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ABSTRACT

The flow around baffles in a rectangular duct, the excita-
tion of a resonant mode of the duct, and the feedback of the
sound onto the flow separation are investigated both compu-
tationally and experimentally. It is shown that the shedding
of large-scale vortex structures in the shear layer between
an upstream and a downstream set of baffles is locked to the
sound field when a resonance is excited. In addition, the flow
velocity is critical in determining whether these vortices gen-
erate or absorb acoustic power as they pass the downstream
set of baffles.

1. INTRODUCTION

Nomoto and Culick (1982) published data showing vortex
shedding exciting acoustic resonances in rectangular ducts
containing two pairs of baffles; resonances were predomi-
nantly the organ pipe modes of the duct. They observed
the same resonant acoustic mode being excited over several
different ranges of flow velocity. The different ranges are
characterised by different numbers of vortices being observed
between the baffles at any particular phase of the acoustic
cycle.

Stokes and Welsh (1985) have described the acoustic sources
associated with the flows around a rectangular plate and ex-
tended the theory to the case of flow in a duct with baffles
(Welsh and Stokes, 1985), which is shown in Figure 1.

The aim of this paper is to describe the acoustic sources in
the duct containing the baffles in terms of the flow and the
acoustic field near the baffles using Howe’s (1975) theory of
aerodynamic sound. The flow is represented as the sum of
a steady potential contribution, flow induced by point vor-
tices, and an oscillating component representing the acous-
tic field. The predictions are compared with experimental
results. Only the case for the simplest acoustic mode is de-
scribed, corresponding to the one with a wavelength approx-
imately equal to the length of the working section.
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Figure 1: Schematic of experimental working section. The
dotted line indicates the region shown in Figures 4 and 5.

2. THEORY
2.1 _Acoustic Field

The resonant acoustic mode corresponds to a principally lon-
gitudinal duct mode modified by the sets of baffles. For the
flows of interest, the Mach number is small and the acoustic
pressure p approximately satisfies the wave equation. Also,
since the solutions are standing waves, separation of variables
can be used and the spatial variation of acoustic pressure
satisfies the Helmholtz equation. The acoustic local velocity
vectors are shown in Figure 2 for the region near the baf-
fles, and a particular point in the cycle. During the acoustic
cycle, the magnitude of the velocities changes continuously,
but the direction only changes when it periodically reverses.
The finite element method is used to find the eigenmodes, as
described in Thompson et al. (1988),

2.2 Flow Modelling: Vortex Cloud Model

The flow is modelled as a two-dimensional inviscid incom-
pressible flow, irrotational everywhere except at the centres
of elemental vortices. The shedding of vorticity is modelled
by the creation and release of elemental vortices, which are
subsequently convected under the influence of other vortices
and the irrotational flow. The surface vorticity method used
and the shedding of elemental vortices into the flow is de-
scribed in more detail in Thompson et al. (1988) and Lewis

.25 (1981).
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Figure 2: Velocity vectors showing the local direction of the
acoustic field in the vicinity of the baffles.

2.3 Acoustic Power Generation

According to Howe’s theory of aerodynamic sound (1975),
the acoustic power P generated by a vortex moving at ve-
locity v through a sound field having a local particle velocity
u can be obtained by integrating, over the spatial neighbor-
hood of the vortex, the scalar triple product w x v - u where
w is the local vorticity. The value of u is given by the so-
lution of the Helmholtz equation and the values of u and
w are provided by the discrete-vortex method. With dis-
crete vortices, the spatial integration reduces to summation
over vortex centres, with some care taken over the treatment
of the singularity. Note that the factor u ensures that this
instantaneous power will be oscillatory; nett energy results
when there is an imbalance between the contributions of the
positive and negative parts of the cycle. Note too that there
will be no acoustic power at all if any two of the vectors in
the triple product are parallel. This is important, because
in many situations, like the present, the acoustic and mean
flow velocities are forced by the boundary conditions to fol-
low generally parallel paths.

3. EXPERIMENTAL EQUIPMENT

A test rig was assembled by connecting the working section
of an open circuit draw through wind tunnel to the outlet
of an open jet wind tunnel.The tunnel is described in detail
in Welsh et al. (1990). It was used to study the resonant
acoustic process excited by the flow over baffles using a ge-
ometry in the working section similar to that of Nomoto and
Culick (1982). A microphone was mounted flush with the
inner surface of the duct wall between the baffles to measure
the sound pressure level. Smoke could be introduced into the
flow upstream of the baffles for flow visualisation, and high
speed flash photography which could be timed to coincide
with events in the sound cycle was used to record the results.

4. RESULTS AND DISCUSSION

The acoustic mode is essentially a perturbation, induced by
the baffles, of the lowest frequency open-duct mode. The
particles generally oscillate in a horizontal direction, except
near the plates, where the velocities, as shown in Figure 2,
have a significant vertical component.

The sound pressure level of the signal detected by the mi-
crophone when resonance occurs shows peaks at acoustic
Strouhal numbers (acoustic frequency normalized with re-
spect to distance between baffles and mean velocity of the
flow well upstream of baffles) of 4.7, 7.7 and 11.0. These
acoustic resonances all have the same frequency (=100 Hz)
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Figure 3: Power spectra measured by the wall microphones
at upstream flow velocities of (a) 2.7 m/s, (b) 1.7 m/s, (c)
1.18 m/s. The frequencies are scaled to the acoustic Strouhal
number. Each measurement was taken at an acoustic reso-
nance. The shaded peaks correspond to the acoustic resonant
frequency, the other obvious peaks are harmonics.

and correspond to the resonant mode described above in 2.1.
The spectra are shown in Figure 3.

The flow observed by smoke visualisation was found to be
absolutely synchronised with the sound field whenever reso-
nance was established. Multiple flash photographs synchro+
nised with the sound could be superimposed; these are shown
in Figure 5 for the flow between the baffles at the acoustic
Strouhal numbers 4.7, 7.7 and 11.0, for which the resonant
acoustic mode reaches local peaks in the sound pressure level.
The photographs show, respectively, one, two and three pairs
of vortices between the baffles. In each case, the photograph
is taken at the same phase of the sound cycle. In each case,
too, there is a vortex just about to pass the second baffle.

The synchronisation clearly indicates a feedback of the reso-
nant sound onto the flow separating at the upstream set of
baffles, leading to the vortex shedding being locked in fre-
quency to the excited resonant mode.

‘Snapshots’ showing vortex positions predicted by the dis-
crete vortex method are given for approximately the same
Strouhal numbers in Figure 5. The same pattern of num-
bers of vortex clusters is observed, although at the highest
Strouhal number (lowest velocity) the third cluster is indis-
tinct.

For the predicted discrete vortex motion, the scalar triple
product of section 2.3 can be calculated, and is plotted in
Figure 6 integrated over the whole flow, as a function of time.
The two Strouhal numbers chosen, 4.7 and 6.0, correspond to
cases of respectively maximum and minimum energy avail-
able for transfer to the acoustic field. At a Strouhal number
of 4.7, the space integral of the triple product is positive for
almost the whole cycle, and therefore so is the total energy
per cycle, which is the integral over time. At the Strouhal
number of 6.0, the opposite is true.

The predicted acoustic energy generated per acoustic cycle
over a range of Strouhal numbers is shown in Figure 7. The
points correspond to integrals over one cycle of functions cor-



Figure 4: Smoke patterns occurring during resonance show-
ing one, two and three pairs of vortices between the baffles.
The Strouhal numbers are 4.7, 7.7 and 11.0, respectively.

responding to those plotted in Figure 6 for two particular
Strouhal numbers. The Strouhal numbers at which peaks in
acoustic energy generation occur are found to coincide well
with the observed values.

An interpretation of the effect shown in Figure 6 can be ob-
tained by plotting the integral of the scalar triple product
over the area occupied by one large vortex structure. The
result is shown in Figure 8, plotted not against time, but the
distance moved by the centroid of the vortex. The velocity
of the vortex is reasonably uniform, so the plot as a function
of time is similar. The oscillations forecast in Section 2.3
occur, but are quite lop-sided about the zero mean, which is
to be expected, since extreme cases of power generation and
non-generation where chosen.

For a Strouhal number of 4.8, a large-scale vortex contributes
a net positive power as it passes the downstream set of baf-
fles; for a Strouhal number of 6.0, a net negative power con-
tribution results. The reason is the phase difference in the
acoustic particle velocity. At the first baffle the vortices are
formed at a particular phase of the sound cycle; the phase at
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Figure 5: Plots of discrete vortex positions for Strouhal num-
berl cortesponding to local maximum acoustic energy out-
put. From top to bottom, St = 4.8, 7.7 and 11.0, respec-
tively.
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Figure 6: Instantaneous acoustic power integrated over the
whole predicted flow, as a function of time, for the Strouhal
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Figure T: Plot of predicted mean acoustic power output as a
function of Strouhal number.

which they pass the second baffle depends on the mean flow,
and hence on the Strouhal number. At the larger Strouhal
number, the extra time taken is sufficient to ensure that the
acoustic particle velocities have reversed, and this changes
the sign of the power contribution.

A negative acoustic energy contribution means of course that
no resonance can be sustained.

5. CONCLUSION

The sound field perturbs the flow velocity near the baffles,
and this has a feedback effect on the shear layer separating
from the upstream baffle. This causes vortices to be shed at a
point in the sound cycle which is not dependent on the mean
flow velocity, or Strouhal number. Whether acoustic energy
is generated or absorbed depends on the phase of the sound
cycle at which the vortices reach the downstream baffle; this
in turn depends on the mean flow velocity, and hence on
the Strouhal number. This explains why there are discrete
ranges of Strouhal number at which resonance occurs, and
why each range is characterised by the number of vortices
observed between the baffles at any time.
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