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Abstract. Flow-induced acoustic resonance is a phenomenon that has been
proven to have a negative effect on a wide range of systems. The present
study concentrated on numerical simulations of this phenomenon. The
emphasis was on the question of whether it is possible to simulate this
phenomenon also in computationally less demanding simplified domains
without losing important information in the output data. Two geometries
were simulated, both detuned (resonance is not expected) and tuned
(resonance is expected), with each geometry simulated in both full and
simplified forms. The initial detuned case was simulated at velocities of
4 m/s, while the second tuned case was simulated at 20 m/s. The outcome of
this investigation was the demonstration that, in both instances, the
simplification of the geometry exerted negligible influence on the results.
In the second case, the objective was to capture the resonance, which was
achieved; however, the accuracy of the resonance frequency values requires
experimental verification.

1 Introduction

In the context of everyday life, there is a plethora of opportunities to observe turbulent flows
across a variety of spatial scales. The presence of turbulence in fire, wind, or the movement
of water is evident. These and numerous other phenomena are characterised by instabilities
that result in unstable and chaotic behaviour in nature [1]. In certain instances, such as the
mixing of fluids, turbulence is a prerequisite. On the other hand, there are numerous
machines, equipment and processes that are adversely affected by turbulence.

One such system that is susceptible to the influence of turbulence is an air or gas pipe
system that contains a blind side-branch. The flow of fluid past a side branch, which is
regarded as a deep cavity, can induce powerful tones and vibrations in piping systems, and
in some cases, endanger the structural integrity of the installation. Flow-excited acoustic
resonance represents problems not only for piping systems, but also for flow control devices,
boilers, heat exchangers, nuclear reactors, and many severe applications in industry [2].

Single cylindrical side-branch as a tone generator was comprehensively described and
illustrated (Figure 1) by W. M. Jungowski, K. K. Botros and W. Studzinski in a 1988 paper
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bearing the same title [3]. This study showed that the flow field and acoustic field have a
combined effect on the excitation of the shear layer. This layer is perturbed by local pressure
changes, resulting in vortices being formed at the leading edge and hitting the opposite side
of the pipe at the trailing edge. These oscillating vortices generate acoustic energy and affect
the acoustic field. The acoustic field, in turn, affects the shear layer. When the interaction
between the unstable shear layer and acoustic field is established, small instabilities are
amplified into oscillations. The oscillations, in turn, initiate periodic formation of new
disturbances [4, 5].
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Fig. 1. Schematic of the branch, flow pattern and source model [3].

The flow induced acoustic resonances in blind side-branches have been investigated by
many researches, for decades. For instance, Y. Xiao et al. concentrated on resonance in closed
tandem side branches [6], or the flow visualization study of this phenomenon [7]. Conversely,
D. Tonon et al. concentrated on prediction and reduction of this phenomenon by detuning
[8]. In their research paper, Y. Rong Li et al. presented a study on the detection of the two-
dimensional instantaneous velocity field using PIV (Particle Image Velocimetry). The study
demonstrated that the center of the vortex is situated on the downstream side of the cavity,
exhibiting anticlockwise rotation. The results obtained can illustrate the relation between
shear flow and the edge [9]. P.C. Kriesels et al. employed an alternative visualization
technique, namely the Schlieren method, to demonstrate that radiation losses resulting from
the generation of non-resonating harmonics by wavesteepening must be considered in the
energy balance [10].

As the field of research on this issue has evolved, new approaches have also been
developed, in the form of various numerical methods that provide the possibility of CFD
analysis. However, there is a limited number of articles that have focused on the combination
of these two spheres, for example [11, 12]. The primary reason for this is the substantial
computational demands and extended duration of the process. Consequently, the present
study will concentrate on numerical simulations of the flow in the blind side-branches region.
The primary objective of this study is to investigate the extent to which modifying the
computational domain can impact the outcomes of the FFT analysis, while maintaining the
same geometric configuration. Should the results of the FFT analysis be consistent,
irrespective of modification, a considerable amount of computational time and performance
could be saved.

2 Overview of the relevant theory

The key to investigating resonance is to correctly capture the frequencies excited by the fluid
flowing past the region of the blind side branch. The objective of this paper is to demonstrate
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the viability of capturing the same frequencies with a simplified computational domain,
which has the potential to significantly reduce computational requirements and time
requirements. In the context of the problem of vibration due to vortex shedding, frequency is
typically expressed in dimensionless form using the Strouhal number, as [15]:

d
Se=f7 )

where fis the frequency, d is the length of the branch mouth or cavity diameter, and U is the
speed of fluid flow.

The blind side branch is regarded as a deep cavity. In three-dimensional cavity
geometries, the cavity tone may be generated, and the pressure oscillations in the cavity
increase in magnitude as the resonance condition is approached. For the pipe with one closed
end, the acoustic mode natural frequencies are given by [15]:
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where c is the speed of sound and L the cavity depth.

When the vortex shedding frequency coincides with the acoustic natural frequency, the
resonance occurs. To enable estimation of S, for a particular system, and thus prediction of
weather a strong tone amplitude may be generated, an empirical formula was developed by
Jungowski et al. [3], with the resulting average deviation of + 5.35%:

R\ —0.065
S, = 0.399(1 — 1)%622(4)0316(py)—0.083 (_e) .

106

where r is the edge radius, d is the cavity diameter, M is the Mach number and R. is the
Reynold’s number.

Utilizing these three equations, the frequency of vortex shedding can be calculated (see
Eq. 1), and consequently, the branch length at which resonance occurs can be determined
(see Eq. 2). Based on this, the length of the tuned side branch L, was designed (see Table 1).
The fundamental resonance frequency (1% resonance mode) at this length Ly, = 1.045 m, edge
radius 7 = 0.005 m, and speed u =20 m/s, is 81.94 Hz. The subsequent resonance modes are
odd multiples of the first mode. It is evident that the detuned branch was not necessary to
calculate, and its length and speed (z = 4 m/s) was selected to reduce the computational
demands of the simulations.

3 Geometry parameters of the test section

Table 1 presents a comprehensive overview of the geometrical parameters of the test section,
while Figure 2 provides a depiction of the test section. At present, the experiment system is
not in use; however, it is planned for future implementation in order to verify data obtained
by numerical simulations. Nevertheless, the simulations were executed using geometrical
parameters that corresponded to the actual experimental system.

The system will be equipped with a blower, a flow meter, pressure sensors and acoustic
sensors. The configuration under consideration comprises a single side branch blinded at its
end, that is connected to the main pipe at a sufficient distance from the blower, which is
located at the inlet of the main pipe. The T-junction of the main pipe and the side branch is
characterized by the presence of transparent regions in their walls, which allow the execution
of the PIV measurement.

The facility will be constructed in such a manner as to execute measurements under a
variety of flow and geometry parameters. The apparatus enables the adjustment of two
parameters: the length of the side branch, and the radius of the leading and trailing edges.
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Table 1. Geometrical parameters of the test section.

Parameters Symbol Values Units
Length of main pipe Lyp 1200 mm
Diameter of main pipe dup 150 mm
. 300 (detuned)
Length of side branch Lsp 1045 (tuned) mm
Diameter of side branch dss 150 mm
Radius r 5 mm
Camera
— L ' Transparent
. walls for PIV
Adjustable
Light leading edge
source
Light plane P
Adjustable
Adjustable
trailing edge

Fig. 2. Test section.

The considered measurement point’s locations are illustrated in Figure 3. During the
numerical simulation, the static pressure and the velocity magnitude will be measured. This
will result in the acquisition of time-dependent data, which will subsequently be subjected to
FFT analysis.
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Fig. 3. Considered measurement points for Fig. 4. Computational domain models of T-
both, numerical simulation and experiment. junction, (al) Slice of the detuned T-Junction,

(a2) Full square detuned T-Junction, (b1) Slice
of the tuned T-Junction, (b2) Full circle tuned
T-Junction.
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4 Numerical simulation

In recent decades, there has been considerable progress in the development of numerical
techniques for simulating natural phenomena. It is evident that the finite volume method
(FVM) is particularly prevalent in the context of CFD. This numerical technique is based on
the transformation of partial differential equations, which represent conservation laws over
differential volumes, into discrete algebraic equations over finite cells [13]. In order to obtain
satisfactory results from simulations, it is essential to follow the following steps: a) The initial
step is to establish the most elementary computational domain. b) The second point to
consider is the discretization of the domain. This is necessary in order to capture the true
nature of the phenomenon. ¢) The selection of a numerical model that is commensurate with
the physics of the problematic is required.

4.1 Computational domain

The computational domain should be representative of the fluid volume under study, to the
extent that it is possible to capture all the essential phenomena that may be occurring in it,
while not placing too great demands on computational time and performance.

As illustrated in Figure 4, two pairs of computational domains are evident. The first pair
is representative of the detuned T-junction with respect to the parameters delineated in
Subsection 4.3. In this context, domain al can be considered as a slice cut out of the domain
a2. The second pair represents the tuned T-junction. In a similar manner, domain bl is a slice
cut from the center of the domain b2. The decision to utilize a thin 3D slice as opposed to a
conventional 2D domain was based on the fact that not all turbulence models are capable of
performing calculations on 2D domains. The symmetry condition will be set on the cutting
planes during the simulation, thereby achieving the effect of an infinitely wide pipe.

As demonstrated in Table 1, all of the previously mentioned calculation domains are
characterised by identical geometric parameters. However, it is evident that the main pipe
does not correspond to the length indicated. It is evident that the computational demands of
these numerical simulations have been a primary factor in the decision to reduce the length
of these pipeline sections. In order to adequately develop the velocity profile with boundary
layer, the input pipe was simulated separately and the output profile data was utilised as input
to our T-junction domain.

4.2 Computational mesh

The computational mesh is produced by discretizing the physical computational domain. It
is crucial to recognize the significance of this process of meshing for the accuracy of
simulation results, given that the governing equations are subsequently solved on the final
mesh. In essence, the domain can be discretized as either a structured or unstructured grid. A
structured grid has been shown to have numerous advantages; nevertheless, it is important to
note that it is limited in terms of geometric flexibility [13]. However, it is evident that, in the
case of the shapes of domains al, a2 and bl, the use of a structured hexahedral mesh is
advantageous, as can be seen in Figure 5. In the case of domain b2, an unstructured poly-
hexahedral mesh is to be preferred (Figure 6). This approach facilitates the benefits of a
structured mesh in the regions of inflation layer and core of the domain, while ensuring a
connection with minimal layers of polyhedrons.
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Fig. 5. Structured hexahedral mesh. Fig. 6. Unstructured poly-hexahedral mesh.

In all four cases, the recommended quality criteria were adhered to. Specifically,
orthogonal quality (1 - 0.75), the skewness (0 - 0.75) and the aspect ratio (1 - 10). Parallel to
this, layers of inflation were established in regions proximate to the walls, with the objective
of accurately capturing the velocity gradient. The objective was to ensure that the initial layer
of cells in proximity to the boundary satisfied the criterion y+ = (1 to 5) [14].

4.3 CFD calculation

4.3.1 Initial conditions, boundary conditions and solver settings

Each computational domain is characterized by the presence of an inlet, an outlet and walls.
In the case of domains al and b1, a symmetry condition is present instead of front and back
walls. This allows for the simulation of an infinitely wide channel and consequently the
simulation with a reduced number of cells. The boundary conditions are defined as follows.
The inlet has been configured as a velocity inlet, with the velocity specified in the form of a
velocity profile that has been generated at the end of the inlet pipe, as mentioned in subsection
4.1. This will provide us with a sufficiently evolved velocity profile at the inlet of the T-
junction. The outlet has been configured as a pressure outlet, and the walls have been set with
a no-slip condition. The solver had been set to pressure-based.

In the initial phase of each simulation, the RANS turbulence model was employed. In the
present case, vortex shedding occurs in the flow. It has been proven [13] that the k-& models
are prone to errors when modelling flows with adverse pressure gradients. Epsilon € is a term
used to denote a rate of dissipation of turbulence kinetic energy per unit mass due to viscous
stresses. It is preferable to utilize k-®, wherein omega o signifies the rate at which turbulence
kinetic energy is converted into internal thermal energy per unit volume and time. It has been
proven to be more capable of predicting separated flows. Eventually, the SST k- ® model
was utilized, which has been shown to enhance performance in modelling adverse pressure
gradients [13].

Once the calculation had been converged using the RANS model, the quality of the
network was checked to assess its suitability for the LES turbulence model, that is on of the
Scale-Resolving Simulation (SRS) models. This issue is addressed in greater depth in
subsection 4.3.2. Subsequently, the LES turbulence model was used for the rest of the
simulation. LES resolves the large, energy-containing turbulent eddies directly, while
modeling the effects of the smaller, Sub-Grid scale (SGS) eddies [14].
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4.3.2 Additional mesh adaptation

As previously outlined, vortices are formed, with variations in size and energy. In the context
of LES, it is necessary to capture a fraction of these eddies with a mesh in order to attain the
adequate resolution, given the mesh's fineness. In the finite-volume method, all parameters
are contained in the centers of the cells of the computational mesh. It is important to note that
in order to capture a vortex, a minimum of four cells is required. It is not possible to capture
a vortex that is smaller than a cell, as a single cell contains only one velocity vector. In
practice, this means that the finer the mesh created, the smaller the vortices that can be
resolved. However, it is imperative to consider the computational power and the duration of
the computation.

The quantity of turbulent kinetic energy that the mesh is capable of resolving is a reliable
indicator of its quality. It is evident that the greater the energy resolved, the smaller the
vortices captured. It is recommended that the mesh be capable of resolving at least 80% of
this energy. The integral length scale is defined as the dimension of a vortex that represents
all the vortices in a particular region. In more precise terms, it is the length of the vortex at
the average value of the turbulent kinetic energy of all the vortices in a given region. We can
calculate this parameter as follows:

K2

l
0 B @

Therefore, it can be concluded that the smaller the vortices, the smaller the integral length
scale they are represented by, and the more dense the mesh must be in order to achieve a
minimum resolution of 80%. It is estimated, on the basis of practical knowledge, that a total
of five cells per integral length scale are sufficient to achieve the desired resolution. It can
thus be concluded that the following relationship exists, which provides a quantitative
indication of the maximum size of cells that should be observed in accordance with this rule:

_ b
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In light of the accumulated knowledge, a further mesh adaptation is to be made for the

area of the primary pipe connection to the blind side-branch.

5 Results

We obtained many results from CFD simulations, including velocity, pressure and vorticity
fields. The most important of these for this problem are the point pressure measurements
shown in Figure 3. We performed an FFT analysis on these pressure recordings. Figure 7
shows the frequency spectra from the measurement at point 4 for each of the domains.

The detuned blind side-branch condition was simulated for domains al and a2. This was
not done to record the resonance, but to verify the similarity of the frequency spectra. As can
be seen in these two simulations, the same dominant frequency was captured in both. The
first dominant frequency for al is found to be 25 Hz, whereas for a2 it has been determined
that it is 27 Hz. In both cases, an additional dominant frequency was also captured, at 39 Hz.
However, a noteworthy anomaly emerged in the case of the third dominant frequency, which
appeared at 51 Hz in the case of al but not in the case of a2. By contrast, in subject a2, the
formation of the structure occurred at 15 Hz, in contrast to subject al where no such structure
was evident at the same frequency. The fourth dominant frequency appeared at 183 Hz in
both cases. It is interesting to note that the decreasing trend of the individual amplitudes that
was captured in case al is not evident in case a2.
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Fig. 7. Frequency spectrum from pressure measurement in measurement point 4, (al) Slice of the
detuned T-Junction, (a2) Full square detuned T-Junction, (bl) Slice of the tuned T-Junction, (b2) Full
circle tuned T-Junction.

In the second case, a tuned blind side-branch was simulated. As previously mentioned,
the geometrical parameters of the blind side-branch and the flow parameters were
purposefully selected to induce resonance. As demonstrated in Figure 7, the first dominant
frequency was successfully identified in both the slice (bl) and the entire circular cross-
section domain (b2), with values of 67.52 Hz (bl) and 68.89 Hz (b2), respectively. The
second dominant frequency was captured at 202.99 Hz (b1l) and 206.33 Hz (b2). Thus, it was
possible to capture almost exactly the second resonant mode in both cases, which is supposed
to represent three times the first mode. However, it is noteworthy that despite the successful
capture of the resonance, the entire frequency spectrum appears to be shifted towards lower
values in comparison to the results obtained from the analytical solution presented in Chapter
2.

6 Conclusion

The present study focused on the possibility of performing numerical simulations for
computationally less demanding domains without affecting the results.

The initial case demonstrated the feasibility of achieving equivalent outcomes in the form
of dominant frequencies, even with a simplified geometry, though this was accompanied by
several anomalies that were outlined in the previous section. However, it is important to note
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that the flow velocities employed in these simulations were extremely low. Consequently,
the pressure measurements may have captured a substantial amount of adverse noise in the
simulations, which could have had an impact on the results. It is imperative to note that these
methodologies are based on numerical processes; therefore, unless a minor inaccuracy is
identified and resolved promptly, it has the potential to escalate significantly throughout the
simulation, potentially resulting in inaccurate outcomes. In view of the predicted decline in
the amplitudes, it is hypothesized that the simulation a2 has been impacted by the previously
cited factors.

This hypothesis is supported by the finding that in the second simulation, where blind
side-branch was tuned at higher speeds, the peaks were significant and the noise was damped.
The variation observed in the first harmonic mode of domains bl and b2 represents an error
of merely 2%, which is subsequently propagated to higher modes. It is a cause for concern
that the difference between the value of the first mode from the analytical calculation and the
value of the simulation is in excess of 14 Hz, which constitutes an error of 17%. Despite the
aforementioned inaccuracy in equation 3, the error remains approximately 12%.

It is important to note that, due to the absence of data collected using a physical
experimental device, premature conclusions cannot be made at this time. Following the
conduction of experimental measurements in conditions mirroring those of the simulations,
the reliability of numerical simulations in this issue will become evident. At this stage,
however, it can be concluded that they are demonstrating the capacity to capture flow-
induced acoustic resonance to a sufficient degree that the occurrence of resonance can be
determined. Conversely, the accuracy of the captured values of the frequency components
remains to be verified.

This work was supported by the Slovak University of Technology Young Researchers Grant No.
1634. The authors gratefully acknowledge the financial support provided.
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