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Abstract

Thermoacoustic refrigeration is a relatively recent technology that has gained
notoriety in the scientific community in the past few years. It involves producing
low temperatures with the aid of acoustic sound waves. A thermoacoustic
refrigeration system is an appliance that transfers heat via a solid medium
characterized as a stack in a resonator tube employing acoustic sound energy as an
input. Temperature disparity established across the stack is what determines how
well a thermoacoustic refrigerator works. The stack is the thermoacoustic system’s
most crucial component. The stack, which is composed of Mylar and shaped like
a honeycomb, is utilized in the present experimental investigation. Using a mix of
set independent and set dependent variables, the experimental data and system
analysis were conducted. Air was employed as the system’s working medium, and
varied pressures and resonant frequencies were applied in order to determine
the performance parameters that would yield the best results for the design. The
findings are shown, and they support the idea that the stack and its associated
parameters play a crucial role in the thermoacoustic refrigeration system’s ability
to work at its best. The analysis provided offers suggestions for improving
thermoacoustic refrigerators’ effectiveness, which is still lacking because of their
comparatively modest accomplishment. The performance coefficient of the system
can also be improved by adjusting other factors like the resonant frequency and
the medium of the resonator tube.
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Introduction

Thermoacoustic refrigeration describes procedures where sound acoustic
energy is converted into heat energy, resulting in the temperature differential
needed for refrigeration. The scientific world has recently focused a lot of emphasis
on this capability of turning sound energy into a temperature differential [1, 2].
Thermoacoustic refrigeration systems use sound to reduce the temperature of a
low-temperature area and increase the temperature of a high-temperature area.
In addition to their ability to be environmentally benign, thermoacoustic systems
are also becoming more popular due to their ease of fabrication and upkeep. They
differ from typical devices in that they don't have any moving parts or components
and don’t use any dangerous chemicals or refrigerants [3-5]. Additionally, the
thermoacoustic refrigeration systems’ current applications are limited by their
lower performance when compared to vapor compression refrigeration systems,
i.e., they only attain Carnot efliciency at 14% to 19%, compared to 32% to 43%
for the latter [6].
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An acoustic driver produces sound energy, or a loudspeak-
er, in a refrigerator that operates on the thermoacoustic princi-
ple. The picture below depicts a standing wave thermoacoustic
refrigeration system that is powered by a loudspeaker (Figure
1a). The system is composed of a loudspeaker, a resonating tube,
heat exchangers, a stack, and an inert working medium, usu-
ally air. The gas packets inside the resonating tube expand and
compress isentropically as the loudspeaker sustains a standing
acoustic wave at its distinctive fundamental frequency.

At approximately a certain depth of thermal penetration
into the stack, the thermal interface with the acoustical wave’s
initial temperature fluctuations are regulated by the stack, both
in phase and magnitude. Along with an increase in the wave’s
temperature and pressure, heat is transmitted between the me-
dium and the plate, which furthers the displacement of the
gas fluid package towards the pressure antinode (Figure 1b).
Pressure and temperature are reduced once the gas fluid parcel
grows, and heat is then conveyed from the plate back to the
gaseous fluid [7, 8]. Heat energy is transferred by one gas fluid
packet and is deposited on the plate, and the same quanti-
ty of heat is then transferred by the next packet, resulting in
the emergence of a temperature difference AT along the stack
because a large number of gas fluid packets fluctuating in the
stack towards the location of the thermal dissemination depth
of the plate (Figure 1c) [9-10]. To take benefit of the effect of
temperature difference established for the heat pumping op-
eration, heat exchangers are mounted to the cold side and hot
side of the stack. When cooling a low-temperature location,
the cold edge heat exchanger absorbs heat, while the hot edge
heat exchanger rejects heat to the environment [11, 12].

Several important aspects have an impact on the thermo-
acoustic refrigeration system’s performance, including density,
heat capacity of the operational fluid, thermal conductivity,
and stack material. Resonance frequency, mean temperature
and pressure, cooling load, and physical design restraints in-
cluding position of stack, length of stack, and stack porosity
are additional operating parameters. The performance of ther-
moacoustic systems has recently been the subject of extensive
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Figure 1: Working Principle of the thermoacoustic standing-wave refrig-
erator with pressure, velocity, and temperature distribution.

theoretical and experimental research efforts aimed at enhanc-
ing and optimizing it. The geometric design characteristics,
particularly the stack, have been the subject of the majority
of the analysis [13]. Tijani et al. [13] researched the best stack
position for the parallel plate stack’s geometry.

The results suggest that between 2 and 4 thermal penetra-
tion depths is the ideal range for the gap between the plates.
Additionally, some preliminary testing was done on several
stack designs, such as spiral-and honeycomb-shaped ones.
Consideration was given to the consequence of stack materi-
al, length calculation, and position on temperature difference
produced across the ends of the stacks [14]. The highest tem-
perature differential was obtained with a 0.04 m corning Celor
stack located 0.04 m from the speakers. Numerous testings
were run, notably on the stack area. The ideal stack placement
was computed using the temperature gradient and coefficient
of performance (COP) [12, 15].

The effective range typically is between A/8 and /20,
where A denotes the sound wavelength [9]. In a study by Pi-
collo and Wetzel [14, 16] on the influence of the resonating
tube and the operation of the stack, a good match between
the resonating frequency and the resonating tube length re-
sults in a rise in the temperature divergence between the stacks
two ends of around 55%. It was demonstrated that the ide-
al effective resonant frequency deviates from the plan under
the assumption that f = a / (2L,). Similar to this, Wetzel et
al. [16] showed that the resonating frequency is significantly
influenced by the length of the resonating tube, and in their
estimations, the frequency decreased as the length of the res-
onator tube increased.

The review under discussion looks into how the size of
the resonating tube and various operating frequencies affect
how the thermoacoustic refrigeration system functions. In ref-
erenced boundaries, a model thermoacoustic refrigeration sys-
tem with air as the working fluid was created. This system was
operated by a loudspeaker connected to the amplifier through
the signal generator. The experimental device was modified
without the hot and cold heat exchangers. The thermoacoustic
impact was computed specifically based on the temperature
variance produced throughout the stack.

Experimental Setup and Details

'The exploratory thermoacoustic system is shown in figure
2 as a schematic. The thermoacoustic refrigeration system did
not include a cold and hot heat exchanger because the device
was merely employed to measure the difference in temperature
stimulated between the stack’s two ends. The input acoustic
device used to create the standing acoustic wave of the necessary
frequency was a commercial amplifier-driven loudspeaker with
50 W of constant power. One end of the stack, which was also
connected to the resonance tube and the buffer volume, held
the acoustic loudspeaker. At the two ends of the stack, there
were chambers with hot and cold temperatures. The material
of the stack is permeable, the material and the stack’s geometry
were both made of Mylar with round pores. The temperature
gradient that was formed between the two ends of the stack
was brought on by exchanges among the fluid and the stack
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Figure 2: Schematic illustration of experimental setup.
N J

material, as seen by the type-T digital thermocouple. A 1 K
accuracy was used to display the temperature measurements
at each end of the stack. After taking into consideration all
key aspects that have a substantial impact on performance, the
experimental data’s overall precision and accuracy are in the

10% to 15% range.

The investigations were designed to estimate how well the
thermoacoustic refrigeration system operated at various work-
ing frequencies and pressures. Equation (1) can be used to get
the resonant frequency that is contingent on the length of the
resonating tube and the speed of sound in air as the operating
medium.

C
0=
0= M

Length of Resonating Tube (Lt): 195 mm = 0.195 m

Length of Stack (Ls): 80 mm = 0.080 m

Total Length of the resonating medium (L):

Therefore, L = Lt + Ls

Considering, Lt =195 mm = 0.195 m and Ls = 80 mm = 0.080 m,
L=Lt+Ls=0.195m +0.080 m =0.275 m

Speed of Sound in air :C

Ambient Temperature :Ta=298 K
Gas Constant for air :R=287]/KgK
Adiabatic Index for Air  :y=1.4

'The velocity of sound in air is calculated using the Equa-
tion (2) given below with the above values specified.

C=\y*R*Ta=346m/s 2)

The resonating frequency is now calculated for the fixed
value of the resonating length (L = 0.275 m) for the first
three fundamental modes of resonating wavelength i.e., (A/4),
(3A/4), and (5M/4) using the relation.

Figure 3: Experimental setup.
N

C=f0*4 3)
Where,
L=M4) corresponds to A = (4L) (First Funda-

mental Quarter Wavelength Mode)

L =(3N4) corresponds to A = (4L/3) (Second Fun-
damental Quarter Wavelength Mode)

L =(5)M/4) corresponds to A = (4L/5) (Third Funda-
mental Quarter Wavelength Mode)

Substituting the above values of L in Equation (4), the
three different resonating frequencies were calculated:

f0 =294Hz corresponds to A = (4L) (First Funda-
mental Quarter Wavelength Mode)

f0 =885Hz correspondsto A = (4L/3) (Second Fun-
damental Quarter Wavelength Mode)

f0 =1474Hz corresponds to A = (4L/5) (Third Funda-
mental Quarter Wavelength Mode)

The resonant frequency is represented by £, the sound
speed in air is represented by C, and the length of the res-
onating medium is represented by L. Three separate modes
(AM4), (3M\/4), and (5A/4) needed for the creation of the stand-
ing acoustic wave were each assigned a resonant frequency
estimate. Resonant frequencies for three distinct modes, £, =
294 Hz for (M/4), f; = 885 Hz for (3)/4), and f, = 1474 Hz
for (5M/4) were determined under the assumption that the
length of the resonating medium (L) is constant. Data was
gathered for each set of experimental measurements until it
was demonstrated that the temperature distinction between
the stack’s ends was stable. In order to incorporate the com-
parison analysis with dependence on time, the experiment was
run for a specified amount of time after the experiments had
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been done for the appropriate resonant frequency range. The
experimental set up with all the parts attached together has
been depicted in figure 2.

Results and Discussion

The various factors which have been considered for the
comparative analysis of the experimental output have been
depicted in the figures. Figure 4 shows the change of the
temperature divergence produced within the stack at the
resonant frequency of 294 Hz; the variation shows that as the
compressed air in the system is increased from 1.5 bar to 3 bar,
the temperature divergence within the stack likewise increases
accordingly, even though nonlinear effects are present in some
portions of the graph. The creation of acoustic sound velocity
is not directly comparable to the mean average pressure of the
medium, in this case air present inside the resonating medium,
which explains the non-linearity effect. Similar to this, figure
5 and figure 6 illustrate, respectively, the experimental results
for the change of the temperature differential generated
throughout the stack at the resonant frequencies of f, = 885
Hz for (3A/4) and /] = 1474 Hz for (5)/4). Higher resonant
frequencies demonstrated a similar pattern of performance.
When acoustic sound power is applied to the system, a
temperature contrast between the cold edge and hot edge of the
stack begins to develop. The temperature disparity between the
ends of the stack is seen to increase as system pressure increases
in all of the aforementioned graphs and experimental results.
The results of the experiment make it abundantly evident
that the temperature modification produced throughout the
stack is mostly proportional to the fluid pressure within the
system. Furthermore, the highest temperature modification
across the stack of 7.5 °C was obtained at a pressure of 3

~—&—3 Bar ——2.5 Bar —@—2 Bar —@—1.5 Bar

Frequency f, =294 Hz

Temp Difference across stack (°C)

0 5 10 15 20 25 30 35 40

Time (Minutes)

Figure 4: Temperature difference variation with time at f, = 294 Hz.
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Figure 5: Temperature difference variation with time at f, = 885 Hz.
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Figure 6: Temperature difference variation with time at f; = 1474 Hz.

bar for a resonant frequency of f = 1474 Hz, the highest
temperature change within the stack of 7.0 °C was obtained
at 3 bar pressure for a resonant frequency of f; = 885 Hz, and
the highest temperature alteration across the stack of 6.5 °C
was obtained at 3 bar pressure for a resonating frequency of f

=294 Hz.

Conclusion

In this experimental analysis, it was expected that the
effective medium, air, would have an impact on the standing
wave thermoacoustic refrigeration system’s presentation with
changing resonance frequencies and pressures. In order to
analyze the temperature disparity between the stack’s ends,
three distinct resonating frequencies, corresponding to f =
294 Hz for (M/4), f; = 885 Hz for (3M/4), and f, = 1474 Hz
for (5M4) were taken into consideration. According to the
results of the experiment, the thermoacoustic refrigeration
system’s operation is influenced by both the working medium’s
pressure and resonant frequency, in this case, air. The results
also demonstrate that higher resonant frequencies result in the
greatest temperature disparities across the stack. The length,
working medium, stack size, shape, and geometry of the
resonator tube, as well as other variables, can all be changed to
conduct different investigations.
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