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Abstract In this study, computational fluid dynamics and computational aeroacoustics methods were used
to investigate the influence of the elastic cavity walls on the noise generated by the flow over rectangular
cavity. Two cases were considered and compared, one with rigid cavity walls, and one with elastic walls. In
the latter case, the movement of the walls were solved by finite element modelling and coupled with CFD
simulations. The noise generated by the flow over cavity was computed using Ffowcs Williams & Hawkings
acoustic analogy. The increase of the sound pressure level for elastic walls case at frequency range of 1 kHz
to 10 kHz is observed, compared to the rigid walls case.
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1. Introduction
Turbulent flow through structural discontinuities (diffusers, grilles, nozzles, etc) is one of the causes of noise
generation in air ducts (others being turbomachinery noise) [1, 2]. In this study, we analyse the flow through
such discontinuity, using the example of duct with rectangular cavity. Such flow has been studied
extensively in e.g. [3, 4, 5, 6]. Nevertheless, we are focusing on this issue for two reasons: in most cases, the
Mach number for the flows is greater than 0.8 – the analysed flows are transonic or supersonic, and because
there are no aeroacoustical analyses taking flexible cavity walls into account. There are papers on the lid
driven cavity flows with flexible walls, e.g. [7, 8], however, they focus on heat transfer and do not consider
the phenomena that may occur in the ventilation duct, or noise induced by the flow. In [9] the cavity flow is
analysed but focus of the study is again a heat transfer, moreover, in this case only a downstream wall was
treated as elastic.
This paper investigates the fluid-structure interaction (FSI) between flow and cavity walls and its impact
on the flow and noise generation.
2. Methods
2.1. Fluid modelling
Turbulent fluid motion inside the duct was solved with Finite Volume Method and OpenFOAM software
[10]. The 𝑘 − 𝜔 SST DES (Detached Eddy Simulation) [11] model was used to describe the fluid motion. This
model uses Large Eddy Simulation (LES) equations in the separated region and uRANS (unsteady Reynolds
Averaged Navier-Stokes) equations with 𝑘 − 𝜔 SST turbulence model as closure equations.
The Navier-Stokes equations for incompressible Newtonian fluids are given by [12]:
𝜕𝑣𝑖
= 0,
𝜕𝑥𝑖

(1)

𝜕𝑣𝑖
𝜕𝑣𝑖
1 𝜕𝑝
+ 𝑣𝑗
=−
+ 𝜈∇2 𝑣𝑖
𝜕𝑡
𝜕𝑥𝑗
𝜌 𝜕𝑥𝑖

(2)

where: 𝑣𝑖 – 𝑖-th component of velocity, 𝑝 – pressure, 𝜌 – density, 𝜈 = 𝜇 ⁄𝜌 – kinematic viscosity.
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Depending on the method (LES/RANS) the equations are decomposed, by spatial filtering or by Reynolds
averaging and solved with the Finite Volume Element (FVM) method.
2.2. Solid modelling
The structural part of the model was solved using CalculiX Finite Element software [13]. The motion of the
body is described by general momentum equation:
¨ + [𝐾]{𝑈} = {𝐹}
[𝑀]{𝑈}

(3)

where: {𝑈¨} = {𝐴} – global acceleration vector, {𝑈} – global displacement vector, [𝑀] – global mass matrix,
[𝐾] – global stiffness matrix, {𝐹} – global force vector.
The equation is discretized and solved with Finite Element Method. PreCICE allows only for linear
element coupling, so 8-node brick element (C38D), general purpose and fully integrated element, was used
for discretization of the cavity walls. The shape functions of this element are given by [14]:
1
𝜑 = (1 + 𝜉𝜉𝑖 )(1 + 𝜂𝜂𝑖 )
8

(4)

where: 𝜉𝑖 , 𝜂𝑖 , 𝜁𝑖 – local coordinates of the 𝑖th point.
2.3. Fluid-structure interaction
PreCICE library [15] was used to couple fluid flow and solid displacement fields. Besides fluid-structure
interaction, it allows conjugate heat transfer, structure-structure, and fluid-fluid coupling. The library also
offers several methods for solving equations and for data mapping between different fields and meshes. In
this study, we used serial explicit coupling scheme for solving interface equations and nearest-neighbour
and nearest-projection methods for data mapping.
For FSI simulations, the displacement and force fields are exchanged between solvers after each time
step. The forces exerted by the fluid on the cavity walls are boundary conditions for the structural
simulations. The results of FEM simulations – displacement field, is transferred to the FVM flow model as
mesh displacement [16].
2.4. Aeroacoustics
Acoustic analogies were used to compute noise generated by the flow in the vicinity of the cavity. Due to the
presence of movable walls, the Ffowcs Williams-Hawkings (FW-H) acoustic analogy was used [17]. This
analogy allows for description of the acoustic pressure radiated by turbulent flow in the presence of
arbitrarily moving surfaces.
1 𝜕2 𝑝′
𝑐2 𝜕𝑡2

− ∇2 𝑝′ =

𝜕
𝜕𝑡

[𝜌0 𝑣𝑛 𝛿(𝑓)] −

𝜕
𝜕𝑥𝑖

[𝑝𝑛𝑖 𝛿(𝑓)] +

𝜕2
𝜕𝑥𝑖 𝜕𝑥𝑗

[𝐻(𝑓)𝑇𝑖𝑗 ]

(5)

where: 𝑝′ – acoustic pressure, 𝑓(𝑥, 𝑡) – moving surface, 𝑐 – speed of sound, 𝛿(𝑓) – Dirac’s delta function, 𝐻(𝑓)
– Heaviside function, 𝑇𝑖𝑗 = 𝜌𝑢𝑖 𝑢𝑗 − 𝜎𝑖𝑗 + (𝑝′ − 𝑐2 𝜌′)𝛿𝑖𝑗 – Lighthill stress tensor.
The equation is solved and written as:
𝑝′(𝑥,𝑡) = 𝑝′𝑇 (𝑥, 𝑡) + 𝑝′𝐿 (𝑥, 𝑡)
𝑝′ 𝑇 (𝑥, 𝑡) =

1
𝜌0 (𝑣˙𝑛 + 𝑣𝑛˙ )
1
𝜌0 𝑣𝑛 (𝑟𝑀˙𝑟 + 𝑐𝑀𝑟 − 𝑐𝑀2 )
∫ [
]
d𝑆
+
∫
[
] d𝑆
4𝜋 𝑓=0 1|1 − 𝑀𝑟 |2 𝑟𝑒𝑡
4𝜋 𝑓=0
1|1 − 𝑀𝑟 |3
𝑟𝑒𝑡

(6)
(7)
(8)

𝑝′𝐿 (𝑥, 𝑡) =

1
𝑙˙𝑟
1
𝑙𝑟 − 𝑙𝑀
1
𝑙𝑟 (𝑟𝑀˙𝑟 + 𝑐𝑀𝑟 − 𝑐𝑀2 )
∫ [
] d𝑆 +
∫ [
] d𝑆 +
∫ [
] d𝑆
2
2
4𝜋𝑐 𝑓=0 𝑟|1 − 𝑀𝑟 | 𝑟𝑒𝑡
4𝜋𝑐 𝑓=0 𝑟|1 − 𝑀𝑟 | 𝑟𝑒𝑡
4𝜋𝑐 𝑓=0
𝑟 2 |1 − 𝑀𝑟 |3
𝑟𝑒𝑡
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This formulation of FW-H equation solution is known as Farassat 1A formulation [18,19] and allows for
direct computation of acoustic pressure at observer’s position. 1A formulation allows using permeable
surfaces surrounding noise sources as source surfaces. However, in this study this feature of 1A formulation
was not used, and cavity walls was used as source surface.
The analogy is implemented in OpenFOAM as in [20], or in libAcoustics, library for far-field noise
computations [21].
3. Simulation setup
The rectangular duct with rectangular cavity was adapted as fluid flow model. It was shown in the Fig. 1 while its
dimensions are described in Tab. 1, the depth of computational domain was 0.125 m. The computational mesh was
created with cfMesh open-source library and consisted of 200 thousand cells. Mesh boundary layer allowed to
achieve the y+ value lesser than 1, required by the adapted model.
Tab. 1. Dimensions of the model
D
h
0.125 0.03

L
0.12

l1
0.1

l2
0.5

Fig. 1. Analyzed model of the cavity, location of the pressure probes.
3.1. Material parameters
The air at 20∘ C was used as material for flow simulations. The density and kinematic viscosity of the air in such
conditions are given by 𝜌 = 1.23 kg/m3 and 1.5 ⋅ 10−5 m2 /s.
For structural simulations, the aluminium was used as material, with Young’s modulus, Poisson’s ratio and
density given by 𝐸 = 70 ⋅ 109 Pa, 𝜈 = 0.33 and 𝜌 = 2700 kg/m3 . The choice of material was due to the fact that
the ventilation ducts are often made of an aluminium sheet with such dimensions and parameters.
3.2. Initial and boundary conditions
The boundary conditions of fluid simulations were shown in tab. 2 The inlet was placed on the left side of the
domain, outlet – on the right. Remaining boundaries of the domain were treated like walls. The cavity walls were
flexible and able to move, based on displacements from FEM simulations, the rest (before and after the cavity and
at the top) were rigid, also, cavity walls were marked as interface between simulations.

Fig. 2. Boundaries of finite element model (not in scale).
The boundary conditions imposed on cavity walls in structural simulations were shown in the fig. 2. At
the fix boundary, all nodes were constrained with displacement and rotation in each direction fixed. The
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boundary named interface acted as the interface between simulations. In addition, forces resulting from
fluid flow simulations were applied to nodes at this boundary.
Tab. 2. Fluid simulations boundary conditions.
Pressure
p [Pa]
Wall
Inlet

𝜕𝑝
=0
𝜕𝑥𝑛
𝜕𝑝
=0
𝜕𝑥𝑛

Outlet

𝑝=0

Velocity
u [m/s]

Turbulent
kinetic energy
k [m2/s2]

Specific
dissipation
ratio ω [1/s]

Turbulent
viscosity
νt [m2/s]

𝑢𝑖 = 0

𝑘=0

𝜔 = 8 ⋅ 106

𝜈𝑡 = 0

𝑘 = 3.375

𝜔 = 2500

calculated

𝜕𝑘
=0
𝜕𝑥𝑛

𝜕𝜔
=0
𝜕𝑥𝑛

calculated

𝑢𝑥 = 15,
𝑢𝑦,𝑧 = 0
𝜕𝑢𝑖
=0
𝜕𝑥𝑛

4. Results and discussion
This section presents the numerical results for pressure inside the duct, displacement of the cavity walls,
and acoustic pressure computed with FW-H analogy (equations (6-8)) The results obtained for the case
with flexible walls were compared with the results obtained for the case with rigid walls.
4.1. Flow field results
In this subsection, the flow field results obtained with OpenFOAM software are presented, both for velocity
and pressure. Pressure data collected at selected probes were also analyzed by means of Fourier transform
to obtain the frequency distribution. The pressure probe placement is shown in the Tab. 3. and in the Fig. 1.
The probe 1 is located in the middle of the cavity and the remaining probes are placed at the downstream.
The pressure time values and their spectra inside the cavity, shown in the Fig. 3 and at the downstream
edge (Fig. 4) are similar to each other, and this type of low frequency fluctuations and vortices are typical
for flows over cavities [3, 6, 22].
Tab. 3. Pressure probes location.
#
1
2
3
4
5

x [m] y [m]
0.016 -0.15
0.12
0.01
0.5
0.01
0.12
0.05
0.05
0.05

z [m]
0.0625
0.0625
0.0625
0.0625
0.0625

Fig. 3. Pressure values at probe 1 (━━ - flexible walls, ╍╍╍ - rigid walls).
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Fig. 4. Pressure values at probe 2 (━━ - flexible walls, ╍╍╍ - rigid walls).
However, for probes further away from the cavity, numbered 3, 4 and 5 (Figs 5-7), additional
fluctuations of pressure can be noticed. They may have the cause in fluid-elastic cavity oscillations [22]. As
it can be seen in the Fig. 9, if the deformation of the cavity walls is considered, the nature and frequency of
resulting vortices changes compared to the rigid walls.

Fig. 5. Pressure values at probe 3 (━━ - flexible walls, ╍╍╍ - rigid walls).

Fig. 6. Pressure values at probe 4 (━━ - flexible walls, ╍╍╍ - rigid walls).

Fig. 7. Pressure values at probe 5 (━━ - flexible walls, ╍╍╍ - rigid walls).
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b)

Fig. 8. Velocity distribution inside the duct at t=0.2 s: a) flexible walls, b) rigid walls.

4.2. Vibrations of the cavity walls
In this subsection, the displacement of the probe located at the middle of the bottom cavity wall, both in
time and frequency domain is shown. Wall deformations are relatively small but are in line with the
estimates resulting from the theory of elasticity for simply supported beams.
The frequencies of vibration partly correspond to the modal frequencies of this structure, especially the
first two modes i.e., 190 and 230 Hz. The other frequency components may result from the interactions
between the turbulent flow and cavity walls.

Fig. 9. Displacement of the midpoint of the bottom cavity wall.
4.3. Aeroacoustics results
In this section, the acoustic pressure and sound pressure level obtained at far field with FW-H analogy are
presented. The acoustic pressure probes were located at the bottom of the duct, 2 and 5 m downstream of
the cavity. The computed pressure is shown in Figs 10 and 11.

Fig. 10. Acoustic pressure values at acoustic probe 1 (━━ - flexible walls, ╍╍╍ - rigid walls).
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Fig. 11. Acoustic pressure values at acoustic probe 2 (━━ - flexible walls, ╍╍╍ - rigid walls).
In the range of low frequencies, from 10 to 500 Hz, the sound pressure level for both cases is similar,
however the type of noise is different. For rigid walls, the tonal noise can be observed, with tone frequencies
equal to 35, 65, 100, 150 and 200 Hz. These frequencies correspond to the vortex shedding frequencies, as
seen in sect 3.1. For the flexible walls case, the generated noise is broadband in this frequency range.
In the frequency range of 1-10kHz, the cavity with rigid walls is relatively quiet, with SPL within the
limits of the numerical error. In this range, the cavity with elastic walls generate tonal noise, with the
frequencies equal to 1kHz, 2.5kHz, 3kHz, and higher. These frequencies and tones result from the vibrations
of the structure and correspond to the frequencies in this range presented in Fig. 9. Moreover, these
frequencies coincide with the higher modal frequencies (8th and 10th modes).
4. Conclusions
In this paper the influence of elastic cavity walls on the flow induced noise was investigated. The numerical
analyses of the flow, structural displacement and fluid-structure interactions were conducted with use of
appropriate numerical methods – finite volume and finite element methods and corresponding software –
OpenFOAM, CalculiX and preCICE.
The results show that not taking elastic walls of the cavity into account can lead to an inexpedient
determination of the cavity noise, especially in the higher frequency range. This study is a preliminary
analysis of this influence, it is necessary to verify whether in the case of materials with different properties,
the higher vibration modes of the structure will have the impact on the generated noise and how significant
it will be. It should also be noted that the performed analyses must be verified experimentally.
The obtained results cannot be directly related to the literature due to the fact that, as mentioned in the
Introduction, there is no such research and simulation. However, the method itself can be referred to the
works of Hron and Turek [16]. The results may be verified on the basis of vibroacoustic simulations
decoupled from the flow.
Finally, it must be mentioned that described simulations of fluid-structure interaction are much more
computationally expensive. The time of the FSI simulations was ten times longer compared to the CFD
simulations not taking flexible walls into account. As for the memory usage, FSI simulations require more
memory than CFD, due to additional computational mesh of the FEM method. I t is also worth noting that
the disk space is a much bigger problem, because the result files could take up to 1TB for 0.5s of the
simulation
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