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1. Introduction
1. 1. The object of research
The influence of acoustic design on the natural resonance frequency value of the investi-

gated Helmholtz resonators was estimated. The accuracy of calculation of the natural resonance 
frequency of such resonators for some calculation formulas was estimated.

1. 2. Problem description
In recent years, the research of Helmholtz resonators properties has become an increasingly 

popular topic for scientific experiments and theoretical research. The increased relevance of this 

A B S T R A C T

The object of research. Process of oscillation of the Helmholtz resonators.
Investigated problem. Differences between some formulas for the calculation of the 
resonant frequency of the Helmholtz resonator and the most accurate of them were es-
tablished. The effect of acoustic design on the Helmholtz resonator frequency value and 
influence of the attached air mass between the neck of the Helmholtz resonator and free 
field were investigated.
The main scientific results. As a result of a numerical experiment, analytical ratios 
were obtained that allow obtaining the most accurate results. One of them is the most 
optimal for calculating the resonator resonant frequency in a free field, and in this 
case, less than 1 % inaccuracy level can be achieved, given that r/R<0.25. Other one 
allows to achieve the same low inaccuracy level for a resonator located in an acousti-
cally rigid shield, given that r/R<0.25. Research has shown that the location of the res-
onator in an acoustically rigid shield leads to significant changes in natural resonance 
frequency value.
The area of practical use of the research results. The detailed research of previously 
unexplored properties of resonators will make it possible to improve the algorithms for 
the development of metamaterials, to discover additional parameters with which it is 
possible to control the characteristics of the metamaterial.
Scope of the innovative technological product. Such resonators are used as the ba-
sic elements in metamaterials, as structural elements of the sound-absorbing panels, in 
acoustic mufflers.
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direction of research is associated with the active use of such resonators in the structure of metamate-
rials intended for focusing (example, in [1, 2]), controlling the direction of sound (example, in [3]) or 
to achieve an extraordinary sound loss (example, in [4, 5]), as basic elements, cells. Thus, a detailed 
research of previously unexplored properties of resonators will make it possible to improve the 
algorithms for the development of metamaterials, to discover additional parameters with which it 
is possible to control the characteristics of the metamaterial. The influence of Helmholtz resonator 
geometry on its characteristics was researched in many works (example, [6, 7]).

This work proposes a research of the effect of acoustic design on the Helmholtz resonator fre-
quency value. In practice, it was found that the value of the Helmholtz resonator resonant frequency 
strongly depends on its acoustic design, but practically no researches related to this issue have been 
carried out. The Helmholtz resonators resonant frequencies for free resonator cases and for its attach-
ment in three different plate’s cases were investigated in [8]. The resonators were attached to the plate 
with neck parts, the latter remained were open. As a result of the experiment, it was found that the 
resonant frequencies of the resonator in the plates will be lower than the frequency of resonator nat-
ural vibrations. In work [9], researches of resonators enclosed in a melamine casing were carried out. 
The resonant frequency of the construction, which was matched to the Helmholtz resonator natural 
frequency (in this article), was obtained. Accordingly, the assessment of the influence of presence of 
acoustic design on the resonator resonant frequency was not carried out in the article.

1. 3. Suggested solution to the problem
Assessing the effect of acoustic design on the frequency characteristics of an individual 

resonator at the early stages of metamaterial development can provide an additional way of tuning 
the material to operate at a given frequency by selecting the acoustic design parameters.

The aim of this research is to research the accuracy of resonant frequency calculation for-
mulas of the Helmholtz resonator and to research the effect of acoustic design on the natural reso-
nance frequency value.

2. Materials and methods
Carrying out full-scale experiments in the study of Helmholtz resonators (especially small 

sizes) are associated with objective difficulties, specifically, the size of the microphones. By plac-
ing a microphone in a cavity or throat, let’s make an additional change in air volume and air mass, 
which significantly affects the measurement results. The way out of this situation is to carry out 
computer modeling. As shown in work [10], computer simulation of resonators in the Comsol Mul-
tiphisics environment gave fairly accurate results for large resonators, where the effect of micro-
phones sizes was minimal. Therefore, in this study, it was proposed to construct a computer model 
of a classical resonator in the form of a cylindrical neck, connected to a spherical volume (Fig. 1). 
A computer model of such resonators in Comsol Multiphisics environment makes it possible to 
evaluate the effect of the resonator size on the value of the resonant frequency.

Fig. 1. General view of the resonator
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The questions of resonators resonant frequency calculation were studied 150 years ago, and 
the most famous formula was derived by Helmholtz:

                                                        ,
2

=
π ⋅
c Sf

V h
				    (1)

where 343=c  m/s – speed of sound in air; 2= πS r  – neck cross-sectional area; 34
3

= πV R  –  
 
spherical cavity volume; h  – neck length.

Later this formula was refined by many scientists who tried to take into account the 
added air mass in the “inner” area – between the neck and the spherical volume, and the “out-
er” area –the attached air mass between the neck and free field. One of the versions for this 
formula (2) [11]:

                                                .
2 ( 1,7 )

=
π ⋅ + ⋅
c Sf

V h r
			   (2)

However, both of these formulas (1) and (2) did not take into account the condition of sur-
rounding field, specifically, whether the resonator is located in an infinite field or is fixed in acous-
tically rigid shield, as show in Fig. 2.

Fig. 2. Resonator in an acoustically rigid shield

3. Results
To obtain the results and further analyze them, a numerical experiment was carried out. 

The resonant frequency of the resonator at f=100 Hz and the constant radius of the resonator neck 
r=0.02 m were taken as a basis. The length of the neck h and the radius of the spherical volume 
were the variable parameters. Results of calculating the height (p. 3) and the radius of the spherical 
volume (p. 4) are presented in Table 1.

The same table shows the results of calculating the resonant frequency (p. 5) obtained using 
a computer model, taking into account the calculated geometric parameters of the resonator.

As can be seen from the results of the calculation, the value of the resonant frequency (p. 1) 
calculated by formula (1) does not correspond to the obtained values of computer simulation (p. 5).  
This fact is not new, however, the results of calculating the resonant frequency (p. 6), carried 
out using the improved formula (2), also showed a significant inaccuracy (p. 7). When con-
structing acoustic metamaterials, such inaccuracy in the estimation of the resonance frequen-
cy is unsatisfactory.
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To reduce the inaccuracy in calculating the resonant frequency, formula (3) was proposed, 
which, in contrast to the previous formulas, provides a significantly smaller calculation inaccu-
racy (p. 11).

           

( )

,
2

4 4

3 arccos3 arcsin

=
π  

 
 − ∆ ⋅ + +

 −     ⋅π −        + 

c Sf

V V h r r
rR r
RR h

	 (3)

  
 

( )( ) ( )( )2 3
2 2 2 21 3

3
 ∆ = π − − − − −  

V R R R r R R r  – the volume of a sphere segment cut out by  
 
a cylindrical neck.

Table 1
Results of a numerical experiment for a resonator with 100 Hz frequency

No. Parameter Parameter value

Without acoustic design

1 f1, Hz 100

2 r, m 0.02

3 h, m 0.5 0.2 0.1 0.05 0.02 0.01 0.005 0.002 0.001

4 R, m 0.0564 0.0765 0.0963 0.1214 0.1647 0.2075 0.2615 0.3549 0.4471

5 fC, Hz 86.6 91.7 87.8 79.5 63.4 49.8 37.4 24.6 17.7

6 f2, Hz 96.8 92.5 86.4 77.2 60.9 47.7 35.8 23.6 16.9

7 δ, % –11.78 –0.87 1.59 2.89 3.94 4.22 4.28 4.07 4.52

8 f3, Hz 97.1 93.4 87.9 79.3 63.1 49.5 37.2 24.4 17.5

9 δ, % –12.10 –1.81 –0.17 0.30 0.54 0.55 0.53 0.63 1.16

In an acoustically rigid shield

10 fC, Hz 85.6 91.1 86.8 78.0 61.4 48.7 36.5 24.0 17.5

11 f3, Hz 96.5 92.2 86.3 77.2 61.3 48.3 36.4 24.1 17.3

12 δ, % –12.75 –1.22 0.63 0.98 0.19 0.90 0.22 –0.38 1.02

Also, a formula was derived to estimate the resonant frequency of the resonator when radi-
ated into a half-space:

                            

( )

.
2

7 4
3 3 arccos

=
π  

 
− ∆ ⋅ + + π   ⋅     

c Sf

V V h r r
r
R

		  (4)
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To check the proposed formulas (3) and (4), models of resonators with radiation into un-
limited space and half-space were constructed for various resonant frequencies. The results of 
modeling and calculations are shown in Tables 2, 3.

Table 2
Resonator frequency tuned to 50 Hz

No. Parameter Parameter value

Without acoustic design

1 f1, Hz 50

2 r, m 0.01

3 h, m 0.5 0.2 0.1 0.05 0.02 0.01 0.005 0.002 0.001

4 R, m 0.0564 0.0765 0.0963 0.1214 0.1647 0.2075 0.2615 0.3549 0.4471

5 fC, Hz 47.6 48.0 46.7 44.1 37.9 31.5 24.8 17.0 12.4

6 f2, Hz 49.1 48.0 46.2 43.2 36.8 30.4 23.8 16.2 11.8

7 δ, % –3.15 0.00 1.07 2.04 2.90 3.49 4.03 4.71 4.84

8 f3, Hz 49.3 48.3 46.8 44.0 37.8 31.4 24.6 16.7 12.1

9 δ, % –3.47 –0.70 –0.25 0.12 0.32 0.43 0.88 1.76 2.34

In an acoustically rigid shield

10 fC, Hz 47.5 47.9 46.4 43.6 37.2 30.9 24.3 16.6 12.1

11 f3, Hz 49.11 48.02 46.32 43.40 37.14 30.90 24.32 16.63 12.11

12 δ, % –3.38 –0.25 0.18 0.47 0.17 0.00 –0.10 –0.21 –0.11

Table 3
Resonator frequency tuned to 25 Hz

No. Parameter Parameter value

Without acoustic design

1 f1, Hz 25

2 r, m 0.005

3 h, m 0.5 0.2 0.1 0.05 0.02 0.01 0.005 0.002 0.001

4 R, m 0.0564 0.0765 0.0963 0.1214 0.1647 0.2075 0.2615 0.3549 0.4471

5 fC, Hz 24.6 24.5 24.1 23.2 21.2 18.7 15.6 11.2 8.3

6 f2, Hz 24.8 24.5 24.0 23.1 20.9 18.4 15.2 10.9 8.1

7 δ, % –0.63 0.10 0.42 0.37 1.21 1.70 2.47 2.58 2.27

8 f3, Hz 24.76 24.50 24.04 23.20 21.11 18.62 15.50 11.18 8.34

9 δ, % –0.66 0.01 0.24 0.01 0.41 0.41 0.65 0.16 –0.47

In an acoustically rigid shield

10 fC, Hz 24.6 24.5 24.1 23.4 21.4 18.9 15.7 11.3 8.4

11 f3, Hz 24.78 24.53 24.10 23.31 21.32 18.90 15.82 11.49 8.60

12 δ, % –0.71 –0.12 –0.01 0.40 0.39 –0.01 –0.79 –1.70 –2.34
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4. Discussion
The proposed resonant frequency calculation method makes it possible to estimate the 

resonator resonant frequency more accurately. The relative inaccuracy of calculations according 
to the proposed formulas (3) and (4) is less than 1 %, given that r/R<0.25. The increasing inac-
curacy with small h is caused by the model, since the accuracy of the resonant frequency in the 
model was 0.1 Hz.

Similar investigations but for cylindrical cavity were described in [12]. The accuracy of 
determining the resonant frequency at 2 % was obtained in this article. However, in the ana-
lytical expressions, there is a coefficient that depends on the size of the neck and is determined 
in the table and only for the length of the neck from 0.5 mm to 5 mm, which doesn’t allow 
applying the obtained expressions to other dimensions of the neck.

In the articles [13, 14], although the resonant frequencies weren’t directly determined, 
but the losses of sound energy occurring in the resonators were studied. According to the 
graphs given in these articles, the discrepancy between the theoretically calculated loss max-
ima and the values measured in practice is not less than 1 %. That means that the accuracy of 
the results obtained in this article is comparable to the results of other researches.

The main restrictions on the use of the results here are:
1) r/R<0.25 (to achieve such a high accuracy of the results); 
2) for the resonator in acoustically rigid shield it’s a case of the infinite rigid shield. 

This means that the dimensions of the shield must be much larger than the dimensions of the 
resonator;

3) Only spherical Helmholtz resonators were investigated in this article, therefore these re-
sults can’t be used for other shapes of resonators.

Similar investigations and analytical calculations should be carried out for the other 
shapes of resonators in the future such as cylindrical and rectangular, which is a very import-
ant task, according to the existence of the publications. Moreover, investigations [7] show 
that the shape of the neck also has a significant effect on the measurement results, which also 
requires careful study.

5. Conclusions
1. The presented formula (3) increases the accuracy of calculation the Helmholtz resonator 

resonant frequency in free field. The calculation error is no more than 1 %, given that r/R<0.25.
2. Research has shown that the resonator acoustic design, specifically placed into an acous-

tically rigid shield, leads to its resonant frequency change.
3. Formula (4) provides sufficient resonator resonant frequency calculation results (cylindri-

cal neck form and a spherical volume), which is located in an infinite size acoustically rigid shield.
4. Resonance frequency changes quite significantly when the acoustic design changes. This 

fact has to be taken into account during acoustic metamaterials construction.
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