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Abstract

The novelty of this work is a new type of stack, namely, the parallel wave stack
(PWS). In this paper, we study the performance of an air-based standing wave ther-
moacoustic refrigerator using the PWS. We use small heat pipes with a heat transfer
rate of approximately 30 W as heat exchangers for the system. We investigate the
effect of the ratio of stack length (L,) to the distance between stack center and reflec-
tor (X,) on the performance of the refrigerator parallel wave stacks with a blockage
ratio (BR) of 67 %, 71 %, and 74 %, and with L/X ratios of 0.74, 0.96, and 1.20. We
tested and compared these under a cooling load (Q,) of 0.5 W to 2 W and a frequency
of 150 Hz. The results show that a BR of 71% with an L/X ratio of 0.96 provides a
minimum cold-side temperature (T,), and a maximum temperature difference (AT,,),
a maximum coefficient of performance, and a maximum relative coefficient of per-
formance. This new type of stack can provide a higher performance. The structure of
the stack is also stronger than others. This stack is an alternative and can be used in a
thermoacoustic refrigerator. The results obtained from the present study will be very
useful for improving the performance of the thermoacoustic refrigerator in the future.
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BR Blockage ratio (%)

Q. Cooling load (W)

CO Coefficient of performance

TAR  Thermoacoustic refrigerator
COPc  Carnot coefficient of performance

T, Cold-side temperature (°C)

COPR Relative coefficient of performance
T, Hot-side temperature (°C)

E, Electrical input voltage (V)

X, Distance between stack center and reflector (m)
f Frequency (Hz)

L Electrical input current (A)

L, Stack length (m)

P Mean density (kg-m~)

P, Electrical input power (W)

AT, Temperature difference (°C)

1 Introduction

A thermoacoustic refrigerator (TAR) is an example of thermoacoustic technology,
which is a clean technology. The TAR uses acoustic energy to pump and reject heat
in the system. Operating gases used in TARs are not toxic, but environmentally
friendly, causing no problems to the environment. This is different from conven-
tional refrigerators, which use refrigerants that destroy the ozone and cause global
warming. In addition, there are no moving parts that make the TAR superior to con-
ventional refrigerators.

Rott [1] presented a theory of thermoacoustics for heating and refrigeration.
Hofler [2] constructed the first standing wave thermoacoustic refrigerator (SWTAR)
prototype using Rott’s approach. The SWTAR was created with the highest relative
coefficient of performance (COPR) at 12.6 %. Swift [3] wrote an article covering the
critical aspects of the thermoacoustic engine and its applications.

Garrett et al. [4] constructed and tested a small TAR. Their TAR had a drive ratio
of 2 % and was filled with a 150 psia mixture of He (97.20 %) and Xe (2.70 %). It
was found that the COPR of the system was higher than 16 %. Swift [5] presented
the fundamental of thermoacoustics and its application in the commercial mar-
ket. Wetzel and Herman [6] improved an algorithm to determine the performance
of TAR. They used an algorithm to predict COPR with a thermoacoustic effect of
about 40 % to 50 %.

Belcher et al. [7] analyzed the properties of noble gases with various mixtures
for driving thermoacoustic engines. Poese and Garrett [8] compared measured
data and a linear model. The deviation of heat pump power was about 23 %. Tijani
et al. [9, 10] presented the component design of a TAR [10] at high amplitude
that was similar to the methods of Wetzel and Herman [6]. They also described
the construction of a small SWTAR [9]. However, its resonator was modified
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to reduce acoustic power loss. The lowest temperature of the TAR designed by
Tijani et al. [10] was — 65 °C with a cooling power of 4 W.

Herman and Chen [11] developed a model to analyze the heat transfer rate in a
TAR. The results showed that the heat exchanger’s Peclet number and heat trans-
fer from the working gas had a significant impact on the refrigerating process and
the outlet temperature of the working fluid. Akhavanbazaz et al. [12] studied the
effect of gas blockage in the heat exchangers. The results indicated that the larger
the area of the heat exchanger, the higher the heat transfer rate and the lower the
cooling power. In these conditions, the acoustic power of the system increased
due to a higher gas blockage. Nsofor and Ali [13] designed a TAR that was simi-
lar to Tijani’s prototype [9]. This TAR system used helium at a pressure of 3—-6
bars, a frequency of 250 Hz to 500 Hz, and a cooling load of 1 W to 4 W. The
results showed that the higher cooling load and the higher temperature difference
(AT,,) did not depend only on the high pressure of the system but also on the
optimum frequency of the system.

Tasnim et al. [14] developed a model to investigate the effect of thermoa-
coustic fluid and operating conditions on the performance of a TAR. The results
showed that the performance of a TAR could not be improved by a working gas
at a low Prandtl number. They compared the results with experimental data and
found it to be consistent. Nayak et al. [15] studied the effect of the geometrical
shape and material of the stack on the performance of an SWTAR. They tested
and compared four geometrical shapes and three types of materials of the stack.
They found that at cooling loads of 2 W and a frequency of 400 Hz, the AT,
was the highest. At 10 bars, the AT, was 19.4 °C for a mylar parallel plate stack.
This AT,, was more than that obtained from other geometries. Yahya et al. [16]
experimented with three types of stacks to study the performance of an air-based
standing wave thermoacoustic refrigerator (ASWTAR). The results indicated that
the best stack type was a mylar parallel plate stack. The COP and COPR of the
system were 0.217, and 0.0015, respectively, for mylar-plate stacks.

Wantha [17] tested a TAR with three different stack geometries to analyze the
cold-side temperature of the stack that they received and that was influenced by
mean pressure in the system. The results indicated that the average pressure in the
system had a significant effect on cold-side temperature. Chaiwongsa and Wong-
wises [18] studied and tested the performance of an ASWTAR using a spiral stack
with a blockage ratio (BR) of about 0.62. Small heat pipes were used for the cold-
side and hot-side heat exchangers of the refrigerator. The results indicated that the
slope of the COP decreased as acoustic power increased.

Chaiwongsa and Wongwises [19] investigated the effect of the stack geometry on
the performance of an ASWTAR. A circular stack made from polylactic acid (PLA)
with three sizes of blockage ratio and one size of a spiral stack made from Mylar
was tested and compared. They tested the system performance at a frequency of
150 Hz with a cooling load (Q,) of 0.5 W to 2 W. The results showed that a circular
stack with a BR of 71 % provided a minimum cold-side temperature. Additionally,
all three sizes of a circular stack provided higher AT, COP, and COPR than a spiral
stack. This indicated that the property of materials directly affected the performance
of the system.
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As described above, a number of researchers have researched the thermoacoustic
refrigerator, both experimentally and analytically. However, it should be noted that
the studies found in the literature described above focused on the spiral stack and
parallel plates stack. The parallel wave stack (PWS), which is the innovation of the
present study, remains unstudied. Moreover, the effect of stack length (L,) and dis-
tance between stack center and reflector (X) on the COP of ASWTAR has received
comparatively little attention in the literature. To the best of our knowledge, there
has been only one work, that of Tijani et al. (2002), dealing with this issue. How-
ever, they presented only the numerical results obtained from the parallel flat stack
(PES). In the present study, we aim to present a new type of stack—the parallel wave
stack (PWS). Three different ratios of stack length to distance between stack center
and reflector (L/X,) are used in the experiment. Small heat pipes are used as the
cold-side and the hot-side heat exchangers in an ASWTAR. Both heat exchangers
are easy to install. The structure is not complicated and provides small flow obstruc-
tion. Additionally, the material used for PWS in this investigation is polylactic acid
(PLA), which has better thermal properties than the materials applied in the previ-
ous studies. The performance of a refrigerator using PWS has never before appeared
in the literature.

2 Experimental Setup and Procedure

The experimental apparatus, measuring instruments, experimental procedure, and
data reduction are the same as those described by Chaiwongsa and Wongwises [19].
The only difference is in the test section.

Figure 1 shows the geometry of a PWS made with polylactic acid through 3D
printing. We tested and compared a parallel wave stack with blockage ratios (BR)
of 67 %, 71 %, and 74 %, and ratios of stack length (L,) to a distance between stack
center and reflector (X,) of 0.74, 0.96, and 1.20. The L /X ratios used in this study
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Fig. 1 Parallel Wave Stack (PWS)
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are 0.74, 0.96, and 1.20 for an L, of 35 mm, 55 mm, and 90 mm, respectively, as
shown in Table 1.

We performed the first tests to determine the resonant frequency of the system.
The tests were performed at an L/X ratio of 0.96 and BR of 67 %, 71 %, and 74 %
without a cooling load at a frequency of 120 Hz to 190 Hz and an input power of
20 W. The last tests were performed to evaluate the performance of an ASWTAR
in terms of T, AT, COP, and COPR. We tested and compared the L /X ratios
of 0.74, 0.96, and 1.20 with optimum blockage ratios obtained from the first tests,
under a cooling load of 0.5 W to 2 W and a resonant frequency.

3 Results and Discussion
3.1 Optimum Operating Conditions

Figure 2 shows the variation of the electrical input voltage (E;) and the electrical
input current (I;) along with the operating frequency (f) for the BR of 67 %, 71 %,
and 74 %, under an input power (P;) of 20 W. The figure shows that in the first
period, the E; will rise when the frequency rises. The E; rises to the maximum value
when the frequency is 150 Hz, and then decreases as the frequency rises. In con-
trast, when the frequency rises, the I; will decrease. At 150 Hz, the I, decreases to a
minimum, and after that, it will start to rise as the frequency rises. Comparing the
E, at three different sizes of the BR, it is clear that the highest E; is the same for all
three sizes of the BR. Likewise, when comparing the I, at three sizes of the BR, it is
evident that a BR of 67 %, 71 %, and 74 % gives the same lowest I;. This is because
when a thermoacoustic effect occurs, the resistance of the working gas decreases,
and the electrical resistance in the voice coil of the driver increases accordingly. An

Table 1 Design parameters

Symbol Value Unit

Parameters

Stack length L, 35 55 90 mm

Distance between stack center and reflector X 47.5 57.5 75.0 mm

Stack thickness 21, 0.25 mm

Stack spacing 2y, 0.7 mm

Ratio of stack length to distance between stack L/X 0.74 0.96 1.20 -

center and reflector

Thermal penetration depth &y 0.217 mm

Blockage ratio BR 71 %

Heat transfer area A 0.20 0.31 0.51 m?
Properties of PLA

Density P 1300 kg-m™

Thermal conductivity kg 0.13 W-m~L.K!

Specific heat [N 1800 Tkg LK1
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Fig.2 Relationship of E; and I; along with the frequency for three size blockage ratios at an input power
of 20 W

increase in the resistance also decreases the I, resulting in an increase in E; [18].
Moreover, we can confirm that the resonant frequency is 150 Hz, which is the best
operating frequency for the system.

Figure 3 shows the variation of the T, with an operating frequency for the BR of
67 %, 71 %, and 74 % under a P, of 20 W. The figure shows that the T, decreases
to a minimum at 150 Hz, and then rises as the frequency rises. When the system
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Fig.3 Relationship of T, and frequency for three size blockage ratios at an input power of 20 W
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is operating under optimal conditions, the thermoacoustic effect will increase, heat
pumping in the process and then heat transfer in the stack will also increase. There-
fore, the T, at a frequency of 150 Hz is lower than the T, at other frequencies. When
comparing the T, at all three sizes of the BR, the figure shows that the minimum T,
for the BR of 71 %, 74 %, and 67 %, are 19.9 °C, 20.1 °C, and 20.3 °C, respectively.
It should be noted that among all minimum T, T, obtained from the system with
the BR of 71 % is minimal, even though the heat transfer area is not maximum. This
result reflects that the system with a BR of 71 % can absorb heat from the air better
with less heat loss than other BR.

3.2 Cold-Side Temperature (T)

Figure 4 shows the variation of the T, with a cooling load (Q,) for a BR of 71 %
and the L /X ratios of 0.74, 0.96, and 1.20 under a frequency of 150 Hz. The graph
shows that the T, rises with a constant slope as the Q, rises. It is to be noted that
the T, shown in the figure is the T, obtained after applying acoustic power. While a
certain cooling load is applied, the T, will increase. To reduce the T, acoustic power
has to be increased. However, the new T, will not be lower than the original T,. In
the present study, an acoustic power used to form the heat transfer process in the
stack is also small due to very low driver performance. Comparing T, at various L/
X, ratios, the figure shows that, without a cooling load, the L /X, ratio yielding the
lowest, second lowest, and highest T, are 0.96, 1.20, and 0.74, which yield a T, of
20.3 °C, 21.8 °C, and 24.4 °C. For the maximum cooling load (2 W), T, is 23.4 °C,
24.8 °C, and 29.2 °C for an L /X ratio of 0.96, 1.20, and 0.74 respectively.
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30 -
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Fig. 4 Relationship of T, and Q, for blockage ratios of 71 % with different L /X ratios at a frequency of
150 Hz
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Additionally, when comparing the heat transfer surface area (A,) of the stack
at various L /X ratios, we found that the L /X, ratio with the highest to lowest A
is 1.20 (0.59 m?), 0.96 (0.36 m?), and 0.74 (0.23 m?). It is worth noting that the
LJ/X, ratio of 0.96 yields lower T, than other L/X ratios, although the A is not
the highest. Having an optimal L /X ratio results in greater heat transfer from the
cold side to the hot side of the stack. Therefore, the optimal L /X, ratio for this
study is 0.96, consistent with the results of the study by Tijani [9].

3.3 Temperature Difference (AT,,)

Figure 5 shows the variation of the AT,, with Q, for the BR of 71 % and an L/
X, ratio of 0.74, 0.96, and 1.20 under a frequency of 150 Hz. It is to be noted that
AT, can be calculated from the equation AT, =T, — T_, where T}, is the hot-side
temperature. The graph shows that the increase in Q. tends to change AT, in
two cases. For the L /X, ratio of 0.96 and 1.20, when Q_ increases, AT, tends to
increase. While the L/X| ratio is at 0.74, as Q. increases AT, tends to decrease.
When comparing AT, at various L/X, ratios, the graph indicates that, without
cooling load, the L /X, ratio with the highest and lowest AT, are 0.96 (24.1 °C)
and 0.74 (13.0 °C). For the maximum cooling load (2 W), the L/X| ratio with
the highest AT, is 0.96 (26.9 °C) and the lowest AT, is 0.74 (11.0 °C). The sys-
tem can increase the heat transfer from the cold side to the hot side of the stack,
thereby increasing the thermoacoustic effect of the system.
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35 -_ Blockage ratio = 71 %, f=150 Hz, T, = 37-50 °C A LyX =074 |
m L/X.=096
' x L/X =120
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< -
15 - -1
A a A
a IN
10 -1
S .
0 . ! . ! . ! . !
0.0 0.5 1.0 1.5 2.0

Q. (W)

Fig.5 Relationship of AT,, and Q, for blockage ratios of 71 % with different L /X ratios at a frequency
of 150 Hz
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3.4 The COP of the System

Figure 6 shows the COP against Q, for BR at 71 % with an L/X, ratio of 0.74,
0.96, and 1.20 under a frequency of 150 Hz. The graph shows that COP increases
with a nearly constant slope as Q, increases. This is because the ratio of acoustic
power, which is applied to the system until the cold-side temperature (T,) becomes
constant, to Q. is almost constant. The graph shows that at the same Q_, all L /X
ratios yielded almost the same COP. This is because, for each L /X ratio tested for a
different Q_, the acoustic power of the system changed very little. For the maximum
cooling load (2 W), the COP for three sizes of L/X, ratio is 3.31. As a result, we
cannot determine the cause of the difference in the system’s COP. Consequently,
the COPR is the only indicator that can indicate that the performance of the system
using different L /X ratios is different.

3.5 The COPc of the System

Figure 7 shows a Carnot coefficient of performance (COPc) of the system with
a BR at 71 % and L/X| ratio of 0.74, 0.96, and 1.20, plotted against Q_ under a
frequency of 150 Hz. The COPc (or the theoretical COP) can be calculated from
COPc = T_/AT,,. The graph indicates that the increase in Q. tends to change COPc
in two cases. For the L/X; ratio of 0.96 and 1.20, when Q, increases, the COPc
tends to decrease. While the L /X ratio is 0.74, COPc tends to increase. It is worth
noting that the COPc of a system using an L /X ratio of 0.74 is very high. However,
if the system has an actual COP much lower than a COPc, the system should be

40 : , : , : , : ,
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[ ]
3.0 - B
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Fig. 6 Relationship of COP and Q, for blockage ratios of 71 % with different L /X ratios at a frequency
of 150 Hz
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Fig. 7 Relationship of COPc and Q, for blockage ratios of 71 % with different L /X ratios at a frequency
of 150 Hz

adjusted to achieve an actual COP closer to the COPc. Additionally, the graph shows
that at the maximum cooling load (2 W), the L /X ratio yielding COPc from lowest
to highest is 0.96 (11.03), 1.20 (12.74), and 0.74 (27.52).

3.6 The COPR of the System

Figure 8 shows the variation of COPR with Q, for BR at 71 % and an L/X ratio of
0.74, 0.96, and 1.20 at 150 Hz. COPR is the ratio of actual COP and COPc. The fig-
ure shows that when Q, increases, COPR increases. For the L /X, ratio of 0.96 and
1.20, when Q, increases, COPR decreases causing a large increase in COPR. For
cases where the L /X ratio is 0.74, as Q, increases, COPc also increases. However,
increasing the COPc does not decrease COPR. The figure also shows that at differ-
ent cooling loads, the L /X ratio providing maximum and minimum COPR values is
0.96 and 0.74. We can therefore conclude that the L /X, ratio of 0.96 is the optimal
ratio, at a cooling load of 2 W, and a maximum COPR of 29.9 %.

4 Conclusion

The parallel wave stack (PWS) is our innovation and has never before appeared
in open literature. In the PWS, a corrugated, waveform surface provides the stack
with a larger heat transfer area, resulting in a higher heat transfer rate between
the air and the stack, in turn yielding a higher thermoacoustic effect. Moreover,
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Fig.8 Comparison of COPR and Q, for blockage ratios of 71 % with different L/X ratios at a frequency
of 150 Hz

because our PWS has been fabricated from polylactic acid (PLA), which has a
low thermal conductivity and a high specific heat, the thermoacoustic effect of
the system is higher. The plate of the PWS with a corrugated surface will result
in PWS being stronger than the parallel flat stack (PFS). Therefore, PWS is a
new stack and an alternative for thermoacoustic devices that provides high per-
formance, strength, and a longer service life. At present, with a 3D printer, stacks
can be created with other special shapes as well as using non-air with other work-
ing fluids. The present results show that at a BR of 71 %, with an L/X| ratio of
0.96, the system gives the lowest value of T, and the highest value of AT, COP,
and COPR. When the cooling load is 0 W, the system yields T, and AT,, values
of 20.3 °C and 24.1 °C, respectively. When the cooling load is 2 W, the system
provides T,, AT,, COP, and COPR of 23.4 °C, 269 °C, 3.31 %, and 29.9 %,
respectively. The results from the present study are satisfactory and will provide
guidelines for using of this new type of stack in thermoacoustic refrigerators in
the future.
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