
necessarily bear any relationship to the sources generating the sound in

the real flow. Lighthill, of course, fully realised that the sound

~generated by the real turbulence would be modified due to its "convection

with the turbulent flow and propagation at a variable speed within it".
In Lighthill's simple formulation "all these effects are replaced by
equivalent forcing terms and incoxporated in the hypothetical force
field". That is, the equivalent sources actually contain the necessary
information to account for any effects such as convection and refraction

of sound within the flow.

Thus, although Lighthill's theory enables, at least in principle,
the establishment of the relationship between the radiated sound and
the characteristics of the turbulent flow, it does not allow explicit

identification of the acoustic sources embedded in the flow. In
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particular it is impossible to.satisfactorily identify the specific form

of the turbulent fluid motions .that are ultimately responsible for the
radiated sound. Lighthill's theory thus marked the beginning of a
substantial research effort devoted towards a deeper understanding of

the aerodynamic sound generation process.

The first significant extension to Lighthill's theory was devised
by Curle (2) who provided a technique for dealing with aerodynamic sound
problems involving the interaction of flow with solid surfaces. The
strength of the equivalent sources replacing the flow in this case can
be related directly to the fluctuating force induced by the flow on the
solid body. Although providing an immensely powerful and useful
technique for dealing with such problems, Curle's theory again allows no

identification of the physical details of the sound generation process.

Further formulations of Lighthill's acoustic analogy were advanced
by Ribner (3) and Powell 4) . Both these theories attempted to
compensate for the lack of physical insight provided by Lighthill's basic
theory. Ribner's theory recast Lighthill's source term in the form of
an'"incompressible‘pressure“ field induced by the flow. The fluid
dilatations produced in the correépondi_ng slightly compressible flow werxe
then identified as the source of far field sound. Powell's theorxry
adopted the physical notion that it was the acceleration of vorticity
that was ultimately responsible for the sound radiated from turbulent
fluid flow. The vorticity was identified as inducing the whole flow
field, including the radiated sound field. Both the theories of Ribner
and Powell however, were still in the form of Lighthill's acoustic
analogy, despite their attempts at a plausible physical description of
the sound generation process. The interaction of sound with the flow

responsible for its generation could still not be dealt with.

The first attempt to produce a theory which accounted for the
convection of the sound by the flow was that due to Phillips (5). An
inhompgeﬁeous convected wave equation was derived in which the effects
of convection of the pressure disturbances is contained in the wave
operator. The subsequent debate on the validity of this approach (see
the review by Doak (6)) was centred on, as much as anything, the.
suitability of the wave operator for describing the propagation of small
disturbances in a transversely sheared mean flow. Lilley (7) advocated
the use of a third order partial differential equation to.déscribe the
propagation of pressure disturbances, although it transpired that this

formulation also contained a description of the exponentially growing
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waves of the developing mixing layer. These unstable solutions have to
be suppressed in order to describe the pressure disturbances produced by
sources embedded in a shear flow (Morfey and Tester (8)). The problem
remains of dealing convincingly with flow models exhibiting unstable
solutions representing the growth of hydrodynamic disturbances which
themselves may be responsible for sound production (see, for example, the

paper by Dowling, Ffowcs Williams and Goldstein (9)).

Further theoretical developments attempting to identify the particular
class of fluid motions responsible for aerodynamic sound production are
those of Doak (10) and Howe (11). Doak's momentum potential description
of fluid motion provides a basis for unambiguous identification of
"acoustic", "vortical" and "thermal" motions of unsteady fluid flow.

Doak advances an inhomogeneous convected wave equation (of which the
Lilley equation is a special case) describing the propagation of the
acoustic part of the scalar momentum potential. The inhomogeneity
representing the source of these acoustic disturbances is dependent upon
only vortical and thermal quantities, thus giving a clear identification
of cause and effect. Howe's formulation of the aerodynamic sound problem
is based on a wave operator which governs the propagation of small
amplitude disturbances in an irrotational isentropic mean flow. The
"natural" propagation variable emerging from Howe's analysis is the
stagnation enthalpy. Fluctuations in stagnation enthalpy (which become
directly related to acoustic pressure fluctuations in a medium at rest)
are driven by sources associated solely with regions of the flow where

~ the vorticity vector and entropy. gradient vector are non-vanishing.

Although Doak's theory has yet to be exploited, Howe has used his
formulation to solve a wide range of model problems. Howe's work
essentially confirms Powell's theory of vortex sound, although the
production of sound by éntropy inhomogeneities is also accounted for.

The ability of Howe's theory to localise sound production to regions of
the flow containing vorticity enables a further degree of physical insight

to be gained into the sound production process. In particular, Howe

demonstrates (11) that the Powell dipole source term, the strength of
\

which is determined by the local Coriolis acceleration, is acoustically
equivalent to Lighthill's quadrupole source term when dealing with free
space radiation problems. When vorticity is accelerated in the region

of a solid body, the more powerful dipole radiation is produced.

However, it is not the purpose here to provide an exhaustive review

of these and many other experimental and theoretical developments.
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A thorough treatment of the "conceptual adequacy and physical scope" of
many of the theories of aerodynamic sound subsequent to that of Lighthill
can be found in the paper by .Doak (12), or in the more recent review by
Ffowcs Williams (13). Rather, it is necessary to broadly .ocutline these
developments in order that the work described here is placed in its proper
context. The work undertaken in this thesis contributes on two distinct
levels. The first is the application of the now well established
techniques of the acoustic analogy to two specific problems of engineering
importance. As such, this work can be thought of as "applied research".
The second contribution is directed towards the experimental investigation
of the mechanics underlying the production of sound by the acceleration

of vorticity. This falls very much in the category of "pure research".
The two engineering problems dealt with will be described in Chapters 2
and 3, whilst the second contribution, involving the experimental
investigation of the periodic vortex shedding coupled to an acoustic
resonance, is presented in Chapters 4, 5 and 6. A further outline of
this work, and its place in the general framework of the theory of aero-

dynamic sound, is presented in the two sections below.

2. THE APPLICATION OF THE ACOUSTIC ANALOGY

The first engineering problem dealt with is that of the sound

generated by flow past an obstruction in a duct. The work presented is

entirely contained in Chapter 2 which is entitled "Aerodynamic Sound é
Production in Low Speed Flow Ducts", from which this thesis also takes its i
title. The problem considered is one of wide ranging engineering ;*é
importance. The initial investigation is, however, confined to duct - _. f%
flows at low Mach number. This enables Curle's (2) result to be used ‘
without any prior knowledge of the precise details of the unsteady wake

flow responsible for the production of acoustic energy. The sound

radiated can be thought of as emanating from a distribution of dipole type
equivalent sources, the strength of these sources being exactly determined

by the unsteady forces exerted by the flow on the duct obstruction.

Previous work on the generation of aerodynamic sound in flow ducts,
notably that of Gordon (14,15) Heller and Widnall (16) , and Davies and
Ffowcs Williams (17) , has emphasised the need for careful consideration
of the effect of enclosure on the sound power output of equivalent sourcé
distributions. A theory is thus developed which is based on Doak's (18)
solution for the acoustic pressure in an infinite hard walled duct con-
taining an arbitrary source distribution. The effects of the mean flow

in the duct are neglected in the low Mach number case considered. The
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use of certain statistical assumptions about the nature of the dipole

equivalent source distribution enables the relationship to be established
between the sound power radiated and the total fluctuating drag force
acting on the flow duct obstruction. Expressions are produced which are
valid for plane wave propagation and for multi-modal propagation in the

duct.

A series of experiments is described which enables the determination
of the sound power radiated by various flat plate flow spoilers immersed
in a low speed flow duct. The results produced completely confirm the
validity of the assumptions used in the development of the theory. A
further step is taken in the analysis of the results. It is assumed
that the fluctuating drag force acting on the flow spoilers is in direct
proportion to the steady state drag force acting, the two being related
by a single Strouhal number dependent constant. This assumption was
first used by Gordon (15) and later given some experimental verification
by Heller and Widnall (16). The use of this relationship produces a
surprisingly good collapse of experimental results. This opéns up the
possibility of techniques for the accurate prediction of the level and
spectral distribution of the sound pbwer radiated by arbitrary flow duct
obstructions from a knowledge of straightforward engineering parameters.
It remains to be seen whether such a scheme is applicable to other types

of flow duct obstructions and discontinuities.

The second engineering problem considered is that of the additional
sound generated by flow over the perforated surface of an acoustically
absorbent flow duct lining. This work is presented in Chapter 3 entitled —
"Noise Generated by Flow over Perforated Surfaces". The objective in
this instance is to provide a means of predicting the level of aerodynamic
noise generated when a given perforate is used as a facing material over
either a dissipative duct lining or a honeycomb type liner used in

aircraft engine ducts.

The starting point for this study is the analysis of Ffowcs
Williams (19) who determines the form of the radiated field when
turbulence interacts with an infinite perforated screen. The important
result deduced from this analysis is that the equivalent sources thought
of as generating the sound can be represented by a pair of monopole type
sources situated at each aperture location. The monopoles are of equal
and opposite strength, one located immediately above the screen. and one

immediately below. When the screen is transparent to sound, the lower
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monopole combines with the upper monopole to give a net dipole type
radiated field. The strength of the monopoles is determined exactly

by the rate of mass flow driven through the aperture by the hydrodynamic
field.

Ffowcs Williams' analysis does, however, contain certain restrictive
assumptions. The particular perforate screen geometry considered is
not necessarily used in practice. A series of experiments is thus
conducted in order to measure the sound field radiated when turbulence
impinges on a variety of practical perforated screens. It is found that.
the experimental results are in good agreeﬁent with theoretical
predictions based on the equivalent source representation suggested by
Ffowcs Williams. In particular, the equivalent source representation
makes explicit the dependence of the radiated sound on the Strouhal

number based on perforation diameter.

These findings enable the level and spectral distribution of the
sound power radiated to be predicted for arbitrary perforate geometries
used as duct liner facings. Solution of the problem of a continuous
absorption and generation of sound in a duct enables the predictions to
be compared with measurements of the noise generated by flow over a
dissipative duct lining. The predictions are in encouraging agreement

with the results measured in practice.

The equivalent source representation of the sound generation process
is again shown to be an immensely useful technique for dealing with such
problems. However, a hint of the mechanism by which acoustic energy is
extracted from the flow becomes evident from this work. It is found
that the most efficient radiation of sound occurs when the eddies shed
in the perforations are of a scale comparable to the size of the perfor-
ations. This suggests the importance of the interaction of the shed
vorticity with the surrounding solid surface. One is thus led logically
to the detailed investigation of these effects that is undertaken in the

remainder of the thesis.

3. THE PRODUCTION OF ACOUSTIC ENERGY FROM VORTEX SHEDDING

Chapters 4, 5 and 6 of this thesis are directed towards the
detailed investigation of a specific source of aerodynamic sound. The
source chosen for study is that in the neck of a flow excited Helmholtz

resonator. The principal intention of this work is to provide a deeper

understanding of the means by.which the shedding of vorticity is respon-

sible for the production of aerodynamic sound. Despite the theoretical
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developments .outlined above, there is still a conspicuous gap in the
understanding of the behaviour of real sound producing fiows. The
particular flow chosen is ideally suited to close experimental obser-
vation. Grazing flow over the neck of a Helmholtz resonatox forms an
initially unstable shear layer leaving the upstream lip of the neck. v ’
This layer rolls up to form vortices which then convect downstream and
subsequently interact with the downstream lip of the neck. At the
appropriate speed of the mean grazing flow, this entire process occurs
periodically and is phase locked to the oscillations of the resonant
cavity. This series of events is accompanied by the radiation'of
acoustic power which constitutes a significant fraction (of the order of
one per cent) of the mean rate of energy flow of the impinging airstream.
This mechanism constitutes one of the most efficient means of extracting

acoustic energy from unsteady flow.

This investigation of "The Fluid Dynamics of a Flow Excited
Resonance" is undertaken in three parts. Part I, "The Experiment",
presented in Chapter 4, describes various observations of the behaviour
of the two dimensional vortex shedding in the neck of a specifically
designed Helmholtz resonator. All the measurements are undertaken at
the condition of peak amplitude of excitation of the resonance. Firstly,
the flow is visualised using a stroboscope triggered by a signal derived
from the cavity pressure fluctuations. The introduction of a phase

shift into the trigger circuit enables the flow to be "frozen" at various

| it SR H.auiwz Foul s A

points during the periodic cycle. Although the results of flow

N
o
A

visualisation have to be interpreted carefully, a number of interesting

features are revealed. The most important observation is that the

vortices formed undergo a rapid increase in convection speed on reaching

the downstream lip of the resonator neck.

More quantitative details of the vortex shedding process are
established by the use of a Laser Doppler Velocimeter. This relatively
new experimental technique enables the simultaneous point measurement of
two components of the velocity field. Both mean and fluctuating parts
of the "streamwise" and "vertical" velocity components in the resonator
neck are measured. Some striking features of the flow field are revealed
which would have been difficult to deduce by any other means. The most
significant observation is the rapidity with which the unstable shear layer

begins to roll up into stable discrete vortices.

The use of a small microphone probe tube enables the accurate

measurement of the static pressure fluctuations in the resonator neck to
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be made.. These measurements reveal a remarkable pressure interference

pattern. In a region near the downstream edge of the resonator neck,

the amplitude of the pressure fluctuations is driven to a surprisingly
low value whilst the relative phase of the fluctuations changes extremely

rapidly in the streamwise direction.

An attempt to further understand these experimental results is
presented in Chapter 5 in Part II of the investigation. This initial
analysis and discussion of results uses a simple model of periodic vortex
shedding to aid in the interpretation of the experimental obéervations.
For reasons which will be outlined in full in Chapter 5, it is shown that
a reasonébly simple representation of the flow is more profitable than a
detailed analysis of the stability characteristics of the separating
shear layer. It is demonstrated that many of the features of the
measured velocity field can be described by a model of the periodic
streamwise convection of discrete vortices which interfere with a
transverse uniform reciprocating potential flow. It is also shown that

the vortically induced velocity field appears to cancel the reciprocating

N .

potential flow at the upstream edge of the neck. This tends to confirm

that the Kutta condition is satisfied, this also being apparent from the
flow visualisation which shows the shear layer leaving the upstream edge

tangentially at all times during the motion.

B o B s a7

The model vortices used are characterised by two parameters: the
vortex strength and the effective core radius. It is shown that the

vortex strength is determined by the mean flow boundary conditions. The

.J/ S i Sl To b

effective core radius of the vortices shed in the real case can be

!
. b
il

determined by the measured mean and fluctuating values of the streamwise-
velocity component. A knowledge of the vortex strength and core radius
enables an estimate to be made of the static pressure fluctuations in-
duced by the periodic passage of the vortices. It is then demonstrated
that the measured pressure interference pattern can be explained by the
interference of the vortex induced pressure fluctuations with those

associated with the reciprocating potential flow.

This apparent superposition of pressure fields leads to an analysis
of the local momentum balances occurring in the flow. This is underx-
taken in Chapter 6 which constitutes Part III of the investigation. It
emerges from a reordering of the linearised momentum equation that there
is one term which does not explicitly appear to be balanced by a pressure
gradient. This is the Coriolis acceleration produced when the

reciprocating potential flow deflects the shed vorticity. The suggestion

Y
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is then made that the reciprocating potential flow driven by the cavity
pressure fluctuations controls the vortex shedding process principally
through .the action of the‘Coriolis,acceleration. This hypothesis is
partly confirmed by the observed streamwise acceleration of the vortices
reaching the downstream edge. The increase in convection speed is in

- good agreement with the velocity change expected to occur as a result of

the Coriolis acceleration.

Further insight into the part played by the Coriolis acceleration is
~given by an analysis of the energy interchanges occurring in the
resonator neck. This is carried out within the framework of the energy
balance equations derived by Doak (20). In an inviscid, non heat
conducting fluid, the work done by the fluctuating Coriolis acceleration
provides the only mechanism of achieving a transfer of energy from the
mean energy flux associated with mean momentum to the mean energy flux
associated with fluctuating momentum. Doak's definition of mean energy
flux associated with fluctuating momentum has the property of continuity.
over a wide range of conditions. In an ideal fluid, the mean energy flux
associated with the fluctuating motion can only be produced (or absorbed)
in the presence of vorticity. The definition adopted also reduces to

that of mean acoustic intensity in .a medium at rest.

There is no generally accepted definition of "acoustic intensity" in
the region of an unsteady non-uniform flow containing vorticity. This
naturally prevents any explicit identification of the source of far field
energy generated by such a flow. An approach suggested by Morfey (21)
is to define an intensity which is "continuous" over the widest possible
range of conditions and which also reduces to the usual definition of
acoustic intensity in a medium at rest. It may then be possible to

identify the source of this "generalised acoustic intensity”.

It emerges that Doak's definition of the mean energy flux associated
with fluctuating momentum is eminently suitable as a definition of
"generalised acoustic intensity". The region of the resonator neck near
the downstream edge is clearly identified as a source of this generalised
intensity. The rate of production of energy from this source is a few
times greater than the acoustic powerlradiated to the far field. It also
transpires that the region of vortex formation near the upstream edge of
the resonator neck constitutes a sink of energy associated with momentum
fluctuations. The measurements of the mean and fluctuating parts of the

two components of the velocity field and the fluctuating pressure field
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also enables the flow of energy in the resonator neck to be established.

This shows a recirculating flow of energy, a "feedback" of energy being
evident along the lower half of the mean shear layer from the source

region to the sink region.

The establishment of this information is followed by a concluding
discussion of the mechanics of operation of the flow excited resonance.
A reasonably coherent picture can be painted of the mechanism of operation
of the oscillating system. The r8le of the Kutta condition is discussed
in the context of determining the relationship between the reciprocating
potential flow amplitude and the rate of accumulation of the shed
vorticity into vortices. A discussion of the possible energy balance in
the flow leads to the suggestion that the mean energy balance actually
determines the maximum amplitude to which the system oscillations will

grow.

The close examination of this particular source of aerodynamic sound
thus reveals several interesting features of the fluid motions leading
to acoustic energy production which would not be uncovered by an
"equivalent source" representation of the process. The mechanism by
which acoustic energy can be extracted from the energy of the mean flow
is made clear. Although the location of the source of energy obviously
depends on the particular definition of generalised acoustic intensity
adopted, it is demonstrated that Doak's energy balance equations provide
a conceptually useful framework for dealing with problems of aerodynamic

sound generation.
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AERODYNAMIC SOUND PRODUCTION IN

LOW SPEED FLOW DUCTS

seal o3
SRR . o

k]



1. =~ INTRODUCTION

Noise generation by unsteady flow in the wake of an obstruction in
a flow duct is a problem of considerable engineering importance. There
are many instances where it is.desirable to predict accurately the
additional noise generated by the insertion of an obstruction in a
ducted flow. The specific problem that motivates this study is that of
the additional noise produced when sound absorbing splitters are placed
in a flow duct. Splitter attenuatorxs are commonly used in ducts for
absorbing the noise produced by fluid handling equipment, such as

ventilation system fans and ground based gas turbine installationms. Such

splitters generate. noise as well as absorbing it. This "self noise"
j .

results mainly from unsteady flow and turbulence in the splitter wakes.
Knowledge of the level of self noise is clearly of importance in the

optimum design of attenuators.

The ultimate objective of the present investigation is the ability
to predict the level and spectral distribution of the additional acoustic
energy produced by any given obstruction in any given ducted flow.
Initially, however, attention has been confined to the geometrically simple
case of a flat plate placed perpendicular to the flow, and the flow Mach
number has been assumed small. Noise production by flow spoilers in a
duct was first given detailed attention by Gordon (1,2), who was partly
successful in producing scaling laws to collapse his measured sound power
data onto a "generalised spectrum". The essence of Gordon's approach has
been used here. That is, an attempt has been made to establish scaling
laws which relate the sound power radiated to the geometrical and flow

parameters involved.

Subsequent work by Heller and Widnall (3) clarified the acoustical
significance of the duct enclosing the noise source. Gordon had derived
his scaling laws from a free-field radiation model in which the noise
was produced by a point fluctuating force and the presence of the duct
was neglected. A rigorous development of the theory for in-duct spoiler
.noise has been pursued here, in order to retain any factors that may
influence the net sound power output. Curle's (4) extension of
Lighthill's (5) original acoustic analogy has been used to model the
equivalent aerodynamic noise source in terms of the fluctuating drag
force acting on the spoiler. The problem has thus been reduced to one of

a dipole source distribution in an infinite duct.
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Extension of Doak's (6) analysis of the latter problem allows the
sound power radiated by the source distxibution to be derived from the
solution of the inhomogeneous wave equation in an infinite hard-walled
duct. The expression for the sound power radiated can then be con-
siderably simplified by making fairly realistic statistical assumptions
about the nature of the fluctuating force distribution acting on the
spoiler. Under these conditions, the sound power radiated can be
related to the total fluctuating drag force acting on the spoiler. At
frequencies below the cut-on frequency of the first transverse duct mode,
the presence of the infinite duct drastically modifies the radiation:
the drag dipole behaves like a free-field monopole, with a consequent U4
velocity dependence of the sound power radiated. At frequencies above
the cut-on frequency of the first transverse duct mode, the contributions
from all the propagating modes may be summed to produce an approximate
expression for the sound power radiated. As the number of propagating
modes increases, this expression approaches that for the power radiated

by a dipole in a free field, with a resulting U6 velocity dependence.

These theoretical conclusions have been verified experimentally by
measuring the sound power radiated by a series of flat plate spoilers
mounted in a duct with flow. The predicted velocity dependence of the
sound power radiated has been confirmed. It is found that in practice
the transition from a U4 to a 06 velocity dependence occurs very rapidly
as the frequency is increased above the cut-on frequency of the first

transverse duct mode.

In analysing the experimental results, it has further been assumed
that the fluctuating drag force acting on the test spoilers is in direct
proportion to the steady state drag force acting. This assumption was
also used by Gordon (1,2) and is supported by the experiments of Heller
and Widnall (3). Evaluation of the constant of proportionality between
the fluctuating and steady state drag forces from the experimental results

produces an excellent collapse of data onto a generalised spectrum.

Most of the experimental data obtained were at high Strouhal numbers
and low Mach numbers (large dimensions and low velocities), whereas the
data of Gordon and others were obtained at low Strouhal numbers and high
Mach numbers (small dimensions and high velocities). Comparison of the
data presented here with the data from previous workers has been made.
Gordon's data at low speeds (maximum local velocities below 100 m/s) are

in good agreement with the results presented here. At higher speeds,
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Gordon's results give a strong indication that the equivalent source
distribution dominating the radiation changes from a dipole type to a
quadrupole type. The scaling laws derived from the dipole source model

are thus limited to maximum local flow Mach numbers below O.3.

Initial data from measurements of the noise produced by attenuator
exit flows have also been found to collapse on the same basis as the
spoiler noise data. The indication is that the approach taken here
could well form the basis of a useful engineering prediction technique

for arbitrary obstructions in low speed flow ducts.
2. THEORY

2.1 The Solution for a Dipole Source Distribution
in an Infinite Hard-Walled Duct |

When a solid body is immersed in a fluid flow, sound is radiated
by the unsteady flow produced in the region of the body. Curle (4) showed
that, for a non-vibrating body, the resulting sound field could be
expressed as that due to a distribution of dipole sources over the surface
of the body and a distribution of quadrupoles in the surrounding fluid.
For flows at low Mach numbers, and other things being equal, the dipole
sources dominate the radiation. The local strength of the surface dipole
distribution is given by the fluctuating normal stress exerted by the body
surface on the fluid. Thus, at low Mach numbers, the problem of sound
produced by a flow spoiler in a duct can be treated by replacing the spoiler
and the turbulence by a distribution of dipole sources radiating into a duct
filled with fluid at rest. The strengths of these equivalent dipole sources

are determined by the fluid forces acting on the spoiler in the real flow.

The equation to be solved, when the problem is formulated in this way,

is that for the propagation in a duct of sound produced by an equivalent

dipole source distribution located in the duct, with given boundary
conditions:

2 1 @2 3

(V- =5 —plxy,t) = po—ax—i[fi(xk,t)]. (1)

c ot
(o]

Here the surface dipole distribution is expressed as a volume distri-

bution within the context of Lighthill's acoustic analogy, fi(xk,t), which

is the total equivalent force field per unit mass of fluid acting over a
finite region V within the duct. The speed of sound Co is taken to be
large compared with both mean and fluctuating velocity components in the

duct. (A list of symbols is given in Appendix 1.)
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The solution to the inhomogeneous wave equation in a hard-walled
duct of infinite length has been found by Doak (6), for sound radiation
by an arbitrary source distribution located within a finite region of
the duct. The solution is evaluated in the frequency domain, and leads to

an expression for the Fourier spectrum of the pressure, defined as

p(xk,w) = ‘ ' (2)

This has been given in terms of the Fourier spectrum of the arbitrary
source distribution. In the case considered here, the solution can be
expressed in terms of the Fourier spectrum of the fluctuating force
distribution fi(xk,w) wher$
lim 1 ~-iwt

fi(xk,w) = o 37 {T fi(xk,t)e dt.
It is a simple matter to deduce the solution for p(xk,w) by direct
substitution into equation (42) of Reference (6). The solution quoted
here is valid for cbservation points X outside the source region V on
the +x3 side. A sketch of the co-ordinate system used is shown in

Figure 1. The solution is given in terms of tne normalised

characteristic functions wmn(xl,xz) of the duct cross-section:

' 1 ~ikmn¥3
P(xk'w) = an fx-pocmnwmn(xl'XZ)e an(w)
14

where an(w) is an integral over the source volume given by

! ; '

an(wY %G-fff Efi;;E—LS? wm;(xl',xz')elkmnx3 dav. (5)

v 1

A complete description of the construction of this solution for
arbitrary source distributions can be found in Reference (6). An
exactly similar solution has been used by Davies and Ffowcs Williams (7)
in their treatment of sound generated by turbulence in an infinite duct.
The equivalent source distribution in that case was Lighthill's guadrupole
source distribution, rather than the above dipole distribution. A
detailed description of the behaviour of this solution for various forms
of source distribution can also be found in Reference (6). The major

features of equation (4), however, are worth brief discussion here.
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Firstly, it can be seen that the solution for the spectral com-

ponents of the pressure is a series of modal contributions. The terms
wmn(xl,xz)e—lkmnx3 can be thought of as denoting wave propagation in the
X3 direction with a wavenumber kmn' The propagating waves have an
amplitude distribution ¢mn(xl,x2) over the duct cross-section. The
values of the characteristic functions wmn(xl,xz), for a rectangular duct

of side a in the Xy direction and side b in the x, direction, are given

by

m‘trxl I'lTTX;2
Vo (X 0%,) = Y2 - S (2 - 8) cos —=cos —p=, (6)

where the normalising factor V(2 - Gom)(z - 6ony ensures that }wmn(xl,x2)|2
has an average value of unity over the duct cross-section, Guv being the
Kronecker delta function which is zero for u # v and unity for u = v.

Thus the modal contributions wmh(xl,xz)e-lkmnXB can be thought of as
propagating interference patterns. The wavenumbers kmn of the

propagation are determined by the following relation which follows from

the wave equation: '

2 2
2 _ .2 _ mm nrw o :
k = k (3—9 + (5—9 . (7

By defining the "cut-on" frequency of the m,n-th mode as

//[mn 2 nm 2" ' '
won = S (E—) + (5—) ' (8)

the value of kmn for the m,n—-th mode can be expressed as

2 2
kmn = % Yo - wmn/co. (9)

For frequencies w below the cut-on freqﬁency W e the wavenumber kmn is
imaginary and the amplitude of the mode will decay exponentially as a
function of X3- The pressure p(xk,w) thus consists of a sum of contri-
butions from propagating modes (where w > wmn) and non-propagating

modes (where w < wmn). The latter make a negligible contribution to

the net field beyond a certain distance from the source region.

It can also be seen from equation (4) that other factors also
influence the contribution of a given mode to the total pressure field.
The term P oCmn represents the characteristic impedance of the m,n-th mode.

The mode speed Cmn = cu/kmn is given by
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= co/o 1- wmnz/m2 . (10)

It can be seen that below cut-on (w < wmn) this is imaginary. Hence,

C
mn

since the characteristic impedance P oCmn then is also imaginary, no
energy is carried away by the exponentially decaying modes. At cut-on
(w = wmn)’ Cmn becomes infinite. Hence in an ideal "loss free" environ-
ment, a mode can potentially be excited to infinite amplitude. Well
above cut-on (w >> wmn) the characteristic impedance of the mode tends to

PoCor the characteristic impedance of the medium.

Lastly, the amplitude of a given mode will be substantially affected
by thg magnitude of the source volume integral an(w). Essentially, this
term quantifies the degree to which the space-time pattern of the source
distribution matches the mode structure of the duct. This aspect has
also been given detailed attention in reference (6) .

2.2 BAn Expression for the Acoustic Power Radiated by the
Flow in the Wake of a Flat Plate Spoiler

The above solution for the acoustic pressure in the duct can thus
be influenced by a large number of factors. At first sight, any attempt
to produce usable engineering results from this solution appears to be
formidably complicated. Nevertheless, it is important to work from these
first principles in order to retain all the factors influencing the scaling
laws governing the radiation of sound from the flow in the wake of a

pluff body in the duct. *

An initial simplifying step can be taken by recognising that it is
the acoustic power radiated by the equivalent source distribution that is
of ultimate engineering interest. It is a relatively straightforward
matter to deduce the spectral density of the acoustic power radiated in
one direction down an infinite duct. This can be derived directly from
the above solution for the Fourier spectrum of the acoustic pressure.

A full description of the derivation of this expression is given in
Appendix 2. The spectral density W(w) of the radiated power is directly
related to the spectral density Smn(w) of the source volume integral

an(w) such that

N
1
Ww) = I Zz'pocmnsmn(w)’ (11)
m,n

where N represents the upper limit of the summation which includes

propagating modes only. The spectral density Smn(w) is given by

2.6



s @ = 2RI W]’ (12)

Thus, provided the source volume integral an(m) given by equation
(5) can be evaluated for the particular source distribution in question,
the resulting acoustic power radiated can be found by summing the con-
tributions made by the propagating modes. However, it is obvious that
the precise value of an(w), or more specifically that of Smn(w), is not

readily deduced in simple terms for any arbitrary dipole distribution-.

The approach taken here is thus to produce a good approximation to
the likely form taken by Smn(w) for the particular case of the equivalent
dipole distribution representing the sourxce of sound generated by the flow
in the wake of a flat plate flow spoiler. For a thin flat plate per-
pendicular to an oncoming flow, it is legitimate to assume that only drag
forces act on the plate. For a thin plate nearly parallel to a flow, the
1lift force will dominate, but the former case is more representative of a
body which produces a large wake of separated flow. Thus forces on the
plate are considered to act in the axial (x3)-direction only. Under
these circumstances, it is shown in Appendix 3 that the expression for
an(¢) can be considerably simplified. An equation results which relates
an(w) to the force f3(xl',x2') per unit density acting per unit area over

the cross section xé = xg occupied by the plate:

1 ikmnx3" ;
an(w) = E;;- éf f3(xl',x2')¢;n(xl',x2')e dxl'dxz'. (13)

The expression for an(w) has now become more physically meaningful.
The value of an(w) given by expression (13) will depend on the way the
axial force distribution in the plane (xl',xz') matches the mode shape
function w;n(xl',x2'). The physical origin of f3(xl',x2',w) is, of
course, the difference in fluctuating pressure acting on both sides of
the thin flat plate. These fluctuations in pressure are caused mainly
by the formation and convection of eddies as the oncoming flow separates
at the edge of the plate. Further simplification of the expression for
an(w) can be made by considering the way in which the surface pressure
fluctuations are correlated over the plate. This will govern the extent

to which f3(xl',x2') matches thg "chess-board" pattern of w;n(xl',xz').

It is now necessary to deduce the value of Smn(m) from equation (13).
In Appendix 4 an analysis is presented which enables Smn(m) to be
related to the spectrxal density SF(w) of the total fluctuating drag

force acting on the plate. In order to derive this relationship, it
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is necessary to make certain fairly realistic assumptions about the
correlation of the fluctuating surface pressures acting on the plate.
Full details of these assumptions are presented in Appendix 4. The

resulting expression for the spectral density Smn(w) is

—m———em e -1 1 2 t
5 Spw 3 J7 [e g [fas g .
c s A
s
Substitution of this expression into equation (11) gives an expression
for the spectral density of the acoustic power radiated in one direction
down an infinite duct from the assumed form of source distribution.
Thus
1 N1 2
W = 75— S (w) I = ff v _(x "|"as(x"). (15)
4 .
po_ TF Y % Te T A mn %k *x

o S

This is valid for an axial force distribution acting only over the

area of duct occupied by a flat plate spoiler perpendicular to a low
Mach number flow. The force fluctuations at a given frequency have a
correlation length small compared to the acoustic wavelength at that
frequency. The expression will be valid for uniform force distributions
having a correlation length large compared to spoiler dimensions. For
correlation lengths that are small compared to spoiler dimensions, the
expression will be valid provided the force distribution has a uniform
product of amplitude and correlation area at a given frequency. The
validity of the expression decreases as the value of the correlation
length approaches either dimension of the spoiler.

2.3 Expressions for the Sound Power Radiated by Spoiler
Flows at Frequencies above and below Cut-on

Equation (15) for the spectral density of the radiated sound power
can be further simplified for the limits of low-frequency and high-
frequency sound propagation in the duct. These limits are defined by
the relationship of the acoustic wavelength at a given frequency to the
dimensions of the duct under consideration. Thus, for a rectangular
duct, when A >> a,b only plane waves can propagate in thé duct, whereas

when A << a,b many modes can propagate in the duct.

In the first instance, equation (15) reduces to a very simple
expression for plane wave propagation, defined by m,n = O. The
expression produced is valid for all frequencies below the cut-on

frequency of the first transverse duct nmode:
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Hw) . = SF(m), (plane waves) (16) “

This is the expression derived by Morfey (8) for the sound power

travelling in one direction down an infinite hard walled duct, when

plane waves are driven by the application of a fluctuating axial force. P

s
.

In the case of multi-modal sound propagation in the duct, one has

to consider the nature of the term in equation (15) involving the Ai
summation over all propagating modes. Firstly, the effect on the %
integration over the spoiler area of the duct characteristic functions %
can be examined. For a given m and n the integration can be performed ,€ 

; for a rectangular spoiler having sides d and h parallel respectively to

' the sides of a rectangular duct of sides a and b. If the co—ordinatgs of

the spoiler centre are (3}5) it can be shown that ;

i 12 '

LI L PR C IR R IR

s A
s
B a _._ mnd 2mray b . nrh 2n7by
= [l + —y sin = cos z 4 [l + oTh sin b cos 5 -

(17

It is easy -to see that the most probable value of this product is unity

for all modes. The probability of the value being unity is enhanced as
the values of m and n are increased, and also as the spoiler dimensions

d and h become larger compared to the duct sides a and b. The integral
becomes exactly 1, by definition, when the spoiler fills the duct section.
One may thus make the assumption that the integral evaluated in expressiqgwwﬂwn‘

(17) always has a value of unity. This assumption has decreasing

validity for lower order modes and relatively small spoilers.

One is then left in equation (15) with the summation of (lllcmnl)
for all the propagating modes. First it can be noticed that the ratio ;
(co/cmn) for a given mode can be expressed in terms of the integers m '
and n. By combining equations (8) and (10) one obtains
' ) mm 2 nw 2
(e /o) = 'IL- 62 - 6 1 (18)
If m and n are now thought of as continuous variables, the ratio (co/cmn)

can be thought of as another continuous variable, which is a function of

i T

m and n: "i.e.,

(qo/cmn) = f(m,n). (19)



The summation of the terms (1/cmn) for all propagating modes can now be
considered as a double integration of f(m,n) over the range of the

variables m and n for which modes are propagating. Thus we estimate

N N c kb/% ka/w
1 1
p 2 =1 3 2«2 /[ f@mn) duam, (20)
c c c
m,n 1mn o m,n mn o O (0]

where (ka/m) and (kb/w) are the maximum values of the continuous variables

m and n for which modes propagate at the frequency in question.

This approach can be better understood with reference to Figure 2.
Each mode is represented by a discrete point in the (m,n) plane. The
value of (co/cmn) for a given mode is represented by a point at a heighf
(co/cmn) vertically above the relevant point in the (m,n) plane. As
the number of modes in the (m,n) plane becomes laige, one can think of a
continuous distribution of modes rather than a series of discrete points.
The distribution of (co/cmn) is then represented by the height of a
surface £(m,n) above the (m,n) plane. The surface f(m,n) is, in fact,
the surface of an ellipsoid. This can be seen from equation (18) which
is the equation of the surface of an ellipsoid having semi-axes of length
1, (ka/m) and (kb/m). Note f(m,n) = 1 defines the phase speed of the

plane wave mode, represented by the corner of the (m,n) plane at m,n = O.

Also, f(m,n) > O defines the phase speeds of all propagating modes
contained in the elliptical "cut-on boundary" in the (m,n) plane.

The double integration expressed in equation (20) evaluates the
volume enclosed by the surface f(m,n) for all propagating modes. This
is simply given by the volume of the ellipsoidal segment illustrated in
Figure 2. Notice that taking this volume, only gives half the proper
weight to the contribution from the "edge modes" lying along the m and
n axes. A better estimate of the summation is thus achieved by adding
the volume of two "slices" at the edges of the ellipsoidal segment.

Each "slice" has a width of (1/2) and an elliptical cross-section.
Remembering the volume of an ellipsoid having semi—axes‘sl, 82 and S3 is
given by (4/3)1Tslszs3 and the area of an ellipse of semi-axes Sl and 82

is given by nslsz, the total volume representing the summation of

(co/cmn) can be written as

N
1 4 ka kb 1 1 ka 1 1 kb
PN (Co/cmn) = '8—.'3—.W(;r—.;-)+z.§.'ff(r)+Z.§.TT(‘"_—)
m,n
k2ab  k
~ —_ . 21
e 8(a+b) (21)
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Re-writing k as-m/co one has for the summation of (l/cmn) for all

propagating modes -

N N c 2 3nc
1 i A +
b — = I I ((_:_0_.) = —“-)—:3—1+—£—1_u)—o-(aAb) .. (22)
m,n mn © mn mn 6co U

Substitution of this approximation for the summation in equation (15)
then gives a simple expression for the spectral density of the sound

power radiated in either direction along the duct:

2 31100(a +b)

40 A '

W(w) =& —— sp |1+

3 (multimode) (23)
24T
poco

Note that the spectral density of the sound power radiated by a point

dipole in a free field is given by

2
W(w) = —L—B Sp (W - (24)
12'npoco

Thus, for frequencies when higher order modes can propagate-in the

i e B et e

duct, the source exhibits a free field type of behaviour. In fact, if
the total power radiated down the duct (in both directions) is considered,
then for (w/co) >> (a + b) /A equation (23) tends exactly to equation (24).
This confirms the intuitively obvious result that in a duct having
dimensions very much larger than the acoustic wavelength, a source will

radiate the same power as it does in a free field.

The approximation for the summation term appearing in equation (15)

thus produces a sensible result having useful simplicity. The range of

okl

validity of this approximation needs to be tested experimentally. For
example, one must establish the validity of assuming a value of unity

for all modes for the surface integral expressed in equation (17). It

is worth noting that this integral could also be expressed as a

continuous function of m and n, g(m,n) say. The summation over all modes
of the product (l/cmn) and the surface integrals could then be expressed

as a double integration of f(m,n) g(m,n):

kb/m ka/w

1 ¥ % 1 2 1
Sy N e |Tasegy = 5 S S £(m,n)g(m,n) dndn.
o m,n mn s AS o O o]

(25)
Although possible in principle, this integration has not been evaluated,
since the final result would probably do little to enhance the accurxacy.

of equation (23) whilst complicating it considerably.
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Thus two very simple . results have been derived for the sound power
radiated by an assumed form of source distribution, under the conditions
of plane wave and multi-modal sound propagation in an infinite duct.

In the following sections a series of experiments is described which allow

the validity of these approximate results to be tested.

3. EXPERIMENTAL PROCEDURE

3.1 Design of the Experimental Rig

An outline drawing of the test rig used for the determination of
the sound power generated by flow past flat plate spoilers is shown
in Figure 3. Air flow was provided by two 1.22 m diameter axial flow
fans, one having pneumatically controlled blade pitch angle. The fans
were heavily attenuated on the downstream side by a large splitter
attenuator and the air fed into an acoustically lined plenum. This
arrangement minimised the amount of upstream fan noise passing into the
test duct. Further steps were taken to reduce the upstream noise by
lining each side of the first 5.5 m of the 0.3 m square test duct with
150 mm thickness of absorbing material. An inlet cone was provided at
the entrance to the test duct, together with a 150 mm section of "egg-
crate" flow straightener having a 50 mm mesh size. A quiet, fully
developed turbulent pipe flow was thus provided at the test section 9.2 m
from the duct entrance. The total length of the duct was 14.5 m. The
test duct was passed into a reverberation chamber, which was provided
with a lined outlet duct allowing air to escape without allowing noise
from outside to penetrate. The system was designed such that the
maximum airflow velocity in the test section was always substantially
larger than the velocity in any other part of the system. The application
of this principle proved successful in ensuring that the level of sound
to be measured was always well above the noise level from other soﬁrces

in the system.

3.2 Airflow Measurements

A thorough investigation of the velocity profile in the empty test
duct was carried out by using the procedure established in Reference (9).
A pitot tube was used to sample the velocity pressure at specified points
in the duct cross-section at the position shown in Figure 4. This
enabled the calculation of the mean duct velocity at five duct velocities
over the working range to be accomplished. Plots of the duct velocity
profile at several test velocities are shown in Figure 4. The mean

velocity calculated for each of the five velocities was found to have a
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linear relationship with the velocity measured at a fixed position near
the centre of the duct (shown in Figure 4). This relationship held in
each case to within 2%. Subsequent measurements of the mean duct

velocity were thus made by using only this single "calibrated" position

of the pitot tube.

The static pressure drop across the various spoilers tested
was measured by using two piezometric rings located at the positions
shown in Figure 3. Each ring consisted of four static pressure tappings,
one in each duct face. The downstream ring was far enough away from the
test section to ensure that full static pressure recovery could take

place in the wake of the flow obstructions under test.

The precision manometers used during the tests could be read to an
accuracy of 2%. The variable fan blade pitch control system was |
checked for drift by monitoring the duct velocity over a four minute
pericd. The velocity changed only by 0.5% during this time. The fan
controls could thus be relied upon to provide a steady mean flow for
the duration of each test. The total error involved in the measurement

of both mean duct velocity and static pressure drop was thus within 4%

3.3 Acoustic Measurements

The reverberation chamber used for the determination of the sound
power radiated from the duct exit had a volume of 200 m3. The
reverberation time was measured by the usual procedure of recording the
decay rate of sound in the room. This was performed for 1/3 octave
centre frequencies between 63 Hz and 10 kHz. An approximately 10%
bandwidth warble tone was generated by using a Bruel & Kjaer Sine Random - -=———
Generator, Type 1024. This was amplified and fed to a loudspeaker in
the room. The level of decay when the signal was switched off was
monitored by a 12 mm B & K condenser microphone. Eight different
positions of the microphone were used for the frequencies between 63 Hz
and 800 Hz, and three positions were used for frequencies between 1 kHz
and 10 kHz. The average reverberation time measured at each frequency
is shown in Figure 5. The sound power level radiated from the duct exit

was then calculated from

SWL. = SPL + 10 log,, Vg - 10 log;, Ty - 14, (26)

whereAVR.is the room volume (m3), TR the reverberation time(s), and SPL

the space averaged sound pressure level in the xoom.
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The average sound pressure level.was determined by feeding the
signals from six 12 mm B & K microphones suspended in the room into a
General Radio amplifier/power supply/microphone switching device, Type
GR 1566. This enabled automatic selection of each microphone signal to
be made in turn before processing by a Multi-Channel RMS Detector, Type
GR 1926, and a 1/3 octave Multifilter, Type GR 1925. Each microphone
signal was processed by using a four second integration time. A digital
readout of the average of the six microphone signals in each 1/3 octave
band was obtained. These readings were each found to be repeatable to
within 0.5 dB for a given flow obstruction at a given test velocity.

The ﬁime averaging used on each microphone signal was thus adequate.

Daily calibration of the microphone was performed by using a pistonphone.

The largest error in the measurement of the sound power radiated
from the duct was in the spatial averaging of the sound field produced
in the reverberation chamber. An estimate of this error was made by
sampling the sound pressure level at 50 randomly selected microphone
positions for a given obstruction in the duct at a given flow velocity.
Each microphone position was at least 1 m from the room walls and the
duct exit. The standard deviation sD of the variation in sound pressure
level was then calculated for each 1/3 octave band. Assuming that the
measured value of SD is the true standard deviation of a normal distri-
bution of sound pressure levels, one finds that the 95% confidence limits
for the mean of the distribution estimated from ng samples are then given
by ¥1.96 SD/%ns. The 95% confidence limits for a mean level estimated
from six microphone positions are shown in Figure 6 for each 1/3 octave
band. The low modal density in the room at low frequencies clearly
results in large errors (3 dB). A diffuse field is established in the
middle of the frequency range so that reliable results (0.5 dB) can be
obtained. At high frequencies the accuracy decreases again as the
absorption in the room increases and the direct field of the duct exit

encroaches on the reverberant field.

The "background" noise due to the flow in the duct with no spoilers
inserted was monitored at five test velocities. The ambient background
noise level was also measured after each test. Levels were recorded
only if they were at least 10 dB above both the ambient level and the
background flow noise level at the given test velocity in the duct.
Background interference was found to be a problem only at low frequencies

and low test velocities.
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3.4. The Spoilers used in.the Expeximent

The flat plate flow spoilers used in the experiment were selected
in order to test the validity of the theory developed in section 2. The
spoilers represent the type of flow duct obstruction upon which the
theory was based. The'spoiler plates selected were made from 3 mm thick
mild steel plate. These plates were bolted between the flanges of two
adjoining sections of the test duct and the gap sealed with a compressed
foam rubber seal. The spoilers provided a perfectly rigid obstruction
to the flow in the duct and could not vibrate in the airstream. Seven
different spoiler geometries were tested, each geometry being tested with
at least four duct flow velocities. Four of the spoilers were vertical
strips of plate placed centrally in the airstream. Their height was
that of the test duct and their widths were 0.0125 m, 0.1l m, 0.15 m and
0.2 m, respectively. The other three geometries consisted of plates
protruding symmetrically from both sides of the duct, leaving a central
vertical strip of the duct open. The plates again had the same height
as the duct and the width of the two side plates were equal. The total
width of plate in the duct in the three configurations was 0.1 m, 0.15 m

and 0.2 m.

4. ANALYSIS AND DISCUSSION OF RESULTS

4.1 The Basis for Normalisation of the Experimental Results

The results measured for the sound power radiated from the end of
the duct can be normalised with the help of expressions (16) and (23)
derived in section 2. However, the theory has been developed for an
infinite duct. The duct used in the experiment was of finite length
with a considerable length of absorbent lining upstream of the test
section. The test dﬁct can be assumed to be semi-infinite. Thus, in
order to measure the sound power that would be radiated by the spoiler
flows down one direction of an infinite duct, the experimental results

had to be corrected for the sound power reflected at the duct outlet.

It is also assumed here that the actual "source strength" of the
spoiler flow is not affected by its acoustic environment. This is a
safe assumption provided there is no feedback from duct resonances,
which could affect the flow and, hence, the forces on the spoiler. No
evidence of this type of interaction was found and so the results were
corrected for duct termination reflection according to the amount given

in Reference (9).




Note.also that the spoilers were always located at distance of 15
duct widths upstream of the duct outlet. The noise source could always be
treated as an "in-duct" source, without considering end effects due to the
proximity of the outlet, as shown by Heller and Widnall (3). Since all tests
were conducted at duct flow Mach numbers below 0.1, the effect of flow on
sound propagation and reflection in the duct could be assumed negligible,
as shown in Reference (10).

4.2 The Relationship between Fluctuating and
Steady State Drag Foxces

Before the theoretical predictions embodied in equations (16) and
(23) can be used for the normalisation of the experimental results, one
has to assume that the r.m.s. fluctuating drag force acting on the
spoiler is directly proportional to the steady state drag force Fs.
This was, in fact, used by Gordon (1) with some success, and later
experimentally confirmed by Heller and Widnall (3). Consider the
proportional frequency band defined by the limits (fc/a, fca) where fc
is the_centre frequency. Within this band, the ratio of the mean square
force Fi to the square of the steady state force (55)2 is expected to

depend only on the Strouhal number. This can be expressed as

(Fg) e = K(St)g R (band £_/a to £ 0) (27

where the numerical factor K(St) depends on the choice of a. The
Strouhal numbex is given by St = fcd/Uc where Uc is the flow velocity

in the constriction provided by the spoiler and d a characteristic
dimension.- In general, the value of d chosen will depend on the
particular spoiler'geometry. For the spoilers used in the experiment,
the height remained constant and was equal to the duct dimension, whilst
the width was always smaller than the height. The obvious choice for
the dimension 4@ was thus the width of the spoiler. The velocity in the
restriction U, is defined by the volume flow rate q and the area of the
duct constriction Ac’ such that Uc = q/Ac. This velocity will at least
be representative of the convection speed of eddies shed in the spoiler
wake, although the shedding process in reality will depend on the details

of the velocity profile in the constxriction.

The mean drag force F; acting on a spoiler will be balanced by an
equal and opposite mean force acting on the fluid. The force on the

fluid (which acts in the upstream direction) is given by the product ‘of



the .static pressure drop across the spoiler and the area of the test
duct. The static pressure difference Aps across the spoiler must be
measured between a location upstream of the spoiler, and a location
sufficiently far dowhstream to allow full static pressure recovery in
the fluid after the flow constriction. The steady state force on the

spoiler can thus be written as

Fy = AApS. (28)

This is a low Mach number approximation, valid since the duct flow Mach
number is always less than O.l. The drag force on a bluff body can
also be written in terms of a drag coefficient CD. For a spoiler of
area As perpendicular to an oncoming flow of free stream velocity U_,

it is usual to write the mean drag force as

— 2
F, = c (o UDA. (29)

Iif u_ is considered to be the duct velocity g/A this force can be written
in terms of constriction velocity U, and open area ratio o = AC/A; such

that

— 2. 2
F3 = CD(% p Uc)c (L - o)A, (30)

4.3 Scaling Laws for the Normalisation of the Experimental Results

With the use of the relation (27) between the steady state and

fluctuating drag forces, expressions (27) and (30) can be substituted

into equations (16) and (23) for the sound power radiated for plane wave .

and multi-modal sound propagation in the duct. Firstly note that the
sound power WAf radiated in a given bandwidth can be written as follows
for frequencies above and below the cut-on frequency fo of the transverse

duct mode:

w
2 1
, (fc < fo) WAf = [ mSF(w}dln, (31)
w o o
1
w
2 2 37c
. W o (a + b)
(fc > fo) WAf = f 3 SF(w) 1+ 25 A dw, (32)
wy 24mp ¢

where wy and Wy represent the frequency limits of the band in question.

Since the mean square value of the fluctuating force in a given band

is given by




w
F). . = [ s_(wWds, (33)
Pas F '
9

then equations (31) and (32). can be written

1 2
(o <5 Was = T o (F3) pg? (34)
oo
) .
w - 3mc
- c 2 : o (a + b)
(£c > %) Wpe 3 Fae |1+ 20 2 . (33)
241rpoco c

This oficourse assumes that the measurement band Af can be considered
sufficiently narrow that the frequency w in equation (32) can be replaced

by the centre frequency W, of the band.

With the use of equations (27) and (30), the sound power radiated
in a given measurement bandwidth can be written in terms of drag

coefficient. After some algebraic manipulation it can be shown that

(£, < £) Wy, = (p /16 )A 2 (st) [o% (1 - o)]2c2D U:' (36)
3mc
_ 3 o ,a + b,
(fc > fo) WAf = (pow/24c°) 1+ g ( =)
z_x)z 2.2 2 22 6
x (3 (8% (st) [0 (1 - )] ") U . (37)

These scaling laws can thus be expressed in terms of easily measurable
engineering parameters, together with the single Strouhal number dependent
constant K(St) . The inherent differences between the two laws are self-
evident. Equation (37) for multi-modal sound propagation exhibits a
free field dipole dependence of the type W « (Ui/cz), whereas equation
.(36) for plane wave propagation exhibits a dependence of the type
W e (Ui/co), which is usually associated with a free field monopole source.
The effect of enclosure in the duct clearly has a profound influence on
the radiation properties of the source, illustrating the need for con-
siderable care in the analysis of aerodynamic noise sources in

engineering situations.

Since the sound power measurements were made in proportional frequency
bands, the above scaling laws could be used directly for the normalisation

. of the experimental results. Theﬁcut—onbfrequency fo of the first
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transverse mode in the test duct had a value of 564 Hz. All experimental
results measured in 1/3 octave bands having a centre frequency fC below
this value were normalised on the basis of equation (36). All results

in bands having fc above this value were normalised on the basis of
equation (37). With the correction made for the reflection of sound at
the duct termination, the measured infinite duct values of radiated

sound power level SWLD in 1/3 octaves were thus normalised by evaluating

poA[oz (l—o)] 2C12302_|

(fc < fo) 20 loglOK(St) SWL, - 10 loglo

16co '
(38)
(fc > fo) 20 logloK(St) = SWLD
P % (St)z[oz(l—c)_] 22¢° 1
(o} D c 860
- 10 lOglO 33 (1 + —f—-) .
24c_ 4 c
o
(39)

The Strouhal number St was determined by St = fcd/Uc. The value
of Uc used for both spoilers and splitters was determined from
Uc = (q/Ac) where the volume flow rate g was measured by using the
calibrated pitot tube. The value of d@ used was always the spoiler
width. In the case of spoilers protruding from the duct side, twice
the width of the protrusion (hence, the total spoiler width) was taken.
This is justified since the flow in the wake of the protrusion and its
"image" in the duct walls is analogous to the flow around a single spoiler

having twice the width of the protrusion. All the results normalised

were in 1/3 octave bands having centre frequencies between 160 Hz and 6 kHz.

The drag coefficient CD which quantifies the steady state force
acting on the fluid was evaluated depending on the particular geometry
dealt with. The evaluation of CD for the spoilers tested, and the
resulting collapse of normalised results, will be described in the next
section.

4.4 Results for the Sound Power Radiated by Flat Plate
Flow Spoilers

The drag coefficient CD used in the normalisation of the results
for the spoilers was evaluated from the measurements of the static
pressure drop across the spoilers. The two expressions (28) and (30)
for the steady state drag force acting on the spoiler can be equated to

~give



N 2 2
Cy = Aps/[ﬁpoucc (1 - c)]., (40)

The value of CD for each spoiler was found by averaging the values cal-
culated from the measurements of Aps and Uc at each test velocity. For

most of the spoilers tested, the value of C_ calculated did not vary by

more than 2% over the range of test velocit?es used. For the spoilers
having a width of 0.1 m, the pressure drop measured was corrected for
the pressure drop due to the duct alone. For the smallest spoiler
having a width of 0.0125 m, the pressure drop could not be measured and
the value of CD was assumed to be 2.0. This is the value of drag
coefficient for an infinitely long flat plate in a free stream (11) .

The results normalised on the basis of equatiqns (38) and (39) and
with the measured values of CD used are shown in Figures 7 to 13. In
view of the vastly different forms of the scaling laws for frequencies
above and below the cut-on frequency fo of the first transverse duct
mode, the collapse of the experimental data is remarkably good. The
results for each individual spoiler configuration all confirm the change at
fo from Ui to Ui velocity dependence. Figure 14 illustrates this
change more dramatically. Sound power spectra have been plotted against
Strouhal number for a given spoiler at several test velocities. The
"infinite duct" sound power level SWLD has been plotted against velocity
for two values of Strouhal number, 1.5 and 3.0. The respective depen-
dence on Uﬁ and Ui at these two Strouhal numbers is clearly shown. For
this particular configuration and this range of test velocities, the
maximum number of modes that.can propagate at a Strouhal number of 3.0 is
only 4. The results show that in practice, the change from Ui to Ui
velocity dependence occurs fairly rapidly after the cut-on of the first

transverse duct mode.

Strictly speaking, a change to Ui velocity dependence does not occur

as soon as transverse modes can propagate, since the "edge mode" term

[l + (3ﬂco(a + b))/(4ch{] is frequency dependent and thus velocity
dependent at a constant Strouhal number. It is worth noting that this
term, which becomes (1 + 860/fc) in equation (39), is important in
producing a good collapse of experimental data at frequencies just above
fo' For the first 1/3 octave band above the cut-on frequency, the term
produces a factor of about 2.5, which corxresponds to roughly 4 dB.

Without this factor, the collapse of data at frequencies just above cut-on
is not nearly so good. The "edge mode" contribution to the modal

summation at lower frequencies cannot be neglected. This is exactly
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analogous to the accuracy of low frequency mode counts used in room

acoustics (see, e.g., Referxence (12)).

Figure 15 shows a comparison of the values of 20 lpgldK(St) for
all the spoilexrs tested. The overxall collapse of the data is excellent
in view of the widely differing drag coefficients associated with the
various spoilers. In genexal, there is a decay of the value of
20 logloK(St) at about 20 dB per decade as the Strouhal number is
increased. There also appears to be a systematic deviation from this
trend at the high frequency end of the spectra associated with the
individual spoilers. In order to get a better idea of the possible
usefulness of this constant, one needs to compare these results with

those of previous workers.

4.5 Comparison with Previous Work

Previous experimental investigations of spoiler noise by Gordon (2)
and Szewczyk (13) have both been carried out at higher flow Mach
numbexs (M > 0.3). Both investigations were carried out with a jet

pipe radiating into an anechoic chamber. - Szewczyk reported that the

velocity dependence of the power radiated from the duct exit changed

from 06 to U8 at the cut-on frequency of the first duct mode. Gordon

showed that his results could be normalised on a U6 basis for all
frequencies below the cut-on frequency of the first duct mode; above
this frequency an additional frequency squared terxrm was used to produce

a collapse of results.

Before these results can be compared with the results reported here,;-
the effect of flow on the reflection of sound power at the duct exit -
must be considered. Several studies (10,14,15) have shown that as the
flow velocity at the exit of a jet pipe is increased, the reflection
coefficient of the duct exit is substantially reduced. However,
Bechert, Michel and Pfizenmaier (15) have shown that even if the sound
from an in-duct source is not "reflected" as such, it does not reach the
far field but is "absorbed" by the flow. The level of this "absorption"
is very similar in magnitude and frequency dependence to the "reflection"
noxrmally produced under no-flow conditions. Howe's (16) theoretical

study of this phenomenon indicates that the fraction of sound power

absorbed is dependent on both frequency and jet exit Mach number.

Further work by Munt (17) has shown that the net result of these
effects is to produce an ovérall reduction in sound power transmission

to the far field. This reduction is very close to that produced due to
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end reflection only under no-flow conditions. It is thus reasocnable
to assume that the no-flow end reflection corrections can be used in
the presence of a flow to calculate the difference in in-duct sound

power levels and those radiated’to the far field.

In order to compare the order of magnitude of Gordon's results
with those measured here, some 0f Gordon's results taken at the lower
end of his speed range have been collapsed according to the dipole type
scaling laws derived in section 2. The results for a 25 mm wide flat
strip spoiler located centrally in a 47 mm diameter pipe have been taken
for va%ues of the velocity Uc in the constriction of around 60 m/s and
80 m/s.| Results at low frequencies have been corrected for end reflection
with flow assumed to have no effect. The pipe exit Mach number in this
case is less than about O.l. A bandwidth correction has also been made to
enable comparison of Gordon's octave band data with the 1/3 octave data
measured here. The results for 20 logloK(St) thus derived are shown in
Figure 16. Despite the considerably different geometry of Gordon's
experiment his results at low speeds are in excellent agreement with
those reported here. The curve of 20 loglOK(St) derived from Gordon's
data again shows a decay of 20 dB per decade with increasing Strouhal

number for values of St above about 0.2.

At low values of constriction velocity (< 100 m/s), Gordon's

results are thus in good agreement with those presented here. However

as the velocity in the constriction is increased above about 100 mn/s,
Gordon's results do not appear to collapse according to the dipole type
scaling laws. Even at low frequencies, the in-duct sound power increases
with a higher power of velocity than U4. Heller and Widnall (3) have
attempted to explain the observed U6 dependence of the power radiated

from the duct exit on the modifying effect of end reflection on the U4
dependence of an in-duct dipole. This does not appear to be an entirely

satisfactory explanation, in view of the obserxvations above.

Thus, Gordon's observation of a U6 dependence for the sound

radiated from a semi-infinite duct at low frequencies does not

necessarily imply a dipole type U4 scaling for the source in an infinite

duct. Certainly, his observation of a U8 dependence at high frequencies

(where there is not expected to be any substantial difference between
the incident and transmitted power at the pipe outlet) implies a guadru-
pole type source distribution in the duct. A change in velocity

scaling from U6 to U8 at the pipe cut-on frequency would be consistent
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with the analysis by Davies.and Ffowcs Williams (7) of the sound power
radiated by a quadrupole source diétribution in an infinite duct. on
the basis of the evidence available at present, results of both Gordon
and Szewczyk thus imply that the dominant equivalent source distribution
associated with in-duct spoiler flows is of a quadrupole type at higher
Mach numbers. At low Mach numbers, however, it thus seems that there
may be some justification for regarding K(St) as being at least wigdely,
if not universally, applicable as the constant of proportionality between
the steady state and fluctuating drag force acting for a variety of bluff
body flows. Further reliable experimental data may well show this to

be ﬁhe case.

Finally, it is worth noting that the growing spread of the
different curves of 20 loglOK(St) as the Strouhal number increases may
be due to the choice of the spoiler width in the duct to determine the
scale of the unsteady wake flow. As the spoiler width d is increased
it seems logical that it will be the size of the "gap" rather than the
size of blockage that begins to determine the scale of the unsteady flow.
An argument of this kind could possibly be used to improve the collapse

of the measured data from the individual spoilers.

5. CONCLUSIONS

A theory has been developed for the radiation of sound from a flat
plate placed normal to a low Mach number flow in a duct, at Reynolds
numbers where the downstream flow is turbulent. The equivalent acoustic
source distribution was assumed to be of a dipole type, consisting of a
distribution of axial force fluctuations acting perpendicular to a planeg%
of the duct cross section. The force fluctuations were assumed to be
statistically uniform over the area of the duct cross section occupied
by the spoiler plate, and were assumed to have a correlation length
either much smaller or larger than the dimensions of the plate. The
formal solution to the inhomogeneous wave equation governing the
propagation of sound in an infinite hard walled duct has been used to
relate the radiated sound power to the total fluctuating drag force acting
on the spoiler. Approximate expressions are obtained for the sound
power radiated at frequencies above and below the cut-on frequency of
the transverse duct mode. The low frequency expression (plane wave
propagation only) has been shown to be in agreement with Morfey's (8)
previocus result. The expression for sound power radiated in the high
frequency limit was found to be in agreement with the expression for the

sound power radiated by a point dipole in a free field.
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The assumption that the r.m.s. fluctuating drag force in a given
frequency band acting on the spoiler is in direct proportion to the
steady state drag force has been used to derive scaling laws governing

sound power radiation in an infinite duct. These laws predict that

sound power radiated has a velocity dependence of U4 at frequencies

below the cut-on frequency of the first transverse duct mode and U6 at

frequencies well above this frequency.

Measurements were made of the sound power radiated by a series of
spoilers in a low Mach number ducted flow. The results gave an
excellent collapse when normalised on the basis of the derived scaling
laws. The experimental results firmly establish the wvalidity of the
theory. The measurements are also in good agreement with results of
Gordon (2) at low speeds. Gordon's results indicate that at constricted
flow Mach numbers above about 0.3, the dipole model will no longer be
applicable and the equivalent source distribution dominating the
radiation will be of a gquadrupole type. The experimental results
indicate that there may be a universally applicable constant of
proportionality between the steady state and fluctuating force acting
on the fluid due to spoiler flow. This constant of proportionality can
be used as the basis of a technique for further predictions of spoiler

generated noise.

Measurements of the sound power generated by splitter attenuator
exit flows have been found to obey the same scaling laws as the spoiler
noise measurements. These are reported in full in Reference (18). The
steady state force acting on the fluid at an attenuator exit can be
derived from the rate of change of momentum of the fluid due to the 7
expansion in the duct cross sectional area. The constant of propor-

tionality between this steady state force and the fluctuating force

proportionality derived from the measurements of spoiler noise. This
constant can also be used for further predictions of attenuator self-
noise.

A technique has thus been developed which permits the prediction
of noise generated by spoiler flows and which requires the knowledge of
only simple engineering parameters. It remains to be seen if this
technique can also be applied to a widex range of low-speed flow duct
obstructions, discontinuities and changes in cross section. The present

investigation certainly indicates that this may be possible.
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APPENDIX 1. LIST OF SYMBOLS

duct cross-section dimensions

area of duct cross-section

face area of flat plate spoiler

area of cross section of duct constriction
ambient speed of sound

mode axial phase speed

drag coefficient

width of rectangular spoiler

cut-on frequency of first transverse duct mode
force per unit mass

centre frequency of measurement band

total force

continuous functions of m,n

height of rectangular spoiler

square root of minus one, except where used as
a subscript

subscripts used as Cartesian indices
acoustic intensity vector

acoustic wave number, except where used as a
subscript '

mode axial wave numbex

correlation length

summation indices used as subscripts

Mach number

sumation index limit

number of samples of sound pressure level
acoustic pressure

volume flow rate

modal source volume integral
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W(w)

X 0% %" Yy '

ny
Af

AP
s

standard deviation

Strouhal number
cross spectral density of force fluctuations
spectral density of total force fluctuation

spectral density of source volume integral

- space averaged sound pressure level

sound power level emerging from duct exit
in-duct sound power level

time

averaging time

reverberation time

acoustic particle velocity vector
velocity

velocity in duct constriction

free stream velocity

volume containing source region
reverberation room volume

total acoustic power

spectral density of acoustic power

Cartesian pesiticn vectors

factor determining proporticnal frequency band
limits

Kronecker delta

measurement frequency band

static pressure drop

acoustic wavelepgth

mode cross-section wavelengths
subscripts used as summation indices

radian frequency
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centre radian frequency of measurement band
mode cut-on radian frequencf

ambient density

. duct cross section open area ratio

normalised mode cross-section function
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APPENDIX 2. THE DERLVATION OF THE EXPRESSION
_FOR THE MEAN ACQUSTIC POWER TRANSMITTED DOWN THE DUCT

The mean acoustic intensity of the disturbances propagating down the

duct can be written

T
lim 1
L(x) = oo 5w S Bl ey (g ) de.

If this time averaging operation -is assumed to be of infinite duration,

by Parseval's Theorem, the integral with respect to time can be written

© ©o

{m p(xk,t)ui(xk,t)dt = 27 {m p(xk,w)ui(xk,w)dm, (A2.2)

where ui(xk,w) is the Fourier spectrum of the acoustic particle velocity

ui(xk,t)‘éiven by

| | .
u (x,w = P2 ou (xtle
-7

—1wtd
T 277

t. (A2.3)

The expression for the mean acoustic intensity can be written as

1 *
Ii(xk) = fw ;iﬁ %-p(xk,w)ui(xk,w)dw, (A2.4)

where the quahtity under the integral is thus the cross spectral density

of the pressure and velocity fluctuations.

The acoustic particle velocity ui(xk,t) is related to the acoustic
pressure by the linearised equation of conservation of momentum which,i
neglecting mean flow effects, can be written as

Bui(xk,t) 3P(Xk:t)

PomE T T TEx,
1

It thus follows that ui(xk,m) is given by

' 3p( ’w)
i 1 *x
u; (e ,w) = - wp, 0%, (a2.6)

The total mean acoustic powei transmitted down the duct in the

positive.x3 direction is given by

W. = éf I3(x1,x2)ds.




Thus the. total mean acoustic.power can.be . deduced from the solution of
the pressure p(xk,m)_ given by equation (4). of the main text. The

. . . *
relation (A2.6) can first be used to.deduce U5 (xy r%,,w) which can be

written as

*
ikmnx3 - “
qu w) .

* 1+
uz(xysxpm) = T

The acoustic power W is thus given by

© -ik x
lim w 1 = 1 mn~ 3
éf fw Teo T {[mzn 2a pocmn‘umn (xl"‘z)e an(m)]

. *
J.kw X

1 % 3 *
x [uzv 7% Y (xyexp)e Q,, ()] Yauds.

r
Since the characteristic functions are orthonormal s 1.e.

1 y " O uy,v #mn
= Y (%, ,x,)¥  (x.,x,)d8 = ’
A S mn L1772 Tpy L2 1 w,v = mn

then the expression for the acoustic power reduces simply to

(-]
W= f {3 L, UnT

2
2% P oCmn 7 19, (@ | “tdw. (a2.11)
- m,n

Defining the spectral density of the source volume integral as Smn(w)

where

s () lim m

2
mn S e T Ian(“’)|

' (A2.12)
and defining W(w) as the spectral density of the radiated power where _
«©

W o= J wWad, (A2.13)

—00

enables equation (A2.11) to be written more simply as

N
W(w) = £ ~pc 5 (w. (A2.14)

0,0 4A "o mn mn .
Note that in this expression the summation of the modal contributions
has been confined to propagating modes only, where N represents the
. upper limit of the summation. This has .been specified since only modes
having a real mode speed €y Can carry energy. Thus any non-propagating
modes having imaginary Cmn give an imaginary contribution to the spectral

density of the radiated power which must be excluded on physical grounds.

This point has also been discussed by Doak (6).
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APPENDIX 3. EVALUATION OF THE SOURCE VOLUME INTEGRALS FOR
FLAT PLATE FLOW SPOILERS

Firstly, the expression for the integrals an(w) will be con-
veniently rearranged. Using the properties of the derivative of the
product of two functions, the expression (5) of the main text for an(w)
can be re-written as

3 ik x.'

Q@ -—fff £,00 ) o [bog (' exy0e 0]

ax

4
1kmnx3

*
- 'zﬁ_ [f; (g b gt exy e Jav. (A3.1)
1l

The second term in the volume integral will make zero net contribution

to the value of an(w). This can be seen from the application of the
divergence theorem. lkThi3volume integral of the divergence of the product
£f. (xk )w (xl 1% e can be re-written as the integral of this
product over a surface surrounding the volume containing the force £, (xk ).
‘Since £, (xk ) vanishes on this surface, then the volume integral

vanishes. The expression for Q (w) can thus be written 51mply as

1kmnx3' .
Jav. (A3.2)

Q. (W = ——fff £, (2" g— [\pm(xl %y e
One can now make the assumption that the dominant component of force
produced on the body by the flow is the fluctuating drag force. Thus
forces on the flat plate are considered to act in the X3 direction only.
If they are assumed to act only in the plane (xl',xz') of the plate in
the duct cross-section at x3 , the expression for an(w) can then be —

written as

l L] [} T
an(w) = Ia'féf f3(xl A )6(x3

* ikmnx3'
| L] L) 1 T
[v,, (x," %, e Jaxy'ax,tax, . (A3.3)
Note that f3(xl',x2') now denotes the force per unit density acting per
wnit of cross-sectional area. Performing the differentiation with

respect to x3' and then integrating with respect to x3‘ gives

1 * yn¥3" ,
an(w) ' mn(xl',xz')e dxl'dx2 . (a3.4)
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APPENDIX 4. AN EXPRESSICN FOR THE SPECTRAL IENSITY OF
"THE. SOURCE VOLUME INTEGRALS

Since it is the spectral density of the acoustic.power radiated by
the flow that is ultimately of interest, the value of the spectral density
Smn(uo has to be deduced. For the given assumption of an axial force

distribution in a plane, it follows from equation (13) of the main text
that

T le (w |

mn

)

Tr l [ ] * LY * ]
T I;:—Ti-féff f3(xk ,w)f3(yk ,w)wmn(xk ”wmn(yk )
o :

dS(Xk')dS(yk'), (24.1)

where yk' are additional position coordinates, the subscript henceforth
taking the values 1 and 2 only. Defining the cross power spectral

density of the force fluctuations acting on the plate as

. 1i *
Seelh’ ¥y ) = fo T E305" W) E3(mytew)

enables equation (A4.l) to be written as

1 1 [ ] L} * [ ] ] ]
smnﬁw) = |—c——§-féff Sff(xk Yy ,w)tlamn(xk )wmn(yk )ds(ﬁ {)dS(yk ).
o .

(A4.3)

The cross power>spectral density Sff(xk',yk',w) is determined by the
degree to which the forces at xk' and yk' are correlated. The value of
this is determined by the correlation of the fluctuating surface pressures.
For the given flow, the value of Sff(xk',yk',w) will decay as the
separation (xk' - yk') is increased. This decay can be characterised by
a correlation area, expressed here as the square of a correlation length
zc, such that

L} [ ] —-— 2 [§
éf Sff(xk Yy ,w)ds = 20 Sf(xk ) . (A4.4)

where Sf(xk',w) is the spectral density of the force fluctuations at a

~given position (xl',xz') in the plane of the duct cross section.

To the author's knowledge, no data is available for the value of Zc

to be expected for the surface pressure fluctuations arising from this type
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of flow. However, data. is available for surface pressure fluctuations
due to.other similar types of flow. For example, Bull. (19) has

measured the narrow band space time correlation of the wall pressure

field in a wind tunnel, due to a turbulent boundary layer flow.
Examination of his data for "lateral" (i.e. in a direction perpendicular
to the direction of the flow) correlation lengths indicates that

2c = AM, where A is the acoustic wavelength at the frequency of the
fluctuations examined and M is the Mach number of the flow. Thus, for
small Mach'numbers, the correlation length was found to be considerably
less than the acoustic wavelength. It is very likely that this will also

be the case for the type of flow under consideration.

'Now consider the spatial behaviour of wmn(yk'). Reference to

l
equation (6) of the text shows that the chessboard pattern of wmn(yk')

across the duct cross-section has "wavelengths" given by Am = 2a/m and

-An = 2b/n. The condition for a given mode to propagate is given from
equation (8) of the text by w > w o or
V//mn 2 nm 2
w > co (3—) + (b-ﬁ . (A4.5)

This can be written in terxms of the acoustic wavelength A at the frequency

w and the wavelengths A and A as

i, , 1
A A
. m - n

+ (A4.6)

’

Thus for any propagating mode the wavelengths of the spatial pattern of

wmn(yk') are always greater than the acoustic wavelength.

Since it has been shown that kc << A at low Mach numbers and that
A< Am'ﬁn for any propagating mode, then under these conditions one has
kc << Am,An. The consequence of this is that the integral in equation
. . s . . . ' .

(A4.3) can be simplified. At a given X' Sff(xk 'Yy ,w) decays rapidly

3 L ] ] . .
with (xk Yy ) , whereas lpmn(yk ) changes only slowly. A contribution
will be made by the inner surface integral in equation (A4.3) only over
small values of ka' - yk'l, i.e. when ¢mn(yk') = wmn(xk'). If the
force is assumed to act only over the area As of the duct cross-section

occupied by the spoiler, equation (A4.3) can be written as

1 1|2 ' ' v '
San @ = T3 I, g N {{\f Seplx oy W) S (v N }aS (") .
mn s S

(24.7)



The bracketed integral in the above equation will now be assumed to
be independent of the positionlxk' on the surface of the spoiler. This
will be a valid assumption under certain conditions. Firstly, for
correlation lengths Zc much larger than spoiler dimensions, the
bracketed integral will be independent of xk' provided the spectral
density Sf(xk',m) of the force fluctuations is uniform over the spoiler
area. Secondly, for correlation lengths much smaller than spoiler
dimensions, the assumption will be valid provided the product
lczsf(xk',m) is uniform over the spoiler area. For correlation lengths
close to spoiler dimensions, however, the result of the evaluation of
the inner integral is likely to be dependent on xk' when xk' is close to
the limits of integration, i.e. at the edges of the spoiler. Equation
(A4.7) can thus be re-written in a form which will have decreasing
validity as the correlation length #c approaches either dimension of the
spoiler and is increasingly valid for force distributions having a

uniform amplitude;
/

i

~ 1 i ' ' ' " |2 '
S (W) = W{I{f S g On ' r¥y ' 0 85 () I |9, (5. [ “as g )
mn S ]

(n4.8)
This expression can be written in terms of the spectral density
SF(w) of the total fluctuating force acting on the spoiler. The Fourier
spectrum F3(m) of the total fluctuating force acting is related to the
Fourier spectrum f3(xk',w) of the force per unit density acting per unit

area of the spoiler by

F3(w) = P ) f3(xk',w)dS(xk'). (RA4.9)

A
S

It thus follows that

lim «

2 2, lim 7 ' * ' 1 1
om0 |F3(@ |5 =0 ST 100 5 E3(x 0 £5(yy ) @Sy, M) JaS (e )

A A
s S
(a4.10)

and thus the spectral density of the total fluctuating force can be written

as

2 o 1 v 1 '
0 if{if Seely ' ¥y /) S (v )}ds(xk ). (ad.11)
S S

SF(w)




Under exactly the same conditions that allow equation (A4.7) to be
written as equation (A4.8), the bracketed integral in equation (A4.11)
can be assumed independent of xk' and the spectral density of the total

fluctuating force becomes

~ 2 t 1 3
Sp(w = p_ As{ff Seelx 'oyy ' 0)AS (v, ) . (24.12)

A
S

This expression can be substituted iJLo equation (A4.8) to yield the

final expression for the spectral density of the source volume integral

1
for the assumed form of the source distribution. This gives
!

) 1 1 v 2 . !
S = — 7 Sp) & S|y (g |%aseg . (A4..;L3)
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CHAPTER 3

NOISE GENERATED BY FLOW OVER

PERFORATED SURFACES




St

1. INTRODUCTION

Vhe

Flow over perforated metal facings of acoustically absorbent duct
linings can generate a significant amount of noiée. This has been well
known for some time (1) and the problem has already received some
attention. Recent work of Tsui and Flandro (2) and Bauer and Chapkis
(3) has concentrated on the "singing" phenomenon produced by flow over
resonant cavity duct liners used in aero-engine applications. Vortex
shedding in the perforations in the liner surface can excite either
cavity resonances or duct modes near their resonant (cut-on) frequency,
the shedding becoming coupled to the resonance with the consequent pro-
duction of very high sound pressures in the duct. Discrete frequency
noise generated by flow through the perforated walls of transonic wind
tunnels has also been studied by various authors (4,5,6). The
mechanism of noise generation in this instance is again attributed to
either a locking-in of the vortex shedding with an acoustic resonance, | ji ;
or an edge-tone type mechanism where the acoustic feedback is provided dd
by the interaction of eddies with the downstream edge of the perforation A
in which the eddies are shed. - g

When a strong feedback mechanism is not present, flow over per-
forated liner facings can still generate a substantial amount of broad
band noise. This is generally the case when the perforate facing is
used over a fibrous backing material as a lining in attenuator sections
in low speed flow ducts. It is obviously important in the optimisation
of attenuator performance to be able to predict and, if necessary,
reduce this source of attenuator self-noise. The objective of this work
is to provide a method of predicting the broad band noise which is
~generated when a given type of perforate facing is used in any particular
engineering application. The work reported in this Chapter wéé not aimed
at accounting for the production of discrete frequency noise, but only
towards quantifying the "base level" of broad band noise to be expected

from the installation of various liner configurations.

The only detailed theoretical treatment of this prcblem is that
undertaken by Ffowcs Williams (7). He treated the model problem of
sound generation by a body 6f turbulence near an infinite, xrigid, thin
screen with circular perforations. Unfortunagely, the analysis he has
presented contains certain restrictive assumptions. Firstly, it is
assumed that the size of the perforations is much smaller than the

distance between them. This is not the case for many facing materials
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used in practice. Secondly, variations in pressure within individual
apertures are neglected. Experiments indicate that most sound is
produced by flow over perforated surfaces when the eddies shed in the
perforations are of a smaller scale than the size of the perforations.

Pressure fluctuations will not then be uniform over the holes.

Nevertheless, Ffowcs Williams' analysis for this somewhat
restricted case provides an important fundamental result: that the
sound scattered from the perforated screen can be directly related to
the mass flow driven through the apertures by the hydrodynamic field.
This result has been used in the present work as a basis for modelling
the sound generation process associated with flow over practical
perforated screens. The flow driven through a given aperture results
in a fluctuating volume flow through the upper surface of the screen.
This is thought of as constituting an equivalent monopole source. The
strength of this monopole is directly related to the real volume flow
through the aperture. Since a volume inflow through the upper surface
results in a simultaneous outflow through the lower surface, there is an
equal and opposite equivalent monopole below the perforate screen. The

net field radiated from the given aperture is the combination of the

fields due to the two equivalent monopoles. The form of the net field
is thus dependent on the acoustical properties of the screen. For
acoustically opaque screens, the lower monopole cannot radiate into the
region above the screen and only the field from the upper monopole is
dbserved. For transparent screens, ﬁhe lower monopole radiates into
the region above the screen and has a cancelling effect on the field of
the upper monopole. The net radiated field then exhibits dipole

characteristics.

This equivalent source model has been found to give an excellent
description of the sound produced by perforate facing materials used in
practice, even though the Ffowcs Williams' analysis is not strictly
applicable. The model is developed by assuming a fairly realistic form
for the driving hydrodynamic velocity that determines the strength of
the equivalent monopoles. This makes clear the inherent dependence of
the radiated noise on the turbulence intensity above‘the liner surface

and the Strouhal number based on the diameter of the perforate apertures.

A series of experiments has been conducted in order to test the
predictions of the equivalent source model. The noise radiated by flow
over the perforated screens tested was found to exhibit both the magni-

tude and spectral distribution predicted by the theory. The sound power
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_ generated pex unit area by a liner facing of given geometry under given
flow conditions has thus been firmly established.

In practical applications, the noise generated by a given liner
facing will also be absorbed by the liner. In orxrder to estimate the
net sound power generated by a given liner facing, the problem of con-
tinuous absorption and generation of sound down the duct length has been
examined. The treatment follows a simple analysis by Ingard (8). This
analysis has been used, together with the knowledge of the sound power
generated per unit area of liner facing, in order to predict the net
power radiated from a given length of lined duct. It has been found
that a good estimate of the liner self-noise can be made from a know-
ledge of the liner geometry, mean f£low speed, the turbulence intensity

above the liner surface and the rate of attenuation down the duct.

The application of Ffowcs Williams® theoretical result will first
be described in the next section. In sections 3 and 4 the measurement
of noise from liner facings is described and the experimental results
are discussed, whilst the main conclusions of the woxk are outlined in
Section 5. |

2. THEORY

2.1 The Basis for the Equivalent Source Model

As has already been mentioned, the theoretical foundation for this
work stems from Ffowces Williams' analysis of the acoustic properties of
turbulence near perforated screens. A brief description of that analysis

will be given here, but for full details of the work and the assumptiOns_

used, the reader is referred to the original paper (7). Essentially,
Ffowcs Williams solves the inhomogeneous wave equation for a region with
boundary conditions imposed by the presence of an infinite perforated
screen. The screen is rigid and thin and has a uniform distxibution of
N identical circular perforations per unit area. (A list of symbols is
given in Appendix 1) Each aperture has a radius a that is much smaller
than the typical distance (ﬁN)-ﬁ between adjacent apertures. The
analysis is carried out at a single frequency w corresponding to an acous-
tic wavelength A that is much larger than both the hole radius and the
typical distance between holes. There are thus many holes per acoustic
wavelength and the screen behaves as a continuous homogeneous boundary

towards incoming acoustic waves.

The screen is situated at X, = 6 (see Figure (1)). The fluid in

a region just above the screen in Xy > 0 is turbulent. Elsewhere,
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including the entire region X, < O, the fluid is an ideal acoustic
medium at rest. The typical.length scale of the turbulent fluctuations
at the frequency w is roughly MA where M is the Mach number of the flow.
M is chosen to be small such that the scale of the turbulence is much
smaller than the scale of the sound field. The turbulence above the
screen gives rise to a guadrupole type inhomogeneity in the wave
equation representing the generation of acoustic radiation by sources

in the turbulent boundary layer above a liner surface. Scattering of
the incident gquadrupole sound field leads to a scattered field which is
the dominant contributor to the far field radiation at low Mach numbers.

By solving an integral equation for the normal pressure gradient
over the surface of the apertures in the screen, Ffowcs Williams derives
an exact expression (for the model problem) for the acoustic radiation
into the far field of the region X, > 0. The solution is valid for
the given screen geometry and as the distance ka - yk| tends asymp-
totically to infinity. The field at ¥ consists of three contributions.
The first is the sound that arrives directly from the quadrupole sources
in the turbulent boundary layer. The second is the component of the
quadrupole generated wave that travels to X after reflection from the
screen surface, which behaves as a homogeneous boundary having a
reflection coefficient R. In principle, the first two contributions
to the net radiated field are known. The third part of the radiated
field consists of the waves generated from thé scattering of the
turbulent pressure fluctuations by the individual screen apertures.

This is the component of the radiated noise that is of interest here,

since it is much larger than the other two at low Mach numbers.

Ffowcs Williams shows that this contribution can be expressed in
terms of the purely hydrodynamic pressure fluctuations that drive a mass
flow through the apertures. Pressure is assumed to be uniform over
each aperture, but the hydrodynamic pressure fluctuations are distin-
guished from the acoustic pressure fluctuations by their much smaller
length scale. The sound field thus produced in an individual
aperture can be interpreted as the net field radiated by two equal and
opposite monopole sdurces situated on either side of the screen. The
monopole strength of these sources is given exactly as the fluctuations
in mass flow driven through the aperture by the turbulent field. As
far as the radiation from the monopoles above and below the screen is
concerned, the screen again behaves as a homogeneous transparent

boundary.



This forms the basis of the equivalent source model that has been
used in this work. Ffowcs Williams' result is "exact" for his given
perforate geometry (and an inviscid fluid), but the basic model

'suggested by his result has been applied to arbitrary perforate
geometries and has then been tested experimentally. A more precise

description of the model will be given in the next section.

2.2 The Acoustic Properties of Perforated Screens

As pointed out by Ffowcs Williams, the acoustic properties of a
pexrforated screen having many holes per acoustic wavelength can be
deduced from the acoustic properties of a single aperture in an
infinite baffle. Consider the problem illustrated in Figuré (2).
Plane waves of a single frequency w are incident on an infinite

perforated screen at a polar angle 6. The incident wave pressure

)
H

having amplitude p; can be thought of as being produced by a simple
source at x  where 1xk - ykl + ®, We wish to deduce the transmitted
pressure amplitude Py and the reflected pressure amplitude P,- The
difference in pressure across the screen drives a volume flow through
each aperture. For wavelengths much larger than hole size, the volume
flow g driven by the pressure difference (pi +p,. - pt) applied
uniformly across an aperture face can be expressed in terxms of the
conductivity C of the aperture, (Morfey (9)) :
qQ = (pi+pr-pt)a)l—§. (1)

° !
The conductivity of a circular opening in a thin infinite baffle has
been shown by Rayleigh (10) to be equal to twice the aperture radius.
Thus, -

' i2a -
a = (pi+pr_pt) wp (2)
. o.

From this the net volume flow through a unit area of screen can be
determined by adding the-volume flows driven through the individual
apertures. This net volume flow per unit area of screen can be inter-
preted as an equivalent velocity u that is driven across the homogeneous
boundary representing the screen. Thus, if there are N holes per unit
area of screen, one can write

2aN

R 3
(o}
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This step will be valid for arbitrary hole spacings provided there is no
interaction of the flow through adjacent apertures that can change the
conductivity of the individual apertures. Ingard (11) and Nesterov (12)
have investigated the effects of hole spacing on the conductivity of an
array of apertures for normally incident plane waves, and empirical data
on the magnitude of this effect are available. For the moment one can
continue to assume here thgt there is no effect of aperture spacing on

aperture conductivity.

Continuity across the homogeneous boundary also ensures that the
velocity u across the boundary is related to the particle velocities in

the incident, reflected and transmitted waves by

u = ut = ui + ur. (4)

Since these particle velocities are related to the pressure in the

S

waves by u, = picose/poco, u, = —prcose/poco and u, = ptcose/poco, one

has

ptcose picose prcose
u = = - . (5)

c (o] (o]
pOO pOO pOO

Equations (3) and (5) can be used to express the transmitted and
reflected pressures in terms of the incident wave pressure. By

straightforward algebraic manipulation, it can be shown that: i

p, = Rp; (6)
p, = (1L-Rp, (7) s
where
1
R = T - ®)
kcos6

This result for the reflection coefficient R is that cbtained by both
Ffowcs Williams (7) and Leppington and Levine (13) for low frequencies
and aperture spacings that are large compared to aperture size. This
brief analysis indicates that the result will also be true for arbitrary
aperture spacings, provided there are many apertures per acoustic wave-

length and there is no interaction between them.

The impedance of the surface having this reflection coefficient is

~given by
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_ oo 1+ R _ oo .
Z = oo TR = cos6 ~ *Po% 2an - (9

The resistive part of the impedance is simply the radiation resistance
provided by the waves transmitted through the screen. The reactive
part is due to the apparent surface mass per unit area po/ZaN provided

by the flow through the screen apertures.

The next step is to derive the field radiated by a monopole source
situated just above the screen surface at yi and also the field radiated
by a monopole just below the surface at y!. These are easily deduced
from the above analysis by using the principle of reciprocity. The
field at y; due to the source at x, (where lxi - yil + ®) is the sum of
the incident pressure Py and the reflected pressure P, From (6) this
is simply pi(l + R). Thus, for a single frequency source having a

source strength amplitude Q(xk)

ik|yr-% |
k *x .
Q(x )e | |
p. (¥v)) T for |y,! - > o, (10)
i'?k 4nTyk xkl k - %
then the total field p(yi) at the point yi due to the source at xi is
simply
ik|yy-x, |
x %k
(1 + R)Q(xk)e
v — LI 0
plyp) = Ty = 5] for ka x| > A

Since the system is passive and linear, the field at X due to a
source at yi will be identical to the field at yi produced by a source \E

at xk. Thus

ik|x -y!] PR
(1 + RQlyye B
plx) = T R for |x_ - yk| > o, (12)

Similarly, since the pressure at yﬂ due to a source at X is the

transmitted pressure Py {(which from (7) is (1 - R)pi), then the field
at X due to a source at yﬂ is
iklxk—y"
k
(1 - RQlyle
p(x) = —%
*x 41T|xk yk[

for |x - yi| >~ (13

It is now assumed that the field radiated by turbulence interacting
with a given aperture can be expressed in terms of the field of two .
monopole type equivalent sources above and below the aperture. The

upper monopole at yi has a strength —Qh(yi) which is determined exactly
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by the rate of mass addition driven through the aperture by the hydro-

dynamic field into the upper half space x2 > 0. The lower monopole at

yﬂ has a strength +Qh(y;) which is determined by the rate of mass
addition into the lower half space x2<§ 0. Since the distance

[yi - yil is very much smaller than a wavelength, one can write the net

field p(xk) due to an individual aperture by combining expressions (12)
and (13) to give

iklxk—ykl

p(x) = O P for |x - v | » . (14)

It is worth noting that although this solution is valid asymptotically
as the observation point at X tends to infinity, in practice it may
prove valid for distances of a few wavelengths from the source.
Equation (14) has certainly been found (14) to describe accurately the
field of a point source above an absorbing boundary for distances from

the source of this order of magnitude.

‘It should also be noted that any effect of the mean flow on the
acoustic properties of the screen or on the radiation field of the
equivalent monopole has been neglected. This will be valid at the low
Mach numbers considered. The effect of the screen on the mean flow is
assumed to be accounted for by the model. Thus, if a given screen
allows a high level of turbulence to persist near its surface, then the
high mass flow through the apertures will result in a large equivalent

source strength.

2.3 The Strength of the Equivalent Source

Having conducted the above analysis for equivalent sources
radiating at a single frequency, it is now necessary to generalise the
abové.result for source strengths having an arbitrary time dependence.
Thus defining the Fourier spectrum of the source strength Qh(yk,w) as

lim1l ~iwt

Qp Yy = gg-fT Q,(vy rD)e at, _ (15)
where Qh(yk,t) is the corresponding time domain variable, then the

Fourier spectrum of the radiated pressure is given by

ik vyl

“ZR Qh(Yk:w) e

P(xkrw) 4,n,lxk — ykl




Defining the spectral density.of the radiated pressure fluc-

tuations as

lim ™

sp(xk,w) = om = (xk,w){ (17)

and the spectral density of the source strength as

11m m

So vy /W) = T 19 (v oW 1, (18)

~gives the relationship

S (%0 = LI (19)
’ - ’ 14
P 1622 Q“k
2 2 .
where r = ka - ykl is the square of the distance from X to the

centre of the aperture considered.

~ The source strength Qh(yk,t) resulting from the volume flow
driven through the aperture can be written in terms of the normal

velocity v2(yl,y3,t) over the aperture surface S such that

9

or in terms of the Fourier spectrum vz(yl,y3,w) of the normal velocity

fluctuations as

Q) = -1iw pofé v, (Y1 /¥ 5,w) GS. (21)

This enables the source strength spectral density SQ(yk,w) to be —
written in terms of the cross spectral density of the normal velocity

fluctuations over the aperture such that

2 2
S i) = 0o W IIIT S vy rmern) 85 (1) 35 (=) (22)

where the cross spectral density of the normal velocity fluctuations

'is defined by

s_( )—limlr-v( w)v*(z Z., W) (23)
v T Pt T qae V2 Y1 ¥ 300V (BB

metMaﬂamkmﬁwmsmemwmxmwwaemdﬁam

additional position coordinates.
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The source strength, and.thus the radiated field, is determined
by the form of the cross spectral density of the hydrodynamic . velocity
fluctuations over the hole. The phase relationships at a given
frequency between the velocity fluctuations at different points on the
aperture surface would be determined by the length scale and convection
speed of the turbulent eddies that pass over the hole. If the flow
is in the ¥y direction, then eddies travelling in the ¥y direction will
result in a distinct phase relationship between velocity fluctuations
at points along the paths taken by the eddies. The loss of cerrelation
between points along lines in the'yl direction will be determined by
the decay of the eddy structures as they are convected. The degree of
correlation between points along lines in the Y3 direction will decay
faster than in the yl direction and will be determined by the lateral
length scale of the eddies. The following form is assumed for the
cross spectral density of the velocity fluctuations

iK(yl-zl)

va(yk,zk,w) = S,y .w) e F(y3 - z3), (24)

where Sv(yk,m) is the spectral density of the normal velocity fluc~

tuations given by

lim m
T T

|v2(yl,y3,w)|2. (25)

Sv(yk,w) =

This is similar to the expression used by Corcos (15) for the cross

spectral density of boundary layer pressure fluctuations. Here,

however, it has been assumed that there is no decay of the eddy

structures in the Yq direction. The correlation in the Yy direction
iK(yj-z3)

is determined solely by the 'phase' term e ,» where K is a

'hydrodynamic' wave number given by K = w/Uc, Uc being the convection

speed of the eddies. This will be a valid assumption provided the
eddies do not decay as they travel over distances of the orxder of an
aperture diameter. Examination of Bull's (16) data for the longi-
tudinal correlation between boundary layer pressure fluctuations
indicates that this will be a fair assumption for Strouhal numbers
based on hole diameters that are less than about 1.0. The correlation
‘between velocity fluctuations along lines in the Y3 direction is
determined by the function F(yg - z3). This function is assumed to
be unity for zero separation distance (y3 - z3) and to decay very
rapidly for increasing separation such that the lateral correlation

lengths are very much less than hole diameter. Bull's data for the
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lateral correlation of boundary layer pressure fluctuation indicates
that this will be a fair. assumption.for Strouhal numbers based on . hole
diameters that are greater than about O.l1l. Further assuming that
Sv(yk,w) is uniform ovexr the surface of the aperture, one can.write
2 2 iK(y;-2z,)
SQ(Yk,w) =P w Sv(yk,w)f S J S e F(y; - 2z4) dz,dz dy,dy,.
Y391 % 23
(26)

Since the function F(y, - z3) decays rapidly, the result of the inte-
gration of the function with respect to z5 can be considered independent
of the limits of integration provided by the boundaries of the hole.

Thus, defining a lateral correlation length & as

L =7 F(y3 - z3)dz3 '
Z
3
then one has
22 iK(y)-2)
SQ(yk.w) =p, WS (v, )8 S J S e dz,éy,dy, . (28)
Y3 ¥, 25

For the integrations with respect to both Yy and 2z the limits of

ll
‘integration are from -acoso to acosa where a is the hole radius and o is

as shown in Figure 3. Performing these two integrations yields

zwzsv(yk,w)2(4/K2)f sinz(Kacosa)dy3. (29)
y
3

SQ(yk.w) = Pg

Putting y3 = asine and using the relation 25in2B = 1l-cos2B enables the:

. expression to be written as

' 2 2 o
SQ(yk:w) = p, W Sv(yk,w)la(4/K yi2 é Lcosado

m/2
- 2 [ Y%cosacos (2Kacosa) dol . (30)
(o}

The first integral has a value of unity. The second can be shown (17)
fo be equal to (l—(ﬂ/Z)Hl(ZKa)) where H. is a Struve function of the

1
first kind. Thus

2 2 2
Sol¥yrw) = o, WS, (v, ,0) 2a(21/KTH, (2Ka) -
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Note that Ka can be written in terms of Strouhal number St based on hole
diameter. Assuming the convection velocity Uc to be half the mean flow
speed U_ at the outer edge of the boundary layer, one has

Ka = 2m(f4/U ) = 2m(St). The function H, (2Ka) has been plotted against
Strouhal number in Figure 4. Thus, the fairly realistic flow model
used illustrates an inherent dependence of the source strength on the

Strouhal number based on hole diameter.

2.4 Scaling Laws for the Radiated Sound Field

The scaling laws governing the sound produced by a given perforate
screen can be deduced from the equivalent source model and the
reflection coefficient of the screen. From equation (8) one has
l2

|R|* = [1+ (4an/kcost)?] 7L, (32)

Figure 5 shows a plot of |R[2 against the ratio (4aN/kcos6). From this
it can be seen that, approximately,
]2

IR = (kcose/4aN)2 for (4aN/kcos8) > 2. (33)

The inequality can be written as kacos6 < (20/m), where o = N'rra2 is the
open area ratio of the screen. This approximation for |R|2 will be
valid for screens of high porosity at low frequencies and grazing
incidence angles. This is the most likely form for perforate screens
used in practice. For a 40% open area screen having 2 mm diameter
holes, equation (33) will give a good approximation to the reflection
coefficient for frequencies up to 14 kHz at normal incidence.  For
screens of this type the expression (33) can be used in equation:(19) to
- give the spectral density of the sound field radiated by a single .

aperture:

4 Eccos

2
8 2
Sp(xk,w). = 4aN.] SQ(yk,w). -(34)

(41rr)2

L. 2
Now consider an area A of screen containing oA/ma” holes. If:.one

assumes that the quantities S (yk,w) are all equal to each other for:

each aperture (i.e., Sv(yk,w)Q;s uniform over the surface of each
aperture) and that each aperture radiates sound independently, then the
total mean square pressure will be given by adding the mean square

. pressures from each aperture. The fields from neighbouring holes will
be uncorrelated unless the eddy scales are large compared to the

distance between holes. This will be unlikely except at very low

— e ioaAi oA

3. .
AR ta,




tance to x, from the centre or the scattering area is I, wnere r 1s
much larger than the dimensions of the area, then the total mean square

pressure can be written as

2 2
2k cos SSQ(yk,w)

S_(x, ,w) . (35)
P “x 64onr02

Equation (31) for SQ(yk,w) can be substituted into this expression and

the terms re-arranged to give

P _cosfq2
_ A-] o) }LER 4
Sp (Xkrw) = L4ql[ page ] [U ]Sv(yk,w)U°° St Hl(4nSt). (36)
. o 0 00,
It has again been assumed that the eddy convection velocity Uc is
always (QN/Z) and St = fd/Uw. Now the radiated mean square pressure in
a given bandwidth is given by

)

2
(P (xk't))Af = f Sp(xk,w)dw. ) (37)
w
1
Also, the turbulence intensity IAf in a given bandwidth can be defined
as the ratio of the mms velocity fluctuation in a given bandwidth to the
free stream velocity U_ at the outer edge of the boundary layer, such
that
2 2 K
@ e = Q/UY) T S () ,w)dw. (38)
w
1
Provided the frequency dependent terms in equation (36) can be con-
sidered constant over the narrow bandwidth Af considered, then the equation
can be written as

—_— mp cosbi2]|f &
2 A (o) 1T ¢ 2 6
(p (xk,t))Af = |&4o T ) 1 (X )AfUm§t'H1(4"St)‘ (39)

[+

Here fc is the centre frequency of the given band and the Strouhal number
based on hole diameter is now defined as St = fcd/Uw. The sound radiated
by an area of perforated screen clearly follows a dipole-1like

dependence. The equivalent monopole source below the screen combines
with the monopole above the screen to produce a sound f@eld having a Ui
velocity dependence and a directional peak normal to the screen surface.
The dependence on the level of turbulence over the screen surface is
self-evident. One of the most important consequences of the flow

modelling used is the predicted Strouhal number dependence of the
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scattered sound. The form of the . function Hl(4wSt) indicates that the
most efficient sound production occurs for.Strouhal numbers based on

hole diameter that are larger than about 0.25. This corresponds to
"hydrodynamic wavelengths" that are less than twice the hole diameter.

It thus transpires from the equivalent source model presented here that
perforate screens used in practice will scatter a dipole type field, pre-
dominantly at frequencies produced by eddies of a smaller size than the

screen apertures.

Now one can consider the sound produced by a perforated screen of
low porosity. From Figure 5 it can be seen that approximately:
l2

|r =~ 1 for (4aN/kcosB) < 1/2.

In terms of open area ratio, this inequality can be written

‘kacos® > (3o/7). Screens of low porosity behave as perfectly reflecting
‘surfaces at high frequencies and normal incidence angles. Notice,
however, that the theory that has been used may not adequately describe
the properties of low porosity'screens. Since many holes are then
required per acoustic wavelength, it is necessary that'k(ﬂN)_% << 1

where (ﬂN)_% is the typical distance between apertures. Since

%

< a2 s .
‘= Nma~ in terms of open area ratio, one must have ka << o0~°. It is

thus necessary to satisfy both ka << 0%

and kacos® > (8o0/m). This
requires that o << (nz/ek) and may be possible for values of open area
ratio that are of the order of one per cent. [Q(lO—Z)J, depending on the
strictness of the requirement that ka << 0%. Assuming for the.moment
one can make the approximation I'RI2 = 1, one can deduce the mean square _ _
pressure radiated by a giQen area of low porosity screen by making the
same assumptions that were used in the derivation of equation (39).

The resulting expression is

2 H b
(B (% /D)), = (oB) [2:‘;0] [‘_f’ﬂ a? , ol —1—5(—2——5@ : (a1)
This predicts a remarkably efficient production of sound by turbulence.
The radiated field clearly follows a monopole type dependence. Only
the equivalent monopole source above the screen surface contributes to
the net radiation. It is unusual for screens having o = 0(10—2) to be
used in practice and this form of radiation is not likely to be

encountered.

The dipole type radiation predicted in equation (39) thus seems

the most relevant to practical applications. The scaling laws and
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Strouhal number dependence predicted can be tested experimentally and

an estimate of the unknown factors in the equation made. Essentially,
one must test both the basic equivalent source model and the assumed
form for the equivalent source strength. An experimental technique
for determining the sound produced by liner facings will be described

in the next section.

3. EXPERIMENTAL PROCEDURE

3.1 The Design of the Experimental Rig and the Perforates Tested

The theory developed in the preceding section is based on the
analysis of the problem of an infinite perforated screen exposed to
turbulence. In order to test the scaling laws and Strouhal number
dependénce pPredicted by the theory, an experimental method had to be
chosen that would as far as possible simulate the ideal conditions upon
which the model was based. A good test of the model would be the
measurement of the sound radiated when an air jet impinges on a per-
forated screen having dimensions much larger than the wavelength of
interest. However, it was also important to have a uniform mean flow
over the part of the screen exposed to turbulence in order that the
Strouhal nunbers based on hole diameter would all be equal to each other
for each of the scattering apertures. The test rig used provided a
compromise between these two requirements. A flat nozzle jet exit was
used to deliver air from a high pressure supply such that the velocity
profile of the jet was uniform over a large fraction of the width of the
nozzle. An outline drawing of the test rig used is shown in Figure 6.
The jet pipe consisted of a constant area duct, which transformed from— o

dimensions of 65 x 65 mm to 128 x 33 mm in a length of 745 mm.

The outlet of the jet was directed onto a baffle board measuring
1.22 x 1.58 m. A slof measuring 70 x 250 mm was cut in the board at
the jet outlet. This enabled specimens of either perforated metal screen
or honeycomb duct liner to be placed in the slot such that the surface
of a given specimen was flush with the baffle board surface. The size
of the slot was chosen such that the mean flow velocity (measured at the
edge of the boundary layer over the specimen surface) was as far as
ppssible uniform over the entire area of the specimen. Thus, strictly
speaking, the "infinite" perforated screen was only simulated for acoustic

wavelengths much less than the specimen size. This corresponds to




frequencies.much greater than about 2 kHz. Since most of the sound
scattered by the specimens tested was at frequencies above 2 .kHz and

the tests were performed in a room that was anechoic at these frequencies,
the experimental rig used gave a fair simulation of the model conditions.
It also provided a convenient and practical means of measuring the noise

. generated by different forms of liner facings.

The perforate screens tested were intended to be representative of
those used for duct liner facings in practice. The three screens used
were each made from 1 mm thick mild steel sheet containing a uniform
distribution of circular perforations. The diameters of the holes in
the screens were 1.75 mm, 3.5 mm and 4.8 mm. The corresponding open
area ratios of the screens were 0.24, 0.43 and 0.39, respectively.

When one of the screens was tested it was supported by its ends in the

slot such that the space beneath the Screen remained open.

Three honeycomb liner specimens were also tested. All three con-
'sisted of 1 mm thick aluminium sheet with a uniform distribution of
circular perforations over a honeycoﬁb cell backing. Two of the liner
specimens had a honeycomb backing with 21 mm depth and a cell volume of
4.3 cm3. These had facings with perforations of 1.0 mm and 2.4 mm
diaheter and open area ratios of 0.07 and 0.09, respectively. The
third liner specimen had a 35 mm honeycomb backing depth with a cell
volume of 10.3'cm3. The facing on this specimen had perforations of
1.6 mm diameter with an open area ratio of 0.23. The honeycomb liner
specimens were supported in the slot by metal brackets below the baffle

board. A full specification of all these test specimens is given in

Figure 7.

3.2 Rerodynamic Measurements

A pitot tube placed in the centre of a section of the upstream
ductwork was used to give a reference value of the mean flow velocity
for all the measurements undertaken. The boundary layer over the
surface of the baffle board at the jet exit was first investigated. A
section .of flat board was placed in the baffle board slot so that the
jet impinged on a continuous flat surface. Vertical traverses were
made with a pitot tﬁbe at positions along the jet centre~line at
distances of 50 mm, 150 mm and 250 mm from the jet exit. The results
of these traverses for a mean velocity of 28 m/s at the upstream pitot
are shown in Figure 8. The boundary layer has an approximate thick-
ness of between 20 mm and 10 mm as the jét expands in the downstream

direction.
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The mean velocity profile over the board surface was also investi- 4

~ gated. Mean velocities were measured with.a pitot tube at a distance
of 20. mm.above the board surface. Measurements were made at intervals
of 20 mm across the width of the jet along traverses at distances 0O, 50,
100, 150, 200 and 250 mm from the jet exit. This series of measurements
was repeated at three mean velocities of 20, 28 and 40 m/s measured at
the upstream pitot. The mean velocity profile at 40 m/s upstream
velocity is shown in Figure 9. The mean velocity was found to be
uniform to within 10% over the entire test specimen area at each test
velocity. It was also found that the mean velocity at the upstream
pitot gave a good estimate of the average velocity over the specimen
surface. For subsequent experiments, the mean velocity at the upstream
pitot was assumed to give the average mean velocity over the specimen

- surface to within 5%.

The turbulence intensity in the boundary layer over the test speci-
mens was measured by using an I.S.V.R. constant temperature hot wire
anenmometer. The frequency response of the instrument was flat up to
20 kHz. The output of the lineariser was calibrated against a pitot
tube. Further details of the instrument can be found in reference
(18). The signal from the anemometer was processed using a B & K 6%
Bandwidth Analyser, type 2107. A comparison was first made between the
overall turbulence levels in the flow above the flat board surface and
the perforated screen having a 4.8 mm hole diameter. Figure 10 shows
the overall rms velocity fluctuation normalised on the upstream mean
flow speed for these two cases. These measurements were taken with the
hot wire held perpendicular to the mean flow direction such that con-
tributions from "streamwise" and "vertical" velocity components were
sensed. The turbulence levels with the perforate screen in place’are
higher than those above the flat board surface, since the perforate
screen allowed a degree of inflow through the apertures with the con-

sequent persistence of turbulence near the surface.

The spectral distribution of the turbulence near the surface of the
screen‘having 4.8 mm diameter apertures was also measured. The hot
wire was held across the diameter of a hole in the centre of the specimen
at a distance of 1 mm above the specimen surface. The wire was again
perpendicular to the direction of flow. The 6% bandwidth analysis of
the velocity signal at mean flow speeds of 15, 20, 30, 40 and 50 m/s is
shown .in Figure 1l. This experiment was repeated using the perforated
screen with 1.75 mm diameter apertures. The spectra of the turbulent

velocity fluctuations above the surface of the two screens were found
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to be identical. The turbulence was thus unaffected by the screen
hole diameter, presumably because the screens were of a relatively high

porosity.

3.3 vAcoustic Measurements

Each of the six specimens was tested over a range of velocities
between 20 and 50 m/s. The far field radiation was measured by using
a 12 mm condenser microphone (B & K Type 4132). This was positioned
vertically above the test specimens at a distance of 0.3 m. - (See
Figure 6). This distance was as close as possible to the specimens
without entering the near field of the source. This enabled the
difference between the radiated sound and the background noise to be
maximised. Background noise was a problem. It was generated both
by the air jet itself and in the air supply systém in the labératory.
Thus, for each test on a perforate or liner specimen in the background
noise was measured by replacing the given specimen by a flat wooden

board and repeating the test under othexrwise identical conditions.

The microphone signal was processed by using a B & K 6% Bandwidth
Analyserx, type 2107. Some typical measured spectra from perforate
screen and honeycomb liner specimens are shown in Figures 12 and 13,

respectively. The background noise spectra for both cases are also

shown in the figures. The sound radiated from the perforate surface

was usually sufficiently far above the background noise for a simple
correction to be made to take account of any background noise contri-
bution. The error involved in the measurement of the far field sound

pressure level was thus within 1 dB.

The directivity of the radiation from the perforated screen having:
4.8 mm hole diameter was measured at a velocity of 30 m/s. Measurements
of sound pressure level were made on a hemispherical arc about the jet '
axis at a radius of 0.3 m. Sound pressure levels were measured. in the
1/3 octave bands having centre frequencies of 4 kHz, 8 kHz and 16 kHz.
The measurements were corrected for background noise contributions.

The results are shown in Figure 14.

4. ANALYSIS AND DISCUSSION OF RESULTS

4.1 Results for Unbacked Perforated Screens

The scaling laws predicted from theory show that the mean square
'sound'pressure in a given bandwidth radiated by a particular screen will'

be dependent on the intensity of the turbulence that impinges on the
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apertures of the screen. .In orxder to.test the predicted scaling laws,
a generalised spectrum of the measured.turbulence incident on a given
aperture was first evaluated. The 6% bandwidth velocity spectra
measured as described above were normalised on the mean flow velocity
U_ and plotted against (fdG/Uw). The boundary layer thickness § was
assumed to be 10 mm. It was also assumed that the turbulence intensity
in the "streamwise" and "vertical" component directions were equalhand
3 dB was subtracted from the measured levels to give the intensity of
only the vertiéal component of the turbulence. The resulting collapse
of data is shown in Figure 15. The turbulence intensity (I(St))s% at
a given Strouhal number based on hole diameter could then be found from
the value of (I(fCG/Um))e% at a value of Strouhal number based on boun-
dary layer thickness given by (fCG/Uw) = (St) (§/4d).

The measured 6% bandwidth sound pressure levels for each test
specimen under each test condition were then normalised on the basis of

the predicted scaling laws. Since the specimens tested were all of

i 4

relatively high porosity (see Figure 7), then the scaling laws predicted

by equation (39) were used for the collapse of experimental data. A

L

o B s 1

function L(St) was evaluated for comparison with the predicted Strouhal

number dependence. This function is given by

|

+ 10 logloc - 20 loglo(I(St))6%

10 log, JL(St) = SPLg,

npocosﬁ 2 N
- 60 lOglOUoo - 10 1-Og10(St) - 10 loglo g 2:—0?0—5;; . (42) :“

The area A of the test specimens was 0.0175 m2, the distance X, - 55;7;j§

from the field microphone to the specimen centre was 0.3 m, and the

polar angle 6 was zerxo. Note that the non-dimensional lateral

correlation length (fclluw) is unknown, and has been omitted from the
normalisation. For any given Strouhal number it will be a constant
depending on the boundary layer flow under consideration, but not on the
hole size or flow speed. Hence the results for different hole sizes

and flow speeds should collapse.

The plots of L(St) for the three specimens tested are shown in
Figures 16, 17 and 18. The Strouhal number dependence of the radiated
noise is almost exactly as preaicted by the theory. Most of the noise
radiated occurs at frequencies corresponding to Strouhal numbers greater
than O.1l. At frequencies lower than this, any radiated noise was

indistinguishable from the background levels. A peak in the spectra
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occurs around St = 0.25 for all the specimens tested and further "bumps”
in.the spectra.occur at progressively higher Strouvhal numbers. Spectral
peaks predictéd by the theory at St = 0.75, 1.25, etc., are not
convincingly reproduced by the. experimental results. This is probably
due to non-uniformity of the convection velocity of the eddies shed in
the holes. This is likely to have a dependence on frequency and will
not be perfectly uniform for all the specimen apertures. Nevertheless,
the simplified assumption that Uc is always Um/2 produces an excellent

descripticnh of the radiated noise spectra.

.A comparison of all the measured data is shown in Figure 19 and a
comparison with the theoretically predicted Strouhal number dependence
is shown in Figure 20. It can be seen that the overall collapse of
data is excellent. There are some significant differences between the
theory and the results for the specimens with larger hole sizes at low
Strouhal numbers. The larger the hole, the less sound is scattered.
This is due to the hole size becoming comparable with the boundary layer
thickness, which determines the scale of the largest eddies. At low

Strouhal nunbers based on a value of hole size that is roughly equal to

boundary layer thickness, there will be fewer large scale eddies present h:
to produce sound at these frequencies. The specimen having the smallest 1@
hole size (where 4 << §) thus shows the best agreement with theory. 1”§

The theoretical curve of Hl(4nst) in Figure 21 has been drawn on 5?
the assumption of a value of the non-dimensional lateral correlation }%
length of 10 2. Thus, the results indicate that ?

£ 4] S P
———JHl(4wSt) = 10 Hl(4ﬂSt). (43y——===3

R

L(St) o
[+
This value of (fcz/um) is perhaps a little low. Boundary layer pressure
measurements (16) indicate a value of 0(10_1). Nevertheless, the result
here is not unreasonable considering the simplified nature of the flow

model used.

The collapse of the experimental data gives a convincing justifi-
cation of the scaling laws predicted by the equivalent source model.
The dipole nature of the radiated sound is well established, although the
directivity patterns measured (see Figure 14) did not show a convincing
dipole behaviour at all frequencies. This is due to the presence of
the baffle board. At the higher frequencies (8 kHz, 16 kHz) a dipole
directivity pattern began to be cbserved, since the wavelength of the

radiated sound was becoming sufficiently small compared to the size of
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the slot in which the specimens were supported. Certainly, when the
baffle board was removed and a perforate specimen held in the jet flow,
a distinct'dipole directivity could be detected.

4.2 Sound Generated by Perforated Facings on
Dissipative ‘Duct Lining Materials

Having established the magnitude and spectral distribution of
noise scattered by flow over perforated screens, one can attempt to
estimate the net sound scattered by a perforated facing used in a
length of lined duct. Obviously, a perforated screen on a fibrous
backing material constitutes a rather different situation to that dealt
with'so far. Firstly, the presence of the backing material may
decrease the fluctuating mass flow driven through the screen apertures.
This will depend on the degree of contact between the backing material
and the screen and how far the material protrudes into the apertures.
An estimate of the magnitude of this effect can be made by estimating
the reduction in the turbulence intensity over the holes that is pro-
duced. Secondly, the backing material will alter the acoustic
properties of the screen surface. In general, at the high frequencies
of interest there will be an increase in the resistive impedance of the
screen. However, this may not significantly alter the radiation
mechanism of the noise source, provided the backing material is fairly

porous.

An effect that may be substantial is the absorption of the

generated sound as it travels down the duct. An attempt can be made to
estimate this effect by considering a continuous absorption and hmw“,?

generation of sound down a duct. This has been treated by Ingard (8).

Firstly, it can be assumed that the surface radiates sound as it does
in a free field. This will be valid provided there is a high density
of duct modes at the frequency considered. From equation (42) one can
write the far field mean square pressure in a given bandwidth in terms
of the measured function L(St):

2
Tp cos 6]2
2 _ A o 2 6
(P (% /8 pg = [64(;\[ T (I°(st)) , U, St L(St). (44)

The sound power radiated per unit area of screen in a given bandwidth

(o]

can thus be found by integrating (p (xk,t))Af/pocoA over a hemisphere of

radius r_. Since the integral of cosze over the hemisphere is given

by (Z/B)nroz, the sound power radiated per unit area.becomes
3
Pl 5 6
(WA)Af' 3 (I (St))AfUm St L(St) (
96000
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Now consider an element of liner facing of width dyl and height h.
The sound power generated in a given bandwidth by this element will be
(WA)AfhdY1° With any effects of flow on the propagation of sound in
the .duct neglected, half the power from the element will be radiated
upstream and half downstream. As the sound propagates down the duct it
will be attenuated by the lining. If B is the enexgy absorption
coefficient per unit length of the duct, the power generated by the
element that emerges from the end of a lined duct section of length b
will be -

-B(b—yl)
GWAf = (%)(WA)Af hdyle . (46)

If the lining starts at ¥y = O, the total power emerging from the lined

section will be the sum of all the elemental powers:

b -8 (b-y,) (W) fh
_ 1 _ A'A _ _-Bb
(wr)Af = i lz(wA)Af he dy, = [__28 jl(l e ). (47)

Thus, in terms of the measured function L(St), the net sound power
~generated by one facing of height h and length b of a lined duct having
an attenuation coefficient B is

w7

_ P
W, = b1 - ey ——°——J (12 (st)) , U2 (St LSE) . (48)
B 3 Af

l920co

Note that for large values of B this result is independent of the length
of the lining. Equation (48) has been used to estimate the net sound
power radiated in 1/3 octaves by a 1.2 m splitter attenuator section.
The linings consisted of glass fibre faced with perforated screens of

43% open area ratio and 3.5 mm hole diameter. The spectrum of the
turbulence intensity impinging on the liner facing was assumed to be

exactly the same as measured in the free jet test rig. A comparison of
the self-noise levels predicted on this basis with the levels measured

as described in Reference (19) is shown in Figure 21. The values of B
used in the calculation were of the order of magnitude measured by

Phelps (20) for thié attenuator configuration. It can be seen that the
predicted spectrum levels are in good agreement with those measured. It
is also worth noting that the same attenuator section with a cloth facing
had a considerably lower self-noise spectrum. Levels generated by
perforate facings used in the I.S.V.R. anechoic wind tunnel were also
successfully predicted by using the free jet test rig data (21) . A

cloth facing placed over the perforate facings in this case was effective
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in producing a similar reduction of the noise generated.

Thus the results indicate.that equation (48) can be effectively
used to give good engineering estimates of the net noise produced by a é
length of lined duct faced with a perforated screen. Use of the free
jet test rig data probably, if anything, will overestimate the noise
produced, since the turbulence levels represent an upper limit to those
that would be expected in a ducted situation.

4.3 sound Generated by Perforated Facings on a
Honeycomb Backing

The results for the honeycomb liner specimens tested are shown in
Figures 22-24. These have been collapsed by evaluating (SPL6%
- 60 logloUm) and plotting the results against Strouhal number based on
hole diameter. In general, the sound produced by the liner specimens
was of the same order of magnitude as the sound produced by the open
backed perforates, except'for the presence of strong resonant peaks in
the spectra. These peaks occurred at particular frequencies, which
could be identified with various resonant frequencies of the honeycomb
cavities. For example, the liner specimen with a 2.4 mm hole diameter
(see Figure 22) showed spectral peaks at roughly 1.8 kHz, 8.5 kHz and
16 kHz. These frequencies can be identified with the cavity Helmholtz
resonance and the first two longitudinal "open pipe" resonances of the

cavity depth, respectively.

The peaks are produced by a flow excited resonance phenomenon.
This only occurs at Strouhal numbers greater than about O.1 and this
implies that eddies of a size smaller than the diameter of the hole o A
somehow interact with the motion produced in the perforate apextures by

the cavity resonances. The flow becomes coupled to the resonance and g

a large amount of narrow band sound is radiated. This phenomenoh has
also been found to occur when the flow in the apertures becomes coupled

to duct modes near their cut-on frequency. For a fuller discussion of

this process, the reader is referred to References (2) and (3). The
dependence of the amplitudes of level produced on parameters such as the
damping ratio of the resonance involved has yet to be firmly established.
However, it has been shown by Bolton (22) that peak amplitudes will tend
to occur at Strouhal numbexs (ffd/Uw) of roughly 0.25, 0.75, 1.25, etc.,
where fr is the resonant frequency considered. These values correspond
to the "edgetone stages" found to occur (4) , when discrete frequency
noise is produced by flow over the perforated walls of transonic wind

tunnels. It is worth noting that these values of Strouhal number
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correspond . to. the maximum values of net mass flow produced by the

passage of eddies across the perforate apertures.

Although the level of understanding of the phenomenon is, at this
stage, still very elementary, it is unlikely that a flow excited
resonance phenomenon will occur for Strouhal numbers less than about
0.1. Thus, where fr is the frequency of any “strong"” resonance present
in the application considered, then no exceptionally large levels will

be expected, provided

£ < (0.1 U)/a. | (49)

‘

This inequality is likely to hold in general for high speeds, small
‘holes and large duct widths. In such cases, a fairly reasonable order
of magnitude estimate of the net sound generated can be made using
equation (48). This will give an engineering estimate of the "base
level" of noise scattered by honeycomb liners which, from the
experimental results, is of a similar order of magnitude to the sound

generated by the perforate screens with no backing.

5. CONCLUSIONS

The source of noise generated by flow over perforated screens used
as duct liner facings has been modelled on a basis suggested by

Ffowcs Williams' theoretical analysis of the problem for a particular

screen geometry (7). The equivalent source of sound has been modelled

as two equal and opposite monopole sources situated immediately above

and below the screen at each aperture position. The strength of the- - —
monopole sources is determined exactly by the mass flow driven through

the aperture by the hydrodynamic field. The radiation properties of

the monopoles are determined by the acoustic properties of the screen.

A fairly realistic flow model has been used to express the strength of

the monopole sources in terms of the turbulent flow over the aperture.

Measurement of the sound generated by perforated facings used in
practice has confirmed the predictions of the equivalent source model,
even though the Ffowes Williams' analysis is not applicable to the
perforate geometries studied, according to the assumptions inherent in
his model. The measured values are consistent in both magnitude and
spectral distribution with the noise levels predicted. The dipole type
scaling laws governing the sound .scattered from high porosity screens

are firmly established. The two equivalent monopoles when situated
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above and below a relatively transparent screen combine to give a net
dipéle field. A dipole type equivalénf source distribution.could have
been used to model the sound generated by porous screens. After all,
the fluctuating momentum of the mass flow driven through the apertures
must be balanced by an equivalent fluctuating force on the solid sur-
faces of a screen. However, the equivalent source formulation used has

produced a very useful description of the sound field generated.

The inherent dependence of the sound generated on Strouhal number
based on hole diameter has been made clear by both the equivalent source
model and the experimental results. From an engineering standpoint,
this is one of the most important results of the analysis. Liners used
in high speed applications (such as aero engines) will tend to be operating
at low Strouhal numbers. Thus, little sound will be generated at the
frequencies of interest. Liners in lower speed applications (such as
ventilation systems) will tend to operate at high Strouhal numbers and
more sound will be generated at frequencies of interest. The Strouhal
number dependence predicted also indicates that most sound is generated
by eddies of a scale smaller than the aperture size. This indicates that
the fundamental mechanism of the sound generation process may be related
to the interaction of vorticity shed in the apertures with the surrounding
aperture edges, even though on an equivalent source basis the source can

be successfully modelled in terms of the net mass flow through the

aperture.

By considering the absorption of facing generated noise by the
liner, it has been found that the experimentally measured values of the
sound generated can be used to give good estimates of the net sound — ==
produced by flow over a lined duct facing. The application of a cloth
facing over a perforate facing has been found to give useful reductions
in the level of noise generated. The cloth acts to prevent the

shedding of eddies in the screen apertures.

The level of noise generated by honeycomb liners indicates that the
noise is of the same order of magnitude and spectral distribution of the
noise generated by unbacked perforates, but with spectral peaks
associated with flow excited resonance phenomena. Coupling of vortex
shedding in a perforate aperture with a particular acoustic resonance
of frequencyj;hsunlikely to occur, provided fr < (0.1 Uy /9. In such
cases,'it is prabable that a good estimate of the noise generated will
be made by treating the situation as a perforate facing with a dissi-

pative backing.
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APPENDIX 1. LIST OF SYMBOLS

aperture radius

area of perforated screen

length of dissipative lining on duct wall
ambient speed of sound

aperture conductivity

aperture diameter

frequency

resonant frequency

centre frequency of a measurement band _
function defining degree of lateral correlation (in a
- direction perpendicular to the flow) of aperture
normal velocity fluctuations

height of dissipative lining on duct wall
Struve function of the first kind

square root of minus one

turbulence intensity

acoustic wavenumber

lateral correlation length (in a direction perpendicular
to the flow) of aperture normal velocity fluctuations

measured function of Strouhal number

Mach nunber

number of perforations per unit area of screen
acoustic pressure

reference pressure

acoustic volume flow

acoustic source strength (rate of change of mass
addition)

equivalent acoustic source strength prodﬁced by
hydrodynamic velocity fluctuations

distance of obsexrvation point from the centre of an
aperture

distance of cbservation point from the centre of the
radiating area of perforated screen
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st

SPL

screen reflection coefficient
spectral density of radiated pressure
source strength spectral density

spectral density of nommal velocity fluctuations over
an aperture

cross spectral density of normal velocity fluctuations
over an aperture

Strouhal number based on aperture diameter

sound pressure level

averaging time

acoustic particle velocity fluctuations

eddy convection velocity

mean flow velocity at outer edge of boundary layer
hydrodynamic velocity fluctuations

acoustic power

cartesian coordinates, where the subscript k can take
the value 1, 2 or 3

acoustic impedance

angular coordinate position on aperture surface

energy absorption coefficient per unit length of
dissipative duct wall lining

polar angle measured relative to normal to the
perforated screen surface

acoustic wavelength
ambient air density
open area ratio of perforated screen

‘radian frequency
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8 kHz

16 kHz

FIGURE 14. Measured Directivity Patterns

A microphone traverse was taken in an
arc about the jet axis. Levels were
measured in 1/3 octave bands.
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CHAPTER 4

THE FLUID DYNAMICS OF A FLOW EXCITED

RESONANCE (I) THE EXPERIMENT
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1. INTRODUCTION

In the context of aerodynamic noise generation, the phencmenon of
flow excited acoustic resonance is both of engineering importance and of
fundamental interxest. The self-excitation of an acoustic resonance
occurs in a wide variety of engineering applications involving fluid
movement. Large amplitude oscillation of various. types of resonant
acoustic system has been found in compressor stages (1) , tubebank heat
exchangers (2), transonic wind tunnels (3) and lined ducts (4). in
general, the production of high sound levels is a consequence of the
coupling of the acoustic resonance to some form of periodic flow
disturbance resulting from instability of the fluid motion. Energy is
in!some way extracted from the flow in order to sustain the acoustic
oscillation. It is the fluid dynamics of the interaction between the
unsteady flow and the acoustic resonance that is the subject of this

study.

A considerable understanding of this type of sound source has been
gained through previous work on specific instances of flow excited
resonance and other related phenomena. The mechanism of sound production
in organ pipes has been studied in some detail. The work of Cremer and
Ising (5) forms the foundation for many subsequent refinements of organ
pipe theory (6), although the underlying principles of their work have
largely remained unchanged. Cremer and Ising were successful in
modelling an organ pipe and the jet oscillating in its mouth as a feed-
back control system. The jet issuing into the pipe is unstable and
supports the propagation of wave-like disturbances, which travel towards
the downstream lip of the mouth, the amplification and propagation of the
waves being well described by Rayleigh's (7) theory. As a result, the
jet crosses the downstream lip of the mouth such that it is alternately
directed into and out of the pipe. This oscillatory volume flow into
the pipe acts as the source which excites the pipe resonance. The
rescnance of the pipe then produces an "acoustic" volume flow in the pipe
mouth, which, in turn, controls the growth of the waves on the jet, hence
closing the feedback loop. By deriving the details of the complex locii
of the controlled system (organ pipe) and the controller (jet), Cremer
and Ising were successful in predicting the frequency and amplitude of

self-excitation using the criterion that the loop gain should be unity.

This approach was initially applied in the study of edgetomes. The
production of discrete frequency sound by a jet impinging on an edge was

first given detailed attention by Brown (8) and later by Curle (9),
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although the most comprehensive explanation of the process has been
offered by Powell (10). The description again relies on the develop-
ment of waves on the unstable jet which impinge on the edge downstream
of the jet exit. The oscillations of the jet about the lip of the edge
give rise to a net fluctuating force on the edge. Powell showed that
the radiated sound field could be described exactly by an equivalent
dipole source at the edge, the strength of which was determined by the
fluctuating force. The near field of this dipole source provides the
feedback which controls the growth of the jet instability waves. The
contribution of edge-tone effects to organ piﬁe oscillation has generally
been found to be negligible (11), the pipe resocnance being the dominant
séurce of feedback to modulate the Jjet. However, the exact relation-

ship between edgetones and "pipetones" is still a matter of debate (12,13).

The high amplitude single frequency acoustic radiation produced by
flow over rectangular cavities and cut-outs can also be described in
terms of a feedback mechanism. Rossitter (14) succeeded in deriving
a semi-empirical equation relating the frequencies of tonal production
to the mean flow speed over the cavity and the length of the cavity in
the streamwise direction. In Rossitter's study, the unstable shear
layer over the cavity formed discrete vortices, which convected down-
stream and interacted with the downstream edge of the cavity to
produce "acoustic pulses" which were fed back upstream to trigger the
formation of subsequent vortices. This basic view of the phenomenon
has changed little, although the feedback process has been found to, vary
depending on the type of cavity considered and the Mach number of the
flow. The feedback controlling the behaviour of the shear layer can
be dominated by the various acoustic resonances of the cavity. This
process has been reviewed by Rockwell and Naudascher (15). At high
subsonic and supersonic Mach numbers the feedback is largely dominated
by direct radiation from the downstream edge of the cavity. Bilanin
and Covert (16) have modelled this latter process by applying linear
stability theory to describe the oscillatory motion of the shear layer
as waves travel in the downstream direction. The consequent fluc-
tuations in mass flow produced at the downstream edge of the cavity were
considered as determining the strength of an equivalent monopole acoustic
source. This model has recently been successfully refined by Tam and
Block (17), who take into account finite shear layer thickness,
distributed excitation of the shear layer and reflections by the cavity

surfaces of the acoustic waves from the downstream monopole.
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* A further type of flow excited resonance that has been given con-
siderable attention is the excitation of flow duct resanances by wake
shedding from plates parallel to the airstream. Extensive studies by
Parker (18,19) led to a more detailed treatment of the process by
Cumpsty and Whitehead (20). The Parker B resonance was excited in a
wind tunnel by the periodic shedding of vortices in the wake of a flat
plate in the centre of a wind tunnel cross section. Cumpsty and
wWhitehead succeeded in describing the excitation of the resonance using
Ribner's (21) formulation of the acoustic analogy. The unsteady
"incompressible" pressure field associated with the wake was considered
to be the source of acoustic excitation. The study of the feedback
1§Qp in this instance was later completed by Archibald (22), who measured
the influence of an externally applied sound field on the vortex
shedding in the wake of the plate. A criterion of a loop gain of unity
was again used to illustrate the conditions necessary for self-excitation

of the resonance.

As this brief review indiéates, there is already a wealth of
knowledge of the characteristics of the behaviour of the various
instances of flow excited resonance and other mechanisms of discrete
frequency sound production. Despite this, however, the understanding
of the fluid dynamics involved in any of these processes is still of a
superficial nature. . As most of the foregoing examples illustrate, the
analysis of these problems is often confined to the usefof stability
theory to describe the growth of waves on a jet or shearllayer and an
equivalent source to describe the radiation of sound providing the feed-
back. The exact mechanics of either the generation of sound by the
shear layer or the stimulation of shear layer disturbances by the sound
is poorly understood. The work that will be described in this and the
next two chapters is directed towards increasing the level of under-
standing of these interactions. "A rather different approach has thus
been taken in this work. A specific instance of flow excited
resonance has been chosen for study and the detailé of the flow have
been measured in one resonant condition. Effort has been directed
toward analysing the properties of the fluid motion in terms of the

momentum and energy exchanges occurring inside the fluid. Little

attempt has been made to describe the gross properties of the flow or
the resonance as a function of the parameters necessary to determine

the behaviour of the feedback system.

The phenomenon that has been chosen for this study is that of the

flow excited Helmholtz resonator. This choice was largely determined
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by experimental convenience. Previous work on this type of flow
excited resonance by Bolton (23) and Elder (24) has again been directed
towards describing experimental observations in terms of a feedback
model. Bolton treated the process as Bilanin and Covert (16) had

described cavity rescnance, although the monopole at the downstream

1 o
BB T T T N R L B

edge was believed to excite the resonator which dominated the feedback
controlling the shear layer. Elder'has undertaken a comprehensive
analysis of the mechanism, which he has described in terms of oxgan

pipe theory. The excitation of the resonance is by the net fluctuating
mass fiow into the cavity produced by the shear layer oscillations.

Both these descriptions of the mechanism of the flow/resonance inter-
action give good predictions of the onset of self-excitation, and
Elder's more thorough treatment is also successful in predicting
amplitudes of self-excitation. Neither of these works deal with the
details of the fluid dynamical interactions involved, although Elder

describes measurements of the wave-like behaviour of the shear layer.

The work described in this Chapter covers the measurement of the
mean and fluctuating parts of the velocity field and the fluctuating
parts of the pressure field in the neck of a Helmholtz resonator
excited to peak amplitude by a grazing flow. There are several
obvious advantages in conducting this study. Firstly, the flow is
two dimensional. A complete description of the velocity field has
.been accomplished using a two component Laser Doppler Velocimeter (LDV)
capable of simultaneous point measurement of the mean and fluctuating

parts of the velocity vector in two orthogohal component directions.

The second major experimental advantage is the periodic nature of the -~

flow field. The fluctuating motion produced repeats itself during
each cycle of the oscillation. Thirdly, once the resonator is
"singing" at its peak amplitude, the flow field becomes phase locked to
the acoustic motion in the resonant cavity and is not easily disturbed.
This enables accurate fluctuating pressure measurements to be taken
inside the flow using a small probe tube that does not influence the

flow being measured.

The measurements that have been taken reveal some very interesting
details of the flow field. Essentially, the flow consists of discrete
vortices formed periodically from the unstable shear layer leaving the
upstream lip of the resonator mouth. These interact with a reciprocating
flow through the resonator neck associated with the pressure fluctuations

in the resonant cavity. This leads to a particularly interesting net
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fluctuating pressure field. The dynamics of the interaction of the
vortices with the reciprocating flow will be examined in Chapter 5 in an
attempt to explain the details of the experimental results. In Chapter
6, particular attention will be paid to the momentum balances involved

and the energy interchanges produced within the flow.

In this Chapter the measurement of the velocity field using the LDV
will be described and the initial implications of the experimental data
discussed. The measurement of the fluctuating pressure field will also
be described. Firstly, however, the design and acoustical characteris-
tics of the resonator used in the study will be presented. K Additionally,
results of flow visualisation will be shown in an initial qualitative

investigation of the flow in the resonator neck.

2. THE ACOUSTICAL CHARACTERISTICS OF THE RESONATOR

2.1 The Design and Construction of the Resonator

Figure 1 shows a drawing of the resonator used for the series of
experiments that will be described in this Chapter. The basic design
was largely determined by the requirements of the LDV used to make the
velocity measurements. This will be further discussed in section 4.
However, in oxder to allow access for the interfering laser beams, the
neck of the resonator was made by cutting a slot of 100 mm length across
the top of the rectangular box forming the body of the resonator. The
slot was 10 mm wide in the direction of the flow across the top of the
resonator. This length was chosen in order that the resonator would
"sing" at a flow speed that could be easily maintained by the available
air supply and at a frequency which would be convenient for far field

acoustic measurements.

This frequency fn and flow speed qw are related to the length L of
the neck in the flow direction by the relationship

fL
n

u

= 0.25. (L)

(A list of symbols is given in Appendix 1.) This Strouhal number has
been found to describe the peak singing frequencies of the Helmholtz
resonators excited by pipe flow in Bolton's (23) experiments. fn is
the natural frequency of the resonator and U_ (in this case) is the
velocity at the edge of the boundary layer over the resonator. This
equation was used in the initial design of the resonator in order to

determine the volume of the cavity.



The body of the resonator was constructed from 12.5 mm thick
aluminium in order to provide perfectly rigid cavity walls. The slot
forming the neck of the resonator was cut in the top surface of the
cavity, which was constructed from 0.6 mm thick aluminium. Two
"windows" were constructed in the sides of the resonator at each end of
the slot in the top surface. These were made from 0.5 mm thick glass
sheets measuring 27 mm x 39 mm and allowed access for the laser beams
used in the velocity measurement. The glass sheets could be removed
for cleaning so that scattering of the laser light by matter collecting
on the glass surface could be minimised. The top of the resonator was

extended with a 1lip of 100 mm length in the flow direction so that the

flow did not separate from the resonator surface until well downstream

of the resonator neck.

2.2 The Response of the Resonator under Acoustic Excitation

A simple experiment was performed in order to measure the frequency
response of the resonator when excited by an incident sound wave. The
arrangement used is illustrated in Figure 2. A reference microphone
was placed close to the upper surface of the resonator. The compressor
circuit on the B & K sine random generator was used in order to maintain
a constant pressure at the reference microphone as the sound produced by
the loudspeaker was swept through the frequency range. The pressure in
the cavity of the resonator was monitored using a 12.5 mm microphone
mounted inside the cavity such that the microphone diaphragm was flush
with the inner surface of the cavity. The level recorder output in
Figure 3 shows the output of the cavity microphone and the reference
microphone as the excitation was varied from 100 Hz to 10 kHz. The
level of the excitation was maintained constant to within 0.5 dB up to
4 kHz. The Helmholtz resonance of the cavity is clearly shown at about

600 Hz, the next cavity depth mode resonance occurring around 2.2 kHz.

A more accurate determination of the Helmholfz resonance frequency
of the cavity was undertaken by slowly changing the excitation frequencY
in the region of 600 Hz. The frequency of the cavity pressure signal
was monitored on a digital frequency counter (accurate to within 1 Hz2)
and the frequency response curve was again plotted for constant
excitation. This is shown in Figure 4. The peak response of the
rescnator is shown to be 605 Hz, although this could only be determined
to within *3 Hz, since the frequency response curve is not sufficiently
sharply defined. The quality factor Q of the resonator was measured
from the bandwidth of the response curve. This is 61 Hz (3 Hz) giving

a value of Q = 10 (+0.5).




From the measured values of resonant frequency and quality factor
it is possible to determine the acoustic impedance of the resonator. i
The differential equation for the volume displacement £ of the slug of ]

air in the rescnator neck can be written (Reference (25)) as

e _ A . &
M—>+R—=2>+=2 = p, (2) o
at2 ac ' ¢

where p is the complex driving pressure, M the inertance of the mass of

air in the resonator neck, C the compliance of the air in the cavity, !
and R is the resistance providing the damping of the motion. Defining
the impedance z as the ratio of driving pressure to the volume velocity

in the neck gives

. 1
z = R+ i {uM mc}° (3)
The compliance C results from the stiffness of the air in the cavity ‘ %
and is easily calculated from the volume of the cavity. The inﬁemal ‘
volume V of the cavity is 4.41 x 10-4m3. C is given by 'V/pocoz where

Po is the ambient density of air and Sy the sound speed. Taking

Po = 1.2 Kg/m3 and Cy = 344 m/s, the value of C becomes 3.1 x 10-9m4321(g_1- -

At the natural frequency W s the reactive part of the impedance
(w nM - ‘l/wnC) is equal to zero. Thus, taking 605 Hz as the resonant
frequency of the system, we can calculate the inertance M from
M= ‘1/mn2c. This gives a value of M of 22 Kg m-z. Defining & as the
effective length of the mass of air in the neck, the inertance is given
by M = ¢ /S: where S ié the area of the neck. The inertance M thus

corresponds to an effective length £ of 18 mm.

The resistive part of the resonator impedance can be calculated

from the measured value of Q of the resonator. The resistance R and

the inertance M are related to Q by Q = wnM/R. Taking Q to be exactly

10 thus gives a value for R of 8.4 x lO3 kg m_4s~l. It is interesting

to compare this value with the radiation resistance of a piston in an
infinite baffle. At low frequencies, where the wavelength is much
larger than the dimensions of the radiating piston, the resistance Rr is
given by pocok2/21r where k is the wavenumber of the radiated sound.

For radiation at 605 Hz, this value is 8.0 x 103 kg m_4s—1. The
dominant contribution to the resistive impedance of the cavity is thus

< due to radiation losses. An estimate of the contribution due to viscous
losses can be made from the analysis of Morse and Ingard (26) of the

viscous resistance of a slit of width L in a two dimensional duct. When

L is much smaller than the duct width, the resistance due to viscous
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action is given by

2p wd

_ P, L :

where du is the viscous boundary layer thickness given by (Zu/pow)% and
h is the thickness of the slit, in this case equal to 0.6 mm. The value

of Ru computed, again at 605 Hz, was approximately 0.2 x lo3kg ln_-‘ls“1

This confirms that the resistive part of the impedance is dominated by
the radiation resistance with a small contribution (less than 5%) from
viscous losses. This is in marked contrast to the resonator examined
by Howe (27), in which the viscous losses were found to dominate. This
is probably because the present resonator has a relatively large neck

area and a small neck length compared to that examined by Howe.

Note also that no account has been taken of any nonlinear contri-
bution to the mouth resistance. The sound pressure levels in the
cavity during the frequency response test were always below 100 dB and
nonlinear losses associated with high particle velocities in the
resonator neck would not be expected. Particle velocities werxe of the
order of 0.01 m/s, which is‘well below the onset of nonlinearity found
by Ingard and Ising (28) . Under aerodynamic excitation, however,
levels in the cavity were considerably larger and in the region where

nonlinear losses may make some contribution.

2.3 Aerodynamic Excitation of the Resonator

All the experiments that will be described that involve the aero-
dynamic excitation of the resonator were performed using the free jet

nozzle illustrated in Figure 1. It is the same nozzle used for the —

experimental determination of noise generated by flow over perforates
described in Chapter 3. The velocity profile was thus uniform over the
span of the slot forming the resonator neck. This can be seen from
Figure 9 of Chapter 3. The turbulent boundary layer formed over the
surface of the resonator has a velocity profile illustrated in Figure 8
of Chapter 3. The velocity U at the edge of the boundary layer occurs
at a distance of about one half of the nozzle height above the resonator
surface. The nozzle measures 34 mm in height and the velocity U _ was
thus taken to be the velocity at a position 17 mm directly above the
centre of the resonator neck. A pitot tube was used to measure U, as
the air supply was adjusted to give a range of wvelocities between 15 m/s

and 30 m/s.

The amplitude and frequency of the cavity pressure fluctuations were
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monitored using a B & K 12.5 mm microphone, again mounted with the
diaphragm flush with the inner wall of the cavity. The microphone
signal was amplified using a B & K frequency analyser, type 2107,
although no filtering was applied to the signal. The frequency of the
signal was again measured using a digital frequency counter. The
results of the variation in amplitude and frequency of the cavity
pressure are plotted as a function of the velocity U in Figure 5. The
peak amplitude of excitation produced a level of 134 dB inside the
cavity. The precise frequency of this peak excitation is again a little
difficult to determine because of the large bandwidth of the response
curve. However, it is certainly in the region of 605 Hz, the nominal
natural frequency of the resonator, and occurs at a value of U_ of

22 m/s. '

All the subsequent experiments on the aerodynamic ekcitation of the
resonator were performed at this peak excitation condition. It was
found that a measurement of the frequency of cavity oscillation provided
an accurate means of monitoring the excitation. The fregquency of the
cavity pressure signal, rather than the flow velocity, was thus moni-
tored and kept to within a range of 602 Hz to 608 Hz. This corresponds
to a value of U_ of 22 m/s £ 0.25 m/s. A greater accuracy of control

could not be achieved because of drift in the air supply.

2.4 The Sound Power Radiated at Peak Aerodynamic Excitation

An experiment was conducted in order to determine the total sound
power radiated to the far field when the resonator was excited to its
nominal peak amplitude. The experimental arrangement used is shown in
Figure 6. The resonator was mounﬁed as usual at the free jet nozzle
exit. The jet nozzle itself was connected via flexible ducting to the
air supply and was mounted in the centre of a semi-anechoic room. The
area in which far field pressure measurements were made was surrounded
by anechoic wedges, in order to give as near as possible truly anechoic
conditions. The decay of sound pressure level away from the resonator
was measured above and below the resonator along the Xy axi§ (see
Figure 7), and away from each side of the resonator along the X4 axis.
The resulting plots of sound pressure level against distance are shown
in Figure 7. The values of SPL shown were measured in the 1/3 octave
band centered on 630 Hz. It can be seen that the decay of SPL is at
6 dB/distance doubling out to about 0.8 m where small reflections from
the anechoic wedges interfere with the sound radiated directly fram the

resonator.
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Accurate measurements of the far field pressure could thus be made

at a distance of 0.5 m from the centre of the resonator neck, this
distance being about a wavelength at the frequency of interest. The
SPL was measured at twenty positions 0.5 m from the rescnator. Each
measuring position corresponded to the centre of a face on the surface
of an icosahedron surrounding the resonator. The measurements were
made using a B & K 12.5 mm microphone and a B & K AF spectrometer, type
2111. All measurements were made in the 1/3 octave band centered on

630 Hz. The microphone was calibrated using a pistonphone.

Each set of twenty measurements was repeated three times. The
measurements éaken are tabulated in Figure 8. The arithmetic average
SPL was found for each set of measurements and the sound power level of
the source calculated. The results for the sound power level of the
source were 97.2, 97.8 and 97.8 dB re 10'~l2 watts, respectively, for the
three sets of measurements performed. These levels correspond to 5.2,
6.0 and 6.0 mW of sound power, respectively. The average rate of
acoustic energy generation by the flow can thus be estimated to be 6 mW

to within an accuracy of 1 mW.

It can be seen from the measured results (Figure 8) that the
radiation from the resonator is roughly omnidirectional, although SPL
measurements over the hemisphere above the resonator were up to 5 4B
higher than those over the hemisphere below the resqnatbr. This form
of directivity is observed for the radiation from a piSton on a
spherical baffle (see Reference 29) , when the wavelength of the radiated

sound approaches the circumferential dimension of the sphere.

The far field radiation was dominated by the fundamental frequency
of the resonator. The second harmonic was detectable, although it
produced a far field SPL in the 1250 Hz 1/3 octave band that was 25 dB
lower than the fundamental measured in the 630 Hz 1/3 octave band. No
third harmonic was detectable above the background noise and there was

no evidence of any sub-harmonics.

3. FLOW VISUALISATION

3.1 Experimental Procedure

iIn order to first obtain a qualitative assessment of the nature of
the flow in the neck of the resonator, an additional resonatox was built
to enable visualisation of the flow. This additional resonator was
made with an identical internal cavity volume and with a neck of identical

dimensions to the first. The only major difference in construction



was that the sides of the resonator were extended 18 mm above the top
surface. This is illustrated in Figure 9. One of these sides was made
from perspex to enable a clear view of the neck cross-section. The

remainder of the resonator was painted with a matt black finish.

The additional resonator was attached'to the free jet nozzle and
excited aerodynamically in an identical fashion to the first. Oil mist
was introduced into the flow using a T.E.M. Engineerxing smoke probe.
This was inserted through the rear wall of the resonator and held against
the underside of the upper surface of the resonator near to the upstream
lip of the neck. The air supply was adjusted until the resonator was
"singing" at 605 Hz and the flow was illuminated using an E.M.I. Type 6
stroboscope. The periodic shedding of vortices from the upstream lip
of the resonator neck could be clearly cbserxved. Figure 10 shows a
photograph taken with the flow " frozen" at a particular point in the
cycle. The shedding shown was observed by viewing the flow through
‘the perspex side of the resonator. The o0il mist was introduced at the
mid point of the span of the resonator neck. By increasing the flow of
0il mist, the shedding could be observed from above the resonator and
was shown to be correlated along the entire span of the resonator neck.
The flow observed at the mid point was thus taken to be representative

of the two dimensional flow occurring in the neck.

A more detailed examination of the flow was undertaken by
triggering the stroboscope using a signal from a microphone monitoring
the cavity pressure oscillation. A phase shifting circuit was then
introduced in order to change the point in the shedding cycle at which
the flow was "frozen" by the stroboscopic illumination. A schematic
diagram of the instrumentation used is shown in Figure 11. Since the
oil mist could contaminate a microphone diaphragm, the cavity pressure
oscillation was monitored using a B & K 12.5 mm microphone fitted with
a 2 mm diameter probe tube. The phase shift introduced by the probe
tube was measured using an identical technique to that used by Dean (30).
The probe tube and a reference microphone are fixed in a small cavity
above a horn loudspeaker driver unit. The Ffrequency of the cavity
pressure fluctuations produced by the driver unit is varied and the
outputs of the prcbe and reference microphones compared using an AD-YU
precision phase meter. At 605 Hz the probe microphone signal was found

to have a phase lead of 156o over the reference microphone sigmal.

The phase relationship between the trigger signal applied to the
stroboscope and the flash produced was also measured. This was
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accomplished using a photo-diode with a reverse bias voltage, which
produced an increase in leakage curxrent when light impinged on the
surface. An oscilloscope trace was thus produced which consisted of
a series of "spikes”, each corresponding to a flash of the straboscope.
This trace was compared with the trace of the trigger signal input to
the stroboscope. It was found that at a frequehcy of 605 Hz, the
stroboscope flash occurred at a time before the peak value of the input

trigger signal corresponding to a phase lead of 10 degrees.

Knowing the phase shifts of the various components in the trigger
circuit illustrated in Figure 11, the point in the cycle at which the
flow was frozen could be related to the pressure fluctuation occurring
in' the resonator cavity. The phase shifting circuit introduced was
specifically designed to produce a change in phase of the trigger signal
of up to 360 degrees at a frequency of appréximately 600 Hz. The shift
introduced was monitored using the AD-YU precision phase meter. A
series of twelve photographs were taken using a phase shift that was
changed in increments of 30 degrees. These photographs are shown in
Figure 12. The point in the cycle at which the flow was frozen is
shown for each of the photographs. The period T of the oscillation is
1653 us. The fraction of a period after the minimum pressure occurs
in the cavity is sho&n for each photograph. The photographs were taken
using a Miranda R.E. Sensomat camera with a 1/15 sec. exposure time.
Each photograph thus shows a superposition of the flow occurring in
approximately 40 consecutive cycles of the motion. The clarity produced
indicates that the flow is closely duplicated during each consecutive

cycle.

3.2 Discussion of Results

The results of any flow visualisation study must be interpreted
with caution. The photographs taken indicate the periodic formation
of discrete vortices near the upstream lip of the resonator neck.

These vortices appear to grow in size as they are convected towards the
downstream lip of the neck. The vortices then appear to be "pushed
out" of the resonator before being convected downstream over the upper
surface of the resonator. It must be pointed out that these bhoto—
graphs of streaklines produced by the oil mist particles injected into
the flow will not give a good representation of the streamlines of the
flow. The work of Hama (31) has illustratéd that an apparent "growth"
in streakline oscillations can be produced by a neutrally stable shear
layer disturbance. Hama also concluded that "one cannot positively

identify the présence of discrete vortices merely based on the rolling
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up of the streaklimne". Additionally, the number of individual cycles

captured in each photograph will result in a space averaged picture of
the flow field. More quantitative information is thus required before
any firm conclusions can be reached regarding the formation and growth

of the discrete vortices cbserved.

Nevertheless, certain useful information can be tentatively
deduced from the photographs. Figure 13 shows a series of sketches of
the flow in which the positions of the cbserved vortices has been
approximately identified by tracing the photographs taken. The
approximate path taken by a vortex during the course of two cycles of
oscillation has thus been plotted. A discrete vortex appears to be
fofmed during the first half cycle after the cavity pressure reaches
its minimum value. During this period the cavity pressure is in-
creasing and the air below the neck is being displaced into the cavity.
The vortex reaches the mid point of the resonator neck on completibn of
the first half cycle. At this stage the cavity is at its maximum
pressure and the air below the neck at its maximum downwards displace-
ment. During the next half cycle, as the cavity pressure falls and
the air belcw-the neck is displaced upwards, the vortex convects towards
the downstream lip. On completion of the cycle, the vortex appears to
have been wrapped around the lip and has almost been ejected as the air
below the neck reaches its maximum upwards displacement. During the

second half cycle, between the photographs taken at 0.47 T and 0.97 T,

the vortex has travelled a distance of approximately 5 mm, which implies‘

a convection speed of about 6 m/s.

After ejection from the resonator neck, during the third half

cycle illustrated in Figure 13, the vortex appears to travel a distance e

of the order of 10 mm, although the apparently "stretched" shape of the
vortex makes it difficult to locate accurately. This implies an in-
creased convection speed of about 12 m/s. This is confirmed during
the fourth half cycle illustrated. The trailing end of the vortex
again appears to travel a distance of about 10 mm between the photo-

~ graphs corresponding to 1.47 T and 1.97 T after the start of the first
cycle. Further evidence of this increased convection speed is given
by Figure 1lO. The vortices travelling downstream from the resonator
neck appear to be a distance of two neck widths (20 mm) apart. Since
one vortex is released every period, this again implies that the

convection speed is of the order of 12 m/s.

Finally, a feature of the flow visualisation results that is

worthy of note is the behaviour of the fluid at the upstream lip of the
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resonator neck. The shear layer at the upstream lip of the neck always
appears to be leaving in a direction tangential to the upper surface of
the resonator. This implies that the Kutta condition is satisfied at
the upstream lip of the neck. The consequences of this and the other
results revealed by the flow visualisation will be discussed in more
detail in the next Chapter. The remainder of this Chapter will be aimed
at establishing more quantitative information about the vortex shedding

process.

4. THE MEASUREMENT OF THE VELOCITY FIELD IN THE
"RESONATOR NECK

4.1 The Principles of Laser Doppler Velocimetxy
|

The use of LDV for flow measurement is now well established and has
been applied to a wide variety of problems since its use was first
demonstrated by Yeh and Cummins (32) some 15 years ago. Relatively
speaking, however, it is still a fairly new technique and so a brief
outline of the principles involved will be given here. Attention will
be confined to the particular LDV used for measuring the vortex shedding
in the resonator neck. A more comprehensive survey of the underlying
principles and alternative techniques available can be found in the text

by Durst, Melling and Whitelaw (33).

Figure 14 shows the basic optical arrangemént used in oxder to measure
fluid velocity in one component direction. The laser beam is focussed

onto a rotating translucent disc, which allows the beam to pass through

at the same time as scattering laser light in the forward direction onto
the mask M2. A small hole in this mask allows some of this scattered
light through into the next lens. This lens focusses this light into
the flow region.in order to form a "reference beam" of scattered light.
This low intensity reference beam intersects with the main beam of laser
light to form a small "control volume" at the point O. This defines the
measurement position in the flow. Particles in the flow travelling
through this control volume scatter light from the high intensity main
beam. The scattered light is allowed to pass through the mask M3 and
heterodyne with the reference beam light, which is passed through the
third lens and collected as a parallel beam by the photomultiplier. The
photomultiplier detects the modulation of the light intensity at a
Doppler frequency given by

a = (ZnU/Az)sin(B/Z) + fo’




where n is the refractive index of the scattering medium, Al the wave-
length of the laser light, and ® is the "scattering angle" between the
main beam and reference beam. U is the velocity of the scattering
particles. The direction of the velocity component measured bisects
the complement of the scattering angle between the two beams and lies in

the plane of beams (Figure 14).

The frequency fo is the Doppler shift already introduced into the
reference beam light by the motion of the particles on the scattering
disc. This frequency pre-shift removes the ambiguity in the sign of
the wvelocity component U. A Doppler frequency fd greater than fo means
thg particles scattering light from the control volume are moving in the
sare directionvas the particles on the scattering disc. A frequency
fd less than fo means the fluid is moving in the opposite direction to

the disc. The value of fo is given by

v e

£, = ugr sin ¢ (2n/2)) sin(6/2), (6) !

where r is the radial distance of the scattering point from the disc
axis, ¢ is the azimuthal angle on the disc (see Figure 14) and w5 is the

angular velocity of the disc.

The amount of frequency pre-shift that is 1ntroduced into the
reference beam light can thus be controlled by changing the position at
which the main beam impinges on the disc. This has several advantages

in the processing of the Dopplexr frequency generated. In particular

the signal produced can be shifted into the frequency range most sultable ;Jﬁ

for following the fluctuations in Doppler frequency produced by fluc-
tuations in the flow. The fluctuations in Doppler frequency are follcwed
using an autodyne frequency tracker. The photomultiplier signal is

input to the tracker, which provides a means of producing a voltage

output proportional to the Doppler frequency of the input signal. A
voltage analogue of the velocity of the scattering particles 1n the flow
is thus produced. A complete description of the principles of

operation of the autodyne frequency tracker can be found in References

(33) and (34).

4.2 The Two Component Velocimetexr

The LDV used to perform simultaneous measurement of the vertical
and streamwise velocity components in the resonator neck was that
devised by Rizzo and Halliwell (35). A brief version of this des-

cription will be reproduced here. The two component instrument is a
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straightforward development of the single component velocimeter des-
cribed in the previous section. An additional lens is inserted to fomm l
separate measuring and frequency shifting modules, with parallel beams '
being transmitted between the two. Figure 15 shows the two module

arrangement. )

The measurement module consists of two lenses, Ll and L2, having
a common focus at O which defines the position of the measurement control
. volume. The main laser beam and two reference beaus, Rl and R2, enter
L2 normal to its plane ABCD. All three beams are focussed at O and
pass out of Ll normal to its plane EFGH. The main beam and reference
beam Rl combine to measure the streamwise velocity Ul' which lies in
the inclined plane ABHG. The main beam and reference beam R2 combine
to measure the vertical component U2 which lies in the inclined plane
BCEH.

The reference beams Rl and R2 are produced in the frequency
shifting module. This consists of two lenses, L3 and L4, which share
a common focus at O' which is in the plane of the rotating scattering
disc. The light scattered by the disc is collinated by Ly to form a
circular scattering pattern on the surface of the mask Ml’ The small
holes A' and C' allow this scattered light through to form the two
reference beams. The three beams emerging from Ml are thus suitably

arranged for collection by lens L, when the measuring and fregquency
2 A

shifting modules axe aligned on the same optical axis.

The two beams emerging from the measurement module through mask
M4 are each collected by a photomultiplier. The photomultiplier outgupsi
are individually processed using frequéncy trackers to produce real ti@e ;,
voltage analogues of the vertical and streamwise velocity components.
A thorough description of the procedure necessary to give the coxrect

optical alignment of the velocimeter is given in Reference (35).

4.3 Experimental Arrangement

Figure 16 shows the arrangement used. The two component veloci-
meter was aligned with the measurement control volume located in the
plane perpendicular to the optical axis at the mid point of the span of
the resonator neck. The beam from a 30 mW Scientifica Helium-Neon
laser was passed through the holes in the alignment masks M3 and M,.
The lens L4 was a 114 mm diameter plano—convex lens having a focal
length of approximately 190 mm. The lens L3 collecting the light
scattered by the rotating disc was a 44.5 mm diameter bi-convex lens

having an approximate focal length of 127 mm.
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The .scattering disc placed at the focii of lenses L3 and L‘4 con— 1@

sisted of a 70 mm diameter perspex disc 1.5 mm thick with a 90 mm

diameter Melinex disc only 0.1 mm thick cemented to its surface. The
perspex served to keep the Melinex steady when rotated. Plasticine
particles were rubbed onto the Melinex surface to give a good scattering
medium. A synchronous motor provided a constant drive for the disc at
3000 r.p.m. The main laser beam impinged on the Melinex disc at a
radial distance r of 85 mm and an azimuthal angle ¢ of approximately
30°. The scattering angle 6 formed between the main beam and the two
reference beams in the frequency shifting module was 8.980. From
equation (6) the frequency pre-shifts applied to the reference beams
weré thus of the order of 5.7 MHz and 3.3 MHz for the streamwise and

vertical component measuring beams respectively.

The main beam and the pre-shifted reference beams were collected by
lens L,. This was a 44.5 mm diameter bi-convex lens having a focal
length of 102 mm. From here the beams were focussed into the control
volume in the neck of the resonator and collected by the 114 mm
diameter plano-convex lens Ll having a focal length of 190 mm. Mirrors
were then used to deflect the two reference beams into the photomultipliers.
The scattering angle used in the measurement module was 11.180. Thus,
from equation (5) a particle moving at 1 m/s in either component direction.
would produce a further Doppler shift of 0.308 MHz in the frequency of

the reference bean.

The reference beam measuring the vertical velocity component was
passed into the resonator neck through the glass window in the reéongggf;;wua
side before reaching the measurement control volune. At the angle of
incidence used the refraction of the beam producéd by the thickness of‘
the glass window resulted in an estimated lateral displacement of only
0.02 mm. Both the main beam and the streamwise component measuring
beam were éubject to similar displacements on passing through the
window on the other side of the resonator after interfering in the

measurement control volume.

The arrangement of the beams in the resonator is shown in Figure
17. The area of the resonator neck that could be examined is
illustrated. This area was defined by the geometry used. It was
limited by the extent to which the rescnator could be moved relative to
the beams without a solid surface intersecting one of the beams. The
size of the control volume was determined from the size of the "waist"

of the interfering beams when focussed by.L2 from their original size.
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The main beam was 1.5 mm diameter and was focussed down to 0.07 mm
diameter. The reference beams were each 3 mm diameter and were focussed
down to 0.03 mm in diameter. The resulting control volume was thus

0.5 mm in length in the Xq (spanwise) direction and less than 0.1 mm in

diameter.

Exrors in spatial resolution were, in fact, determined by the
accuracy of positioning of the measurement point rather than the size
of the control volume. It was obviously convenient to move the flow
relative to the laser velocimeter. The jet nozzle and resonator were
thus traversed in the streamwise and vertical directions using the
arrangement shown in Figure 18. The relative position of the resonator
was monitored using a travelling microscope. This located the centre
of a cross scribed on a plate fixed to the side of the jet nozzle. The
traversing mechanism could locate the position of the resonator to
within an accuracy of 0.25 mm. The resonator was initially positioned
relative to the control volume by first observing the magnified imagé'
of the reference beams produced by the lens Ll' A pointer was then
inserted into the contxol volume such that the shadow produced by its
tip could be observed at the centre of both beam images. The resonator
was then traversed such that the top of the edge of the upstream lip of
the neck was brought into contact with the pointer. At this position

of the traverse, the control volume location in the resonator neck was

thus known to within an accuracy of O.l mm.

4.4 Velocimeter Operation

The provision of adequate seeding for the flow was one of the most =~

important aspects of the use of the laser velocimeter. The instrument -
itself proved relatively easy to assemble and align, but considerable
care had to be taken to ensure that sufficient seeding was provided in
the flow to give a continuous Doppler signal from the photomultiplier
output. The seeding was provided by two oil mist generators. The
first was the probe made by T.E.M. Engineering. This was inserted
through the rear of the resonator and held under the upper'surface of
the resonator such that its outlet was near the upstream lip of the
resonator neck. This provided adequate seeding for the region inside
the resonator beneath the level of the neck.  Regions above this level
suffered from a periodic lack of seeding as air from the boundary layer
above the resonator was entrained during the vortex shedding process.
This is visible on the flow visualisation photographs. An additional

supply of oil mist particles was thus provided in orxder to seed the air




travelling over the upper surface of the resonator. The smoke provided
by an additional oil mist genexatox was injected into the Jjet nozzle

just upstream of the jet exit.

The Doppler signal was monitored at all times during the taking of
measurements to ensure continuous seeding of ﬁhe flow in the control
volume; The size of the particles injected was of the orxrder of 1 um
and were thus suitable for following turbulent velocity fluctuations of

up to 10 kHz (see Reference (33)).

The frequency trackers used to process the photomultiplier signals
were those made by Communications and Electronics Ltd. from the design
of Wilmshurst and Rizzo (34). All measurements were made using the
highest possible slew rate in the phase locked loop of the trackers.
The trackers thus had an amplitude and phase response that was flat for
fluctuations in the flow of up to 10 kHz. The trackers were calibrated
by adjusting the frequency input from an Airmec type 201A signal
~ generator and monitoring the output voltage on a digital voltmeter.
The streamwise and vertical component trackers produced an output of
0.330 and 0.336 V/MHz, respectively. Since the beam configuration
used produced a velocity calibration ofA0.308 Miz (m/s), the calibrations
of the trackers were 9.83 (m/s)/v and 9.66 (m/s)/v for the streamwise and

vertical components, respectively.

The frequency pre-shifts produced by the scattering disc were
measured with no flow. The streamwise and vertical pre-shifts were
found to be 5.1 Mz and 3.2 MHz, respectively. This is in good
agreement with the values predicted from the approximate position of
the intersection of the main beam with the scattering disc. The —
streamwise component tracker was thus operated over its frequency range
petween 4 and 10 MHz, whilst the vertical component tracker range used
was between 1.5 and 5 MHz. The range of flow velocities that could be
measured were thus approximately -3 to +15 m/s in the streamwise

direction and -5 to 45 m/s in the vertical direction.

4.5 Measurement Procedure

Figure 19 shows the instrumentation used for the processing of the
outputs of the frequency trackers. All the measurements were made with
the resonator at peak aerodynamic excitation. A probe tube was used
to monitor the cavity pressure and it was ensured that the freguency
' of pressure fluctuations was always in the range 602 to 608 Hz wben .

taking measurements.
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The time averaged values of the tracker outputs corresponding to

the mean flow values in the resonator were measured using a Rockland
Labs. Dual Hi-Lo Filter. Both channels were set for low pass filtering
with a nominal cut-off frequency of 20 Hz. The steady voltage outputs
reached after filtering were monitored on digital voltmeters. Mean flow
values in the two component directions were recorded over a grid of
points spaced 0.5 mm apart. The values measured were repeatable to
within #0.2 m/s. The accuracy of the measurements was limited by the
positional accuracy of the traverse gear and the drift in the air supply,
although the latter was kept within the limits defined by the allowable
change in the frequency of the cavity pressure oscillation. The

measured data as a function of position is shown in Figures 20 and 21.

The fluctuating velocity field in the resonator neck was first
examined by measuring the power spectra of the velocity fluctuations in
the two component directions. The I.S.V.R. PDP 11/45 digital computer
was used to acquire both the streamwise and vertical tracker outputs
directly and evaluate the power spectral density of the velocity signals.
A sample length of 1.25 sec. was acquired from each signal at a rate of
104 samples/sec. Power spectra were produced having a resolution of
10 Hz, which were accurate to within *3 dB with 95% confidence. The
noise spectrum of the velocimeter was measured with no flow. This was
dominated by the velocity fluctuations of the scattering disc and was

predominantly at the rotational frequency of the disc and its harmonics.

Figure 22 shows typical power spectra of the velocity fluctuations

in the flow in the two component directicns. The measuring point was

at a position X = 5 mm, and X, = -3 mm, where the xl,and X, co-ordinates

are in the streamwise and vertical directionms, respectively and the
origin is at the corner of the upstream lip of the neck on the upper
surface of the resonator. It can be seen that the background noise of
the velocimeter is well below the level of the measured velocity spectra.
In both directions, the velocity spectra are dominated by the fundamental
frequency of the vortex shedding (605 Hz) . .Higher harmonics of the
shedding are clearly visible on the spectra and up to four higher
harmonics were detected on the speétra measured at various points in the
flow. The fundamental frequency was always at least 5 &8 higher in
amplitude than the second harmonic on all the spectra sampled, although

no systematic investigation of the harmonic content of the measured

signals was carried out.




The variation of the amplitude and relative phase of the
fundamental freguency of the two vélocity components was, however,
investigated thoroughly throughout the measurement plane. The amplitude
of the velocity fluctuation in each component diiection at the funda-
mental frequency was measured by filtering the tracker output signals
with a B & K bandpass filter set, type 1612, using the 1/3 octave band
centered on 630 Hz. The root mean square values of the filtered output
voltages were then measured using a Hewlett Packard RMS voltmeter, type
3400A. The resulting values of rms velocity fluctuations are tabulated
in Figures 23 and 24. The results were repeatable to within 0.2 m/s,
although in some cases, particularly for the vertical component near the
centre of the neck, the results were only repeatable to within iO.é n/s.
These errors were largely determined by positional accuracy. This was

obviously more important in regions of large velocity gradient.

The phase of the velocity fluctuations at the fundamental frequency
was measured relative to the phase of the cavity pressure'fluctuations.
The cavity pressure was monitored using a B & K 12.5 mm condenser micro-
phone with a 1 mm diameter probe tube. The probe tube was calibrated
using the method described in section 3.1. It was found to produce a
phase lag of 164° with reference to the measured pressure signal at a
frequency of 605 Hz. The signal from the probe microphone was amplified
using a B & K A.F. spectrometer, type 2111. The signal was also filtered
using the 1/3 octave centered on 630 Hz. The phase matching of the two
1/3 octave filters used for the velocity and cavity pressure signals was
checked. The same single frequency input was applied to both filters
and the phase difference of the output was measured using an AD-YU pre-
cision phase meter. At 605 Hz the output of the velocity signal filter
lagged the output of the pressure signal filter by 7°. The relative
phase between the filtered velocity and cavity pressure signals was then
‘measured using a Hewlett Packard analogue cortelator, type 3721A.
Cconventional phase meters were found unsuitable for the measurements
required, since any unsteadiness in the input velocity signal produced
wild fluctuations in the phase meter readings.  The correlator was used
to produce a time averaged reading of the relative phase of the input
signals. The first negative going zero crossing of the sinusoidal
correlelogram on the time delay axis was measured. This value was then
corrected for the various phase shifts in the measuring system to yield
the phase of the velocity signal relative to the cavity pressure. The
results for the two components over the O.5 mm grid in the measurement

plane "in the resonator neck are tabulated in Figures 25 and 26. The
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results were repeatable to within iloo, this again being limited by

positional accuracy. This error was considerably greater in the region
of the flow just below the resonator neck where -0.5 mm > X, > =1.5 mm
for the streamwise component measurements. In this region, the phase

of the streamwise component was very difficult to measure accurately.

Finally, the time histories of the frequency tracker outputs were
recorded at a variety of positions over the measurement grid in the
resonator neck. The unfiltered tracker outputs giving the voltage
analogues of the streamwise and vextical velocity components were
recorded using a storage oscilloscope. The oscilloscope traces were
photographed using a polaroid camera. _The results are shown in

Figure 27.

4.6 Discussion of Results

The discussion presented in this séction will be confined to an
initial analysis of the principal features of the results cbtained. A
more detailed discussion of the implications of these velocity measure-
ments will be undertaken in the next Chapter. The results for the mean
flow have been plotted as a vector field in Figure 28. The dominance
of the mean streamwise component is cleérly shown, substantial vertical
flow components only being evident at the lower levels of the shear layerx
and towards the upstream end of the neck. The results show the
entrainment of air from within the cavity. This is the result of a
large-scale slowly recirculating mean flow inside the cavity. This was
visible during the flow visualisation ahd is driven by mean flow
entering the cavity below the downstream lip. This travels around the
inside of the caviﬁy and is entrained into the underside of the shear

layer towards the upstream lip.

The spreading of the shear layer is also indicated in Figure 28
where the contour corresponding approximately to a streamwise mean flow
of 1 m/s is shown. The spiead of the layer appears roughly linear with
distance from the upstream edge. This is confirmed by the collapse of
the streamwise mean flow data shown in Figure 29. A reasonable collapse
of data has been produced by normalising the streamwise mean flow values
by the velocity Eimax at the upper edge of the shear layer and plotting
the results against (xl/xz). The value of (- was taken to be 12 m/s
and the origin is again the point at the corner formed by the upstream

lip and the upper surface of the resonator.

The results of the measurement of the fluctuating streamwise velocity

component provide some of the most important information regarding the
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vortex shedding process. Velocity fluctuations in the streamwise

direction are unlikely to contain any contribution from the reciprocating
flow through the resonator neck associated with the cavity pressure
fluctuations and are thus representative of the behaviour of the shed
vortices. The results for the amplitude and phase of the fluctuating
streamwise component are illustrated by the contour plots in Figures 30
and 31. The contour plots were produced using a standard routine on

the I.S.V.R. PDP 11/45 computer. The input results were smoothed

within experimental error (0.2 m/s and iloo) and a 100 point curve fit

applied to the data in the Xy direction.

-

The presence of discrete vortices is clearly shown by the
difference in relative phase between the streamwise velocity fluctuations
in the upper and lower halves of the shear layer. The phase change
occurring when the shear layer is traversed in the vertical (x,)
direction is of the order of 180°. This can be understood using the
simple model illustrated in Figure 34. The streamwise velocity
fluctuation induced above the path taken by a vortex convecting in the
Xy Qirection will experience a positive peak velocity whilst a point
below the path experiences a negative peak velocity. The time histories
recorded also illustrate this remarkably well. Figure 27 shows
the change in form of the streamwise component time histories between the
upper and lower halves of the shear layer._ The form of time histories
shown is in good agreement with those predicted qualitatively from the

simple model of convecting vortices illustrated in Figure 34.

The position of the 180o phase change in the fluctuating streamwise
velocity component defines the position of the path taken by the centre
of the vortex cores. This path is given to within *0.5 mm by the
results in Figure 31. The amplitude of the fluctuating streamwise
component is also at its least value in this region. The results are
. thus consistent with streamwise convected vortices having a solid body
rotation in the core. The vortices will induce only small streamwise
velocity fluctuations close to the path taken by the cores. This is
further illustrated by the time histories in Figure 27. The fluctuations
measqred in the region of the path of the cores beccme small and
irregular. The form of these fluctuations explains why the phase of the
streamwise fluctuations was difficult to measure repeatably in the

region of the path of the cores.

The value of the streamwise mean flow velocity along the path of

the cores is 6 m/s (ti m/s) . This is the convection speed of the
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vortices for the length of the path travelled before reaching the
region of the downstream lip. The results in this area are not well

enough defined to enable an accurate deduction of the path taken by the

vortex cores.

The amplitude of the streamwise velocity fluctuations is greatest
in the upper half of the shear layer near the upstream lip of the neck.
As shown in Figure 30, the peak fluctuating streamwise velocities induced
by the passage of the vortices become smaller in the downstream direction.
This is again confirmed by the time histories in Figure 27. At the
positions (x1 = 2 mnm, Xy = O mm) and (x1 = 3 mm, x, = O mm) for example,
the peak positive velocity fluctuations are large and strongly defined.
The fluctuations become weaker and more irregular in the downstream
direction. The contour plot in Figure 30 also indicates a spreading
of the vortices as they travel downstream. The area influenced by the
streamwise velocity fluctuations induced appears to increase roughly in

accordance with the spreading of the mean shear layer.

The amplitude and phase of the vertical velocity fluctuations is
shown in Figures 32 and 33. The velocity fluctuations in the vertical
direction are likely to contain any fluctuations resulting from the
reciprocating flow driven through the resonator neck by the cavity
pressure fluctuations. any fluctuating flow of this kind will be
combined with the vertical velocity fluctuatlons induced dlrectly by
the vortices. The order of magnitude of the velocity fluctuation in
the neck produced by the cavity pressure fluctuation can be calculated

from the compllance of the cavity deduced in Section 2. The SPL in

the cavity at peak aerodynamic excitation was 134 dB xe 2 X 10 N/m .
This corresponds to an rms value of 100 N/m for the cavity pressure
fluctuations. This implies a volume flow into the cavity corresponding

to an rms neck velocity of 1 m/s. This is certainly of the order of

the velocity fluctuations induced by the vortex shedding.

The maximum values of the vertical velocity fluctuations were found
to occur in the region of the flow between the centre of the shear layer
and the downstream lip of the neck (Figure 325 . This is again well
illustrated by the time histories of the velocity fluctuations. Note
also that the form of the vertical component time histories is well
predicted by the convecting vortex model illustrated in Figure 34. The
measured values of the phase of the vertical component fluctuations
show that in the centre of the neck the vertical velocity fluctuations
phase lag the cavity pressure by 90°. The reciprocating flow inside
the cavity also lags the pressure by 90°. The relative phase of the
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reciprocating flow in the neck will depend on the acoustic impedance

presented to the cavity pressure fluctuations. However, it is possible
that the maximum vertical velocity fluctuation found in the centre of
the neck is due to a constructive interference between the vortex
induced velocity and the reciprocating flow driven through the neck by
the cavity pressure fluctuations. This will be discussed in more

detail in the next Chapter.

Finally, there are substantial and well defined phase differences
between the vertical and streamwise velocity components. Figure 35
shows the measured phase difference between the components as a function
of Xy1 at positions in the shear layer above and below the path taken by
the vortex cores. These levels in the shear layer correspond to
X, = 0.5 mm and x, = -1.5 mm, respectively. It can be seen that the
phase difference between the components is greater than 90o above the
path taken by the cores (x2 = 40.5 mm) and less than 90° below the path
taken by the cores (x2 =-1.5 mm) . The phase differences are larger
and smaller than 90° at the upstream end of the shear layer and approach
90° towards the downstream end. Defining ul' and uz' as the fluctuations
in the streamwise and vertical directions, the Reynolds shear stress

Py 'u,' (the overbar denoting time average) is given by

poul'u2l = poulrmsu2m;scos(wl - ¢2) ’ (7

where p' is the ambient density, u and u, are the rms values of
o lxms rms
the measured velocity components, and ¢l and wz are the relative phases

of the streamwise and vertical components, respectively.

The measured values of rms amplitudes and phases have been used to
plot a contour map of the Reynolds shear stress in the shear layer in
‘Figure 36. The map is accurate to within the exroxr shown. There are
clearly regions of negative and positive Reynolds shear stress above and
below the path of the vortex cores. These stresses are concentrated at
the upstream end of the shear layer. The precise nature of the shear
stress pattern near the downstream end is difficult to determine within
experimental error. The implications of these and the other deductions
made will be discussed more fully in the next Chapter.

5. THE MEASUREMENT OF THE FLUCTUATING
PRESSURE FIELD IN THE RESONATOR NECK

5.1 The Measurement of Fluctuating Static Pressure

The measurement of static pressure fluctuations in an airflow
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necessarily involves the positioning of some form of probe in the air-
stream. This introduces two specific problems. Firstly, one needs to
know if the flow is the same as it was before the insertion of the probe.
Secondly, the pressure sensed by the probe will not necessarily be the
samé as the pressure in the flow before the insertion of the prcbe.
Fluid brought to rest at the sensing point of the probe will result in
the corresponding stagnation pressures being registered in the pressure

measurement.

The static pressure fluctuations in the neck of the resonator were
measured using a 0.5 mm diameter microphone probe tube made by B & K ‘for
use with a 12.5 mm condenser microphone. The probe was held such that

the tube pointed vertically downwards into the resonator neck. The open

end of the probe tube was thus in the plane parallel to the upper surface

of the resonator (the Xy 1X4 plane). The details of the experimental
procedure will be discussed fully in the next section. However, the
performance of the probe will first be considered in the light of the

two questions posed above.

The nature of the flow being measured is such that it is very
unlikely that the introduction of the prcobe tube in any way disturbed the
fluctuating flow field at the frequency of interest. The vortex shedding
is locked in by the reciprocating flow driven through the resonator neck
by the cavity pressure fluctuations. In fact, the flow is remarkably
gifficult to disturb by introducing solid objects into the neck. For
example, a 4 mm diameter probe tube held vertically into the resonator
produced no change in the amplitude or frequency of the cavity pressure- e e
fluctuations when the resonator was excited at its peak amplitude. The —
locked-in flow is thus difficult to disturb, although the prabe is likely
to produce a local distortion of the flow in the region of the probe
itself. The prcbe tube will produce a turbulent wake as flow sweeps

past in the streamwise direction. However, the size of the wake is
obviously approximately determined by the size of the probe. For the
0.5 mm diameter probe tube the wake flow will be considerably smaller
than the scaie of the vortices being measured. Also, assuming the peak
shedding frequency in the wake is given.by a Strouhal number of 0.2 |
based on probe diameter, the fluctuations of pressure in the wake will
be at frequencies around 4 kHz, i.e., much higher than the fluctuations
at the frequency of interest. Thus it can confidently be assumed that
the basic structure of the fluctuating flow field in the resonator neck
is left unchanged by the insertion of the 0.5 mm probe .tube held in the
vertical direction. )




-

However, one also has to consider the magnitude of the error intro-
duced by the measurement of stagnation pressures at the end of the probe,
where flow in the vertical component direction will be brought to rest.
As stated by Morse and Ingard (36), the detailed analysis of errors
introduced is quite complex. For the sake of simplicity, one has to
assume that the flow in the region of the tube is irrotational and that
the stagnation pressure produced is simply lapoug. Here, u, is the total
velocity in the vertical component direction, which is normal to the
plane of the open end of the probe tube. It will thus be assumed that
the flow is irrotational even though there is clearly a rotational com-
ponent in the flow being measured. Nevertheless, this is likely to
~give a correct ordexr of magnitude of the error involved. Certainly,
Morse and Ingard (36) arrive at this conclusion. Sidd_on (37) has
undertaken careful experiments to assess the erxor in 'measurifxg the
fluctuating static pressure using a conventional pitot tube arrangement.
He concludes that the error is again of the order of the stagnation
pressure of the velocity component normal to the sensing holes. This

conclusion was also reached by Strasberg (38).

Thus, if Py is defined as the true instantaneous static pressure in
the flow before insertion of the probe and p, as the measured static

pressure, one can write

2
Pp~ Py * lzpou2 . (8)

Taking the mean and fluctuating parts of this equation gives

2
g ] - —~ [ ] ~ - []
(p, +P") (P, +p.") b (u, +u,’) . (9)
The time average of this equation is
- _ — - ]X) -2 + ]!p ,2 (10)
Pp = Pt o 12 o %2 °

Subtracting this from equation (9) gives the required expreésion for the
difference between the measured and true fluctuating pressures which can

be written as

t o~ N ] 2 T
TR ® o upupt tw(uy mup ) (1)

For the flow considered, the measurements of the mean and fluctuating '
parts of the vertical velocity component cam be used to determine the
order of magnitude of the terms contributing to the instantaneous error.

The maximum measured vertical velocity fluctuation was a root mean square



value of approximately 3 m/s at the fundamental frequency. _The maximum .
mean vertical velocity was 1 m/s. The maximum instantaneous value of
poaéuz' is thus 5.0 N/mz; The maximum instantaneous value of

2 _ a2y L 2
1:p°(u2 uy ) is 5.4 N/m".

However, if the microphone probe output is filtered such that only
pressure fluctuations at the fundamental frequency are measured, only
the texrm poﬁéuz' will make a_substantial contribution to the instantaneous
errxor. The temm %po(uz' - uéz) will only contribute at higher harmonic
frequencies, since terms arising from multiples of the fundamental fre-
quency of the fluctuating velocity with its higher harmonics can be
neglected. Thus, at the fundamental frequency the maximum rms.value of
the error is 3.6 N/m2. It is worth noting that this is certainly an
upper bound to the error, since at most points in the resonator neck both
the mean and rms fluctuating vertical velocities are substantially less

than 1 m/s and 3 m/s, respectively.

The order of magnitude of the rms pressure fluctuation at the
fundamental frequency measured with the prcbe tube was approximately
50 N/m2. One can thus conclude that the fluctuating static pressure
can be successfully measured in the resonator neck to within an error
of less than 5% at most measuring points. This is in accordance with
the conclusions of others attempting similar measurements. Both
Strasberg (38) and Kobashi (39) concluded that the error terms were
sufficiently small when making measurements of pressure fluctuations in

the wake of a cylinder. They were both concerned with the error term

%po(uéz - uéz) and neglected poﬁéu2'. It is clearly an advantage to be

able to filter out the former leaving only the latter term, which can

become negligibly small with decreasing values of Eé.

5.2 Experimental Procedure

In order to minimise the insertion loss of the 0.5 mm diameter
B & K prabe tube, the length of the tube was cut to 20 mm from the open
end of the tube to the tip of the conical microphone coupling piece
(Figure 37). This was the shortest length of tube that could be used
“without bringing the body of the microphone too close to the neck of the

resonator when making measurements.

The probe tube was calibrated using the procedure outlined in
Section 3.1. The probe tube was used with a B & K 12.5 mm condenser
microphone, type 4133. The microphone output was amplified using a
B & K A.F. spectrometer, type 2111, and filtered using the 1/3 octave

filter centered on 630 Hz. The reference microphone used in the
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calibration was also used to monitoxr the cavity pressure fluctuation
when the pressure in the resonator neck vas measured. The reference
microphone was a B & K 12.5 mm condenser microphone, type 4133, and its
output was amplified and 1/3 octave filtered at 630 Hz using a B & K
frequency analyser, type 2107. The instrumentation used for the probe
calibration was also used in the experiﬁental work with identical

filtering.

The calibration procedure showed that the probe tube had an
insertion loss of 39.7 dB at a frequency of 605 Hz. The phase shift
measured between the filtered signals of the reference and probe micro-
phones showed that the probe microphone signal lagged the reference
microphone signal by 85o at 605 Hz. Neither the insertion loss nor

the phase shift were found to vary over the range 600 to 610 Hz.

In view of the high insertion loss of the probe tube, precautions
were taken to minimise any transmission of sound through the microphone
casing, which would by-pass the probe tube. The microphone was thus
encased in a brass covering to ensure that flanking transmission would
be minimised. The covering was designed to avoid any interference to
the flow in the resonator neck. The orientation of the probe micro-
phone and its casing when making measurements is shown in Figure 37.
Although the presence of the microphone must cleariy influence the
boundary layer flow above the resonator, it is most unlikely that the
microphone influences the strongly correlated flow in the resonator

neck. Certainly, no influence of the presence of the microphone on the

cavity pressure fluctuations could be detected when the tip of the probe

tube was located at the measurement point furthest inside the cavity.

when making the pressure measurements, the measuring pxrobe was
fixed and the resonator was traversed relative to the fixed probe
position with the traversing mechanism uséd when making the velocity
measurements. The probe was first positioned with its tip in contact
with the top of the upstream lip of the resonator neck at the mid point
of the span of the neck. This located the reference position from
which any distance traversed was monitored using the travelling micro-
scope, as before. The initial location of the reference position was
performed with the flow turned on to account for any deflection of the
probe by the flow. No noticeable deflection or vibration of the probe
was produced by the flow.

The amplitude and relative phase of the fluctuating pressure

measured by the probe in the resonator neck was recorded at a series of
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positions of the probe tip over a 0.5 mm grid in the resonator neck.

The nominal position of each measurement point was assumed to be the
centre of circular end of the prcbe tip. The amplitude was measured
by monitoring the rms output voltage of the filtered probe microphone
signal. The known sensitivity of the microphone used was corrected
for the insertion loss of the probe tube and the gain in the micro-
phone cathode follower circuit to give the conversion factor between
measured voltage and the pressure in N/xn2 at the tip of the probe.
The phase of the probe microphone signal relative to the cavity
pressure fluctuation was measured using the Hewlett Packard analogue
correlator type 3721A. The position of the zero crossing of the
cor.’relell_ogram produced by cross correlation of the prcbe and cavity
microphone signals was monitored. The phase difference measured
between the two signals was then corrected for the phase shift between
the two channels to give the phase of the pressure fluctuation in the

neck relative to the cavity pressure fluctuation.

All the pressure amplitude and phase measurements were recorded
with the resonétor at peak aerodynamic excitation. This was again
controlled by maintaining the frequency of the cavity pressure
fluctuation between 602 and 608 Hz. Two additional experimental
checks were also made to confirm the validity of the pressure measure-

ments made using the probe tube. Firstly, the degree of flanking

s T

transmission reaching the microphone diaphragm was checked by blocking

the end of the probe and measuring the decrease in signal level when , A

the probe was held in a specific position in the flow. A loss of . 3
};f*,i

1
i
i

signal of 30 dB was recorded showing that the microphone diaphragm was
responding to the pressure fluctuations transmitted by the probe tube )
only. As an additional check, the end of the probe tube wés held at
a position 10 mm below the level of the resonator neck. The amplitude
and phase of the pressure thus measured inside the cavity were in exact
agreement with the amplitude and phase of the pressure measured by the
cavity 'microphone. This confirmed the validity of the amplitude and
phase calibration of the prcbe tube.

The measurements of the amplitude and phase of the fluctuating
pressure in the resonator neck at the fundamental frequency of the
oscillation are tabulated in Figures 38 and 39. It was found that
these results were remarkably repeatable. The amplitude at any given
position could be measured to within *1 N/m? and the phase could be

measured to within i5°. Measured values were a little more uncertain
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in one particular region of the flow near the downstream edge of the
slot. In this region, the pressure amplitude measured was relatively
low and the phase changed very rapidly with position. This made the
pressure results in this region sensitive to the accuracy of positional
location of the probe tip. Nevertheless, the amplitude and phase could
still be measured repeatably to within *2 N/m? and t15°, respectively.

5.3 Discussion of Results

Contour plots of the amplitude and phase of the fluctuating
pressure measured in the neck of the resonator are shown in Figures 40
and 41.  The plots were produced using the I.S.V.R. PDP 11/45 computerx
in the same way as the contour plots of the velocity measurements were
produced. The plots shown illustrate some striking features of the

pressure measurements.

Firstly, consider the amplitude of the pressure fluctuations
illustrated in Figure 40. The maximum pressure amplitude measured
occurs in a region near the upstream lip of the neck and approaches an
rms value of 70 N/mz. The velocity measurements and flow visualisation
indicate that the discrete vortices sﬁed are formed in this region. It
thus seems likely that this maximum pressure fluctuation is associated
with the periodic formation of vortices having a static pressure defect
associated with the vortex cores. However, towards the downstream
edge, the amplitude of the pressure fluctuations falls to a minimum
value of approximately 15 N/mz. The region of this minimum pressure

fluctuation also lies on the path taken by the vortex cores.

The relative phase of the pressure fluctuations illustrated in
Figure 41 shows a very rapid change in the region of minimum pressure
amplitude. The relative phase changes through approximately 140
within a distance of 1 mm traversed by the measuring point in the
streamwise direction. This rapid phase change was easily detected
when undertaking the measurements. The 1 mm movement of the probe tube
relative to the resonator neck was accompanied by a very rapid shift
of the corellelogram on the screen of the analogue correlator. The
precise value of the relative phase in this region was thus difficult
to determine. However, this region of uncertainty was confined to an
area measuring 1.5 mm in the streamwise direction and 2.0 mm in the
vertical direction centered on the point having co—ordinates x) = 7 mm,

Xy = =0.5 mm.

The reason for this unusual behaviour of the measured amplitude

and phase in this area is not easy to determine at first sight. It
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certainly appears to be related to the passage of vortices through the
region. It is possible that the pressure fluctuations produced by

the periodic convection of the pressure field associated with the
vortices interferes with pressure fluctuations related to the recipro-
cating neck flow driven by the cavity pressure fluctuations. More
detailed consideration of the fluid dynamics involved is required before
any firm conclusions can be reached as to the cause of this interference

pattern. This will be undertaken in the next Chapter.

Finally, however, it is worth emphasising that the pressure
measurements made provide a very good estimate of the true fluctuating
static pressure in the resonator neck. Even in the region of lowest
pressure amplitude, the measured rms fluctuation of 15 N/m2 was well
above the fluctuating stagnation pressure po;éuz'. The velocity
measurements show that the rms value of the stagnation pressure in this
region is only 2.5 N/mz. It is thus impossible that the measured
interference pattern is a result of the measurement of anything other

than static pressure fluctuations.

6. CONCLUSIONS

A series of careful experiments has been undertaken in order to
gain an understanding of the fluid dynamics of the interaction between
unsteady fluid motion and an acoustic resonance. The flow excited -
resonance chosen for study was a Helmholtz resonator excited by a grazing
boundary layer flow. The flow produced is such that detailed measure-
ments can relatively easily be made of the mean and fluctuating parts of
the velocity field and the fluctuating pressure field in the resonator

neck.

The resonator used in the study had a natural frequency of 605 Hz.
At low levels of excitation the resistive part of the acoustic impedance
of the resonator was dominated by radiation resistance. When excited
with the grazing flow, the resonator reached its peak amplitude of
excitation at 605 Hz. At this frequency, the sound pressure level in
the cavity reached 134 dB and 6 mW of acoustic poWwer was radiated to
the far field.

A flow visualisation study indicated that the flow in the rescnator
neck consisted of a series of periodically shed vortices. These
vortices were formed during the first half cycle of the mot;on as the
pressure in the cavity changed from its peak negative to its peak
positive value. Discrete vortices appear to reach the mid point of

the rescnator neck in the streamwise direction when the pressure in the
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cavity reaches its peak positive value. By the end of the cycle, when
the cavity pressure returns to its peak negative value, the vortices
appear to straddle the downstream lip of the resonator neck. The flow
visualisation also indicated that the mean ccnvection speed of the vor-
tices was 6 m/s when the vortices traversed the width of the neck.

This convection speed appeared to increase to 12 m/s once the vortices
had been ejected from the resonator neck at the downstream lip. Another
important feature of the results was that the shear layer leaving the
upstream lip always appeared tangential to the upper surface of the

resonator.

Measurements of the mean flow velocity in the resonator neck
showed a shear layer growth which was approximately linear in the down-
stream direction. The mean flow speed at the upper edge of the shear
layer was 12 m/s. The velocity changed across the layer to a flow
speed near 1 m/s, which was associated with a large scale recirculating

mean flow inside the cavity.

The behaviour of the shed vortices can be deduced from the measure-
ments of the fluctuating streamwise velocity component. The presence
of discrete vortices is confirmed by the 180o change in the phase of the
streamwise component between the upper and lower halves of the shear
layer. The position of this phase change enables the location of the
path taken by the vortex cores. The core path can be defined to within
1 mm and confirms that the vortices travel at a mean convection speed of
6 m/s across most of the neck width. The path taken by the vortices in
the region of the downstream lip is difficult to establish from the
measured results. The measurements of the streamwise velocity fluc-
tuations are consistent with the passage of vortices having a solid body
rotation in their core. This is also confirmed by the recorded time
histories of the velocity fluctuations. The amplitude of the stream-
wise velocity fluctuations is highest towards the upstream edge of the
slot and decays in the downstream direction. This implies that the
growth of the unstable shear layer into discrete vortices takes place
rapidly at the start of the cycle and is followed by a spreading of the
vortices as they are convected downstream. This spreading of influence
of the vortices is roughly in accordance with the growth of the mean

shear layer.

The measurements of the fluctuating vertical velocity component

contain contributions from the velocity field induced by the shed

vortices and the reciprocating flow driven through the resonator neck

by the cavity pressure fluctuations. Both these contributions to the
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net vertical velocity fluctuations are of the same order of magnitude

and appear to constructively interfere to produce the maximum amplitudé

in the region of the centre of the neck.

Measurements of the phase difference between the vertical and
streamwise velocity components show well defined regions of negative
and positive Reynolds shear stress in the upper and lower halves of the
shear layer, respectively. These stresses are concentrated at the
upstream end of the shear layerxr whilst the stress distribution becomes

less well defined towards the downstream end of the layer.

The fluctuating static pressure in the resonator neck has been
successfully measured using a small microphone prcbe tube. Filtering
of the microphone probe output signal enabled the minimisation of the
errors introduced by sensing stagnation pressures at the tip of the’
probe. The results produced show a complicated interference pattern;'
This pattern appears to be related to the pressure fluctuations created
by the periodic formation and convection of vortices. It is possible
that these pressure fluctuations interfere with pressure fluctuations

associated with the reciprocating flow in the resonator neck.

The experiments undertakeh have thus produced a comprehensivé and
detailed knowledge of the behaviour of the flow in the resonator neck at
peak self-excitation. However, many features of the experimental
results are not easy to explain at first sight. Certainly, there is
some form of interaction between the vortically induced flow field and
the reciprocating flow driven by the cavity pressure fluctuations.
Before any further conclusions can be reached as to the nature of this
interaction, careful consideration is required of the precise definition
of these interacting floﬁs. The next Chapter will be devoted to a
thorough analysis of the experimental results in an attempt to establish
more precise quantitative details of the vortex shedding process. These

details will then be used in the final Chapter which will examine the

momentum and energy balances in the shear layer. Particular attention will

be paid to achieving an understanding of how 6 mW of far field acoustic
power is extracted from the mean flow of energy impinging on the

resonator neck.
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APPENDIX 1. ~ LIST OF SYMBOLS

ambient sound speed

acoustic compliance

viscous boundary layer thickness
Doppler frequency

.natural frequency

slit thickness (in this case, the thickness of
the material forming the resonator neck)

acoustic wavenumber

effective length of air mass comprising
resonator inertance ’

length of resonator neck in streamwise direction
acoustic inertance

refractive index

true and measured static pressure

quality factor of resonance

radial distance of laser scattering point from
axis of scattering disc

acoustic resistance

radiation resistance

viscous resistance

area of cross section of resonator neck
velocity of scattering particles

velocity at the edge of the boundary layer

velocities in the streamwise (xl) and vertical
(xz) component directions

maximum mean streamwise velocity at upper edge
of shear layer

cartesian coordinates specifying streamwise
vertical and spanwise directions respectively

acoustic impedance

angle of azimuth of laser scattering point
position on scattering disc

4.38




A laser light wavelength

L
B coefficient of viscosity
3 "acoustic volume displacement
w radian frequency
W, natural radian frequency
P angular velocity of scattering disc
po ambient density
0 laser scattering angle
1w1'w2 relative phases of fluctuating streamwise and

vertical velocity signals
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FIGURE 16 The experimental arrangement used for the velocity measurements.
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FIGURE 22 Power spectra of the measured velocity fluctuations showing
the background noise due to the motion of the particles on

the scattering disc.
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THE FLUID DYNAMICS OF A FLOW EXCITED RESONANCE

*(II) ANALYSIS AND DISCUSSION OF RESULTS




1. INTRODUCTION

The experiments described in the previous chapter have provided
detailed information regarding the nature of the flow field produced in
the neck of a floh excited Helmholtz resonator. Further interpretation
of these measurements is required in order to provide a deeper under-
standing of the dynamics of the .interaction of the fliow with the acoustic
resonance, In this Chapfer it will be assumed that the total flow
field can be regarded as consisting of two velocity fields; a purely
vortical flow field directly associated with the shed vorticity and a
potential flow, the unsteady part of which is associated with the
acoustic resonance., The experimental results will be used to determine
the principal features of these two flow fields and the dynamics of

their interaction.

Firstly, a very simple model of periodic vortex shedding will be
used to deduce further guantitative details of the behaviour of the
vorticity shed at the upstream lip of the resonator neck. In
particular, the model will be used to deduce the strength and approximate
distribution of the vorticity in the streamwise convected vortices.

The vortex shedding model used evaluates the velocity field induced by
the uniform convection of vortices by a mean potential flow. The
vortices used in the model have a Gaussian vorticity distribution, which
is characterised by a given strength and effective core radius. It will
be demonstrated that the strength of the vortices is primarily determined
by the mean grazing flow across the top of the resonator neck. The
strength of the periodically shed vortices observed in the experiment

can thus be fairly readily established.

The core radius of the vortices shed is used as a measure of how
"tightly packed" the vorticity becomes as the vortices are formed. It
is shown that the approximate core radius of the vortices observed in the
experiment can be deduced from the experimental results. Both the mean
shear profile and the magnitude of the velocity fluctuations in the
streamwise component direction give a good incication of the effective

vortex core radius,

The net velocity fluctuations observed in the vertical component
direction can be explained by the superposition of the velocity fluc-
tuations induced by the passage of the vortices with the velocity
fluctuation associated with a uniform reciprocating potential flow. Use
of the measured phase of the velocity fluctuations in the resonator neck

enables the position of the convecting vortex to be established during

5.1



the course of the cycle, The amplitude and relative phase of the
reciprocating potential flow is then estimated using a simple model of
the acoustic motion in the resonator neck, The model used assumes that
the resonator behaves as if no flow is present and the values of the
resistive and reactive parts of the acoustic impedance of the resonator
neck are those determined in the previous Chapter. Combination of this
reciprocating potential flow with the vertical velocity fluctuations
induced by the passage of the vortices reveals a net pattern of vertical
velocity fluctuations that is in good qualitative agreement with the

measured results.
3

1The net amplitude of the observed vertical velocity fluctuation
tends to a small value towards the upstream edge of the resonator neck.
This is confirmed by the interference of the reciprocating potential
flow with the vortically induced velocity déduced using the model. This
suggests that there is no net vertical displacement of the unstable shear
layer leaving the upstream lip. Reference to the results of the flow
visualisation study appears to confirm this and that the Kutta condition

is satisfied at the upstream edge of the resonator neck.

Having established the strength and approximate core radius of the
shed vortices, it becomes possible to estimate the static pressure
fluctuations induced by the passage of the vortices., It will be
demonstrated that, to a first approximation, the measured net fluctuating
pressure field appears to consist of a simple superposition of the
pressure fluctuations generated by the passage of the vortices with the
"acoustic" pressure fluctuations associated with the reciprocating
potential flow. This is shown by combining the pressure fluctuations
estimated from the uniformly convected vortex model with those deduced
using the simple acoustic model. This produces a net pattern of
pressure fluctuations that is in remarkably good agreement with
experimental results. This apparent superposition of the two pressure
fields provides some useful insight into the mechanism of the inter-
action of the vortical and potential flows. The possible independent
momentum balances suggested by the measured pressure interference
pattern will be considered in the light of the full equation of con-

servation of momentum in the next Chapter.

Firstly, in Section 2 various aspects of the kinematics of the
flow field will be discussed and the parameters controlling the strength
of the shed vorticity will be identified. In Section 3 the simple

model of vortex shédding will be introduced and the computation of the
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vortically induced flow field will be described. Sections 4 and 5 will
then be concerned with the simulation of the net measured pressure and-
velocity fields and the principal conclusions of this Chapter will be

outlined in Section 6.

2. THE VORTICAL FLOW FIELD

2.1 The Specification of the Velocity Fields

During the following discussion of experimental results, the total
velocity field will be considered as consisting of two distinct

components. The total velocity vector u will be written

u = v - V¢, (1)

A list of symbols is given in Appendix l. The velocity field has been
split into its rotational part v and its irrotational part Vé. This
deéomposition of the total velocity vector into its component parts
follows from Helmholtz's theorem (Morse and Feshbach (1)).  Further
details of this procedure are also discussed by Batchelor (2)., The
rotational part v of thé velocity vector is purely solenoidal and has

the property

Vv = 0O | ' ‘ (2)

In what follows, v will be considered as that part of the velocity
field which is directly induced by the presence of a given distribution

of vorticity in the flow. The vorticity vector { is given by

2 = VAau = YAy | | (3)

since the irrotational part of the velocity field has zero curl,. The
velocity vector v is determined from the velocity distribution by the

Biot—-Savart Law ({Lighthill (3))

|

NS
3

v = S av, (4)
v : ‘

4rns
where the volume integral in the fluid is over the whole vorticity field

and s is the position vector relative to the volume element 4v,

With a specified vorticity distribution, v is determined by (4)
and the reméining velocity field must be expressible as the gradient of
a scalar (Batchelor (2)). It is worth pointing out that there may also
be parts of v that can be expressed as the gradient of a scalar, but
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these must have zero divergence (and as a consequence, satisfy Laplace's
equation) . By choosing v to be defined by (4) , the part of the

velocity field that must be solenoidal has been isolated. Note that it
is also possible for the irrotational part of the velocity field to have
Zexo divergence. This is the case in an incompressible fluid, but in the

more general case of a compressible fluid it is not automatic that

V2¢ = 0 whereas V.v = O must always heold.

With the vorticity distribution specified (and thus v), the
remaining part of the velocity field V¢ is at least partly determined by
the boundary conditions. In the present case, it is firstly required
that there be zero net normal velocity on the solid surfaces in the
fluid, that is

Ve T 3nm - O. (5)

where vy and 39¢/9n are the components of v and V¢ on the surface in the
outward normal direction. It is often possible in dealing with problems
of this kind to deduce V¢ such that the necessary boundary conditions

are satisfied by considering V¢ to be induced by the "image" of the
vorticity distribution in the solid surface. For the case of an

incompressible fluid, this will determine V¢ uniquely (Batchelor (2)).

In the presént case, where a strong sound field is present, V¢ must
also contain the contribution to the total velocity field which arises
from compressibility. In previous attempts to deal with this type of
problem (Howe (4), Crighton (5)), the flow has been considered to be
locally incompressible, provided the scale of the flow is small compared
to the acoustic wavelength and the mean flow Mach number is small. The
local flow field is then solved by specifying the vorticity distribution
and its resulting image flow. The sound field is then superposed on
this flow, subject to the boundary conditions of zero hormal velocity on
the surface (3¢/9n = O for the acoustic part of V¢) and an outgoing wave
condition at infinity. This acoustic field is‘then related to the inner

locally incompressible flow by the use of a suitable matching procedure.

In the present case, a formal approach of this type has not been
attempted, Rather, the experimentally observed results have been used
to deduce approximate analytic forms of v and V¢ in the resonator neck.
Both rotational and irrotational velocity contributions can be expressed
as a sum of mean and fluctuating parts, the total veloéity béing written

as
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u = v+y -V- Ve, _ (6)

As usual the overbar denotes the time average value of the velocity
component and the prime denotes the fluctuating part of the velocity

component (which has a zero time average value) .

The sum of z - V?b- is the total mean flow vector __g-. In the
following work Eiwill be deduced from the time average of the velocity
field induced by the shed vorticity according to (4) . The term 73
will be assumed to be produced by an appropriate grazing mean potential
flow which is directed across the top of the resonator neck. In the
immediate region of the neck, it will be demonstrated that it is the
flow responsible for the steady convection of the vorticity across the
resonator mouth. It will be shown that the measured mean shear profile
in the resonator neck is reproduced to a good approximation by the
periodic convection of a specified distribution of vorticity by this

mean potential flow in the streamwise direction.

The fluctuating velocity v' is also deduced from the convection of
a specified vorticity distribution which induces.the fluctuations in V.
However, the remaining part of the fluctuating velocity field V¢' contains
unsteady contributions from the image vorticity flow field and any
acoustic motion present. In the analysis of the experimental results
it becomes evident that in the region of the resonator neck, the net
reciprocating potential flow V¢' can be accounted for by the estimated
acoustic motion alone, It thus seems that the unsteady image vorticity
flow field is either very small compared to this acoustic motion in the
region to be considered, or that it is indistinguishable from it. In
either case, the results indicate that the acoustic motion only, as

defined here, satisfies the required boundary conditions:

]
et =2 - o, (7N
n on :

Thus, it will be demonstrated that the flow in ;he resonator neck consists
of an interaction between the convected vorticity with its directly
induced velocity field and a reciprocating potential flow. Although the
precise physical origin of this potential flow remains obscure, evidence

. suggests that it can be predicted’from a knowledge of the acoustic motion
inside the cavity. The remainder of this section will be concerned with

deducing the details of the vortical flow from the experimental results,
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2.2 The Basis for Modelling the Vortex Shedding

The separation of the flow from the upstream edge of the resonator
neck results in vorticity being shed into the flow. It will be assumed
that the only vorticity relevant to the mechanism of the interaction of
the vortical and potential flows is that shed from the upstream lip.
Any vorticity in the boundary layer fiow above the upper surface of the
resonator will be neglected. In addition, no account will be taken of
any vorticity inside the resonator that is associated with the slowly
recirculating mean flow in the cavity. The experimental results
certainly suggest that it is the vorticity in the shear layer in the
resonator neck that has the dominant influence on the structure of the
flow field.

The vorticity shed at the edge is initially confined to a thin
vortex sheet across which the streamwise velocity component varies from
the value of the grazing flow just above the resonator surface to the
value of the_gtazing flow just below the upstream lip. This vortex
sheet is unstable to small disturbances. The stability of such fluid
layers was first thoroughly investigated by Rayleigh (6) and has since
evolved as a subject of study in its own right. (See, for example, the
reviews by Lin (7), Drazin and Howard (8) and Betchov and Criminale (9)).
The essence of stability theory is to examine the behaviocur of small
veldcity perturbations on a specified mean velocity distribution by
using the linearised vorticity equation. Such analyses furnish details
of the likelihood that disturbances will either grow or damp out on a
specified shear layer. The result of shear layer instability is a
wavelike oscillation which grows exponentially until the shear layer
rolls up and vortices are formed. The "gathering together" of the
vorticity in the layer during this process is well illustrated, for

example, in the treatment by Michalke (10).

The question arises as to whethexr such an analysis of the sheax
layer motion is applicable to the present case. Certainly, a good
estimate could be made of the natural instability properties of the
thin layer leaving the upstream edge when provided with a knowledge of
the velocity profile of the layer. However, the presence of the
relatively strong reciprocating potential flow in the resonator neck
suggests that the layer is in some sense forced by the additional
transverse motion. This is the interpretation given by Mungux (11) of
the additional terms occurring in the linearised vorticity equation when

the stability characteristics of a shear layer are considered with an

5.6



additional acoustic motion. An inhomogeneous Rayleigh equation can be

formed with a source term apparently driving the shear layer instability
that is given by the product of the transverse acoustic velocity and the
mean transverse velocity gradient. To the author's knowledge, however,
no sufficiently illuminating solutions to this problem have yef been

" found.

Further to this, the use of a linearised equation to describe the
~growth of disturbances soon becomes invalid once the velocity pertur-
bations have grown to be a significant fraction of the mean flow. The
~growth of the disturbance to sufficient amplitude would eventually
distort the mean flow upon which it has been superposed. In such
finite amplitude circumstances, the non-linear terms previously
neglected in the vorticity equation must be considered (and possibly
compressibility terms, if they have been neglected) . The distortion
of the mean flow by the disturbance growth occurs principally through
the action of the mean Reynolds stress. In certain problems, like
those treated by Stuart (12) for example, a nonlinear analysis can be
conducted in which the energy transfer is considered between the mean
flow and the disturbance through the action of the Reynolds stresses.
This type of analysis can yield results for the amplitude to which the

disturbance will ultimately grow.

In the present case, the experimental results show that the region
in which linear stability theory could be used to descfibe the
behaviour of the shear layer leaving the upstream lip is probably
confined to the very early stages of the growth of the shear layer
oscillation. If the streamwise velocity component fluctuations are
used as a measure of the amplitude of the shear layer disturbance, these
show that the disturbance has grown to its maximum amplitude within
about 3 mm of the upstream lip (see Figure 30 of the previous Chépter).
The presence of a well-defined mean Reynolds shear stress (Figure 36
of the previous Chapter) also indicates that the disturbance growth is
influencing the structure of the mean flow. It thus seems that any
rigorous mathematical treatment of the shear layer behaviour in the
region of the resonator neck must be capable of dealing with a hydro—
dynamic stability problem that is both forced and nonlinear. Such an
analysis has not been attempted.

Another possible approach that could be used to describe the
development of the shear layer is that involving the computation of the

flow field at successive time increments as discrete vortex elements
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are shed into the flow. After the initial introduction of the approach
by Rosenhead (13), the use of high speed computing techniques has made
such a scheme feasible and has been applied with some success to several
problems such as the behaviour of the flow in axisymmetric jets

(Edwards (14)) in the wake of a bluff body (Clements (15)) and over
rectangular cut-outs (Ha;din (16)) . However, there are still problems
involved in such an approach and the case of a flow with a strong sound

field present that is generated by the flow itself has yet to be treated.

From this brief discussion, it is evident that there is no imme-
diately feasible means of precisely modelling the behaviour of the
vorticity that is based on a solution to the full equations of motion
of the fluid. However, the experimental results reveal some important
details of the behaviour of the vortical flow. A realistic model has
thus been chosen with the emphasis on reproducing the observed features

of the flow rather than on attempting to provide an exact modelling.

P e

The experimental results clearly show the formation of discrete vortices
near to the upstream lip with their growth appearing to be completed well: =
within the first half-cycle of the motion (as the cavity pressure is '
increasing from its minimum to its maximum value). These vortices are
then convected across the resonator neck at an approximate convection

speed of 6 m/s (about one half of the grazing flow speed over the o
resonator neck). These and the other experimental results imply that g
a good representation of the vortical flow field must be based on a model
which provides, at the least, for a periodic convection of vortices of 1%&3

finite core size across the resonator neck. These vortices will contain " X;

a total vorticity that is distributed in some way in their core. Such =

a model of the vortical flow will be outlined in the next sections, and
the experimental results will then be used to deduce the total vorticity
shed per cycle and the distribution of this vorticity within the vortices.

2,3 The Parameters Controlling the Behaviour of
the Shed Vorticity

Implicit in the following is the assumption that the flow in the
resonator neck can be considered two dimensional. The co—-ordinate
system will be the same as that used in the previous Chapter, with a set

of right-handed axes with the x. and X, co~ordinates pointing in the

1
streamwise and vertical directions, respectively. The origin will again
be assumed to be located at the corner formed between the upper surface
of the resonator and the edge of the upstream lip in the resonator neck,

It will be assumed that the only vorticity in the flow is that shed from



the upstream lip and that the total vorticity in the flow is conserved.

The experimental results also suggest that the vorticity is
principally convected across the resonator neck in the streamwise (xl)
direction. The vorticity vector £ will point in the negative X3
direction, since only negative circulation is shed according to a "right
hand screw" sign convention.,  Thus the instantaneous rate of shedding

of circulation can be found from

ou su
ar 2 1
m = J u,Q.dx J u,(— - —)ax
de shear 1732 shear 1 axl ax2
layer layer

2'

where the integral is evaluated between appropriate limits to cover the

region of vorticity in the shear layer.

It will now be assumed that the Kutta condition at the upstream lip
is satisfied. That is, the shear layer always leaves the upstream edge
in a direction tangential to the upper surface of the resonator. The
streamwise rate of change of vertical displacement of the shear layer is
Jthus zero at the upstream edge. This in turn implies that auz/axl is
always zero at the upstream edge. This enables equation (8) for the

rate of shedding of circulation to be written as

dar

- S

shear
layer

and the integral can be evaluated to give

a _ Ly
at Y .
shear

layer

The instantaneous rate of shedding of circulation from the upstream

edge is thus determined by the instantaneous difference in the stream-
wise velocity component above and below the separating shear layer. The
reciprocating potential flow driven through the resonator neck by the
cavity pressure fluctuations clearly influences the instantaneous rate
of shedding of circulation. There will be substantial differences in
the streamwise velocity component immediately above and below the
upstream lip of the resonator neck as the potential flow negotiates the
sharp edge, A similar viewpoint is adopted_by'Howe (4) when dealing
with the theory of the flute. In that case it is claimed that the
circulation is shed as a direct result of the separation of the

"acoustic" potential flow from the downstream lip of the mouth of the
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flute. The Kutta condition is then applied to determine the strength
of the shed vorticity from the magnitude of the potential flow. A
similar procedure has been adopted by Howe in dealing with a number of
other problems involving "acoustically induced” vortex shedding (17,18).

A slightly different approach will be taken here. Firstly it will
be assumed that the mean streamwise velocity varies from zero below the
shear layer to a value Gimax above the shear layer. The latter will be
the value of the streamwise mean grazing flow just above the top of the
resonator neck. This amounts to neglecting the effect of the slowly
recirculating mean flow inside the cavitye. In this case, the EEEE

average rate of shedding of circulation can be written as

ar _ 2
‘a’g = ;5 max ° (ll)

The minus Sign is consistent with the sign convention used, A net

negative circulation is shed from the upstream lip.

The average rate of shedding of circulation is thus determined
solely by the mean grazing flow across the top of the resonator neck.
This is a very important result, It shows that on average the
reciprocating potential flow in the resonator neck cannot change the
total vorticity shed. However, it is observed experimentally that the
shedding of the vorticity is controlled by the reciprocating potential

- flow,. Discrete vortices are formed periodically with the whole process
clearly synchronised with the cavity pressure fluctuations. It is thus
apparent that the circulation shed during a cycle of the motion depends
only on the mean grazing flow over the resonator and that the vorticity

is shed in discrete "packets". It is the distribution of the vorticity

in these packets that is in some way controlled by the pbtential flow,

In modelling the vortex shedding, the fact that the mean grazing
flow over the resonator neck determines the average rate of shedding of
circulation will be used to determine the strength of the vorticity shed
during the course of one cycle of the motion. A vortex shedding model
will be used in which circulation of the necessary strength is shed once
per cycle. This circulation will be assumed to be shed in a discrete
vortex having a given "core radius" which will be used to characterise
the distribution of the vorticity it contains. The experimental results
will then be used to establish the approximate core radius of the
vortices observed in the experiment. The influence of the vorticity
distribution and its implications for the dynamics of the flow excited
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resonance will be discussed in more detail in the next Chapter.

3. A VORTEX SHEDDING MODEL

3.1 A Model of Two Dimensional Periodic Vortex Shedding

The vortical flow in the neck of the resonator will be assumed
to be the flow field directly induced by the periodic passage of
vortices at a steady rate in the streamwise direction. The flow model
that will be used is illustrated in Figure 1. The model essentially
satisfies the same boundary conditions as the mean flow in the real
case. The vortex shedding in the real flow will be assumed to result
from the separation of a uniform grazing flow of velocity Gimax from
the upstream lip of the resonator neck (Figure 1). In the model, the
net flow is that produced by an infinite array of vortices embedded in
a uniform steady potential flow, The strength of the voftices is
chosen such that the average rate of shedding of circulation (defined
by equation (1ll)) is identical to that in the real flow. The steady
potential flow ~V¢ responsible for the convection of the vortex array
is then chosen such that the total streamwise mean flow varies from

U hax above the shear layer to zero below the shear layere. This is

given by a value of -V$-= 3 Gimax“

The vortices will pass across the region of the resonator neck at
a time interval T. The vorticity can thus be thought of as an
infinite line array of discrete vortices embedded in the steady
potential flow such that the axes of the vortices are separated by a
distance L where -V6.= N Gimax = L/T,. It will also be assumed that
this array of vortices is stable and that the vortices do not interact.
This is partly justified by the experimental results, where the presence
of the boundaries appears to allow a stable train of vortices to form
which were not observed to interact within any appreciable distance of

the resocnator neck,

The vorticity in each of the discrete vortices will be assumed to
be distributed with rotational symmetry about a core axis such that
. _rz/rcz
i3(x) = 5 € ’ ' (12)
LEN

where r is the radial distance from the core axis and r, is the core

radius. The value of rc2 is analogous to twice the variance of a

Gaussian distribution of vorticity. Ignoring any contribution from




neighbouring vortices, the circulation about a particular vortex is

~given by
P(x) = J Q.n aa, (13)
A

where n is the outward@ normal from the area element dA. Evaluation of
this integral over the vorticity distribution of a single vortex yields
_r2/rc2 i

T(x) = k(1 - e ). (14)

cedide

Thus, as ¥ > ®, I'(r) >« such that k is the strength of each vortex. "

The flow in each vortex, again with contributions from neighbouring
vortices ignored, has circular streamlines and a tangential velocity
Vg = T'/27x such that
2 2
-r /rc_

Ve(r) (L -e ). (15)

2nr

Note that for xr >> r_, Vj (r) -+ k/2nr and for r << s Vg (r) > Kr/2ﬂr 2.
Thus, at large radlal distances from the core axis the vortex has a
velocity distribution of a "free" vortex, whilst there is a solid body
rotation of a "forced" vortex in the core. The value of r, is the core
radius of the equivalent Rankine vortex, where the "free" and " forced"

vortices meet. This is illustrated in Figure 2. It will later be ,l

convenient to non-dimensionalise r and Vo in terms of r, and Ve where 1
v, =-K/2ﬂrc. Writing the ratios r/rc = R and ve/vc = Ve gives
_R2
v, = (1L-e )/R. (16)

"

Wwith the form of the vorticity distribution of each vortex and its
resulting induced velocity field thus specified, the vortical velocities
produced by the periodic passage of the vortices through the region of
interest can be deduced. Thus, the time history of the net induced
velocity has to be simulated at a series of points (xl,xz) in the flow
field. Firstly, consider the velocity field induced by the passage of
the m-th vortex in the array across the region of interest. It will be
assumed that the axis of the m-th vortex has co-ordinates (gml,gmz)
which are specified as a function of time. The radial distance of the
point (xl,xz) from the core axis of the m—th vortex is given by

2 2
xy o= L -+ O - B 1- : amn



The net velocity induced by the vortex at (xl,xz) can be derived by
resolving the induced tangential velocity Ve into velocity components
in the Xy (streamwise) and X, (vertical) directions. As illustrated in

Figure 3 the two components are given by

(x, - £ ,)
_ _ 2 m2
vml(t) = vmecose = Voo T ’ (18)
(x, - & .}
_ . _ 1 ml
vhz(t) = _vh931n6 = Voo T . (19)

The total velocity field induced by all the vortices in the array is

given by summing the contributions from each vortex in the infinite

array:
vi(e) = I v, (8, ' (20)
m=—&
vy(t) = mi—wvmz(t). (21) ;

Thus by using the relations (18,19) and substituting for Voo’ the
net induced velocities at (xl,xz) can be written in terms of the
co-ordinates (gml,gmz) of each vortex and the parameters K and r,-

The two velocity components can be expressed as

2 2
% k(x, - £_,) -r /r

vy = T ———3——§5(1—e moCy, (22)

m=—c 21Y '

m

@ k(x, - & .) -r 2/r o
v,(t) = I 1 2ml 1-e = ). (23)

m=—c 2'rrrm

Note that the co-ordinates (Eml,imz) are a function of time, which has
to be specified, and this determines xr, as a function of time for a
given (xl,xz). The variation of the vorticity as a function of time

at a given point (xl,xz) can also be written in a similar fashion:

2 2 )
® K -r, /rc
a0 = T 2Ze - (29
m=—®  C

The computation of the velocity and vorticity as a function of time for

specified values of (gml,gmz) will be dealt with in the next section.

5.13



3.2 The Computation of the Vo}tically Induced Velocity Field

In order to provide a basis for comparing the model vortical flow
with that measured in the real case, the model'will be used to compute
the mean value of the vortically induced velocity field, together with
the amplitude and phase of the velocity fluctuations produced at the
fundamental frequency of the oscillation. These are the gquantities
that have been measured in detail in both compoﬁent directions in the
resonator neck. Thus, for each velocity componen; ék(t) (where the -
subscript k takes the value 1 or 2) the induced velocity time histories
will be approximated by the mean value of the function and the first
component of the Fourier series representation of the unsteady part of

the function of period T: i.e.

Vk(t)

where

S vk(t)dt,
o

akcoswt + bksinwt,

the Fourier coefficients a and bk are given by

a = % v, (£) cosut dt, b, = % v, (t)sinut at. (28)

The fundamental velocity fluctuation vk' can also be written in terms

of an amplitude Ivkl and phase ¥, such that

vk' = |vk|cos(mt + wk).

where

Il = Y@l +nD, % = ta (B (30)

Thus, by using the expressions (22,23) for vk(t) the amplitude ané
phase of the vortically induced velocity fluctuations can be computed.
Firstly, however, the co-ordinates (gml,gmz) of eaqh of the vortices in
the array have to be specified. For uniform convection parallel to the

X
1
L apart, the co-ordinates of the m—th vortex can be written as

axis at a speed -V$'of the array of vortices each spaced a distance




where (Ei,Z&) is the position of the particular vortex specified by
m = O at the time t = O. As L is related to the convection speed
-V$ and the period T (since -V$ = L/T), the co-ordinates can be

expressed as

£ = &y - Ve(t +mm), = (32)

Thus, the co-ordinates of the m-th vortex can be expressed as a function
of (t + mT). This implies that the velocity field induced by the m-th
vortex can also be expressed as a function of (t + mT) . Hence, the
total velocity induced as given by equations (22,23) can be written in |
the form

[ ]

Vk(t)‘ = z fk(t + mT) . (33)

m=-o

This enables a useful simplification in the computation of the Fourier
coefficients. Firstly, consider the coefficient ay - This will be

given by

-]

T
= S ¥ £ (t + mT)coswt dt.
3 . k

m=-c

be written as

©©

T
ay X %-f fk(t + mT) coswt dt.
o

m=-c0

Choosing = £ + mT as the variable of integration yields

® 5 (m+1) T
a = X T J fk(a)cos woe da, » (36)

m== mT
where cosw(a ~ mT) = coswo (since wmT = m(2m) and m is an integer).
Thus, the coefficient ay can be evaluated from the time history fk(t)
produced by the passage of the single vortex in the array corresponding
tom = O:
o« 2 (m+1)T
a = z T J fk(t)cosmt at. (37)
m=-0 mT
‘Exactly analogous relations to this can also be easily shown to
hold for the evaluation of bk and also V. . = Thus, substituting for the

k
specified co-ordinates of the axis of the vortex corresponding to
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m = O and writing the radial distance from the core axis to the point
(xl,xz) “as x, the complete expressions for the Fourier coefficients of

the velocity induced in the two component directions can be written as

_ © (m+l)T K(x, - Ez) —roz/rcz
vy = z e S - > (L -~ e ydat, (38)
m=— mT 2nx
o
© 2 (m+1) T |<(x:2 - ?,.2) —ro-z/r:c2
a,. = L = f -~ —————— (1 -e ) coswt dt, (39)
1 T 2 :
m=-° mT 21
o
o 2 (n+1) T lc(x2 - Ez) -ro-z/rc2
b, . = I - J - (1L - e )sinwt dt, (40)
1 T 2
m=—>° nT 2Tx
()
— — 2, 2
_ © g (n+1) T K(xl - E’l + Vét) . X, /rc
v, = I 3 [ 5 (L-e )at, (41).
m==-0 nT 27x
o)
- - 2 2
g 2 {m+1)T K(xl - gl + Vét) Xy /x
a, = z T J 5 (L -e ) coswt dt,
mz=—0 nT 21rro
‘ (42)
— — 2 2
® 2 (m+1) T |<(xl - El + V¢t) X /rc
b, = z T S > (1 -e )sinwt 4t,
m==-o T 21§r0
(43)
where
_ _ 2 .2
r = V(x, - T +T68) + (x5 = &) ]. (44)

Approximations to the above quantities have been evaluated by using R
a computer programme. A listing of the programme YVCOEM.FTP
designed for use on the I.S.V.R. PDP 11/45 computer can be found in
Appendix 2. The programme evaluates ;1, al, bl' '\72, ays b2 at each
point (xl,xz) over a specified range of positions in the flow field.
The input parameters that can also be specified are the strength k and
core radius r c of the vortices and the position (El,iz) of the "m = O"
vortex at the time t = O. The period T can be chosen and the convection
speed -V}- of the array is fixed by choice of the vortex spacing L. The
integration over a number of periods of length T is performed numerically
by using the trapezoidal rule. The range of values of m determining
the number of vortices over which the integration is performed is also
a programme input parameter. Thus, the infinite summation of integrals
in the above expressions is approximated by a finite number of the
iﬂtegrals by choice of the range of values of m.
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The additional programs YOCOEM. FTP and XOTOTM.FIN (listed in
appendices 3. and 6) have been written in order to evaluate the mean and
fundamental fluctuation of the vorticity as a function of time at a
series of points in the flow field. The program YOCOEM.FTP has an
jdentical structure to that used for the computation of the velocity
field with the same range of input parameters. Exactly analogous
argueents to those above can be used to show that the mean and

fluctuating vorticity can be expressed as

a0 =

where

agcosmt + bgsinwt,

= |Q3|cos(mt + wﬂ) ’ (47)

mean value 55 and the Fourier coefficients aQ and bQ given by

o (m+1) T ¢ -roz/rcz
oz J 5 e at, (48
LES

2 2
k Yo /x,
5 € coswt dt,

mr

_1_02/r 2
sinwt dt.

Again, the infinite summation of integrals is approximated by specifying

a finite range of m. This essentially accounts for the vglocity and
vorticity produced at a given point by only a finite number of vortices
in the array. »

3.3 The Deduction of the Vorticity Distribution
from the Experimental Results

Although the model outlined in the previous sectiQAS'is clearly a
considerable idealisation of the vortically induced flow field, it will
nevertheless provide a very useful aid to the interpretation of the
peasurements described in the previous chapter. Firstly, the model will

be used to deduce the strength and approximate core radius of. the vortices
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shed in the real case. In the experiment, the vortices shed are clearly
in a continual state of development as they are convected across the
resonator neck. However, the approximate core radius of the vortices
can be deduced once they have been formed and reached the downstream -

region of the resonator neck.

The strength of the vortices can be deduced reasonably easily. As
demonstrated in section 2.3, the average rate of shedding of circulation
~given by equation (11) is governed by the value ;&max of the hean
streamwise grazing flow over the top of the resonator neck. Thus,
since the circulation shed is associated with discrete vortices formed
once per period, equation (11) can be used to deduce the strength of
each vortex. This is given by

-2 -
K = -l!'ulmax T. o (51)

This result can be confirmed by using an alternative argument. Assume
that the vorticity is shed from the upstream lip as a thin sheet
separating a uniform flow of ;imax from a stationary fluid. The
circulation k due to a length L of the sheet is k = -ulmaxL' If the
length L is shed during a period T where the vorticity is convected
away from the edge at a velocity kﬁimax = L/T, then the circulation K

associated with the length L is again given by K = &u . This

again illustrates the important point that once the mei:azlow over the
neck is specified, the strength of the total vorticity shed per period
is fixed. This vorticity can be shed in a distribution ranging from a
contlnuous vortex sheet to discrete vortices having an arbitrary core
size. The experimental results show that u1 is approx1m§tely 12 m/s
and the period T of the shedding is approximately 1.66 x 10 s. Thus,

the strength of each vortex shed must be approximately 0.12 m /s.

The core radius of the vortices can be taken as a measure of how
"tightly" the vorticity is packed into the core of each vortex. The
Gaussian distribution is obviously an idealisation of the true vorticity
distribution, but serves as a useful and probably fairly realistic model.
The computer program can be used to deduce the mean and fluctuating
velocitiés induced by the passage of the model vortices as a function of
their core radius r.- The value of the vortex strength k input to the
program is 0.12 m2/s, as deduced above. The value of the period T is
again 1.66 x 10 3s and the length L is 10 mm. "This implies a convection
speed -V¢ of 6.0 m/s. The values of L and —V¢ are thus based on well-




established experimental results.

The range of values of the parameter m was chosen to be from
m = -10 to m = +10. Thus, at any instant the vortical velocity induced
at a given point is.the sum of the velocities induced by the néarest 10
vortices upstream and the nearest 1O vortices downstream of the point,
the contributions from the vortices further away from the point being
neglected.

The mean velocities and the fundamental velocity fluctuations can
be computed as a function of the distance across the shear layer, which
the passage of the vortices forms. With the co-ordinates of the
"m = O" vortex at t = O taken to be simply El = 0 and Eé = -1 mm, the
mean and fluctuating velocities can be computed as a function of X, at
the fixed streamwise position of X = o. The programme YVCOEM. FTP
run with these values of K, T, L, El' 52, Xy and with x, varied from
-6 mm to +4 mm in steps of 0.5 mm yields the shear layer profiles plotted
in Figures 4, 5 and 6. The value of r, input was varied from 0.5 mm
to 3.0 mm which, from the scale of the flow in the real case, covers the
possible range of core radii that could conceivably be produced by the

roll up of the vortices. The results presented in Figures 4, 5 and 6

are in the form of yw,, V and v where the rms values V, are
} lrms 2rms krms

given by /[(ak2 + bk-)/ZJ. The value Gi is derived by adding the

computed value ;i to the convection speed —V$-in the Xy

expected, a zero value of the vertical mean flow ;é was computed, thus

- giving no net mean flow in the vertical direction. The profiles shown

direction. As

"in Figure 4 are independent of the value of Xy chosen and only the
relative phase of the velocity fluctuations will be a function of Xy -

The phase of the fluctuations was not computed for present purposes.

An approximate idea of the value of the typical core radius of the
vortices formed in the real case can be found by comparing the measured
values of the shear layer profile with those computéd from the modeil.
Measured values of Gi and WY rms’ Y2rms are thus also shown plotted in
Figures 4, 5 and 6. These are taken from the measured results as a
function of X, at a streamwise location given by X, = 7.5 mm. At this
position in the downstream region of the resonator neck, the vortex
sheet in the real case appears to have been "rolled up" sufficiently to
be considered as a discrete vortex. There is a good match of the
experimental streamwise mean flow data to the values computed for a core
radius r, of approximately 1.5 mm. The streamwise velocity fluctuations

measured at the fundamental oscillation frequency above the vortex core
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path (x2 > -1) also agree reasonably .well with those produced by the
convection of vortices with a core radius of 1.5 mm. Below the vortex
core path (x2 < -1), the results agree slightly better with computed
values using r, = 2.0 mm. This implies, however, that the measured
streamwise velocity fluctuations are a result of the vortical flow only
and contain no substantial contribution from the fluctuating potential
flow -Vé'. The values of the computed vertical velocity fluctuations
Vo rms associated with a value of r, = 1.5 mm in the model are somewhat
larger than those measured; better agreement in this case is found with
r, = 2.0 mm. This may possibly be explained by the fact that there is
a substantial contribution to the measured results from the reciprocating

potential flow. This point will be returned to in a later section.

3.4 The Influence of Viscosity on Shear Layer Development

In summary, the experimental results indicate that the vortical
flow in the resonator neck consists of a periodic'formation of vortices
having a strength k of 0.12 m2/s, and an approximate core radius ré of
1.5 mm. In the model of the flow no attempt is made to simulate the
development of the vortices and no account taken of the observed
spreading of the mean shear layer in the downstream direction as
vortices are formed. The measured results for the streamwise velocity
fluctuations imply that the core radius of the vortices may be increasing
as they travel across the resonator neck. Higher streamwise velocity
fluctuations are induced towards the upstream end of the neck (see

Figure 30 of the previous Chapter) .

This is probably becausé the unstable shear layer is being rolled
up at the upstream end and the vorticity is still in the fairly concen-
trated form of a thin rolled sheet; This thin sheet can be relatively
rapidly diffused, locally, by the action of viscosity. This can be
understood by first recognising that the vorticity distribution chosen
{as specified by equation (12)) is of the form of a solution to the

diffusion equation governing the influence of viscosity on a line vortex

(Batchelor (19)). The parameter r is equivalent to (4VT)¥ where v is

the kinematic viscosity and T is the time measured from the starting

conditions of a concentrated line vortex. The core radius rc thus

%

increases from zero to a value of (4vT) ° during the time T. An

jdentical form of time dependence is found for the thickness of a sheet
vortex diffusing under viscous action from zero thickness (Batchelor (19)).
Thus, if T, is the core radius of a vortex or the thickness of a shear

layer at a time Tl and X is the value at a time 12, the difference
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2 2 . .
(rc2 - rcl) is given by 4v(12 - Tl) and thus

2
r, = Ylrg + i, - 7,0]. (52

With (12 - 115 as the value T of one period of oscillation and v equal
to 15 x 10-6 m2/s, equation (52) enables the increase in core radius of
sheet thickness during one cycle of the motion to be calculated
numerically. For Xy < 1.5 mm a value of .o of 1.53 mm is obtained.
Thus, once the vortex has been "rolled up", viscosity produces no
appreciable diffusion of vorticity, within the period of the motion, -
from the vortex structure. However, if one considers the diffusion of
the initial sheet of vorticity which is rolled into the vortex with an
initial thickness ry of, say, 0.25 mm, this will have diffused to a

value of 0.4 mm during the time of one cycle.

The above calculations serve to illustrate that viscosity may have
some appreciable diffusing effect on the initially concentrated
vorticity in the unstable sheet shed from the upstream edge, presumably
during the roll-up process only. Thus, calculations based on the overall
core radius indicate that the measured thickening of the mean shear layer
ovér the resonator neck region as a whole cannot be explained by viscpus
diffusion. However, the possibility cannot be ruled out that the
detailed profile of the vortex core structure is affected by the local
diffusion of the relatively thin rolled-up sheet from which it is formed.
This may then explain some of the features of the observed vortex develop-
ment and its influence on the mean shear. More definite conclusions are
difficult to reach without a far more detailed analysis of the type

recently presented by Guiraud and Zeytounian (20).

This completes the present discussion of the vortically induced flow
field. Although all the subtleties of the vortex development have not
been exhaustively discussed, some important basic parameters have been
deduced from the experimental results. In the following section a
model for the fluctuating potential flow will be introduced and will be
used in conjunction with the vortex shedding model in an attempt to
understand the total fluctuating velocity and pressure fields measured

in the resonator neck.

4. THE TOTAL FLUCTUATING VELOCITY FIELD

4.1 A Model for the Reciprocating Potential Flow

The total fluctuating flow field in the resonator neck will be

considered to consist of the vortical velocity fluctuations induced
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directly by the passage of the streamwise convecting vortices, plus a
reciprocating potential flow in.the . vertical (xz) direction only. It

will be demonstrated in the next section that this gives an adequate
representation of the form of the measured flow field, although precise
quantitative agreement is$ difficult to obtain due to inadequacies in é
the vortex shedding model. However, a remarkably good reproduction of | f
the measured fluctuating pressure field can be achieved by using this
representation of the flow field and this will be covered in subsequent

sections.

As previously discussed in section 2.1, a formal solution of the
potential flow in the resonator neck requires a calculation of the‘
fluctuating contribution from the "image vorticity", this being largely
determined by the strength and the path takeh by the shed vortices.

Any such contribution is indistinguishable from (or at least not
measurably significant compared to) the reciprocating potential flow
calculated from acoustical considerations with a knowledge of the

cavity pressure fluctuations. The explanation for this is that the
fluctuating potential flow necessary to satisfy the boundary conditions
is actually indistinguishable from the "acoustically" produced potential
flow, as described here. The reciprocating potential flow will thus

be determined from simple acoustic parameters.

The acoustical behaviour .of the resonator can be represented by
the equivalent circuit illustrated in Figure 7. The acoustic response
of the cavity results in a volume velocity a, in the cavity neck. This
is related to the effective inertance M and resistance Rr of the cavity

neck by the impedance

Pc/qn = (Rr + iwM), (53)

where P, is the cavity pressure. If P is given by lpclcoswt and the

vertical velocity 3¢'/3x2 in the resonator neck is expressed as

|8¢/8x2]cos(mt + ¢¢): it is a straightforward matter to show that the

amplitude -of the fluctuating wvelocity in the resonator neck is given by
Il

99
12| - : 8
ox 4 (Ri + w?M?)

where S is the cross-sectional area of the resonator neck.

The phase ¥, of the reciprocating potential flow relative to the
¢

phase of the cavity pressure fluctuation is given by
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(55)

The amplitude and phase of the reciprocating potential fiow can thus be
easily calculated from a knowledge of the cavity pressure fluctuation
with the inertance M and resistance Rr‘ The question then arises as to
what values of M and Rr should be used. The problem of predicting the
acoustic impedance of cavities and orifices with grazing flow has already
received considerable attention. However, a completely satisfactory
theoretical and physical description of the processes involved in the
modification of the "no flow" acoustic impedance has yet to be found.
The analogous problem of the acoustic impedance of orifices with a flow
through the aperture has been adequately treated (see the discussion by
Morse and Ingard (21)). In this case the resistive part of the
impedance is increased by the presence of the flow whilst the effective
attached mass is decreased. These general trends have been found to be
convincingly reproduced in Ronneberger's (22) experiments with grazing
flow over orifices, although in the transition region from high to low
Strouhal numbers the orifice impedance curve was found to exhibit a
complicated spiral form in the complex plane. The general increase in
resistance and decrease in attached mass has also been observed by Dean
(23) in connection with the impedance of cavity duct liners. These
trends have also been predicted by Howe (17) with a surprisingly good
agreement with experimental results since, as the present work reveals,
Howe's model is a considerable idealisation of the nature of the flow

found in the real case.

Thus, there is no real basis for predicting the flow dependence of
Rr and M, the problem of the determination of the impedance being
intimately related to the interaction between the vortical and potential

flows being investigated. The amplitude and phase of the reciprocating

potential flow can, however, be estimated from the "no flow" values of

R and M determined approximately in the previous Chapter. A value of

M of 22 _kg/m2 (corresponding to an effective length £ of 18 mm) and a
value of Rr of 8.4 x 10 kg/m4/s result in a value of [8¢/3x2! of 1.68 m/s
for the measured rms cavity pressure of 100 N/mz. The phase of the

velocity fluctuation lags the cavity pressure fluctuation by 84°.

4.2 The Resultant Vertical Velocity Fluctuation

The resultant fluctuating velocity field produced in the vertical
direction can thus be modelled by superposing the "acoustical" uniform
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potential flow deduced above in section 4.1 and the vertical velocity
fluctuations induced by the passage of the vortices. The latter have
been calculated by computation of the Fourier coefficients of the
fundamental vertical velocity fluctuation produced by the passage of the
vortices for a range of values xl.and Xy The programme YVCOEM.FTP was
run with Xy ranging from O to 10 mm in increments of 0.5 mm and X,
ranging from -6 mm to +4 mm, also in increments of 0.5 mm. The values
of the vortex strength k, period T and spacing L were all chosen as

before, with the value of the core radius r. of 1.5 mm.

The values of the co-ordinates (Ei,E}) of the "m = O" vortex at
t = O also need to be established. The time t = O can be taken to be
the time during the cycle at which the cavity §ressure is a maximum.
The phase Y, of the velocity fluctuations Ivklcos(wt + Y ) can thus be
expressed relative to the cavity pressure fluctuations. The values -
¢1 of the measured phase of the streamwise velocity fluctuations can be
used to deduce the streamwise position El of the vortex shed in the
resonator neck when the cavity pressure reaches its maximum value
(i.e., at t = 0). Measured values of wl have been plotted against Xy
for the three values of x, = 0.5, 1.0 and 1.5 mm (Figure 8). In the
downstream region of the resonatorlneck (xl > 5.0 mm) the results fall
roughly onto a straight line, implying a uniform vortex convection
speed. The slope of this straight line is consistent with a vortex

convection speed of 6 m/s. Clearly at the upstream end of the

A

resonator neck the disturbance convection speed (given by the spatial
rate of change of phase) is somewhat less than 6 m/s in the region

where the vortices are formed. The streamwise position of the shed

| :
B ']‘ skl A

vortex when the cavity pressure is a maximum is given by the position
at which the streamwise velocity fluctuations induced above the core
path are in phase with cavity pressure fluctuations. The intersection
of the straight line in Figure 8 with the Xy axis at *1 = O shows that
this position is given by x) = 6.25 mm.

_ The position of the vortex at t =0 in the vertical direction is
approximately X, = -1.0 mm. This is established from the approximate
position of the 180° phase change in the phase of the streamwise
velocity fluctuations as the shear layer is traversed in the vertical
direction at X = 6.25 mm. The values of the co-oxdinates Ei and'Eé
can thus be taken to be 6.25 mm and -1.0 mm, respectively. In the real
case, the vortex core patﬁ appears to be slightly curved as the vortex

convects across the resonator neck. This is probably due to the
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convection of the vortex by the reciprocating potential flow. This is
neglected in the model where the vortices are simply convected parallel

.to the,x1 axis along the path defined by Xy = -1.0 mm.

The output of the program YVCOEM.FTP .run with the input parameters
described above has been used to establish the vortically induced
vertical velocity fluctuations. The program XVTOTM.FTN (listed in
Appendix 5) has been used to combine the vortical fluctuations with the
uniform potential flow having the amplitude and phase deduced from the
no flow acoustic impedance of the resonator neck. This latter program
calculates the net amplitude and phase of the harmonic fluctuation
produced by the linear combination of the two fluctuating velocity
signals. The output of the program is shown in the form of a contour
plot (Figure 9) based on the values computed over the 0.5 mm grid used.
The plot produced can be compared with the measured values of the rms
amplitude of the net vertical velocity fluctuation shown in Figure 32

of the previous Chapter.

It can be seen that the superposition of thg two forms of velocity
fluctuations, "acoustical" and "yortical”, implicit in the model give
an amplitude pattern that is in rough agreement with the form of the
measured vertical velocity field. The combination of the velocity
fields shows in particular that the maximum vertical velocity fluc-
tuation occurs in the region towards the downstream edge of the slot at
a value of 3 around 6.0 mm. The vortically induced fluctuation is in
phase with the reciprocating potential flow in this region. Conversely,
in the upstream region of the resonator neck the fluctuating potential
and vortical flows are out of phase such that a lower net fluctuating
velocity amplitude is produced. This implies that the vortical and
potential flows may be related by the need to satisfy the Kutta con-
dition at the upstream lip. The flow visualisation and the measured
values of vertical velocity both imply that the vortical and potential
flow velocities cancel towards the upstream lip. This is confirmed
by the relative phase of the two fluctuations deduced with the aid of
the model.

The quantitative agreement between the model and experiment is not
entirely convincing. This may be because the amplitude of the vortical
fluctuations in the vertical direction is over-estimated by the model.
This is likely to be caused by the assumption that the vertical velocity
is the sum of the contributions from the line array of vortices. In

the real case, the verticél velocity will be induced by each vortex
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during and after its process of formation and the assumption that each
vortex is inducing its maximum velocity during all the cycle is

obviously a considerable idealisation.

The failure to model the formation of the vortices adequately also
makes the precise nature of the link between the vortical and potential
flows through the Kutta condition difficult to establish firmly. The
present model indicates that the vortically induced velocity at the
upstream edge in the vertical direction is very dependent on how
"tightly wound" the shed vorticity becomes, this being characterised by
the core radius of the shed vortices. This suggests that a high value
of the fluctuating potential flow results in the vortices becoming
tightly wound in order to induce sufficiently large vertical velocity
fluctuations at the upstream edge to ensure no net vertical displacement
of the separating shear layer. The extent to which this applies in the
real case depends on how close to the edge the vortices are formed.

If the vortices are formed at a distance much greater than one core
radius away from the edge, one would not expect the velocity induced

at the edge to be sensitive to the degree of concentration of the
vorticity in the core (since at large distances from the core, the
induced velocity is insensitive to core radius) . The results of the
flow visualisation indicate that the formation of the vortex begins to
occur at a distance of the order of the core radius away from the edge.
It can thus be only tentatively concluded that the amplitude of the
reciprocating potential flow influences the concentration of vorticity
wound into the vortex core, the vortex being wound sufficiently tightly

to satisfy the Kutta condition at the upstream -edge.

5. THE FLUCTUATING PRESSURE FIELD

5.1 The Pressure Fluctuations associated with the Passage
of the Vortices

The measurements of the fluctuating static pressure field in the
resonator neck presented in the previous Chapter revealed an interesting
form of interference pattern shown in the measured values of the
amplitude and phase of the pressure fluctuations. It will be demon-—
strated that this interference pattern can be satisfactorily explained
by a simple superposition of the pressure fluctuations generated by the
passage of the vortices with the pressure fluctuations associated with
the reciprocating potential flow. Rigorously speaking, the net pressure
field can be deduced from a knowledge of the total velocity field by
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taking the divergence of the momentum. conservation equation and solving

the resulting Poisson equation for the pressure. . This type of approach
has not been taken. Rather, the pressure fluctuations associated with
each part of the velocity field have been. deduced. This is based on the
assumption that independent momentum balances exist between the
accelerations associated with each component of the velocity field and the
~gradient of a distinct part of the pressure field. The success of

these independent momentum balances in explaining the measured results

has some interesting implications for the nature of the interaction between
the vortical and potential flows. This will be discussed in the next

Chapter with reference to the . full momentum equation.

Firstly, the static pressure fluctuations caused by the passage of
the vortices will be estimated by deducing the static pressure defect
produced in the core of an isolated vortex. This can be found by
integration of the momentum equation expressing the balance between the
radial pressure gradient in the vortex core and the centripetal
acceleration of the fluid rotating about the vortex axis. This will be
performed for a éingle stationary vortex in free space. Writing the
pressure as p, the momentum equation for steady two dimensional flow with
‘circular streamlines reduces to )

2
1 . 2 ' (56)
p_or r
o
The density Po is assumed constant for the purposes of estimating the
pressure p. In terms of the variables V.e and R defined in equation (16)
for the model vorticity distribution chosen, the above equation can be

written as.

2
v
9 0
L8 - | (57)
PsVe
_'Rz
and substitution of V6 = (1L~ e ) /R yields
2 2
’ 1 - -2R
——lz—P-gR.= 2 (1 -2 3+ %), (58)
PV R
oc

An equation identical to this has been treatediby Newman (24) in
connection with the flow in a viscous trailing vortex. Integration of
the equation from R to « yields the value of (p, - p) where p_ is the

ambient static pressure;

5.27



2
P._-P | -R
Sl SN | S Ei(—Rz)—\ + IS
v 2 2 2
Ovc -'I R

—2R2

+ 2 Bi(-28D) |. (59)

O
Here Ei(-Rz) is the exponential integral - fz(eﬁs/s)ds. Writing the right-
hand side of equation (59) as F(rz/r 2) and—gutting the value of

c
the static pressure defect p - p as “P, yields
(Y Kz
o 2 2
p. = - ——=F(r'/r ). (60)
v 2_2 c
87 rc

This then establishes the form of the static pressure defect as a function

of radial distance r from the core axis and the parameters K and L

In order to estimate the static pressure fluctuations prodﬁced by
the passage of the vortices, it will be assumed that each vortex in the
model array has an associated radial static pressure distribution
differing from the ambient pressure in accordance with equation (60) .
This is equivalent to assuming that there is a negligible contribution
from the velocity fields of the neighbouring vortices to the radial
momentum balance of each vortex in the array. This is a reasonable
assumption, since the vortex spacing in the array is considerably larger
than the typical value of core radius considered. The radial pressure |
fields associated with each vortex will thus be assumed to superpose.

The static pressure fluctuations generated by the passage of this spatial
distribution of static pressure can thus be estimated. The dependence
of the magnitude of these fluctuations on the parameters of vortex

strength and core radius can also be deduced.

By use of an exactly analogous argumeht to that used in finding the
mean and fluctuating velocity field induced by the passage of the vortex
array, the pressure as a function of time produced by the uniform

convection of the array can be expressed as

~ v
p,(t) p, + P, s (61)
® (m+1) T 0 K
— 2
= - 1 L - _rarDat, (62)
v T 2.2 o c
m=—w mT 8w T,
where
|- s )
Py apvcoswt + bpvslnwt, (63)
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given by V[(

2 o 2 2
apv = I T S - -—;—2- F(ro /:r:c Ycoswt dt, (64)
m=~c bivdy 8m rc
: 2
o 2 (m+1)T ,poK 9 2
b v = z T S - 5 F(rd /rc )sinwt dt. (65)
P m=—c mT 81rrc

The program YPCOEM.FTP (listed in Appendix 4) has been written to compute

these quantities. Use has been made of the fact that F(rdzlrcz) + 22n2
2 2

= 1.386 as (rd /rc ) + O and the exponential integrals comprising

F(roz/rcz) were approximated by (Abbramowitz and Stegun.(25));

o 2. n

Ei(-R%) = y + 2n(-R%) + =
n=1

v (66)

where y is Euler's constant (0.5772) and only the first six terms of the

series were needed to give an adequate representation of the function.

The program YPCOEM.FTP was run with the values of k¥, T and L
established above with a fixed value of X, = O and with X, varied from

-6 mm to +4 mm in increments of 0.5 mm. The resulting values of p
2
a
pv
the distance across the shear layer (x2) and core radius r.. It can be

2 v rms
+ bpv)/2] are plotted in Figure 10 as a function of

seen that for a core radius of 1.5 mm the amplitudes of the pressure
fluctuations produced are of the order of those measured in the resonator
neck (see Figure 40 of the previous Chapter). This implies that the
model is giving a reasonable estimate of the fluctuating pressures that
could be expected to be associated with the passage of the vortices of
the strength and core size of those observed in the experiment.

5.2 The Pressure Fluctuations associated with the
Reciprocating Potential Flow

Having established the oxder of magnitude of the pressure fluc-
tuations generated by the passage of the vortices based on the assumption
that the vortical flow only is present, the pressure fluctuations
associated with the reciprocating potential flow will now be estimated
on the assumption that only the potential flow is present. The model
of the potential flow in the neck will again be based on the assumption
that identical acoustical conditions exist in the resonator as in the
case without any flow. Thus the "no flow" values of the inertance and

resistance associated with the resonator neck will be assumed to determine

the structure of an "acoustic" pressure field.




In order to estimate the pressure fluctuations in the region of
the neck, the model. represented by the equivalent circuit shown in
Figure 7 will be used. The variation of pressure across the resonator
neck will be calculated by assuming that the neck characteristics can
be represented by a continuous distribution of inertance, i.e. the
amplitude and phase of the pressure fluctuations in the neck will vary
in the X, direction as if the effective mass of the neck varies linearly
across the whole "effective length" £ attributable to the reciprocating
plug flow in the resonator neck. At a particular value of X, in the
neck region, the inertance of the fluid comprising the plug flow in the
area above the position considered will be assumed to be Ml‘ The
inertance of the fluid below this position will be (M - Ml), M being the

total inertance due to the neck flow. If at x, = 0O, Ml = M', say, and

2
M' can be expressed in terms of the effective length &' = M'S/po of the
fluid in the region Xy > 0, the variation of Ml across the neck can be
written (see Figure 7)

(L' - x2)(p°/S) for (& - &') < x, <!&', (67)

2

2(po/S) for Xy < (2 - 4") (68)
o] for X, > &', -{69)

value of the complex pressure pq> at a given value of X, can be
expressed in terms of the cavity pressure P, by noting that the volume
velocity q, is related to p¢ and P, by

P, Py

9 T R +iwoM _ R_+ ioM
by h o 1

|_Rr+‘ inil
Po |R¥ M | - (7

o
It is a straightforward matter to show that the amplitude |p¢| and phase

1
p¢ ,
amplitude and phase of the cavity pressure fluctuation Ipclcosmt by
2
2 2
™M+ R+ (R (M - M) ]
eyl = Il 53 (72)
(Rr + w M)

of the pressure fluctuation |p¢|cos(wt + wp¢) is related to the

, -1 [uR,(My - M)
Vpp = tan 2 2
Rr + w MlM
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This amplitude and phase have been plotted against [x2 + (& - 9.')] .

The inductance Ml is assumed to vary as a function of_x2.in accordance
with the relations (67,68,69). The values of M and R used are the "no
flow" values deduced in the previous Chapter and the amplitude of the
cavity pressure fluctuation has again been taken from the measured rms
value of lOO-N/mz; The variation of amplitude and phase of the pressure
fluctuations shown in Figure 11 would thus be obtained in the resonator
neck if the pressure fluctuations were driven by an acoustic source
inside the cavity under no flow conditions. The location of the
effective mass of the air in the neck relative to the position of the
resonator mouth is characterised by the parameter %' which has been left

undetermined.

5.3 The Measured Pressure Fluctuation

It can now be demonstrated that the measured pressure interference
pattern (Figures 40 and 41 of the previous Chapter) in the resonator
neck appears to consist of a simple superposition of the pressure
fluctuations generated by the passage of the vortices with the pressure
field associated with the reciprocating potential flow. These two
fluctuating pressure fields appear to constructively interfere towards
the upstream lip of the resonator neck where the maximum net pressure
fluctuations are measured. A destructive interference occurs towards
the downstream edge, the minimum amplitude of the net pressure fluc-
tuation being measured on the vortex core path at the position
b4

1 ° 6.5 mm. This implies that the itwo pressure filuctuations are 180O

out of phase at this position.

The relative phase of the pressure fluctuations associated with the
passage of the vortices varies linearly with Xy for uniform streamwise
convection of the voxtices. For the uniform convection of the model
vortex array, the phase of the pressure fluctuations produced at the
fundamental frequency is 1800 out of phase with the streamwise velocity
fluctuations produced above the vortex core path. At the streamwise
location X = 6.5 mm the experimental results plotted in Figure 8 show
that the streamwise velocity fluctuations lag the cavity pressure
fluctuations by 100. This implies the pressure fluctuations produced
by the passage of the vortices lead the cavity pressure fluctuations by
170°. Thus, for destructive interference at X = 6.5 mm the pressure

fluctuations associated with the reciprocating potential flow must lag

the cavity pressure fluctuations by 109.
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The minimum pressure amplitude also appears to occur along the line
of the core path at a vertical location of.x2 = <1.0 mm. The model of
the pressure fluctuations associated with the potential flow indicates
that a phase of -10o relative to the cavity pressure fluctuations will
occur at a vertical position corresponding to a value of_{x2.+ % - 29}
of 11.0 mm. Thus, for the assumed value of £, the value of 2' can be
deduced. This will specify the distribution of inertance in the neck of
the rééonator, which will result in the pressure fluctuations associated
with the reciprocating potential flow being in anti-phase with the pressure
fluctuations produced by the passage of the vortices at x, = -1.0 mm.
For a value of £ of 18 mm (corresponding to the "no flow" value) and a
value of'{x2 + (2 - 2")} of 11.0 mm the value of %' must be 6.0 mm. Thus,
the effective mass appears to be distributed in the resonator neck with
approximately 1/3 above the resonator mouth and 2/3 below the resonator

mouth inside the cavity.

A check on this is provided by consideration of the amplitude of the
pressure fluctuations associated with the reciprocating potential flow.
Figure 10 shows that for a ppase ¢p¢ of -1o° relative to the cgvity
pressure, the amplitude of the pressure fluctuations is 40 N/m~ (rms).
This is of an almost identical value to the amplitude of the pressure
fluctuations induced by the passage of vortices having a core radius of
1.5 mm. The resulting destructive interference of the two pressure
fluctuations of very similar magnitude explains the relatively low net

pressure amplitude measured towards the downstream edge.

An estimate has been made of the amplitude and phase of the pressure
fluctuations produced by linear combination of the two model component
pressure fields over the region of interest. The program YPCOEM.FTP was
run in ordér to evaluate the Fourier coefficients of the vortex induced
pressure fluctuations over a range of values of xy from O to 10 in
0.5 mm intervals, and of x, from -4 to +2, also in 0.5 mm intervals. The
values of vortex strength and core radius used were again those deduced
above as being closely representative of the values in the real case.

The program XPTOTM.FIN (listed in Appendix 7) was then used to evaluate
the combination of the vortex induced pressure fluctuations with those
associated with the reciprocating potential flow over the same range of
values of X3 and X, ' The model for the latter was that outlined above
with use, again, of the "no flow" values of inertance and resistance. A
value of &' of 6.0 mm was chosen with the object of reproducing the

measured pressure interference pattern.
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The net amplitude and phase of the pressure fluctuations evaluated
over the 0.5 mm grid are presentedias.contour plots in Figures 11 and
12.. Comparison of these with the .measured values of amplitude and
‘phase .in Figures 40 and 41 of the previous .Chapter shows . remarkably
~good agreement in both qualitative.and'quantitative aspects between the
model representation of the pressure interference pattern and the
experimentally measured values. The success of the model in repro-
ducing experimental results gives a strong indication that, at least tb
a first approximation, the net pressure field in the resonator neck
. appears to be generated by the superposition of a pressure field that
is associated with fhe shed vorticity with pressure fluctuations
"Jocked" into the cav1ty pressure fluctuation. The implications of
this finding for the mechanics of the vortlcal/potentlal flow lnteractlon

will be discussed in the next Chapter.

6. CONCLUSIONS

The velocity field in the resonator neck can be considered as
consisting of two parts. The first is purely vortical and is the
velocity field directly induced by the vorticity shed from the upstream
lip of the resonator neck. The remainder of the velocity field is
irrotational and appears to consist . approximately of a uniform mean
potential flow in the streamwise direction and a reciprocating potential

flow in the vertical direction.

The strength of the vortices shed periodically from the upstream
lip depends only on the mean grazing flow across the top of the
resonator neck. This is confirmed using a simple model of vortex
shedding, which shows that the structure of the mean shear layer is
intimately related to the strength of the shed vortices and the distri-
bution of vorticity in their core. The effective core radius of the
vorfices formed can be approximately deduced from the cbserved thickness
of the mean shear layer and the velocity fluctuations induced in the
streanwise component direction. The periodically shed vortices cbserved
in the experiment thus appear to have a strength of 0.12 m/s and an

épproximate core radius of 1.5 mm.

The patﬁern of vertical velocity fluctuations measured in the
resonator neck appears to be explained by a superposition of a
reciprocating uniform potential flow with the velocity fluctuations
induced by the passage of the streamwise convected vortices. These

two velocity fluctuations constructively interfere to produce the
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cbserved maximum value of vertical velocity fluctuation towards the

downstream edge of the resonator neck. Towards the upstream edge, the
two velocity fields apéear to interfere destructively and hence minimise
the net.vertical displacement of the fluid. This confirms the results

of the flow visualisation experiment, which show that the unstable shear
layer leaves the upstream edge tangentially, thus implying that the

Kutta condition at the upstream edge is satisfied. It is possiblé that
the amplitude of the reciprocating potential flow influences the effective
core radius of the vortices formed, the vortices becoming more tightly
wound in order to induqe a sufficient velocity to cancel the reciprocating

potential flow velocity.

The interesting interference pattern observed in the measurements
of the fluctuating pressure field appears to be explained by a super-
position of the pressure fluctuations induced by the passage of the
vortices with the pressure fluctuations associated with the reciprocating
potential flow. In order to estimate the pressure fluctuations
associated with the reciprocating potential flow, an acoustic model is
used which assumes the "no flow" values of the acoustic impedance of the
resonator neck deduced in the previous Chapter. Although this procédure
is of doubtful validity, the pressure interference pattern produced is in
very good agreement’with both the amplitude and phase of the experimentally
observed values. In any event, to a first approximation, the observed
interference pattern certainly consists of a superposition of a pressure
disturbance convected in the streamwise direction, with a pressure
fluctuation that is approximately uniforxm in both amplitude and phase

over the region considered.

The possible independent momentum balances suggested by the observed
fluctuating pressure field will be considered in the light of the full
linéarised momentum conservation equation in the next Chapter. An
attempt will be made to identify the accelerations in the fluid that are
primarily responsible for the interaction of the vortex shedding with
the reciprocating potential flow. The strength and core radius of the
vortices cbserved in the experiment will also be used to enable the
evaluation of various energy produétion terms in an attempt to understand
the energy balance occurring in the flow at the resonance condition

observed.
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APPENDIX 1. LIST OF SYMBOLS

Fourier coefficients of vortical velocity
fluctuations at the fundamental frequency

Fourier coefficients of vorticity fluctuations
at the fundamental frequency

Fourier coefficients of vortically induced
static pressure fluctuations at the fundamental
frequency

function of time expressing the velocity field
induced by a given vortex in the model array

function expressing the dependence of the static
pressure defect of an isolated vortex on core
radius and radial distance from core axis

used as a subscript taking the values 1 or 2

effective lengths of air masses forming inertance
of resonator neck

vortex separation distance

values of acoustic inertance in resonator neck

vector normal to surface, or denoting the surface

outward normal direction when used as a
subscript n

static pressure

static pressure defect associated with an
isolated vortex

acoustic cavity pressure

acoustic pressure in resonator neck

free stream static pressure

acoustic volume velocity in resonator neck
radial distance from vortex core axis

radial distance from core axis of m—-th vortex
in the model array

radial distance from core axis of m = O vortex
" in the model array

vortex core radius

ratio of radial distance from vortex core axis
to vortex core radius (r/rc)




|n

acoustic radiation resistance

position vector

area of cross section of resonator neck
time

period of one cycle of motion

total velocity vector

value of total streamwise velocity at upper
edge of shear layer

vortical velocity vector
vortical velocity induced by the m-th vortex
in the model array in the tangential, streamwise

and vertical component directions

vortical velocity induced by an isolated vortex
in the tangential component direction

tangential velocity induced at edge of core of
equivalent Rankine vortex

non-dimensional tangential velocity (ve/vc)

cartesian coordinates

used as a variable of integration
circulation

used as a subscript to denote tangential
direction

vortex strength
coefficient of kinematic viscosity

position coordinates of m-th vortex in the
model array

position coordinates of the m = O vortex at
t=0

ambient air demsity

time during which viscous diffusion takes place
velocity potential

relative phase of vortically induced velocity

fluctuations at fundamental frequency
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relative phase of vorticity fluctuations at
fundamental frequency

relative phase of reciprocating potential flow

relative phase of pressure fluctuations
associated with reciprocating potential flow

radian frequency
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APPENDIX 2. LISTING OF PROGRAM YVCOEM.FTP

For the calculation of Fourier coefficients
of "streamwise" and "vertical" velocity
fluctuations induced by the passage of

the model vortex array

NIMENSTON B(300), TC300), BCE00), CEOLZE)
EGDIVALENCE (LCB(33), 10B)

CALL TYPE (’&YVCOEM”)

CALL ASKEN (B, “RCOEFS V1A, VIB=")

CALL ASKEN (O, "%C0EFS VZA, VZB=)

CALL ASKEN (D, “%MEAN VAl UES ViM, VM=)
CALL ASKI (IT, “&MIN TIME=") :
CALL ASKI (ITM, “&MAXTIME=")

CALL ASKI (ITT, “SPERIOL=") .

CALL ASK]1 (M, "%NO F PERIOLS <111=")
CALL ASK1 (N, “¥ND OF PER1ODE :
CALL ASKR (05, “LVORTEX STREN
CALL ASKR (KO, “%LORE RADIUS=
CALL ASKR (SbL, “&SHEDULING LENGTH=)
CALL ASKR (X1, "&FIRST X1 VALUE=")

CALL ASKR (XMAX, “%LAST X1 VALUE=")
CALL ASKR (XINC, “%X1 INC=")

CALL ASKR (Y1, "RF1RST X2 VAi LUE=")

CALL ASKR (YMAX, “3LAST X2 VALUE=")
CALL. ASKR (YINC, "&XZ INC=")

CALL ASKR (X0, “&X1 POS1TION AT T=0 =)
CALL ASKR (YO, “%XZ POSITION A7 T=0 =)
CALL. DUTPUT(B)

CALL OUTPUT(L) *

CALL QUTPUT(D)

TP1=6. 284

G=-0

W=TP1/1TT

UC=SL/1TT

Y=Y1
X=X1
SXA=0
SXB=0.
SYA=0
SYB=0
VXM=0
VYM=0
ITR=X/UC

Do 1 I=IT,1TM
vX=0. 0

vY=0. O

=1
XC=X~(UC®#T)-X0

YC=Y-YO .
RP=SORT ( (XC#XC)+{YCHYC))
RP2=RP*RP

ROZ=RO#RO

E=—(RPZ/R02)

1F (E.GT.-80.0) GO T S

EE=0

GO 10 &

EE=EXP(E)

IF (RPZ NE. 0.0) GO TO 7

VX1=0

vY1=0

GO 10 2
VX1=((~G)eYCa(1-EE) ) 7(TP1#RPZ)
VY1=(G#XCR(1-EE) ) / (1P I#RPZ)
VX=VX+VX1 ’

VY=VY4+UY1

1IT1=1TK

QQO0Q OO
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T12=17T1-(Me1TT)+1
1TR=LT1+(N#I1T)
T&=T-111

T (Y. LY 172 50 To 1
1F (1 6T 1T13) GO 10O 1 -
PXA=VX#LOS (WeTS)
FXE=VX#ZIN(WsTS)
FYASVY#COS(WETS)
FYB=VY#SIN(W#1S)
EXA=SXA+FXA
SXR=SXB+PXER
SYA=SYA+FYA
SYB=SYE+PYE
VXM=VXM+VX
VYM=VYM+VY

IF (I.NE IT3) GO TO 1
F=2 O/177

SXA=SXA*F

SXR=8XB#F

SYA=SYA#F

SYB=SYB#*F
VXM=VXM#(F /2. 0)
VYM=VYM#(F /2 0)

CALL DUT (B, SXA)

CALI OUT (B, SXB)

CALL OUT (C. SYA)

CALL OUT (C,SYB)

CALL OUT (D, VXM)

CALL OUT (D, VYM)

CON'T INUE

X=X+X1NC
IF(X. LE. XMAX) GO 10 10
Y=Y+YINC

IF(Y. LE YMAX) GO TOD 11
ICB=3

CB(Z)=1000. O
CE(3)=0. O

CB(4)=1. 0

CALl UUTEND (B. CEB)
CALL OUTEND (C.CB)
CALL QUTEND {D.CB)
FND
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APPENDIX 3. LISTING OF PROGRAM YOCOEM.FTP

For the calculation of Fourier coefficients
of vorticity fluctuations induced by the
passage of the model vortex array

NIMENTEON AC200), BC200), CB(1Z8)
L TVALENCE (LB(23). 10B)

CALL TYPE (" YOCDEMS)

CALL ASKN (A, ©STNERS S30A, SOB=)

IZALL (B, “¥MFAN VALLE, SOM=")
AL (11, “YMIN FIME=")

AL (1TM, "¥MAX TIME=")
ALL (1717, “%PERIOD=")

CALL ASKT (M, “9ND OF FERIODS <171=")
CALL ASKT (N, “9NGD OF PERLODS 2>171=7
ALL ASKR (G, “QVORTEX STRENGTH=")
CALL ASKKR (RO, “$CORE RAD1US=")

ALl ASKR (5L, “%SHEDDING LFNGTH=)

LALL (X1, “SFIRET X1 VALUE=")
AL (XMAX, “RLAST X1 VALUE=")
ALL (XINC, “%X1 INC=7)

ALl (Y1, “SFIRST X2 VALLE=")
LALL (YMAX, “$LAST X2 VALUE=")
sALL (YINC, “%XZ INC=7)

(M3 N

SKK (X0, “%X1 POSITION AT T=0 =")
CALL ASKR (YO, “2XZ POS1TION AT T=0 =)
CALL DUTELT (A)

CALL DUTEUT (B)

TP1=6 234

(5= =03

W=TFT/ITT

LC=SL/LTT '
Y=Y1 X
X=X 1

SUA=0. 0O
]

iy 1 1=17, ITM
M=0. O

“mX—(UC*T);XO
Y-YO

FEE=O 0

3 0 21
ELE-EXF(~EE)
DM1=DIREEE
M=CiM+0M1
TI1=1TK

PY=1T1-(M*ITT)+1
TA=TT1+(NEITT)
TH=1-171 )
TE(L L IT2) GO TO 1
IECT G, 1T Gy ¥ 1
NA=OMECNS (HE1S)
OB=OMESIN (WS TS)
SOA=SOA+OA
SOB=S0E+0B
KOM=BUM+OM

IF(L NE 1T3) G0 10 1

SOM=SOM#(F72Z. 0)

CALL 0T (A, SOA)

CALL 0OUT (A, SOB)

AL, oUT (B, SOM)

CALL B (B, 0. 0)
CONTINUE

X=X+X1INC

JE(X. LE XMAX) GO TO 10
Y=Y+YINC

IF(Y. LE YMAX) GO 10 13
TCR=3

Ck(2)=1000. O
CB(3)=0.0

Criar=1 O

CALL OUTEND (A, CB)
CALL OUTEND (B, CB)

FND




APPENDIX 4. LISTING OF PROGRAM YPCOEM.FTP

For the calculation of Fourier coefficients
of static pressure fluctuations induced by
the passage of the model vortex array

) Vi=iar (TH1#RO)

EOIVALENCE (LB s 1EED Visvl

TALL TYFE (“SYPLOEM) Fl=s(FPaRHUBV1Z 2 2 O
CALL ASEN (A, "RCOEFZ SFA, SFB=) =Rl

ZALL ASKN (B, "&MEAN VA LIE, S5PM=") F=—p

CALL ASKI (17, "%MIN TIME=" IT1=1ITK

CALL ASKLI (1TM, “&MAX TIME=") ) TTZ=111-(M®iTT)+1
CALL ASK1 (177, "SFERLDD=") ITZ=T11+(N®[TT)
CALlL ASKT (M, "&NOQ OF FERIOQDS < < T5=T-17T1
TALL ASKI (N, "%NO OF PERL F1T1=" TECL LY. 1T i T g
CALL A3BKR (G, "SVORTEX STRENGTH=") IF(T GT 1T3) G0 Tu 1
CALL ASKR (RO, "SCORE RAUIUS=- FA=P#OS(WHTS)

CALL ASKR (SL, "%SHEDDING LENGTH=" FE=F#5IN(W#TS)
CALL ASKR (X1, “&FIR3T X1 VALUE=" S

CALL ASKR (XMAX, “%LAZT X1 VALUE= SFR=SPB+FE

CALL ASKR (XINC, “%X1 INC=") SFM=5FM+P

CALL ASKR (Y1, "&FIR3T XZ VALUE=- TF (1. NE. 1772

CALL ASKR (YMAX, "&%LAST X2 VALUE=" 2
CALL ASKR (YINC, “&XZ INC=")

CALL. ASKR (X0, "&X1 FOUSIT1O3N AT T=0 =-

CALL ASKR (YO, “&%XZ POSITION AT T=Q =~ SPM=SPMR(F 72 0)
CALL. QUTPUT (A) CALE 0T (A, sPA)
CALL QUTPUT (B) CALL 0T (A, 5FB)
TP1=6. 234 . CALL OUT (B, TFM)
RHO=1. 2E-9 CALL UT (B, 0. 0O
G=~0G CONTINUE

=TPI/ITT X=X+XINL

UC=SL/ITT 1IF{X LE. XMAX) &G0 T3 10
Y=Y1 Y=Y+YINC

X=X1 TELY. LE. YMAX) GO 1O 11
SPA=0, O ICB=3

SPB=0. O CB(2)=1000 O

SPM=0. O CE(3)=0. 0

1TR=X/UC CB(4)=1. 0

UG 1 I=1T7,ITM CALL UUTEND (A, CE)
P=0.0 CALL OQUTEND (B, CB)
T=1 ENLs

XC=X—-(UC»T)-X0 FUNCTION EXPI(X)
YC=Y-YO X=-X

RP=SORT ((XCHXC)+(YLH#YLC)) IF(X.LE 2 0) 3O TD 100
RP2Z2=RP*RF EXFI=0. 0

ROZ=RO#*RO GO i) 200
IF(ABS(RP2Z). GT. 0. 0001) GD TU = 3 BAM=0. 57721

PP=1. 3863 5=0 0O

GO 10 ¢ SN=0 O

R=RP/RO 3N1=0 O

RZ=R*R W 1 N=i. 5

£=1. O/RZ NF=1
IF(-RZ GT. -80.0) GD TO 3 by x J=0. {N-1)

UD=0. O NE=NF#(.1+1)

GO 1o 4 - CONTY TNUE

DO=EXF(-RZ) BN={ X#aNG 2 {MENF )
IF(—(2Z O#wRZz) i5T. —20.0) GO Ty SNITENEC -1 ) #4N)
FE=0 O Son4+ENT

GO T 5 VIONT TN

FE=EXP(-(Z O#RZ)) EXFI=0AM+ALN (Y ) +5
DOD=EXP1(-RZ) p RKEJURN

ERE=EXF1(—-(2 O%#RZ)? ENL

FRP==07 O (DD/RZYFDUMIDI+ /M IEF /R + 2 DakRrR -y




APPENDIX 5. LISTING OF PROGRAM XVTOTM.FIN

For the calculation of the amplitude and phase of the
"streamwise” and "vertical” velocity fluctuations induced

by the passage of the model vortex array;

alsc calculates

the amplitude and phase of the total vertical velocity
fluctuation produced by a superposition of a uniform
fluctuating vertical velocity with the vortex

induced vertical velocity

NTMENSION A(200), B(300)

UIMENSION CO300), D(ZF00) . EX300), CB(123)
CALL TYRFE (7%XVTOTM)

CALL ASKN (A, “RLCOCFS VIA, VIB=7)

CALL ASKN (B, “YLOEFS V2A, VZB=")

CALL ASEN (L, “%V1 COMFONENT=")

CALL ASEN (D, "%VZ COMFONENT=)

CALL ASKN (E, “2V2 COMPONENT W1TH ACOUSTIC MOTION=")

CALL ASKL (1TT, "MPERIDD=")
CALL ASKR (5L, “SHFDDING LENGTH=")
CALL ASKR (X1, “%FIRST X1 VALUE=")
CALL ASKER (XMAX, "%LAST X1 VALUE=")
CALL ASKR O (XINC, “%X1 INC=")
ZALL ASKR (Y1, “&FTIRST X2 VALUE=")
AL ASKR (YMAX, “%LAST XZ VALUE=")
CALL ASKR (YIND, “%X2 INC=7)

CALL. ASKR (VA, "2AMFLITULE OF ACOUSTIC VELOC1TY=")
CALL. ASKER (VP, "$PHASE OF ACOUSTIC VELOCL1TY (RAD)Y=")

CALL INFUT (A, 2B M)
CALL INFUT (B, CB, M)
16N 100 T M
CZALL INS (A, 0, 0)
AL INS (B, O, 0)
AL QUTEUT ()
CALL OUTFUT ()
CALL OUTFUT (B)

Tel=4 284
W=TRL/1T
NC=SL/1TT
v=Y1

' X=X 1

10 CALL 1IN (A, 5XA)

CALL 1IN (A, SXB)

CALL IN (B, SYA)

CALL 1IN (B, SYR)

THR=X/7100

1r1=17R
TORX=(ATANZ ( C3XA), (SXB) ) ~(WrIT1)-1. 571
. (ATANZ ((ZYB), (SYA) ) ) —(W#I'T1)
XARSXA

XBaIXE

YARSYA

- Y R#SYR

VAZ=VasvAa

AMX=SORT (SXAY+SXBZ)

AMEX=0. 707 #AMX

AMY=3DRT(SYAZ+SYRBZ)

AMFY=0. 707 #AMY

AMPA=0. 707 #3DRT ( (SYAZ+SYBZ4VALZ) + (Z#AMY #VARCOS (TORY-VF) ))

CO=005(TORY)
S1=SIN(TORY)
CY=CO5(VP)
SY=S1IN(VP)
AA=(AMY#S1) + (VA#SY)
Ki=(AMYH#CO) + (VARLCY)
TORA=ATANZ(AA, BB)
CALL OUT (L, AMPX)
CALL OUT (C, T0RX)
CALL OUT (D, AMPY)
CALL OUT (D, TORY)
CALL 0T (E, AMPA)
CALL QU1 (E, TORA)
X=X+X1NC
FFEX. LE. XMAX) GO TO 10
Y=Y+Y1INC
IF(Y. LE YMAX) GO 7O 11
100 CALL INEND (A)
CALL INFND (B)
CALL. DUTEND (C, CRB)
CAlLL OUTEND (D, CB)
CALL OUTEND (E, CB)
FND
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APPENDIX 6. LISTING OF PROGRAM XOTOTM.FTN

For the calculation of the amplitude and phase
of the vorticity fluctuations produced by the
passage of the model vortex array

NIMENSION A(300), B(300), CB(12%)
CALL TYPE (/&XOTOTM”)

CALL ASKN (A, “YCOEFS SOUA, SOB=")
CALL ASKN (B, “&FLUCTUATING VORTICLIY=")
CALL ASK1l (17T, "&PERIOD=")

CALL ASKR (SL, “&SHEDDING LENGTH=")
CALL ASKR (X1, "&FIRST X1 VALUE=")
CALL ASKR (XMAX, “%LAST X1 VALUE=")
CALL ASKR (XINC, “&X1 INC=7)

CALL ASKR (Y1, "&FIRST XZ VALUE=")
CALL ASKR (YMAX, “%I_LAST X2 VALUE=")
CALL ASKR (Y1INC, “&XZ LINC=")

CALL INPUT (A, CE. M)

ASSIGN 100 TO M

CALL INS (A,0,0)

CALL DUTPUT (B)

TPI=64. 284

W=TPI/ITT

UC=SL/ITY

Y=Y1

X=X1

CALL IN (A, S0A)

CALL 1IN (A, SUB)

ITR=X/UC

IT1=1TR
TORX=(ATANZ( (SOA), (SOB)))—-(W#1T1)-1. 571
TORX=TORX+3. 14%

SOAZ=S0A#S0A

SOB2=S0B#S0B

AM=SHRT (SOAZ+S0BZ)

AMPX=0. 707#AM

CALL OUT (B, AMPX)

CALL OUT (B, TORX)

X=X+XINC

IF(X. LE. XMAX) GO TO 10

Y=Y+YINC

IF(Y. LE. YMAX) GO TO 11

CALL INEND (A)

CALL OUTEND (B, CB)

END



APPENDIX 7. LISTING OF PROGRAM XPTOTM.FTN

For the calculation of the amplitude and phase of the static

pressure fluctuations produced by the passage of the model vortex
array; also calculates the amplitude and phase of the "acoustic”
pressure fluctuation in the resonator neck, and the amplitude and
phase of the net pressure fluctuations produced@ by the superposition

11
10

70

"0

100

of "acoustic" and vortex induced pressure fluctuations

WIMENZEOIN ACR00), BE300O), C(300), B(300), CB(143)
CALL FYPE (7%XPTOTM”)

CALL ASKN (A, “SCOEFS 5PA. SFB=7)

CALL AZKN (B. “SVORTICAL FRESSURF=")

CALL ASEN (L, "S107TAI PRESSURE=")

CALE ASKN (D, “RACOISTIC PRESSURKE=")

CALL. ASK1 (ITT, “SFERIOU=")

CALL. ASER (3L, “%SHFDDING LENGTH=)

CALL ASKR (X1, “&F1KST X1 VALUE=")

CALL ASKR (XMAX, “$LAST X1 VAILUE=")

CALL ASKR (XINC, “%X1 INC=7)

TALL ASKR (Y1, “&FIRST X2 VALUE=")

CALL ASKR (YMAX, “%LAST XZ VALUE=")

ALL ASKKR (YINC, “%X2 1INC=")

(CP, “&AMPLLITULE OF CAV1ITY FRF3SURE=")
(FP, "%PHASE OF CAVITY PRESSURE=")
(RR, “%RADIATION RES13TANCE=")
(EL, "&TOTAL NECK EFFECTIVE LENGTH=)
CALL ASKR (ELZ2, "%EFFECTIVE LENGTH LZ=")
IOLL INFUT (A, CB, M) |

ASSIGN 100 TO M

TALL TNS (A, 0, 0)

CALE QidTruy (B)

CALL DHTRDY ()

CALL (IR (D)

TP1=, 254

RHI}=1 ZE-%

1000

C1ELE

=TP1/71°6 1

HC=35L/117

y=Y1

X=X1

CALLL IN (A, SFA)

CALE 1IN (A, SFB)

TTR=X 711

It1=11K
TURX=ATANZ((SPA), (SFE) )~ (W#1T1)-1. 571+4. 234
05 CTORX)

URT (CSPAZ+SFBZ)

=0.707#AM
FM=EL # (RHN/55%)
FLAI=ELZ-EL

FMU=(EL7-Y)# (RH)/53
TF(Y LY ELL) EMZ=EM
TEOY. GTELZ) EM2=0. 0
Fl1=(WaW#EM#EMZ) + (RR#RK)
FY=(W#RR# {(EM2-EM))
FE=(WaW#EM#EM) + (RR#*+RR)
Fi=Fia(1 OE:

SHRT((F1#F1)+(F28F2))
AMZ=AML/F3

HAMA=AMZ =P
AMAX=0. 707 #AMA
TORA=FP+ATANZ(FZ, F1)
CA=CO% CTORA)
SA=SEIN(TORA)
AAQ=(AM=C0)) + (AMARLCA)
FB=(AM#S1)+ (AMA#3A)
AMT=50RT ( (AAXAAN) + (BB*BB) )
AMTX=0. 707 #AM]
TORT=ATANZ (BE, AA)

CALL OUT (B, AMPX)

CALL. OUY (B, TORX)

CALL ouT (C, AMTX)

ALY 0T (C, TORT)

LALL ol (D, AMAX)

CALL O (D, TORA)
X=X+X1INC

IF(X. LE XMAX) GO TO 1O
Y=Y+YINC

IF(Y. LE YMAX) GO T0 11
£ALL  INEND (A)

CALL DUTEND (B, CB)
LCALE OUTEND (C, CB)
CALL OUTEND (D, CB)

FND
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FIGURE 2 Vorticity, velocity and static pressure distributions for
the model vortex.
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THE FLUID DYNAMICS OF A FLOW EXCITED RESONANCE

(ITI) MOMENTUM AND ENERGY BALANCES




1. INTRODUCTION

The work described in the previous Chapter has succeeded in
establishing the approximate strength and distribution of the vorticity
shed in the neck of the flow excited resonator. 1t has also been
demonstrated that an adequate representation of the flow is provided by
the interference of streamwise convected vortices with a reciprocating
potential flow. Further, it has been demonstrated that the observed
pressure interference pattern can be explained by the supe;position of
the pressure fluctuations generated by the passage of the vortices with
the pressure fluctuations apparently associated with the reciprocating
potential flow. These principal observations will be used in this
Chapter in an attempt to further understand the momentum balances and

energy interchanges occurring in the resonator neck.

Firstly, the local momentum balance in the resonator neck will be
considered. The aéparent superposition of the two separately
identifiable pressure fields provides a useful starting point for the
analysis of the accelerations occurring’in the flow. A re-arrangement
of the full linearised momentum conservation equation is put forward,
which allows definitions of the pressure fluctuations associated with
the potential flow and those associated with the vortical flow. The
former are essentially those produced in providing the pressure gradient
necessary to balance the acceleration of the reciprocating potential
flow. The definition chosen also includes the convective effects of
the mean flow on the unsteady potential flow, although these effects are
negligible in the case considered. The “"vortical" pressure fluctuations
are those associated with the usual convection of the vorticity
distribution, but with the inclusion of an additional term which suggests
the mechanism responsible for the effect of the unsteady potential flow
on the vortical flow. This additional term is the fluctuating Coriolis
acceleration produced by the action of the reciprocating potential flow

on the mean vorticity.

The hypothesis is then advanced that the Coriolis acceleration is
largely responsible for the-control of the vortex shedding by the
potential flow. It is suggested that the Coriolis acceleration is
instrumental in the control of the vortex formation. Vorticity shed
from the upstream lip of the resonator neck is likely to be "rolled up”
by the deflecting Coriolis force. At the end of the cycle, when the

vortex reaches the downstream lip, the Coriolis force will tend to

6.1



accelerate the vortices in the streamwise direction. This view is
further reinforced by the increase in convection speed at the downstream
lip of the vortices observed in the experiment. An estimate of this
increased convection speed produced by the action of the reciprocating
potential flow on the vortices of the strength cbserved is in good

agreement with the observed acceleration.

An analysis of the energy balance in the flow is then undertaken.
Doak's (1) theory is used to examine the interchange between the mean

energy flux associated with the ‘mean momentum and the mean energy flux

associated with the fluctuating momentum. It is found that the
fluctuating Coriolis acceleration is responsible for extracting mean
energy associated with the fluctuating motion from the energy of the
mean flow. The model representation of the flow, consisting of
streamwise convected vortices with a superposed transverse potential.
flow, is then used to estimate the rate of energy extraction from the
mean flow. The model indicates that the maximum power extraction occurs
near the downstream edge of the resonator neck. A localised "source"”
of mean energy flux associated with fluctuating momentum is thus
identified. It is also found that there is a localised "sink" of mean
energy flux associated with momentum fluctuations towards the upstream
edge of the resonator neck. In this region, the model infers that the
fluctuating Coriolis acceleration is responsible for increasing the mean
flow of energy associated with the mean momentum. The model is also
used to estimate the orxder of magnitude of the power extracted from the
mean flow by the energy source. The total power emitted by the source
region is of the order of magnitude of the acoustic power radiated to the

far field.

The mean flow of energy associated with momentum fluctuations in
the region of the resonator neck is deduced from the experimental results.
A recirculating flow of energy is clearly shown. There is a mean flow
of energy from the region of the downstream edge to the region of the
upstream edge along the lower half of the mean shear layer. This flow
shows the "feedback" of energy from the "source” region to the "sink"
region. This basic pattem of energy flow is also reproduced by the
model of-the fluctuating pressure and velocity fields.

The mean energy balance of the fluid in the volume enclosed in the
resonator neck is considered. There is a net production of mean energy
associated with momentum fluctuations. Some of this energy is radiated

to the acoustic far field and some is carried away by the vortices
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ejected from the downstream lip of the resonator neck. It is
suggested that this net energy production results from an imbalance
between the power produced by the energy "source" and that absorbed by
the energy "sink”. The model representation of the flow is then used
to estimate both the net power flowing from the volume enclosed in the
resonator neck and the power produced by the energy source. The
dependence of these quantities on the core radius of the model vortices

is deduced.

Following the success of the work of Howe (2,3) in predicting the
absorption of “"acoustic energy"” by flow, the Kutta condition is used to
determine the dependence of the vorticaliy induced velocity fluctuations
on the amplitude of the reciprocating potential flow. In the context
of the flow model used here, the Kutta condition is used to determine
the relationship between the reciprocating potential flow and the core
radius of the shed vortices. The implication is that the greater the
potential flow amplitude, the greater the concentration of vorticity
into the vortices shed at the upstream edge. It is then demonstrated
that once the vortex shedding becomes "phase locked” to the acoustic
motion, the concentration of vorticity will increase until the net rate
of energy extraction from the mean flow can no longer balance the power
radiated to the far field and that carried off by the vortices. An
equilibrium of this kind may well dictate the maximum amplitude to

which the system oscillations will grow.

Finally, the interpretation of the source of energy associated with
momentum fluctuations as the source of far field acoustic energy will be
dlscussed. "acoustic intensity" as such eludes definition in the
region of the flow responsible for its production. As pointed out by
Morfey (4), a possible approach is to find a vector intensity which
satisfies a continuity property over a wide range of conditions and
reduces to the classical definition of acoustic intensity in an ideal
fluid at rest. The mean energy flux associated with fluctuating
momentum defined by Doak (1) constitutes such a vector intensity. The
order of magnitude of the energy souxce and the energy carried by
vortices indicates that it may be useful to view the process of acoustic
energy generation in terms of the production of mean energy flux
associated with fluctuating momentum. This does not, of course,
preclude the adoption of an alternative definition of some generalised
"scoustic” intensity, which may satisfy the continuity property ovéf an

even wider range of flow conditions. Such an intensity may not
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necessarily have "source" regions coinciding with those of the

"momentum” mean intensity used here.

The momentum balance is first considered in section 2, and the
production of energy from the mean flow is considered in section 3.
The possible form of the mean energy balance is outlined in section 4,

and the principal conclusions are presented in section 5.

2. THE MOMENTUM BALANCE IN THE RESONATOR NECK

2.1 The Eguation of Conservation of Momentum

As pointed out in the discussion of the previous Chapter, the
contribution of viscosity to the diffusion of the vorticity distribution
is not clearly established, although the indication is that the process
of diffusion is too slow to have any appreciable influence on the
behaviour of the vorticity distribution during the time taken for a
vortex to traverse the resonator neck. It will thus be assumed that it
plays no central part in the interaction between the vortical and

potential flows.

It is also important to clarify the influence of the compressibility
of the fluid on the nature of the interaction. The effects of
compressibility will have little direct influence on the local acceleration
of the fluid in the resonator neck. The mean flow Mach number is very
much less than unity and, more importantly, both the streamwise and
transverse dimensions of the shear layer in the neighbourhood of the neck
are very much less than the wavelength of the radiated sound, the latter
restriction being a more stringent requirement for incompressible : -

behaviour in the case of unsteady flow.

However, the compressibility of the fluid inside the cavity is
clearly vital to the functioning of the mechanism, and it is the
compressibility of the medium above the cavity that enables acoustic
energy to escape. An estimate of the amplitude and phase of the
reciprocating potential flow made by using the simple "acoustic" model
described in the previous section produced results in reasonable agree-
ment with experimental values. The compressibility of the fluid thus
plays a significant role in determining the unsteady potential flow,
although only in the sense that the potential flow forms part of an

extensive acoustic field, which, in turn, must satisfy the necessary

boundary conditions.
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Using the identity (a.V)b = V(a.
since V A £= E and VA V' = O, the term E.V(—VQ}') can be expanded as

follows;

WI-96") = V(@ (-V9')) + V4'.Vu + V4'A Q. (4)
The linearised equation can now be written as

v’ .
LRI 4V E- BAT - VAL + e +EJ>L' Vp' = 0. (5)
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This re-arrangement of the linearised momentum equation helps make
explicit the nature of the interaction between the vortical and potential
flows. The influence of the mean flow on the reciprocating potential
flow is principally contained in the convection term —V(ELV¢') whilst
the influence of the reciprocating potential fiow on the structure of
the fluctuating vortical flow is entirely contained in the Coriolis
acceleration -2 A V¢'. The equation will be used in the next section
in order to understand the independent momentum balances possible and to

illustrate the dominant features of the interaction.

2.2 The Vortical/Potential Flow Interaction

The above re-arrangement of the linearised momentum equation can ‘
now be used in an attempt to outline the possible independent balancing
of terms suggested by the decomposition of the net measured fluciuation
into two separately identifiable parts. Firstly, the pressure field
associated with_the unsteady potential flow will be arbitrarily defined
by

v _§9_' . '

This definition of the "acoustic" pressure fluctuation includes the
influence of the net mean flow (consisting of both vortical and
irrotational components) on the pressure field produced due to the
convection of the disturbance represented by the term E}V¢'. In the
present case of a low Mach number mean flow predominantly in the X
direction, and an unsteady potential having an appreciable gradient only
in the X, direction, the distortion of the pressure field by the

convective effects of the mean flow is negligible. Thus, one can take

- 3¢’ @)
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Thus, as far as the local balance of momentum of the fluid in the
resonator neck is concerned, the flow can be considered as both inviscid
and incompressible. The full equation of conservation of momentum in

the absence of body forces can thus be written simply as

bu ,
E"-E—OVP = O, (1)

where (D/Dt) = (3/3t + u.V), the material derivative.

The success of the model of the net fluctuating pressure field in
predicting the experimental results suggests that some form of
independent momentum balance exists whereby a particular part of the
total pressure gradient can be identified with the acceleration of the
fluid due to the vortical flow only,. and another part can be identified

with acceleration associated with the reciprocating potential flow.

The momentum equation will now be considered in the light of these
possible momentum balances. Since the structure of the fluctuating
pressure field at the fundamental frequency is presently of concern,
only the linear terms involved in the fluctuating part of the momentum
equation will be considered. This is consistent with the evidence
(see Chapter 4) that fluctuations at the second harmonic frequency are
always some 5-15 dB less than those at the fundamental, but it should
be made clear that this does not necessarily mean that non-linear terms
are completely negligible in the complete momentum balance. The linear
analysis is conducted in order to assist in identification of the
principal influences involved in the vortical/potential flow interaction.
Thus, the linearised momentum equation can be written as follows, where
the dash used as a superscript refers to the fluctuating part of the

velocity or pressure field at the fundamental frequency;

Ju'

— +TV +uw.Va+= Vp' = oO. (2)
ot - - - *'= ' p
o

This equation can now be written in terms of the vortical flow and
_ potential flow fluctuations by separating u' into v' - V¢, The total
mean flow E:will not be separated into vortical and potential flow
components. The equation can thus be written as
1

oy’ 3’ — — — —
— - —— . - ' ' - 1] — 1 o~
3t Ve u.Vv' + u.V(-V¢') + v'.Vu - V¢ Vu + . Vp o.
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This is the essential form used for p¢' when deduced from the simple

acoustic model that appeared so successful in predicting the pressure
fluctuations associated with the reciprocating potential flow. It will
now be assumed that the independent balance involving the gradient of
the pressure fluctuation p¢‘ can be extracted from the full linearised
equation to leave the terms involved in balancing the gradient of the
remaining "vortically induced" pressure fluctuations pv‘. (Here pv' is
not necessarily the same as in the previous Chapter.) Thus, defining
p' = p¢' + pv' and using the relationship V(p¢' - p°(3¢'/3t + E}V¢')) =0,
the remainder of the momentum equation can be written as

ov'

- ] o ey l ~
3T + u.Vv' + v'.Vu - @ AV¢' +p— va' = O, (8)

o

Now consider the pressure fluctuations that would be produced by the
convection of the model array of vortices by the mean potential flow -V$
in the absence of any transverse unsteady flow -V¢' (as considered in the
previous Chapter). The only velocity components produced are thus

E = (z - V$) and v'. As the ax":ray is convected, the local pressure

fluctuations generated will satisfy a momentum equation that, to a linear
approximation, is of the form

ov' _ Y
== +u.Vv' + v'.Vu + y va' = O. (9)

ot o
This is exactly equation (8) but with the omission of the Coriolis
acceleration {g AV¢'. This term is the essential term involved in the
control of the vortical flow by the unsteady potential flow; it is the
principal influence in determining the nature of the vortical/potential
flow- interaction. The part taken by the Coriolis acceleration can be
further illuminated by cbserving that its omiésion from the momentum
balance in the previous calculations of the generation of vortically
associated pressure fluctuations (see section 3.3) did not appear to
seriously influence the prediction of those pressure fluctuations, i.e.,
the simple convection of the vortex array gave reasonable predictions of

the pressure fluctuations produced by the passage of the vortices.

This important observation can be understood by considering the
physical part played by the action of the reciprocating potential flow on
a vortex convecting across the resonator neck. It is well-known that a
two-dimensional body (or any material region) with circulation in steady

translational motion is acted on by a lift force perpendicular to the

6.7



direction of translation of the body. The magnitude of this lift

force is given by the Kutta-Joukowsky formula as the product of the
fluid density with the translational velocity and the circulation around
the body. The Coriolis acceleration produced by.the action of the
reciprocating potential flow on the vortex behaves in an analogous
manner. An element of vorticity shed from the upstream lip of the
resonator neck will be acted on by a deflecting acceleration -Q:A Vo',
For the vector { in the X direction only and V¢' in the X, direction

only, the Coriolis acceleration will be in the Xy direction and

~given by (Q3B¢'/3x2)§:

buring the first half cycle, 8¢'/8x2 will be positive (corresponding
to a negative vertical velocity) and Q3 is negative. Thus, the elements
of vorticity will be deflected in the negative %y direction by the
action of the potential flow sweeping down into the cavity. The
streamwise progress of the vorticity will thus be retarded by the action

of the Coriolis acceleration.

During the second half cycle, as the potential flow sweeps up out
of the cavity, 3¢'/3x2 will be negative and thus the Coriolis acceleration
will act in the positive X direction. The elements of.vorticity will
be accelerated in the streamwise direction. The magnitude of the
change of the streamwise velocity of a typical vortex element can be
estimated by integrating the acceleration acting over the time of the
upwards motion of the potential flow. Thus, the change in streamwise
velocity AV between times tl and t2 of a vortex element having
vorticity 93 is given by

t
Av = S 938¢'/3x2 dt. (10)
o

Since a¢'/ax2 has a time variation of the form |3¢/8x2|cos(wt + ¢¢),

evaluation of this integral yields
)
av = [(R5/0)|3¢/0x,]sinwt + %)]tl . (11)

Thus, if the velocity change considered is that produced during the time

of the quarter cycle during which the vertical velocity changes from

zero to its maximum value, the expression can be written as

AV = (Ry/0) [39/3x,] . ’ (12)



Now consider an element of vorticity at the very centre of the
_vortex core. The 2gde12vorticity distribution used, where Q3(r) is
given by (K/ﬂrcz)e- /e , shows that at r = O, 93 = K/ﬂrcz. Thus,
the change in streamwise velocity produced by the Coriolis acceleration
acting on this element will be approximately given by

Av = M. (13)

wﬂrcz
The values of k and T, of the vortices shed in the resonator neck have
been established as 0.12 m2/S and 1.5 x 10,-3 m, respectively. The
amplitude of the reciprocating potential flow i3¢/3le has been
estimated to be 1.68 m/s. Substitution of these values into the above
expression yields a value of AV of 7.5 m/s. This value of the increése
in streamwise velocity produced as a result of the Coriolis acceleration
is in good agreement with the observed acceleration of the vortices as
they reach the downstream lip of the resonator neck. An increase in
convection speed of the vortex structure was observed as a result of the
flow visualisation experiment. The approximate convection speed of the
vortices was observed to change from 6 m/s to 12 m/s; an increase in
AV of 6 m/s. In addition,'the vortex structure at the downstream edge
appears to be stretched into a "comet like" form as it traverses the
edge region. The explanation for this may also lie in the action of
the Coriolis acceleration. Elements of higher vorticity will be
accelerated more; This would result in the vorticity concentrated at
the core of a vortex being "pulled out"” to the leading edge of the vortex
whilst the surrounding regions of lower vorticity trail behind to form

the tail of the comet-like structure.

These considerations imply that the principal action of the Coriolis
acceleration is to modify and control the form of the vorticity distri-
bution - the vorticity being pushed back along its path at the upstream
edge as it is shed and being stretched out as it traverses the down-
stream edge. The Coriolis acceleration thus will.modify the pressure
fluctuations pv' principally by modifying the convection speed of the
vortices, and thus correspondingly affecting the vortically associated
pressure fluctuations as previously calculated. The local static
pressure defect associated with the vorticity, and thus convected with
the vortex, will consequently be modified as the vorticity distribution
is modified. This may be the explanation for the success of the model
of the vortically associated pressure fluctuations, in which the Coriolis

acceleration was neglected. The convection speed of 6 m/s chosen for
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the vortex array represents the average convection speed of the

vortices traversing the resonator neck. This convection speed is valid
during the half cycle of the motion during which the reciprocating
potential flow velocity is near zero and changing from its maximum
negative to its maximum positive value. During this period the vortex

traverses a large part of the neck area examined.

3. THE ENERGY BALANCE IN THE RESONATOR NECK .

3.1 The Mean Enexgy Balance

"In the previous section, an explanation has been given for the
jinteraction between the vortical and the unsteady potential flow in the
resonator neck. It has been established that, in terms of the momentum
balance involved, the vortical flow appears to influence the potential
flow only weakly whilst the unsteady potential flow appears to control‘
the vortex shedding, principally through the action of the Coriolis
acceleration. This acceleration emerges as the only obvious term in
the momentum balance equation that does not appear to be directly
balanced by pressure fluctuations. Further insight into the part
played by the fluctuating Coriolis acceleration can be gained by con-
sidering the energy balance equations developed by Doak (1) . The work
done by the fluctuating Coriolis acceleration is responsible for the
transfer of energy from the "mean flow" to the "fluctuating flow" in an
inviscid, non-heat conducting fluid in the absence of external heat

addition or externally applied body forces.

Iho& oo oz

The energy transport equation for such a fluid (to which the case

considered closely approximates) can be written as follows:

3_

D o + %o u) +V.mw = O (14)

where E is the internal energy pex unit mass and H is the stagnation

enthalpy per unit mass given by

H = E +p/p + %‘E?' (15)

2 .
For a time stationary total energy density (E +% u), the time average

of the energy balance equation (14) reduces to

V.@w = 0, | (16)

which can be written as



V.(E(pw) +V.E (pw)') = O. a7

The vector intensity H(pu) represents the mean energy flux associated
with the mean momentum, which is a convenlent definition of the total
énergy associated with the "mean flow". The vector E_TSGTT'representS’
the mean energy flux associated with the fluctuating momentum. The
principal usefulness of this definition is that it reduces to the
expression for the usual mean acoustic intensity p u' in an acoustic
medium at rest having uniform density and sound speed. As sudh,
ETTEETT'represents a convenient generalisation of the mean energy flux
associated with the "fluctuating flow", although in the presence of
momentum fluctuations associated with the vortical flow, it will clearly
contain both "acoustic" and "vortical” components. The conservation
equation (17) clearly shows that in the confines of an inviscid non—heat
conducting fluid with no external heat addition or externally applied
forces, a local generation of energy associated with the fluctuating
flow must be accompanied by an equal local loss of energy associated

with the mean flow.

The mechanism of transfer of mean energy from the mean flow to the
'fluctuating flow has been shown by Doak to be dependent on the work done
by the fluctuating Coriolis acceleration. This can be illustrated by

considering the momentum equation for an inviscid non-heat coqducting

fluid. This can be written in terms of the stagnation enthalpy per unit
mass as.

ou _

— e = - 8

3t QA u+ VH o (18)

The timevaverage of this equation is

VE + (2/p A Pw = O, | (19)

and taking the scalar product of Sg:with this gives -

pu.VE + pu. (@) A (W] +pu.[@FTTA W] = o (20)

Since V.5§:= O (as a consequence of time averaging the mass conservation
equation), and since the first of the two triple scalar products. is zero,

,‘this reduces to

v.Epu = -pu.[@p)A Gw']. : (21)
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As a direct consequence of this relationship, it follows that a
separate conservation equation can be written for the mean flow of
energy associated with the fluctuating momentum. Combining equations
(17) and (21) shows that

V.E (bW ' = pu.[@F) A (W ']. (22)

Thus, the only mechanism of production of mean flow energy associated
‘with momentum fluctuations (of which far field acoustic energy constitutes
a part) is by the action of the fluctuating Coriolis acceleration woxking
on the mean flow. It is worth pointing out at this stage that the case
under consideration constitutes an ideal situation for the production of
the vector ﬁTTSETT: With the vorticity vector in the X4 direction and

a strong transverse flow in the %, direction, it has already been pointed
out that a large Coriolis acceleration {'A u' will be produced in the

Xy direction. If this product has a finite time average, then a finite

scalar product of [(g/p) ‘A (pu) '] with the mean momentum Ewill be
produced, since the mean flow vector E:is also predominantly in the X
direction.

The order of magnitude of energy production involved in the flow
considered will be estimated by evaluating this production term in the
next section. The form taken by the flow of the vector intensity

H'(pg)' in the resonator neck will also be deduced.

3.2 fThe Production of Energy associated with Momentum Fluctuations

The finite value of the divergence of the vector intensity ETTEETT'
likely to be produced in the resonator neck implies the existence of a
source of energy within a region of the fluid where this "fluctuating flow"
energy is converted from "mean flow" energy. The total rate of production
of this fluctuating flow energy within a given volume of fluid can be
found by integration of the divergence of the vector over that volume of
flu;d. The total power outflow Wv from a volume V within the fluid
bounded by a surface S also lying in the fluid, is given by integration

of the vector intensity over the surface S such that

w, = JH(pw"'.d. (23)
S
The straightforward use of the divergence theorem shows that this can also

, be expressed as
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W = J V.H'(pu' av. (24)
v —
Vv
A further discussion of the formalities of the solution to the
energy balance equation (22) can be found in Reference (1). Since the
divergence of the vector intensity H' (pu)' has been shown above to be
given by the production term associated with the fluctuating Coriolis

acceleration, the net power output from the volume V can be written

W, o= Jou.[(@p)"A (ou ]av. , (25)
v |

The model of the flow consisting of periodically shed streamwise
convected vortices with a transverse potential flow can be used to

estimate the local magnitude of the production term occurring in the

resonator neck. The value of EE}L(Q/Q)'/\ (pgg'] has been found at

each point over a 0.5 mm grid using the computer programs described in
the previous Chapter that were developed for the evaluation of the mean
and fluctuating quantities involved. Firstly, it has been assumed that
the flow is locally incompressible and that the density p can be
approximated by the ambient density (S Secondly, only the linear
contributions (i.e., those occurring at the fundamental frequency) of

the fluctuating vorticity and velocity have been considered. " Also, upon
assuming that the net mean flow is in the %,y direction only, the energy

production term can be approximated by

pu.[(@) A (W '] = -pou 93w, (26)

Note that the time averaged product 93'u2' can be written as
(Q

tational components.

3'v2' - 93'(3¢/3x2)') by splitting u2' into its vortical and irro-

The time averaging operation for harmonic variations in vorticity
and velocity of the form |Q3[cos(wt + wg)' Ivzlcos(wt + wz) and
|3¢/8x2|cos(wt + ¢¢) yields

— laslivyl |25]120/3%,|
837wyt = ———5__—_'c°s(w9 ~ V) - 2 cos (Vg - ¢¢)'

(27)
The phase difference (wg - w2) is always 900 for the uniformly convected
vortex model. This was confirmed by evaluating wg and wz using the
relevant computer programs. There is thus no time averaged contribution

from the cross product of the vorticity fluctuations with the vertical
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The energy

velocity fluctuations directly induced by the vorticity.

production term can thus be written, to a linear approximation, as

— — IQ3H3¢/3X2|
pu.[(@P) A (PW'] = Py > cos(hg = ¥ . (28

The values of Ei, |93|, Yo |3¢/3x2| have been computed by running
the programs YVCOEM.FTP, XVTOTM.FIN, YOCOEM.FTP and XOTOTM.FIN. The
values of vortex strength K and core radius r  were again taken to be
0.12 m/s and 1.5 x lo_3 m, respectively, and the relevant Fourier

coefficients were evaluated over the 0.5 mm grid using the range of

values of x, from O to 10 mm and %, from -6 to +4 mm. The uniform

potential flow was again assumed to have an amplitude of 1.68 m/s and

a phase lag of 84o behind the cavity pressure fluctuation. The position

of the vortex at t = O was again taken to be X = 6.25 mm and Xy, = ~1.0 mm.

The approximation to the energy production term given by the

expression (28) above has been evaluated from the necessary computed

values and is presented as a contour plot in Figure l. It can be seen

that there are large positive values of the energy production term near

_ the downstream edge of the resonator neck. These combine to give a

net source of energy associated with the fluctuating flow such that

there will be a corresponding power outflow from the region in which
Conversely, there is a series of large
There

" the positive values are found.
negative values towards the upstream end of the resonator neck.

is thus a net sink of this enexgy in this region, implying that there

is a power inflow where fluctuating flow enexgy is converted back into

mean flow energy. It is important to note that the source and sink
of energy deduced from the model exactly cancel such that the total

volume integral (25) over the region of the source and sink will produce

Thus, as far as the model is concerned, there is

the fluctuating flow.

- a zero net result.

no net production of energy associated with

3.3 Evaluation of the Total Power Produced by the Energy Source

It is interesting to estimate the total power st produced by the

source region alone by evaluating the volume integral (25) over the

region of the fluid where there is a positive divergence of the vector

H' (pu)'. Firstly, note that for a two-dimensional flow the integral

(25) can be written in terms of the lateral dimension ls of the

resonator neck such that



= 1 -
W = 2,/ 5o ulayl [36/0x, | cos (g, - V) Ax,A%, - (29)
X, X
172
The limits of integration with respect to the Xy and X, co—oxrdinates
will be defined such that the entire source region is included. Now

note that 5& and |Q3| are a function of x., only and the phase wg is a

2
function of Xy only such that the integral can be written
W= & 2o |3¢/9x,] I, S u |0, ax (30)
vs s 2 "0 2l F1 7 Wi ’
x
2
where
Il = [ cos(lpQ - ¢¢)dxl. , (31)
*1

For the unifqrmly convected vortex model, the phase wQ is a linear
function of Xq- This variation of phase corresponds to the straight
line fit to the measured results shown in Figure 7 of the previous
Chapter. The vorticity fluctuations at the fundamental frequency are
in phase with the vortically induced streamwise velocity fluctuations
above the core path for the uniformly convected vortex model. The
phase wQ can be written as wQ = (2ﬂ/L)(Ei - xl) where Ei is the stream-
wise position of the vortex asix at t = O and L is the vortex spacing in
the convected array. The phase wQ thus changes through 27 for every
distance L moved in the 3 direction. The integral Il can thus be
evaluated between the limits xi and xi such that

"

X

1 .
I, =/ cos[(2m/m) (€] - x) - w¢]dxl
*1
_ 1
= [F@w/2msin(@r/n (B - x) - ¥ ]x . (32)
: 1

The maximum positive value of I1 will be produced when the limits
of integration chosen are such that sin((Zﬂ/L)(E; - xl) - ¢¢X takes the
= .48 — = 111
values +1 at Xy =% and -1 at X1 x3 -
is simply L/7. It is a straightforward matter to show that the limits

In this case, the value of Il

of integration necessary to produce this result are xi = 6.08 mm and
xi = 11.08 mm. These values have been calculated assuming Ei = 6.25 mm
with ¢¢ = —840 and L = 10 mm. The streamwise extent of the source

region is thus defined to lie between limits x; = 6.08 mmn and x; = 11.09 mm.
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This corresponds to the region in which a positive value of the energy

production term (26) will be found. Taking the value of I, as L/w
this gives
L Ip [3¢/3x2|
. sYo - ‘
W o= T s ul]Q3!dx2. (33)

The integral with respect to X, has been evaluated using the values of
Ei and |Q3| computed as a function of x, at 0.5 mm intervals across the
shear layer as described in section 3 of the previous Chapter. Since
the values of |Q3| decay rapidly above and below the vortex core path in
the %, direction, the integral converges for a range of Xy values -
cogresponding roughly to the thickness of the mean shear layer. Thus
the integral has been evaluated simply by multiplication of thé computed
values of Ei and |Q3| and addition of the resulting values at each 0.5 mm

increment, i.e.

i uleglax, = ax, i [Ei|93|]x . . (34)

2 2 2

This integral has been evaluated for the value of vortex core
radius of 1.5 mm. The value of |3¢/3x2| has again been assumed to be 1.68
m/s with p equal to 1.2 kg/m3 with L = 10 mm and Zs =" 100 mm. This
estimation of the power produced by the source region shows that
approximately 36 mW of power is generated. This constitutes a
reasonable estimate of the power extracted from the mean flow in the real
case. The accuracy of this estimate relies on the essential features
of the real flow field being reproduced by the model. That is,
streamwise convected vorticity of a known strength and distribution
interferes with the transverse potential flow of known amplitude. The
estimate of 36 mW is thus certainly accurate to within 50%. The
important deduction from this estimate is that it is comparable in order
of magnitude to the acoustic power radiated to the far field. This was

measuxed as described in Chapter 4 and found to be 6 mW.

~ Further aspects of the relationship between the source power and
that radiated to the far field will be discussed in a subsequent section,
but it is important to note the rough correspondence between the orders
of magnitude deduced. The essential conclusion is thét the acoustic
power radiated does not constitute a very small "leakage" resulting

from a slight imbalance between actual source and sink regions that are

both comparatively large.




3.4 Energy Flow in the Resonator Neck

Having established the existence of a sourcé and sink of mean energy
associated with the fluctuating flow, it is interesting to evaluate the
flow of energy in the resonator neck between the source and sink. An
approximation to the vector ETTBETT'has thus been evaluated at each
measurement position in the resonator neck from both the experimental
results and for the model of the flow. The local fluctuating

stagnation enthalpy per unit mass H' can be written

H' = h' + (% E?)'. _ -(35)
Again, assuming an incompressible, inviscid, non-heat conducting fluig,
the fluctuating enthalpy h' can be written p'/po. This follows from
the thermodynamic relation dh = Tds + dp/p for the fluid cons;dered in
which there will be no entropy changes dsS. Also, the term (%E?)' can
be written

(%22). = ;1('2—2 + 2'2 + ZE'E.') ' .(36)

Thus, to first order accuracy, this term can be approximated by E;Ef.
The local £fluctuating stagnation enthalpy per unit mass can be written

to first order accuracy for the fluid considered as simply

H' = p'/p, +u.u'. (37

Under these conditions, the vector H' (pu) ' can thus be approximated by

How ' = p'w +p (wuy. | (38)

This is in agreement with the expression derived by Morfey (4) for the
same vector to second order accuracy provided an incompressible fluid

is assumed (with an effectively infinite sound speed) .

This vector has been evaluated directly from the experimental results
for the mean and fluctuating velocity field and the fluctuating presgsure
field in the resonator neck. In the Xq direction the vector becomes

2
|pffuyl |yl
B! (pul) o= ) cos(tl)p - lbul) +P 0 v (39)

and in the X, direction

. Iellwl

B (puy) © cos by = ¥y ) * pouyluylluploosty, =¥y )

Y2
(40)
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It has been assumed that the mean flow G& can be neglected and, again,
only the contributions of the fluctuating quantities at the fundamental
frequency of the oscillation have been considered. The result of
evaluating these components from the measured results is shown as a

vector field in Figure 2.

The basic pattern of energy flow is clearly shown as a re-circulating
flow around the region of the resonator neck. Energy emerging from the
region near the downstream edge (which the model implies is a source)
flows down into the cavity and back upstream towards the region of the
energy sink. This basic flow pattern is clearly established by the
experimental results, although the results are not sufficiently accurate
or extensive to enable clear identification of the source and sink
regiqns - these have to be inferred from the model representaFion of the
flow.

It is interesting to compare these measurements of the energy flow
with the flow derived from the model. Since the pressure field has not
béen rigorously deduced from the representation of the velocity field,
and the resulting dynamic balance is, strictly speaking, incomplete, it
must be made clear that deducing the energy flow from the model should
be regarded as an approximate fit to the energy flow occurring in the
real case. The validity of the procedure is based on the fgct that the

model reproduces the basic pattemms of fluctuating pressure and velocity

3

ocbserved in the real case.

The relevant programmes to reprbduce the net mean and fluctuating
velocity field were again run using the previously deduced values of
the necessary input parameters and the total vertical velocity fluctuation
was again simulated by addition of the reciprocating potential flow
deduced from the acoustic model. Likewise, the net fluctuating pressure
field was reproduced by addition of the “yortically induced" pressure
fluctuations with the "acoustic" pressure fluctuations. The resulting
evaluation of the vector components (39,40) above gives the energy flow
illustrated by the vector field shown in Figure 3. The pattern
illustrated is substantially the same as that measured in the real case,
and the source and sink of energy flow can be more clearly identified
from the behaviour of the vectors, these appearing to have positive
divergence towards the downstream edge and a negative divergence towards

the upstream edge.




The energy flow measured and the energy flow inferred from the
model both clearly show the "feedback™ of mean energy associated with
fluctuating momentum in the upstream direction along the lower half of
the mean shear layer. Although clear identification of the net souxce
and sink of this energy is not possible from the experimental measure-
ments, the model clearly shows their existence near the downstream and
upstream edges of the resonator neck. The finite value of the energy
production term (26) relies on the interference of streamwise convected
vorticity with a transverse unsteady flow. The model used certainly
reproduces these principal features that are clearly observed in the
experiment. There is no reason, therefore, to doubt the existence of
.some form of source and sink of energy in the real case in the regions

shown and of the order of magnitude indicated.

4. A CONCLUDING DISCUSSION OF THE MECHANICS OF THE
FLOW EXCITED RESONANCE

4.1 The Mechanism of Self Excitation

Through the use of a simple flow modelling to aid the interpretation
of the experimental results, certain conclusions have been reached
regarding the mechanics of the interaction between the vortical and potential
flows in the resonator neck. It has been demonstrated that the vortex
shedding is controlled by the reciprocating potential flow'primarily through
the action of the Coriolis acceleration. When the potential flow sweeps
down into the cavity, the streamwise progress of the vorticity shed from
the upstream edge is retarded. This leads to a concentration of the
shed vorticity into thq discrete vortices formed. This process is
accompanied by an increase in the energy associated with the mean flow;
there is a net "sink" of energy associated with the fluctuating flow in
the region of vortex formation. During the second half cycle, the
vorticity reaching the downstream edge of the resonator neck is
accelerated in the streamwise direction by the Coriolis acceleration.
This process leads to an extraction of energy from the mean flow; there

is a source of energy associated with the fluctuating flow.

The mechanism of excitation of the acoustic resonance thus depends
on the control of the vortical flow by the potential flow. The
influence of fluctuating potential flow on vortex shedding has been
considered by Howe (2,3) in dealing with the absorption of "acoustic
energy” by flow. Howe (2) has used the Kutta condition to determine

the strength of the fluctuating circulation shed at a nozzle edge as a
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result of the pulsatile jet flow produced by an upstream acoustic
disturbance. A similar procedure has been used by Howe (3) in
modelling the interaction of sound with a grazing aperture flow and
in dealing with the theory of the flute (5). The relative success of
these models in predicting experimental observations suggests that
there is an inherent relationship between the amplitude of the
reciprocating potential flow and some measure of the strength of

fluctuations in circulation shed from the upstream edge.

It has already been clearly demonstrated in the previous Chapter
that the strength of the vorticity shed per cycle depends only on the
grazing mean flow across the top of the resonator neck. One is thus
led to the conclusion that the reciprocating.potentia% flow can only

influence the concentration of the vorticity shed per cycle. This is

consistent with the notion that the Coriolis acceleration deflects
vorticity upstream during the process of vortex formation. The action
of the potential flow leads to an increase in the quantity of vorticity
deflected upstream into the discrete vortices formed. The concen-
tration of vorticity produced induces a velocity at the upstream edge
which exactly cancels the potential flow. The Kutta condition is

thus satisfied.

It is thus reasonable to assert that the Kutta condition provides
the essential link between the amplitude of the reciprocatiﬁg potential
flow and the extent to which vorticity is wound into the voftices
formed. This can also be illustrated using the simple vortex shedding
model. As shown in the analysis of the measured vertical velocity
fluctuations presented in the previous Chapter, there is a tendency for 7
the vortically induced velocity to be cancelled by the fluctuating
potential flow at the upstream edge. A decrease in core radius of the
model vortices results in an increase in the maximum vortically
induced velocity fluctuations in the vertical direction. This is
shown in Figure 9 of the previous Chapter. Thus, although the model
fails to adequately describe the process of vortex formation, it
nevertheless illustrates that the concentration of vorticity (as measured
by vortex core radius) is related to the amplitude of the reciprocating

potential flow.

In summary, the excitation of the resonance is initiated by the
interaction of the vorticity with the downstream edge. The potential
flow which, in the first instance, can be thought of locally as the

result of "image vorticity", sweeps out of the cavity accelerating the
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vorticity in the streamwise direction and dilating the fluid in the
resonant cavity. A similar process has been illustrated by Crighton (6)
in predicting the radiation of acoustic enexrgy as vorticity accelerates

in the region of an edge. The subsequent compression of the fluid in the
cavity results in the concentration of vorticity near the upstream edge

as the potential flow sweeps down into the cavity. The concentration of
vorticity produced is related to the potential flow fluctuation by the
need to satisfy the Kutta condition. Once this feedback process has
begun, with the shedding locked to the acoustic motion at the appropriate
mean flow speed, the amplitude of oscillation will increase with
increasing concentration of vorticity until an appropriate limit is
reached. The limit to the growth of the amplitude of oscillation will

be discussed in terms of the energy balance outlined in the next section.

4.2 A Discussion of the Likely Form of the Energy Balance

Having described the basic mechanics of the interaction between the
potential flow and the shed vorticity, and in particular the part played
by the Kutta condition in determining the degree of vorticity concentration,
the energy balance will now be discussed in more detail. The main factor
that has to be considered is the net generation of power by the flow in
the resonator neck. Power associated with the fluctuating flow leaves
the volume surrounding the region of the resonator neck both in the form
of far field radiated acoustic energy and in the form of vortices.swept
away downstream of the resonator mouth. . This net power must be produced

by an imbalance between the downstream source and the upstream sink.

The failure of the model used to illustrate a difference in the
strengths of the source and sink is due to the failure to adequately
model the process of vortex formation at the upstream edge. In this
region, the local vorticity fluctuations grow from zero as the vortex
sheet instability amplifies. The smaller amplitude of vorticity -
fluctuations at the upstream edge lead to smaller local negative values
of the energy production term (28). The net effect is that the inte-
grated value of the energy production term will show a sink absorbing

less power than is produced by the source.

It is interesting, for the purposes of illustration, to estimate
the magnitude of the energy sink relative to the strength of the source
and the power leaving the rescnator neck. The acoustic power radiated
wés measured as 6 mW. The acoustic model used implies a net power

radiation given by



: 2
W, o= % ersLIaqs/ale .

a (41)

A value of 1.68 m/s for the amplitude of the reciprocating potential
flow and the "no flow" value of the radiation resistance Rr gives a
value of Wa of approximately 12 mW. This discrepancy could be due to

error in estimation of either R or |3¢/8x2|;

An estimate of the power carried away by the vortices can be made
by evaluation of the integrated value of the vector intensity crossing
a surface surrounding the resonator neck. The model of the vortical
flow can be used to derive this estimate. The net power carried
downstream by the vortices can be evaluated by the integration of the
vector ﬁTTEGITT over the surface formed by the spanwise length zs of the
resonator neck and the width of the mean shear layer in the x, direction.
Defining va as the power carried along the shear layer by the vortices
gives

EXIEA _ vyl
wvv = Rs i — cos(tppv - wl) + PY; 5 dx2. (42)
2

This, of course, assumes that no other flow is present that can con-
tribute to the total pressure or velocity fluctuation; the only flow
considered is that produced by the convection of the vortices by the
mean potential flow. Since (Y v wl) is 180o above the péth taken by
the axis of the vortex and is O below the axis path, then the first
term in the expression (42) above makes zero net contribution to the
integral. Thus the expression can be written as
W, o= weg S v |%ax,. (43)

X

2

This integral has been evaluated by the values of Gi and Ivllz deduced
at 0.5 mm intervals across the shear layer cross section as described in
the previous Chapter. The limits to integration chosen were 5 mm below

to 5 mm above the core axis path. For a value of vortex core radius in

the model of 1.5 mm, a value of va of approximetely 14 mW was estimated.

In terms of the model representation of the flow, for a vortex core
radius of 1.5 mm, the energy source produces 36 mW of which 12 mW is
radiated as acoustic power and 14 mW is carried downstream by the vortices.
This implies that approximately 10 mW of power is absorbed by the energy
sink in the region of vortex forxrmation. No great significance can be

attached to the precise values of these quantities since they are
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obviously based only on crude estimates of the parameters involved.
Nevertheless, the important fact has been illustrated that the radiated
acoustic power, the power carried by the vortices, the power produced

by the source and that absorbed by the sink are all of a very similar
order of magnitude. Roughly speaking, the power generated by the source

is more or less equally partitioned between the acoustic field, the

unsteady vortical flow and the energy sink necessary to aid in the

formation of new vortices.

4.3 The Source of Far Field Acoustic Energy

The question arises as to whether the source of energy associated
with momentum fluctuations at the downstream edge can be considered as
the source of radiated far field acoustic energy. There are no
generally accepted definitions of "acoustic intensity" inside the region
of the resonator neck. It is thus necessary to adopt a definition of a
"generalised acoustic intensity" in the region of the flow, which, in
turn, reduced to the usual definition of acoustic intensity in the
-acoustic far field. The mean intensity vector ETTE—EQ—T associated with
fluctuating momentum considered has the property of reducing to the usual
definition of the mean acoustic intensity vector in a medium at rest.
Thus, in that the acoustic intensity vector constitutes a part of the
generalised intensity vector used, it is legitimate to assert that
"acoustic energy" is produced near the downstream edge of the resonator
neck. This assertion has, of course, to be qualified by what "acoustic

energy" is considered to consist of in the region of the flow.

Since the strength and location of such a source of acoustic intensity
is clearly dependent on the definition of generalised acoustic intensity
adopted, it is impossible to assert.that the region near the downstream
edge of the resonator neck represents an acoustic energy source in any
unique sense. It is thus necessary to choose a éeneralised acoustic
‘intensity which, besides satisfying a continuity property over the widest
possible range of conditions, can also be judged in some sense to be a

"useful" definition.

The generalised intensity ETT?;EﬁT'defined by Doak, thus appears to
be very convenient in that there is a close correspondence between the
order of magnitude of the power apparently extracted f;om the mean flow
-and the power radiated to the far field. For example, the radiated
acoustic enexgy is not seen as a relatively small by-product of the
imbalance between a relatively large "almost self-cancelling” source-sink

combination. Also, the location of the energy source near the down-
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stream edge has a certain intuitive appeal. Many of the models quoted
in the introduction to C@ap;er_Q of this type of flow excited resonance
have considered the "downstream edge" to be the "source of sound” in
some sense or another. Additionally, the net flow of energy upstream
from the source to the sink reinforces the view that the operation of

the mechanism is by some form of feedback process.

Finally, however, the definition of generalised acoustic intensity
adopted has the drawback that the production of energy is not intimately
related to the compressibility of the medium. The net production of
energy associated with momentum fluctuations does not, in principle, rely
on the medium being compressible. Thus, for example, vortices caﬁ carry
a mean flow of energy associated with momentum fluctuations away from
the volume in which they were formed without the medium considered being
compressible, Ideally, it should be possible to choose a generalised
acoustic intensity such that there can be no net production of energy
from a given fluid volume in an incompressible fluid, i.e., a fluid in
which no far field acoustic energy can be generated. It is likely that
only such a choice of generalised acoustic intensity will enable'any ' |
further insight to be gained into thé mechanism of acoustic energy
production from fluctﬁating“fluid motion. '

4.4 The Energy Balance as a lelt to the Amplltude
of Oscillation

ERRY

It will now be demonstrated that the form of the energy balance may
well determine the maximum amplitude to which the oscillations in the
resonatoxr neck will grow. Once the feedback process has been initiated,
a growing amplitude of reciprocating potential flow will be produced
with a consequent increese in the concentration of vorticity as vortices
are formed. The dependence of the various contributions to the energy
balance on the degree of concéntration of vorticity can be estimated.

The core radius of the vortices in the flow model will be used as a

measure of this degree of concentration.

Firstly it will be assumed that the amplitude l3¢/3x l of the
reciprocating potential flow is ln dlrect proportion to the maximum
vertical velocity fluctuatlons produced by the passage of the model
vortices. Thus, assuming |3¢/8x2| is 1.68 m/s at a core radius of
1.5 mm, the values of |3¢/8x2['at other core radii can be deduced. These
can be derived from the maximum values of |V2| shown in Figure 5 of the
previous Chapter. This procedure essentially attempts to quantify rhe
relationship between the potential flow amplitude and the vorticity
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concentration such that the Kutta condition is satisfied.

Using this assumption, the dependence on vortex core radius can be
established of the acoustic power radiated Wa, the power carriéd by the
vortices wvv and the net power produced by the source region st' The
vortex shedding model has thus been used to evaluate each of these
quantities from the expressiocns (41}, (43) and (33). The range of core
radii used was from 0.5 mm to 2.5 mm in O.5 mm intervals. The results
of this evaluation have been plotted in Figure 4. Note that the acoustic
power Wa and tﬂe power carried by the vortices WVv increase rapidly with
decreasing core radius. The total power (Wa + va) released from the
resonator neck exceeds the total power wvs that can be produced by the

source at low core radii.

At the value of core radius observed in the experiment, the source
provides sufficient power to account for the energy sink and the power
(Wa + va) leaving the resonator neck. This suggests that the vorticity
concentration into the shed vortices increases until this energy balance
is reached. This is illustrated in Figure 5, which shows the dependence
on core radius of an estimation of the net power vas produced by the
source-sink combination. It has been assumed that the power absorbed
by the energy sink is a constant fraction of the power producéd by the
source. This fraction has been determined by the proportion of power
absorbed by the sink at a core radius of 1.5 mm. This assumption relies
on the mechanism of energy production and absorption in the shear layer
showing the same dependence on vorticity concentration. The model

certainly suggests that this is the case.

The following picture of the energy balance thus emerges. Vorticity
concentrated into vortices at the upstream edge interacts with the
potential flow at the downstream edge and extracts energy from the mean
flow. The greater the concentration of vorticity produced, the greater
is the power that can be extracted by the vortices to feed back upstream
to assist in the formation of new vortices. However, some of the energy
extracted from the mean flow must uitimately be carried away by the
vortices or radiated to the acoustic far field. An upper limit to the
concentration of the vorticity into vortices will be reached, this being
determined by the point at which the enexgy source can no longer supply
sufficient power to meet the demands of the energy sink and the "losses"
from the volume of the resonator neck. Strictly speaking, additional

losses of energy associated with the flhctuating flow will also be
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produced by viscous and thernal effects. As shown in Chapters 4 and
5, these are likely to.be of a smaller order of magnitude than the

power losses considered here.

4.5 ‘The Physical Interpretation of the Vortex Shedding Model

The various contributions to the energy balance presented in the
previous section have been derived from a simple but self consistent
flow model. The only major assumption used was the nature of the
relationship between vortex core radius and the potential flow amplitude
in order to satisfy the Kutta condition. The underlying dependence of
the rate of energy production and dissipation on vortex core radius has
been clearly established. The core radius of the model vortices has
been used as a measure of the degree of concentration of shed vorticity
into "bundles" of known strength which constitute the discrete vortices
formed. However, one must be careful to interpret the "vorticity

concentration" in terms of the behaviour of the real flow.

The vortices are formed in the real flow by the unstable vortex
sheet winding into a spiral. This process has been reviewed by _
Saffmann and Baker (7) and in more detail by Kuchemann and Weber (8)
Batchelor (9) also presents an interesting discussion in which it is
maintained that the size of the vortex (as determined by the radius of
the outer turn of the spiral) will be determined by the original '
dispersion of the vorticity in the unstable vortex sheet. ‘This argument
is based on Lamb's (10) observation of the invariance of the dispersion

(second integral moment) of the vorticity distribution.

This suggests that the maximum vorticity concentration in the
vortices may well be determined also by other considerations in addltlon
to those suggested in the energy balance outlined above. There could
be, for example, a minimum vortex size into which vorticity of a glven
strength could be packed. Such a maximum vorticity concentration could
be the factor determining the maximum power that could be extracted by

the straining of the vortex that occurs at the downstream edge.

Another interpretation of the behaviour suggested by the model is
that the core radius essentially represents the degree of accumulation
of vorticity into the vortex structure by the time it reaches the down-
stream edge, rather than a measure of the size of the vortex structure.

It is likely that the rate of formation of the vortices will be increased

by the action of the reciprocating potential flow. Vorticity will be

entrained into the vortices at a greater rate than would otherwise occur
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in the growth of the natural instability of the vortex sheet. An
increased accumulation of vorticity will be produced by the time the
vortex reaches the downstream edge. This explanation is more consistent
with experimental observations. The "spreading of influence" of the
vortices as they travel across the resonator neck revealed in the ex-
perimental results from the vortex formation. process. This occurs

as the initial vortex sheet winds into a spiral and is also accompanied
by an observed spreading of the mean éhear layer in the downstream
direction. The mean shear layer will thus thicken at a greater rate

as a result of the action of the reciprocating potential flow.

Thus, although a coherent picture has evolved of the mechanics of
the interaction of the vorticity with the unsteady potential flow, there
is still a need for further experimental studies of the influence of
acoustic fields on shear layer development. In particular, an attempt
should be made to establish the influence of externally applied sound
fields on the accumulation of vorticity in the unsteady development of
the shear layer. Further, there is a considerable need for the develop-
ment of suitable analytical techniques for adequate quantification of these
cbservations on shear layer development. It seems unlikely that linear
stability theory by itself could provide an adeguate mathematical frame-

work for dealing with problems of this kind.

5. CONCLUSIONS

Certain tentative conclusions have been reached regarding the
principal mechanism of the control of the vortex shedding in the
resonator neck by the reciprocating potential flow. A foxrm of the
linearised momentum balance has been suggested which identifies the
fluctuating Coriolis acceleration as the principal acceleration that is
not directly balanced by a fluctuating pressure gradient. The view has
been advanced that it is the Coriolis acceleration which is primarily
responsible for providing the deflecting force resulting in the control
of the vortex shedding by the reciprocating potential flow. The
agreement between the calculated acceleration of the vortices at the
downstream edge of the resonator neck and the observed increase in

vortex convection speed provides some evidence to support this view.

Some firm conclusions can also be drawn from considerations of the
mean energy balance in the resonator neck. " These can be listed as

follows:
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There is a.mean rate of conversion of enexrgy associated with
mean momentum to. energy associated with fluctuating momentum
in the region near the downstream edge of the resonator neck.
This conversion of energy occurs as a direct .result of the
_presence of a fluctuating Coriolis acceleration caused by the
interference of streamwise convected vorticity with a uniform
transverse potential flow. The net "source" of energy emits
a power that is a few times greater than the acoustic power
radiated to the far field.

There is also a "sink" of energy associated with fluctuating
momentum in a region towards the upstream edge of the resonator
neck. This absorbs a power that is of a similar magnitude to

that emitted by the source.

The mean flow of energy associated with fluctuating momentum
in the resonator neck consists of a recirculating pattern in
which there is a mean flow of energy upstream along the lower

half of the mean shear layer.

Besides these firm conclusions, it has also been suggested that the
Kutta condition determines the relationship between the amplitude of the
reciprocating potential flow and the degree of concentration of vorticity
in the unsteady development of the unstable vortex sheet. A possible
form of the mean energy balance of the fluid in the volume surfounding
the resonator neck has also been suggested. It has been proposed that
an imbalance between the source and sink of energy must be responsible
for a net production of energy associated with momentum fluctuations
carried out of the volume both by the vortices and in the form of
radiated acoustic power. It appears from consideration of the linear
terms involved, that both the rate of extraction of energy from the mean
flow and the power losses from the volume depend on the extent to which
vorticity accumulates into the vortices reaching the downstream edge of

the resonator neck. This leads to the suggestion that once the vortex

shedding and the reciprocating potential flow become "phase locked" at a

certain mean flow speed, the amplitude of oscillation will increase with

an increased rate of accumulation of vorticity into the shed vortices

until an equilibrium is reached. At this point, the net energy production
in the volume exactly balances the energy released from the volume in

the form of radiated acoustic energy and in the form of energy associated

with the vortices.
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APPENDIX 1. 'LIST OF SYMBOLS

arbitrary vector gquantities
internal energy per unit mass
enthalpy per unit mass

stagnation enthalpy per unit mass

spanwise length (in Xq direction) of resonator
neck

streamwise length (in Xy direction) of
resonator neck

pressure

radial distance from vortex .core axis
vortex core radius

radiation resistance

surface area enclosing the volume V
time |

total velocity

vortical velocity

volume of fluid

total power outflow from the volume V
total power produced by energy source
total power associated with the vortices
total radiated acoustic power
cartesian coordinates

limits of integration

velocity change
vortex strength
coordinates of vortex core axis at t = O
ambient density

velocity potential
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2

phase relative to cavity pressure fluctuations
(used with appropriate subscripts)

radian frequency

vorticity vector




‘ (*g_Sr_ WO ¢OT X OG+ I ‘Gz+ = ‘G§z- = '0§- - fUMOUS

sINoj3u0d HBurmoTIoT B8ul sv.ﬂsmumﬂ..ﬁmxmoH X G JO S3USWSIOUT UT dXe SANOJUOD)
*jyosu xo03RUOSAX 9yl FO uotbax Syl UT paandmod

.A.m.Sz.m. A uotjonpoxad Xbasus Ted0T 9yl o3 uotjeutxoxdde ayl jo sanoluod T MNOIL




*syTnssx Tejusurtiadxd 9Y3 WOII POATISP

, (Md) , 8 K3 Tsus3ut x0308A 9y3 o3 uorjemtxoidde ue jo uoTjejudssxdax PIBTF ¥. ¢ RNOIL




‘//,a\,\\\.l.
ANt NV N
NN TNV ST NN
SHIERIHZAN
J//JMAMWW,\\“Nwww”J/
/| _““~g$\\\ \ﬂ_ww\w:.
\“,///xu\vrff//ﬂt\\ﬁi.
*\,JN//;\\\\:,////,!\\
ST by T
VNN S e o by e

*spTeT3 sanssaxd pue A3TOOT9A 3yl JO uoTyejuasaxdex Tepow SY3 WOIF pa3nduod
, (Md) , B A3TsuUajut x0309A 3yl o3 uotjemtxoxdde ue jo uotizejuasaxdax PIATI ¥ € INOIJ




‘Topow HUTPPIYS X93X0A BY3 WOXJ pPasnpap My seoT3x0A 9y3y Aq patxaed aamod pue By zomod

513snodoe pajeipex 4S8y zemod eoanos Te303 JO SNTPRX 9100 X93I0A Uo oouspusdsp BYL p MINOIJ

o)
(wmm) ~x snTpex axod

4 0°2 ST o°T S*0
Y 2 4 4 J B Zumm
4 02
- O¢
J o9
- Om
(M)
IoMOd

00t



‘Tepom HUTPPOUS X93I0A dYJ WOIJ POONPIP US3q dARY SanTeA *3[09U. X03BUOSSX B3
burpunoxans sumioa ouy woxy (A M+ M) S9SSOT 382U BU3 PUR UOTIRUTAUOD UTS-0ANOS
ay3 Aq peonpoxd >3< xamod 38U BY] JO SNTPeX 9I0D X93I0A U0 souspuadsp YL § MNINOIJ

(torut ) ou snTpex a1od

5z 0z 6T 01 5 0
Y v — Y \ 4
Joz
< OF
< 09
4 os
AyBa (M)
I9MO0d
00T




CHAPTER 7

CONCLUSIONS



CONCLUSIONS

Two engineering problems involving the generation of aerodynamic
sound have been examined. The theoretical foundation for both problems
has been provided by an equivalent source representation of the sound

generation process.

The first problem that has been considered is the prediction of the
level and spectral distribution of the additional sound power radiated
when a given obstruction, or flow spoiler, is placed in a low Mach numbeXx
ducted flow. A theory has been developed which models the source of
sound as a distribution of dipole type sources immersed in an infinite
hard walled duct. The strength of these sources is directly related to
the fluctuating force exerted by the flow on the duct obstruction.

The case has been treated of a thin flat plate placed perpendicﬁlar
to the flow direction. Certain statistical assumptions regarding the
nature of the force fluctuations on the plate have enabled the sound
power radiated to be related to the total fluctuating drag force acting.
Expressions have been produced which are valid for plane wave propagation

and for multi-modal propagation in the duct. A series of careful

experiments have confirmed the validity of the assumptions made in the

development of the theory.

The further assumption that the fluctuating drag force acting on the
flow spoiler is in direct proportion to the steady state drag force acting
produces a remarkably good collapse of experimental results. This leads
to the possibility of an accurate engineering prediction scheme which will
enable the sound power radiated to be deduced with a knowledge of relatively
simple geometric and flow parameters. It remains to be seen if the sound
produced by other flow duct obstructions, changes of cross section or other
discontinuities can be reliably predicted from a knowledge of the steady
state force acting. This may well be a profitable area of further

yesearch.

The second engineering problem dealt with is the prediction of the
sound generated when turbulence interacts with the perforated surface of
an acoustically absorbent duct’ liner. The equivalent source represen-
tation used in this instance was that of a combination of monopole type
sources situated at the location of each perforation in the surface.:
One monopole is situated immediately above each perforation and a mono-
pole of equal and opposite . strength is situated immediately below the

perforation.




The strength of the monopole sources is detexrmined by the
fluctuations in mass flow driven through the perforation by the hydro-
dynamic field. For acoustically transparent screens, the monopoles
combine to give a net dipole radiated field. This equivalent source
representation was found to produce a remarkably good description of
the sound field radiated when a series of perforated screens were ex-
posed to turbulent flow. The experiments undertaken provide a good
confirmation of the validity of the theoretical model. This enables
reliable predictions to be made of the level and spectral distribution

of the sound radiated by practical perforated liner surfaces.

Both theory and experiment have shown that the most efficient
radiation of sound occurs when eddies are shed that are of the order of
the size of the liner perforations. The solution of the problem of
continuous generation and absorption of acoustic energy along a duct
length has enabled prediction of the net sound generated by flow over
the perforated surface of a dissipative duct liner. The predictions

made are in encouraging agreement with the measurements of the noise

~generated in practice.

Besides the examination of these two particular engineering
problems, a third more fundamental study has been undertaken in an
attempt to provide a deeper understanding of the physical processes

involved in the extraction of acoustic energy from unsteady flow.

The first part of this third study was a detailed experimental
investigation of the flow in the neck of a Helmholtz resonator excited
by a mean grazing flow. Firstly, stroboscopic visualisation of the
flow revealed the periodic formation of discrete vortices from the
unstable shear layer leaving the upétream lip of the resonator neck.
These vortices were also observed to undergo a rapid increase in
convection speed when they reached the downstream edge of the resonator

neck.

Further quantitative details of this vortex shedding process were
established by measuring the mean and fluctuating parts of the velocity
field in two orthogonal component directions. This was successfully
accomplished by using a Laser Doppler Velocimeter. The measurements of
both "streamwise" and "vertical" velocity components revealed many

interestihg features of the velocity field which may well have remained

concealed had only single camponent measurements been made. In particular,

the rapidity with which the unstable shear layer forms into discrete

vortices was clearly illustrated.
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Measurements of the fluctuating static pressure field in the
resonator neck were also successfully accomplished by using a small
dlameterzmlcrqphone probe tube. This showed a pressure pattern
exhibiting a region of relatively small pressure amplitude near the
downstream lip of the resonator neck. A very rapid spatial rate of
change of the relative phase of the pressure fluctuations was also

detected in this region.

In order to aid the understanding of the principal features of both

the fluctuating velocity and pressure fields, a simple model of periodic
vortex shedding was developed. . The vortical flow field was represented
by the velocity induced by the periodic passage of a series of discrete
vortices each containing a specified distribution of vorticity. The
strength and core radius of these vortices was determined from the
experimental results. It was then demonstrated that the dominant
characteristics of the measured velocity field could be explained by the
interference of a uniform reciprocating transverse potential flow with
the velocity field induced directly by the passage of the vortices.
The measured pattern of static pressure fluctuations could also be
explained by the interference of the static pressure fluctuations
~genexated by the passage of the vortices with the pressure fluctuations

associated with the reciprocating potential flow.

The implications of this apparent superposition of two separately
identifiable pressure fields have been examined in terms of the local
momentum balances occurring in the flow. An analysis of the linearised
equation of conservation of momentum indicates that, for this particular
flow model, the Coriolis acceleration due to the fluctuating potential
flow is the only term in the momentum equation whose balancing is not
completed by a fluctuating pressure gradient. This leads to the
suggestion that the vortex shedding process is controlled by the
reciprocating potential flow which deflects the shed vorticity primarily
through the action of this Coriolis acceleration. This view has been
reinforced by the observed streamwise acceleration of the vortices when
reaching the downstream edge. This acceleration is in good agreement
with the velocity increase expected as a result of the Coriolis

acceleration.

The interference of streamwise convected vorticity with a transverse
reciprocating potential flow also leads to an interchange between the

mean energy flow associated with mean momentum and the mean energy flow
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associated with fluctuating momentum. This interchange occurs as a
direct result of the work done by the fluctuating Coriolis acceleration.
There is a mean rate of conversion of energy associated with mean
momentum to energy associated with fluctuating momentum in a region
towards the downstream edge of the resonator neck. There is thus a net
"source" of energy associated with fluctuating momentum. There is also
a "sink" of energy associated with fluctuating momentum in the region

of vortex formation towards the upstream edge of the resonator neck.

The order of magnitude of both the source and sink has been
reliably established by using the simple vortex shedding model. The
orders of magnitude of the power emitted by the source and that absorbed
by the sink are similar to that of the acoustic power radiated to the
far field. The mean flow of energy associated with fluctuating
momentum in the resonator neck is also clearly established by the
experimental results. There is a recirculating pattern of energy flow
in which there is an upstream mean flow of enerxgy along the lower half

of the mean shear layer.

Having firmly established these details of the energy interchanges
occurring in the resonator neck, a concluding discussion has been
presented in which an attempt is made to interpret these observations
in terms of the complete energy balance occurring in thé flow. It
has been suggested that there is a net production (from mean flow
energy) of energy associated with fluctuating momentum from the region
of the resonator neck. This results from an imbalance between the
power produced by the energy source and that absorbed by the energy sink.
The energy leaves the resonator neck in the form of acoustic energy
radiated to the far field and in the form of vortices carried downstream
of the resonator mouth. Realistic estimates of the gquantities involved
indicate that the total power produced by the source is divided roughly
equally between the acoustic power radiated, the power carried away by
the vortices and the power fed back to the "sink" to aid in the formation

of new vortices.

It has thus been demonstrated that the mean energy flux associated
with fluctuating momentum can be considered as a useful definition of
"generalised acoustic intensity". As such, the acoustic energy
radiated to the far field can be considered as having its origin in
the region of thefdownstream edge of the resonator neck. This energy

is extracted from the mean flow as a direct consequence of the work
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done by.the fluctuating Coriolis.acceleration. This acceleration is
also apparently responsible for the increase in convection speed of the

vortices as they traverse the downstream edge of the resonator neck.

Finally, the relevance of the Kutta.condition has alsoc been

discussed in the context of the relationship between the amplitude of

the reciprocating potential flow and the rate of accumulation of

vorticity into the discrete vortices formed. It has been suggested

that the Kutta condition provides the essential link between reciprocating
potential flow amplitude and the rate at which the initially unstable
vortex sheet is wound into discrete vortices. It has aiso been

suggested that, once the self excitation of the resonator is initiated,
.the amplitude of oscillation of the system will grow with increasing '
accumulation of vorticity into discrete vortices until an energy balance
is reached. At this point, the net rate of energy extraétipn from the
mean flow will exactly balance the power lost from the resonator neck

in the form of energy associated with momentum fluctuations. These

final tentative suggestions await further investigation.
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