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ARTICLE INFO ABSTRACT
Keywords: In this study, the coefficient of performance (COP) and relative coefficient of performance (COPR)
Blockage ratio of an air-based standing wave thermoacoustic refrigerator (ASWTAR) was investigated. All
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relevant components of the thermoacoustic refrigerator were fully available in the system. Heat
pipes with a total heating power of 30W were installed into the cold-side and hot-side heat ex-
changers. The circular stacks with plugging ratios of 0.67, 0.71 and 0.74 and the spiral stacks with
plugging ratio of 0.74 were tested and compared. The results show that the circular stack is the
optimum stack geometry for ASWTAR. Similarly, a circular stack with a blockage ratio of 0.71 has
the best performance, producing the lowest cold side temperature (T.) and the highest temper-
ature difference (ATy,). Under no cooling load and 2W cooling load, T., ATy,, COP and COPR were
22.4 °C, 30.5 °C, 0.93 and 9.57%, respectively. Finally, it is clear that due to the use of more
suitable materials, the COP and COPR of a circular stack are greater than those of a spiral stack.

1. Introduction

In the development of refrigeration systems, we must first consider the impact on the environment. Refrigerants that are harmful to
the environment should not be used. The development of refrigerants and alternative methods of refrigeration technology is the effort
and focus of most research. One of the most interesting refrigeration technology is thermoacoustic refrigeration.

Thermoacoustic heat pumps and refrigerators use acoustic energy to pump heat from low-temperature sources and sink through
porous media at high temperatures. In thermoacoustic refrigerators, environmental-friendly gases are used as operating gases. In
addition to being a clean technology, this technology also has many interesting advantages, including a system with no moving parts, a
simple structure, and requiring less equipment. Therefore, it has a longer estimated operating life than conventional refrigerators and
requires less manufacturing and maintenance costs.

Rott [1] studied and discussed the oscillating flow on non-isothermal surfaces, the damping and excitation of gas columns, tem-
perature stratification, and thermoacoustic flow. Hofler [2] built a fully functional thermoacoustic refrigerator in which the lowest
ratio of the cold side temperature to the ambient temperature was 0.66, and the highest COPR of the temperature ratio was 12% at 0.82
temperature ratio. Swift [3] reviewed and introduced the principle fundamentals through analysis and examples of thermoacoustic
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Nomenclature

ASWTAR air-based standing wave thermoacoustic refrigerator

A cross section area (m2)

A surface area of heat transfer (m?)

a speed of sound (m s

B blockage ratio (dl)

CHX cold side heat exchanger

COP coefficient of performance (dl)

COPc Carnot’s coefficient of performance (dl)
COPR relative coefficient of performance (dl)
CSE cold side end of stack

Cp isobaric specific heat of working gas (J kg~ 'K 1)
cs circular stack

Cs specific heat of stack material (J kg’lK’l)
D drive ratio (dl)

dl dimensionless

D, resonator diameter (m)

E; electrical input voltage (V)

Ns efficiency of loudspeaker (dl)

f operating frequency (Hz)

h height of resonator cone (m)

HP heat pipe

HPHX  heat pipe heat exchanger

HSE hot side end of stack

HHX hot side heat exchanger

I electrical input current (A)

k thermal conductivity (W m KD

K wave number (m 1)

Iy half of stack layer thickness (m)

L stack length (m)

Len normalized stack length (dl)

L¢ resonator length (m)

M Mach number (dl)

P; electrical input power (W)

PF power factor

PLA polylactic acid
PVC polyvinylchloride

Po dynamic pressure amplitude (Pa)

Pm mean pressure (Pa)

Q. cooling power (W)

Qcn normalized cooling power (dl)

Re Reynolds number (dl)

ss spiral stack

TAR thermoacoustic refrigerator

TEM thermoelectric module

Te cold side temperature of stack (°C)
Th hot side temperature of stack (°C)
Tm mean temperature (°C)

u velocity (m s

W acoustic power (W)

Wo normalized acoustic power (dl)

WCS water cooling system

X stack center position (m)

Xsn normalized stack center position (dl)
Yo half of distance between the stack layer (m)
Sy thermal penetration depth (m)

Skn normalized thermal penetration depth (dl)
Sy viscous penetration depth (m)

Y ratio of specific heat (dl)
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engines.

Garrett et al. [4] built a thermoacoustic refrigerator like a small domestic refrigerator, with a cooling capacity of 120W at —22 °C
and a 200W at 4 °C, intended for use in Space Shuttle Discovery. Swift [5] introduced the basics of thermoacoustic engines and re-
frigerators, commercial development, and the power and efficiency of devices. Wetzel and Herman [6] evaluated and optimized the
stack performance, using the short stack boundary layer approximation method. However, this simplified linear model was not
suitable for the design and optimization purposes.

Belcher et al. [7] reported that low Prandtl number and high specific heat ratio were characteristics of the best operating gas. The
gas performance must be optimized for specific application and it cannot be extrapolated that a low Prandtl number and a high specific
heat ratio are always required. Poese and Garrett [8] used a linear acoustic computer model to measure the acoustic power deviation of
the thermoacoustic refrigerator. The results show that at 3% and 6% of the drive ratio, the deviation of the acoustic power was about
8% and 24%, respectively. Tijani et al. [9] designed a thermoacoustic refrigerator by using a short stack boundary layer approximation
for heat flow and acoustic power. They could reduce many design parameters by choosing some parameters and using dimensionless
parameters.

Tijani et al. [10] constructed and tested the performance of thermoacoustic refrigerators and found a low temperature of —65 °C,
which was one of the lowest temperatures reported to date. Herman and Chen [11] improved the simplified heat transfer model to
study the thermal behavior of stack plates and heat exchangers. They used flat tubes and the fluid circulated in the tubes without
causing a blockage. Akhavanbazaz et al. [12] studied the effect of gas blockage on small and large surface area heat exchangers. In all
cases, the blockage ratio was found to have a direct effect on the thermoacoustic process. Nsofor and Ali [13]tested and compared the
performance of certain parameters under critical conditions. The results showed that when the cooling load increases, the temperature
difference also increased. At the optimal pressure and frequency, the thermoacoustic refrigeration system should be operated to obtain
the highest cooling load.

Tasnim et al. [14] investigated the effects of variation on operating fluids and operating conditions using a thermoacoustic nu-
merical model. The results of the study indicate that reducing the Prandtl number of the gas will not improve performance. With a
drive ratio of 0.017, for half the stack spacing of 3.338, by reducing the Prandtl number from 0.7 to 0.28, the COP increases by 78%.
When the drive ratio is 0.017, the stack spacing is half of 1.08y, and COP is reduced by reducing the Prandtl number from 0.7 to 0.28.
Good agreement is found when compared with the experimental results.

Nayak et al. [15] tested and compared the performance of TAR in terms of stack geometry and materials. It is found that the
temperature difference is the largest when the cooling load is 2W and the frequency is 400 Hz. At a mean pressure of 10 bar and a
cooling load of 2W, the temperature difference of the parallel plate stack is 19.4 °C (used as a Mylar material) and is larger than other
stack geometries.

Yahya et al. [16] tested and studied the performance of ASWTAR. The stack with three types of random materials (scrap metal)
were tested and compared. In addition, a parallel plate stack made of a stainless steel plate and Mylar plate was used as a reference test
case. The results clearly show that Mylar plates stack have better performance than the other stack. There is a temperature difference.
The highest COP and COPR are 7.7 °C, 0.217 and 0.15%, respectively. Finally, the results will help develop low-cost TARs for domestic
and business applications.

Wantha [17] tested a thermoacoustic refrigerator and simulated the effect of mean pressure of three types of geometric shapes on
temperature of the cold side of the stack. The results show that the mean pressure of helium has an important influence on the
temperature of the cold side and corresponds to the thermal penetration depth, so the temperature of the cold side of the stack is better.
Finally, the cold side temperature of the pin array stack is reduced by about 70% compared to the cold side temperature of the circular
pore stack, and the cold side temperature of the spiral stack is reduced by about 63%.

Chaiwongsa and Wongwises [18] conducted an experimental study on the performance of ASWTAR. Both heat exchangers of the
refrigerator system used heat pipes. All relevant components of the thermoacoustic refrigerator had been fully used in the system, thus
obtaining complete data on the cold side temperature, temperature difference, cooling load, and acoustic power. Finally, the data were
used to determine the COP and COPR of the system.

As mentioned above, the performance of thermoacoustic refrigerator systems has been continuously improved. Air may not be used
in actual refrigerators due to its low specific heat ratio and high Prandtl number. In any case, air can be used to study the effects of
interdependent parameters. Nowadays, despite the low cost and reliable manufacturing process of air-based thermoacoustic re-
frigerators, its research has not attracted much attention [16,18]. The novelty of the work is the use of circular stack in a thermoa-
coustic refrigerator. Spiral stack has been popularly used in thermoacoustic refrigerator while the circular stack has never been
studied. The results from comparison of both stacks may guide to the development of this kind of refrigerator. Therefore, the purpose of
this study is to introduce ASWTAR. The effects of stack geometry, blockage ratio, and cooling power on COP and COPR are given. Both

A wavelength (m)

1 dynamic viscosity (kg s™! m™1)

v kinematic viscosity (m?s™H

Pm mean density (kg m~>)

c Prandtl number (dl)

® angular frequency (rad s™1)

AT, temperature difference (°C)

ATmn normalized temperature difference (dl)
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heat exchangers of this system use heat pipes because of its simple installation, simple structure, less flow obstruction and high thermal
efficiency. In addition, the performance of ASWTAR in circular stacks with different blockage rates is also introduced. Finally, the stack
materials used in this study have better properties than those used in the previous work.

2. Experimental setup and procedure

ASWTAR was experimentally studied. Air is used as an operating gas in the test. The schematic diagram of the experimental setup is
shown in Fig. 1. Thermoacoustic refrigerators are designed and optimized for quarter-wavelength (A/4) resonator tubes. The com-
ponents of a thermoacoustic refrigerator system are acoustic drivers, resonator tubes and cones, stacks, hot-side heat exchangers
(HHX) and cold-side heat exchangers (CHX), and wave reflectors. Fig. 2 shows structural parameters of ASWTAR and dimensions of the
resonator tube and stack, and Table 1 shows values of the structural parameters of the system. In general, the components are described
in detail below.

Acoustic driver is a commercial loudspeaker with a maximum power of 150W at 8 Q impedance and a driver diameter of 152 mm.
The resonator cone is a truncated cone, made of aluminum plate, with a base diameter of 152 mm, and cone height of 40 mm. The
resonator tube is made of 5 grades of PVC tubes, the resonator length (L) is 400 mm, and the inner diameter (D,) is 56 mm. The stack
geometry is spiral and circular, and the length (L;) is 55 mm. The spiral stack is made of Mylar plates and separated by a nylon thread.
Its thickness (2ly) is 0.18 mm and the spacing (2yg) is 0.5 mm. The circular stack is made of polylactic acid (PLA) and made by 3D
printing with a thickness of 0.25 mm. The stack spacing and blockage ratios used in the experiment are shown in Table 2. The stack is
installed in a resonator tube with the stack at the center position (X;) of a 57.5 mm from the wave reflector.

The cold-side heat exchanger consists of an HPs holder made of a short PVC tube, a heat sink made of copper plates with dimensions
of 40 x 40 x 3.5 mm (WxLxH), and 10 heat pipes (HPs) with a diameter of 2 mm. The length is 130 mm. The total heating power of 10
HPs CHX is about 30W. The complete CHX device is made by connecting 10 HPs between the heat sink and the holder with the same
diameter as the resonator tube [18]. A square surface of the heat sink is milled with 10 parallel narrow slots so that the HP evaporator
part is tightly fixed. In addition, the opposite surface of the heat sink is for a smooth joining of the thermoelectric hot surfaces. The HP
condenser part is drilled through the holder and inserted transversely. The holder has been completely installed in the resonator tube.
After that, the condenser part of HP should be close to the cold side of the stack.

The hot-side heat exchanger consists of a holder made of short PVC pipes, a cooling air duct with a diameter of 40 mm and a length
of 150 mm, and 10 HPs with a diameter of 2 mm and a length of 130 mm. The total heating power of 10 HPs CHX is about 30W. The
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Fig. 1. Schematic diagram of experimental apparatus.
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Fig. 2. Structure parameters of the ASWTAR.
Table 1
The structure and dimensions of the ASWTAR.
Structure Symbol Value Unit
Resonator tube
Diameter D, 56 mm
Thickness - 1.8 mm
Length L¢ 400 mm
Material PVC tube
Resonator cone
Base diameter - 152 mm
Height h 40 mm
Material aluminum plate
Stack
Length Ls 55 mm
Center position Xs 57.5 mm
Geometry spiral and circular shaped
Material Mylar and PLA
Acoustic driver
Material commercial loudspeaker
Cone diameter - 152 mm
Impedance - 8 Q
Maximum power - 150 w
Cold side heat exchange CHX
Material heat pipe
Total heating power - 30 w
Heating device TEM
Hot side heat exchanger HHX
Material heat pipe
Total heating power - 30 w
Cooling device electric fan

complete HHX set is made by connecting 10 HPs with a cooling duct and a holder. The cooling duct is a short cylinder used to cool HPs.
The air inlet and outlet are connected at both ends. The condenser part of the HPs is inserted into the middle of the air duct, which
hinders the flow direction of the cooling air when the electric fan flows. In the same way as CHX, the HP evaporator part is inserted into
the holder, close to the hot side of the stack. The holder of HHX has been completely installed in the resonator tube. The HHX is used to
absorb heat from the operating fluid near the hot side of the stack. The heat is then discharged to the environment through the cooling
air in the duct.

The heat pipe used in the heat exchanger is a conventional composite wick type heat pipe, which is made from copper tube. A small
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Table 2
Design parameters of stack for experiment.
Parameters Symbol Stack geometry Unit
Circular Spiral
stack material - PLA Mylar
stack thickness 21y 0.25 0.18 mm
thermal penetration depth Sk 0.217 0.217 mm
stack spacing 2yo 0.5 0.6 0.7 0.5 mm
2.38x 2.85x 3.28¢ 2.38x
blockage ratio B 0.67 0.71 0.74 0.74
heat transferring surface area A 0.37 0.33 0.29 0.4 m?

diameter copper wire is inserted into the pipe. Deionized water is used as the operating fluid, as shown in Table 3.

T-type thermocouple (accuracy of +0.1 °C) is used to measure the temperature of ASWTAR at various locations and is connected to
a compact DAQ system (module: 9213, NI), and evaluated in a computer through a LabVIEW program. Dry well calibrator (model:
9103, Fluke) has a temperature range of —25 °C to +140 °C and an accuracy of +0.25 °C, which is used to calibrate thermocouples.

Instruments used in acoustic wave generation and measurement include: function generator (model: AFG1062, Tektronix), whose
sinusoidal signal frequency range is 1 pHz to 60 MHz; digital oscilloscope (model: TBS2000, Tektronix), with 0-100 MHz Bandwidth
and four analog channels, an amplifier (model: SPA-515, Schneider) with a maximum output power of 150W at 8 Q impedance, and a
DC power supply (model: M10-QS3020, MCP) with a maximum of 20A current and output voltage range of 0-30 V, and two digital
power meters: i) Cooling load: power meter (model: WT310E, Yokogawa), input current range is 0-5A, the input voltage range is 0-15
V, + (0.1% of reading +0.2% of range) accuracy in DC, ii) Acoustic input power: power meter (model: WT110E, Yokogawa), input
current range 0-5A, input voltage range 0-30 V, + (0.2% of reading + 0.2% of range) accuracy.

The test uses a function generator to adjust the acoustic power and set the operating frequency. A digital oscilloscope is used to
observe the frequency of system. A digital power meter is used to measure acoustic power. The heat of TEM is used as the cooling load
of the refrigerator. A DC power supply (model: PWS4305, Tektronix) is used to control the cooling load by adjusting the voltage
supplied to the TEM. A digital power meter (model: WT310E, Yokogawa) is used to measure the cooling power of the system.

Tests are conducted to estimate the resonant frequency of the ASWTAR with the circular stack. The blockage ratio of circular stack
is 0.67, 0.71, and 0.74. If there is no cooling load, the required frequency varies from 120 to 190 Hz. Each trial step is 10 Hz. 20W of
electrical input power is supplied under all conditions.

As shown in Table 2, tests are conducted to estimate the COP of ASWTAR for circular stacks with blockage ratios of 0.67, 0.71, and
0.74 and spiral stacks with a blockage ratio of 0.74. For the test, the cooling load is changed by adjusting the cooling load. Voltage is
supplied to the TEM installed in the CHX. The initial cooling load varies from O to 2W in steps of 0.5W. The acoustic power of the-
cooling load is changed by adjusting the power provided to the acoustic driver.

The resonant frequency of 150 Hz is used as the desired frequency and kept constant in all experiments. A compact DAQ system is
used to record test data, by connecting it to a computer, and collecting data under steady-state conditions. Tests are varied by adjusting
various acoustic power, frequency, and cooling load. For each test, a cooling system is used to dissipate the heat from the loudspeaker
voice coil to bring its temperature close to the ambient temperature.

3. Data reduction

The working principle of thermoacoustic refrigeration is to use the acoustic work to force the gas parcels to flow through a porous
medium (so-called “stack™) so that the compressed gas particles transfer heat to the stack surface and the stack surface dissipate heat
into the expanding gas particles. This process occurs continuously and rapidly according to the resonant frequency of the sound wave.
The temperature gradient of the entire stack is obtained. Consequently, the heat can be transferred from the cold side to the hot side of
the stack through the acoustic work. This phenomenon is called the “thermoacoustic effect”.

Acoustic drivers, resonator tubes, stacks, and heat exchangers are the basic components of thermoacoustic refrigerators. The main
structure of a refrigerator equipped with all other components is a resonator tube. The resonator of the acoustic wave appears inside
the tube. The acoustic driver generates acoustic waves into the resonator tube in a standing waveform. The stack is installed in the

Table 3

Structure parameters of heat pipe heat exchanger (HPHX).
Parameters CHX HHX
type of heat pipe composite wick composite wick
tube size $2x130 mm $2x130 mm
tube wall smooth smooth
wick capillary wires capillary wires
material copper copper
working fluid deionized water deionized water
heating power 3x10W 3x10W
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pressure amplitude region inside the resonator tube. This causes the resonator to experience thermoacoustic effects. Therefore, the
stack is considered to be the most important equipment in the thermoacoustic refrigeration system.

Heat exchangers installed near the two ends of the stack are used to absorb and remove heat from the system. Since it is a low
thermal conductivity material, the resonator tube used in this study is made of a PVC tube, so the heat loss due to conduction is low.
Hofler [2] suggested setting the appropriate length parameter of the resonator tube design to A/4. A large amount of heat conduction of
gas through the surface of the stack is avoided because it reduces the performance of the refrigerator [3]. Stackmaterials with high
specific heat and low thermal conductivity are required for heat transfer on the stack surface. However, due to the low thermal
conductivity of air, the thermal penetration depth and stack spacing are small-sized.

Table 4 shows the materials and properties of the stack. Mylar and PLA materials were chosen because of their higher specific heat
and lower thermal conductivity, and their thicknesses of 0.18 and 0.25 mm. In addition, other instruments of the refrigerator are
function generators, power amplifiers, power meters, oscilloscopes, thermocouples, and DAQ systems. The necessary data for
designing ASWTAR and the thermodynamic properties of the operating fluid under STP conditions are shown in Table 5.

In the system design, some parameters are used to consider, for example, operating frequency, hot side temperature, cold side
temperature and required cooling power. To avoid turbulent flow, the Reynolds number, Re, is kept below 500 [13], defined as

- ud,

Re 1)

v
In order to protect nonlinear effects, an acoustic Mach number, M, is limited not to exceed 0.1 [13]. The drive ratio, D, is computed
by

po _Mp,@
Pm Pm

Do @

D of 0.02 was chosen to meet the conditions of Re < 500 and M < 0.1 [9]. The stack spacing is considered based on two properties:
viscous penetration depth, &;, which is determined by

5=\ |3 3)
plllw

and thermal penetration depth, 8k, which is determined by

2,
PR @
PmCp@

In the above equations, v is kinematic viscosity, u is axial velocity, py, is mean pressure, pg is dynamic pressure, a is the speed of
sound, p is dynamic viscosity, py, is mean density, c; is the isobaric specific heat of the gas, k is thermal conductivity, and  is the
angular frequency of the sound wave. The angular frequency is defined as

w=2xf- (5)

The optimal stack spacing should be between 28x-46x [10]. In this study, the stack spacing is produced as 0.5-0.7 mm by
considering the &y value.
In addition, the normalized acoustic power, Wy, and normalized cooling power, Q,, are expressed [2] as

W {5k,,Dsz (r — 1)Bcos? (Xm)} y AT, tan(X,,) |
= = _
aA 4
b 4 BL.;,,<y—1) <1+\/5><1—¢56k,,+§oa;)
S LnD? Vasin® (Xa)
4 (6)
v B(l N +%a(s§">
and

Table 4
Properties of stack materials for experiment.

Properties Symbol Mylar PLA Unit

density P 1347.5 1300 kgm™3

thermal conductivity k 0.16 0.13 WmlK!

specific heat of stack Cs 1110 1800 Jkg 'K!
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Table 5
Thermophysical properties of working gas and design parameters.
Symbol Value Unit
Working gas properties
Prandtl number c 0.707
ratio of specific heat v 1.4
speed of sound a 347.2 ms~!
thermal conductivity k 0.026 WmK!
mean density Pm 1.161 kg m3
isobaric specific heat I 1007 Jkg ' K!
Design parameters
mean pressure Pm 101.33 kPa
mean temperature Tm 300 K
mean temperature difference ATy 25 K
normalized stack position Xsn = KX, 0.156
normalized stack length Lsn = KLg 0.149
normalized thermal penetration depth Okn 0.181
wave number K 2.895 m!
operating frequency f 150 Hz
drive ratio D 0.004
blockage ratio B 0.71
ambient temperature - 28 °C
0 _ 0 8 D? sin(2X,,) “ AT, tan(X,,) " 1+ \/E+a_ (1 e e s ) @
" pmaA (r—1BL, ~ 1+ "

8y(1 +a)<1 — /6 +§ms§n)

in Egs. (6) and (7), Qc, W, A, v, ¢ and B represented, respectively, the cooling power, acoustic power, cross-sectional area of the
stack, specific heat ratio, Prandtl number, and blockage ratio. The blockage ratio is the ratio of a cross-sectional area of the gas, Ag, and
cross-sectional area of the stackexpressed by the equation

Yo

= ) 8
Yo+ 1o’ (8

where | is half of the stack thickness and yj is half of the stack spacing. The four normalized parameters that appeared in Eqgs. (6) and
(7) are dimensionless forms, which is an important factor in the thermoacoustic refrigeration. The normalized temperature difference,
AT, is a ratio of temperature difference, ATy, and mean temperature, Ty,, expressed as

AT,
AT, = .
"= (©)]
The normalized thermal penetration depth, 8y, is defined as
1)
S =—+ (10)
Yo
The normalized stack center position, Xs,, and normalized stack length, Ly, are defined as
2
Xon = if s (1 1)
a
and
2
L=, (12)
a

where X; is the distance from half the stack length to the wave reflector and Ly is stack length.

In Eq. (7), many parameters seem to affect the cooling power. However, some parameters are constant (for example, the blockage
ratio and geometry of the stack). It can be recognized that the important parameters are operating frequency, average pressure,
average temperature, hot-side temperature, and drive ratio [13]. However, the drive ratio is only a small part of the pressure. Finally,
cooling power is the main function of the inevitable mean pressure, mean temperature and frequency. Therefore, Q. can be expressed
as

Qr:Qc(pnﬁ Tm'f) (13)

Tests were conducted to study the effect of cooling power, frequency, and blockage ratio on thermoacoustic refrigeration.
Generally, the efficiency of a refrigerator is explained by the coefficient of performance COP, which is defined as
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Q(‘Vl Q('
P = == 1
co W, W 14)
The Carnot’s coefficient of performance, COPc, which is the maximal COP of the refrigerating system, determined by
T,
COPc=——* (15)

Th 7Tc,

when T, is the cold side temperature and T, is the hot side temperature. The relative coefficient of performance, COPR, which is a
comparison of performance between the system and Carnot’s, defined as
cop

COPR = cope 16)

The uncertainties of the experimental parameters are shown in Table 6.
4. Results and discussion
4.1. Resonant frequency

Fig. 3 shows that for a circular stack with a blockage ratio of 0.67, 0.71 and 0.74, the cold side temperature (T.) varies with the
operating frequency at an input power of 20W. The graph shows that at first stage, as the operating frequency increases, T, will
decrease. At an operating frequency of 150 Hz, T. drops to a minimum and then begins to increase as the frequency increases. This is
because under the optimal operating conditions of the system, the maximum pressure amplitude and thermoacoustic effects will occur
at the resonant frequency. Therefore, the heat pumping used to transfer heat from the cold side end (CSE) of the stack to the hot side
end (HSE) at the resonant frequency is higher than other frequencies. It can be clearly seen from the graph that T, is the lowest at the
frequency of 150 Hz. The blockage ratio (B) of the circular stack with the lowest, second-lowest and highest T, are found to be 0.71,
0.74, and 0.67, respectively. This is because when the B is 0.71, the friction loss is smaller than that at the other blockage ratios.
Therefore, there are more heat pumps on the cold end, which ultimately produces the lowest T,.

4.2. Electric input voltage

Fig. 4 shows that for circular stack with a blockage ratio of 0.67, 0.71 and 0.74, the input voltage varies with the operating fre-
quency at 20W input power. The graph shows that at the first stage the input voltage will increase as the operating frequency increases.
The input voltage increases to the maximum value when the operating frequency is 150 Hz, and then decreases when the operating
frequency increases. This is because, when the operating frequency reaches the resonant frequency, the thermoacoustic effect becomes
more intense.

Electrical input power (P;) is the power supplied to the acoustic driver to be converted into acoustic power. It can be calculated
according to P; = E; x [; x PF, where E; is the input voltage, I; is the input current and PF is the power factor. On the other hand, the
acoustic power (W) is the power used for the heat pumping in the thermoacoustic refrigerator, which can be calculated from W = g x
P;, where 1 is the electroacoustic conversion efficiency. The efficiency of the loudspeaker used for the calculation in this study was 8%.
The efficiency of the loudspeaker can be considered from the sensitivity level of the loudspeaker, which can be tested by the manu-
facturer, and calibrated by the efficiency and sensitivity level conversion chart. As can be seen from Fig. 4, the blockage ratio of the
circular stack with the highest input voltage, the second-highest and the lowest is 0.71, 0.74 and 0.67, respectively. This is because
when the friction of the operating gas discharged through the acoustic waves in the resonator tube is reduced, the acoustic driver will
consume less current while maintaining a stable input power. Therefore, the electrical input voltage increases and causes the pressure
amplitude of the acoustic wave and the thermoacoustic effect of the system to increase. Therefore, the main factor is the reduction of
acoustic power loss.

According to Ohm’s law, at constant electrical power, the voltage varies inversely with the current. That is, as the current increases,
the voltage will decrease. In other words, when the electrical resistance of the system is higher, the current will increase. The electric
current affects electrical device, causing heat and heat losses. Therefore, according to Fig. 4, an increase in the electrical input voltage
of the system indicates that the resistance of the system decreases.

However, in this study, the operating frequency with the highest electrical input voltage is considered. This operating frequency

Table 6
The uncertainties of the experimental parameters.
Parameters Uncertainty (%)
Temperature difference (AT,,) +0.46
Cooling load (Q.) +2.65
Acoustic power (W) +1.03
cop +2.85
COPc +0.46
COPR +2.89
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having the minimum friction of acoustic waves may be an indicator of the resonant frequency of the system. Therefore, the resonant
frequency of the system is the operating frequency of 150 Hz.

4.3. Cold side temperature (T.)

Fig. 5 shows the change of the cold side temperature with the cooling load at an operating frequency of 150 Hz. The blockage ratio
(B) of the circular stack is 0.67, 0.71, and 0.74, and the blockage ratio of the spiral stack is 0.74. The graph shows that as the cooling
load (Q.) increases, the cold side temperature (T.) will increase with a constant slope. This is because the acoustic driver is inefficient.
Therefore, the acoustic power for heat pumping from the cooling load is also very low. As a result, the system cannot maintain constant
T,. Therefore, as Q. increases, the system’s T, also increases. When comparing the T. and B of the stack, the B of the circular stack with
the lowest, second-lowest, and highest T_ is found to be 0.71, 0.74, and 0.67. When Q. = OW, T. equals 18, 18.7, and 19.1 °C; when Q.
= 2W, T. equals 22.4, 23.3, and 23.6 °C, respectively. Since the stack spacing (2yy) is related to thermal penetration depth (8y), 2y is
28y - 48y as suggested by Refs. [3,9]. The circular stack spacing used in this study is 2.38k, 2.768k, and 3.228y, which are equal to 0.5,
0.6, and 0.7 mm, respectively. Therefore, B is 0.67, 0.71 and 0.74, respectively. In addition, from the design of the circular stack, it is
also found that the heat transfer surface area (A,) of the circular stack with B of 0.67, 0.71, and 0.74 is 0.37, 0.33, and 0.29 m?,
respectively. Therefore, the optimal design parameters for the circular stack with the lowest T, are B = 0.71, 2y = 2.78x = 0.6 mm, 2l
= 0.25 mm, Ly = 55 mm, X; = 57.5 mm, and Ag = 0.33 m?. In addition, when comparing the T. and stack geometry, it is found that the
T, for all B of circular stacks is lower than that of the spiral stack with B = 0.74. This is because the circular stack is made of PLA
material, while the spiral stack is made of Mylar material. When examining the thermal conductivity (k) and specific heat (cs) of the
material, it is found that PLA has a lower k and a higher c; than Mylar. It can be clearly seen that PLA is a more suitable material for
stacking than Mylar. Therefore, the heat transfer from the CSE to the HSE of the circular stack is higher than the spiral stack. At Q. =
OW and 2W, the T, of the spiral stack with B = 0.74 is 20.3 and 24.8 °C, respectively.

4.4. Temperature difference (AT;,)

Fig. 6 shows variations of temperature difference along with cooling load at an operating frequency of 150 Hz for circular stacks
with B of 0.67, 0.71 and 0.74, and spiral stack with B of 0.74. At the beginning, the increase of T is less than the increase of Ty, This
results in the increase of ATy, and the thermoacoustic heat pumping, which is a mechanism to transport the heat from the cold end to
the hot end of the stack, is higher. As a result, the cooling load increases with an increase in ATy,. However, when the cooling load is
around 1.5 W, the increase of T is more than the increase of T}, which results in the decrease of AT, and the rate of thermoacoustic
heat pumping. Finally, ATy, tends to decrease as the cooling load increases.

When comparing ATy, and B of the stack, it is found that the B of circular stack with the highest, the second-highest and the lowest
ATy, are 0.71, 0.74, and 0.67. When Q. = OW, ATy, is equal to 29, 28.3 and 27.9 °C, and when Q. = 2W, ATy, is equal to 30.5, 29.6 and
29.3 °C, respectively. In addition, when comparing ATy, and stack geometry, it is found that for all B, the ATy, of the circular stack is
higher than that of the spiral stack with B = 0.74. When Q. = OW and 2W, the ATy, of the spiral stack with B = 0.74 is equal to 26.7 and
28.1 °C, respectively.

4.5. Coefficient of performance (COP)

Fig. 7 shows the change in COP with a cooling load at an operating frequency of 150 Hz. The B of the circular stack is 0.67, 0.71, and
0.74, and the B of the spiral stack is 0.74. The graph shows that as the cooling load increases, the COP will increase. This is because
when the system has no cooling load (Q. = OW), the work provided to the system in the form of acoustic energy will become heat. The
heat generated by the work will be extracted to make the system enter a steady state. Therefore, when a cooling load is received, the
system needs more acoustic power to extract the heat from the cooling load and return to a steady-state. As a result, the acoustic power
used under high cooling loads is less than the acoustic power used under low cooling loads leading to an increase in the COP of the
system. When comparing the COP and B of the stack, it is found that when Q. = 2W, the highest, second, and lowest COP of the circular
stack are 0.93, 0.91, and 0.9, and B is 0.71, 0.74, and 0.67, respectively. In addition, when comparing the COP and stack geometry, it is
found that the COP of a circular stack is higher than that of a spiral stack. This is because the circular stack used in this study is made
from Polylactic acid (PLA), while the spiral stack is made of Mylar. Usually, the PLA has lower thermal conductivity but higher specific
heat than the Mylar. The low thermal conductivity of stack causes more difficulty in transferring heat to the stack, thus allowing more
heat transfer through the air than to the stack. The high specific heat of the stack makes the stack absorb heat from the air. Therefore,
the circular stack absorbs more heat but provides less heat loss than the spiral stack. The circular stack gives less heat loss in process
than a spiral stack which causes less acoustic power with constant cooling capacity. This ultimately results in a higher COP of the
circular stack than the spiral stack although the heat transfer surface area of the spiral stack is higher than that of the circular stack.

4.6. Relative coefficient of performance (COPR)

Fig. 8 shows the variations in COPR and cooling load at an operating frequency of 150 Hz, where for circular stacks, B is 0.67, 0.71,
and 0.74, and for spiral stacks, B is 0.74. The graph shows that as the cooling load increases, the COPR will increase. This is because the
increase in cooling load causes Carnot’s coefficient of performance (COPc) to decrease; therefore, the system’s COPR increases. When

comparing the COPR and B, it is found that when Q. = 2W, the B of the circular stack with the highest, second-highest, and lowest
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Fig. 6. Comparison of temperature difference and cooling load for spiral and circular stack
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COPR 0f 9.57%, 9%, and 8.99% was 0.71, 0.74, and 0.67, respectively. In addition, when comparing the COPR and stack geometry, it is
found that the slope of all COPR of a circular stack is higher than that of a spiral stack. When Q. = 2W, the maximum COPR of the spiral
stack is 8.29%.

However, when the actual COP of the system is the same, a system with a higher COPR can still make full use of heat at a higher
ratio. Therefore, it can be said that even in the case of the same or higher system actual COP, the system with higher COPR can run
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better than the system with lower COPR, which is consistent with the second law efficiency.
5. Conclusion

The performance of ASWTAR was studied. A PVC resonator tube with an inner diameter of 56 mm and an aluminum resonator cone
with a cone-base diameter of 152 mm are tested and compared. The experiment is also tested with various stacking geometries. The
stack is made from Mylar and PLA material. A spiral stack with a blockage ratio of 0.74 and a circular stack with a blockage ratio of
0.67, 0.71, and 0.74 is also studied and compared. HPs with a total heating power of 30W are installed on the CHX and the HHX. The
cooling loads are heat transferred from the TEM by connecting the hot side of the TEM to the heat absorber and transferring the heat to
the CHX through HPs. The HP is used to dissipate heat from the system via HHX, and then a cooling fan is used to transfer it to the
environment. The maximum cooling load of ASWTAR is 2W. In order to carry out the experiment, a test is conducted with an operating
frequency of 120-190 Hz and an electrical input power of 20W without a cooling load. Thereafter, the system is supplied with heat
from the TEM with cooling loads of 0.5, 1, 1.5, and 2W and a resonant frequency of 150 Hz.

In the case of no cooling load, 20W input power, and 120-190 Hz operating frequency, the results show that the circular stack with
a blockage ratio of 0.67, 0.71 and 0.74 gives the minimum T, and produces the maximum E;. At this time, this is the best state of the
thermoacoustic refrigerator. So far, the optimal resonant frequency of the system is 150 Hz.

At a cooling load with a frequency of 150 Hz, the results show that when a circular stack with blockage ratios of 0.67, 0.71, and 0.74
and a spiral stack with blockage ratio of 0.74, T. increases while the cooling load increases. Also, a constant slope is observed. In
addition, a circular stack with a blockage ratio of 0.71 gives the lowest T, and the highest ATy,. At a cooling load of OW, T, and ATy, are
18 and 29 °C, respectively. Similarly, at a cooling load of 2W, for a circular stack with a blockage rate of 0.71, T, and AT, are 22.4 and
30.5 °C, respectively, COP and COPR are 0.93 and 9.57%, respectively. For the circular stack, the design parameters with the optimum
points, including B, 2yy, 21y, L, X;, and Ag are 0.71, 0.6 mm, 0.25 mm, 55 mm, 57.5 mm, and 0.33 m?, respectively. In addition, the
results show that the circular stack has higher COP and COPR than the spiral stack at all blockage ratios. Finally, under a cooling load of
2W, the COP and COPR of the spiral stack are about 0.88 and 8.92%, respectively.
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