Investigation on Thermoacoustic Cooling
Device with Variation in Stack Plate Size
and Input Acoustic Energy
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Abstract A loudspeaker-driven thermoacoustic cooler device has been designed,
constructed and tested to gain better understanding of its cooling performance. The
influence of stack plate size to its performance was investigated. The plate was
made of acrylic sheet in three different length variations, which were 6, 5 and 4.
Each variation of experiment was conducted by varying plate thickness of the stack,
0.15, 0.5 and 1 mm, respectively. The experiments were conducted with various
driver voltage input starting from setting 4-9 (Voltage peak-to-peak). The tem-
peratures at the area of both ends of the parallel plate stack, which are cold side and
hot side, were recorded. The results showed that thermoacoustic cooling effect
occurred immediately and escalated rapidly in 2 min and showed a stable cooling
temperature after 10 min. The experimental results confirmed that better thermal
performance of the device and faster cooling rate yielded from higher voltage input.
For each set of experiment, the input voltage setting, the operating frequency and
other parameter of the stack were maintained the same. The thermal performance
and cooling rate increased with the decrease of plate thickness. The largest tem-
perature difference, 14.7 °C, was achieved with 0.15 mm plate thickness with 6 cm
length at voltage setting 9. The experimental results showed that the effects of using
different plate length were not the same for each thickness of stack plate. However,
Stack plate size of 0.5 mm thickness and 6 cm length at the input voltage setting of
9, was arguably the optimum size in terms of consistent performance in cooling.
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1 Introduction

Refrigeration has been playing important role in almost every aspect of life to the
level that living without it is impossible. It is even rated by the National Academy
of Engineering as the 10th position in “Greatest engineering achievement in the
20th century” [1]. Despite the advantages, refrigeration’s high demand of energy
and the use of harmful refrigerants have been some of major concerns in the
obligatory need of greener technologies in the future. Therefore, the focus of efforts
is not only the engineering aspects of aimed at improving engine efficiency but also
reducing the use of fossil fuels and chlorofluorocarbons/hydrochlorofluorocarbons
(HFCs/HCFCs) as refrigerant. The hazard rate of HFC/HCFC to the atmospheric
layer is about 2,000-3,000 times greater than carbon dioxide [2].

To answer the challenges of the environmental impact of the use of conventional
refrigerants, one alternative developed is thermoacoustic technology devices which
convert heat energy to sound energy and vice versa. The former is known as
thermoacoustic engines or prime movers and the latter is called thermoacoustic heat
pumps or refrigerators. This alternative is an environmentally friendly because it
uses harmless working gas. In addition, this machine can operate with relatively
low maintenance costs are because of the lack of moving parts and can take
advantage of high amplitude sound waves and gas waste heat as the driving force
[3]. The two main reasons above make thermoacoustic cooling technology more
compelling to investigate.

Since 1980s, various designs of thermoacoustic heat engines have been built and
tested in order to increase their performance and reliability [4] and large ther-
moacoustic heat engines was introduced in 1992 [5]. The same endeavour on
development of heat pumps (refrigerators) has also made a launch since 1986 [6]. In
1993, the first spacecraft thermoacoustic cryocooler was developed and used in the
space shuttle [7] and a breaking through temperature of —65 °C at cold side of a
loudspeaker-driven thermoacoustic refrigerator was achieved in 2002 [8] by
applying Rott’s theories [9] and the modification of the theory by Hoffler and Swift
[3, 10]. Noted that, these devices above are attractive for safer operation using air or
inert gas and simplified manufacturing with much less moving parts in the system
[11].

Since then, a great number of attention in the existing literature that worked in an
attempt to build and increase the performance of the refrigerator. Three main
aspects to concern in designing a thermoacoustic refrigerator are included but not
limited to the operating condition, working fluid and the geometry of the refrig-
erator parts [12]. Higher performance and efficiency were aimed by experimentally
lowering the Prandtl number of the working fluid [13]. Numerical efforts were also
developed by increasing the ratio of acoustic pressure to mean pressure (drive ratio)
[14] and simulating the effects of blockage ratio, the ratio of plate thickness and
plate spacing [15]. Building an empirical equation for resonance frequency of the
device which often shifts from its theoretical number was also attempted [16].
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The heart of a thermoacoustic refrigerator acted as a compressor in a conven-
tional refrigerator is called a stack. The dimension of the stack plays an important
role due to heat transfer occurs around it have great impact on the thermal per-
formance of the device. Amplitude of sound wave input (in terms of acoustic
energy) and drive ratio will determine the cooling capacity and the efficiency that
can be achieved. Therefore, these three will be one of the first things to approach in
constructing a thermoacoustic refrigerator.

So far, the application of thermoacoustic principles can be used for heat engine
(or power plant), heat pumps (or refrigerator) or a combination of both. Some
examples of applications that have been and are being developed are as follows:

a. Liquefaction of natural gas. Acoustic energy to be used to pump heat to liquefy
natural gas [17].

b. Chip cooling. Piezo-electric element produces sound waves. A heat pump cools
the chip termoakustik work [18].

c. Electronics cooling on the ship. Loudspeakers produce sound waves and heat
pump cools termoakustik electronic devices [7].

d. Electricity from concentrated solar energy generating acoustic waves in a heated
termoakustik devices. A linear motor generates electricity from these products
[19].

e. Cogeneration. Thermoacoustic heat engines generate acoustic energy from
waste heat and linear motors convert acoustical energy into electricity.

2 Keypoints in Constructing the Thermoacoustic
Refrigerator

The schematic presentation of A/4 wavelength thermoacoustic refrigerator is shown
in Fig. 1. It operates by using high amplitude sound waves and inert gases to
produce cooling. The frequency of the driver, such as loudspeaker, and the
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Fig. 1 The schematic of A/4 wavelength thermoacoustic refrigerator
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Fig. 2 The theoretical variations of stack and gas temperatures, and the temperatures at different
locations inside and outside the stack, modified [20]

geometry of the resonator are calculated so as to get a standing sound wave in the
resonator. A porous component called a stack is placed in the tube in such a way
that a temperature difference due to thermoacoustic effect is created along the stack.
One end of the stack starts to heat up while other end starts to cool down. By
controlling temperature of hot side of stack (by means of a heat exchanger), the cold
end of stack can provide lower temperature. There are five main components in a
thermoacoustic refrigerator which are a resonator, a stack, a driver, working fluid
and heat exchangers.

When there is no heat exchanger attached to the device, the fundamental study
will be simplified. Such device is called thermoacoustic couples [4]. The theoretical
variations of stack and gas temperatures is shown qualitatively in Fig. 2. AT is the
difference in temperature of cold end and hot end of the stack. Acoustic power, W, is
given by the speaker (driver) in the form of high amplitude sound waves. The length
of the stack is assumed to be much less than the wavelength of the acoustic wave.

Main parts of the thermoacoustic couple including a sound generating device,
resonance tubes, and stack. Besides greatly depending on the number of gas par-
ticles involved in the process, the system performance is also influenced by four
main operational parameters (the drive ratio to excite thermoacoustic, operating
frequency/resonance), the working fluid (Prandtl number), the geometry (blockage
ratio, the diameter of the resonator, length of stack, stack position) and the material
of stack and resonator [12].

2.1 Relation of the Resonance Frequency and Resonator

The design of the resonator tube having a major role to improve the efficiency of the
thermoacoustic cooling device. Initial parameters are calculated based on the length
of the resonator wavelength, A. The length of resonator can be calculated by A/2 or
M4. The easiest way to decrease the acoustic power losses is to decrease the surface
area of resonator wall; therefore the A/4 wavelength resonator was chosen [3].
Theoretically, the resonator length, L = A/4, giving ease of handling and dissipate
only half the energy compared to the tube A/2. Figure 3 shows some geometry of a
resonator and resonator sections.
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(a) (b) (d) (e)

Fig. 3 Geometry of various resonators [21] a cylindrical or rectangular tube; b tapered tube;
¢ capillary or tubule (regenerator); d Helmholtz resonator; e side tube; f reducer pipe

A smooth, linear cylindrical resonator without steps, misalignments and abrupt
transition should be used to avoid unwanted eddying or non-linear pressure vari-
ations that would greatly complicated the analysis [17]. The length and diameter of
resonator are 40 and 5.3 cm, respectively. The resonance frequency of sound wave
is mainly determined by the length and the diameter of resonator [22].

1 ny 1
fo = 3 (1)

4(L+32

However, these theories must meet the result of the frequency test of the ther-
moacoustic device which was performed by inserting a condenser microphone into
the resonator and connected it to the oscilloscope to get a relation between the
frequency and its connecting voltage. The one with the highest voltage result was
the resonance frequency which is best operating frequency for the device.

The material of resonator should be low in thermal conductivity and must endure
vibration and pressure to the certain level. Acrylic tube was chosen because of these
characteristics and its transparency help in order to arrange the stack and thermo-
couples and visualize them as well inside the resonator.

2.2 Driver

Thermoacoustic system is a thermodynamic cycle that is theoretically reversible. So
that the driver of the heat pump can be either mechanical gas displacement system
(such as speakers) or a heat engine. Loudspeakers are relatively easy to apply while
the heat engine has a higher efficiency and has no moving parts [15].

2.3 Stack

The dimension of the stack should be around 10 % of the resonator volume and the
spacing between the plates is determined by the thermal penetration depth of the
stack which is 2—4 times the value of it [8]. In this experiment, acrylic sheet was cut
into three different length which are 4, 5 and 6 cm with the wide adjusted to the
inside diameter of the resonator. When the distance between the gas and the wall of
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the stack is much larger than the thermal penetration depth, there will be an adi-
abatic heat transfer between the gas and the stack wall. Proposed optimum width is
246k [4]. 40k spacing was due to ease of fabrication [3], the distance 36k obtained
from experimental results [8] while the distance 2.28k based on theoretical calcu-
lations and numerical [23]. The space between two plates (2y,) is 0.55 mm (305k).

k
S = /npfc,,' 2)

Low thermal conductivity and relatively large heat capacity is among the
characteristics of the stack material to minimize heat transfer along the x-axis and
maximize heat storing while phasing the sound wave in order to produce cooling
effect [13]. Widely available acrylic sheet was chosen to meet these criterions. The
variations of stack plate thickness (21,) are 0.15, 0.5 and 1 mm.

Besides 0k, stack performance is also determined by its location in the resonator.
Stack must be close to the antinode pressure to obtain a higher temperature vari-
ation in each packet due to higher gas pressure amplitude in the region towards the
pressure antinode [24]. The stack was located at the distance of A/20 from the closed
end of the resonator [8] as this position will bring the optimum performance to the
device because a well-balanced of pressure and velocity of the sound wave is
achieved [5].

Figure 4a shows a cross sectional view of parallel plate stack, the blockage ratio
is defined as the ratio of area available to gas in the stack to the total area of the
stack. It is expressed as

2yo
BR=—"—-. 3
2yo + 2l (3)
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Fig. 4 a A cross sectional view of the stack. b Heat transfer between plate and gas parcels [25]
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Figure 4b illustrates the gas parcels around the stack which experience dis-
placement and temperature oscillation in association with the pressure variations
with discrete steps as follows:

e When the gas is compressed, the temperature and the pressure will rise to T++
and P++, the heat will move from gas to the stack.

e After the heat transfer, the gas temperature and pressure will drop to T+ and
pressure will remain P++. Gas will be expanded and moved back to its initial
position with decreasing temperature.

e Gas temperature and pressure back to their initial value of T— and P. Stack
temperature is higher than the temperature of the gas.

e Heat moves from the stack to the gas so that the gas pressure and temperature
back to the initial state.

This phenomena which is induced by sound energy continues and generates
temperature difference along the stack. Occurrence of the temperature difference
will gradually end if the critical temperature gradient (VT;) across the stack is
equal to the local temperature gradient [17], where

Vo = o1 (4)
<pep

p is the acoustic pressure and ¢ is the acoustic displacement amplitude. This

temperature is important in determining the properties of a thermoacoustic device,

since efficiency depends on a temperature differential caused by the sound waves
that is larger than the critical temperature so that a large cooling effect is created [8].

2.4 Drive Ratio

Variation of the drive ratio was done by adjusting the input voltage to the loud-
speaker. Voltage variations made to vary the amplitude of the sound wave which is
the refrigerator’s driver. The greater the input voltage, the higher the pressure
(amplitude) of sound waves. Peak-to-peak voltage were varied ranging from 1 to
9 Vpp on the function generator. Confirmation of waveforms, Vpp value and the
RMS value of the input voltage is done by connecting a microphone on the end of
the resonator to an oscilloscope.

2.5 Working Gas

The thermal penetration depth in designing stack also put into consideration the
properties of working gas, which in this experiment was air. Air was chosen mainly
because of its availability and its Prandtl number falls into the acceptable category
of working gas for thermoacoustic device [13].
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3 Procedure of the Experiments

Components of the refrigerator was fabricated or chosen based on the literatures.
The resonator was built from a 40 cm straight acrylic tube. The internal diameter of
the tube is 5.3 and the wall thickness is 3 mm. The length of the resonator was set
equal to quarter of wavelength of the acoustic wave based on (2). Air at atmo-
spheric pressure was used as a working fluid, as mentioned in Sect. 2.

An 8 Q loudspeaker with the maximum power of 30 W was used as acoustic
driver and installed at one end of the resonator. Another end was closed tightly
using the same material as the resonator. After determining the operating frequency
experimentally, the square wave at frequency 180 Hz was set in built-in function
generator of a National Instrument Elvis II and the sound wave was amplified.

The length and the thickness of each stack plate were 6 cm and 1 mm,
respectively. The stack was made of acrylic sheet and cut manually to fit into a
cylindrical stack holder. The spacing between the plates was realized by gluing
0.55 mm fishing line on to the surface of each plate. Then the plates were arranged
and glued in a stack holder made of the same material as the plates. The stack
holder was inserted into the resonator. The fabrication of the stack was done in the
same procedures for other sets of experiments with plate thicknesses of 0.5 and
0.15 mm and plate lengths of 5 and 4 cm, respectively.

Five type K thermocouples with accuracy of 0.05 were used; one for ambient
temperature and two of those were inserted at different position at each end area of
the stack. The temperature data from all thermocouples were acquired simulta-
neously every second by using National Instrument data acquisition module 9211.
Both thermocouples at hot side read the same temperature while those at the cold
side showed difference in reading of 1-2 °C. The lowest reading was featured on
the graphs.

3.1 Experimental Set-Up

Experimental procedures should meet several requirements to better ensure the
accuracy of the data recorded. Before carrying out experiments on the thermal
performance of the thermoacoustic cooling device, some things to consider such as
the time of experiment, setting the ambient temperature, thermocouple placement as
well as the suitability of the basic theory is applied in the experimental set-up.
Besides the necessity of accurate data, precision is crucial in experiment so that
any variation of the data should be repeated under the same conditions to record the
data. Repetition also needs to be done in the opposite direction of variation.
Figure 5 shows the experimental setup of the thermoacoustic refrigerator con-
structed at the Heat Transfer Laboratory, University of Indonesia. The stack was
placed at 6 cm from the closed end. The frequency and wave amplitudes were
measured by a condenser microphone which was located at pressure anti node of
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Fig. 5 The experimental set-up of the experiment

the resonator. The microphone was connected to a built-in oscilloscope of National
Instrument Elvis II via Labview software. The oscilloscope confirmed the form and
frequency of the wave input.

The experiment was conducted with variations in voltage peak to peak setting
from 4 to 9 as the input voltage to the driver using a built in function generator in NI
Elvis. The thickness of the plate stack was varied; 0.15, 0.5 and 1 mm. With each
variation of the thickness, the length of the plate was also varied, 4, 5 and 6 cm.
Figure 6 is the capture of one of the experiment that shows (a) the function gen-
erator used to input the sound wave and input voltage to the driver and (b) the
oscilloscope monitor.

(a) (b)

[

B Function Generator - N ELVEm. ]

' 179.9315 Hz |

ST ba femrgs | tvarced Serwgn

Fig. 6 Wave and voltage setting using national instrument Elvis II function generator (a) and
b waveform and wave amplitude reading using NI Elvis II Osciloscope
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4 Result and Discussion

The theoretical resonance frequency for the resonator based on (2) is 209.6 Hz. The
resonance frequency became around 180 Hz after installing the loudspeaker and
placing the stack in the resonator. The existence of other structures and extra
volume after the driver alter the resonance frequency [16]. 180 Hz is an approxi-
mation since the local temperature gradients established by the device alter the
resonance frequency of the internal fluid [15].

Figure 7 shows the tested frequencies and their connecting voltage result at
different positions; positions 1-6 which are near the edge of the tube, 2/20 from the
driver, M/8, at the middle of tube length, A/20 from the tube end and the last one is
the left end. The frequency that resulted higher voltage was considered as the
resonance frequency which was consistently around 180 Hz.

Types of sound waves which are used as the input affect the temperature dif-
ference between both ends of the stack, as shown in Fig. 8. Both ends of the stack
temperature difference is of 7.8 and 5 ° C respectively for the input square wave and
sinusoidal wave input. Cooling is obtained by using a square wave remains stable
up to 20 min, while cooling using sinusoidal wave decreases at about 10 min.
Square wave has a higher energy than sinusoidal waves due to the strengthening of
the amplitude.

4.1 Effect of Input Voltage Setting on Thermal Performance

To understand how sound wave amplitude affects the thermal performance of the
resonator, sound wave amplitude was varied by setting the voltage peak to peak
input from 4 to 9 with one increment for each experiment. The experiments were
conducted for three different length of plate of 4, 5 and 6 cm, respectively. Figure 9
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different position in resonator 350 - —o— Position 3|
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Fig. 8 Differences in temperature with different input wave

shows the performance for three variations on the thickness and the length of stack
plate. Illustration of changes in ambient temperature difference and the cool side,
the ambient temperature difference and the hot side and the cold side of the total
temperature difference and heat each side indicated by T, — T,, Ty, — T, and Ty
One block consists of four sections which represent data at 5, 10, 15 and 20 min
duration.

The results showed that the length of 6 cm imply the largest temperature dif-
ference between cold and hot end of stack as shown in Fig. 9a—c. It is seen that the
thermoacoustic phenomena inside the resonance tube yielded temperature differ-
ence between two extremities of the parallel plate stack. The result shown is the
largest temperature difference, 14.8 °C achieved in 10 min time that occurred by
using 0.15 mm plate thickness at input setting 9 Vpp.

Figure 10 presents the temperature difference across the stack yielded with
various input voltage using 0.15 mm plate thickness. As expected the plot shows
that higher input voltage will produce linearly higher temperature difference. The
difference grows rapidly more than 50 % in 30 s and continues to around 80 % in
4 min and becomes generally constant in 10 min. These trends are in agreement to
those shown in literature [26]. It is observed that starting from 10 min duration of
experiment the local temperature gradient is relatively equal to the critical tem-
perature gradient so that the acoustic energy have been fully used to overcome the
heat dissipation [27].

The difference in temperature of the stack cold side (plate thickness of 0.15 mm)
and the ambient temperature was plotted against time in Fig. 11. The data was
recorded for 20 min with various input voltage to the loudspeaker. The figure shows
that at 9 Vpp input to the driver the temperature of cold side decreased the most,
8.4 °C, in 90 s. The trend in Fig. 6 is similar to that found in the literature [28].
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Fig. 9 Comparison of the results of the stack length 4-6 cm for a 1 mm thickness, b 0.15 mm
thickness and ¢ 0.5 mm thickness, on the temperature difference
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Fig. 10 The thermal performance of the resonator from 4 to 9 Vpp

The temperature then began fluctuating on the cold side of the stack due to
drifting of thermocouples but it stayed lower than others. The figure also indicates
that the cooling rate with input voltage 8 and 9 were faster than other input voltages
although the trends are similar for all variations. The data was also recorded for
different plate thickness, 0.5 and 1 mm with various input voltage. All measure-
ments were recorded in a room with 26.5 °C ambient temperature (T,).

4.2 The Effect of Plate Thickness on the Thermal
Performance and Cooling Rate

Figure 9 depicts that using stack plate of 0.15 mm thickness produced the largest
temperature difference across the stack and the fastest cooling rate compared to
plate thickness of 0.5 and 1 mm. The input voltage to the driver remained constant
during the experiment. At 9 Vpp, the largest temperature difference (T, — T.) for
plate thicknesses of 0.15, 0.5 and 1 mm were 14.8, 13.1 and 9.2 °C respectively. It
indicates that for the given resonator geometry, thinner plates means lower
blockage ratio and produces higher thermal performance as found in literature [29].
Figure 9 also shows that at the same condition of input voltage, decrease in
temperature at cold side of the stack (T, — T,) were up to 8.1, 7 and 4 °C for plate
thicknesses of 0.15, 0.5 and 1 mm, respectively. It was observed from the exper-
iment that thinner stack plate shows faster cooling rate at the cost more effort in
fabricating the stack plate and deterioration of the stack plate after several set of
experiment due to less rigidity in material used for the stack, as shown in Fig. 12.
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Fig. 11 Cooling rate of cold side of the stack, plate thickness of 0.15 mm
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Fig. 12 Thermal performance and cooling rate with variation in stack plate thickness at 9 Vpp
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5 Conclusions

The performance of the refrigerator in terms of temperature difference produced at
the ends of the stack and the cooling rate were observed. The results showed that
higher amplitude of sound wave (ranging from 4 to 9 Vpp setting) produce larger
temperature difference, as expected. The experimental result showed that using
plate with thickness of 0.15 mm and length of 6 cm at 9 Vpp yielded the largest
temperature difference when compared to 0.5 and 1 mm plate for the given length
and input voltage to the driver. Decrease in plate thickness leads to significant
increase in cooling rate; which are for 0.15 mm plate thickness temperature dropped
8.5 °C below the ambient temperature in 2 min. For 0.5 and 1 mm plate thicknesses,
the temperature drops 5 and 1 °C, respectively, below ambient in the same amount
of time. Thinner plates which provide more area for heat transfer relative to the
given resonator ensure faster cooling rate. However, whether the thinnest is the
most optimum one still needs further study since by using plate of 0.5 mm thickness
the cooling effect was more consistent and the stack structure was much more rigid
compared to others.
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