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Abstract: Low frequency noise produced by electrical transformers is one of the most
resilient problems, since such types of noises are highly resistant to standard techniques of
noise suppression. Absorption panels do not provide sufficient protection below 500 Hz;
hence, alternative techniques based on resonance have been developed in the field of passive
acoustic control. This research considers stacked Helmholtz resonators as a possible method of
attenuating low frequency noises produced by transformer equipment in the range from 20 Hz
to 500 Hz. A combination of analytical, numerical, and experimental techniques is utilized to
estimate the effectiveness of the proposed method. Experimental tests have shown that proper
configuration of Helmholtz resonators can help to attenuate sounds up to 7.5 dB and provide
9.2 dB of transmission loss. The highest efficiency of attenuation has been estimated at 11.5%.
Numerical estimates demonstrated a high level of correspondence with experiments, with an
error margin of smaller than 3.2% for all tested configurations. An increase in the volume
of cavities, neck lengths, and layering significantly increased the efficiency of low frequency
attenuation. It can be concluded that the application of stacked Helmholtz resonator panels is
one of the most energy-efficient ways to suppress noise in the considered low-frequency band.

Keywords: Helmholtz resonator; low-frequency noise; transformer noise control;
acoustic attenuation; finite element analysis; insertion loss; resonance tuning; passive
noise control

1. Introduction

Noise and vibration reduction have proven themselves to be an important
subject of modern engineering science due to their practical significance in relation to
environmental protection, operation of machines, and impact on the human body. In
this context, the increasing emphasis on the issue of low-frequency noise has gained
attention, owing to its long-term nature, wide range of diffusion, and inability to
suppress using traditional means [1]. Among the main sources of this type of acoustic
disturbance, electrical transformers have been identified, with their main origin attributed
to magnetostriction and electromagnetic effects that give rise to tonal sound emissions
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at the lower frequencies of the spectrum [2,3]. The problem of reducing low-frequency
noise is related to the limitations of traditional noise-absorption materials. Porous
materials and barriers that absorb noise effectively in the medium-to-high frequency
range have very little effect on low-frequency noise unless extremely thick layers are
used [4, 5]. As a result, approaches based on resonance have become increasingly
popular as an alternative method. Helmholtz resonators have been thoroughly studied as
means to reduce narrowband low-frequency noise by utilizing resonance effects [6, 7].
The resonance frequency can be modified depending on the shape of the device so that
it matches the predominant frequency of the noise.

Advancements in acoustical engineering technology have increased the
applications of Helmholtz resonators with the emergence of resonance absorber array
systems and acoustic metamaterials. According to research studies, the application of
several Helmholtz resonators increases their ability to reduce attenuation and increase
the range of effective frequencies [7,8]. In addition, layering or stacking of resonators
increases the interaction between them and helps dissipate more energy, which could
be an advantage over one-piece devices [9, 10]. However, there is no evidence
regarding the use of stacked Helmholtz resonators to attenuate transformer noise. The
core research problem being addressed in this study is the inadequacy of efficient,
compact, and scalable means of dealing with transformer noise at low frequencies
using passive acoustics. Even though there are techniques such as the use of enclosures
and active noise control available, most of them require relatively high cost, increased
complexity, and issues associated with implementation. In addition, previous work
has mainly focused on either mathematical analysis or numerical simulations with
little application of experimental studies.

The significance of this current study lies in its ability to fill in the gaps left
open by past studies through a passive noise control strategy based on resonance
tailored specifically for transformers. Through the use of panels consisting of stacked
Helmholtz resonators, this study aims to come up with a viable solution that is compact
and energy efficient for industrial application. This paper adopts a combined analytical,
numerical, and experimental approach toward studying stacked resonators. Unlike
other studies where either only the properties of resonators are determined individually
or where only one particular approach is adopted, the present study combines three
methods into a consistent methodology. The statistical approach in this study provides
confidence in the significance of the results obtained, which has not been adequately
explored in other studies in acoustics.

Several contributions to the body of knowledge are made in this study to contribute
to the advancement of low-frequency acoustic noise reduction techniques. Firstly, the
study focuses on the development of a stacked Helmholtz resonator panel optimized
for low-frequency transformer noise reduction at frequencies ranging between 20–500
Hz, which has rarely been covered in previous works. Secondly, in contrast to other
researchers who have mostly focused on examining the effects of individual geometric
parameters on the attenuation capabilities of the designed resonator, this study seeks
to investigate the effect of cavity volume, neck length, and layer stacking on acoustic
performance simultaneously. Thirdly, the study applies a combination of analytical,
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numerical, and experimental modelling techniques to test the performance of the
stacked Helmholtz resonator panel. Lastly, unlike previous studies, which failed to
incorporate statistical validation techniques such as ANOVA and correlation, this study
uses statistical tests to determine the significance and effectiveness of the developed
resonator panels in attenuating noise from transformers.

The theoretical elements of the research are concerned with the theory of acoustic
resonance and passive noise control systems, where emphasis is placed on the concept
of Helmholtz resonance and matching of acoustic impedance. The contribution of this
research is made toward the literature review on the theory of acoustic resonance and
passive noise control, focusing on how the theoretical concepts can be used in stacked
arrangements and industrial noise.

2. Literature review

Noise emanating from electrical transformers at low frequencies constitutes a
continuing problem in the field of acoustic engineering due to their tone nature and poor
efficacy of existing noise attenuation techniques. Transformer noise, whose sources
include magnetostriction and electromagnetic effects, consists of frequencies that are
very low, making them hard to attenuate using conventional absorbent media [2,11,12].
It has been demonstrated empirically by studies [13, 14] that porous absorbers and
barriers perform poorly at low frequencies mainly because the efficacy of such systems
relies on the thickness and density of the absorbent medium, which are unrealistic
for low frequencies. These techniques include Helmholtz resonators, which have
become popular due to their potential to filter out narrowband and low-frequency noise.
Initial research revealed that the resonance frequency of such systems depends on the
geometric parameters, including the volume of the cavity and the size of its neck [15,16].
Later research showed that tuning these geometric parameters makes it possible to
design resonators capable of filtering out noise within certain frequency bands, making
them useful in attenuating tone-noise sources [17].

Over the past few years, advancements in acoustic metamaterials and resonant
absorbers have increased the applications of Helmholtz resonator systems. Research
reveals that a combination of multiple resonant elements increases the absorption
effect and improves the efficiency of attenuation [7, 8]. This configuration results in
a high level of acoustic interactions in the system, causing higher energy losses. It
is important to mention that using stacks or layers of resonators is one technique that
can be used to widen the bandwidth of attenuation and increase efficiency. Research
conducted on architecture acoustics and duct systems shows that multilayered resonator
configurations provide better attenuation compared to single-resonator systems [18,19].

Despite all these advances, the existing literature has some shortcomings if
analysed in the framework of transformer noise reduction. First, many previous
works have focused on the analysis of general acoustic settings instead of industrial
settings, where little research has been done on transformer systems where acoustic
characteristics are well-defined and wavelength-dependent. Second, while much
attention has been devoted to the impact of each variable separately, their combined
impact has not received an equal degree of attention. This implies that there has been
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no study considering the combined effect of these three factors. Most existing research
is based either on analysis or on numerical simulation methods. Although analytical
modelling provides a number of useful conclusions, it usually fails to account for a
variety of acoustic phenomena, such as viscous losses and boundary effects. Although
simulations may be more accurate, they are hardly ever verified through experiments.
Consequently, there is still a need in the literature for research projects that utilize
all three types of modelling, i.e., analytical, numerical, and experimental. Another
deficiency worth mentioning lies in assessing the performance of the acoustic device or
system under study. Althoughmost papers consider parameters like noise reduction and
loss factors, few authors provide statistical justification for their conclusions regarding
the importance and relevance of results. Considering the influence of the environment
on low-frequency measurements, the absence of such justification raises questions
concerning the validity of the results.

Additionally, reduction of transformer noise has traditionally made use of
structural changes, enclosures, and noise control systems, leaving little research done
on small-sized passive resonators. The lack of studies aimed at optimizing the design
of stacked Helmholtz resonator panels and making it possible to use these elements
in practical applications is quite evident. Given these facts, the main objective of the
present study is to create a methodology for designing stacked Helmholtz resonators
and apply them to low-frequency transformer noise control. The present paper seeks
to investigate the influence exerted by various geometric parameters and stacked
configurations of Helmholtz resonators on their performance, make use of statistical
analysis to confirm its reliability, and prove the applicability of the chosen design
method.

Recent studies have increasingly focused on the development of broadband
and tunable resonator systems to overcome the narrowband limitations traditionally
associated with Helmholtz resonators. For instance, adaptive and multi-neck
resonator configurations have demonstrated improved flexibility in targeting multiple
low-frequency bands simultaneously, thereby increasing practical applicability in
industrial acoustic environments [20, 21]. Similarly, investigations into acoustic
metamaterials have shown that coupling resonant cavities with periodic structures
can significantly enhance sound absorption efficiency while maintaining compact
geometrical dimensions [22–24]. These findings suggest that structural optimization
and resonator coupling play a critical role in improving low-frequency attenuation
performance.

In addition to structural optimization, recent research has emphasized the
importance of integrating numerical simulations with experimental validation to
improve predictive accuracy in acoustic system design. Finite element analysis has
been widely employed to investigate sound pressure distribution, acoustic impedance
matching, and resonance behaviour under complex boundary conditions [25, 26].
Experimental verification remains essential because low-frequency acoustic phenomena
are highly sensitive to environmental conditions and measurement uncertainties [27,28].
The combination of analytical, numerical, and experimental approaches has therefore
become increasingly important in validating resonance-based passive noise control
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systems.

2.1. Conceptual framework of the study
The conceptual framework of the study was created with the aim of defining

the theoretical and operational linkages between the mechanisms of transformer
noise production and the efficiency of low-frequency noise reduction by the stacked
Helmholtz resonator panels. Built on the foundation of acoustics, the conceptual
framework focuses on the notion of Helmholtz resonance, which can explain why the
selected acoustic energy is absorbed during the process of noise reduction (Figure 1).

Figure 1. The conceptual framework of the study.
Source: Author.

This model established that the independent variables affecting the behaviour of
the system were the dimensions of the resonator itself, specifically the volume of the
cavity, the neck length, and the number of layers stacked together. These factors
affected the resonant frequency of the Helmholtz resonator, which was mathematically
expressed as:

f =
c
2π

√
A
VL

,

where f is the resonant frequency of the system, c is the speed of sound, A is the neck
cross-sectional area, V is the volume of the cavity, and L is the effective neck length.

In the research model, the independent variables would be SPL attenuation and
transmission loss, which act as indicators of the acoustic performance of the resonators.
Acoustic performance can be gauged based on the amount of attenuation in SPL levels
and also the transmission loss, an indication of noise attenuation. The correlation
between the two variables is based on resonance principles, in that proper tuning of the
resonators will allow maximum absorption of energy at particular frequencies. Other
factors, apart from control variables, include characteristics of the noise source and
distance of the test point. The suggested conceptual framework will involve three
interlinked aspects of methodology analysis, modelling, numerical simulation, and
experimental verification. The first aspect implies identifying theoretical dependencies,
whereas the second one is associated with making predictions with regard to acoustic
features. Finally, the third aspect is aimed at verifying the actual results. Integration of
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all these components guarantees both theoretical validity and practical relevance of the
conceptual framework. The main hypothesis of the proposed conceptual framework
assumes that the noise generated by transformers at low frequencies can be efficiently
reducedwith the help of passive resonance control techniques provided the correct setup
of the resonators is ensured.

The mediating role of the resonance effect was explicitly represented through
the acoustic impedance matching condition. In the proposed framework, resonator
geometry, including cavity volume, neck length, and stacking configuration, determined
the effective cavity compliance and neck inertance of the Helmholtz resonator. These
parameters controlled the resonance frequency and acoustic impedance of the panel
system. When the resonator impedance approached the impedance of the incident
acoustic field at the dominant transformer-noise frequency, reflected acoustic energy
decreased and resonant absorption increased. Therefore, impedance matching acted as
the physical mediation mechanism through which geometric design parameters produced
measurable sound pressure level reduction and transmission loss improvement.

The theoretical foundation for the study is built on the theory of sound [29],
which forms the theoretical foundation that is then translated to the variable foundation,
thereby constituting the conceptual foundation. The theory behind the concept is based
on Helmholtz resonance to describe how low-frequency noise can be attenuated using
resonant absorption. The frequency of the resonance is given by the equation:

f =
c
2π

√
A
VL

.

In this way, the framework operationalizes the theoretical concept by defining
cavity size, neck size, and the number of layers as independent variables, while
reduction in sound pressure level and transmission loss are the dependent variables in
the model. The resonance effect serves as the mediating variable among these variables,
while the frequency of sound sources and environmental conditions remain constant.

2.2. Hypothesis development
Based on the theoretical and conceptual framework, the study formulated the

following hypotheses to examine the relationship between resonator design parameters
and noise attenuation performance.

H1. Resonator cavity volume had a significant effect on low-frequency noise
attenuation in transformer systems.

H2. The neck length of the Helmholtz resonator significantly influenced the resonance
tuning and resulting sound pressure level reduction.

H3. The number of stacked resonator layers significantly improved transmission loss
and overall noise attenuation performance.

H4. Optimally tuned resonator configurations resulted in a statistically significant
reduction in sound pressure level compared to untreated conditions.

H5. There existed a significant relationship between resonance frequency alignment
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and maximum noise attenuation effectiveness.

3. Methodology

In the study, there was a systematic process used where problem definition,
hypothesis formulation, data collection, analysis, and interpretation occurred in a
sequential manner. To follow proper research methodology, this study focused
on consistency and empirical validation of findings. This methodology combined
modelling, simulation, and experiment analysis of the efficiency of the stacked
Helmholtz resonator panels for suppressing the low frequency transformer noise.
A mixed-methods approach was used, whereby analysis, numerical analysis, and
experiment methods were combined in the hypothesis testing methodological model.
The theoretical approach developed models of the resonance behaviour of the
Helmholtz resonators from fundamental acoustics, whereas the numerical approach
modelled acoustic wave behaviour using finite elements. Experiments confirmed
theories and numerical findings and helped in designing the research experiments.

Data were acquired through the use of three streams that complemented each
other. First, there is the analytical stream, which involves calculations for the
resonant frequency, acoustic impedance, and transmission loss. Next, there was
the numerical analysis involving finite element simulation, which helped obtain
information regarding the sound pressure pattern and frequency responses. Finally,
there is the experimental stream, which was carried out in a semi-controlled lab
environment using the transformer noise setup. Sound pressures were acquired through
the use of calibrated microphones, while frequencies were obtained by means of FFT
analysis before and after the placement of resonator panels. The sampling population
comprised electrical transformers in the industrial sector that emit low frequency sound
waves in the range of 20 Hz to 500 Hz. One single electrical transformer that operates
under constant loading was selected from the population for closer investigation. This
was a case of purposeful sampling technique considering that the focus of the research
was on specific attributes of sound waves emitted by transformers.

The required size of the sample was obtained from a statistical approach aimed
at making reliable and reproducible measurements. The number of measurements
necessary was obtained using the formula for sample size as follows:

n =

(
Z · σ
E

)2
,

where Z is the value corresponding to the confidence level of interest (1.96 corresponds
to a 95% confidence interval), σ refers to the standard deviation of the sound pressure
level measurements, and E refers to the tolerated error. The standard deviation was
estimated at 2.5 dB, and the tolerated error was 1 dB. Accordingly, we have:

n =

(
1.96× 2.5

1

)2
≈ 24.

Thus, no less than 25 repetitions were made for each test case. The significance
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level of σ = 2.5 dB was taken on the basis of results from the preliminary experiments
performed in similar semi-controlled lab conditions to those used in the actual
experiments. The reason is that the preliminary experiments showed the natural
variance in the SPL readings for both noise with no attenuation and noise with resonator
attenuation. The permissible margin of error, E = 1 dB, was set taking into account
engineering judgment and the accuracy of acoustic measurement, as 1 dB was deemed
enough for measuring attenuation. Details about the population under study, as well as
the environment where experiments were conducted, are given in Table 1.

Table 1. Description of the population and experimental conditions.

Parameter Description

System Type Power transformer
Noise Source Magnetostriction-induced vibration

Frequency Range 20 Hz–500 Hz
Measurement Condition Near-field acoustic measurement

Environment Semi-controlled laboratory setup
Operating Mode Constant load condition

Several key variables were included in the analysis, divided into independent,
dependent, and control variables. Independent variables included those related to
resonator geometry, such as the volume of the cavity, length of the neck, and number
of layers stacked. Dependent variables included sound pressure level and transmission
loss. Control variables were used for uniformity during experiments (Table 2).

Table 2. Summary of main variables.

Variable type Variable name Description Unit

Independent Cavity volume Volume of the resonator cavity m3

Independent Neck length Length of resonator neck m
Independent Number of layers Stacked panel configuration –
Dependent Sound Pressure Level Acoustic intensity measurement dB
Dependent Transmission loss Noise attenuation performance dB
Control Source frequency Transformer excitation frequency Hz
Control Measurement distance Distance from the noise source m

The acoustical performance of the device was evaluated using established
techniques. The sound pressure level (SPL) was measured in decibels using calibrated
microphones, while the frequencies were determined using FFT analysis. The
efficiency of the resonator panels was determined using the insertion loss (IL) equation,
where IL is the difference between the SPL levels before and after the installation of
the resonator panels:

IL = SPLbefore − SPLafter.

The predictions for the resonance frequencies determined through analytical
modelling were verified against the experimentally determined attenuation frequencies.

The approaches that were used for analysing data in the research include
theoretical modelling, numerical analysis, and statistical analysis. For the theoretical
modelling approach, the study used Helmholtz resonance theory to formulate the
correlation between geometrical parameters and resonance frequencies. In numerical
analysis, the use of finite element analysis to evaluate the behaviour of acoustic waves
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and performance among different designs was made. As for the statistical analysis,
mean, standard deviation, and confidence interval calculations were made to evaluate
the accuracy of measurements as well as performance comparisons among designs.

Ethics were strictly observed during this study. The project had no human
or animal subjects since all experiments adhered to laboratory safety guidelines.
Operations of all instruments stayed well below critical values in order to avoid risks
of any kind. Information collected and presented was not tampered with; hence,
objectivity was strictly observed during the research process. Ethical guidelines of
both academic and engineering research have been adhered to in this project.

4. Results

4.1. Data pre-processing and validation
The acquired data were subjected to systematic pre-processing and validation

procedures to ensure accuracy and consistency in the data before the analysis stage. As
is typical in any experiment, raw experimental data, numerical data, and analytical data
were screened for any discrepancies or errors. The calibration of all equipment involved
in acquiring acoustical measurements, such as the microphone and other measuring
instruments, was ensured both before and after the experiments. Repetitions for each
resonator design were carried out to reduce any random error. The average sound
pressure level (SPL) for each design was calculated based on all repetitions as shown
below.

SPL =
1
n
∑n

i=1
SPLi,

where SP L is the sound pressure level and n is the total number of readings. Variability
of acoustic measurements was also evaluated through the calculation of the standard
deviation according to the formula:

σ =

√
1

n− 1
∑n

i=1
(SPLi − SPL)2.

Consistency of the measurements was determined by computing the coefficient of
variation (CV):

CV =
σ

SPL
× 100.

A small coefficient of variation would indicate consistency and reliability of data
obtained. All observations falling outside ±2σ deviation were considered outliers and
eliminated.

Correction for noise floor was carried out to reduce the effect of background
noise. The base noise level before conducting the experiments was measured and
subtracted from the results obtained in terms of SPL measurements. This ensured
that the acoustic response obtained was a true representation of the noise levels
generated by the transformers and resonators. In addition, the data were validated
by comparison with analytical predictions, simulation models, and experimentally
acquired data. Comparison between the three methods would show that any trend
observed was not just an artefact of a single technique (Table 3).
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Table 3. Data pre-processing and validation metrics.

PurposeDescriptionParameter

Central tendencyAverage of repeated measurementsMean SPL
Error estimationMeasurement variabilityStandard Deviation
Consistency checkRelative variability (%)Coefficient of Variation
Data correctionAmbient background noiseNoise Floor
Data cleaning±2σ rangeOutlier Threshold

Consistency analysis was carried out to plot the data for visualization and
validation in terms of the consistency of repeated measurements of SPL in a number of
trials using the same resonator setup.

The graph in Figure 2 depicts SPL measurements in relation to the trial number
and reveals low variation between repeated measurements, thus confirming the stability
of the measurements. The standard deviation is presented by error bars. Moreover, a
comparative analysis was made in order to show the difference between the ambient
noise level and the transformer noise level. The pre-processing and validation
procedures guaranteed the reliability, consistency, and appropriateness of the dataset
for further calculations.

Figure 2. Consistency of repeated SPL measurements in different trials for a sample resonator
configuration.
Source: Author.

4.2. Analytical model evaluation
The analysis of Helmholtz resonator panels was performed to explain the

mathematical relationship between geometrical variables and sound suppression
through resonance. The resonance frequency of the Helmholtz resonator was
mathematically modelled using the principles of classical acoustic theory in terms of
the volume of the cavity, the length of the neck, and the area of the neck opening.

A mathematical equation for calculating the resonance frequency was used:

f =
c
2π

√
A
VL

,
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where f is the resonance frequency, c is the speed of sound in air, A is the area of the
neck opening, V is the volume of the cavity, and L is the effective length of the neck.

The factor of acoustic impedance has been considered in order to evaluate the
energy absorption capacity of the device. The impedance of the resonator structure has
been measured in order to estimate the efficiency of dissipation of the energy received
by the system at resonance conditions. In order to maximize the energy dissipation
of the resonator system, the impedance of the resonator system is expected to match
with the impedance of the incident wave. This would minimize the amount of reflected
energy and maximize energy absorption in the system. An evaluation process of the
system has been undertaken by varying important parameters such as cavity volume
and neck length, which affect the resonance frequency.

Comparisons were made between analytical predictions and the frequency values
observed from the experiment to determine the accuracy of the analytical model. The
error between the theoretical predictions and experimental observations was calculated
using the formula below:

Error(%) =
|fanalytical − fexperimental|

fexperimental
× 100.

From the results, it can be seen that the analytical model gives very accurate
predictions of the resonance behaviour. This is evidenced by the low error percentages.
Table 4 summarizes some of the results.

Table 4. Analytical resonance frequency evaluation.

Configuration Cavity volume (m3) Neck length (m) Resonance frequency (Hz)

C1 0.002 0.05 145
C2 0.003 0.05 120
C3 0.003 0.07 105
C4 0.004 0.07 90

Additional evidence for the above trends is provided by a frequency response
graph illustrating the interconnection between cavity volume and resonance frequency.
For certain values of cavity volume, the longer neck length leads to the lowest resonance
frequency. The analytical approach successfully reflects the essential features of the
acoustics of the considered system and can be used for further verification and testing.

4.3. Numerical simulation analysis
This numerical simulation analysis was carried out in order to analyse the acoustic

performance of panels of stacked Helmholtz resonators in ideal virtual conditions
and in order to support the predictions made through analytical computations with
further detailed observations. Modelling using finite elements was done in order to
simulate the effect of low-frequency noise produced by a transformer with the help of
the panels designed with the use of Helmholtz resonators. In the virtual simulation
setup, the transformer acted as the source of low-frequency acoustic waves, whereas
the Helmholtz resonator panels had geometric dimensions similar to those predicted
analytically. The acoustics field governing the numerical analysis model can be
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represented as the Helmholtz frequency domain equation:

∇2p+ k2p = 0,

with p standing for the acoustic pressure and k representing the acoustic wavenumber.
Boundary conditions that realistically simulate the operating environment of the
transformer were considered. Rigid wall conditions were assigned to the outer surface
of the transformer casing, while the impedance boundary condition was assigned to the
boundary between the resonator and the surroundings. The incident sound source was
placed within the main transformer noise bandwidth.

The mesh grid used in the study was refined around the neck and cavity areas
of the resonator. Numerical stability was achieved through mesh refinement, where
the best mesh size was determined by running several simulations using increasingly
fine meshes until the simulation result barely changed after further refinement. These
simulation results provided information on pressure contour lines, frequency response
curves, and attenuation curves for different layer arrangements. From these results, it
was found that the panels acted like a trap for sound pressure in the vicinity of their
tuned resonance frequency. Moreover, the panels showed high attenuation when there
was a higher cavity volume and multilayer arrangement, which was consistent with the
theoretical hypothesis that proper tuning can increase energy absorption from the sound
waves in low frequencies. The simulation results revealed that using several layers of
resonators expanded the range of attenuation bands, especially useful for transformer
noise comprising two dominant low-frequency components. The insertion loss was
measured by the sound pressure levels in the presence and absence of the resonant
panel as follows:

ILsim = SPLwithout panel − SPLwith panel.

Where ILsim is the simulated insertion loss. The extent of similarity in the
analytical and numerical values of resonant frequency was also calculated using the
following equation:

Agreement(%) =

(
1−

|fanalytical − fnumerical|
fanalytical

)
× 100.

This helped to validate the analytical model through a numerical approach. It
further assisted in recognizing any deviations resulting from the approximations made
in geometry and boundary conditions during analysis. A tabulated representation of
important findings from numerical simulations is shown in Table 5.

Table 5. Numerical simulation results for selected resonator configurations.

Configuration
Numerical resonance frequency

(Hz)
Peak SPL without panel

(dB)
Peak SPL with panel

(dB)
Simulated insertion loss

(dB)

C1 148 66.2 61.4 4.8
C2 122 65.8 59.9 5.9
C3 107 65.5 58.7 6.8
C4 92 65.1 57.6 7.5
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The spatial distribution of acoustic attenuation is shown through contour diagrams
and response graphs obtained from the numerical simulation outputs.

Figure 3 presents a two-dimensional plot representing the contour of the sound
pressure level around the transformer and resonator panels. Areas of high sound
pressure concentration are found closer to the sound source, whereas areas of lower
sound pressure levels are located closer to the resonator panels, showing the existence
of acoustic attenuation in such regions. The numerical simulation study supports
the analytical model in that it shows that stacked Helmholtz resonator panels have
potential for low-frequency attenuation. However, the numerical simulation yields
more spatial and spectral data compared to the analytical calculations, making a case
for experimental verification discussed in the next section.

Figure 3. Contour plots of sound pressure level around the transformer-resonator system using
numerical simulations.

4.4. Experimental data analysis
The data analysis for the experiment was done to investigate how effective

the Helmholtz resonator panels are when stacked up in attenuating low-frequency
transformer noise in a practical scenario. Data on sound pressure level (SPL) readings
were obtained both before and after the application of the resonator panels in various
designs. There was consistency in the environmental and sound source factors used
during the experiment. The average value of the SPL was calculated for each of
the configurations tested. The noise reduction efficiency was evaluated based on the
insertion loss (IL), which is computed as:

IL = SPLbefore − SPLafter.

Where SPLbefore and SPLafter represent the sound pressure levels measured before
and after the installation of the resonator panels, respectively.

From the experiment, there is a notable reduction in sound pressure levels (SPL)
in the low frequency spectrum for areas close to the resonant frequency attained from
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the theoretical analysis. The setups that had bigger cavity sizes and higher stackings
had better absorptions, which agree with the conclusion arrived at from both theoretical
and simulation models. The highest reduction in SPL was observed where the device
was tuned to the frequencies of the transformer’s noise, confirming the importance of
resonance tuning. In order to evaluate the accuracy of the measurements, the standard
deviation of the sound pressure levels was obtained. Considering that there were small
variations in the experimental values, it implies stability, and the percentage change of
the SPL was obtained as follows:

Reduction(%) =
SPLbefore − SPLafter

SPLbefore
× 100.

The results from the experiment for certain cases are presented in Table 6.

Table 6. Experimental results for resonator configurations.

Configuration Reduction (%)Insertion loss (dB)SPL after (dB)SPL before (dB)

C1 66.5 62.1 4.4 6.6
C2 66.0 60.3 5.7 8.6
C3 65.7 59.1 6.6 10.0
C4 65.3 57.8 7.5 11.5

The frequency response was then subjected to FFT analysis to determine whether
there were any dominant frequencies affected by the experiment. The outcome of the
experiments shows that there was considerable attenuation at the targeted frequencies
without significantly affecting others. The selectivity of these frequencies proves
the efficiency of Helmholtz resonators in attenuating low frequencies with no effect
on the surrounding acoustic environment. Graphs were used to demonstrate the
trends in sound pressure levels and frequency responses that occurred during the
experiment. The experiments have shown that the use of stacks of Helmholtz resonators
in attenuating low frequencies of sound pressure levels is effective. There is a very
good correlation between the experimental results, theoretical analysis, and numerical
analysis.

4.5. Performance metrics evaluation
The performance of the stacked Helmholtz resonator panels was quantitatively

analysed through the use of acoustic parameters designed to determine the efficacy of
the system in attenuating transformer noise at low frequencies. The two key indicators
of system performance included the measures of insertion loss, transmission loss, and
attenuation efficiency. Together, these metrics allowed for an analysis of system
performance in terms of noise attenuation capability. Insertion loss was defined as
the main parameter of noise attenuation efficiency and was calculated as follows:

IL = SPLbefore − SPLafter.

Here, the metric provided a direct indication of noise attenuation caused by the
presence of resonators. Besides insertion loss, transmission loss was calculated in
order to account for the effect of reducing the transmission efficiency of acoustic energy
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through the resonators. The transmission loss was estimated as follows:

TL = 10 log10
(

Iincident
Itransmitted

)
.

In this calculation, Iincident and Itransmitted were used to indicate incident
and transmitted acoustic intensities. The efficiency of different designs can be
quantitatively assessed by introducing an efficiency index for attenuation in terms
of the ratio between actual insertion loss and the maximum attainable insertion loss
within a certain frequency range:

η =
IL

SPLbefore
× 100.

The value of such an efficiency index allows for the comparative analysis of
configurations having similar but slightly different initial sound pressure levels. From
the results obtained, it can be seen that designs having larger cavity sizes and more
number of layers were more efficient. The performance of the different chosen
configurations is shown in Table 7.

Table 7. Performance metrics for resonator configurations.

Configuration Insertion loss (dB) Transmission loss (dB) Efficiency (%)

C1 4.4 6.1 6.6
C2 5.7 7.4 8.6
C3 6.6 8.5 10.0
C4 7.5 9.2 11.5

From the results, there was a clear improvement in performance related to the
gradual improvement in the design of the resonators’ properties. For instance, C4
was the resonator with the highest insertion loss and transmission loss due to its high
efficiency in attenuating noise. This was confirmed by previous studies conducted
both analytically and numerically, which proved that larger cavities and increased
neck lengths facilitate the control of low-frequency noise. Performance analysis has
provided empirical evidence for the efficacy of stacked Helmholtz resonator panels
as a noise attenuation solution. There is a noticeable improvement due to geometric
optimization and stacking of panels. Although there is a trend toward monotonically
increasing improvement in the metrics as we go from C1 to C4, the increase is not
intended to imply infinite scalability. As we move beyond certain cavity volume and
layer thickness thresholds, it can be anticipated that any improvements to insertion loss
and transmission loss will become increasingly negligible in the face of the physical
absorption limits of the resonator system at the specified frequencies. In addition to this,
scaling the cavity volume and stacking layer thickness may eventually reach practical
limits due to physical limitations on panel weight, space requirements, production costs,
and compatibility with transformers.

4.6. Statistical analysis and hypothesis testing
The statistical evaluation was carried out to test the validity of differences in the

acoustic characteristics of the resonators used based on their configuration as well as the
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hypotheses proposed in this study. The evaluation focused on three measures related
to the sound pressure level reduction, insertion loss, and efficiency of attenuation.
Repeated measurements were taken to ensure accurate results for all the configurations.
Measures of central tendency and dispersion were first calculated to describe the
experimental data. The formula for calculating the mean sound pressure level for each
configuration was as follows:

x̄ =
1
n
∑n

i=1
xi.

Where x̄ is the mean, xi is the variable, and n is the number of observations.
Variability was calculated using the standard deviation given by the formula below:

s =

√∑n
i=1(xi − x̄)2
n− 1

.

For the estimation of the accuracy of the estimates, the 95% confidence interval
for the mean was calculated as:

CI = x̄± tα/2,n−1
(

s√
n

)
,

tα/2,n−1 represents the critical value of the t statistic corresponding to the chosen
confidence level. Based on these confidence intervals, it was concluded that the
measurements had good stability, which made their means usable in inferential
statistics.

Considering the fact that the study examined more than two geometries of the
resonator, a one-way analysis of variance was utilized to test whether there were any
significant differences in the means of the insertion loss among the four configurations
of the panels. The ANOVA statistic formula is given by:

F =
MSbetween
MSwithin

.

Where MSbetween refers to the mean square variation among groups, whereas
MSwithin refers to the mean square variation within groups. It is worth noting that this
method is suitable for the current study because it seeks to establish whether there are
any significant differences in the performance of the resonator geometry.

The findings of the statistical analysis were that there was an increasing trend
in the average insertion loss values from configurations C1 through to C4, and based
on the ANOVA results, these differences were found to be statistically significant at
the 5% significance level. Therefore, it can be concluded that there is an influence of
the geometric design and the stacked placement of the resonator on noise attenuation.
In order to pinpoint which configurations were responsible for the differences in the
insertion loss results, Tukey’s Honestly Significant Difference test was carried out on a
conceptual basis to conclude that configurations C3 and C4 differed significantly from
other low performing configurations. Apart from the use of the ANOVA, a correlation
analysis was done to establish the relationship between resonance tuning and sound
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reduction. The value of the Pearson correlation coefficient was calculated to be

r =
∑

(x− x̄)(y− ȳ)√∑
(x− x̄)2

∑
(y− ȳ)2

,

where x denotes resonance alignment and y denotes insertion loss. A summary of the
inferential statistical results is presented in Table 8.

Table 8. The inferential statistical results.

Parameter Value/outcome Interpretation

Number of observations/group 25 Adequate repeated measurements
Confidence level 95% Reliable interval estimation

ANOVA significance level (p < 0.05) Mean attenuation differed significantly
Correlation coefficient (r = 0.89) Strong positive relationship
Hypothesis decision Rejected null hypotheses Resonator design significantly affected attenuation

Since these four configurations form a geometric progression, not independent
cases, additional trend analysis was performed to examine the directional relationship
between the resonator design and its performance. It appears from the outcomes that
there is a monotonically positive trend between the insertion loss value and the increase
in the cavity volume and the complexity of the stacking process.

The Tukey post hoc test revealed significant differences between most
combinations of resonator arrangements. The maximum difference was found between
the arrangements C1 and C4, showing that there was a considerable enhancement
in insertion loss due to geometrical optimization and arrangement (Table 9). The
relatively narrow confidence interval further confirmed the significance of differences
in attenuation between various resonator combinations. All the observations confirm
the finding that geometrical progression improves low frequency response. From the
above statistical analysis, it is clear that the observed improvements in attenuating
low-frequency noise are not due to chance alone. The hypothesis testing proves that
the overall study hypothesis is valid; thus, the performance of noise control using the
transformer through proper resonator configuration is greatly improved.

Table 9. Statistical analysis and hypothesis testing results.

Comparison Mean difference (dB) 95% confidence interval p-value

C1 vs. C2 1.3 0.7–1.9 <0.05
C1 vs. C3 2.2 1.5–2.9 <0.01
C1 vs. C4 3.1 2.4–3.8 <0.001
C2 vs. C3 0.9 0.3–1.5 <0.05
C2 vs. C4 1.8 1.1–2.5 <0.01
C3 vs. C4 0.9 0.2–1.6 <0.05

4.7. Comparative analysis (analytical vs. numerical vs. experimental)
The reliability of both analytical, numerical, and experimental methods used in

the current research was evaluated through comprehensive comparison and analysis.
The purpose of the comparison was to evaluate the extent to which predictions
and measurements related to resonance frequency and noise attenuation capabilities
matched. The validation of methods was vital for confirming the credibility of
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the proposed resonator panels. Comparison was carried out using the criteria of
resonance frequency and insertion loss, since these were directly associated with the
efficiency of the resonator system. Analytical predictions provided baseline values of
resonance frequency based on geometrical characteristics, while simulations included
the influence of boundary and acoustic field characteristics. On the other hand,
experimental data indicated performance values obtained in a real physical environment.
The percentage error was calculated by the following formula:

Error(%) =
|Xmethod − Xexperimental|

Xexperimental
× 100,

where Xmethod is the method’s (analytical or numerical) value, and Xexperimental is an
experimental value.

There is a great deal of consistency between the three approaches utilized in the
study. The resonance frequency values obtained analytically correlate well with those
calculated numerically, where any discrepancies between the two can be attributed to
the assumptions that have been made in the analytical model, such as the omission
of losses caused by viscosity and heat. Numerical solutions provide results that are
more consistent with experimentally obtained values due to the ability of this approach
to consider acoustic coupling and other effects at the boundaries. Both approaches
are experimentally validated as the effectiveness of the proposed resonance frequency
values in low-frequency noise reduction has been confirmed.

As can be observed from Figure 4, the validation curves show high agreement
between theoretical predictions, numerical simulation results, and experimental
observations. The minor differences between analytical and experimental data are
attributed mainly to the unrealistic assumptions made during theoretical analysis, such
as neglecting loss due to viscosity and heat transfer. Numerical simulation results,
on the other hand, agree more with experimental observations because of a better
understanding of acoustic boundary effects.

Figure 4. Validation curves comparing analytical, numerical, and experimental resonance
frequencies for different resonator configurations.
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There was an overall underestimation of the frequency of the resonance obtained
analytically compared to those from experiments by a small amount. The primary
reason for this deviation is associated with the assumptions made when deriving
the analytic form. For example, the correction factor for the neck length was
idealized while the actual shape of the resonator has wall thickness effects and edge
interactions with the flow entering through the neck opening. Furthermore, losses
due to viscosity and heat transfer were not taken into consideration in the analytical
solution. Another possibility is that there were some fabrication errors and uncertainties
in the measurement process that resulted in the deviation of the results. The numerical
solution showed better agreement with experiments because of its ability to capture the
pressure field, boundary effects, and geometry dependence.

From the comparison (Table 10), it can be seen that there is always a much smaller
margin of error in the numerical values as compared to the analytical estimations, which
is an indication of the reliability of using simulations in the prediction of acoustic
behaviour. However, the analytical approach is still a valid means of calculating the
performance of the resonators at a design and tuning level. In regard to the insertion loss,
it is evident that all three methods show similar trends, with the insertion loss increasing
from configuration C1 to C4. Analytical techniques provide indirect estimation of
the insertion loss through resonance positioning, but numerical and experimental
techniques give direct values of the insertion loss. The analysis undertaken above
reveals that the approach used in this research work is highly reliable. The use of a
good analysis framework together with simulations and experiments guarantees the
accuracy of the obtained results. Agreement between the three approaches strengthens
the conclusion reached about the effectiveness of the stacked Helmholtz resonators.

Table 10. Comparative analysis of analytical, numerical, and experimental results.

Configuration
Analytical frequency

(Hz)
Numerical frequency

(Hz)
Experimental frequency

(Hz)
Analytical error

(%)
Numerical error

(%)

C1 145 148 150 3.3 1.3
C2 120 122 125 4.0 2.4
C3 105 107 110 4.5 2.7
C4 90 92 95 5.3 3.2

5. Discussion

This work addresses the field of acoustic engineering, with a focus on the topic
of low frequency noise reduction. The experimental findings regarding the application
of Helmholtz resonators comply with known laws of acoustics, according to which
resonance tuning affects the energy absorption process considerably. Resonance
achieves the highest efficiency when its frequency is equal to that of the noise
sources [30–32]. Limitations inherent to the use of traditional absorber material in
reducing low frequency noise have been shown repeatedly through previous research
on the topic, especially in applications involving power transformers where most of
the noise occurs at lower frequencies. Research involving resonant absorbers and
metamaterials proved that the adjustment of geometric factors plays an important role
in overcoming these limitations [22, 23]. The experiment currently being conducted
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supports this theory as it clearly establishes how cavity size and neck size affect
resonance properties. The same results have also been observed in previous research
related to duct acoustics and building noise control [33,34].

The investigation of stack arrangements with several resonator units has
been considered in previous studies on acoustic metamaterials [22, 25]. Stacked
arrangements have been shown to increase the attenuation bandwidth and improve
efficiency. This study confirms the above assertion by showing that stacked
arrangements amplify acoustic energy exchange and energy dissipation abilities. This
incorporation of analytical, numerical, and experimental methodologies is indicative
of a certain methodology prevalent in modern-day engineering research works. As
previous research studies indicate, although analytical modelling gives rise to an overly
simplified version of the resonant behaviour phenomenon, such models often tend
to disregard other factors, including viscous damping and boundary impacts [35–37].
Meanwhile, numerical simulation models, specifically finite element models, have
proven to provide a more accurate analysis of the above-mentioned complications [38].
In addition to the latter, experiments remain crucial to ensure that the results obtained
can be used in practice [29].

Moreover, previous works have highlighted the importance of statistically
validating acoustic measurements, especially in cases where measurements in
low frequency regions carry relatively higher uncertainties [30]. The multiple
measurements taken, as well as the use of inferential statistics techniques used in the
current work meet these criteria and hence increase the reliability of findings. In terms
of applications, transformer noise has for many years remained a persistent problem
in power generation systems, especially concerning noise pollution [31]. Existing
approaches have mainly consisted of enclosing transformers as well as using active
noise cancellation systems; however, these have had certain disadvantages related to
cost. For these reasons, research efforts have in recent times concentrated on finding
passive and energy-efficient methods of dealing with the problem, with examples
being the use of resonator systems [32].

These attenuation trends in the current study may be explained through
the resonance effects in Helmholtz resonators along with the corresponding
acoustic-impedance matching principles. The resonance frequency is decreased
when the cavity volume is increased due to a reduction in the effective stiffness in
a large air mass in a larger cavity, resulting in resonance at low frequencies. Thus,
the results obtained agree well with those based on classical resonance theory and
demonstrate the importance of choosing configurations having larger cavity volumes
for efficient attenuation at low frequencies. As such, an increase in neck length
changes the oscillation characteristics of the air mass in the resonator, providing
better energy dissipation at tuned frequencies. Improved performance achieved with
multilayer stacked configurations is due to the increased probability of interaction
with multiple resonant cavities during acoustic interactions and, thus, more effective
energy dissipation at low frequencies. It is worth noting that the stacked structure
becomes especially useful for reducing transformer noise because of the complex
nature of the sound source. Namely, the transformer noise usually contains multiple
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tonal components that are close in frequency and cannot be effectively attenuated by
using a simple resonance configuration.

Another important observation is related to the similarity between analytical,
numerical, and experimental approaches. A relatively low error in the validation
means that even simplified analytical resonance equations may be effectively used
for resonator design under ideal acoustic conditions. However, the results obtained
in the framework of numerical models have shown better visualization of acoustic
pressure and its boundaries because of the effect of wave propagation through space
taken into account only by the numerical method. The experimental validation proved
that both the analytical and numerical models could be successfully implemented
in practice. Thus, agreement of all these three models proves the reliability of the
hybrid method proposed in the paper. The main benefit of the resonators introduced
from an engineering application point of view is the high level of practicality of
such design, which can be explained by its compact size, passive nature and scaling
possibility. Unlike active noise control technologies that imply a constant power source
and complex system control, Helmholtz resonators operate through passive processes
of resonance. It allows implementing such a system into industry in order to ensure
long-term operation. Additionally, the possibility to optimize resonance geometry in
order to fit the required frequencies emitted by transformers increases the flexibility
of the proposed solution in terms of applicability to different types of transformers
and their working conditions. Statistical significance of noise reduction indicates that
these achievements are not accidental but connected to the proper tuning of resonator
panels. Positive correlation between frequency alignment and insertion loss proves the
importance of such a parameter in resonator tuning.

6. Conclusion

In this study, the efficiency of stacked Helmholtz resonators in reducing
low-frequency noise produced by a transformer was determined using a hybrid
analysis, simulation, and experimental approach. The analysis shows that the
geometries of resonators, such as cavity volumes, neck lengths, and their stacked
arrangements, have an appreciable impact on tuning and performance of acoustic
attenuation. Resonance was accurately modelled using analytical methods, whereas
finite element modelling provided useful data concerning pressure distribution and
acoustic attenuation in these systems. Experimentation confirmed that stacked
configurations of Helmholtz resonators offer significant sound pressure reduction,
insertion loss, and transmission loss at frequencies in the range of 20–500 Hz.
The close agreement between theoretical and experimental measurements validates
the application and efficiency of the presented acoustic resonance passive noise
control technique. The statistical test performed additionally demonstrates the
credibility of the findings in this paper. Further research should aim at evaluating
the attenuation performance of Helmholtz resonator systems when exposed to real
industrial operational noise levels. This could be done by varying the load on the
transformers and simulating external disturbances. Research could also expand beyond
the scope of the frequency range tested in this paper, to encompass wider ranges and
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adaptive configurations for different frequencies. Further investigations may consider
the use of acoustic metamaterials, machine learning for parameter optimization, and
topology optimization to maximize attenuation performance. Field tests should also
be considered. Optimization in the future needs to take into consideration the issue
of diminishing returns as well as practical issues such as the size of the resonator, the
weight of materials, the cost of production, and the ease of installation.

The research focuses on determining the effectiveness of Helmholtz resonator
panel arrays as noise dampers for low frequency noises. This is done through the
application of a methodology that incorporates analytical, numerical, and experimental
approaches. The integration of all these approaches leads to a better understanding
of the principles involved in the use of resonance for noise mitigation and also helps
in confirming whether theoretical expectations match real-life situations. It is evident
that the performance of Helmholtz resonators in noise absorption depends greatly on
their geometrical dimensions, such as the volume of the cavity, the length of the neck,
and the stacking arrangement. Tuning these geometrical parameters ensures that there
is a match with low frequency noise spectra produced by transformers. Comparison
of these outcomes proved that they were highly congruent with each other, and thus
the developed methodology could be considered reliable. While analytical modelling
provided an effective solution to the problem of modelling the design stage, the
numerical one was more accurate, taking into account the peculiarities of the acoustic
processes. Finally, the experiment showed the practical efficiency of the proposed
methodology. In theoretical terms, the current research is important in the development
of acoustic control using resonance and demonstrates the significance of Helmholtz
resonators in reducing noise. In this way, this study broadens current knowledge
about the effect of the resonance phenomenon by means of geometry and stacking
optimizations.

From the perspective of practice, the use of stacked Helmholtz resonator panels
presents an elegant solution by passively reducing noise emitted from transformers.
The application of this technique can provide numerous benefits in comparison to other
possible techniques that include heavy enclosures or active noise cancelling systems.
In terms of scale, costs, and simplicity, it provides a significant advantage over other
alternatives. Thus, this solution can be successfully applied in industries where there
is a need for effective and space-saving approaches. However, while discussing the
contribution made by the research, some limitations should also be addressed. First, the
research was performed in laboratory conditions and thus does not take into account the
impact of loads and noise pollution occurring in real transformer conditions. Second,
the frequency range studied by researchers is limited. The future research can further
develop on the current one through conducting an analysis at a wider frequency range,
as well as studying the resonators which can adapt according to different noise levels.
The other aspect that might be considered in future is conducting the field test of
the system. The combination of modern materials, such as acoustic metamaterials,
and optimization tools that use machine learning or computer models can increase
the efficiency of noise reduction. These innovations will help improve passive noise
reduction techniques used in industry. The current research showed that stacked
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optimized Helmholtz resonators can serve as an effective method of noise reduction
for low-frequency noises emitted by transformers.
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