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Abstract: The article is devoted to the dependency analysis of the thermoacoustic devices performance from 
acoustic wave parameters (frequency, pressure magnitude etc.). Detailed study of electroacoustic parameters 
impact on the overall productivity of loudspeaker driven thermoacoustic systems is given. Authors proposed the 
structure and algorithm basis of the microprocessor system for automated electroacoustic performance 
calculation. Proposed by Fusco et al. [1] two sensor method is implemented in digital signal processing 
algorithm for real-time acoustic power calculation. Synthesized microprocessor system is tested during the 
experimental research of the loudspeaker driven standing wave thermoacoustic refrigerator performance 
measurements. Analysis of the results obtained shows that the proposed microprocessor system with 
implemented data processing algorithm can be used for calculations of the thermoacoustic devices overall 
efficiency. Copyright © 2013 IFSA. 
 
Keywords: Microprocessor system, Thermoacoustic device, Two-sensor method, Parametric identification, 
Electroacoustic performance. 
 
 
 
1. Introduction 
 

One of the important components of developed 
industry is the use of heat engines that convert heat 
energy into mechanical or electrical. Conventionally, 
heat machines can be divided into two groups: direct 

effect mechanisms (heat engines) and reverse action 
mechanisms (heat pumps, refrigerators). The most 
common are the mechanical heat machines in which 
the mutual energy conversion is based on the use of 
special mechanical devices, such as piston 
mechanisms (internal combustion engines, steam 
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engines, Stirling engines) and rotary devices (gas and 
steam turbines). 

Thermoacoustic devices (TAD) are the newest 
type of unconventional heat engines [2] whose work 
is based on the use of acoustic energy as “the 
moving” mechanism. The use of acoustic waves as a 
carrier of energy significantly simplifies the design of 
these machines compared to traditional. There are 
two types of thermoacoustic devices [2-4]: engines 
(convert thermal energy into acoustic) and heat 
pumps or refrigerators (transform acoustic energy 
into heat). In this paper, as research plant, authors 
considered loudspeaker driven standing wave 
thermoacoustic refrigerator [5-7]. 

Fig. 1 shows the schematic of thermoacoustic 
refrigerator (TAR). The main components of which 
are the cavernous resonator, which is filled with the 

working medium (air, helium, etc.), the generator of 
sound waves (loudspeaker), highly compact heat 
exchange surface (stack) for conversion of acoustic 
energy into heat and heat exchangers HEH, HEC for 
heat input and output from the TAR cavity.  

Lack of moving parts not only significantly 
increases the reliability of thermoacoustic devices, 
but also reduces energy losses in the mechanical 
connections. Through the interaction of the working 
medium particles with the surface of the stack, 
acoustic wave forms the temperature difference [8] 
on its opposite sides (ΔT=TH–TC) [3, 5, 7]. This 
temperature difference is the main factor of 
thermoacoustic device working process and depends 
on the power of acoustic waves and the efficiency of 
heat exchangers HEH, HEC (Fig. 1). 

 
 
 

 
 

Fig. 1. Schematic of energy exchange of the loudspeaker driven thermoacoustic refrigerator  
Pel – supplied electric power; Pac – acoustic power generated by loudspeaker; Ploses – energy loses power;  

losesacac PPP '  – useful acoustic power; Phot,Pcold – powers extracted by cold and hot heat exchangers; 

coldhotacheat PPPP  '  – thermoacoustic effect power. 

 
 

Thermoacoustic refrigerator with an 
electromechanical generator is a complex energy 
transforming system (Fig. 2) in which the sound 

wave energy acP  in the resonator is formed by the 

supplied to the oscillator electric power elP , and 

thermoacoustic heat energy is the result of useful 

acoustic power '
acP  conversion into heat heatP  

through the stack. Therefore, TAR can be divided 
into two subsystems: electroacoustic  acel PP   

and thermoacoustic  heatac PP ' . 

The high dependence of TAR’s thermoacoustic 

subsystem  heatac PP   efficiency on a number of 

uncontrolled parameters [2, 3, 5], which are almost 
impossible to consider on the design stage (the exact 
value of resonator components roughness, heat 
exchangers and the stack manufacturing defects, 
environmental conditions etc.) leads to the need for 
additional settings during the TAR working process 
in order to drive it to the optimal regime. From 
other hand, in loudspeaker driven devices, 

electroacoustic parameters are the main subject for 
future adjustments at the stages of testing and 
working process. 

For a high power thermoacoustic systems the 
sound pressure level (SPL) of 150-170 dB must be 
maintained in the resonator cavity during the work 
process, which leads to the emergence of parasitic 
nonlinear effects [3, 9].  

Thus, the task of creating a system for 
automated acquisition and data analysis of TAR’s 
acoustic and electromechanical components is 
important. It should be noted that large number of 
different nature parameters (acoustic pressure, 
electric current, temperature fluctuations, etc.) lead 
to the need of specialized microprocessor system 
implementation [5, 10] for solving the tasks of 
registration and processing large amounts of data in 
real time. 

The aim of the article is to analyze the 
dependency of loudspeaker driven standing wave 
thermoacoustic refrigerator efficiency on the 
parameters of electroacoustic subsystem.  
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2. TAR Electroacoustic Subsystem 
Efficiency Criteria’s Overview 

 
2.1. Sound Wave Frequency Impact  

on Acoustic Pressure Magnitude 
 

Traditionally, the sound wave is considered as a 
set of working environment pressure (1) and 
velocity (2) fluctuations [11], whose values 
depends on the structural features of the specific 
thermoacoustic plant and external influences. The 
frequency of a sound signal, formed by the 
electromechanical generator, significantly affects 
the magnitude of the acoustic pressure and particle 
displacement in the resonator [6, 7], and is an 
important parameter in the design and functioning 
of the TAR.  
 

 , cos sin ,SP x t P kx t  
(1) 

 
where PS is the pressure magnitude, ω=2πf is the 
sound wave angular frequency, χ is the longitudinal 
coordinate, t is the time, k is the wave number. 
 

 
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v x t kx t
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where ρ0 is the gas density, C is the gas heat 
capacity. 

It is known that the most effective mode for 
thermoacoustic systems working process is the 
functioning at the resonant frequency [3, 6]. In 
general, the resonant frequency (3) of the acoustic 
pressure oscillations (1) for the empty resonator 
TAR can be calculated [11] as 
 

/
,

4res
kT ma

f
L



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(3) 

 
where fres is the sound wave resonant frequency, a 
is the speed of sound, λ is the sound wave length, γ 
is the adiabatic index, k is the Boltzmann constant, 
T is the absolute temperature, m is the single 
molecule mass, L is the resonator length. 

It should be noted that the sound frequency 
calculated according to (3) is only approximate 
value [3, 10], because its calculation does not 
consider the specific design features of TAD and 
external environment basic physical parameters. 
Therefore, authors conducted the experimental 
research [10] to determine the exact value of 
resonant frequency. The result of experiment shows 
(Fig. 2) that acoustic pressure has nonlinear 
extreme dependency on sound wave frequency with 
the maximum pressure value at the resonant 

frequency Hzfres 229  [3]. Considered given 

results all further experiments were held on  
this frequency. 
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Fig. 2. Acoustic pressure magnitude dependency on sound 
wave frequency at 15 % of maximum power. 

 
 
2.2. Electroacoustic Subsystem Energy 

Performance Index 
 

The main parameters of sound waves [2, 3] that 
determine the efficiency of thermoacoustic devices 
includes: 

 The sound wave frequency; 
 The shape of the sound wave front; 
 Acoustic pressure level; 
 Acoustic wave power (Pak).  
These characteristics directly depend on the 

properties of the acoustic oscillations 
electromechanical generator and its productivity. 
Therefore the value of electromechanical generator 
efficiency will directly impact on the overall 
productivity of refrigerator and can be considered as 
the main electroacoustic subsystem efficiency 
criteria. 

Bearing in mind the fact that loudspeaker is an 
electromechanical device that transforms electric 
energy into acoustic, its performance index ηe/a (4) 
can be found as generated acoustic Pac (5) and 
supplied electric Pel (6) powers ratio 
 

/ 100%,ac
е а
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P

P
  
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where S is the cross-sectional area of the resonator, T 
is the time period, p(t), v(t) is the instant acoustic 
pressure and velocity values, I is the acoustic wave 
intensity. 

0

1
( ) ( ) ,

T

elP u t i t dt
T

 
 

(6) 

 
where u(t), i(t) are the instant values of 
electromechanical generator voltage and current. 

The electric power Pel calculation can be done by 
simultaneous multiplication of loudspeaker current 
and voltage values that could be simply measured by 
current sensor and voltage divider. Acoustic power 
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measurements require additional equipment and are 
followed by more complicated calculations as it will 
be shown in next section. 
 
 
2.3. Two-Sensor Method for Acoustic  

Power Measurements 
 

The traditional way of acoustic power registration 
[12] is a simultaneous pressure p(t) and velocity v(t) 
measurement using the pressure sensor or 
microphone and the laser Doppler velocity meter. 
This approach allows determining the value of 
acoustic pressure and oscillations velocity with high 
accuracy, but requires expensive equipment and the 
availability of transparent duct for laser beams 
passage. These shortcomings limit the possibility of 
the direct method usage and make it impractical for 
automated control systems implementation. 

An alternative method of acoustic parameters 
registration is known as two-sensor method [1, 12], 
where pressure p(t) and velocity v(t) values are 
calculated using the parameters of the two pressure 
sensors located on a fixed distance Δx from each 
other (Fig. 3, [12]). 

 
 

 
 

Fig. 3. Cylindrical duct of radius r0 with two pressure 
sensors A and B [12]. 

 
 

Two-sensor method proposed by Fusco et al. [1] 
stays that based on the values of pressure sensors A 
and B the acoustic pressure p(0) (7) and axial 
velocity v(0) (9) in the middle point 0 (Fig. 3) can be 
calculated as 
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where k is the complex wave number, Δx is the 
distance between pressure sensors A and B, pA, pB are 
the A and B pressure sensors values, k0=ω/a is the 

wave number in free space, σ is the Prandtl number, 
δv is the viscous boundary layer thickness, r0 is the 
duct radius, ρ is the average gas density, 1j  is 
the imaginary unit. 

Based on the equations (7) and (9) and taking into 
account that acoustic intensity can be calculated by 
equation (11), the acoustic power Pac in the TAR 
resonator can be determent by equations (12)  
and (13). 

 

 1
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2
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where ~  is the complex conjugate of ρ, Re is the real 
part of a complex number. 
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where Im(H),Re(H) are the imaginary and real parts 
of complex value, θ is the phase difference between 
signals pA and pB, k

~  is the complex conjugate of k. 
 
 
3. Experimental Setup  

for Thermoacoustic Plants 
Electroacoustic Efficiency 

 
3.1. Description of the Experimental Setup 

for Electroacoustic Efficiency Analysis  
 

Experimental verification of the electroacoustic 
efficiency analysis model was held on created 
experimental plant (Fig. 4) which consist of: standing 
wave thermoacoustic refrigerator, 100 W 
loudspeaker, microprocessor data acquisition system 
that is based on the STM32 CortexM4 ARM 
microcontroller (MCU) and includes Freescale 
MPXV7007DP (170 dB SPL, ΔP=±7 KPa) acoustic 
pressure sensors (Ps1, Ps2), Allegro current sensor 
ACS712ELCTR-05B-T (Δi=±5 A), personal 
computer with its soundcard output connected to 
MCU analog to digital converter (ADC) input and to 
MMF LV103 acoustic amplifier. 

 
 

 
 

Fig. 4. Schematic of the microprocessor system  
for thermoacoustic plats efficiency analysis. 
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STM32F4DISCOVERY with its 
STM32F407VGT6 MCU was selected as the main 
executive unit of the acquisition system. It combines 
32-bit high speed (up to 168 MHz) CortexM4 ARM 
CPU with three 12-bit, 2.4 MSPS ADC and hardware 
implemented floating point unit and therefore is 
suitable for digital signal processing tasks. It main 
functions are: collect data from the sensors; process 
collected data and results send via USB to  
PC software. 

Developed for microprocessor system software 
allows the acoustic signals generation of different 
shapes and magnitudes [5] at the output of the 
electromechanical generator and can store and 
display data received from the MCU in real time.  
 
 
3.2. Noise Cancelation by the Means  

of Designed FIR Filter 
 

In modern digital signal processing systems the 
analysis of acoustic data is often carried out under the 
conditions of uncertain system characteristics. In 
particular, during the operation of data acquisition 
and processing systems, the parameters of their 
objects and operation environment may change 
unpredictably due to the presence of random noise 
sources, poor interchange of the various components 
and power circuits, etc. 

To overcome such influence on the designed 
system calculation results authors implemented 
digital finite impulse response (FIR) band pass filter 
[13], which output is a weighted sum of the current 
and a finite number (N) of input previous values. This 
operation is described by equation (14), which 
defines the output value y[n] in terms of its input 
sequence x[n]: 

 

0

[ ] [ ],
N

i
i

y n b x n i


 
 

(14) 

 
where N is the number of filter coefficients or filter 
order, bi is the i-th filter coefficient value. 

Fig. 5 shows the schematic and magnitude-
frequency response of the implemented filter with 
pass band fpass=[180..250] Hz 40 dB noise 
suppression level and order N=560 and sampling rate 
FS=5 kHz.  

Filter working process is shown on Fig. 6, where 
input signal Us is the experimental data of PC 
soundcard voltage level. It should be noted that 
selected MCU has unipolar ADC and therefore can 
measure only positive half of sound signal Us 
(Fig. 6b). As the result the spectrum of measured 
signal (Fig. 6a upper diagram) has additional  
parasitic harmonicas. 
Filter modeling results shows (Fig. 6a lower diagram) 
that the output signal Uf is the sine wave (Fig. 6b) 
with twice lower magnitude that the measured one 

and PC soundcard voltage level can be found as the 
filter output signal Uf multiplied by 2. 

 
 

(a) FIR filter schematic. 
 

 
 

(b) Magnitude-frequency response. 
 

Fig. 5. Band pass FIR filter design  
magnitude-frequency response. 

 
 

 
 

(a) Spectrum diagram. 
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(b) Time graph. 
 

Fig. 6. Band pass FIR filter modeling. 
The supplied to loudspeaker voltage finally can be 
calculated as soundcard voltage multiplied by 
experimentally defined acoustic amplifier gain 
Kamp=90.2724. The resulting equation for 
loudspeaker voltage (15) can be defined as 
 

( ) 2 ( ),filt
lsp amp pcu t K u t

 
(15) 

 

where ulsp(t) is the voltage supplied for loudspeaker, 

Kamp is the acoustic amplifier gain, )(tu filt
pc

 is the PC 

soundcard filtered signal. 
 
 

4. Experimental Verification  
of the Proposed Microprocessor 
System and Discussion of the Results 
Obtained 
 

The verification of proposed microprocessor 
system for electroacoustic efficiency analysis was 
held on the experimental plant (Fig. 7) that includes 
PC, designed microprocessor system and 
loudspeaker driven quarter wavelength 
thermoacoustic refrigerator.  

During the experiment loudspeaker generated 
sine sound wave [14] with frequency fres≈229 Hz at 
40 % of maximum power. Fig. 8a shows the pressure 
variations at the starting moment of acoustic wave 
generation. It should be noted that the different 
pressure magnitudes (Ps2>Ps1) are the result of 
standing acoustic wave inside the resonator [15] and 
the phase shift θ=0.1366 rad between two pressure 
signals (Fig. 8b) is the result of Δx=140 mm distance 
between pressure sensors Ps1 and Ps2 (Fig. 4). 

Using described in sec. 2.3 two-sensor method 
[1, 12] we obtain the time dependencies of pressure 
(7) and velocity (9) in the middle between the sensors 
Ps1 and Ps2 (Fig. 4). The resulting graphs are 
illustrated on Fig. 9. Calculation of the power 

characteristics of electroacoustic part was carried out 
using the equations (12) and (6) for acoustic and 
electric powers respectively. After power calculations 
the resulting electroacoustic performance index value 
was obtained using the equation (4). Acquired values 
are summarized in Table 1. 

The calculated electroacoustic subsystem 
performance index of loudspeaker driven 
thermoacoustic refrigerator is less that 4 % (Table 1). 
This value corresponds to the theoretical data on the 
loudspeaker efficiency [16] and therefore it can be 
concluded that the proposed system can be used for 
real-time electroacoustic efficiency calculations.  

 

 
Table 1. Thermoacoustic refrigerator electroacoustic 

subsystem performance index. 
 

Parameter Notation Value Unit 
Acoustic power acP  1.69 W 

Electric power elP  51.19 W 

Performance index /е а  3.3 % 

 
 

5. Conclusions 
 
Given analysis show that thermoacoustic systems 

efficiency is highly dependent on the sound wave 
parameters, especially the wave frequency and 
pressure values. Also the number of uncontrolled 
structural defects (resonator inner walls roughness, 
heat exchanger efficiency, etc.) lead to the necessity 
of after construction tuning procedures. In 
loudspeaker driven thermoacoustic systems the 
electric driver is the source of acoustic waves and 
therefore is the primary object for control and tuning 
algorithms.  

Authors implemented the real-time 
electroacoustic efficiency calculation system using 
the 32-bit ARM microcontroller that uses the two-
sensor method for acoustic power determination and 
direct current and voltage measurements for electric 
power calculations.  

 
 

 
 

Fig. 7. Experimental plant for standing wave thermoacoustic refrigerator overall efficiency calculation. 
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(a) Pressure measurements at the starting moment of acoustic wave generation 
 

 
 

(b) Phase shift between two pressure signals 
 

Fig. 8. Experimental investigation of pressure fluctuations during the TAR working process. 
 
 

  
 

(a) 
 

(b) 
 

Fig. 9. Experimental investigation of pressure fluctuations during the TAR working process. 
 
 

Proposed system was tested on the loudspeaker 
driven quarter wavelength thermoacoustic 
refrigerator and it results show that the designed 
microprocessor system with implemented data 
processing algorithm can be used for real-time 
calculation of thermoacoustic plants overall 
efficiency. 

Measured performance index of thermoacoustic 
refrigerator electroacoustic subsystem is 3.3 %. 
Therefore it can be concluded that the loudspeaker 
driven devices has low efficiency due to the driver 
limitations and all further research should be held on 

thermoacoustic engine driven devices. Designed 
microprocessor system can be easily adopted for such 
device class with implementation of temperature data 
acquisition hardware. 
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