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Abstract: Thermoacoustic devices are the systems which use acoustic power to transport heat through
a stack in a resonance tube. The stack is one of the most important parts of the thermoacoustic systems.
It can have different geometries, like parallel plates, circular pores, or pin arrays. However, the
fabrication of stacks with regular geometries is sometimes impractical due to material and assembly
costs. These problems can be solved by using stack fabricated with random and easily accessible
porous materials. In this paper an experimental investigation on the thermoacoustic effect in easily
accessible porous materials is presented. The measurements with the stacks were made in a standing
wave device filled with air at atmospheric pressure. The reported results confirm that some of the
materials with high porosity can be an alternative to a traditional stack geometries and materials.
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1. Introduction

Thermoacoustics is a multidisciplinary science dealing with the conversion between
the acoustic energy and thermal energy. The expression “thermoacoustic” was first pro-
posed in the 1970s by N. Rott, who derived a linear theory of thermoacoustics [1]. Nev-
ertheless, the first observations of the thermoacoustic effect can be dated back more than
200 years ago, when in 1777 B. Higgins discovered the relationship between the acous-
tic oscillations excited by the hydrogen flame and the placement of this hydrogen flame
inside a large tube [2]. In 1850, Sondhauss experimentally studied the phenomenon of
heat-generated sound observed for centuries by the glassblowers, when blowing a hot
bulb at the end of a cold narrow tube [3]. Only nine years later, in 1859, Rijke modified the
Higgin’s tube and placed a heated wire screen in the lower part of an open-ended tube,
which led to strong acoustic oscillations [4]. An important improvement of Sondhauss’
tube was done in 1962 by Carter and co-works. They enhanced sound generated from tube
by placing inside it a new structure—stack [5]. The idea of Carter et al., further developed
by Feldman, led to the construction of the first thermoacoustic engine, which produced
27 W of acoustic power from 600 W of heat [6]. It was one of the most crucial steps in
the progress of modern thermoacoustic technology, which began a lot of theoretical and
experimental research on the thermoacoustic phenomena and the thermoacoustic devices.

Thermoacoustic devices rely on the thermal interactions between the compressible
fluid undergoing an acoustic oscillation and the porous structure that is placed in the
resonator. As the fluid oscillates in the porous structure, it experiences changes in pressure,
displacement, and temperature. On the one hand, the temperature changes come from
adiabatic expansion and compression by acoustic wave, on the other, they are a result of
the heat transfer between the fluid and the porous structure. There are two main type of
porous medium used to exchange heat with the working fluid—stack and regenerator. In
the stack, the hydraulic radius (r;,) of a typical pore is greater than the thermal penetration
depth (Jy), defined as a distance across which heat can diffuse through the gas in a time
that is related to the acoustic period of the acoustic oscillation (T = 271/w). Because in the
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stack 7,/ > 1, the portions of the fluid that are close to the solid are simply compressed
and expanded isothermally by acoustic wave, while the portions of the fluid at distances of
a few thermal penetration depth are compressed and expanded adiabatically. However,
in the stack are also fluid parcels that are about thermal penetration depth from the solid.
These parcels have sufficient thermal contact to exchange some heat with the porous
material and as well insufficient thermal contact to introduce a time shift between the
temperature and the pressure oscillation. This imperfect thermal contact between the stack
and the fluid is necessary for the heat pump process. The operation of the thermoacoustic
devices with the stack requires pressure and displacement of a fluid parcel in the phase,
thus these devices are also called standing-wave engines or refrigerators [7]. Whether the
thermoacoustic device works as engine or refrigerator (heat pump) depends on the relative
phasing of motion and the heat transfer direction. The engine converts thermal energy
into acoustic energy, while the refrigerator utilizes acoustic energy to transport heat from a
low-temperature source to a high-temperature source. A more detailed explanation of the
operating principles of the thermoacoustic devices is available in Swift’s review article [5].

In the recent years, thermoacoustic devices have been receiving growing interest
in research for their many advantages, such as using environmentally friendly working
fluids, possibility of utilizing renewable energy sources, having few moving components,
simple construction, and high reliability. For example, the main components of a typical
thermoacoustic refrigerator are a stack, an acoustic driver, in most cases an electrodynamic
loudspeaker and the heat exchangers for high-temperature and low-temperature heat
source (Figure 1). However, wide application of thermoacoustic devices in the industry is
still limited due to poor efficiency, which remains one of the problems facing this relative
new technology. Therefore, thermoacoustic refrigerators and engines have been extensively
studied experimentally as well as theoretically.
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/ FCold heat exchanger /
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Figure 1. Schematic illustration of the thermoacoustic refrigerator with standing wave.

Most of the current investigations for thermoacoustic devices with standing wave have
been done on the stack, which especially concern stack geometry [8-11], position [12-14],
and length [15-17]. The stack can be made of spiral plate, parallel plate, circular pores,
pin arrays, or triangular pores. The two first types are the most often used, studied and
analyzed [18]. Tijani et al. [19] performed a quantitative experimental research into the
effect of the plate spacing in the stack on the thermoacoustic effect in the thermoacoustic
refrigerator working with the operating frequency of 400 Hz and with the helium under
the pressure of 10 bar. The researchers found out that the distance between the plates of
about 2.56; was optimum for the cooling power, 36 gave the highest performance, and 45
provided the lowest temperature. Similar results concerning temperature dependence, but
for significantly different configuration of the refrigerator, which worked with air at atmo-
spheric pressure and frequency of 107 an 86 Hz, were also observed by Setiawan et al. [20].
The impact on the temperature difference across the stack in other stack geometries like
spiral, circular pore, and pin arrays was studied experimentally by Wantha [21]. His
thermoacoustic refrigeration system worked with constant frequency of 720 Hz and used
helium as the working fluid at different pressure, from 1 to 4 bar. The results showed that
the temperature of the cold end of the pin array stack decreases more than of the spiral and
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the circular pore stack. Tasnim et al. [22] compared in turn the influence of stack properties
with regular and random porous media on the performance of the thermoacoustic heat
pump. Their device worked with the frequency of about 350 Hz and was filled with air at
atmospheric pressure. The results showed, for example, that temperature difference gener-
ated across the RVC (reticulated vitreous carbon) stack increases as the porosity increases,
reaches maximum value and then decreases when porosity increases further; however, in
all cases the temperature differences for RVC stacks were lower than for stacks with regular
geometries. The stacks with irregular geometries such as stainless-steel wool, copper
scourers, and carbon foam were also investigated by Yaha et al. [23] in a standing wave
thermoacoustic refrigerator. The apparatus consisted of a half-wavelength resonator filled
with air at atmospheric pressure, which operated at a fundamental resonance frequency of
72 Hz. Among the irregular materials, the steel wool stacks achieved the maximum cooling
power, the lowest temperature and the highest COPR, however, the same as in [22], this
type of stack geometry showed the worse performance in comparison to parallel stacks.
The experimental research on an RVC as a stack material was performed by Adeff et al.
in a thermoacoustic prime mover filled with pure neon, as well as in a thermoacoustic
refrigerator with helium as the working fluid [24]. In both cases, the efficiencies depended
on RVC porosities and were lower than efficiencies of parallel plate stacks. Nevertheless,
Adeff et al. recognized the RVC as a low cost and easy to fabricate material that can be
used in the thermoacoustic devices.

Many analytical and numerical studies have been done on the stack as well.
Ishikawa et al. [25] numerically examined the flow and the energy fields in the stack as the
functions of the drive ratio and the plate spacing. Marx et al. [26] calculated numerically
the temperature difference between the stack extremities and found that at higher Mach
number some deviations between numerical results and the linear theory predictions occur.
An effect of the blockage ratio and the acoustic pressure amplitude on the energy flow and
entropy generation were modeled by Zoontjens et al. [27]. The entropy generation inside
the porous structure modeled as a parallel-plate stack was also examined by Piccolo [28].
Based on a simplified two-dimensional computational method it was shown that entropy
generation can be used effectively as a design criterion for optimizing simultaneously
the stack position, stack length and the plate spacing. A bulk porous media representing
stack in a thermoacoustic systems, such as RVC foams, were analytically studied by Tas-
nim et al. [29]. Bhatti et al. [30], in turn, numerically investigated the multi-layered stacks,
that are composed of different materials. Their results showed that multi-layered stacks
consume less energy and provide higher COP than their homogeneous counterparts.

Most of experimental and analytical or numerical works in thermoacoustics deal with
stacks that have regular geometries, especially parallel plates configuration. However,
the fabrication of parallel plates and other regular stack geometries is sometimes difficult,
impractical, and time-consuming. These problems in some cases can be avoided by using
stack that are made of random porous materials. There is a wide range of porous materials
that are low-cost and readily available and can be a good candidate for thermoacoustic
stack applications. Most of them have not been studied extensively and no experimental
data is available. In this paper an experimental investigation on the thermoacoustic effect
in easily accessible porous materials, from which some is not reported in literature, is
presented. The employed method is based on a temperature difference created across
the thermoacoustic stack. As in most similar research, the number of parameters in the
experiment is limited. The results are thought to be helpful in optimal design, development
and improvement of the components of the thermoacoustic refrigerators, heat pumps, or
prime movers.

2. Experimental Apparatus and Instrumentation

Figure 2 illustrates the arrangement of the experimental apparatus. It consists of the
loudspeaker with nominal impedance of 4 () and continuous power handling of 200 W
RMS, which constitutes the acoustic wave source. The loudspeaker is excited by amplifier
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fed with a sinusoidal signal, provided by the software installed on the computer. The
resonator is built with segments of straight stainless-steel tube with inner diameter 84.9 mm,
fixed to each other by screwing. The length of the resonator can be adjusted to the operating
frequency by mounting an additional segment of the resonance tube. The device is not
equipped in the heat exchangers. The heat flow is maintained from the pores themselves.
Therefore, the stack will cool at one side—named as cold end, where heat is removed
and will heat at the other side—named as hot end, where heat is reversed. The thermal
performance of the stack is thus measured in terms of temperature difference generated
across the stack. The set-up for the experimental investigation for the frequency of 300 Hz
is indicated in Figure 3.
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Figure 2. Schematic illustration of the experimental apparatus.

Figure 3. Photo of the experimental apparatus for the frequency of 300 Hz.

The LabVIEW 2019 software with sound and vibration toolkit was used for generation
sinusoidal signal and processing signals from the thermocouples and the microphone. The
temperatures on both ends of the stack were measured with two T-type thermocouples
attached in different places. The temperature difference created across the stack was then

calculated as
(To+Ty) — (T + T3)

AT =
2

)
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where Ty and T are the temperatures at one end of the stack, while T, and T3 at other
(Figure 4). The K-type thermocouples were in turn used to control the temperature of the
stack and the loudspeaker surroundings. All temperatures data from thermocouple were
acquired by the data acquisition card NI 9212. The acoustic frequency and sound pressure
level were measured with a condenser microphone UMM-6 mounted at the closed end of
the resonance tube (Figures 2 and 3).

T6

Figure 4. Schematic illustration showing thermocouples names and locations.

In order to investigate the thermoacoustic effect in low-cost and readily available
stacks a several types of different porous materials like polyurethane sponge, steel wool
with gradation 1 and 000, viscose sponge and soft and sharp abrasive fabric were selected.
All the materials are readily available, e.g., in a DIY store. The porosities of the stacks
with these materials were estimated based on hydrostatic weighing in the water. The
specifications of all stacks are summarized in Table 1. The photos of the stack are presented
in Figure 5.

Every stack from Table 1 was investigated under three different frequencies: 200,
250, and 300 Hz with the resonator length equalled respectively to 870, 700, and 580 mm,
which corresponded to the half-length of acoustic wave for these frequencies at measuring
conditions. In every measurement, the stack center was located 150 mm from the sound
source and sound pressure level, controlled by the microphone, was kept at 70 dB. For each
experiment, the data was read for 600 s. The working fluid was air at atmospheric pressure.

Table 1. Specifications of the stacks.

Material Weight (g) Length (mm) Porosity
Polyurethane sponge 25 100 0.705
Steel wool—gradation 1 57 100 0.919
Steel wool—gradation 000 27 100 0.942
Viscose sponge 49 100 0.561
Soft abrasive fabric 31 100 0.866

Sharp abrasive fabric 69 100 0.793
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Figure 5. Photos of stacks: (a) polyurethane sponge, (b) steel wool—gradation 1, (c) steel wool—gradation 000, (d) viscose

sponge, (e) soft abrasive fabric, (f) sharp abrasive fabric.

3. Results and Discussion

The temperature differences between the stack ends for stacks made of different porous
materials are presented in Figure 6. As can be seen, the temperature difference depends on
the porosity of the materials, as well as on the operating frequency. The highest temperature
difference, nearly 16 K was achieved for stack made of steel wool with gradation 000
at the frequency of 200 Hz, while the lowest temperature difference about 0.5 K was
obtained for stack made of viscose sponge at frequency of 300 Hz. In all measurements, the
lowest temperature difference was achieved at this frequency. Analyzing the temperature
differences generated between the stack ends at each frequency it can be easily observed
that for 200 Hz the temperature difference increases with the increase of the material
porosity, whereas for 250 Hz and 300 Hz reaches maximum for soft abrasive fabric and
then starts to decrease. It is worth pointing out that the porosity of the materials presented
in Table 1 refers only to an average packing density of the materials and does not describe
the sizes of the pores. As it was mentioned above, the successful operation of the stack
requires imperfect thermal contact between the stack material and the working fluid, which
is obtained for the pore size of a few thermal penetration depth. The thermal penetration
depth in turn depends on the acoustic frequency, thus the temperature difference at 200
and 300 Hz for soft abrasive fabric is higher than for steel wool as it can have bigger
pores, which better match to the frequency. On the other hand, for materials with lower
porosity, the increase in the blockage area reduces the heat flow between the stack ends. The
same explanation applies to the differences in the results for the same materials working
at different frequencies. The pore size in relation to thermal penetration depth causes
that the temperature difference for one frequency is higher than for other. However, the
investigation analyzed the stacks only with the same length—10 cm (Table 1). The length
of the stack determines how many thermoacoustic interactions can occur across the stack.
The longer stacks lead to more thermoacoustic interactions (more fluid parcels taking part
in thermoacoustic effect), which should result in higher temperature difference between
the stack ends. However, longer stacks also lead to more viscous effects, which reduce the
heat transfer across the stack. This dependence is also one of the reasons of the differences
in the results for the stack made of the same materials but working at different frequencies.
The stacks that are closer to the optimal length at a given frequency and given porosity
achieve higher temperature difference.

The Figures 7-9 present the temperatures profiles for the stacks made of steel wool with
gradation 1, viscose sponge and soft abrasive fabric at frequency of 250 Hz, respectively.
In the figures the TO and T1 are the temperatures at the stack end that is closer to the
sound source, the T2 and T3 are the temperature at the other end of the stack, the T4 is the
temperature of the stack surrounding closer to the sound source, the T5 is the temperature
of the surrounding on the other side of the stack and T6 is the temperature of loudspeaker
surrounding (Figure 4). The temperature evolution for each of the stack is slightly different
than what follows from the porosity and heat conductivity of the materials used in the
experiment. In all cases, the heat starts to flow out from one end of the stack into the other
as the acoustic power is supplied. Due to this heat flow caused by the thermoacoustic effect
in the early stage of the measurement the temperature of the one end of the stack that is
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closer to the sound source increases, the temperature of the other end of the stack decreases.
In the late stage of the measurement the increasing role of a diffusive heat flux trough
the stack material is observed. For the stack made of steel wool (Figure 7) the highest
increase in the temperature difference generated between the stack ends is noticeable for
60 s. Then, due to heat conduction trough material in the direction against thermoacoustic
heat transport, the temperature of the cold end of the stack started to increase, and at the
end of measurement (after 600 s) it almost reached the initial temperature. In the case
of the stack made of soft abrasive fabric, the increase of the temperature of the cold end
of stack also occurs (Figure 9). However, the increase is much lower than for the steel
wool stack—about 1 K during 600 s, because the soft abrasive fabric is characterized by
lower thermal conductivity. For the stack made of viscose sponge the temperature decrease
of the cold end of the stack is very low and the temperature difference across the stack
ends results mainly from the dissipation of acoustic energy (Figure 8). The influence of
thermoacoustic effect on the temperature difference for this stack is minimal. For the stacks
made of steel wool and soft abrasive fabric a higher increase at the hot side of the stack is
also observed than the temperature decreases at the cold side of the stack. The acoustic
power absorbed by the gas near the stack shows up as dissipative heat (through viscous
and thermal processes) which is accumulated at the hot side of the stack. The experimental
device has no heat exchangers and no heat is removed, thus a higher temperature increase
at the hot side of the stack is observed.

The temperatures measurements for the stack surroundings (T4 and T5 lines) show
an axial heat transfer at the stack extremities. After the rapid increase of the stack hot
end temperature and decrease of the stack cold end temperature a convective heat flux
from the outer surface of the stack to surroundings appears. On the one side, heat flows
from the gas to the stack, thereby decreasing the temperature of gas, on the other side
heat flows from the stack to the gas causing the increase of the temperature of the hot
end surrounding. Further temperatures changes in the stack surroundings result from the
temperatures changes of the stack ends. For stack made of viscose sponge the temperatures
evolutions of the stack hot end and surrounding of the stack hot end after about 100 s are
almost identical since the increase of the stack end temperature is mostly due to dissipation
of acoustic power on the stack surface.

200 Hz 250 Hz 300 Hz

L H T e

Polyurethane Steel woll - Steel woll - Viscose sponge  Soft abrasive Sharp abrasive

sponge

gradation 1 gradation 000 fabric fabric

Figure 6. Temperature differences between stack ends for different porous materials.



Energies 2021, 14, 83

8 of 10

Temperature [°C]

Temperature [°C]

35

33

31

29

27

25

23

21

19

17

15

25

24

23

22

21

20

0 —T1 T2 ——1T3 T4 ——T5 ——T6
D —— —
0 100 200 300 400 500 600
Time [s]
Figure 7. Temperatures profiles for stack made of steel wool—gradation 1.
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Figure 8. Temperatures profiles for stack made of viscose sponge.
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Figure 9. Temperatures profiles for stack made of soft abrasive fabric.

4. Conclusions

An experimental study on the temperature difference generated across the thermoa-
coustic stacks made of easily accessible porous materials has been successfully done. Seven
different stacks with the same shape have been built and tested to compare the influence of
porosity. The results indicate a better performance in terms of temperature difference for
stack characterized by higher porosity. The highest temperature difference was achieved
for the stack made of steel wool with a gradation 000 at the frequency of 200 Hz, while
the lowest was for viscose sponge also at 200 Hz. The dependence of porosity on the
temperature difference across the stack that comes from experiments is consistent with the
results from other similar works, cited in this article. The same applies to the influence of
heat conductivity. High heat conductivity led to quick increase of the temperature of the
cold end of the stack. When the device in not equipped in the heat exchangers, like in the
measurements, the increase of the temperature difference is partly due to the dissipation of
the acoustic energy on the surface of the stack.

The novelty of this investigation in relation to similar ones is that it used materials
that are really low cost and easily accessible as stack materials. The construction of the
stacks with these materials is simple and no time-consuming. Such a solution can be
especially recommended for the inexpensive thermoacoustic refrigerator designed for the
demonstration of the basic physical principles of thermoacoustic phenomena.
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