
 

 JOURNAL OF VIBROENGINEERING 1 

Experimental analysis and estimation of vibration 
frequency for airflow-induced vibration piezoelectric 
generators 

Huajie Zou1, Fuhai Cai2 
Changzhou Vocational Institute of Mechatronic Technology, Jiangsu, Changzhou, China 
1Corresponding author 
E-mail: 1zhj88000@163.com, 2593461636@qq.com 
Received 30 July 2025; accepted 27 February 2026; published online 21 April 2026 
DOI https://doi.org/10.21595/jve.2026.25232 

Copyright © 2026 Huajie Zou, et al. This is an open access article distributed under the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Abstract. To address the inadequacy of existing empirical formulas for estimating the vibration 
frequency of small airflow-induced piezoelectric generators, this study proposes a novel method 
for vibration frequency estimation specifically tailored to such generators. Through experimental 
analysis of vibration frequencies, the current expression for vibration frequency is modified to 
enhance the accuracy of frequency estimation for short resonators. The results indicate that the 
length of the resonator is the primary influencing factor. As the length increases, the frequency 
decreases, demonstrating an inverse relationship. The distance between the nozzle and the 
resonator is regarded as a secondary factor. Although there is a slight decrease in frequency as the 
spacing increases, its impact remains limited. Furthermore, the discrepancy between the 
theoretical values derived from the modified empirical frequency formula and the experimental 
data does not exceed 4 %, and the coefficient of determination (𝑅ଶ) for the modified empirical 
formulation is 0.9987, highlighting its reliability as an effective method for estimating vibration 
frequency. These conclusions may offer guidance in designing the vibration frequency and 
identifying essential structural parameters.  
Keywords: piezoelectric generator, airflow energy, vibration frequency, short resonator. 

1. Introduction 

Vibration piezoelectric generators can efficiently convert environmental vibration energy into 
electrical energy. Due to their simple structure, easy of miniaturization, and ability to serve as self-
powered sources, they are widely applied in fields such as transportation [1], communication [2], 
and building [3, 4]. For vibration piezoelectric generators: 1) According to the “frequency 
pumping” design concept [5], higher excitation frequencies are advantageous for enhancing output 
power; 2) To maximize electrical energy output, it is essential that the excitation force frequency 
be closely aligned with the natural frequency of the piezoelectric power generation device. 

In recent years, various methods of energy harvesting based on airflow-induced vibration 
phenomena have been studied. Airflow-induced vibration can be classified into vortex-induced 
vibration [6, 7], Galloping [8, 9], flutter [10, 11], and resonance [12, 13], depending on the 
underlying mechanisms of aerodynamic phenomena. A small airflow-induced vibration 
piezoelectric generator designed for fuzes represents a specific type of vibration piezoelectric 
generator that employs an airflow-induced sound excitation mechanism based on a 
nozzle-resonator structure [14, 15]. It converts the incoming airflow during a projectile's flight 
into a stable sound source, which in turn drives a piezoelectric power generation device to vibrate 
and produce electrical energy output. Consequently, investigating the vibration frequency of 
airflow-induced vibration piezoelectric generators is of paramount importance. 

Relevant studies [16-20] have indicated that the vibration frequency of these generators is 
aligned with both the excitation force frequency and determined by the acoustic mode frequency 
of the resonator, commonly known as its resonant frequency. Due to the complex vibration model 
of the fluid-solid-acoustic coupling system, there is currently no precise mathematical expression 

https://crossmark.crossref.org/dialog/?doi=10.21595/jve.2026.25232&domain=pdf&date_stamp=2026-04-21


EXPERIMENTAL ANALYSIS AND ESTIMATION OF VIBRATION FREQUENCY FOR AIRFLOW-INDUCED VIBRATION PIEZOELECTRIC GENERATORS.  
HUAJIE ZOU, FUHAI CAI 

2 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460  

that could accurately describe its coupling effects. Therefore, calculations of resonant frequencies 
have historically relied on various empirical formulas. Cain et al. [21] found through research on 
Hartman resonators that the total pressure at the nozzle outlet and the spacing between the outlet 
and the resonator do not significantly influence resonant frequencies. Instead, they identified that 
the resonator length is the primary influencing factor and proposed a corresponding formula for 
calculating these frequencies. Kastner et al. [22] discovered that the resonant frequency is not only 
dependent on the resonator length but also influenced by factors such as the jet Mach number and 
the spacing related to both near-field and far-field sound pressure power spectra. They then revised 
the frequency calculation formula accordingly. A. Hamed et al. [23] proposed a corrected formula 
that takes into account the structural geometric dimensions affecting the unstable flow field 
characteristics and mass flow rate. In addition, researchers have investigated how parameters such 
as resonator length, nozzle distance, flow pressure, and nozzle diameter impact the resonant 
frequency [24]. Their experimental studies focused on identifying the key determinants of the 
resonant frequency of the Hartman resonance tube and correcting theoretical formulas [25]. 

However, it is important to note that all frequency correction formulas referenced in previous 
literature are tailored for long resonators. When applied to short resonators (where the ratio of 
length to diameter is less than 1.5), these estimations are inaccurate. The estimated frequency 
significantly exceeds the experimental frequency, reaching nearly 20 %. Thus, the development 
of a more refined formula, specifically tailored for estimating the resonant frequency of short 
resonators, becomes necessary. 

This paper aims to enhance the estimation accuracy of vibration frequency through an 
experimental analysis, precisely matching the natural frequency of the piezoelectric transducer to 
maximize electrical energy output. It can provide a reference for engineering design. 

2. Working principle of airflow-induced vibration piezoelectric generator 

Fig. 1 presents a schematic of an airflow-induced vibration piezoelectric generator, which 
comprises an airflow-induced sound excitation mechanism and a piezoelectric transducer. The 
sound excitation mechanism is mainly composed of an annular nozzle and a resonator. 
Specifically, the annular nozzle comprises an air inlet and a blocking component, and the 
piezoelectric transducer is positioned at the end of the resonator, thus forming an open-closed 
configuration. 

 
Fig. 1. Scheme of airflow-induced vibration piezoelectric generator 
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The jet created as the incoming airflow moves through the nozzle impacts its tip, leading to 
vortex shedding and the generation of edge sound [14, 15]. The resulting sound wave propagates 
within the resonator and reflects off its bottom surface, driving the oscillations of the air inside 
into a harmonic state that establishes standing-wave resonance. Ultimately, this process generates 
a stable sound source with its frequency locked to the acoustic modal frequency of the resonator. 

Under the influence of standing-wave resonance, the air inside the resonator will undergo 
periodic expansion and compression. The sound pressure at the bottom of the resonator drives the 
vibration of the piezoelectric transducer, thereby generating electrical energy and achieving the 
conversion of sound energy to electrical energy. 

3. Vibration frequency measurement system and experimental setup 

In simulating the flight environment of a projectile, factors such as temperature, humidity, and 
inflow are disregarded. Instead, it focuses solely on replicating the pressure or velocity conditions 
of the flow inside the tube. 

The experimental system, shown in Fig. 2, mainly consists of an air source simulation system, 
a pressure measurement system, and experimental specimens. The air source simulation system, 
designed to measure flow rate values, primarily consists of an air tank coupled with a pressure 
relief valve and a flow meter. The pressure measurement system, used to measure sound pressure 
at the bottom of the resonator, comprises a pressure sensor and a data recorder. The vibration 
frequency can be obtained by spectrum analysis. 

 
a) Experimental system diagram 

 
b) FFT analysis diagram 

Fig. 2. The proposed methodology diagram 

Fig. 3 shows the experimental picture. During the experiment, the airflow at the inlet is 
regulated using a pressure relief valve, and the flow rate values are monitored by an SMC 
PF2A751 flow meter with a measurement accuracy of 5 L/Min. 

To measure the sound pressure in the experimental system, a model CYY28 pressure sensor is 
used, which has a dynamic frequency response of 500 kHz and a nonlinear error under ±0.1 % FS. 
The corresponding data is recorded using an ISDS205A data recorder with a bandwidth from 
10 Hz to 20 MHz. 

Subsequently, frequency spectrum analysis of the sound pressure curve allows for the 
determination of the vibration frequency. 

The selected range for air source flow rates in this experiment spans from 100 to 300 L/min. 
The relationship between airflow velocity (𝑉) and flow rate (𝑄) can be expressed as follows: 
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𝑉 = 𝑄𝑆 , (1)

where 𝑉 is the airflow velocity, 𝑄 is the flow rate, and 𝑆 is the cross-sectional area. 

 
Fig. 3. Experimental picture. Photo by Huajie Zou in July 2025 in Changzhou, Jiangsu, China 

4. Analysis of vibration frequency influencing factors 

When analyzing the factors influencing the vibration frequency of a small airflow-induced 
vibration piezoelectric generator, this paper primarily focuses on two structural parameters in the 
axial direction. It does not take into account the sharp edge angle, wall thickness, diameter of the 
resonator, or size of the annular nozzle, as shown in Fig. 1. 

The structural parameters considered are as follows:  
1) Resonator length (𝐿). 
2) Resonator diameter (𝐷). 
3) Spacing (𝑋), defined as the distance from the annular nozzle to the resonator. 
4) Annular gap (𝐻), which represents the size of the annular nozzle. 
In this study, the resonator diameter and the annular gap are fixed at 𝐷 = 10 mm and 𝐻 = 1 

mm, respectively, while the axial structural parameters 𝐿 and 𝑋 are treated as variable values.  

4.1. Influence of resonator length on vibration frequency 

When the influence of the resonator length on frequency is analyzed with a flow velocity (𝑉) 
of approximately 100 m/s, the parameters are as follows: 𝑋 = 3 mm, 𝐻 = 1 mm, and 𝐿 = 8, 10, 
15, 20, 30, 40, 50, and 60 mm. 

Table 1. Sound pressure and frequency under different lengths 𝐿 / mm Sound pressure/ kPa Frequency / kHz 
8 38 6.71 

10 50 5.93 
15 45 4.55 
20 46 3.65 
30 46 2.57 
40 44 2.01 
50 40 1.62 
60 36 1.37 

With a resonator length of 15 mm, the sound pressure at the bottom of the resonator is shown 
in Fig. 4. The resulting curve demonstrates a relatively regular pattern that approximates 
sinusoidal periodic changes. Frequency spectrum analysis reveals a prominent peak around 
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4.55 kHz. 
Given that the curve patterns obtained at different lengths are consistent, a representative set 

of curves has been selected for analysis, while other sets are summarized in Table 1. Fig. 5 shows 
an inverse relationship between vibration frequency and length, specifically indicating that as the 
length increases, the frequency decreases accordingly. 

 
a) The curve of sound pressure 

 
b) Frequency spectrum analysis 

Fig. 4. Sound pressure varying with time when 𝐿 is 15 mm 

 
Fig. 5. Relationship between frequency and length 

4.2. Influence of spacing on vibration frequency 

When analyzing the influence of the spacing on frequency with a flow velocity (𝑉) of 
approximately 100 m/s, the parameters are as follows: 𝐿 = 10 mm; 𝑋 = 2, 2.5, 3, 3.5, and 4 mm. 

With a spacing of 3 mm, the sound pressure at the bottom of the resonator is shown in Fig. 6. 
The pattern of the curve changes aligns with that depicted in Fig. 4. Given that the curve patterns 
obtained at different spacing are consistent, a representative set of curves has been selected for 
analysis, while other sets are summarized in Table 2. 

Fig. 7 shows the relationship between vibration frequency and spacing; it indicates that the 
frequency slightly decreases as the spacing increases. 

According to literature [26], when a stable standing-wave resonance forms within the 
resonator, the volumetric flow rate inside the resonator equals the sum of the jet flow rate and the 
orifice flow rate. Due to the jet's influence, a small mixing zone exists at the orifice, while the 
majority of the resonator exhibits stable volumetric flow. Consequently, the length dimension 
dominates the frequency response, whereas the spacing effect is minor. 
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Table 2. Sound pressure and frequency under different spacings 𝑋 / mm Sound pressure / kPa Frequency / kHz 
2.0 40 6.05 
2.5 45 6.01 
3.0 50 5.94 
3.5 48 5.85 
4.0 44 5.56 

 

 
a) The curve of sound pressure 

 
b) Frequency spectrum analysis 

Fig. 6. Sound pressure varying with time when 𝑋 is 3 mm 

 
Fig. 7. Relationship between frequency and spacing 

5. Frequency empirical formula 

Based on the aforementioned analytical results, it is evident that the vibration frequency (𝑓) 
decreases as the resonator length 𝐿 increases, demonstrating an inverse relationship. Additionally, 
it also exhibits a slight decrease as the spacing 𝑋 increases. This finding aligns closely with the 
observed impact trend of structural parameters on resonant frequency documented in the literature 
[27]. 

The representative theoretical formulas for the vibration frequency of the resonator are as 
follows: 

1) Expression considering only the resonator length [21]: 𝑓 = 𝐶4𝐿, (2)

where 𝐶 is the speed of sound. 
2) Expression after correcting the resonator length [25]: 
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𝑓 = 𝐶൫4𝐿ሺ1 + 𝛼ሻ൯, (3)

where 𝛼 ranges from approximately 1.59 %-3.2 %. 
3) Expression after accounting for corrections at the opening end of the resonator [28]: 𝑓 = 𝐶൫4ሺ𝐿 + Δ𝐿ሻ൯, (4)

where Δ𝐿 denotes the corrected length at the opening end and is given by Δ𝐿 = 0.61𝑅, with 𝑅 
being the inner diameter of the resonator. 

From the above three formulas, it can be observed that none of them incorporates 
considerations related to spacing in their empirical formulations for frequency calculation. 

Building upon the research findings discussed in Section 3 regarding the relationship among 
frequency, length 𝐿, and spacing 𝑋, this paper proposes an alternative expression for vibrational 
frequency: 𝑓 = 𝐶൫4ሺ𝐿 + Δ𝐿ሻ൯, (5)

where Δ𝐿 = 0.61𝑅 + 0.4𝑋. 
In the following section, the theoretical value of the frequency corresponding to Eqs. (2-5) and 

the experimental value are compared and analyzed to verify the effectiveness of the frequency 
expression proposed in this paper. 

Fig. 8 shows the relationship between frequency and resonator length. For relatively long 
lengths (𝐿 = 40, 50, 60 mm), the theoretical frequencies derived from different formulas show 
minimal deviation from the experimental values. However, for shorter lengths (𝐿 = 8, 10 mm), 
there is a significant discrepancy between the theoretical frequencies obtained from various 
equations and their corresponding experimental values. Notably, as the length decreases, this 
difference becomes more pronounced. 

 
Fig. 8. Theoretical and experimental values of frequency under different lengths 

Table 3 presents a comparison of theoretical and experimental frequency values for shorter 
resonators (𝐿 = 8, 10 mm). It can be observed that when 𝐿 is 10 mm, Eq. (2) displays a maximum 
relative error of 43.33 %, while Eq. (3) shows a relative error of 38.78 %. The relative error for 
Eq. (4) is registered at 9.78 %, whereas Eq. (5) demonstrates an extremely low relative error of 
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merely 0.51 %. 
Furthermore, under different lengths, the theoretical values of resonant frequency 

corresponding to Eq. (5) remain closely aligned with experimental results; all relative errors are 
within a margin of just under 4.0 %, and the coefficient of determination (𝑅ଶ) for Eq. (5) is 0.9987, 
as shown in Table 4. 

Table 3. Theoretical and experimental values of frequency for short resonators 
 𝐿 = 8 mm 𝐿 = 10 mm 

 Theoretical 
values / kHz 

Experimental values 
/ kHz 

Relative  
error / % 

Theoretical 
values / kHz 

Experimental 
values / kHz 

Relative 
error / % 

Eq. (2) 10.62 6.71 58.20 8.50 5.93 43.33 
Eq. (3) 10.30 6.71 53.73 8.23 5.93 38.78 
Eq. (4) 7.69 6.71 17.10 6.51 5.93 9.78 
Eq. (5) 6.93 6.71 3.28 5.96 5.93 0.51 

Table 4. Theoretical values related to Eq. (5) and experimental values under different lengths 𝐿  
/ mm 

Theoretical values  
/ kHz 

Experimental values  
/ kHz 

Relative error  
/ % 

Coefficient of determination  
/ 𝑅ଶ 

8 6.93 6.71 3.28 

0.9987 

10 5.96 5.93 0.51 
15 4.41 4.58 –3.71 
20 3.51 3.65 –3.83 
30 2.48 2.57 –3.50 
40 1.92 2.00 –4.0 
50 1.57 1.62 –3.09 
60 1.32 1.37 –3.65 

Table 5 shows the relative errors between theoretical and experimental values across varying 
spacings when 𝐿 is 15 mm. It can be observed that the discrepancies between the theoretical and 
experimental values corresponding to Eq. (2-4) are relatively large. Conversely, Eq. (5) yields the 
smallest gap among them. 

Specifically, the maximum relative error of Eq. (2) reaches 35 %, while the minimum relative 
error of Eq. (4) is approximately 5.4 %. In contrast, the relative error corresponding to Eq. (5) 
remains well within a limit of just over 1.1%. 

Table 5. The relative errors between theoretical and experimental values under different spacings 
 𝑋 = 3 mm 𝑋 = 4 mm 𝑋 = 5 mm 
 Theoretical 

values / 
kHz 

Experimental 
values /  

kHz 

Relative 
error /  

% 

Theoretical 
values / 

kHz 

Experimental 
values /  

kHz 

Relative 
error /  

% 

Theoretical 
values / 

kHz 

Experimental 
values /  

kHz 

Relative 
error /  

% 
Eq. 
(2) 5.67 4.47 26.85 5.67 4.36 30.04 5.67 4.2 35.00 

Eq. 
(3) 5.49 4.47 22.82 5.49 4.36 25.92 5.49 4.2 30.71 

Eq. 
(4) 4.71 4.47 5.37 4.71 4.36 8.03 4.71 4.2 12.14 

Eq. 
(5) 4.42 4.47 –1.12 4.33 4.36 –0.69 4.24 4.2 0.95 

6. Conclusions 

This paper presents an experimental analysis and estimation method for the vibration 
frequency of airflow-induced vibration piezoelectric generators. The results are summarized as 
follows: 

1) The length of the resonator is identified as the primary factor influencing the frequency, 
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showing an inverse relationship where the frequency decreases as the length increases. In contrast, 
the spacing has a minor effect on the frequency, which slightly decreases as the spacing increases. 

2) The corrected formula has a smaller error between the theoretical value and the experimental 
value, with the error and the coefficient of determination (𝑅ଶ) being less than 4 % and 0.9987, 
respectively, and the precision is at least 5 times higher. It can be used as an effective method to 
estimate the vibration frequency. 

3) To achieve stable high-frequency excitation forces exceeding 6 kHz, it is recommended to 
select a resonator length within 8 to 10 mm and maintain a distance from the nozzle to the 
resonator of no more than 3 mm. 

In the future, CFD methods should be applied to further elucidate the flow field and validate 
specific engineering design parameters. 
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