Aeroacoustic simulation of a flow-excited Helmholtz resonator using OpenFOAM
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Introduction

The flow-excited Helmholtz resonator is a classical exam-
ple of acoustical resonance induced by fluid flow. Sim-
ilar phenomena of sound production are also responsi-
ble for the noise amplification in ventilation ducts with
side branches and the sound generation of air reed wind
instruments, for example. In the past few years sev-
eral studies investigating the fluid flow and the acousti-
cal feedback in the Helmholtz resonator were published.
These examinations include analytical treatments, exper-
iments, and simulations based on discrete vortex dynamic
models and computational fluid dynamics.

This paper presents the aeroacoustic simulation of a
Helmholtz resonator excited by grazing flow. Numeri-
cal computations at different flow speeds are performed
by solving the compressible Navier —Stokes equations us-
ing the finite volume method implemented in the Open-
FOAM software package. First, shear layer oscillations
are examined without acoustical feedback in order to de-
termine the frequency of the hydrodynamic modes and
to estimate the convection speed of perturbations. Then,
the acoustical response of the resonator is computed and
the natural frequency and quality factor of the resonator
are determined. Finally, flow-induced resonance is sim-
ulated at different flow speeds and the results are com-
pared with that of other models published previously.

Problem description

The examined geometry is depicted in Figure 1. The
configuration consists of a rectangular wind channel and
a box-shaped resonator that is attached to the bottom
of the channel. The two parts are connected by a square
orifice that functions as the neck of the resonator.

The same configuration were used in the measurements
of Ma et al. [1], the discrete vortex model (DVM) of Dai
et al. [2], and the 3D LES study by Ghanadi et al. [3].
The only difference in the geometry in these works is the
edge of the resonator: in the measurements a sharp edge
with 30° was set, in the DVM the thickness of the plate
is neglected, and in the 3D simulations blunt 90° edges
were modeled. Here, the latter variant is examined.

In the present study a 2D model of the longitudinal sec-
tion of the geometry shown in Figure 1 is created. The
structured mesh contains a single layer of hexahedral el-
ements. The minimum edge size, used at the leading
and trailing edges of the orifice, is 0.2 mm and the maxi-
mum edge length is 10 mm. Transition in element size is
made such that the coordinate-wise edge lengths of two
adjacent elements differ up to a maximum of 5%. This
resulted in a mesh having ~ 85000 elements.
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Figure 1: Geometry of the simulated Helmholtz resonator
and wind channel. All sizes are given in mm units.

At the inlet a time varying velocity is set, that smoothly
increases to the final freestream velocity U in 0.25s using
a raised cosine function. The top wall is assumed to be
frictionless and a slip boundary condition is used there,
while at other walls no-slip is prescribed. The k—w SST
turbulence model is applied in both incompressible and
compressible simulations. This choice is justified by the
relatively high Reynolds numbers Re ~ 2-10°...1.5-10°
and the resolution of the mesh that gave non-dimensional
wall distances at the bottom plane of the wind channel
in the range y* ~ 0.5...10, depending on the freestream
velocity U. Postprocessing is facilitated by using several
pressure probes inside the resonator and the channel and
a number of velocity probes across the orifice. All simu-
lations were carried out using OpenFOAM-v1812 [4].

Shear layer oscillations

When the resonator is excited by grazing flow, there is a
large difference of streamwise velocity above and below
the orifice of the resonator. Thus, at the orifice an unsta-
ble shear layer develops that is capable of hydrodynamic
oscillations even without acoustical feedback. First, these
oscillations are investigated at different flow speeds. To
eliminate the acoustical effect of the resonator, incom-
pressible flow conditions are assumed.

The frequency of shear layer oscillations can be predicted
using Rossiter’s general formula that estimates the fre-
quency of the n-th hydrodynamic mode f, as

fnL n—a«

U ~ Ma+1/r (1)

where U is the freestream velocity and L = 125mm is
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Figure 2: Estimated convection speed (top) and oscillation
frequency (bottom) of the first hydrodynamic mode of the
shear layer.
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Figure 3: One period of the cross-stream velocity in the
shear layer without acoustical feedback at U = 18 m/s.

the length of the orifice. The constant « is related to the
phase delay of the hydrodynamical or acoustical feed-
back, while k = U /U is the ratio of the convection ve-
locity of disturbances inside the shear layer U. and the
freestream velocity. Following [1] o = 0 is assumed.

The simulated oscillation frequencies of the first mode
(n = 1) are compared to the predictions by (1) using
k = 0.5 in Figure 2. The convection speed of the pertur-
bations can also be estimated using the velocity probe
data by averaging the streamwise velocity component u,
over the orifice through one period T of the oscillation:

1 (T L
U. ~ ﬁ/o /0 Uy (x,t) de dt. (2)

The top diagram of Fig. 2 shows the relative convec-
tive speeds estimated using (2). As seen U./U slowly
increases with the freestream velocity, which can be at-
tributed to the decreasing boundary layer thickness.

Simulation result
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Figure 4: Result of the impulse response simulation using
the plenum pressure boundary conditions.

As it is seen, the estimate for x = U, /U using (2) leads
to somewhat lower values than the best fit for the sim-
ulated oscillation frequencies. The drawback of the es-
timation (2) is that it can only estimate the convection
speed along a single straight section at y = 0, i.e., the
top plane of the orifice.

In [1] two alternative methods for estimating U, from PIV
measurements were also introduced. It was found that es-
timating the convection speed of the vorticity as a whole
gives U./U = 0.5, independent of U, while the estimated
convection speed of a single vortex can be significantly
lower, especially in the case of strong acoustical feedback.
However, the convection speed of perturbations without
acosutical coupling was not examined.

Figure 3 shows snapshots of the cross-stream velocity
over the orifice during one period of the oscillation. The
propagation and growth of the disturbance inside the
shear layer can clearly be observed. At the trailing edge
of the resonator large velocity gradient is observed. Sim-
ilar behavior was found at all examined flow velocities.

The acoustical response of the resonator

In order to examine the acoustical properties of the res-
onator, its impulse response was determined using the
flow simulation framework. In this case the bottom res-
onator wall became the inlet of the system, while the two
ends of the simulated channel both became outlets, where
wave transmissive boundary conditions are applied. At
the inlet a plenum pressure boundary condition was pre-
scribed which creates a zero-dimensional model of an en-
closed volume of gas upstream of the inlet. The pressure
that the boundary condition exerts on the inlet bound-
ary is dependent on the thermodynamic state of the up-
stream volume. The upstream plenum density and tem-
perature are time-stepped along with the rest of the sim-
ulation, and momentum is neglected [4]. The response of
the resonator is recorded by the pressure probe located
at the middle of the orifice. Impulse response simulations
were performed without using turbulence models.

The simulated acoustical response of the resonator is dis-
played in Figure 4. As it is seen, after some irregularities
in the initial phase (¢ < 0.1) an oscillating and exponen-
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Figure 5: Reflectivity of the acoustical damping layer at
different frequencies and layer widths.

tially decaying response is attained. The frequency fp,
and the quality factor @ of the natural resonance was de-
termined by means of a complex exponential fit. The fit
resulted in fi,, = 54.8 Hz and @) = 11.8, which is in good
agreement with the measurement results (fimeas = 46 Hz
and Qmeas = 11) given in [1]. Tt must be noted, however,
that some discrepancies should be expected because of
the 2D model used here.

Acoustical damping layer

In the first compressible simulation attempts a parasite
effect was observed, namely, a strong harmonic peak with
f ~ 90Hz occurred independent of the freestream flow
velocity. By examining pressure probe data, it was found
that this effect was due to the reflections from the in-
let; the upstream section of the channel functioned as a
quarter-wavelength resonator. The same behavior was
observed with changing the length of the upstream chan-
nel section.

To reduce the effect of spurious reflections of acoustical
waves from the boundaries, an acoustical damping layer
(often referred to as sponge layer) was utilized. Inside
the sponge layer the governing equations are modified
by introducing artificial dissipation terms following [5,
chapter 5] as

Ju

ot
where u is the solution vector, £ represents the spatial
operators acting on u, and ugs is the reference field,
which is calculated as the time average of the simulated
solution. The damping factor v is smoothly increased
inside the layer using a raised cosine function

1- cos2(7rd/W)7 )

with d denoting the depth inside the layer (0 < d < W)
and W the layer width. The maximal damping vpyx is
proportional to a predefined nominal frequency. Thus,
the layer width required to absorb acoustical waves is
proportional to the wavelength .

ﬁ(u) -V (11 - uref) s (3)

V = Vmax

The damping layer with the above properties was imple-
mented and tested using one-dimensional planar waves
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Figure 6: Spectrogram of the fluctuating pressure at the
bottom center position of the resonator with U = 6 m/s.

with different frequencies and layer widths without mean
flow. The reflection coefficient R of the layer was evalu-
ated and the results are displayed in Figure 5. As it is
seen, while locally minimal reflectivity can be achieved
for a monochromatic wave using smaller layer widths as
well, to arrive at small reflectivity in a broad range of
frequencies a wide layer is required and the width should
be chosen based on the minimal frequency.

The effect of reflections from the inlet were finally sup-
pressed to a sufficient extent by adding a damping layer
of 6m width at the top of the simulation domain. The
damping layer contained =~ 30000 additional elements.
A similar solution was applied previously in cavity tone
simulations [6].

Flow-induced resonance

The excitation of the resonator by grazing flow was
simulated at different flow speeds. At low flow speeds
(U ~ 6m/s) an interesting phenomenon was observable
in the pressure and velocity probe data. In these cases,
two hydrodynamic modes of the shear layer can be ex-
cited. However, the two modes do not exist at the same
time, rather, mode switching occurs, as also observed in
the measurements [1]. The phenomenon is illustrated in
Figure 6, where the spectrogram of the pressure fluctu-
ations at the center of the bottom of the resonator is
shown. As seen, at around ¢ = 0.9 s the oscillation of the
first hydrodynamic mode dies out and the second mode
becomes dominant, while at ¢ ~ 1.3 s the reverse process
takes place. The effect is also visible looking at the third
harmonic of the first mode with 3f; ~ 70Hz. It is also
observed that the frequency of the second mode is not
exactly twice that of the first mode, contrary to the ex-
pectations from eq. (1). This is in good correspondence
with the measurements and simulations in [1] and [3].

Figure 7 shows the amplitude spectra of pressure fluctu-
ations at the bottom center position of the resonator at
three different flow speeds. As seen, when the oscillation
frequency of the shear layer is close to the natural reso-
nance frequency of the Helmholtz resonator (U ~ 15m/s
here), strong acosutical resonance occurs. In this case,
narrow harmonic peaks are observed in the spectrum in-
dicating a purely periodic response. If the freestream
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Figure 7: Amplitude spectra of the fluctuating pressure at
the bottom of the resonator at different flow speeds.
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Figure 8: Comparison of the shear layer oscillations without
(left) and with (right) acoustical feedback at U = 15m/s.

velocity is further increased and the shear layer oscilla-
tion frequency becomes much higher than fy,, the am-
plitude of the osciallation diminishes and the broadband
components of the response become more dominant. In
case of U = 36 m/s the peak at f ~ 90Hz appears due
to the non-physical acoustical reflections from the inlet,
as discussed above. The velocity dependent behavior of
the pressure spectrum is in agreement with that reported
in [1] and [3].

An observed discrepancy between previous investiga-
tions [1, 3] and the simulation results presented here, is
that the relative amplitude of the second harmonic is 10—
15dB higher in the simulations using the 2D model, while
the relative amplitudes of higher harmonics show a good
correspondence. Another observation not discussed in
the references is that at higher flow speeds (U > 30m/s)
the transverse acoustical mode of the resonator with the
eigenfrequency fi, ~ 345 Hz is also efficiently excited by
the harmonics of the shear layer oscillation frequency.

Figure 8 shows a comparison of the cross-stream veloc-

ities without and with acoustical feedback at different
time instances in one period of the shear layer oscilla-
tions. As it is seen, the acoustical resonance has a strong
feedback effect on the shear layer. The amplitude of the
cross-stream velocity is significantly increased, especially
near the middle of the orifice. In both cases vortex gener-
ation yields a large velocity gradient at the trailing edge.

Conclusions and outlook

This paper presented a simulation study of a flow-excited
Helmholtz resonator. Compared to previous examina-
tions, the shear layer oscillations and the acoustical re-
sponse of the resonator were also simulated separately be-
side considering flow-induced resonance. This approach
enables quantifying the strength of acoustical feedback
on the shear layer oscillations.

A shortcoming of the 2D model presented here is the
limited choice of available turbulence modeling strate-
gies. As future work, 3D geometries will also be studied
and LES will be used. Finally, in order to separate flow
and acoustical oscillations, the applicability of flow field
decomposition methods is to be explored.
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