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interaction between acoustic streaming and vibration is a crucial yet
Thermoacoustic system, vibrating unexplored aspect of the performance of thermoacoustic devices. This
conditions, acoustic streaming, research is driven by the necessity of filling current knowledge
computational fluid dynamic (CFD),  deficiencies and acknowledging the importance of these factors in the
experimental study, ANSYS fluent performance of thermoacoustic systems. This study intends to enhance

the understanding about acoustic streaming and vibration through the
utilisation of numerical simulations and experimental studies. In this
paper, a two-dimensional (2D) computational fluid dynamics (CFD)
model of standing wave thermoacoustic flow conditions was solved
using the SST k-o turbulence model in ANSYS Fluent to simulate the
streaming induced by the vibrational responses within a standing wave
thermoacoustic test rig. This numerical prediction is then validated
using experimental results from a similar operating condition with a
single resonance frequency of 23.6 Hz. Three drive ratios were
examined. Disparity between velocity amplitude from CFD simulation
and experimental data was observed particularly at the highest drive
ratio. As the drive ratio increases, so does the amplitude of the velocity.
It was discovered that the model that includes vibration brings the
difference in results between the model and the experiment to be
smaller and it replicates the closest scenario to the actual condition.

1. Introduction

Thermoacoustic systems transport energy through acoustic waves. An acoustic wave can generate an unsteady
flow known as acoustic streaming [1]. Acoustic streaming is the secondary harmonic average flow caused by
Reynolds stresses in a fluid that sustains an acoustic wave and is added to the primary acoustic wave [2], [3]. It
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refers to the consistent fluid movement over time that occurs when acoustic waves travel through viscous fluids.
Acoustic streaming is a significant nonlinear occurrence in the realm of physical acoustics [4]. It is often produced
by the collision of an acoustic wave, such as a standing wave, with a solid wall [3]. Acoustic streaming effect has
garnered significant attention and research due to its notable impact on dynamic flow, and disrupting boundary
layer structure [2], [5]. Acoustic streaming is frequently identified as the cause of misinterpreted losses in
thermoacoustic systems [6]. There have been numerous auditory streaming patterns that have been analyzed due
to the varied methods of attenuation. These patterns have been analyzed in accordance with the diverse formation
processes. Eckart streaming and boundary-driven streaming are two examples that stand out specifically [7], [8].
An Eckart streaming is a stable large-scale overall flow that exhibits vortex characteristics. This flow is created by
the dissipation of energy that occurs when powerful sound waves propagate in free space [9]. The viscosity of the
fluid medium is the primary factor that contributes to this phenomenon. In the meantime, boundary-driven
streaming can be broken down into two categories: Schlichting streaming, which is also referred to as microflow
[10], occurs in the boundary layer, and Rayleigh streaming, which begins within the boundary layer (inner
streaming) and can extend into the fluid bulk (outer streaming) [4]. On the other hand, the Schlichting streaming
that occurs in the acoustic boundary layer is typically not observable in most situations.

Rayleigh streaming is one of the several types of streaming, which derived from the viscous interaction that
occurs between an acoustic wave and a solid boundary [11]. This paper primarily examines the impact of acoustic
streaming on the thermoacoustic device, specifically in relation to the vibrating condition. Rayleigh streaming,
which is caused by local mass and momentum variations induced by acoustic waves of the fluid flow within the
thermoacoustic device, is a significant factor that can disrupt thermoacoustic flow patterns and impact on the
effectiveness of thermoacoustic systems [12]. Consequently, it can be inferred that it will directly impact the
workflows within the ‘core’ of the system where the ‘stack’ is located. The acoustic wave's interactions with fluid
phenomena in the thermoacoustic rig disturb the symmetrical distribution of the acoustic streaming structure.
Furthermore, it has been noted that the acoustic streaming intensity increases proportionally with the
amplification of energy input into the system [7]. When the fluid flow encounters the solid wall and there is a
phase difference between the pressure and motion, the fluid behavior will experience acoustic streaming and
disturbance in the boundary layer [13] as it moves back and forth. This leads to the introduction of non-linear
effects in thermoacoustic devices [4]. Nevertheless, this can result in variations in pressure [14]. Consequently,
typical means of reducing energy loss may not be enough to decrease the intensity of the combined pressure
waves, resulting in the intensification of pressure waves, which are referred to as thermoacoustic vibrations. In
general, vibrations have had a significant impact on the regular functioning of the system, leading to considerable
noise and possibly structural harm [15]. According to the study conducted by [14]’s work in 2019, vibrations can
have negative effects on thermal efficiency, leading to affecting the flow patterns caused by acoustic streaming.
The interplay between vibrations and acoustic waves can modify the strength and orientation of streaming flows,
which in turn impacts the circulation of fluids, heat transfer processes, and overall functioning of thermoacoustic
systems [16].

Numerous experimental and theoretical approaches have been investigated to gain a deeper understanding
and mitigate acoustic streaming. A numerical simulation was performed by Yang et al. [7] to investigate the
combined of temperature and fluid flow interaction to change the control equations for partial differential of
acoustic streaming in a designed model. A temperature gradient acting in different directions has a substantial
impact on the flow structure distortion. To numerically solve the Navier-Stokes equations, Aktas and Farouk [17]
utilized a computational fluid dynamics (CFD) method. Their aim was to study how acoustic streaming patterns
in a 2D rectangular model are affected by the strength of the acoustic field. Researchers have shown that acoustic
streaming becomes progressively distorted as the acoustic field strength rises. These structures acoustic
streaming structure are primarily caused by the fluid inertia that effect from a strong acoustic wave. Mahdaoui et.
al. [1] use CFD for foreseeing acoustic streaming in complex geometries and at increased pressure drive ratios, as
well as the related non-linear streaming phenomena. The analysis revealed that the chosen model does not
accurately account for the highly nonlinear streaming occurring inside the system. Nevertheless, the research
conducted by Nouh et al. [18] observed the existence of mechanical vibration in the thermoacoustic system while
it undergoes the conversion process within the resonator. The research primarily concentrated on utilizing
dynamic magnification to enhance the intensity of the vibrations.

To some extent, previous studies have successfully demonstrated the correlation between simulation and
experimental measurements, as well as providing the understanding of acoustic streaming phenomena which
primarily describe the changes of acoustic streaming patterns caused by geometry model, acoustic intensity, and
temperature field. However, there is a lack of comprehensive investigations into the characteristics of the acoustic
streaming field under the influence of the thermoacoustic physical field such as vibration. Nevertheless, the
influence of vibration on acoustic streaming is frequently disregarded. Although several research have observed
the existence of thermoacoustic vibration, the correlation between vibrating condition and acoustic streaming, as
well as their impact on the acoustic wave within the porous structure, has been investigated separately. The
acoustic wave in the thermoacoustic system is influenced by thermoacoustic vibration and streaming, which in
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turn cause nonlinearity in the compression and expansion conditions [18]. Therefore, vibrations have a
substantial impact on the streaming flow, as they affect the entire cycle in a thermoacoustic system. Due to the
substantial amount of literature on acoustic streaming in general and the scarcity of combined research on
acoustic streaming and vibrating condition in thermoacoustic devices, it is necessary to thoroughly study the
correlation between these two parameters. In this paper, an insight into the impact of vibration on thermoacoustic
flow conditions is presented with an operating condition that is kept at a constant room temperature. The effect
of temperature on the flow was excluded so that focus can be given on the impact of Rayleigh streaming on
thermoacoustic flow [19]. Focusing all parameters all at once may not be a reliable option due to difficulty in
identifying the contributing factors for the investigated phenomena. The explanation of experimental setup and
numerical works is included in Section 2. Section 3 presents a comparison of the numerical results with both
experimental and theoretical data to validate the model. The findings of the flow velocity and vibration effect from
the experimental works will be discussed further through numerical works for both the cases: with and without
vibrating circumstances, are presented in Section 3.

2. Methodology

In this section, the methodology for both experimental and computational fluid dynamics (CFD) works are
described. The investigation of flow velocity and vibration conditions on flow streaming at three different drive
ratios over the ‘stack’ of the thermoacoustic system is carried out. In this study, the experimental data and
theoretical calculation were used to validate the 2D CFD models.

2.1 Experimental Works

The experiments were conducted using a thermoacoustic rig equipped with a quarter wavelength setup, in which
the resonator was arranged to be at approximately a length of 0.25A. The wavelength, denoted as A, can be
determined using Equation (1). It is important to note that the speed of sound, represented as c, was assumed to
remain constant at room temperature during this computation. The selection of this quarter-wavelength
resonator was based on its lower resonator wall losses in comparison to longer resonators [20].

1€ (1)

Fig. 1 depicts the thermoacoustic rig and the schematic diagram of the experimental apparatus setup,
including measurement devices, a loudspeaker as an acoustic driver, a resonator, and a parallel-plate structure
referred to as a 'stack' positioned inside a test section at a specific location of 0.17A from the rigid end of the
resonator. The selection of this location is based on the thermoacoustic impact, as documented in the research
conducted by Mohd Saat and Jaworski. This study involves a thermoacoustic flow at a single resonance frequency,
fof 23.6 Hz. This frequency is associated with a resonator tube that has a length of 3.8 meters and a cross-sectional
area of 150 mm x 150 mm. In this thermoacoustic test system, the resonator is typically constructed with a flow
route for air to facilitate operation at the resonance frequency, hence maximizing performance. To avoid too many
interfering factors so that focus can be given on the main flow, the apparatus lacks the necessity of heat
exchangers. The pores themselves retain the heat flow, which is then utilized as a heat source in the subsequent
cycle [22], [23].

At a pressure antinode (x = 3.8m), a 700W subwoofer type 18-inch diameter loudspeaker (Precision Device
1860) is attached to the resonator tube via a converging channel [20]. It is noteworthy that the pressure antinode
represents the point at which the amplitude of the acoustic wave's pressure is at its peak. The current study
utilizes a resonator with a pressure antinode situated at its most rigid point. The designation for this location is Pa
in Fig. 1. To ensure the resonator was securely connected and to prevent air loss from the apparatus, the
connections were sealed with rubber mat. A power amplifier (Fletcher FLP-MT1201) and a function generator
(SG1005) are utilized to energize the speaker's input. The flow of current is adjusted in accordance with the peak-
to-peak voltage supply, Vpp, and frequency. To generate an oscillatory flow, a sinusoidal wave is directed from the
function generator to the speaker [23]. The amplitude of flow velocity in thermoacoustic oscillatory flow is
dependent on the variation in the peak-to-peak voltage supply. At the pressure antinode location, a piezoresistive
pressure sensor (Endevco 8510B) is fixed to the closed end of the resonator (defined as x = 0). Its purpose is to
capture the pressure amplitude value. In the context of a quarter wavelength resonator, the pressure theoretically
reaches its maximum at the pressure antinode. Therefore, this site serves as the standard against which the
amplitude of oscillatory flow in thermoacoustic is measured.

The plates were chosen for their homogenous porosity structure [24], [25], which consists of a uniform
parallel arrangement. This configuration was selected due to its ease of maintenance and manufacture [20]. The
parallel plates demonstrate a 'stack’ composed of twelve aluminum plates. Each plate has a length (1) of 200 mm,
a thickness (d) of 3 mm, and is separated from the adjacent plate by a distance (D) of 6 mm. In the field of
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thermoacoustics, the term ’stack’ refers to a significant solid surface known as the 'core’ of the system. This is
where the thermodynamic processes of the energy system occur [22], [26], [27], [28]. The configuration of a ‘stack’
results in a porosity of 76.66%. Porosity is defined as the proportion of the stack's volume that is filled with air,
relative to the total volume of the ‘stack’.
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Fig. 1 (a) Real picture of thermoacoustic rig; (b) Schematic diagram of 23.6 Hz rig

In this study, the velocity amplitude of the flow was determined by employing a hotwire anemometer (ST-
732). The hot wire probe was positioned at approximately 120 mm from the ‘stack’, between its two ends. The
investigation involved measuring the amplitude velocity of the flow at specific points labelled as v1 and v2 within
the resonator. These locations are indicated in Fig. 2. Furthermore, it is anticipated that vibrations occurring along
the resonator and converging channel will generate potential vibration during the experimental work. This
parameter should be prioritized as it is often overlooked by many researchers, even though vibrations at certain
locations of the axis can have a relatively impact on the resonator body. Therefore, it is necessary to investigate
this parameter to determine its influence on the streaming and flow velocity within the thermoacoustic system.
An accelerometer (specifically the SDL-800 model) was positioned on both axes of the resonator body and
converging channel to gauge the vibration levels that could potentially enhance the flow of streaming. The
vibration of the resonator and oscillations of the system were measured in terms of displacement along the y and
z axes to determine the potential vibrations experienced [29]. The location of vibrations measured along two axes
is also illustrated in Fig. 2.

The experimental data on velocity amplitude and vibrations were utilized to validate the models employed in
the study. The validation of numerical model with experimental results is essential to demonstrate the efficacy of
the modelling approach and verify that the simulations accurately depict the physical environment in
experimental work. The dashed box in Fig. 2 denotes the specific region inside the computational domain that will
be addressed in the subsequent subsection.

The flow within the resonator tube is allowed to continue running for five minutes prior to the begin of data
collection. The purpose of this is to maintain a consistent and stable environment within the resonator. The
experiments were replicated three times, with each data point being captured for an approximate duration of two
minutes. This was conducted as a part of the uncertainty analysis to estimate the repeatability and accuracy of the
results. Equation (2) represents the general formula for determining the average value of data, denoted as x.

1
X = ;(x1+x2+-~+xn) (2)
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where n represents the frequency of the measurement. The value of n in this study is 3, as the experiments
were repeated three times. The deviation from the mean is utilized to calculate the experimental error. Equation
(3) provides the definition of the standard deviation, denoted as s, which is the parameter used to assess the
accuracy of the data collected for the study [23]. Utilizing this analytical approach is crucial in order to guarantee
the replicability and dependability of the data obtained.

1 (3)
s= X1 —X)? + -+ (xn —x)?
Gy LG =B et o =)
Converging channel
%2 vl ‘stack’ vl xl
— > | @ —— ; !
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Fig. 2 Schematic diagram of a quarter wavelength thermoacoustic system with a dashed box that represents the
location of the computational domain

2.2 Numerical Works

To analyze the fluid flow and vibrating conditions numerically, computational fluid dynamics (CFD) models were
applied, which were based on the experimental setup used earlier in this study. This work primarily utilized
ANSYS Fluent, a computational tool employed for simulating fluid flow [30]. The element quality and skewness
are assessed to ensure they remain within specified ranges. The domain was simulated using a two-dimensional
(2D) computational fluid dynamics (CFD) model because of its computational efficiency [31] compared to three-
dimensional (3D) modelling, which would need significantly more time and computer resources [32]. The
simplification of the 2D model is expected to be feasible and solvable, as it is anticipated that there will be no
significant alterations in the parameters or properties of the 3D model [32]. The computational domain utilized
in this investigation, as seen by the dashed box in Fig. 2, encompasses a rectangular region measuring 1000 mm
in length and 142 mm in height surrounding the test portion. The determination of the domain's length is derived
from the recommendation provided by [33] as cited in the study conducted by [34]. It is advised that the domain's
length should neither be excessively brief nor excessively long.

Fig. 3(a), (b) and (c) displayed the geometry of the model with specified boundary conditions from the dash-
box in Fig. 2, meshing geometry of the computational domain, and an enlarged view of mesh generation near the
parallel-plate and wall, respectively. The computational domain shown in Fig. 3(b) illustrates the standing wave
thermoacoustic system with the 'stack’ positioned at the center of the domain. The Shear-Stress Transport (SST)
k-w turbulence model were used in solving the 2D CFD model as it has been demonstrated to effectively represent
the fluid dynamics of flow around the boundary layer of the thermoacoustic system [21], [34]. This model has
demonstrated outstanding performance even in scenarios with adverse pressure gradients, such as those
encountered in cyclic flow conditions of thermoacoustic.

The quadrilateral mesh was created with a growth rate of 1.2. The domain was splitted into regions, with each
parts having a structured mesh to minimize skewness and achieve higher mesh quality [35] for the domain,
primarily when the bias setting is applied [37]. A more complex mesh was implemented within the region near
the parallel-plate structure to accurately depict the fluid flow variations in those specific areas [36] . Meanwhile,
a smaller mesh was created along the top and bottom walls of the domain, as depicted in Fig. 3(c), to accommodate
the vertical movements of the domain when the moving wall is applied. The bias setting can be used to apply a
finer and more compact mesh to the domain. The mesh underwent grid independence testing, which determined
that a total grid number of 58396 is adequate for obtaining results that are not influenced by the grid size. This
correspondstoa y* (y-plus) value of 0.89, which was recommended as the appropriate number for fine grid near-
wall mesh refinement in order to generate the viscous sub-layer [37]. The mesh has a minimum orthogonal quality
of 0.99 and a maximum skewness of 8.829 x 1073, indicating that it is in a state of good quality.
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Fig. 3 (a) 2D geometry of the model; (b) Meshing of computational domain; (c) Enlarge view of mesh generation
near the parallel-plate area and wall

The model was solved for various flow amplitudes, which are quantified by a term called as drive ratio, DR, as
indicated in Equation (4). The drive ratio is defined as the ratio between the acoustic pressure at the position of
the pressure antinode, Pq, and the mean pressure, Pn. The mean pressure corresponds to the air pressure within
the resonator. The ideal gas equation was selected to model the variations in density of the working fluid, air,
under atmospheric pressure conditions. The mean pressure, Pm, is equal to 100 kPa while the mean air
temperature, Tm, is 300K. The oscillatory flow behavior at the inlet, outlet, top, and bottom walls of the domain
shown in Fig. 3(b) were generated using user-defined-function (UDF) codes. An oscillating pressure, labelled as
P1, was designated as the inlet condition at the x: position of the domain. The outlet boundary at the xz position of
the domain was characterized by an oscillating velocity, designated as Uz. The oscillating velocity at the top and
bottom walls of the domain, referred to as Uw, was initially described as a non-moving wall for the purpose of
validating it against earlier work. It was later redefined as a moving wall. The inlet, outlet, top, and bottom wall
conditions are determined using lossless equations, as depicted in Equations (5), (6), and (7).

_Pa (4)
DR = P
P, = P, cos (k,X,) cos(2rft) (5
P, . (6)
U, = — sin(k,X;) cos(2nft + 0)

pc
U, = 2nf x Acos(2rft) (7
k-2 ®)

c
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where kq, Pq, f; t, ¢, 0, 4, x1, and x2 represent the wavenumber, acoustic pressure at the position of pressure
antinode, flow frequency in Hz, time, speed of sound, phase at 90 degrees in radians, displacement of vibrations
along the y or z axis, and the locations of the inlet and outlet of the domain, respectively. The wave number, k, is
determined by the angular velocity (w) and is mathematically specified in Equation (8). Two supplementary
boundary conditions were computed and considered, the turbulent length scale, denoted as £ = 0.07 D, and the
turbulent intensity, represented by T1=0.16 (Re)_l/g. The diameter, denoted as D, of the turbulent length scale is
determined by the height of the resonator. The Reynolds number used to calculate turbulence intensity [38] was
determined by the theoretical velocity amplitude at the respective boundary location following the practice
reported in published work [40].

Table 1 Boundary condition for non-moving wall and moving wall

Boundary names Non-moving wall case Moving wall case

Inlet Pressure inlet (i.e., Eq. (5)) Pressure inlet (i.e., Eq. (5))
Outlet Velocity outlet (i.e., Eq. (6)) Velocity outlet (i.e., Eq. (6))
Top and Bottom walls Stationary wall Moving wall (i.e., Eq. (7))

The models were solved using an unsteady pressure-based implicit solver, specifically employing the
Pressure-Implicit with Splitting Operators (PISO) technique for the pressure-velocity coupling. The PISO approach
is renowned for its stability and computing efficiency. It successfully handles pressure-velocity interactions,
allowing for precise prediction of fluid flow behavior [39]. The SST k-w turbulence model was computed using the
Reynolds-Averaged-Navier-Stokes (RANS) equation [40] provided by ANSYS Fluent. The model utilizes the
principles of mass, momentum conservation, and total energy equation, as specified in Equations (8) to (10). The
transient model was implemented using a time step size of 1/1000 f. Convergence was obtained between 10 and
20 iterations for each time step. The models were iterated for a minimum of six cycles each. The purpose of this is
to provide a consistent oscillatory flow condition in which the thermodynamic characteristics of the flow remain
constant from one cycle to the next.

dp _
E+V' (pu) =0 (8)
dpu
W+ V.(puu) = -Vp+V.T+F 9
3[ ( i1 2)]+v[ ( i1 2)]—V(kVT)+V(— Frw) 4 uF 4 (10)
T ple 2u |pule 2u =V. .(—pu+T.u) +u. Q

The terms p, u, t, p, T, F, e, k, and Q represent the density, velocity, time, pressure, shear stress components, body
force, enthalpy, thermal conductivity and heat, respectively.

3. Results and Discussion

This section begins with the outcomes of model validation. Subsequently, the verified models are utilized to
generate outcomes related to the amplitude of velocity and the condition of vibration along the thermoacoustic
rig. The results indicate that thermoacoustic vibrations have a substantial influence on the fluid dynamics of
oscillatory flow within a thermoacoustic system.

3.1 Model Validation and Verification

In order to validate the 2D CFD model, the results of velocity amplitude were compared with both experimental
data and theoretical calculations. The drive ratio values used for comparison were 0.64%, 2.17%, and 3.01%, as
specified in the experimental works. The comparisons were conducted at the same location, specifically 120 mm
from the end of the ‘stack’, and with the same porosity value. To validate the data, the location for data collection
was carefully selected to minimize potential mistakes caused by flow disturbances near the parallel-plate
structure. The porosity is determined by dividing the cross-sectional area of the plates in the ‘stack’ by the cross-
sectional area of the resonator. The axial velocity amplitude was measured both theoretically and experimentally
at this position with 100% porosity. Dimensionless values were calculated using reference velocity. The reference
velocity, Vres, was calculated based on the inlet boundary condition of the computational domain. The value varies
based on the drive ratio. Table 2 shows the Vrevalues for all drive ratios examined in this study. The equation used
to calculate the Vieris displayed in Equation (11).
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Table 2 Velocity reference, Ve for investigated drive ratios at porosity 100%

Drive ratio % Velocity reference, Vier
0.64 1.2061
2.17 4.0704
3.01 5.6554
kaPa -
Vier = msm(ka x) (11)

The variables kq, Ps, ¢, w, and p represent the wavenumber, pressure amplitude at the position of pressure
antinode, porosity at the location of data measured, the angular velocity, and the density of the fluid, respectively.
The x location refers to the specific location where the data for validation was collected.

---- Theory + CFD X Experiment

8.0 1
7.0 A X

6.0 F
5.0 X -

4.0 1 =

V/Vref (m/s)

3.0 et
20 4 e
10 {1 X~

0.0 T T T T T 1
05 1.0 15 2.0 25 3.0 35

Drive ratio %

Fig. 4 Validation of the model with theoretical calculations and experimental results

The changes in velocity amplitude with respect to drive ratio were illustrated in Fig. 4, which allows for
validation of the results obtained from experimental measurements, CFD simulation, and theoretical calculation.
The outcomes of the CFD simulation approach the theoretical values more closely, particularly when considering
the minimum drive ratio of 0.64%. The CFD outcomes exhibit small changes in comparison to the theoretical
values, with a comparatively lesser deviation of 1.93% observed at the maximum drive ratio of 3.01%. In contrast,
the experimental data exhibit significant differences from the linear theory's calculations, with the greatest
differences of 19% occurring at the maximum drive ratio of 3.01%. Error bars in Fig. 4 illustrated the accuracy of
the experimental data, serving to denote the uncertainties associated with the values obtained. The uncertainties
associated with the data collection in Equation (3) were computed utilizing the standard deviation method.
Evidently, the differences between the experimental values and those measured through CFD simulation and
theoretical formulas are clearly observed. The differences become more apparent when the drive ratio is
increased to 3.01%, a similar trend that was also mentioned in the earlier published work [41]. The huge
difference shown between CFD simulation and experimental data is approximately 17%.

Notably, the deviation may have been caused by a perceptible vibration that occurred along the
thermoacoustic rig during the experimental work, thereby disrupting the fluid flows within that area. This
vibration may result in additional streaming within the apparatus, which may introduce an error to the measured
velocity value. Potential efforts were made to ensure that data could be collected throughout an extensive range
of flow amplitudes in order to validate the numerical model. The rig was meticulously mounted to the table by
affixing rubber gaskets to multiple joints to mitigate vibration concerns. Regrettably, when the drive ratio is
increased, the intensity of vibrations in the experimental rig also increases, making it impossible to obtain
accurate velocity data. However, the current model's observing of a comparable relationship between velocity
change and drive ratio and magnitude, which aligns with experimental and theoretical calculations, offers valuable
insights into the fluid dynamics of flow within the thermoacoustic rig. Therefore, the models still provide valuable
insights into the fluid dynamics within the system under optimum circumstances but the noticeable vibration
during experimentation requires special attention, especially at high drive ratio condition.
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3.2 Velocity Amplitude

As outlined in the experimental setup methodology, the experiments were conducted using a quarter-wavelength
thermoacoustic rig, corresponding to a frequency of 23.6Hz. The experiment was carried out with a loudspeaker
operating within the provided range of peak-to-peak voltage, Vpp, from 0.05 V to 0.50 V. Meanwhile, the numerical
simulation was done using the validated 2D CFD model in ANSYS Fluent, following the methodology outlined in
this study. The velocity amplitude range of flow in experimental and numerical works was first verified through
theoretical calculations. The velocity amplitude results for CFD and experimental works at location 2 can be seen
in Fig. 5. The data is provided for three different drive ratios: 0.64%, 2.17%, and 3.01%. The measured amplitude
velocity for both experimental and numerical works can be found in Fig. 2, located approximately 120 mm from
the end of the 'stack’. This location has been identified as the central point within the resonator, offering valuable
insights into the acoustic streaming behavior during the compression and expansion process in the
thermoacoustic rig.

+ CFD X Experiment

8.0 A
7.0 4 X
6.0 "
50

+ X

4.0 4
3.0 1

Velocity (m/s)

2.0 1
10 X

0.0 T T T T T 1
05 10 15 20 25 3.0 35

Drive ratio %

Fig. 5 Comparison between CFD simulation and experimental results

The correlation between these two data is readily apparent, as the drive ratio increases, the velocity amplitude
increases as well. The relationship between drive ratio and velocity amplitude in thermoacoustic systems is
primarily determined by the interaction between acoustic waves and the mechanical vibrations of the system.
Increasing the drive ratio can result in amplified sound waves that propagate through the resonator, thus
enhancing the velocity amplitude within the thermoacoustic system [12]. The CFD modelling and experimental
studies demonstrate a favorable agreement with a minor difference of 5% for the low drive ratio. The velocity
amplitude results are then increased when the drive ratio reaches 2.17%. The huge difference between CFD and
numerical results indicates that both are 16.6% different from one other. According to both CFD and experimental
studies, the experimental results differ from the CFD results by 17% at a drive ratio of 3.01%. The differences
between CFD and practical results at high drive ratio can be attributed to the mechanical vibrations of the
thermoacoustic rig, which affect the acoustic streaming within the resonator. The mechanical vibrations of the
thermoacoustic rig can amplify the amplitude of the acoustic waves, resulting in increased velocity amplitudes in
the flow of the working medium (i.e. air). Therefore, the presence of mechanical vibration throughout the
experimental work has been identified and acknowledged as the primary factor contributing to the discrepancies
with the results obtained from computational fluid dynamics (CFD). Extensive research has been conducted to
investigate the vibrating condition, both experimentally and numerically. The focus of the numerical studies has
been on accurately modelling the vibration to closely resemble actual situations observed in the experimental
environment. This topic will be further discussed in the following subsection.

3.3 Vibration Condition

3.3.1 Experimental Results

Thermoacoustic devices frequently exhibit natural frequencies at which they resonate during the experimental
work. When the acoustic waves are driven by an acoustic driver (i.e.loudspeaker), the frequency produced by the
system matches its natural frequency, resonance evolves, resulting in increased vibrations [42]. The vibrating
circumstances that occurred throughout the experimental work were recorded on the thermoacoustic rig. This
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condition was clearly identified throughout the experimental work, particularly when the thermoacoustic system
was subjected to high peak-to-peak voltage supply, Vpp for the acoustic driver.

Table 3 Vibration at the thermoacoustic rig for Z and Y axes at points 1 and 2

Displacement (x10™%) m

Vpp (V

pp (V) AZ1 AZ2 AY1 AY2

0.05 0.213 0.187 0.010 0.007
0.10 0.410 0.363 0.167 0.010
0.15 0.583 0.533 0.030 0.020
0.20 0.743 0.678 0.030 0.020
0.25 0.887 0.810 0.033 0.030
0.30 0.990 0.923 0.047 0.033
0.35 1.100 1.033 0.050 0.037
0.40 1197 1103 0.057 0.040
0.45 1.290 1.203 0.063 0.047
0.50 1.360 1.293 0.070 0.060

The detailed arrangement of the experimental setup can be found in Fig. 1(a). The vibration was recorded
using an accelerometer at several locations along the resonator. The accelerometer sensor is strategically placed
on the resonator body to accurately measure displacement in two directions. Vibrations were recorded at both
the Y (horizontal) and Z (vertical) axes at the location of points 1 and 2, which were approximately 120 mm from
both ends of the 'stack’, same as the location where velocity amplitude were measured. This allows the vibration
conditions to be captured at same dynamic behavior as velocity amplitude when the acoustic streaming interacts
with the solid wall of the resonator body. Location of point 1 refers to the position nearest to the speaker that is
attached to the thermoacoustic rig. Point 2 is positioned at the location nearest to the pressure antinode at the
rigid end of the resonator. Given the constraints of the loudspeaker's capabilities, the experiments were conducted
within the voltage range of 0.05V to 0.50V of Vpp. According to Table 3, the vibration levels rose for both axes as
the provided Vpp increased. It is important to mention that increasing the voltage supplied to the system results
in a greater amount of input energy, which in turn leads to more intense acoustic waves. However, it is noticed
that the measured data on the Y-axis have a lower order of magnitude compared to the measured data on the Z-
axis. It was discovered that excitation of the resonator body is causing bigger vibrations along the Z-axis. There is
an excessively small amount of vibration on the Y axis, and it appears to be practically stable. This vibration data
shows when Vpp values range from 0.15V to 0.25V for location point 1, as well as for location point 2. Due to this
concern, it is anticipated that the vibration along the Y-axis is not significant enough to have a substantial impact
on the acoustic streaming of fluid flow, and hence it is not worth considering. Therefore, the vibration along this
axis appears to be neglected in this study. The vibration on Z-axis is large, which is expected the vibration on this
axis can be considered in influencing the acoustic streaming inside the resonator body. Thus, the investigation of
vibration condition in this study will be more focused on the Z-axis.
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Fig. 6 Comparison of vibration data for Z-axis
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According to Fig. 6, the vibration data at AZ1 are slightly higher than the vibration levels recorded at AZ2. The
measured vibration is influenced by its location. As previously stated, the vibration of AZ1 was observed at
location point 1, which is close to the acoustic driver. Therefore, it is anticipated that the driver may encounter
stronger acoustic streaming effects, resulting in increased vibrations in that area. Meanwhile, the vibration of AZ2,
which was recorded near the pressure antinode, suggests lower vibration data. This phenomenon occurs when
acoustic waves propagate through the thermoacoustic system in a cyclical manner, repeatedly traveling back and
forth across a structure known as 'stack’. The ‘stack’ itself can attenuate a certain amount of the acoustic energy
because of the thermoacoustic process. Hence, the acoustic waves generally undergo attenuation [43]. As the
waves travel further away from the acoustic driver, they experience greater attenuation. This situation is subject
to causing a decrease in their intensity and consequently, decreased the vibrations. However, the vibration
patterns for both locations exhibit a strong consistency, with the maximum difference between them being around
12%. Instead of solely focusing on the resonator part, an alternative approach to investigating the existence of
vibration lies in the converging channel (also known as the cone) that is attached to the acoustic driver. As
previously stated, the proximity of the thermoacoustic part to the acoustic driver will result in increased
vibrations in that specific area.

Table 4 Vibration at the converging channel for Z and Y axes

Displacement (x10™*) m

Vpp (V)
AZs AYs
0.05 0.227 2.183
0.10 0.467 4.463
0.15 0.687 7.193
0.20 0.897 10.260
0.25 1.043 12.417
0.30 1.157 14.233
0.35 1.280 15.343
0.40 1.447 16.187
0.45 1.553 17.113
0.50 1.633 18.550

The location of the measured point within the converging channel was as shown in Fig. 2. Based on Table 4,
for the location of axes, the vibration fluctuated higher, especially on the Y-axis. The converging channel is
positioned near the acoustic driver in order to effectively propagate the acoustic waves. Applying acoustic energy
directly to the converging channel can cause increased vibrational amplitudes in that area. It is noticeable that the
Y-axis exhibits the largest vibration amplitude ata Vpp of 0.50 V, which is significantly different from the Z-axis at
the same Vpp by 91.2%. It was discovered that the vertical direction of the Z-axis in the converging channel is
lower compared to the region where the acoustic wave flows directly horizontally. Although the vibration data on
the Z-axis within this area appears to be less than the Y-axis, these data are mainly similar to the vibration
condition obtained at the resonator body on the Z-axis at location point 1, AZ1 in Table 3. Nevertheless, the
vibration data obtained from the converging channel is still significantly larger than that recorded within the
resonator body, with a percentage difference of 17.28% at a Vpp of 0.40 V. Therefore, it is worthwhile to
investigate the vibration in both axes of the converging channel, as the data indicates much higher vibrations for
all Vpp values compared to the vibration data in Table 3. On the other end, when comparing the vibration data
between the converging channel and resonator body, it is noticed that the vibration data on Y-axis for converging
channel is higher, while the vibration data for resonator body is higher on Z-axis. The disparity found in this
instance can be related to the variation in form and cross-sectional area between these two parts. The converging
channel has a larger cross-sectional area than the resonator, while it is smaller in width. Thus, the stiffening and
damping characteristics of this part produce different results, with the converging channel being more susceptible
to acoustic excitation, particularly along the Y-axis.

3.3.2 Numerical Results

To ensure the identical conditions are replicated in the experimental environment, the numerical analysis has
been extended to include the vibrating condition when modelling the acoustic streaming. This study aims to
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investigate the impact of vibration on acoustic streaming. The resultis as shown in Fig. 7. As previously mentioned
during the model validation, the notable disparities between the experimental results and the CFD simulation
could be attributed to the fact that the numerical analysis was conducted without accounting for the vibrating
effect on the boundary, which is present in the experimental setup. The boundary of the 2D CFD model has been
defined according to Fig. 3(b). The simulation includes the principle of moving walls by implementing a dynamic
mesh on the top and bottom walls of the model. In this numerical analysis, the top and bottom boundaries of the
boundary are modelled to have the same vibrating condition in the Z-axis, similar to the experimental setup. The
simulation study primarily addresses the boundary condition within the resonator area. This work will involve
the coding of user-defined-function (UDF) and calculation in Eq. 7. The results of this case then will be compared
with the first model, without moving wall in terms of flow velocity at highest drive ratio of 3.01%.

B Theory ™ Without moving walls  ® Moving walls

18

15.41

16
14
12

5.67

Percentage difference (%)
=
=

= LA B+

Types of study

Fig. 7 Bar chart in comparing the percentage difference between each case and experimental results

For further analysis, the vibration data obtained throughout the experimental work are utilized in the
calculation described by Equation 7 to observe the velocity of the flow streaming. After approximately six cycles,
both cases of without moving wall and moving wall is being compared. It can be observed that the flow velocity at
the middle point of location 2 for case with moving walls is 1.19% higher than the case without moving walls. The
reason for this result lies in the fact that the presence of moving walls leads to a slightly greater maximum velocity.
This is due to the boundary condition that captures the dynamic fluid-structure interaction caused by the
movement of the wall. This interaction has the potential to result in complex fluid dynamics and increased
simulated flow velocities. This finding demonstrates that the vibrating condition has a significant influence on the
flow streaming, resulting in an increase in flow velocity. Other than that, the data which is obtained from both
cases is also compared with the experimental results. Fig. 7 displayed a bar chart that compares the percentage
difference for each case compared to the experimental result. Based on the calculation made, the implementation
of moving walls results in a small percentage difference of 5.67% compared to the experimental result. In contrast,
the case without moving walls has a percentage difference of 15.41%. This result suggests that implementing
moving walls will provide data with more precision, closely resembling the actual situation.

4. Conclusion

The acoustic streaming in an oscillatory flow with the inclusion of vibrating effect was reported based on results
obtained from an experimentally validated numerical model. The presence of vibration on the thermoacoustic test
rig was detected based on the results obtained from the experimental works. This work provided velocity
amplitude data with the presence of vibrating condition for the purpose of model validation. A good match was
found for the case with moving walls, while small percentage differences of velocity change with the change of
drive ratio was observed between experimental results and CFD simulation for flow frequency of 23.6Hz. This is
based on the velocity amplitude plotted in the computational domain representing the location of thermoacoustic
rig within the ‘stack’ area. This proved that the simulation work for case with moving walls to mimic the vibration
effect provides the closest scenario to the actual condition as observed in the experiment. The vibrating effects
within the converging channel connecting the acoustic driver and the resonator was observed to be larger and
further investigation may be needed to understand this impact on the thermoacoustic flow condition.
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Nevertheless, the preliminary results presented in this paper through experimental and numerical works indicate
that the inclusion of vibration condition into the model lowers the disparity between experimental and numerical
results by almost 10%. Hence, its effect on the acoustic streaming and fluid behavior needs further investigation
and more data needs to be gathered to better understand this situation. Comprehending vibrations in
thermoacoustic systems is crucial due to their significant influence on the interaction between fluid and structure,
as well as the overall performance of the system. This inquiry contributes to the continuous endeavors to
understand the complex dynamics associated with thermoacoustic flow phenomena.
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