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HIGHLIGHTS

e A thermoacoustic refrigerator using low/medium-grade heat is proposed for domestic cooling.

e The increased mean pressure plays a favorable role in reducing the onset temperature difference.

o The refrigerator achieves a cooling efficiency 0.24 to 0.61 at cooling temperatures of —23 °C to 7 °C.
o Single-cavity structure outperforms multi-cavity structures in terms of cooling performance.

o The refrigerator compensates deficiencies of current heat-driven cooling at low temperatures.

ARTICLE INFO ABSTRACT

Keywords: Cooling for domestic applications using low/medium-grade heat sources is essential to reduce CO emissions and
Thermoacoustic refrigerator promote environmental friendliness. Thermoacoustic technology is quite promising to meet such demand. This
Thermoacoustic

paper proposes a compact and highly efficient single-stage thermoacoustic refrigerator for utilizing low/medium-
grade heat source. It is different from conventional design by containing only one thermoacoustic core unit and
enhancing cooling efficiency by improved acoustic matching incorporating a cavity structure with no less cooling
performance than a multi-unit thermoacoustic refrigerators. For this, a matrix transfer method based on ther-
moacoustic theory is applied to investigate the onset characterizes of the thermoacoustic cooling system. The
present results reveal that the lowest onset temperature difference of 62 K can be achieved when using nitrogen
as the working gases. Steady-state characteristics of the system are then investigated, including the exergy loss
analysis, the axial distributions of key parameters, cooling performance under different working conditions and
mixed working gases. The analysis based on the introduced cavity is subsequently done in terms of the position,
volume, and quantity of cavity. Further comparisons are made between the single-cavity and multi-cavity
structures, demonstrating a superior performance of the single-cavity structure. Finally, the proposed ther-
moacoustic refrigerator is compared with existing heat-driven cooling technologies. The results demonstrate that
the thermoacoustic refrigerator can compensate the deficiencies of the existing heat-driven cooling technologies
at low cooling temperatures.

Heat-driven cooling
Low grade heat
Domestic cooling

thermal energy such as renewable thermal energy (solar and
geothermal) [1,2] and waste heat from industrial processes [3]. A

1. Introduction reasonable recovery of waste heat has the potential to improve energy
efficiency of energy systems by 10-50% [4]. Meanwhile, heating and
The worldwide desire for energy conservation and emission reduc- cooling systems in buildings account for 30-50% of global energy

tion has drawn attention to the utilization of low/medium-grade
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thermal conductivity, W m~! K1
gas conductivity, W m* K
spring constant, N m™!

total local loss coefficient

| determinant of the matrix
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Nomenclatures'? v volume, m®
w acoustic power, W
Symbols Yo half of the channel width of the heat exchanger, m
a acoustic speed, m s~! n thermoacoustic efficiency
A working gas area, m? y specific heat ratio
I specific heat capacity, J kg™' K~! @ angular frequency, s~!
Cc acoustic compliance, m® Pa~! Pm mean density, kg m>
dy hydraulic diameter, m thermal diffusivity, m?s7?
D diameter, m v kinematic diffusivity, m?s !
e mass-specific total gas energy, J kg~ S penetration depth, m
E minor losses in the U-shaped tube dynamic viscosity, kg m~! s7!
f frequency, Hz Hg,0 gas dynamic viscosity at ambient temperature, kg m~! s™?
fo Darcy friction factor o porosity of the regenerator
fo spatial averaged viscous function T absolute temperature ratio at two extremes of the
fe spatial averaged thermal function regenerator
F viscous pressure gradient 0 phase angle, °
g acceleration of gravity, m s~2 Sy thermal diffusion depth, m
i imaginary symbol Sy viscous diffusion depth, m
k
kg
K
Klos
l length, m
Ny axial conductivity enhancement ratio
Nu Nusselt number
Yo half of the plate spacing, m
n stage number
p pressure, Pa
Py the amplitude of the first-order pressure wave, Pa
Pr Prandtl number
q instantaneous axial heat flux, W m~2
qw heat fluxes between gas and solid
qx heat fluxes inside the gas or solid
Qw heat flow per unit length, W m!
Q rate at which heat is transferred, W
r acoustic power loss ratio
Th hydraulic radius, m
I tube radius, m
Ry mechanical damping coefficient, N m s~!
Sx wetted perimeter

T temperature, K

To normalization temperature, K

Tm mean temperature, K

Tw temperature between gas and solid, K
Ty temperature inside the gas or solid, K
u mean-flow velocity, m s~*

U, the first-order volume flow rate, m®

s—l

Abbreviations

AEgic flow friction losses, W

AEqw non-ideal heat transfer losses, W
AEq axial heat flow losses, W

AHX ambient-temperature heat exchanger
CHX cooling heat exchanger

cop Coefficient Of Performance

HX heat exchanger

HHX high-temperature heat exchanger
PT pulse tube

REG regenerator

TBT thermal buffer tube

Subscripts
ambient
c cooler/cooling
e engine
g gas
h heating
in inlet/import
m mean
sub subunit
K thermal
0 viscous
A difference
v gradient

consumption, thus an increase in the efficiency of energy systems would
mean a significant reduction in global energy consumption [5,6]. VCR
(vapor compression refrigeration) is still one of the most widely used
refrigeration technologies in the domestic cooling [7], whose extensive
use of fluorinated refrigerants has caused problems of carbon emissions.
It is therefore crucial to require a carbon-neutral and sustainable alter-
native cooling system that can recover waste heat, especially low/me-
dium grade heat energy.

As an emerging energy conversion technology, thermoacoustic
technology is a major area of interest within the field of heat-driven
applications that can be used for heating [8,9], cooling [10,11], and
power generation [12]. Thermoacoustic cooling owns remarkable ad-
vantages of low vibration and high reliability due to no mechanical
moving parts, and environmental-friendly features because of using
pollution-free working gas. In addition, thermoacoustic refrigerators can

utilize heat sources, especially low/medium-grade waste heat sources
[13], and feasible ways of utilizing such heat sources include electric
heating [14], heat transfer from thermal oil [15], and solar collector
panels for heat supply [16]. Up to now, thermoacoustic technology has
been able to obtain kilowatt-scale cooling capacity in the room-
temperature cooling temperature zone [14,15], which shows prom-
ising perspectives in the domestic cooling fields.

Numerous research has been conducted to improve the cooling
performance of the thermoacoustic refrigerator in the past decades. In
1991, Radebaugh et al. [17] first developed a thermoacoustic refriger-
ator driven by a thermoacoustic engine, with no mechanical moving
parts. In 1999, Backhaus et al. [18] presented a thermoacoustic engine
that attained an acoustic power of up to 710 W with a thermal power
conversion efficiency of 30%, which promoted the development of
thermoacoustic refrigerators driven by thermoacoustic engines. In 2006,
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Luo et al. [19,20] introduced a heat-driven thermoacoustic refrigerator,
which obtained a cooling power of 250 W. In 2009, Li et al. [21] tested a
heat-driven thermoacoustic refrigerator, which achieved a cooling
power and cooling efficiency of 469 W and 0.216, respectively. In 2017,
Hasegawa et al. [22] proposed a multistage-engine-driven thermoa-
coustic refrigerator, which obtained a cooling efficiency of 0.029 at a
cooling temperature of —50 °C.

A commonality lies in the thermoacoustic systems mentioned above,
which is that their regenerators are dominated by the traveling-wave
acoustic fields while the resonant-tubes are still dominated by
standing-wave acoustic fields. The loop-type structure is a development
direction to improve the performance of the traveling-wave thermoa-
coustic systems, which means both the regenerators and resonant-tubes
are dominated by the traveling-wave acoustic fields. The original report
on looped structure was an acoustic cooler proposed by Yazaki et al. in
2002 [23]. In 2008, De Blok et al. [24] arranged multiple thermoa-
coustic conversion units in a single looped tube to efficiently increase
the power density. The subsequent proposal for a four-stage looped
thermoacoustic cooler achieved a relative Carnot efficiency of 13% [25].
In addition to improving cooling efficiency, reducing the number of
energy-conversion units while studying proper acoustic field matching is
a key development direction. In 2019, Wang et al. [15] presented a
three-stage looped heat-driven thermoacoustic refrigerator with direct-
coupled configuration, which achieved a cooling power of 3.3 kW
with a cooling efficiency of 0.22 using low/medium-grade waste heat. In
2022, Yang and Chi et al. [9,14] further reduced the number of ther-
moacoustic core units to 2 based on the three-stage system, which ob-
tained a cooling power of 3.9 kW with a cooling efficiency of 0.3. In
2021, Ding et al. [26] proposed a two-stage interval-type thermoa-
coustic refrigeration system for waste heat utilization, obtaining a
maximum cooling power of 0.95 kW. As for the single-unit based ther-
moacoustic systems, Jin et al. [27] analyzed the effect of the cavity
structures on the acoustic fields in the context of a single-unit ther-
moacoustic prime mover in 2016, which provided ideas for later
research on the single-unit looped thermoacoustic system. In 2018,
Saechan et al. [28] developed a heat-driven thermoacoustic cooler,
featuring interval-type arrangement of engine and cooler units in a loop,
along with assisted modulation of the system acoustic field by stub and
piston devices, ultimately yielding 7 W of cooling at 8 °C. In 2020,
Farikhah [29] performed theoretical calculations for a heat-driven sin-
gle-stage interval-type thermoacoustic cooler and derived an onset
temperature of 580 K at 3 MPa. Additionally, the novel heat-driven
thermoacoustic cooler with gas-liquid resonators proposed by Xu et al.
[30] in 2020 provides another development direction to improve the
acoustic filed matching. Calculation results show a significant
improvement in cooling power and efficiency of 5.6 and 1.5 times,
respectively, compared to conventional gas resonant-tube systems.

The existing heat-driven thermoacoustic refrigerators currently face
problems including: 1) They typically consist of multiple thermoacoustic
core units in a loop, resulting in complex systems, as well as the
complexity of integrating the thermoacoustic systems with subsystems
(e.g., cooling water system) thus preventing their practical applications;
2) Multi-unit systems reportedly suffer from inconsistent working con-
ditions across individual unit and the easy rupture of the elastic mem-
brane in the loop that suppresses direct current, which further impede
long-term and stable operation; 3) Some heat-driven single-unit ther-
moacoustic refrigerators have been established [28,31], but their
interval-type arrangement and inappropriate acoustic fields matching
leads to relatively low system performance, not showing promising
application prospects. It has been shown that direct-coupled-type
structures are superior in terms of cooling efficiency and power den-
sity [32]; 4) The introduction of the mechanical moving parts in some

1 The description of quantities under the equations are shown only in the
nomenclature.
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previously proposed systems would somewhat compromise the advan-
tages of high reliability and long lifespan of thermoacoustic systems. To
address these problems, the present work supplements heat-driven
looped traveling-wave thermoacoustic system related literature with
several novel insights.

e The first contribution of this study is the introduction of a single-
stage direct-coupled thermoacoustic refrigerator, characterized by
its unique combination of a single unit and a direct-coupled design,
which reduces the thermoacoustic core unit to one and performs no
less well than the multi-unit systems.

e A cavity structure is innovatively incorporated to this system at
appropriate location to enhance the acoustic matching, as a com-
plement to the phase-modulating configuration. Furthermore,
without introducing any mechanical moving parts, the system pre-
sented in this paper retains the advantages of high reliability and
long lifespan while realizing the optimal system performance among
the reported single-unit looped thermoacoustic refrigeration
systems.

A comprehensive analysis is investigated, including the onset char-

acteristics, cooling performance, acoustic field characteristics, and

the analysis based on the introduced cavity structure including the
influence of the position, volume, and quantity of cavity.

This is the first study that examines the comparative analysis with

existing heat-driven cooling technologies from a standpoint to the

cooling power and efficiency, showing promising prospects for the
thermoacoustic cooling technologies on room-temperature cooling
applications.

2. Configuration description and working principle

Fig. 1 presents the schematic of a looped single-stage heat-driven
thermoacoustic refrigerator. The refrigerator consists of a simple direct-
coupled energy-conversion core unit and a gas resonator unit connected
and forming a loop. The core unit includes an engine stage and a cooler
stage. The engine stage consists of an ambient-temperature heat
exchanger (AHXe), a regenerator (REGe), a high-temperature heat
exchanger (HHXe), and a thermal buffer tube (TBTe). The cooler stage
consists of an ambient-temperature heat exchanger (AHXc), a regener-
ator (REGc), a cooling-temperature heat exchanger (CHXc), and a pulse
tube (PTc).

The thermoacoustic refrigerator works as follows: the HHXe is
heated by a medium/low-grade heat, while the AHXe is maintained at
room temperature by the cooling water, thus generating a temperature
gradient the REGe. As the axial temperature gradient exceeds a
threshold value, self-excited thermoacoustic oscillation begins and the
conversion from thermal energy to acoustic power occurs in the engine
stage. The amplified acoustic power is then consumed in the cooler stage
to produce cooling power, and the remaining acoustic power is recycled
down the loop back to the engine stage, and the cycle is repeated.
Table 1 shows the optimized geometric dimensions of the main com-
ponents of the system, which is determined based on the experience of
our previous studies and the combined optimization of cooling capacity
and efficiency.

The first novelty of this system setup is the reduction of the number
of core units to one compared to the conventional heat-driven ther-
moacoustic refrigerators, which largely reduces the complexity and
improves the compactness and stability of the system. The second
innovation is the introduction of a cavity structure at the appropriate
location of the gas resonator unit, which enhances the acoustic matching
and provides suitable acoustic fields for the thermoacoustic refrigerator.
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p

RT,

Cavity RT,

Fig. 1. Schematic of a looped single-stage heat-driven thermoacoustic refrig-
erator with one cavity. AHX is the ambient-temperature heat exchanger, REG is
the regenerator, HHX is the high-temperature heat exchangers, TBT is the
thermal buffer tube, CHX is the low-temperature heat exchanger, PT is the pulse
tube, and RT is the resonant-tube. e is for the engine, and c is for the cooler.

Table 1
Dimensions of the components in each subunit.

Subunit Parts Diameter  Length  Other dimensions
(mm) (mm)
Shell-tube type, 12% i ity, 1
Engine AHXe 180 35 ©F tube fype, - 2% In porosily
mm in internal diameter
REGe 180 35 7'.7% in porosity, 50 pm in wire
diameter
- 04 1 i
HHXe 180 35 Shell' tu.be type, 1'2 % in porosity, 1
mm in internal diameter
TBTe 180 100 7 mm in wall thickness
- 04 1 i
Cooler AHXe 180 35 Shell‘ tu.be type, 1'2 % in porosity, 1
mm in internal diameter
o . -
REGe 180 35 7?A) in porosity, 50 pm in wire
diameter
hell-tub 12% i ity, 1
CHXe 180 35 She 'tu' e type, 2% in porosity,
mm in internal diameter
PTc 90 50 7 mm in wall thickness
Resonator RT; 55 1800
Cavity 126 500 1.5 mm in wall thickness
RT, 55 9100

3. Methods and validations
3.1. Frequency-domain model description
This section focuses on the method of the onset characteristics

analysis of the looped single-stage heat-driven thermoacoustic refrig-
erator by using the transfer matrix method based on linear thermoa-
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coustic theory [33]. For the working gas regions, the matrix type of the
linearized conservation equations of momentum and mass can be
formulated as

d (Pi(x)\ _ [ Pix)
dx(w(x) ) *Z(w(x) ) W
1 iwp,
0 CAL—f,
z—| @
i0A[l + (y — 1)f:] fo—1 1 dT,
vP, (1—f)Y1—=Pr) T, dx

The transmitted matrix M with the length component [ can be ac-
quired as:

(6ih) (5 ®

In the heat exchanger, Egs. (1) and (2) can be solved due to % =0.
The transmitted matrix of the heat exchanger Myx can be written as

iwp,,sin(kl)
cos(kl) _Aigm V(T —7.)
Mix =1 ) in(kl @
s Jwr ( i;/{u)sm( ) cos(kl)

where k is the complex wavenumber and can be expressed as

_o 1+ -1
k_a”ilffv 5)

For a plate-fin type heat exchanger in the system,

_ tanh((1 + i)yo /5, |

T+ /o, ©

_ tanh((1 + i)yo/6, ]

(N (IS @

where §, and 8, can be written as

2, 2,
b=/~ =2 (®)
w [0]

In the thermal buffer tube, pulse tube, and cavity structure, the (2,2)
element of Z (Zy3) in Eq. (2) is approximately zero since the fi and f, are
very small in value because of the large diameter [34]. The transmission
matrix of the thermal buffer tube or pulse tube Mtgr/pr/cyT Can be
written as

1 0
Mugr/prjcvr = | _ioV | (C)]
YPm
In the regenerator, “n o 0. The first-order central difference method
[35] can be employed to acquire the transmission matrix.

iwCoR R 1
14+ S g(z, Pr) —wﬂnm
Mggg = (10)
.wCyT
—i Int T
7—1
where,
64, !
R, — & 11
0= 4 (€R)
DAl
C() = Pm (12)
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2

P2 _
,Pr) = —_— 13
7z, Pr) Pr+2[1271] (13)
2 |2 — (P2 = 1) /(Pr+2)
7,Pr) = 14
8(n.Pr)=5—— P as
In the resonator, the transfer matrix is presented as follows:
cos (gl) _ap,,sin(wl/a) ;
Mar — a A 1s)
A Asin(lfa) (gl)
apl)‘l a

For the whole phase modulation structure section, it consists of two
resonators and one cavity. The transfer matrix of this section can be
integrated as:

MGR = MRT] MCVTMRTZ (1 6)

According to the thermoacoustic network theory [35], the total
transfer matrix of the looped single-stage heat-driven thermoacoustic
refrigerator, My;, can be given by

M.y = ManxeMreGeMunxe MrereManxe MrEGeMcaxeMpre Mgr 17)

For the n-level looped thermoacoustic system, the transfer matrix,
Mgup, can be expressed as

cos (2—ﬂ) — isin <E> 0
n n

Msuh = (18)
0 cos| — | —isin| —
n n

where n is the number of stages. Therefore, the transfer equation of the
thermoacoustic system is:

Pl (xuul) > (Pl (xin) ) (Pl (xin) >
=M, =M, 19
(Ul (¥ou) "\ Ui (xin) "\ Ui (xin) (19)
The following equation must be satisfied to acquire a non-zero so-
lution in Eq. (19):

=0 (20)

‘ Mg 11 — Mgup,11 Mgyi12

Mgy 21 Mg 22 — Mgup,22

The onset characteristic parameters ® and t of the looped single-
stage heat-driven thermoacoustic refrigerator can be obtained by solv-
ing Eq. (20).

3.2. Time-domain model description

In this work, the steady characteristics of the looped single-stage
heat-driven thermoacoustic refrigerator is simulated on the SAGE pro-
gram [36]. SAGE is widely used in modeling and calculating the pa-
rameters of thermoacoustic devices [11,37]. The calculation and
optimization of the refrigerator are based on the conservation equations
of mass, momentum, and energy in the corresponding gas domain,
which are respectively:

OpA  dpuA
ot — 21
ot Ox 0 @b
OpuA  OupuA  dp
LT A—FA = 22
o " ox ox 0 22)
dopeA  0A 0
o +p§+a(upeA+upA+q)wi—0 (23)

The source terms F, q and Q, are calculated as empirical functions
which are,

F = —(fo/dn+ Kios/D)pu|ul /2 @
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4= Nk A (25)
Oy = Nu(ky/dy) S, (T, — T) (26)

Additionally, some parameters used to describe the performance of
the system can be viewed in Appendix A.

3.3. Model validations

To simultaneously validate the accuracy of the frequency-domain
model (Section 3.1) for calculating the onset characteristics and the
time-domain model (Section 3.2) for simulating the steady-state per-
formance in this work, a prototype of a single-unit direct-coupled looped
thermoacoustic refrigeration system was constructed. The experimental
structure is similar to that of Fig. 1 with only some differences in di-
mensions that do not affect regularity. Helium was used as the working
gas in this series of experiments, and the ambient temperature was
determined to be 35 °C.

Fig. 2 shows the comparison between the experimental and calcu-
lation results on the onset characteristics including onset heating tem-
perature (Thonser) and onset frequency (fonsed. Fig. 3 shows the
comparison between the experimental and calculation results on the
steady-state system performance including cooling power (Q.) and Co-
efficient of Performance (COP). The heating temperature is set at 300 °C
and the mean operating pressure is 8 MPa in the steady-state experi-
mental tests. The average discrepancies in onset heating temperature,
onset frequency, cooling power, and Coefficient of Performance are
8.5%, 6.8%, 1.1%, and 15.3%, respectively. Therefore, the overall ac-
curacies of the frequency-domain and time-domain models on calcu-
lating and simulating the onset characteristics and steady-state system
performance can still be considered reliable.

4. Results and discussions
4.1. Onset performances analysis

This section focuses on the effect of an important parameter, mean
pressure, on the onset performance for different working gases, since the
mean pressure has a direct effect on the transfer matrix as shown in Egs.
(1) and (2). It also straightforwardly affects the gas thermal properties
such as gas mean density and penetration depths, which decisively in-
volves in determining the system onset characteristics. Fig. 4 shows the
variation of onset temperature difference and onset frequency with the
mean pressure for different working gases. For the given pressure, the
onset temperature difference with nitrogen systems is the lowest among
the four gases. As the mean pressure increases, the onset temperature
difference decreases with more sensitivity to the variation at lower mean
pressures (< 4 MPa). For gas helium, it decreases from 207 K to 93 K
when the mean pressure increases from 1 MPa to 4 MPa. Continuing to
increase the mean pressure, the onset temperature difference decreases
at a slower rate. However, according to Fig. 4 (b), the onset frequency
remains almost constant with increasing average pressure for different
gases. The onset frequencies of helium, nitrogen, hydrogen, and argon
are respectively around 74 Hz, 26 Hz, 95 Hz and 23 Hz. The increase of
the mean pressure seems to slightly affect the onset frequency compared
to the onset temperature difference as the oscillation frequency is mainly
influenced by the structural dimensions and boundary conditions of the
system [38].

4.2. Steady characteristics analysis

4.2.1. Cooling performance and exergy losses analysis

Table 2 shows the simulation results of Sage when mean pressure is
10 MPa, ambient temperature is 323 K, heating temperature is 573 K,
and cooling temperature is 280 K. The proposed thermoacoustic
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Fig. 2. Comparison of experimental and calculation results on the onset characteristics including (a) onset heating temperature (Thonset) and (b) onset fre-

quency (fonsed-
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Fig. 3. Comparison of experimental and simulation results on the steady-state system performance including (a) cooling power (Q.) and (b) Coefficient of Per-

formance (COP).
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Fig. 4. Effect of the mean pressure on the (a) onset temperature difference and (b) onset frequency for 4 different working gases.

refrigerator obtained a cooling power of 6.43 kW, an overall Coefficient
of Performance (COP) of 0.439, and a relative Carnot efficiency of
15.4%. Notably, 10 MPa is feasible for the present closed system, which
has been verified in similar experiments [14]. However, the practical
long-term stable operation may necessitate certain requirements
regarding the system's pressure capacity and sealing ability.

Fig. 5 shows the exergy losses of the different components of the
proposed refrigerator, which allows a direct estimation of the work ca-
pacity reduction in each component induced by the irreversible process.
In the gas domain, both the conduction of heat across finite temperature
differences and the irreversible flow processes generate entropy, which

is used to calculate the exergy losses by multiplying the normalization
temperature (To) [39]. The losses are generally classified as the flow
friction losses (AEg;), the non-ideal heat transfer losses between the gas
and the solid (AEqy), the axial heat flow losses (AEq,), and the loss
discrepancy, which are respectively showed as Egs. (33)-(35) [39]. In
the proposed refrigerator, the three components with the largest losses
are, in order, the RTs (1291 W), the REGe (1183 W), and the REGc (803
W). In this case, the acoustic impedance is larger in the regenerators, so
the non-ideal heat transfer losses account for most of the exergy losses (i.
e., 72.3% for the REGe and 42.4% for the REGc). And in the gas reso-
nator unit, it is the large tube length that causes the large flow friction
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Table 2
Simulation results for the specific condition.
Symbol  Parameter Value
P, Mean pressure (MPa) 10
P, Pressure ratio at inlet of engine stage 1.09
Th Heating temperature (K) 573
T. Cooling temperature (K) 280
T, Ambient temperature (K) 323
f Working frequency (Hz) 74.9
Qn Heating power (kW) 14.7
Qe Cooling power (kW) 6.43
£o The capacity of the engine stage to amplify acoustic power 0.51
Te The capacity of the engine stage to convert acoustic power to 0.26
heat
£ The capacity of the refrigerator stage to utilize acoustic power ~ 0.29
Te Coefficient of Performance of the refrigerator stage 2.5
COoP Coefficient of Performance of the system 0.439
n Relative Carnot efficiency of the system 15.4%
1200 + - Flow friction loss
I Surf heat flow loss
§ 1000 | [ ] Axial heat flow loss
< [ ] Loss discrepancy
g 800} | :
g I I
I I
; 600 | | :
B I I
e 1 1
g: 400 I I
H I I
I I
200 F ! !
I I
I I

0
SRR SRS (S

Fig. 5. Exergy losses in different components. AHX is the ambient-temperature
heat exchanger, REG is the regenerator, HHX is the high-temperature heat ex-
changers, TBT is the thermal buffer tube, CHX is the low-temperature heat
exchanger, PT is the pulse tube, and RT is the resonant-tube. e is for the engine,
and c is for the cooler.

loss (i.e., 93.7% for the RT; and 81.3% for the RT5).

AF
AEy = —Tyx f / u 33)
dtd dx
Lo VT,
AEg, = — Ty x 7{/% (34)
dtJ dv T
N T,
AEQr—T(.X}[/q'V @35)
dtJ dv

4.2.2. Axial distributions of key parameters

The axial distributions of key parameters enable an accurate
assessment of the thermoacoustic characteristics and are shown in Fig. 6.
The axial position is from the inlet of AHXe to the outlet of RT for a
loop. Fig. 6 (a-c) shows the variations of the key parameters including
the amplitude and phase of the pressure and volume flow rate waves, the
phase difference between the two, and the acoustic power. As shown in
Fig. 6 (c), the phase difference of the pressure and volume flow rate
waves (0p_y) increases from —39.6° to 37.3° in the thermoacoustic core
unit, decreases from 37.3° to —9.8° in RTy, increases again from —9.8° to
18.7° in the cavity, and then varies from 18.7° to —46.2° along with a
trend of decreasing-increasing-decreasing. The distribution of the phase
difference reveals that the cavity structure anchors a velocity node at
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Fig. 6. Axial distributions of the (a) amplitude and phase of the pressure wave
(b) amplitude and phase of the volume flow rate (c) acoustic power and phase
difference between the pressure wave and volume flow rate (d) mean gas
temperature, in the looped single-stage system with one cavity. The Py, is 10
MPa, T, is 323 K, Tj, is 573 K and T, is 280 K.

about one-quarter wavelength of the system, thus establishing a
traveling-wave dominated acoustic field within the regenerators, which
enables efficient energy conversion in a thermoacoustic system [40]. For
the acoustic power distribution, initially, 7574 W of acoustic power is
generated and then amplified to 11,610 W in the engine stage. After the
utilization of the cooler stage, the acoustic power is reduced to 6033 W.
Approximately 1314 W of acoustic power is dissipated in the gas reso-
nator unit. Finally, about 7573 W of acoustic power is recycled and
participates in the next thermodynamic cycle.

Fig. 6 (d) shows the distribution of mean gas temperature along the
loop. The working gas is heated from 333 K to 559 K in the REGe with a
5.65 K/mm of the mean temperature gradient, and then drops from 560
K to 328 K in the TBTe. The average gas temperature is reduced to 277 K
under the cooling of the REGc. Finally, the gas temperature is restored to
the proposed atmospheric temperature (293 K) in the pulse tube and
remains largely constant in the subsequent structure.

4.2.3. Analyzing the cooling performances under different working
conditions

In the case of practical cooling applications, the actual operating
conditions may vary. For example, the heating temperature may vary
with the heat source conditions, especially in the case of waste heat
utilization; the ambient temperature may also vary with factors such as
weather changes; and there are usually variable cooling temperature
requirements as well. It is therefore necessary to explore the cooling
performance under different working conditions, which is shown in
Fig. 7.

A decrease in ambient temperature as well as an increase in heating
temperature and cooling temperature would generally lead to an in-
crease in cooling power (Q.) and Coefficient of Performance (COP) of the
system. Fig. 7 (a) and (b) show the effect of heating temperature on
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Fig. 7. Effect of the heating temperature on cooling power and coefficient of
performance of the system with ambient temperature and cooling temperature
changes. P, is 10 MPa, T, is 283 K in (a) and (b), 293 K in (¢) and (d), and 303 K
in (e) and (f).

cooling performance at different cooling temperatures when the
ambient temperature is fixed at 283 K. The results show that the system
can achieve an ultra-low cooling temperature while maintaining good
refrigeration performance. Even at a heating temperature of 450 K and a
cooling temperature of 250 K, a cooling power of 2.38 kW and a COP of
0.37 can be achieved.

Fig. 7 (c) and (d) present the cooling performance of the system at
relatively mild temperatures, i.e., an ambient temperature of 293 K. The
cooling performance of the system remains relatively good in this tem-
perature range, achieving a cooling power of 13.46 kW and a COP of
0.57 at a heating temperature of 550 K and a cooling temperature of 280
K.

Fig. 7 (e) and (f) show the cooling performance of the system at
relatively high ambient temperatures, i.e., at an ambient temperature of
303 K. The performance of the system is significantly affected at this
ambient temperature. Particularly when the heating temperature is 450
K, the refrigerator is no longer able to achieve cooling temperatures of
250 K and 260 K. When the cooling temperature is increased to 280 K, a
cooling power of 14.71 kW and a COP of 0.54 can be achieved at a
heating temperature of 600 K.

Notably, at different ambient temperatures, there exists a maximum
value of COP when the heating temperature rises, although the cooling
power rises as the increasing heating temperature, which means that the
cooling efficiency is limited by temperature. A simple explanation is that
in a looped direct-coupled structure, there is a correspondence between
the conversion of energy and the temperature (especially the tempera-
ture ratio) of the core unit. Therefore, at a given ambient temperature
and cooling temperature, there is also a corresponding heating tem-
perature that maximizes cooling efficiency. As the temperature con-
tinues to increase, although the cooling power is increased, the excess
energy cannot be efficiently converted due to the limitation of the
temperature ratio of the cooler unit.

4.2.4. Effect of adding different gases to the working medium
The working gas is the essential for energy conversion in
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thermoacoustic devices. The molecular weight of helium is only 4. Its
sound speed is high, and the system operating frequency is relatively
high. Adding a certain percentage of other working gases to helium in-
creases the molecular weight and reduces the speed of sound, thus
reducing the system frequency.

This subsection focuses on the addition of different proportions of
other gases to the original working gas of helium and investigates the
effect of the added gases on the system performance. Three different
working fluids, argon, carbon dioxide, and xenon, are selected in this
study, and their physical performance parameters at specific operating
conditions are presented in Table 3.

Fig. 8 (a) and (b) show that the cooling power of the system tends to
decrease as the proportion of the working gases increases due to the
difference in the heat transfer properties of the mixed gases. The cooling
power decreases the fastest when xenon is added among the three, fol-
lowed by carbon dioxide, and the slowest when argon is added. The COP
tends to increase and then decrease when the percentage of xenon added
increases, while for carbon dioxide and argon it tends to decrease. When
20% of argon is added to helium, the cooling power was reduced from
6433 W to 4016 W and the COP was reduced from 0.439 to 0.412,
respectively.

Fig. 8 (c) shows the effect of adding different proportions of other
working gases to helium on the operating frequency of the system. The
system frequency decreases significantly when the proportion increases.
The largest reduction is observed with the addition of xenon, followed
by carbon dioxide, and the smallest with the addition of argon. When
20% of xenon is added, the system frequency was reduced from 74.9 Hz
to 27.6 Hz, a reduction of about 63.2%.

The simulation results show that the addition of a certain percentage
of other working gases to helium can effectively reduce the system fre-
quency. In particular, the proper addition of xenon can significantly
reduce the system frequency without noticeable reduction in COP.

4.2.5. Effect of the cavity position with varied cavity volumes

The analysis of the axial distribution of the key parameters in pre-
vious section indicates that the cavity structure plays an important
phase-matching role. This section focuses on the influence of two
important parameters of the cavity structure - dimension and position in
the system - on the system cooling performance.

The first is about the position of the cavity in the system. The cavity
position can be defined as l; / (I; + lp), where [; and I, are the lengths of
RT; and RTy, respectively. Controlling the value of (I; + lp) constant, by
changing I; and Iy, the position of the cavity in the system can be
adjusted and the effect on the cooling performance of the system can be
explored. The second is about the dimensions, which mainly refers to the
volume of the cavity. Since changing the length of the cavity affects the
overall length of the system, which in turn has effect on the working
frequency. This study selects to control the volume change of the cavity
by altering the diameter of the cavity in order to control the system
frequency change as little as possible. Fig. 9 shows the schematic of the
two parameter changes mentioned above.

Fig. 10 shows the effect of cavity position and cavity volume on the
cooling power and COP for a given condition when Py, is 10 MPa, T, is
323 K, T, is 573 K and T is 280 K. The results for the key values are the

Table 3
Physical performance parameters of the corresponding working fluids under
specific operating conditions when P, is 10 MPa, T, is 323 K, T, is 573 K and T,
is 280 K.

Working ¢ Ukg! k(x102Wm  p(x10°° Prandtl
fluids K'Y K™Y Pa-s) number
He 5194.1 170.24 21.268 0.649
Ar 623.3 22.876 26.676 0.727
COy 5888.4 52.824 28.508 3.178
Xe 998.8 21.716 54.45 2.504
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Fig. 8. Effect of adding gas proportion on (a) cooling power (b) coefficient of performance (c) working frequency, in the looped single-stage system with one cavity.

P, is 10 MPa, T, is 323 K, Ty, is 573 K and T, is 280 K.
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Fig. 9. Schematic of the proposed thermoacoustic refrigerator with cavity po-
sition and volume changes. I; and I, respectively represent the lengths of RT;
and RT,. The blue arrows mean the diameter of the cavity is adjustable. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

results of the sage calculations, and the intermediate values are the re-
sults of the interpolated grid, where grid density is 15 x 15. It can be
noted that both can significantly affect the system performance, espe-
cially when the cavity position is varied, the magnitude of cooling
performance change is large. This is not something to be delighted
about, as it means that a high precision is required for cavity installation
in engineering applications. Additionally, the cooling power achieved a
maximum value of 6.37 kW at 16.5% in the cavity position and a cavity
volume of 6.1 x 106 mm®. The COP achieved a maximum value of 0.47
at 17.9% in the cavity position and a cavity volume of 6.6 x 10° mm?®.
The fact that these two important parameters reach their maximum

—_
=
=

Cavity Volume (x10° mm?®)

16.0

165 17.0
Cavity position (%)

17.5

values at different points provides important insights into the trade-off
decisions between cooling power and cooling efficiency by changing
the position and volume of the cavity.

4.3. Further investigations on the multi-cavity configurations

The above research focuses on the single-stage thermoacoustic
refrigerator with only one cavity. Considering the importance of cavity
structure for single-stage thermoacoustic refrigerators, this section ex-
amines the changes in system performance when the number of cavities
is increased to 2 and 3. Fig. 11 (a-c) show schematics of the looped
single-stage heat-driven thermoacoustic refrigerators with one, two, and
three cavities, respectively, for intuitive comparison. They are optimized
with the same thermoacoustic core unit parameters, cavity size, and
resonant-tube diameter as the single-cavity structure. The overall di-
mensions of the three structures were also controlled to be similar
during optimization to ensure no major differences in system fre-
quencies. The differences lie in the number of cavities, the number of
resonant-tube segments, and the length of each resonant-tube. Table 4
presents the optimized dimensions of the resonator parts in the system of
the structures with 1, 2, and 3 cavities respectively.

Similar numerical simulations are performed for the multi-cavity
structures under specific operating conditions when Py, is 10 MPa, T,
is 323 K, T, is 573 K and T, is 280 K, and the calculated results are
presented in Table 5. The results show that the pressure ratio at the inlet
of the engine stage decreases when the number of cavities increases,
under similar operating conditions and working frequency. The heating
power and cooling power show a decreasing trend, while the COP and
relative Carnot efficiency of the system are not significantly affected by
the number of cavities. The above simulation results suggest that the
resonator with a single cavity is better matched to the thermoacoustic
core unit for these specific parameters. In addition, the optimization of
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Fig. 10. Effect of cavity position (I3 / (I; + L)) and cavity volume on (a) cooling power (b) coefficient of performance, in the looped single-stage system with one

cavity. P, is 10 MPa, T, is 323 K, T}, is 573 K and T, is 280 K.
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Fig. 11. Schematics of looped single-stage heat-driven thermoacoustic refrigerators with (a) one cavity, (b) two cavities, and (c) three cavities.

Table 4

Dimensions of the resonator parts in system of the structure with 1, 2 and 3
cavities respectively. These three structures have the same cavity dimensions,
differing only in the number of cavities.

Number of cavities Parts Diameter (mm) Length (mm)
1 Cavity 126 500
RT; 55 1800
RT, 55 9100
2 Cavity 126 500
RT; 55 2700
RT, 55 3100
RT3 55 3400
3 Cavity 126 500
RT; 55 2400
RT, 55 2150
RT3 55 1550
RT4 55 2400

Table 5

A comparison of the simulation results in systems with 1, 2 and 3 cavities
respectively for the case when P, is 10 MPa, T, is 323 K, T}, is 573 Kand T, is 280
K.

Number of cavities 1 2 3

f (Hz) 74.87 74.67 74.5
pr 1.091 1.084 1.08
Qn (kW) 14.65 13.4 11.32
Q. (kW) 6.433 5.71 4.856
coP 0.439 0.426 0.429
n 15.45% 15% 15.1%

the whole system for this single-cavity structure has reached a relatively
good value. There may be potential for further exploration of the pa-
rameters of the thermoacoustic core unit that are better matched to each
of the multi-cavity structures.

Fig. 12 shows the axial distributions of the phase difference between
the pressure wave and volume flow rate in multi-cavity systems. The x-
axis begins equally at the inlet of the engine unit and ends at the outlet of
the last resonant-tube. Overall, the phase difference increases in the
thermoacoustic core unit, decreases in the resonator sections, and in-
creases in the cavity sections, except for the RT, in the single-cavity
structure. The results show that the traveling-wave acoustic fields
dominate the thermoacoustic core unit of the double-cavity structure
(phase difference from —39.1° to 34.1°) as well as the triple-cavity
structure (phase difference from —41.8° to 37.1°), which means that
three proposed systems satisfy the conditions for efficient energy

10
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Fig. 12. Predicted axial distributions of the phase difference between the
pressure wave and volume flow rate in (a) single-cavity system (b) double-
cavity system (c) triple-cavity system. The red sections represent the ther-
moacoustic core unit and the blue sections represent the cavity. P, is 10 MPa,
T, is 323 K, Ty, is 573 K and T, is 280 K. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

conversion in thermoacoustic systems, since the establishment of the
traveling-wave acoustic fields, i.e., the in-phase relationship between P;
and Us, across the regenerators .

Onset characteristics are equally studied for the multi-cavity struc-
tures. Fig. 13 (a) and (b) shows the variation of onset temperature dif-
ference and onset frequency with the cavity number. The results show
that the number of cavities does not have a simple positive correlation
effect on the onset temperature difference. For different gases, the
single-cavity structure has the lowest onset temperature, the double-
cavity structure has the highest onset temperature, and the three-
cavity structure lies in between. In contrast, the onset frequencies of
helium, nitrogen, hydrogen, and argon are respectively around 73 Hz,
26 Hz, 95 Hz and 23 Hz, which are not significantly affected with the
cavity numbers.

5. Comparison with the proposed heat-driven cooling
technologies

To explore the potential of the proposed heat-driven thermoacoustic
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Fig. 13. Effect of the cavity number on the (a) onset temperature difference and (b) onset frequency for different working gases.

refrigerator for domestic cooling applications, this section investigates
other typical heat-driven refrigeration technologies currently under
development, namely absorption, adsorption, ejector-based, and
desiccant-based refrigerators, and provides a brief comparison with the
proposed system. Table 6 and Fig. 14 illustrate the comparison with
existing heat-driven cooling technologies for domestic applications.
Each heat-driven cooling technology has its own optimal working con-
ditions, and these conditions can vary significantly, resulting in different
cooling levels for diverse practical application scenarios. Due to its
unique alternating flow characteristics, the heat-driven thermoacoustic
refrigeration system can realize different levels of cooling power
depending on the pressure, thus adapting to various application sce-
narios. Meanwhile, the thermoacoustic refrigerator uses helium as the
working gas which can still work well when the refrigeration tempera-
ture cannot go below 0 °C, providing a good complement to the current
heat-driven refrigeration technology.

It is important to emphasize, however, that since the different sys-
tems are not individually suited to the same operating conditions,
including temperature, pressure, and working medium, this chapter
does not attempt to identify the most superior heat-driven refrigeration
system, but rather to provide a reference for the variability between the
different technologies. Heat-driven thermoacoustic refrigeration tech-
nology shows a comparable cooling performance with existing heat-
driven cooling technologies and has good prospects for application in
the field of domestic refrigeration.

6. Conclusions

The present work conducted detailed numerical investigations on a
looped single-stage heat-driven thermoacoustic refrigerator for domes-
tic cooling applications. The proposed system is distinguished from
previous studies by its inclusion of only one thermoacoustic core, the
direct coupling of the cooler unit to the engine unit, and the introduction
of cavity features. We first examined the onset characteristics based on
the transfer matrix method in frequency domain, and then investigated

Table 6
Comparison with existing heat-driven cooling technologies for domestic appli-
cations. T, is fixed at 30 °C for the proposed thermoacoustic refrigerator.

Type Tyw/°C T./°C Q/kW cop Medium

This work 300 0-25 128162 043063 He

Ab[j’lrp:o"]“ 79115 7-26 2.68-40 0.53-0.7 Eﬁjﬁm"ma;
Ad[ssol'f’:(;’]n 79200 9263  3.98428  0.37-0.65 iﬁ:&f% 2;22 o
Eje[;tlor o5 70200 512 25105  0.39-0.55 Rl34aetal
De[s(iziz;':)t] 65-100 10-20  3-25.6 0.25-0.52  solid or liquid
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the steady-state performance by using SAGE program in time domain.
Further comparisons were made with the multi-cavity structures and
other existing heat-driven refrigeration systems. The key findings are
summarized as follows:

(1) The increasing mean pressure and the nitrogen gas selection play
a critical but favorable role in reducing the onset temperature
difference. A 62 K onset temperature difference is observed in the
present system with the usage of 10 MPa nitrogen, which is more
favorable for the utilization of lower grade thermal energy.
The proposed refrigerator design can achieve a COP of 0.24-0.61
at the cooling temperatures of —23-7 °C. Depending on the
cooling objective, such as air conditioning, refrigeration, and
refrigerator freezing, the cooling temperature can be set differ-
ently. The parameters such as operating pressure, heating tem-
perature, ambient temperature can be adjusted to make the
proposed system achieve the optimum operating conditions.
Future efforts to reduce the exergy loss of resonators can further
improve the practical applications potential in the domestic
cooling sectors.
(3) The system frequency can be significantly reduced by replacing
or adding higher molecular mass gases, which might provide
ideas in engineering issues such as reducing working mass costs,
vibration damping, or downsizing the system. Meanwhile, mixing
the appropriate proportion of high-efficiency work gases, such as
xenon, can improve the cooling performance of the system.

The single-cavity structure outperforms the multi-cavity struc-

tures in terms of cooling performances and onset characteristics

as revealed in this work. Further research is needed for the cavity
structure to explore its effect on the looped thermoacoustic
system.

(5) Our proposed heat-driven thermoacoustic refrigerator has a
comparable cooling performance with the existing typical heat-
driven cooling technologies in the room temperature range. The
present results reveal that the heat-driven thermoacoustic
refrigeration technology has good prospects for practical appli-
cations in the field of domestic refrigeration.

2

(C))

Although this work suggests the promising prospect of the heat-
driven thermoacoustic refrigeration systems for medium/low-grade
heat utilization, it is crucial to acknowledge their current early stages
of laboratory research. Consideration of engineering issues and further
research will be necessary for these systems to be deemed practical for
real-world civilian applications.
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Appendix A. The capacity of the engine stage to amplify acoustic power can be defined as

(A1)

where AW, is the acoustic power difference between the export and import of the thermoacoustic engine, We;, is the import acoustic power of the
engine.
The capacity of the engine stage to convert acoustic power to heat can be defined as

AW,
, = 2% (A2)
=0,

where Qj, is the heat input at the HHXe.
The capacity of the refrigerator stage to utilize acoustic power can be defined as
AW,

= A3
“ Wein (A3)

where AW, is the acoustic power difference between the export and import of the thermoacoustic cooler, W, is the import acoustic power of the
cooler.
The coefficient of performance of the refrigerator stage is

_ QL‘
n.= AW, (A4)
where Q. is the heat absorption at the CHXc.
The coefficient of performance of the system can be expressed as
0.
cor == (A5)
On

Eq. (A6) gives the relative Carnot efficiency of the system,

12
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where T,, T, and T, are ambient temperature, heating temperature and cooling temperature respectively.
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