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ABSTRACT

Thermoacoustic technology emerges as a sustainable and low-carbon method for energy conversion, leveraging environmentally friendly
working mediums and independence from electricity. This study presents the development of a multimode heat-driven thermoacoustic sys-
tem designed to utilize medium/low-grade heat sources for room-temperature cooling and heating. We constructed both a simulation
model and an experimental prototype for a single-unit direct-coupled thermoacoustic system, exploring its performance in heating-only,
cooling-only, and hybrid heating and cooling modes. Internal characteristic analysis including an examination of internal exergy loss and a
distribution analysis of key parameters was first conducted in the hybrid cooling and heating mode. The results indicated a positive-focused
traveling-wave-dominant acoustic field within the thermoacoustic core unit, enhancing energy conversion efficiency. The output system
performance was subsequently tested under different working conditions in the heating-only and cooling-only modes. A maximum output
heating power of 2.3 kW and a maximum COP}, of 1.41 were observed in the heating-only mode. Meanwhile, a cooling power of 748 W and a
COP. of 0.4 were obtained in the typical cooling condition at 7°C when operating in cooling-only mode. These findings underscore the
promising potential of thermoacoustic systems for efficiently utilizing medium/low-grade heat sources for cooling and/or heating applications
in the future.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0196770
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Amidst the global energy crisis and escalating concerns over
carbon emissions,’ the heat-driven thermoacoustic system emerges as
a compelling alternative to address the pressing demand for newly
developed, eco-friendly energy conversion technologies.” The adoption
of pollution-free working gases, such as helium, nitrogen, argon, etc.,
renders it a completely carbon-free and environmentally friendly tech-
nology,” particularly in the realm of room-temperature cooling and
heating."”* Current research on heat-driven thermoacoustic coolers
and heat pumps predominantly centers around looped travelling-wave
systems.””” Numerous numerical and experimental endeavors under-
score the promising potential of thermoacoustic coolers and heat
pumps in efficiently harnessing thermal energy, offering environmen-
tal benefits. In 2020, Wang et al. tested a three-unit heat-driven
thermoacoustic refrigerator for room-temperature cooling,” achieving
a maximum cooling power of 4kW and a maximum cooling
Coefficient of Performance [COP,, defined as Eq. (3)] of 0.28 at a

cooling temperature of 10 °C. In 2022, Chi et al. reduced the core unit
number to 2, and a COP. of 0.41 was obtained.” In the same year,
Yang et al. reported the experimental results from a heat-driven com-
bined cooling and heating system based on a similar two-unit thermo-
acoustic structure,” achieving a cooling COP, of 0.3 and a heating
Coefficient of Performance [COPy, defined as Eq. (2)] of 1.24. Our
recent numerical analysis focused on a single-unit thermoacoustic heat
pump designed for domestic building heating,” achieving a heating
COPy, of 14. A case study conducted in Finland demonstrated the
potential for an annual emission reduction of 4143 kgCO,. There are
some similar studies on heat-driven thermoacoustic systems, which
incorporate loop structure as well.'”""* Furthermore, the application of
thermoacoustic theory extends into the domain of medical imaging, as
evidenced by existing literature." "’

Extant studies predominantly focus on delineating the perfor-
mance of thermoacoustic systems solely in the capacities of refrigeration
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or heat pumping, thus overlooking the advantageous temperature adapt-
ability inherent in thermoacoustic systems, which enables effective oper-
ation across multiple modes. Moreover, the evolutionary trajectory of
heat-driven looped thermoacoustic systems evidences a shift from
multi-unit to single-unit configurations, aimed at streamlining overall
system complexity."' However, existing experimental research notably
overlooks the exploration of single-unit thermoacoustic systems.
Addressing these discernible lacunae, this paper introduces a pioneering
multimode thermoacoustic system tailored specifically for room-
temperature cooling and/or heating applications. This study presents a
comprehensive performance analysis of a thermoacoustic system operat-
ing across multiple modes, encompassing cooling-only, heating-only,
and hybrid cooling and heating modes, leveraging both simulation and
experimental evaluation methodologies. The proposed system endeavors
to bridge the existing experimental void within the realm of single-unit
heat-driven thermoacoustic systems.

The configuration of the proposed single-unit multimode thermo-
acoustic system and the core unit is shown in Figs. 1(a)-1(c). The key
components include regenerator (REG), medium-temperature heat
exchanger (MHX), high-temperature heat exchanger (HHX), cooling
temperature heat exchanger (CHX), thermal buffer tube (TBT), tapered
reducer tube (TRT), resonant tube (RT), and cavity (CT). Notably, the
CT is a relatively new phase-modulation structure compared to the con-
ventional resonant tubes. Both our simulation and experimental findings
corroborate that in the absence of CT, the system fails to initiate self-
excited thermoacoustic oscillation within the considered operational
parameters. Prior theoretical investigations have similarly underscored
the criticality of CT structures for single-unit systems.'” Figure 1(d)
depicts the self-made MHXs (MHX. and MHX,p), characterized by
shell-tube type heat exchangers facilitating heat transfer between the

4= input heating power
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working medium and thermal fluid via dedicated heat exchange pipes.
Figure 1(e) shows the self-made HHX and CHX, featuring plate-fin type
heat exchangers with precision-machined fins accomplished through
wire cutting techniques. Electric heating rods are utilized to impart heat
for achieving the desired temperatures. Figure 1(f) clarifies the potential
application scenarios for the proposed thermoacoustic system for house-
hold cooling and heating. In the hybrid heating and cooling mode, the
HHX. of the thermoacoustic engine (e) unit is heated by the input
power such as solar or geothermal energy, triggering self-excited
thermoacoustic oscillation once the temperature gradient in the REG,
surpasses a critical threshold. The temperature of MHX, and MHX
is regulated by circulating water at output heating temperature (T5,),
enabling the system to output heat for heating purposes. The thermo-
acoustic system transforms and amplifies thermal energy into acoustic
power, which is then utilized in the cooler/heat pump (c/hp) unit.
This process results in cooling effect at cooling temperature (T;) in the
CHXpp- In the heating-only mode, the temperature of CHXyp, is
adjusted to match the ambient temperature (T,). While in the cooling-
only mode, the temperature of MHX, and CHX,,, is aligned with T,
and T, respectively.

In the experiment, a static pressure sensor (Collihigh model
JYB-KO-HVG) was used to monitor the system’s mean pressure,
and T-type thermocouples measured the temperatures of the heat
exchangers. Pressure signals and temperature data were collected
and processed using dynamic signal acquisition cards (model
PXI-3342) and a thermal couple card (model PXI-3281), respec-
tively. The dimensions of the system are presented in Table I.
About 1kW of heating power is initially supplied to the HHX to
steadily increase the temperature difference across the HHX. The
system undergoes a sequence of onset oscillation and unsteady

(A)
RT,
Core unit
1

(B) - Core unit

! TRT,
MHX,

REG,
HHX,

TBT,
CHX S

e, TBTthp
TRT,

(D) - HHX/CHX

e
L output heating power =)

cooling power =

heat exchange pipe

thermal fluid channel —ﬁ‘

heat exchange fin

heating rod channel

FIG. 1. (a) Schematic of the multimode thermoacoustic system in the hybrid heating and cooling mode, (b) prototype photo and section schematic of the core unit, (c) schematic
and prototype photo of the medium-temperature heat exchanger (MHX), (d) schematic and prototype photo of the high-temperature heat exchanger (HHX) and cooling tempera-
ture heat exchanger (CHX), and (e) envisioned configuration of the multimode thermoacoustic system for the household heating and cooling application utilizing solar energy.

The subscript e means engine, ¢ means cooler, and hp means heat pump.
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TABLE . Structural dimensions of each component.

Subunit Parts Diameter (mm) Length (mm) Other dimensions
Engine (e) MHX, 110 35 Shell-tube type, 11% in porosity, 1.5 mm in tube diameter
REG, 110 45 80% in porosity, 50 um in wire diameter
HHX, 110 50 Plate-fin type, 20% in porosity
TBT, 110-70 30
70 162 5mm in wall thickness
70-110 30
Cooler/heat pump (c/hp) MHX/np 110 35 Shell-tube type, 11% in porosity, 1.5 mm in tube diameter
REG¢/np 110 35 80% in porosity, 50 um in wire diameter
CHX/mp 110 35 Plate-fin type, 20% in porosity
TBT 110 50 5mm in wall thickness
Phase-modulating unit TRT, 110-52 150
RT, 52 3057 2.5 mm in wall thickness
CT 110 270
RT, 44 8996 2 mm in wall thickness
TRT, 44-110 150

thermoacoustic oscillations and finally reaches a steady state.
Thereafter, the temperature is controlled by adjusting the power of
each heat exchanger, and parameters such as power, temperature,
and pressure wave at stabilization are recorded.

The hybrid heating/cooling Coefficient of Performance
(COPy,), heating Coefficient of Performance (COP},), and cooling
Coefficient of Performance (COP,) are defined by the input heat-
ing power (Qy), output heating power (Q,), and cooling power
(Qy), respectively,

Q, +Q

COPy,. = R 1
h 0 (1)

Qo
CcOopP, = — 2
= (2)

Q.
cop, = =< 3
o (3)

The exergy efficiency in hybrid heating and cooling mode can be
expressed as

B COP;,
ST, T T, T, @
Th Th Tu - Tc

where Ty, To, and T, are the high temperature of HHX,, output heat-
ing temperature of MHX, and MHX_p,, and cooling temperature of
CHX/hp» respectively.

The exergy efficiency in the heating-only mode can be expressed
as

CoP,
WET, T, T, )
Ty Ty T, — T,

where T, is the ambient temperature of CHX /.

The exergy efficiency in cooling-only mode can be expressed as
COP,
(O e PR ©)
Ty T, — T,

where T, is the ambient temperature of MHX, and MHX /pp,.

Figure 2 illustrates a simulation of the multimode thermoacoustic
system operating in hybrid heating and cooling mode, utilizing Sage
program.'® " Figure 2(b) illustrates that the output heating power and
cooling power increase as the increasing input high temperature
under different output heating temperatures. For the specific working
condition, the input high temperature (T},) is 300°C as the typical
medium/low-grade heat sources. The output heating temperature is
50°C, representing a typical household heating target.”'” The cooling
temperature is 7 °C, known as the typical air-conditioning cooling con-
dition.'"™”” The proposed multimode thermoacoustic system can
obtain an output heating power of 1.73kW and an output cooling
power of 0.39kW. Figure 2(c) provides insight into system’s exergy
loss, delineating notable losses, including the along-haul frictional
resistance loss (AEg;.), undesirable heat exchange loss (AEq,,), fluid
axial flow loss (AEqy), and loss tolerance (AEg;).” Results indicate that
the predominant loss stems from REG,, constituting 46.5% of all
losses, with AEq,, and AEq,, in particular, accounting significantly.
This observation is primarily attributable to REGe’s pivotal role in
energy conversion, characterized by large temperature gradient and
complex flow and heat transfer dynamics, resulting in substantial
losses. Other significant losses occur in REGp, and RTs, contributing
13.6% and 21.8%, respectively. However, the predominant losses are
attributed to heat transfer and heat exchange, with minimal impact on
the lifespan of system components due to negligible physical wear and
tear. Addressing losses in these components is crucial for enhancing
overall system efficiency. Figure 2(e) offers insight into the axial distri-
bution of crucial parameters. The amplitude distribution of the pres-
sure wave and volume flow rate reveals that the core unit occupies a
position of high acoustic impedance with low flow rates (|P| ranges
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FIG. 2. (a) Schematic of the multimode thermoacoustic system in the hybrid heating and cooling mode; simulation results: (b) effect of input high temperature (T}) on the output
heating (Q,) and cooling power (Q,) under different output heating temperatures (T); (c) exergy loss ratio analysis of the system under specific working conditions; (d) axial dis-
tribution of the amplitude of pressure wave (|P|) and volume flow rate (|U]); and (e) axial distribution of the phase difference between pressure wave and volume flow rate (0p.
u) and acoustic power (W,) under specific working condition (specific working conditions: T, = 300°C, T,=50°C, T,=7°C).

from 2.0 to 1.8 bars and | U] ranges from 0.007 to 0.016 m’/s), thereby
aiding in mitigating flow losses within the regenerators. The analysis of
phase relationships indicates efficient thermoacoustic conversion,
attributed to the prevalence of traveling-wave-dominant acoustic
fields within the regenerators of the thermoacoustic core unit
(0p.y = —23.9°-39.5°). Conversely, the phase relationship variation
within the CT significantly differs from conventional resonant tubes,
showcasing an indispensable phase-modulation effect for the single-
unit thermoacoustic system. Notably, significant standing-wave com-
ponents present in RT; and RT,’s acoustic fields may contribute to
heightened losses. Regarding acoustic power distribution, the engine
unit amplifies 347 W of acoustic power, while the heat pump/cooler
unit consumes 185W, with approximately 668 W being circulated
through the loop.

To operate in the heating-only mode, the temperature of
CHXpp is adjusted to align with the ambient temperature (T5,)
while simultaneously ensuring the maintenance of the output heat-
ing temperature (T,,) at MHXs. Experimental testing and numerical
simulation of the heating performance in heating-only mode are
presented in Fig. 3. Comparative results reveal an overall discrep-
ancy of less than 10%, affirming the accuracy of the Sage program in
modeling the system. The disparities might come from (1) Sage
operates as a 1D heat transfer model, thereby relying on heat trans-
fer corrections within given average conditions for detailing temper-
ature variations in the heat exchangers. The employment of
empirical formulas, albeit expedient, may introduce deviations from
actual conditions; (2) Inherent heat leakage can introduce errors in
determining the requisite heat load for sustaining temperatures across
each heat exchanger in the experimental setup; and (3) Acoustic

streaming, characterized by steady mass flow of density or velocity,
encompasses phenomena, such as Rayleigh flow, jet flow, and
Gedeon flow. While SAGE adequately considers Gedeon flow, it may
not fully account for Rayleigh flow and jet flow dynamics.”' The fixed
input high temperature is set at 300°C as a simulation input of
medium/low-grade thermal energy such as solar and geothermal
energy, and the output heating temperature (T,) is established at
50 °C. The findings reveal a correlation between the output heating
power, COPy,, and various parameters such as pressure and tempera-
ture differences within the heat pump (AT, =T, — T,). Specifically,
the output heating power and COPh demonstrate an upward trend
with increasing pressures and decreasing temperature differences of
the heat pump, AT,. Conversely, higher exergy efficiencies are
observed with larger temperature differences, suggesting the poten-
tial for enhanced thermodynamic optimization, particularly in sce-
narios characterized by significant temperature disparities in heat
pump operations for thermoacoustic systems. Moreover, higher
charging pressures prove advantageous in augmenting the power
magnitude of the system, possibly attributable to the generation of
larger pressure wave amplitudes. Notably, a peak output heating
power of 2321 W and a maximum COPh of 1.41 are achieved when
the system pressure (P) is set at 8 MPa, with AT}, at 26 °C. These
results underscore the significance of careful parameter selection and
optimization in maximizing system performance within thermo-
acoustic applications.

In the cooling-only mode, the temperature of MHX. and MHX/p,,
is synchronized with the ambient temperature while maintaining the
cooling temperature at CHX/p, thus increasing the temperature
gradient within the engine stage and enhancing the thermoacoustic
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FIG. 3. (a) Schematic of the multimode thermoacoustic system in heating-only mode. Experimental and simulation results of the proposed system in heating-only mode includ-

ing (b) input heating power (Qx), (c) output heating power (Qs), (d) heating Coefficient of Performance (COP,), and (e) exergy efficiency. ATj, is the temperature difference of
the heat pump subunit. T, =300°C, T,=50°C.

conversion efficiency. The performance of the system within the ambient temperature of 35°C and a cooling temperature of 7°C, a

room-temperature cooling range is presented in Fig. 4. The fixed cooling power of 748 W and a COPc of 0.4 are recorded. It is note-
input high temperature is maintained at 300 °C, and the charging worthy that an adverse effect on cooling power and COP. is
pressure is set at 8 MPa. Experimental findings demonstrate that ele- observed with an escalation in the temperature difference between
vating cooling temperatures and reducing ambient temperatures the two ends of the cooler’s regenerator (REG.). Moreover, the
result in heightened cooling power and COP.. Specifically, under exergy efficiency generally exhibits an increasing and then decreas-
typical room-temperature cooling conditions characterized by an ing trend with the cooling temperature. The maximum exergy
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FIG. 4. (a) Schematic of the thermoacoustic system in the cooling-only mode. Experimental results of the proposed system in the cooling-only mode including (b) input heating
power (Qp), (c) cooling power (Q.), (d) cooling Coefficient of Performance (COP,), and (e) exergy efficiency. T, = 300 °C, Ps =8 MPa.
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TABLE II. Summary of the system performance of the multimode thermoacoustic
system in typical working conditions.

Hybrid

heating and
Mode cooling  Heating-only Cooling-only
Result type Simulation Experiment Experiment
Input heating 300 300 300
temperature (Ty,), °C
System pressure (P,), 10 8 8
MPa
Ambient temperature e 7 35
(Ta)) OC
Output heating 50 50
temperature (T,), °C
Cooling temperature 7 e 7
(TC)’ OC
Input heating power 1.39 1.33 1.87
(Qn), kW
Output heating power 1.73 1.7
(Qo), kW
Cooling power (Q.), kW 0.39 e 0.75
Coefficient of 1.52 1.27 0.4
performance
Exergy efficiency, % 39.6 319 83

efficiency achievable for the system is around 9% to 10% at the fixed
input high temperature of 300 °C and various ambient temperatures.
This maximum value corresponds to almost the same temperature
difference (T, — T.), approximately 40 °C.

In summary, this study represents a significant advancement in
the development of a heat-driven multimode thermoacoustic system
tailored for heating and/or cooling applications. Compared to previous
thermoacoustic systems with multiple units and used only for heating
or cooling, this paper presents a single-unit thermoacoustic system.
Investigation encompassed three distinct operational modes: heating-
only, cooling-only, and hybrid mode, combining heating and cooling
functionalities. A comprehensive system model was crafted, facilitating
exploration of output performance in the hybrid heating and cooling
mode as well as internal characteristics under specific working condi-
tions. Efficient thermoacoustic conversion within the core unit was evi-
denced by the presence of a favorably behaving traveling-wave
acoustic field. Concurrently, achieving an output heating power of
1.73kW and a cooling power of 0.39 kW underscores the system’s ver-
satility. Subsequently, an experimental prototype was constructed
based on the simulation model. Comparative analysis between experi-
mental and simulation results revealed an overall error within 10%,
showcasing favorable agreement between the model and the experi-
mental prototype. The experimental setup employed an input heating
temperature of 300 °C to emulate the utilization of medium/low-grade
heat sources. The system demonstrated a maximum output heating
power of 2.3kW and a COP;, of 1.41 in the heating-only mode, along
with a cooling power of 748 W and a COP. of 0.4 in the cooling-only
mode. Further details regarding system performance under typical
working conditions in each mode are summarized in Table IL

ARTICLE pubs.aip.org/aip/apl

These findings underscore the potential of thermoacoustic systems in
effectively leveraging medium/low-grade heat sources, especially the
solar or geothermal energy, for practical cooling and heating applica-
tions. Nevertheless, an area warranting further exploration pertains to
the system’s operation in hybrid heating and cooling mode, where the
ratio between output heating power and cooling power exhibits limited
adjustability. Addressing this challenge will necessitate the develop-
ment of control schemes to ensure the system operates in accordance
with actual cooling and heating demands, thereby enhancing its practi-
cal applicability.
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