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Experimental and numerical investigations of the generation of resonant sound by flow in
a duct containing two sets of baffles and the “feedback” of the sound on the vortex
shedding process are reported. The experiments are conducted in a wind tunnel and the
numerical simulations are used to predict the sources of resonant sound in the flow. The
resonant sound field, which is principally longitudinal, is calculated by the finite element
method and a discrete-vortex model is used to predict the observed separated flow.
Analysis of the passage of a single point vortex past a baffle indicates that the amount of
acoustic energy generated is a function of the phase of the acoustic cycle at which the
vortex passes the baffle. A more elaborate model simulates the growth of vortex clouds
through the clustering of elemental vortices shed from an upstream baffle, tracks the
passage of these vortex clouds past a downstream baffle, predicts the generation of
acoustic energy using Howe’s theory of aerodynamic sound, and accounts for the feedback
of sound on the vortex shedding. Comparison is made between the predicted time-
dependent structures and the observed flow structures using smoke visualization. The
vortex cloud model predicts the flow conditions under which net acoustic energy is
generated by the flow and therefore when resonance can be sustained; the results are
consistent with the occurrence of peaks in the observed resonant sound pressure levels.

1. INTRODUCTION

THE EXCITATION OF ACOUSTIC MODES IN THE combustion chamber of solid-propellant
rocket motors can lead to uncontrolled burning and vibration problems (Hegde &
Strahle 1985). Large flange-type structures inserted between segments of grains can
result in strong shear layers which interact with similar structures downstream,
resulting in a self-sustained oscillating system (Brown et al. 1981).

An experimental investigation of the acoustic oscillations sustained by a flow through
a duct with two sets of baffles, representing an idealized solid-propellant combustion
chamber, has been carried out by Nomoto & Culick (1982). It was found that pure
acoustic tones corresponding to longitudinal resonant modes of a duct were generated
for certain flow and geometrical conditions. When the acoustic tones were present, the
frequency of the vortex shedding from the upstream baffles was synchronized with a
natural acoustic frequency of the duct. However, acoustic feedback was dismissed as a
means of inducing the observed vortex shedding.
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The aim of this paper is to describe the resonant acoustic sources in a duct containing
baffles (in terms of the flow and the acoustic field near the baffles) using Howe’s (1975)
theory of aerodynamic sound. Figure 1 shows schematics of the test rig and working
section. Furthermore, the paper aims to establish whether acoustic feedback is the
mechanism which synchronizes the vortex shedding. The background to the present
study is presented in Section 2. Section 3 describes the experimental apparatus and the
procedures used for measuring the resonant acoustic sound and photographing the
flow. Descriptions of the finite element method for predicting the acoustic field, two
flow models and the aeroacoustic theory of Howe (1975) relevant to the problem are
presented in Section 4. Sections 5 and 6 cover the results and discussion pertaining to
both the experimental and the computational investigations. The predicted resonant
acoustic field and the acoustic Strouhal numbers at which acoustic resonance is
observed are presented. Only the case for the simplest acoustic mode which can be
excited, corresponding to that with a wavelength approximately equal to the length of
the working section, is described. To illustrate qualitatively the sound generation
mechanism, a simplified flow model with a single vortex passing a baffle is presented.
This model indicates how the flow near the downstream baffle can act as an acoustic
source region, provided the vortices pass the baffle at the appropriate phase in the
sound cycle. In the second model, the flow is represented as the sum of a steady
potential flow, a flow with vortex clouds in free motion, and an oscillating flow
representing the acoustic field. The vortex cloud model additionally accounts for the
feedback of the resonant sound on the vortex shedding from the upstream baffle and
predicts the acoustic Strouhal numbers at which peaks occur in the acoustic energy per
cycle generated by the flow. Individual vortex structures are also tracked to show their
role in sustaining the acoustic resonance at favourable acoustic Strouhal numbers. The
predictions are compared with experimental results. Section 7 sets out the conclusions
of the study.

The major result of the study is that a feedback loop can be established between a
resonant sound field and the vortex shedding from a set of baffles in a duct. Although
this loop can be established over a number of flow velocity ranges, the common factor
leading to the maintaining of the loop is the phase of the acoustic cycle when each
vortex arrives at the downstream baffles. It is only for particular ranges of flow
velocities that the phasing between the vortex passing the downstream baffle and the
resonant acoustic field is such that sufficient positive net acoustic energy is generated to
sustain the acoustic resonance and the feedback loop.

2. BACKGROUND

Flow induced acoustic resonances in ducts can manifest in different modes depending
on various factors, including duct modification and flow velocity. For simple rectangu-
lar ducts, the modes can be classified as either transverse or longitudinal, depending on
the general direction of the wave motions. Single or multiple sources of sound are
found for the transverse modes; the major source of sound may or may not be remote
from the point of vortex shedding to which the sound feeds back and controls.
Generally, longitudinal modes are excited by acoustic sources remote from the point of
vortex shedding.

A brief review of some previous investigations involving different modes and source
regions is presented in this section.
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2.1, ExcaraTioN oF TRANSVERSE Duct Acoustic MODES

Parker (1966) and Parker & Griffiths (1968) made detailed studies of acoustic
resonances induced by vortex shedding from vertical cascades of plates located in
horizontal flow ducts; the resonances were excited purely by the flow and did not
require structural vibration for their excitation (Parker 1969). Parker (1967) also
predicted the resonant frequencies by solving the wave equation for the space
surrounding the plates. He showed that the frequencies depend on the dimensions of
the plate as well as the dimensions of the duct. The simplest acoustic mode was defined
to be the f-mode which describes the acoustic field both near the plate and in the far
field, where it becomes an evanescent cross-mode of the duct. Later studies of acoustic
resonance by Cumpsty & Whitehead (1971), Archibald (1975), Welsh & Gibson (1979)
and others observed resonances when a single plate was installed in a duct.

2.1.1 Acoustic source coincident with vortex shedding region

Welsh et al. (1984) reported a more detailed study of the excitation of acoustic
resonances in flow around plates with semicircular leading edges. They examined the
fluid mechanics of the resonant process in a duct containing a plate with a semicircular
leading edge. The process is described in terms of an interchange of energy between
the flow and acoustic fields and has three basic components: (a) an acoustic source (the
vortex street); (b) a feedback effect of the sound on the vortex shedding; and (c) a
damping process whereby acoustic energy is transferred out of the duct system. This
study showed that there was an acoustic source downstream of the trailing edge where
vigorous vortex shedding occurred.

2.1.2. Acoustic source remote from vortex shedding region
Single square leading edge plates

Welsh & Gibson (1979) examined the interaction between resonant sound and
vortex shedding from a flat plate with a square leading edge. They found that only
those acoustic modes with acoustic velocity antinodes near the plate and the associated
vortex street were excited by the vortex shedding. They also found that plates with
square leading edges could shed large-scale vortices from either the leading edge or the
trailing edge during resonance, and showed that the same acoustic mode could be
excited at the same frequency over several ranges of flow velocity.

Stokes & Welsh (1986) modelled the acoustic resonance process for the case of
plates with square leading edges. The mathematical model showed that in resonance,
the vortices observed shedding from the leading edge during each acoustic cycle
generated a net supply of acoustic energy as they passed the trailing edge, provided the
passage was at a particular phase of the sound cycle. A variety of solutions was found
to exist for the number of sound cycles that may pass while a vortex travels from the
leading edge to the trailing edge so that it arrives there at the appropriate phase in the
sound cycle. Correspondingly, there are several ranges of flow velocity at which this
phase can be achieved to generate a net supply of acoustic energy. These predicted
flow velocity ranges closely coincided with the velocity ranges for which acoustic
resonance is observed in practice (Stokes & Welsh 1986). Since a vortex is shed each
acoustic cycle during resonance, each velocity range corresponds to a different number
of vortices observed at a particular instant between the leading and the trailing edges.
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More recently, Welsh et al (1990) have observed that, similar to the case of square
leading edge plates, vortices are shed from semicircular leading edges of plates, and
that this vortex shedding can excite, and in turn be synchronised by, a transverse duct
mode.

In all of these cases, a strong acoustic source was present downstream of the region
where vortex shedding was synchronized by the resonant sound.

Multiple plates

If two plates with semicircular leading edges are placed in tandem in a duct, a
resonant transverse acoustic mode of the duct can be excited, leading to feedback of
the sound onto the separating shear layers at the trailing edge of the upstream plate
(Stoneman et al. 1988). The amplitude of the sound can be substantial, resulting in the
locking of the vortex shedding to the resonant sound frequency. The periodic
reappearance of loud acoustic resonances as the plate spacing was increased is similar
to that observed for single plates with blunt leading edges as the flow velocity was
decreased. In both cases, resonance relied on the vortices shed upstream passing either
a trailing edge or a second plate at an appropriate phase of the acoustic cycle.

2.2. ExcrraTioN oF LoNGITUDINAL Duct Acoustic MODES

Nomoto & Culick (1982) published data showing vortex shedding exciting acoustic
resonances in rectangular ducts containing two pairs of baffles; as distinct from
transverse resonance modes investigated by Stokes & Welsh (1986) and Stoneman et
al. (1988), the resonances were essentially the longitudinal organ pipe modes of the
duct. As for the case described above of the plate with a square leading edge, Nomoto
& Culick (1982) observed the same resonant acoustic mode being excited over several
different ranges of flow velocity. Again, each range was uniquely characterized by the
number of vortices observed between the baffles at a given instant. Harris ef al. (1988)
investigated the air flow through a double orifice in a pipeline; acoustic resonance in
the pipe mode could be excited at particular flow velocities, and shear layer oscillations
leading to the formation of large-scale vortex structures at the resonant frequency were
observed.

Some flow geometries, such as jet-edge interactions, lead to self-sustaining oscilla-
tions by purely hydrodynamic perturbations (Rockwell 1983); the accompanying sound
produced by the flow oscillations is not amplified by duct reflections. However, the
frequencies of the oscillations and consequent sound are functions of the flow velocity,
whereas in the present case, the vortex shedding and sound frequencies are
predominantly a function of the duct geometry and involve loud resonant sound levels.
This suggests that for the current investigation, the influence of sound on the
development of flow structures is important and that the mechanism leading to the
oscillation is fundamentally different to that proposed by Rockwell (1983) for a
different flow. Nomoto & Culick (1982) cast doubt on the influence of resonant sound
on the vortex shedding process for flow in a duct geometry similar to the present
investigation, in which the flow is reexamined experimentally and theoretically. Chung
& Sohn (1986) and Flandro (1986) investigated the coupling mechanism of acoustic and
vortical wave oscillations in connection with rocket combustion chambers using linear
stability theory. Their results, which are relevant only to the initial excitation of an
acoustic resonance, clearly indicate that a feedback loop can be established between
the sound field and the growth of instabilities in the shear layer. The present work,
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following Stokes & Welsh (1986) and Stoneman et al. (1988), is concerned with the
non-linear coupling of finite resonant acoustic waves and vortex shedding which is
observed when a loud acoustic resonance has been excited.

2.3. DETERMINATION OF THE ACOUSTIC SOURCES

In the studies of Welsh et al. (1984), Stokes & Welsh (1986) and Stoneman et al.
(1988), and in the present study, the source of acoustic energy due to the vortex street
is modelled using Howe’s (1975, 1980) theory of aerodynamic sound. According to this
theory, the acoustic power generated by a vortex as it passes through a sound field is
proportional to the scalar triple product of the vorticity, the velocity of the vortex and
the acoustic particle velocity. For low Mach number flows the acoustic and flow fields
can be decoupled and solved for separately. Then, assuming a resonant sound field is
present, the acoustic power generated by a vortex passing through it can be computed
using Howe’s theory. If, on integrating the power over time, there is a net source of
acoustic energy then resonance is possible, provided damping is overcome. However, a
net negative source of energy implies that a resonance is not sustainable.

It is the purpose of this paper to show that the acoustic sources in a flow around
baffles in a duct can be examined in a manner analogous to the flows around plates,
even though the excited resonant acoustic mode is longitudinal rather than transverse.

3. EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental apparatus was a small blow down wind tunnel, shown schematically
in Figure 1(a). A British Standard conical inlet 217 mm in diameter was connected to
the fan inlet for monitoring the volume flow through the tunnel. A wide angle diffuser
containing four perforated plates connected the fan to the settling chamber which
consisted of a honeycomb and four fine nylon screens. From the settling chamber, air
passed through an 8 to 1 contraction before entering the working section, which
consisted of rigid ducting with internal dimensions of 244 mm square. The total length
of the 244 mm square ducting was 2865 mm. Some portions of the modules were
constructed from 12mm thick aluminium and contained facilities for mounting
microphones flush with the inside surface of the duct, while other parts of the ducting
were constructed from 25 mm and 50 mm thick acrylic (methyl-methylacrylate) sheets
with optical glass inserts for flow visualization (Figure 1b). A chamber 130 mm long in
the flow direction was formed midway along the ducting by installing two pairs of
baffles across the flow inside the ducting. The opening between the baffles was 61 mm,
which was 25% of the full duct width.

The velocity profile approaching the baffles was uniform (within 1%) between the
wall boundary layers, which were approximately 15 mm thick. The axial component of
the turbulence intensity in the core of the flow was 0-3% with significant spectral
content less than 100 Hz.

Acoustic resonances were identified by recording the signal from a fixed 12-7 mm
diameter Briiel and Kjaer microphone mounted flush with the surface inside the
chamber (Figure 1). This microphone was located near a duct corner in a plane
116-5 mm downstream of the upstream baffle. A second Briiel and Kjaer microphone
was located near a duct corner and 285 mm upstream of the upstream baffle. The flow
and acoustic variables were recorded for the maximum sound pressure level for each
resonance as the mean flow velocity upstream of the baffles was increased from zero to



352 K. HOURIGAN ET AL.

5m/s. The resonance frequencies were obtained by performing a ninth order fast
Fourier transform with ten averages on the microphone data.

The sound pressure levels at the acoustic resonance frequency were determined from
narrow band analysis (bin width of 1-95 Hz) of the microphone signals. Since these
signals were tonal and up to 40 dB above the background, the amplitude of the spectral
peak approximated the sound pressure level at the required frequency. The amplitude
of the spectral peak was calibrated using an input signal of known sound pressure level
from a Briiel and Kjaer piston phone.

The phase relationship between the vortices and the acoustic field was determined by
introducing smoke into the working section upstream of the baffles and photographing
the flow at selected points in the acoustic cycle using a time delay unit connected to the
microphone signal. The flash photographs shown in this paper were obtained by
superimposing ten exposures taken for the same flow conditions, 0-16 +0-03 of an
acoustic cycle before the minimum acoustic pressure was reached at the microphone
upstream of the baffles [Figure 1(a)].

4. THEORY AND MATHEMATICAL MODELLING

In the foilowing mathematical models, the ducts and baffle geometries are based on the
test rig shown in Figure 1(a). As a result of the symmetry of the flow and the acoustic
field about the mid-line of the duct, only one half of the duct flow is explicitly
modelled.

4.1. Acoustic FIELD

The acoustic mode to be modelled is a standing wave corresponding to an organ pipe
mode. In the flows of interest here, the Mach number is small and the acoustic pressure
p satisfies the wave equation:
3P _ e
—=cV 1
a,[2 P ( )
where ¢ denotes the velocity of sound and 7 is time.
The time—dependent amplitude function ¢ can be extracted from a standing wave
solution p = ¢e”7", where fis the frequency. Then ¢ satisfies the Helmholtz equation:

V29 + (2nf [c)’¢ = 0. )

For the low frequency modes, which are symmetrical about the horizontal midplane,
the following boundary condition applies on the rigid surfaces and also on the
midplane:

k-Vop=0, 3)

where k is the unit vector normal to the surface. The boundary conditions at the ends
of the working section of the duct are, in reality, more complex due to the presence of
other surfaces in the wind tunnel. However, as Blevins (1985) has also found, the
solutions in the inner region of the duct where the baffles are located are insensitive to
whether Dirichlet or Neumann conditions are used for the end boundary pressures. In
the present study, the Dirichlet condition at the ends, i.e. p =0, is employed.

For the simplified single vortex model of the flow, the sound field, which has a long
wavelength compared with the dimensions of the baffles, is approximated locally by the



ACOUSTIC SOURCES IN A DUCT WITH BAFFLES 353

T 5 T 7
! ] 7
:é 3 SEE= L ]
= SESS F 7
=" =z SRS r
= ; =22 X 4
= = ., N 7
= . s Y Y, S o
= X S -
K== ", Yy e 1
—— S Y, S 7
A= =X —”"" \# ;- 7
(= X o
S

Figure 2. Part of the mesh used for finite element prediction of the acoustic field.

potential flow solution around a baffle determined using the conformal transformations
described below in Section 4.2.1.

For use in the vortex cloud model, the boundary value problem is solved by the finite
element method using rectangular elements and piecewise linear shape functions. The
orthogonal mesh used, shown in Figure 2, is compressed near the tips of the baffies and
is generated using a finite difference method solved by line successive over-relaxation.
The method, due to Warsi (1982), is based on the idea that different coordinate
systems in a given region should be related by the transformation laws of tensors. The
lowest frequency acoustic mode is found by an iteration procedure in which the
eigenvalue is estimated at each step by the Rayleigh quotient (e.g. Zienkiewicz 1978).
Successive higher modes can then be found in a similar manner.

4.2. FLow MODELLING
4.2.1. Single vortex model

This model is used to investigate the resonant acoustic power generated by a single
point vortex passing an isolated baffle in duct. The model assumes a two-dimensional
inviscid incompressible flow, irrotational everywhere except at the centre of the point
vortex. For simplicity, the vortex of infinitesimal strength is assumed to follow a
horizontal path with velocity determined by the horizontal components of the
irrotational flow velocity and the induced velocity due to the image vortex. Since the
working section is long compared with the flow features, its length is assumed infinite.
The transformation which takes the complex potential w for a flow past a set of thin
baffles into the variable z, which represents the points in the physical plane, is given by

d cosa—v
] :
z nOg cosa+v )

where v = (tanh®> w —sin® a)?, a is the baffle height and d is the spacing between the
duct walls.

4.2.2. Vortex cloud model

In this model, the flow is modelled by a two-dimensional inviscid incompressible flow,
irrotational everywhere except at the centres of elemental vortices. Due to the
symmetry of the flow and the resonant acoustic field about the longitudinal centreline
of the duct, only the flow in the lower half duct is explicitly modelled. The shedding of
vorticity is modelled by the creation of the elemental vortices, which are convected
under the influence of other elemental vortices and the irrotational flow.

In the single vortex model, no attempt was made to simulate the process of vortex
formation through instability in separating shear layers. However, in this section, the
vortical flow around the baffles in the duct, which includes the instability of the
separating shearlayer, is modelled by releasing elemental vortices from the surfaces of
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the baffles and tracking their motions as they evolve into clouds. To satisfy the rigid
duct wall condition, a similar mapping to that employed for the single vortex
calculation described in Section 4.2.1 was used. This mapping w = e* transformed the
duct into a half-plane (A-plane) and the vortex-induced perturbations were forced to
meet the duct-wall conditions by introducing mirror images. The no slip boundary
condition was satisfied at the baffle surfaces through the surface vorticity method
(Lewis 1981). Figure 3 shows the baffle geometry in the original z-plane and
transformed A-plane.

The surface vorticity method has been used previously by Lewis (1981) and
Stoneman et al. (1988), amongst others, to represent the surface of a bluff body by a
vortex sheet. In brief, it is required that the contour along the body surface is a
streamline and that the tangential velocity on the inside of the vortex sheet is zero.
Denoting the distance along the body surface by s, discretization of a vortex sheet into
M segments, with the nth segment having length As, and linear vorticity density y(s,),
produces a set of linear equations,

ngl Y(SH)K(sm sm)Asn -3 Y(Sm) =—(v, + Ux,a)(%) - (vy + Uym)(%n)
- Z" rnT(n» sm)) (m =1, M); (5)

where the last term in equation (5) gives the contribution to the velocity field at the
surface due to N, free vortices of circulation I" in the flow. The coupling coefficient
K(s,, s.») has the value of the surface tangential velocity at s,, induced by a vortex of
unit circulation at s,. The coupling coefficient T'(n, s,) has the value of the surface

Z-plane
B A
c D
A-plane
S
A’ B'C’ D’

Figure 3. Transformation used in the vortex cloud model mapping the half duct to a half plane together
with the baffle geometries in each plane.
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tangential velocity at s,, due to a vortex of unit circulation at the position of the nth
free vortex. The velocity of the irrotational flow has been separated into a steady
component (v,, v,) and an unsteady component (v, ,, v, ,) contributed by the acoustic
field; owing to the long wavelength of the acoustic field relative to the dimensions of
the vortex structures, the flow due to the acoustic field is almost potential locally in the
region of the baffles and is incorporated into the potential flow. The solution of (5)
gives the surface vorticity density at the pivotal points on the surface of the body,
which are taken to be the centre of each discrete element. .

In the scheme used by Stoneman et al. (1988), elemental vortices were released into
the flow from a very limited number of designated flow separation points. In the
present work, this condition has been relaxed, in a manner similar to that of Smith &
Stansby (1988). At each time step, the elemental vortices are created having the
circulation of each vortex segment on the surface of a baffle; vortices on the upstream
faces of the baffles are released into the flow to simulate the formation of the boundary
layers. Interactions between the elemental vortices in the recirculating flow in the
cavity region between the baffles can have an unphysically disruptive influence on the
sensitive separating shear layer unless very large numbers of vortices are employed. As
this was not computationally feasible in the present study, the time-mean vorticity in
the cavity region predicted from an initial simulation was fixed on a 21 x 21 grid. This
representation provided the approximately correct velocity contribution to the shear
layer under consideration from the cavity region without introducing instabilities due to
numerical noise; satisfactory vortex development was then predicted in the shear layer
separating from the upstream baffle.

The elemental vortices are potential vortices with smoothed cores (Rankine profile)
of radius 0-03b, where b is the spacing between the upstream and downstream baffles.
Test cases with larger and smaller smoothing cores showed that the formation of the
large-scale vortex structures was insensitive to the exact smoothing value used. The
vortices are advected using a second-order Adams-Bashford scheme; a time-step of
0-01(b/v.) is used, where v, is the upstream flow velocity. As mentioned above,
prediction of the level of the resonant acoustic particle velocity amplitudes was not
attempted; these amplitudes were determined from the empirical data. For input to the
numerical model, the value for the amplitude of the acoustic particle velocity at the
centre of the duct midway between the baffles is set to 0-1v.,, which is in the middle of
the empirical range. Amplitudes fifty per cent higher and lower than this value were
also used in the model to test the sensitivity of the results; near identical results were
obtained. To economize on the number of computations required, the vortices are
merged according to an exponential weighting function of the distance downstream of
the upstream baffle.

4.3. INTERACTION OF FLOW AND SouND

Howe (1975, 1980) showed that when an acoustic oscillation occurs in an inviscid,
isentropic but rotational flow, then an instantaneous acoustic power P is generated in a
volume V, which is given by

P=—-pylo-(vXu)dVv (6)

where v is the fluid velocity, @ = V X v is the vorticity, u is the acoustic particle velocity
and p, is the mean density of the fluid.
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When the vorticity is “compact”, that is when the vorticity extends over a region
which is small relative to the acoustic wavelength, then the acoustic power per unit

length of vortex tube generated by a vortex reduces to
P = poTk - (vXu), )

where I is the circulation of the vortex and k is the unit vector normal to the plane of
the flow.

For the present analysis, where the flow near the downstream baffle will be identified
as an acoustic source, it is useful to rewrite the above expression for acoustic power P
in terms of the phase of arrival of the vortex at that baffle relative to the sound cycle. P
is oscillatory over time because of the oscillation of the acoustic particle velocity; to
separate this oscillatory term, first u is factorized:

n =g sin[27af (1 — 79) + k], (8)

where u, is the steady amplitude of the sound field, f is its frequency and 7, is the time
at which the vortex is directly above the downstream baffle. Here, 4 is the phase of the
acoustic cycle at which the vortex passes over the downstream baffle. Then

P = Q sin[2xf (T — 7o) + ], 9
where
Q= —p,T'|v||uy| sin € (10)

and € is the angle between v and w,.

Two simple examples will serve to explain the physics of equations (9) and (10).
First, if a vortex travels parallel to the local acoustic particle velocity amplitude wu,,
then the angle € between the vortex velocity v and w, is zero. Therefore, Q in (10) is
zero and according to (9), no instantaneous acoustic power P is generated. Conse-
quently, the net acoustic energy generated over an acoustic cycle is zero. This situation
arises, for example, if the vortex is travelling along a duct in a longitudinal standing
wave far away from duct modifications. Second, if a vortex travels orthogonal to the
local acoustic particle velocity (i.e. € = %+ /2), the amplitude of Q is maximum and
the instantaneous acoustic energy P oscillates with time: If the vortex velocity and the
local acoustic particle velocity amplitude remain constant, then the integrated energy
over an acoustic cycle is zero. Therefore, for net acoustic energy to be generated over a
cycle, Q must vary, which occurs most readily near a duct modification (e.g. a baffle)
where the angle between the local acoustic particle velocity and the vortex velocity can
vary rapidly in space. In the present investigation, a net acoustic energy generated over
a cycle will be shown to be possible when a vortex passes the downstream baffle.

The sign and amount of acoustic energy generated by vortex structures will be shown
to be critically dependent on the phase /4 of the acoustic cycle at the instant of arrival of
a vortex structure at the downstream baffle. That is, the phase offset 4 plays a crucial
role in the aeroacoustic process. Some key values of & are: 4 = 0, the resonant acoustic
particle velocities are zero everywhere and changing to a direction which augment the
mean flow; A =m/2, the acoustic particle velocities are maximum and in the flow
direction; h = 7, the acoustic particle velocities are zero everywhere and beginning to
oppose the mean flow; A = 3/2m, the acoustic particle velocities are maximum in the
upstream direction.

The excitation of an acoustic resonance from an initially low level is a complex
transient process. Linear analysis of an initial excitation of a resonant acoustic mode
has been performed by Chung & Sohn (1986) and Flandro (1986). In the present work,
attention is focussed on whether a resonance can be sustained at the established
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observed levels and the nature of the dominant sources of sound in the flow that can
sustain the resonance. A resonant sound field will be assumed to be present, and in
some cases the predicted mean acoustic energy per cycle generated by the flow will be
found to be relatively low or negative. Although the vortical structures that evolve as a
result of the assumed resonance in these cases are fictitious, the result shows that such
a resonance cannot exist and describes potential acoustic sinks. To determine whether
the predicted acoustic energy per cycle generated by the flow is consistent with
observed resonances at various flow velocities, the following strategy is adopted.

(i) The principally longitudinal acoustic resonant mode is predicted using the finite
element technique.

(ii) The predicted resonant acoustic field at the observed sound pressure level is
incorporated in the flow model, resulting in the synchronized shedding of large-scale
vortices from the leading baffle.

(iii) The acoustic energy per cycle generated by the entire flow is then calculated.

(iv) If the acoustic energy per cycle generated by the flow is relatively low, then
resonance is deemed not to be sustainable.

(v) This procedure is repeated for a number of different flow velocities. The flow
velocities at which peaks in the generated acoustic energy per cycle are maxima are
compared with those velocities at which resonances are observed.

(vi) The instantaneous acoustic power generated by a single large-scale vortex
during its passage past the downstream baffle is predicted; this provides insight into
the source of the acoustic resonance and why the resonance is observed for only certain
discrete velocity ranges.

5. RESULTS
5.1. PrepicTED REsSONANT Acoustic FIELD

The local acoustic particle velocity magnitudes, predicted by the finite element method
(Section 4.1) for the resonant longitudinal field (having a wavelength approximately
equal to the length of the duct) with baffles installed (Section 4.1), are shown in Figure
4(a). The velocity directions are generally horizontal except near the baffles where
significant vertical components are found. The acoustic particle “‘streamlines” calcu-
lated using the potential flow solution (Section 4.2.1) approximation are shown in
Figure 4(b).

5.2. EXPERIMENTALLY OBSERVED RESONANCES

The relationship between resonance and flow velocity is most clearly shown in terms of
an acoustic Strouhal number St,. This is formed by multiplying the sound frequency f
by the distance between the baffles b (130 mm) and dividing this product by the
average velocity upstream of the baffies. The reference length is chosen to be the
distance between the baffles rather than the acoustic wavelength because it will be
shown that the time taken by a vortex to traverse this spacing determines whether the
acoustic resonance can be sustained.

The power spectra of the signal detected by the microphone located between the
baffles when resonance occurs are shown in Figure 5. Frequency, which is normally
plotted on the horizontal axis, is replaced by the acoustic Strouhal number St,. Peaks
in the spectra at acoustic Strouhal numbers of 11-0, 7-7 and 4-7 indicate the amplitude
of the resonances which are at the same frequency (=100 Hz) and are the resonant
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Figure 4. (a)Acoustic particle velocity vectors predicted by the finite element method at a phase of the
sound cycle where the acoustic particle velocity is greatest in the downstream direction; (b) predicted
acoustic particle “streamlines” near an isolated baffle used for the single vortex model.

mode described in Section 5.1. They occur at different mean upstream flow velocities
of 1-2, 17 and 2-7m/s, respectively. At the highest flow velocity, harmonics of the
primary peak also appear but at considerably lower amplitude than the primary peak.

Three different multiple flash photographs of the flows between the baffles are shown
in Figure 6 for the conditions corresponding to the sound pressure level peaks in the
spectra shown in Figure 5. In each photograph the resonant acoustic mode and the
frequency is the same (= 100 Hz). It is clear that at acoustic Strouhal numbers of 11-0,
7-7 and 4.7, there are, respectively three, two or one pair(s) of vortices between the
baffles, as found also by Nomoto & Culick (1982).
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Figure 5. Plot of the power spectrum of the signal from the microphone located between the baffles at the
acoustic Strouhal numbers (a) St, =4-7; (b) St, =7-7; (c) St, = 11-0. Each plot has a marked peak (shaded)
at the resonant frequency; the other major peaks shown in the spectrum are harmonics.

(@
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©)

Figure 6. Photographs using smoke visualisation of the flow for the first three peaks in sound pressure
level found at the acoustic Strouhal numbers (a) St, = 4-7; (b) St, =7-7; (¢) St, = 11.0.
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5.3. SingLE PoINT VORTEX MODEL

Figure 7 shows the instantaneous acoustic power generated by a vortex, having
infinitesimal strength and following a horizontal path, as it passes over the downstream
baffle; the baffle and vortex are both surrounded by a longitudinal acoustic field. The
instantaneous power is shown for four different values of the phase offset k, which
specifies the phase of the acoustic field at the instant the vortex passes over the
downstream baffle [see equation (8)]. It is only when the vortex is near, but not directly
above, the baffle that the angle € [see equation (10)] is significant and the absolute
value of P is relatively large. That is, the direction of motion of the vortex and the local
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Figure 7. Plots of predicted instantaneous acoustic power P (arbiatrary units) for a single vortex passing a
baffle for four different values of the phase h: (a) A =0; (b) A = x/2; (c) h = x; (d) h = 3/2x; | line segments
plotted orthogonal to the horizontal path of the vortex have lengths proportional to the value of P at that

point of the trajectory.
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acoustic particle velocity direction are non-parallel on either side of the baffle and
acoustic power generation is possible. Far upstream and downstream, and directly
above the baffle, the two directions are parallel and no acoustic power generation
possible. The sign of the instantaneous acoustic power generated depends on the sense
of the local acoustic particle velocity, which in turn depends on the phase offset h. As
the phase offset h is varied, different combinations of positive and negative peaks in the
time history of the acoustic power generation appear. Two equal positive peaks are
found for 4 = 7 and two equal negative peaks are found for & = 0.

The net acoustic energy generated by a point vortex during its passage past the baffle
is a sinusoidal function of the phase offset 4, under the present assumptions. This can
be easily shown by integrating equation (9) over time. The net acoustic energy reaches
its maximum value (positive) when 2= and its minimum value (negative) when
h=0. For h=m/2 and h =3/2n, the net generated acoustic energy over time is zero.

5.4. VorTEX CLouD MODEL

From the vortex cloud model, the predicted acoustic energy output per acoustic cycle
due to the entire flow is shown in Figure 8 over a range of acoustic Strouhal numbers.
The total power was obtained by summation of the individual powers (7) over all the
vortices in the flow over ten consecutive acoustic cycles. The acoustic Strouhal numbers
at which peaks in the acoustic energy per cycle generated by the vortex clouds occur
are found to coincide well with the observed values of 7-7 and 4-7; a predicted third
peak near the observed value of 11-0 is only slightly resolved.

“Snapshots” showing the predicted elemental vortex positions are shown in Figure 9
for the acoustic Strouhal numbers corresponding to peaks in the time-mean sound
pressure level, and the same phase of the acoustic cycle, as for the photographs shown
in Figure 6. At these acoustic Strouhal numbers of 4-7, 7-7 and 11-0, there are one, two
and three pair(s) of vortices, respectively, between the baffles. There is clearly a
feedback of the resonant sound on the flow separating at the upstream set of baffles,
leading to the vortex shedding being locked in frequency to the excited resonant
acoustic mode.

Figure 10 shows the predicted instantaneous acoustic power output P generated by
the flow over a number of cycles for two acoustic Strouhal numbers, St, =4-7 and
St, = 6-0, corresponding to a maximum and minimum, respectively, of the predicted

Time-mean acoustic
energy output/cycle
o

! 1 i 1
o} 2 4 6 8 10 12

Acoustic Strouhal number, St;

Figure 8. Predicted generated acoustic energy per cycle (arbitrary units) due to the entire flow derived
from the vortex cloud model over a range of acoustic Strouhal numbers.
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(b)

Figure 9. Predicted vortex positions (superimposed from the same phase of the acoustic cycle over five
consecutive acoustic cycles) corresponding to Figure 6 for the three acoustic Strouhal numbers associated
with peak acoustic resonances: (a) St, =4-0; (b) St, =7-7; (c) St, = 11-0. Elemental vortex positions are at

centres of circles.

acoustic energy per cycle generated. The average generated acoustic energy per cycle is
found to be negative when St,=6-0 (resonance not observed) and positive when
St, =4-7 (resonance observed).

Figure 11(a, b) shows sequences of “snapshots”, or instantaneous plots, highlighting
the position of a large-scale vortex structure as it passes across the top of the
downstream baffle, for St, =4-7 and 6-0. It is useful in interpreting these figures to
note that for a vortex travelling left to right, positive instantaneous acoustic power P is
generated if there is a component of the local acoustic particle velocity u upwards and
negative P if there is a component of u downwards. For each Strouhal number, the first
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©

Figure 9. (continued)

“snapshot” is such that the acoustic particle velocity is zero and about to become
positive in the downstream direction. The following ““snapshots” are separated in phase
angle by /2. The phase £ (see equation (8)) of the acoustic cycle at which the vortex
arrives at the top of the second baffle has been stressed in the preceding description as
being an important indicator of the sign and amount of acoustic power that is expected
to be generated by a vortex in its passage past the downstream baffle. A study of the
complete selection of “‘snapshots” of the flow, a sample of which are shown in Figure
11(a, b), indicates that the phase offset & is approximately m for St,=4-7 and
approximately 0 for St, = 6-0. Figure 11 (a, b) also indicates the flow velocity and local
acoustic particle velocity at the vortex cloud centroid for the cases when the acoustic
particle velocity is nonzero.

The predicted history of acoustic power generation by a large-scale vortex structure
shed from the upstream baffle and passing the downstream set of baffles is shown in
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Figure 10. Predicted instantaneous acoustic power P (arbitrary units) generated by the entire flow at two
different acoustic Strouhal numbers corresponding to a maximum and a minimum of the generated acoustic
energy per cycle: , St, = 4-7 (maximum); —— e—— , St, = 6-0 (minimum).




(a)
Figure 11. Predicted instantaneous flow structures (superimposed from the same phase of the acoustic

cycle over five consecutive acoustic cycles) at quarter acoustic cycle intervals for the acoustic Strouhal
numbers (a) St, = 4-7 and (b) St, = 6-0; —, direction and relative magnitude of vortex centroid velocity;



(b)

—, direction and relative magnitude of the acoustic particle velocity at the vortex centroid (scaled up by a
factor of 5). The vortex cloud under consideration has been highlighted by plotting a shaded circle at the
position of each of its constituent elemental vortices.
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i |

Figure 12. Predicted instantaneous power output generated by a single large-scale vortex passing the
downstream baffie for two acoustic Strouhal numbers: , St,=4-7; ==w—— St, =6-0. The distance
from the upstream baffle has been normalized with respect to the distance between the baffles.

Figure 12 for the above two acoustic Strouhal numbers of 4-7 and 6-0, corresponding to
a local maximum and a local minimum, respectively, of the acoustic energy per cycle
generated by the flow. The resonant sound field at the assumed level determines the
phase of the acoustic cycle during which a new vortex grows in the shear layers shed
from the upstream set of baffles. This phase is independent of the acoustic Strouhal
number; as a result of the angle between the vortex velocity and the local acoustic
particle velocity, the region near the upstream baffle is a small acoustic sink. Whether
net positive energy is generated over a lifetime of a vortex depends on the phase of the
acoustic cycle when the vortex arrives at the downstream baffle. For an acoustic
Strouhal number of 4-7, a large-scale vortex contributes a net positive acoustic energy
as it passes the downstream set of baffles (resonance observed); for an acoustic
Strouhal number of 6-0, a net negative acoustic energy contribution results which
corresponds to no resonance being observed.

6. DISCUSSION

The results of Nomoto & Culick (1982) and the experiments described in this paper
reinforce the notion that the existence of acoustic resonance depends on the phase of
the acoustic cycle at which vortices, shed from the upstream baffle each sound cycle,
arrive at the downstream baffle. In both sets of experiments, no regular vortex
shedding was detected when the acoustic resonance was not excited. This is consistent
with the idea that a phase-dependent acoustic source can exist at a location
downstream of the vortex shedding region, as proposed by Stokes & Welsh (1986) and
Stoneman et al. (1988).

The results of the single vortex simulation described here (Figure 7) show how such a
phase-dependent source can exist. The phase of the acoustic cycle at which a vortex
arrives at the downstream baffle is determined by the phase offset 4 [see equation (8)].
That is, the value of the instantaneous acoustic power P generated by a vortex is very
dependent on the direction and amplitude of the acoustic particle velocities when the
vortex passes a given point. The net acoustic energy generated by the vortex passing
the baffle is equal to the integral of P over time. For the cases shown in Figure 7(b) and
(d), where h =m/2 and h =3m/2, respectively, the vortex is passing over the baffle
when the local acoustic particle velocity is at a maximum and the integral is zero due to
antisymmetry. That is, for the cases where the acoustic particle velocity is at a
maximum when the vortex reaches the downstream baffle, the vortex generates no net
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acoustic energy over its time history. The vortex generates as much energy while
approaching the baffle as it absorbs while leaving the baffle. For &= s (Figure 7c)
maximum acoustic energy per cycle is generated. In this case, the vortex passes over
the baffle when the acoustic particle velocity is zero everywhere and is about to change
direction to upstream and oppose the mean flow. This value of the phase offset allows
sin € [see equation (10)] to remain negative on both sides of the downstream baffle as
the vortex cuts across the acoustic particle velocity field lines leading to positive
contributions to the acoustic energy while both approaching and leaving the baffle. A
maximum net acoustic energy output results. For & =0, the reverse is true. Here sin €
remains positive during the traversal and energy absorption takes place both before
and after crossing the baffle.

In the single vortex model, the angle between the velocity direction of the vortex and
that of the local acoustic particie velocity are significant only in the region of the baffle.
That is, the vortex, which follows a horizontal path, cuts across the acoustic
“streamlines” near the baffle (shown in Figure 4(b)) to produce acoustic energy,
according to equations (9) and (10). This model explains the basic concepts behind the
acoustic energy generation process well but, importantly, it cannot predict the variation
of the phase offset & as a function of Strouhal number. The vortex cloud model enables
this to be done.

The results of the vortex cloud model support the concept of an acoustic source
which is phase-dependent. The shedding rate of the vortex clouds from the upstream
baffle is predicted to be locked to the sound frequency in the presence of the strong
sound field; the phase of the acoustic cycle at which these clouds begin to grow is
observed and predicted to be the same for different acoustic Strouhal numbers.
However, the phase of the acoustic cycle at which a cloud arrives at the downstream
baffle is strongly dependent on the acoustic Strouhal number (and therefore flow
velocity). Comparing the observed flows in Figure 6 with the predicted flows in Figure
9 shows that the vortex cloud model predicts satisfactorily the occurrence of different
numbers of vortices between the baffles at the appropriate locations for each of the
acoustic Strouhal numbers at which a peak sound pressure level is observed.
Furthermore, the acoustic Strouhal numbers (4-7 and 7-7) at which predicted peaks in
the acoustic energy per cycle is generated by the flow (Figure 8) correspond very
closely to those at which peaks in the sound pressure level are measured (Figure 5).

For St, =4-7, Figure 11(a) shows that the vortex cloud centre near the downstream
baffie moves from upstream of the baffle to downstream of the baffle as the acoustic
particle velocity changes from positive to negative (positive refers to the downstream
direction). Interpreted in terms of the single vortex model, the phase offset in this case
is h = 7, corresponding to the case where maximum net acoustic energy is generated.
Experimentally, a peak in the sound pressure level was observed at this acoustic
Strouhal number (Figure 5).

A similar phenomenon occurs for the resonance occurring at an acoustic Strouhal
number of 7-7 at the correspondingly lower flow velocity. In this case, the vortex cloud
model also predicts that the vortex cloud passes over the downstream baffle
approximately when the acoustic particle velocity is changing sign from positive to
negative. This supports the predictions of the single vortex model, and confirms the
predicted phase relationship between the acoustic field and the arrival of the vortex
approaching the downstream baffle necessary to maximize the production of net
acoustic energy and therefore sound pressure level.

The instantaneous acoustic power generated for St, =4-7 is found to have two
positive peaks each sound cycle (Figure 12), as predicted also by the single vortex
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model in Figure 7(c). This results in a net positive acoustic energy being generated per
acoustic cycle at this acoustic Strouhal number, as seen in Figure 8. However, in
contrast with the single vortex model results, the peaks are not equal in magnitude.
More detailed analysis and viewing of videotape recordings of the dynamic simulation
reveal that, as a result of complex interaction between the vortex cloud and the
downstream baffle and loss of vorticity into the cavity, the net circulation of the vortex
cloud is decreased as it passes the downstream baffle. Consequently, the second peak is
not as substantial as the first. Nonetheless, although slightly modified in detail, the
single vortex model prediction of positive contributions from both sides of the baffle in
the resonant situation is borne out by the more sophisticated model.

For St, = 6-0, the vortex cloud arrives at the downstream baffle half a sound cycle
later [Figure 11(b)] than for the case where St, =4-7, resulting in a net negative
generation of acoustic energy (Figure 12). The acoustic resonance would not be
sustained under these circumstances, which is consistent with the observation of no
recorded resonance at this acoustic Strouhal number. Notice that for this Strouhal
number (6-0) the second negative peak in Figure 12 (after the vortex cloud has passed
the second baffle) is almost nonexistent, which differs from the result of the single point
vortex model (Figure 7(a)). The difference seems to be due in part to the amount of
circulation retained by the vortex as it passes the downstream baffle; the circulation is
unchanged in the point vortex model, whereas it decreases in the vortex cloud model.
Some of this circulation decrease results from the sound field pushing part of the vortex
cloud into the cavity as it approaches the downstream baffle. Consequently, much less
of the total circulation passes over the baffle at this Strouhal number relative to that for
the resonant Strouhal number leading to less absorption of acoustic energy than would
otherwise occur. However, the net source of acoustic energy is still negative indicating
that the hypothetical loud acoustic resonance assumed in the model cannot be
sustained at this acoustic Strouhal number. This means that the sound pressure level
would not build up to loud resonant levels in practice, as verified by the experiments.
The linear stability theory of Flandro (1986) also indicates that certain resonant modes
of a rocket chamber will grow in amplitude in only certain ranges of the Strouhal
number.

It is therefore proposed that the influence of the resonant sound field in synchronis-
ing the vortex shedding is a vital part of the overall resonance process. This is
effectively acoustic feedback. Nomoto & Culick (1982) cast doubt on the role of
feedback, saying that the distance from source to feedback site is too small for
compressibility to be important. This distance, however, is not the one that matters.
The feedback is via a resonance, which means that most of the sound energy which
influences vortex shedding at any one time was generated in previous cycles, and has
been reflected, usually many times, from the duct terminations.

Finally, it is noted that the present investigation reveals an acoustic phenomenon
which is fundamentally similar to the case of flow past a square leading edge plate
(Stokes & Welsh 1986). In each case, the vortex shedding point (upstream baffle or
square leading edge of plate) is remote from a downstream acoustic source region
(downstream baffle or trailing edge of plate). The acoustic resonance can be sustained
only when the vortices, shed at the acoustic frequency via feedback of the resonant
acoustic mode, arrive at the downstream source region at a particular phase of the
acoustic cycle. The phase of arrival of a vortex at the downstream source region is a
function of the flow velocity; the particular phase required for acoustic energy to be
generated can occur for a number of different flow velocities. Therefore, acoustic
resonance is observed over discrete velocity ranges in both cases even though the plate
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and baffle geometries are different and the present resonant acoustic mode is
principally longitudinal rather than transverse.

7. CONCLUSIONS

An essentially longitudinal resonant acoustic mode can be excited in a duct by flow
over two sets of baffles. Peak sound pressure levels of this mode are observed to occur
when large-scale vortices, formed in the shear layers separating from the upstream set
of baffles, approach the downstream set of baffles at a particular phase of the induced
resonant acoustic cycle.

Incorporation of Howe’s (1975) theory of resonant sound into two different flow
models enables the determination of the sound sources in the flow and an explanation
of the occurrence of peak sound pressure levels at particular flow velocities.

The feedback of the sound field, via a velocity perturbation, on the separating shear
layer from the upstream baffle synchronizes the vortex shedding to the sound, resulting
in vortices being formed at the same instant of the acoustic cycle independently of the
acoustic Strouhal number. The generation of acoustic energy necessary to sustain an
acoustic resonance has been shown to depend on the phase of the acoustic cycle at
which a vortex passes the downstream baffle. This phase is a function of the time taken
for a vortex to reach the downstream baffle, which in turn depends on the acoustic
Strouhal number. This explains why acoustic resonance can only be sustained for
particular acoustic Strouhal numbers.
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