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Abstract: This paper presents the results of a study of self-sustained processes excited in a Helmholtz
resonator after a flow over its orifice. A comparative analysis of various approaches to the numerical
modeling of this problem was carried out, taking into account both the requirements for achieving the
required accuracy and taking into account the resource greediness of calculations, the results of which
were verified by comparison with data obtained during a special experiment. The configuration with
a spherical resonator with a natural frequency of 260 Hz and an orifice diameter (about 5 cm) in an air
flow with a speed of 6 to 14 m/s was considered. A comparison of the calculation results with data
obtained in experiments carried out in the wind tunnel demonstrated that the accuracy of calculations
of the characteristics of the self-sustained mode using the simplest URANS class model tends to the
accuracy of calculations within the large eddy simulation approach formulated in the WMLES model.
At the same time, when using WMLES, it is possible to better reproduce the background level of
pulsations. From the point of view of resource greediness, expressed in the number of core hours
spent obtaining a solution, both models of the turbulence turned out to be almost equivalent when
using the same grid models.

Keywords: Helmholtz resonator; self-sustained oscillations; computational fluid mechanics; URANS;
scale resolving simulation; resource greediness

1. Introduction

A ‘Helmholtz resonator’ is a device in which a volume of compressible fluid is enclosed
by rigid boundaries with a single, small orifice [1]. The resonator is easily modelled by a
second-order mass-spring system analogy, where the fluid in the region of the orifice acts
as the effective mass, and the compressibility of the fluid in the volume acts as the stiffness.
Acoustic radiation and viscous effects both lead to effective damping. The resonator’s
natural frequency can be simply estimated as fres = c/2π

√
S/Vl, where S is the area of the

orifice; l is the effective neck thickness; V is the volume of the resonator; and c is the speed
of sound. Near this frequency, a small pressure disturbance can produce a large-magnitude
velocity fluctuation at the orifice and thus a large pressure fluctuation within the resonator.

Such a resonance system can be excited acoustically at frequencies close to the reso-
nance one. This feature is used for noise reduction applications. In this case, systems of
one or several relatively large resonators (dimensions comparable to the typical scales of
the flow) are used, for example, as installed on benchmarks [2], when actually operating
technical devices such as engines and fans [3], and in covering materials with special perfo-
rations, in which some cells are like microresonators [4]. Also, special metamaterials are
being developed that use combinations of cavities (resonators) with different parameters
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for damping/selecting noise (see, for example, [5]). But more interesting from a physical
point of view is the so-called flow-excited resonator Helmholtz case. A very well-known
example of this phenomenon is the resonance that occurs when blowing over the orifice
of a glass bottle. The same physical process is present when an automobile is traveling
with a single window lowered. This is often termed ‘window buffeting’ and results in an
uncomfortable level of cabin pressure fluctuation. The physics of this process are that the
shear layer is linearly unstable to disturbances for discrete numbers of the nondimensional
Strouhal number fL/U (the parameter related to the generation of sound by unsteady
flows), where f is the oscillation frequency and L is the size of the orifice along the flow
(for example, [6,7]). In this case, the excitation of resonance oscillations generated by the
flow occurs when one of the frequencies of hydrodynamic instability is close to the natural
frequency of the resonator f res. In other words, the pressure fluctuations in the resonator
are the maximum at the specific velocity at which the frequency of the most unstable shear
layer mode is equal to the frequency of the resonator. In most applications, notably for
the glass bottle and automobile window, the velocity at which the fluctuations are the
maximum will be at a relatively low Mach number, say M < 0.1; however, compressibility
cannot be neglected in these cases.

Early works on the study of the flow of the Helmholtz resonator mainly concerned
the description of the acoustics of resonators of different sizes and configurations with
different conditions of the exciting flow [8,9] without a detailed study of the mechanisms
of occurrence of self-sustained oscillations. In [10], detailed measurements of both the
pressure in the resonator and the flow field near the orifice were carried out for the first
time. These data were subsequently used to verify calculations in a number of studies.
Thus, on their basis, in [11], a flow analysis was performed based on the use momentum
and energy budget in a linear approximation. The effect of orifice shape on fluctuations
inside the resonator was studied in investigations [12–15]. For an orifice with a deep neck,
a model based on the so-called feedback loops was proposed in [16]. The hydrodynamic
forcing was considered a “forward gain function” and the acoustics in the resonator were
considered a “backward gain function”. The pressure amplitude inside the resonator was
calculated by equating the amplitude and phase of the two gain functions. This method
was further developed in [17], in which an analytical description of the direct gain function
was proposed. Using a certain dimensionless adjusting parameter β, the theory was for
the first time able to describe accurately the dependence of the pressure amplitude in
the resonator on the free-stream velocity. Later, a modified version of this method by
modeling the direct gain function in the point vortex approximation was developed in [18].
This work demonstrates that it was possible to introduce an adjusting parameter α that
allowed the theory to accurately predict pressure in a resonator over a wide range of
free-stream conditions.

The role of panoramic methods based on visualization in studying the characteristics of
acoustic and hydrodynamic fields in the Helmholtz resonator problem should be mentioned,
additionally. Thus, in [19], studies of the parameters of resonance modes inside a resonator
excited in an impedance pipe using fog visualization in a laser sheet was combined with
the measurements of pneuma gauges and microphones. The fog visualization allowed
a clear demonstration for the first time that resonance is caused by the disruption of a
single discrete vortex from the edge of the orifice, which moves along it during one cycle
of oscillations (the first mode) in studies of the flow-excited Helmholtz resonator ([10]).
A significant breakthrough was made in [20], using well-established methods for measuring
flow velocity fields’ Particle Image Velocimetry (PIV) (for a description, see [21]). Here, the
authors also used an analysis based on the use of the momentum equation to understand
the relationship between the shear hydrodynamic instability of the boundary layer and
the pressure instability in the resonator. They found that unsteady circulation (i.e., the
integral area of the vortex over the orifice region) acted as a quantitative characteristic of the
forcing on the resonator. The calculations of the pressure in the resonator carried out in [20],
based on the results of measurements of velocity fields, found good agreement within
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3 dB with the results of measurements by microphones in a wide range of flow velocities.
Thus, data on the flow velocity field near the orifice make it possible not only to obtain
an estimation of the spatiotemporal structure of the hydrodynamic instability mode that
initiates self-sustained oscillations, but also to obtain a quantitative estimate for pressure
pulsations. Note that, unlike point measurements of sound pressure, PIV measurements
of the velocity fields are very complex, especially on real technical systems. In this case,
data on the flow velocity field can be obtained using computational fluid dynamics (CFD)
numerical simulation, which is discussed below.

It should be noted that most of the laboratory measurements and theoretical studies
use model conditions to evaluate the basic physical processes occurring in such systems.
Thus, experiments with the free-flow-induced self-sustained oscillations are carried out
in wind tunnels, where it is possible to control, vary and measure the flow parameters,
or resonators are excited in special impedance pipes by controlled sound sources. In
this case, resonators of the simplest configuration are used (rectangular, cylindrical, less
often spherical, etc.), for which their own resonance modes can be measured/calculated
well. Theoretical models developed using empirical data can describe such simplified
problems well, but can often be used only for an approximate (qualitative) description
of processes occurring in complex technical systems; for example, internal aeroacoustics
of different vehicles (primarily car interiors), noise damping systems in various types of
propulsion systems, climate control equipment, etc. Rapidly developing CFD methods can
provide significant assistance here well as in many other studies of aero-hydrodynamic
systems. However, the peculiarities of using CFD should be taken into account when the
compressibility of the medium cannot be neglected, playing a fundamental role in the
systems considered in this work.

Taking into account that compressibility leads to the need to solve an additional
equation connecting pressure and density changes, this inevitably leads to an increase
in resource costs compared to the incompressible formulation. In addition, it should be
noted that acoustic disturbances in amplitude are of a much lower order than disturbances
associated with the formation of vortex structures, which is why it is often necessary to
use data storage in a 64-bit system, instead of in a 32-bit system, which is sufficient for
incompressible productions. This affects the required RAM doubling, which for large
problems (in terms of the number of grid model elements) is no less problematic than the
calculation speed.

Another complicating factor is concerned with adjusting the discretization time step
in calculations. A Courant–Friedrichs–Lewy criterion, which characterizes the disturbance
spatial transfer in space over a fixed time interval, is used for choosing this important
parameter in CFD procedures:

ux∆t
∆x

+
uy∆t
∆y

+
uz∆t
∆z

< 1, (1)

where ux, uy, uz are components of velocity transfer, ∆x, ∆y, ∆z are the spatial discretization
scale, and ∆t is the discretization time step. Criterion (1) means that the disturbance should
not be advected more than the spatial discretization scale per time step. Here, again, we
should recall the fundamental need to take into account compressibility for the occurrence
of self-sustained oscillations in the systems under consideration in this work, despite the
fact that the velocities of the exciting flow above the hole satisfy the condition M ≪ 1.
Taking into account condition (1), for such problems the time step must be reduced by
n = c/U times, with a corresponding increase in calculation time by n times compared to
problems of incompressible flows.

Seeking a compromise between the quality of the results obtained (usually verified
with measurement data), greediness resources and calculation time is a usual feature when
using CFD methods to study any hydrodynamic system, and especially when solving
applied problems for various kinds of complex technical devices. The need to take into
account the compressibility of the medium, which is the main factor in systems such as
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the Helmholtz resonator considered in this work, leads to higher resource/time require-
ments compared to an incompressible medium. In this regard, attempts to use simplified
approaches to describe Helmholtz resonators excited by flows have been made from the
very beginning of the use of CFD methods. For example, in [19], a certain intermediate
approximation was used between the conditions of a compressible and incompressible
medium for the Navier–Stokes equations, and in [20] a numerical procedure based on the
kinetic equation, combined with the RNG turbulence model, is applied. In this case, it
was possible to obtain good qualitative agreement; however, the calculated amplitudes
of pressure pulsations could be lower (up to 20 dB, see [19]), and in [20] a special coef-
ficient was even introduced to reduce the free flow velocity by 15/22 times compared
to parameters of the experimental studies in [10] to demonstrate agreement between the
calculated pressure values in the resonator and the experimental data. This was explained
by the difficulties of adequately reproducing the velocity distribution in the boundary layer,
the thickness of which affects the effective velocity of the shear layer. On the other hand,
when carrying out calculations without any simplifications for modeling specific structures,
resource greediness increases greatly. For example, in work [22], to calculate the buffering
effects from a window inside a simplified model of a car like the Purdue cavity model with
a scale of about 1:5 of the real size, it took 7 days of calculations for an implementation
lasting only 0.25 s on a grid of 16 million nodes to achieve an accurate determination of
pressure pulsations on the main modes of at least 10 dB (in comparison with a verification
experiment in a wind tunnel).

It should be mentioned that no special research devoted to the choice of correct and
optimal calculation parameters to obtain results with the required accuracy when solving
problems of Helmholtz resonator excitation by a free flow has been carried out to solve this
urgent problem. This work is intended to at least partially fill this gap.

The article has the following structure. The first part describes a special laboratory ex-
periment performed in the wind tunnel of the Institute of Applied Physics RAS, the results
of which were used to verify numerical model. The second part is devoted to a description
of calculation procedures, including the turbulence models used, the computational grids,
and a comparison of the results obtained with the experiments performed. At the end,
there are the main conclusions.

2. Description of Experiment and Obtained Results
2.1. Scheme of Experiment and Carrying Out Measurements

A spherical resonator, shown in Figure 1, with the following characteristics—outer diam-
eter: 170 mm, inner diameter: 150 mm, inside volume: 1.8 L, orifice diameter: 48 mm—was
used in experiments. The resonator was made of plastic using 3D printing.
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Figure 2. (a) Resonator installed in the working section of the wind tunnel of IAP RAS; (b) scheme 
of the location of the resonator inside the working section of the wind tunnel: top view, dimensions 
are given in mm. 

The resonator in the working section was installed in the following way: the plane of 
the orifice of the resonator was vertically oriented, and the center of the orifice was at the 
height of the middle of the section. In this case, the resonator was close to one of the walls 
so that the plane of the orifice was close to the centerline of the section (at a distance of 
105 mm from the side wall; see Figure 2b). The height of the center of the orifice relative 
to the bottom of the section was 170 mm. 

The inlet airflow speed was controlled during the measurements by a calibrated hot-
film gauge E+E75 with low time resolution (frequency 5 Hz). Before each recording, this 
gauge was inserted into the flow through a special orifice to control the speed, and then 
removed, and the orifice was closed with a special plug to avoid parasitic disturbances.  

Measurements of the air flow velocity were carried out directly in the area of the 
orifice, i.e., in the flow exciting the Helmholtz resonator, and were carried out simultane-
ously with measurements of sound pressure pulsations inside the resonator. Data were 
obtained using a Dantec two-component miniature hot-wire anemometer. The gauge was 
positioned vertically (fixed on the top cover), and the sensitive element on the end of the 
probe was located in the center of the orifice, at a distance of 5 mm or more from the plane 
of the orifice (see Figure 3) in these measurements. The gauge made it possible to obtain 

Figure 1. The resonator used in investigations: (a) common view, (b) microphone gauge installed
inside resonator, (c) frequency response characteristic.
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The frequency response characteristic of this object was obtained numerically using
original software SATES 2.0 [23] (for details, see Section 3, below).

The experiments were carried out in the wind tunnel of the Institute of Applied Physics
RAS (IAP RAS). The general scheme of the experiment was as follows: the resonator was
placed in the working section of the wind tunnel with a cross-section of 300 × 300 mm and
a length of 1170 mm (the layout is shown in Figure 2). The resonator was fixed on a vertical
pipe, through which a microphone was inserted into the internal cavity of the resonator.
Recordings were performed at a sampling rate of 5 kHz for 1 min. The smooth adjustment
of the inlet airflow speed in the range of 0. . .14 m/s is allowed.
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Figure 2. (a) Resonator installed in the working section of the wind tunnel of IAP RAS; (b) scheme of
the location of the resonator inside the working section of the wind tunnel: top view, dimensions are
given in mm.

The resonator in the working section was installed in the following way: the plane
of the orifice of the resonator was vertically oriented, and the center of the orifice was at
the height of the middle of the section. In this case, the resonator was close to one of the
walls so that the plane of the orifice was close to the centerline of the section (at a distance
of 105 mm from the side wall; see Figure 2b). The height of the center of the orifice relative
to the bottom of the section was 170 mm.

The inlet airflow speed was controlled during the measurements by a calibrated
hotfilm gauge E+E75 with low time resolution (frequency 5 Hz). Before each recording, this
gauge was inserted into the flow through a special orifice to control the speed, and then
removed, and the orifice was closed with a special plug to avoid parasitic disturbances.

Measurements of the air flow velocity were carried out directly in the area of the orifice,
i.e., in the flow exciting the Helmholtz resonator, and were carried out simultaneously
with measurements of sound pressure pulsations inside the resonator. Data were obtained
using a Dantec two-component miniature hot-wire anemometer. The gauge was positioned
vertically (fixed on the top cover), and the sensitive element on the end of the probe was
located in the center of the orifice, at a distance of 5 mm or more from the plane of the orifice
(see Figure 3) in these measurements. The gauge made it possible to obtain two velocity
components in the horizontal plane perpendicular to the plane of the orifice with frequency
5 kHz. Recordings were performed for 1 min.
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Measurements of sound pressure characteristics were carried out for a speed range
from 4 to 14 m/s with a step of 0.5 m/s (for a total of twenty-one air flow speed values).
Measurements of air flow velocity were carried out at five speeds: 8, 10, 12, and 14 m/s (for
which numerical modeling was then performed) simultaneously with sound measurements.

2.2. Analysis of the Measurements Results

The simultaneous measurements of pulsations of pressure and flow velocity made it
possible to compare the corresponding spectra (see Figure 4).
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Figure 4. Frequency spectra in the range up to 400 Hz for different inlet airflow speeds: (a) pressure
power pulsations inside the resonator; (b) flow velocity module pulsations at a distance of 5 mm
above the orifice. Line color: blue—8 m/s, red—10 m/s, green—12 m/s, black—14 m/s.

The spectra clearly showed resonance-type narrow peaks in the range from 170 Hz to
approximately 260 Hz. The spectra coincided well with each other. It should be noted that
not only the frequencies corresponding to the peaks coincided, but also the peculiarities in
the shapes of the spectra. Thus, the system implemented self-sustained oscillations due to
the interaction of the mode of hydrodynamic instability of the flow above the orifice and
acoustic modes of the resonator.

Analyzing the spectra, one can see that there was a pronounced narrow peak, the
frequency and amplitude of which decreased as the air flow speed decreased from 14 to
10 m/s. A further decrease in the inlet speed from 10 to 8 m/s led to a radical change in the
shape of the spectrum. Two wider smeared peaks could be observed at 8 m/s, instead of
one sharp peak. In fact, the transformation of the spectrum had already begun at 10 m/s.
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This may be caused by a restructuring of the hydrodynamic instability modes of the flow
above the orifice, which are excited near the resonant frequency in the frequency response
band. For a more detailed analysis of such behavior of the spectra, the results of sound
pressure measurements were used for all conditions of inlet airflow speed in the range
from 4 to 14 m/s. Figure 5 shows the sound pressure spectra measured for all flow rates.
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visible that the peaks shift to the left with decreasing flow rate. On the spectrogram pre-
sented in Figure 6, this movement of the spectral peak (with a change in speed) corre-
sponds to a highlighted (increased amplitude) line, which is close to the frequency of the 
peak in the frequency response characteristic of the resonator—260 Hz. 

Figure 5. Sound pressure spectra for inlet airflow speed from 4 to 14 m/s with a step of 0.5 m/s. Red
dots mark peaks corresponding to cases of excitation of the first mode of hydrodynamic instability.
Black dots correspond to the second mode. For spectra, the vertical axis for amplitude is on the left.
The solid line with the corresponding scale on the right shows the calculated frequency response of
the resonator, for which the vertical axis is on the right.

The red dots indicate the positions of the top of the main peak in the spectrum, which
successively decreased with decreasing flow rate, and which (as shown below) corre-
sponded to the excitation of the first (main) hydrodynamically unstable mode. It is clearly
visible that the peaks shift to the left with decreasing flow rate. On the spectrogram pre-
sented in Figure 6, this movement of the spectral peak (with a change in speed) corresponds
to a highlighted (increased amplitude) line, which is close to the frequency of the peak in
the frequency response characteristic of the resonator—260 Hz.
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to 1, 2, 3... It demonstrates the fact that when self-sustained oscillations are excited by the 
modes of hydrodynamic instability, the period of vortex shedding from the leading edge 
must be a multiple of the interval of movement of the vortices from edge to edge of the 
orifice. In accordance with the value of the Strouhal number, modes are designated: first 
(main), second, third, etc. The correct measuring of the convective velocity is very difficult, 
so the bulk flow velocity Ub (far from the orifice where the velocity profile reaches a con-
stant value) is usually used. A number of studies (for a review, see, for example, [20]) 
indicate that the ratio between convective and bulk velocities varies within 0.3–0.5 (de-
pending on the parameters of the oncoming boundary layer, instability mode, etc.). Thus, 
the discrete values of Strouhal numbers of the unstable hydrodynamic modes calculated 
for the bulk velocity will differ from numbers for convective velocities, taking into account 
these coefficients. The presented calculations were performed for all flow rates, including 
those at which measurements with a hot-wire anemometer near the orifice were not car-
ried out. For these, the velocity was determined using the empirical relationship between 
the inlet air speed and that measured velocity above the orifice (for the cases when velocity 
pulsations measurements were made with a hot-wire anemometer). The values of the 
Strouhal number plotted in Figure 7 as a function of the flow velocity above the orifice 
were grouped mainly around the value of 0.48 and with a slightly larger scatter of about 
0.73 over the whole range of experimental conditions. These levels correspond to the ex-
citation of the first (main) mode of hydrodynamic instability, and the second mode, re-
spectively, in the flow above the orifice of a spherical Helmholtz resonator with given ge-
ometric dimensions.  

Figure 6. Spectrogram of sound pressure on the inlet air flow speed at the entrance to the working
section of the wind tunnel.

One can distinguish another less-pronounced line, in which the amplitude becomes
comparable to the main one only at low inlet airflow speeds. It corresponds to the peaks of
the spectra, highlighted by black dots in Figure 5 in a higher frequency region.



Acoustics 2024, 6 25

The affiliation of a particular frequency peak f p in the spectra to one or another
hydrodynamic unstable mode of the shear flow above the orifice can be carried out on the
basis of estimates of the Strouhal number f pL/U, which, as follows from many studies
(see [20] for example), should take discrete values. The Strouhal number based on the
convective velocity Uc of the flow (the vortex advective velocity above the orifice) must
be equal to 1, 2, 3... It demonstrates the fact that when self-sustained oscillations are
excited by the modes of hydrodynamic instability, the period of vortex shedding from
the leading edge must be a multiple of the interval of movement of the vortices from
edge to edge of the orifice. In accordance with the value of the Strouhal number, modes
are designated: first (main), second, third, etc. The correct measuring of the convective
velocity is very difficult, so the bulk flow velocity Ub (far from the orifice where the velocity
profile reaches a constant value) is usually used. A number of studies (for a review, see, for
example, [20]) indicate that the ratio between convective and bulk velocities varies within
0.3–0.5 (depending on the parameters of the oncoming boundary layer, instability mode,
etc.). Thus, the discrete values of Strouhal numbers of the unstable hydrodynamic modes
calculated for the bulk velocity will differ from numbers for convective velocities, taking
into account these coefficients. The presented calculations were performed for all flow rates,
including those at which measurements with a hot-wire anemometer near the orifice were
not carried out. For these, the velocity was determined using the empirical relationship
between the inlet air speed and that measured velocity above the orifice (for the cases when
velocity pulsations measurements were made with a hot-wire anemometer). The values
of the Strouhal number plotted in Figure 7 as a function of the flow velocity above the
orifice were grouped mainly around the value of 0.48 and with a slightly larger scatter of
about 0.73 over the whole range of experimental conditions. These levels correspond to
the excitation of the first (main) mode of hydrodynamic instability, and the second mode,
respectively, in the flow above the orifice of a spherical Helmholtz resonator with given
geometric dimensions.
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Analyzing the spectra, it should also be noted that the peaks obtained in them, cor-
responding not only to the first but also to the second mode of hydrodynamic instability,
lie in a band close to that obtained numerically. It was superimposed on the spectra in
Figure 5 (taking into account the scale shift in amplitude).

3. Numerical Modeling
3.1. Calculation of the Frequency Response of the Resonator

The resonance frequency response characteristic of the spherical resonator in our
work was obtained numerically by using the finite-element model within original software
“SATES”. The acoustic finite element model represented a spherical resonator surrounded
by air volume. The walls of the resonator were modeled as a rigid body, on the outer
boundary of the spherical air volume impedance elements installed, which made it possible
that no reflection of the acoustic waves came back into the computational region. The
excitation of the resonator was simulated by a single dipole source located at the center of
the orifice and oriented along the x axis. Figure 8 shows the numerical model used by the
software SATES 2.0. Red lines show impedance elements. The calculation result (earlier, in
Figure 1) and the frequency response are shown together with the measurement results in
Figure 5.
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Figure 8. Illustration of numerical model of the resonator in the software SATES 2.0.

3.2. Description of Procedures of Numerical Modeling of Aeroacoustics, Calculation Results, and
Comparison with Experimental Data

Calculations were performed for the air flow around a spherical resonator within the
configuration, similar to the verification experiment on the wind tunnel described in the
previous section. Figure 9 shows the computational domain, including the Helmholtz
resonator (with geometric characteristics that fully corresponded to the laboratory experi-
ment), placed in the working section of the wind tunnel, by analogy with the laboratory
experiment. Yellow markers are control points, in which values of the three velocity
components and pressure were recorded during the solution process for further processing.

The inlet airflow speed was set at the input boundary of computational domain (see
the Figure 9) 1 with a turbulence intensity of 1%. This speed was equal to that in the
experiment. The average pressure excess at outlet boundary 2 was assumed to be zero, and
the condition of no slip was specified on the side walls of the working section 3 and the
surface of the sphere 4.
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The solution of the problem In the first formulation was carried out using the simplest
turbulence model from the URANS class. In the context of this turbulence model, the
averaged Navier–Stokes equations for a compressible ideal gas are solved and described
by the following equations (while the time averaging signs are omitted for brevity):

∂ρ
∂t +

∂(ρuk)
∂xk

= 0,

∂(ρui)
∂t + ∂(ρuiuk)

∂xk
= − ∂p

∂xi
+

∂(τik+τt,ik)
∂xk

,
∂(ρE)

∂t + ∂(ρuk H)
∂xk

= ∂
∂xk

[ui(τik + τt,ik)− (qk + qt,k)],

ρ = pm
(RT)

(2)

Here, xk are the Cartesian coordinates (k = 1, 2, 3); ui are the components of the velocity
vector of the averaged flow; E and H are the specific total energy and total enthalpy of
the gas; T is the temperature; R is the universal gas constant; and m is the molecular mass.
The components of the molecular viscous stress tensor τik and the heat flux density vector
due to the molecular thermal conductivity qk are determined, respectively, using Newton’s
rheological law and Fourier’s law. The components of the Reynolds stress tensor τt,ik and
the Reynolds heat flux vector qt,k are determined using Mentor’s Shear Stress Transport
(SST) turbulence model.

The two-parameter turbulence model SST has the following formulation:
∂(ρk)

∂t + ∂(ρkuk)
∂xk

= ∂
∂xk

(
(µ + σkµt)

∂k
∂xk

)
+ Pk − ρβ∗kω,

∂(ρω)
∂t + ∂(ρωuk)

∂xk
= ∂

∂xk

(
(µ + σkµt)

∂ω
∂xk

)
+ (1 − F1)

2ρσω2
ω

∂k
∂xk

∂ω
∂xk

+ γ
ρ
µt

Pk − ρβ3ω2,
(3)

where F1 function is a switch between k-ω and k-ε turbulence models.
This model of turbulence was used due to the assumption that it is necessary to

determine the narrowband component of the frequency spectrum of velocity pulsations.
This peak corresponds to the frequency of vortex shedding from the leading edge of the
orifice, which is synchronized with the resonance frequency of the resonator volume.

This approach demands relatively small requirements (in comparison with the scale re-
solving simulation approach) for the computational grid model, i.e., to resource greediness.
The Menter’s SST turbulence model (SST) was used to close the system of Reynolds-
averaged Navier–Stokes equations.

A block-structured grid model in the computational domain divided into cells consist-
ing of hexahedral elements was used. Figure 10 shows a general view of the grid model
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GM1 (1.2 million cells) with selected fragments near the resonator, developed to formulate
the problem using the SST turbulence model.
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Figure 10. Grid model (GM1) of the computational domain with selected fragments for the SST
turbulence model.

Fields of hydrodynamic characteristics (velocity, vorticity, pressure) were obtained
inside the computational domain determined on the grid model GM1. The vorticity field at
the cross-section plane of symmetry of the resonator at the inlet airflow speed of 14 m/s is
shown in Figure 11. It was possible to simulate the process of shedding of a vortex from
the leading edge of the orifice and its transfer to the trailing edge by analogy with the
works [10,20].
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A comparison of the calculated pressure pulsation power spectra in the center of the
resonator for four different flow rates (8, 10, 12, 14 m/s) for the SST model (dashed lines)
with those measured experimentally in the wind tunnel (solid lines) is shown in Figure 12.
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Figure 12. The sound pressure pulsation spectra for different flow rates (experimental data and
results of calculations).

Narrowband peaks in the spectrum corresponding to the frequencies of vortex shed-
ding from the leading edge were well distinguished. At speeds of 12 and 14 m/s, the
discrepancy between the calculation and experiment frequency for peaks was about 4–6%,
and in pressure level 3–10 dB. The data are inconsistent at the 10 m/s transient regime due
to the specific property of the SST turbulence model. The feature is concerned with setting
the averaging period of hydrodynamic fields relative to energy-transfer vortices using the
model. Here, this period is determined by the frequency of the dominated non-stationary
process in the system, and since the mode of instability changes from the first to the second
with approximately the same order of magnitude, there is an uncertainty in the choice
of the averaging period (frequency of dominating energy-transfer vortices) at a speed of
8–10 m/s. It should be noted that the SST turbulence model does not reproduce background
turbulence, and therefore the characteristics studied outside the resonant frequency cannot
fundamentally coincide with experiment.

To compare with the results of SST modeling, another numerical model was used for
calculations in the scale-resolving simulation (SRS) using the WMLES (Wall-Modeled Large
Eddy Simulation) model based on the same SST model. The mathematical formulation of
this approach differs from RANS only in the description of additional terms in the right part
of the equations of motion and energy. Instead of the components of the Reynolds stress
tensor τt,ik and the Reynolds heat flux vector qt,k (see the Formula (2), there are spatially
filtered (but unlike the RANS formulation, there are instantaneous values of the terms here)
nonlinear convective terms of the Navier–Stokes equations τsgs,ik and qsgs,k, where the sgs
indices indicate a sub-grid scale.

In the context of this turbulence model, all the disturbances with scales that were larger
than several cells of the grid model were directly resolved, and the energy of unresolved
turbulence of smaller scales was compensated by sub-grid viscosity. In this case, the
boundary layer was divided into two parts because of the requirement for the fineness of
the grid model due to the significant decrease in the scale of energy-transfer vortices as we
became closer to the streamlined wall in the boundary layer. The SRS model operates in
the outer region (as in the free flow), and near the wall the SST model is activated, which
compensates for the unresolved part of the boundary layer energy.
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To formulate the problem using the WMLES turbulence model, the sizes of the grid
elements were reduced by half compared to SST. Thus, the grid model GM2 was formed
(see Figure 13). The total number of elements in GM2 was almost 10 million.
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Figure 13. Grid model (GM2) of the computational domain with selected fragments for the WMLES
turbulence model.

An example of the obtained vorticity field using the WMLES model at the cross-
section plane of symmetry of the resonator at the inlet airflow speed of 14 m/s is showed
on Figure 14. Comparing Figures 11 and 14, it is clear that the vortex structure formed at
the leading edge of the resonator orifice, breaking up on the lower edge, fragments up into
smaller vortex structures and their intensity is greater, compared to the results with the
URANS formulation.
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The pressure pulsation spectra obtained in the SRS formulation (dashed lines) are
presented together with the previous results for the URANS formulation in Figure 15 for
similar flow conditions. There is a good agreement between the levels and frequencies
of resonances for velocities of 10, 12 and 14 m/s with experimental data. Moreover, the
calculations better reproduce the background level of pulsations, in contrast to the SST tur-
bulence model. The spectral peaks of the resonances, due to the short total time realization,
have a larger width than in the experiment, which can be eliminated by the accumulation
of a longer time realization during the calculation process in further investigations. For
the transition regime at an inlet speed of 8 m/s, where a rivalry between the first and
second modes of hydrodynamic instability occurred, the discrepancy with the experiment
is significant (25% in frequency and 10 dB in level) for the first mode. For the second mode
at this speed, the frequency error is only 2% if we consider it relative to the middle of the
wide peak obtained from the experimental results.
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data: SST, WMLES).

The influence of grid model parameters on the resulting hydrodynamic characteristics
for the SST and WMLES turbulence models has different behavior. A refinement of the
grid model in the case of the SST model (mainly in the unsteady flow region) leads to
convergence on the “model” solution, determined by the settings of the turbulence model.
In the WMLES model, the refinement of the grid model brings us closer to the direct
solution of the Navier–Stokes equations, which describe the physical process “as it is”, in
contrast to the previous one. To clarify the effect of refinement of the grid model on the
hydrodynamic characteristics for this problem, the SST and WMLES turbulence models
were used with both of the GM2 and GM1 grid models, respectively.

The SST turbulence model on the finer grid model GM2 allowed one to determine
the pressure inside the resonator more accurately, as is shown in Figure 16. This indicates
the correct settings of the turbulence model for this class of problems (constants set by
the default in software). Moreover, in terms of accuracy, they are completely close to the
results obtained in the SRS formulation with the same grid model. The results of solving
the problem using the WMLES turbulence model in combination with the less-fine grid
model GM2 gave some unexpected results (from the first point of view). An increase in the
size of the elements led to not only a decreasing amplitude of pulsations at the resonance
frequency, which looked true because less energy can be resolved directly in this case,
but also to a shifting of the resonance frequency. This effect may be associated with the
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evaluation of the boundary layer in the region above the orifice, where the flow becomes
unstable. To confirm this assumption, additional research with a finer grid in the boundary
layer in the area of the orifice with the same grid parameters outside the boundary layer
is needed.
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From the point of view of resource greediness, expressed in the number of core hours
spent on obtaining a solution, both turbulence models turned out to be almost equivalent
when using the same grid models. This is most likely due to the implementation of
numerical schemes, as well as turbulence models in specific software.

Table 1 summarized the data on the resources spent in solving this problem, expressed
in processor time—the number of cores involved in solving multiplied by the time (in
hours) of the solver for all arrangements of numerical modeling. The characteristics of
a high-performance computer system are two processors with 20 Intel(R) Xeon(R) Gold
6230 cores at a frequency of 2.10 GHz.

Table 1. Processor time for all arrangements of numerical modeling.

Model, Number of Cells WMLES, 10 mln URANS, 10 mln WMLES, 1.2 mln URANS, 1.2 mln

Core × hours 18,084 16,595 914 755

The advantage of the WMLES turbulence model compared to SST (from the point of
view of the determined frequency response) is concerned with the correct estimation of
background turbulence outside the narrowband resonance. This can be useful in studies
where, in addition to the well-pronounced resonance frequency due to the effects of com-
pressibility of the media inside the resonator, the system also contains structural resonances
at which, under the influence of a broadband source, the level of acoustic radiation can also
locally increase.

4. Conclusions

We carried out studies on various computational fluid dynamics approaches applied
to the description of self-sustained oscillation in the free-flow-excited Helmholtz resonator
system. During a special benchmark laboratory experiment in the wind tunnel of the
Institute of Applied Physics RAS, it was possible to obtain various regimes, both of self-
sustained oscillations, with one clearly distinguished mode of hydrodynamic instability,
and transient modes with modes concurrence. The obtained experimental data were used
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to verify the results of the calculation released within the framework of two fundamentally
different approaches to turbulence modeling: URANS modeling and SRS modeling (in the
WMLES implementation). The calculation results showed that the URANS approach (with
the closure of the SST turbulence model) gives a good result for predicting the frequency
response at resonance on a coarse grid model, and an excellent result on a fine grid model.
At the same time, the SRS approach (specifically the WMLES model) gives similar results
on the same grid models; however, in addition to the resonant frequency, it also predicts the
broadband component of the acoustic spectral characteristics. In addition, it is noteworthy
that the time spent obtaining a solution is almost the same for both approaches, and
depends only on the fineness of the grid model used.
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