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Heat-driven thermoacoustic refrigeration has drawn extensive
concern in the past decades due to its advantages of high reliability
and external heat-driven mechanism. In such a system, heat can be
firstly converted into acoustic power and then the acoustical
power drives a refrigerator to generate cooling effect without any
moving mechanical components. So far, most of researches on
heat-driven thermoacoustic refrigeration have focused on cryo-
genic application, such as natural gas liquefaction [1,2]. In addition,
heat-driven thermoacoustic refrigeration also plays important
roles in recovering waste heat and provides an environment-
friendly alternative to the current absorption chiller especially in
the small-scale power range [3-7]. However, two main obstacles
to use the thermoacoustic technology in practice are its relatively
low cooling capacity and low cooling efficiency. Either the two-
loop configuration proposed by Luo et al. [5] or the configuration
of a one-unit refrigerator driven by a three-unit engine brought
forward by Kees [6], they both suffer from phase-shifting tube
and mismatch between the thermoacoustic engine (TAE) and ther-
moacoustic refrigerator (TAR). Later, Jin et al. [7] analyzed the
acoustic field of the multiple units in a traveling-wave loop and
verified that adjusting an area ratio of the regenerator and reso-
nant tube could greatly increase its dimensionless acoustic impe-
dance inside the regenerators and decrease the viscous loss in
both regenerator and resonant tube. Another critical issue is acous-
tic power mismatch between the TAE and TAR in de Blok’s config-
uration. In an ideal regenerator sandwiched by two heat
exchangers, the acoustic power flow ratio (defined as the acoustic
power flow in the hot end (or cold end) divided by the acoustic
power flow in the ambient end) equals to the temperature ratio
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(defined as heating temperature (cooling temperature) divided
by ambient temperature) when the acoustic wave propagates
through it. With the cooling temperature of 10 °C and the ambient
temperature of 50 °C, the acoustic power flow ratio along a TAR is
12.4% (consumption), and ideally requiring acoustic power flow
ratio along three TAEs should be 1.14 times (amplification) to
achieve equivalence of the recycling acoustic power flow and start-
ing acoustic power flow in the loop. However, according to the
temperature ratio with the heating temperature of 300 °C and
the ambient temperature of 50 °C, the acoustic power flow ratio
is about 5.58 times in three TAEs. Even considering the acoustic
power flow losses in the resonant tubes, the acoustic power gener-
ated in three TAEs is much greater than the acoustic power
required for the TAR. Thus, the configuration proposed by Kees
[6] is much more suitable for lower temperature refrigeration.

According to the phase relationship study on regenerator sand-
wiched by cold heat exchanger and ambient heat exchanger, the p-
U phase difference (defined as the phase angle of dynamic pressure
p leading volume flow rate U) in the ambient end is negative for
cryogenic temperature cooling whereas it is positive for room tem-
perature cooling [8]. Generally, the p-U phase difference in the out-
let of the TAE is positive. Thus, it indicates that the phase-shifting
resonant tube between the TAE and TAR is not needed for the heat-
driven thermoacoustic refrigerator (HD-TAR) operating in room
temperature cooling range. In view of the above viewpoint along
with better acoustic power match between the TAE and TAR, a
new direct-coupling mode suitable for room temperature refriger-
ation is firstly proposed in this letter, aiming to obtain a high cool-
ing efficiency and a large cooling capacity. As shown in Fig. 1, a TAE
unit and a TAR unit are connected in sequence with no phase shift-
ing components to form a conversion unit, and three identical con-
version units are evenly incorporated by resonant tubes in a loop.
This coupling features in compactness and simplicity.
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Fig. 1. The three-unit direct-coupling HD-TAR.

With these considerations and the optimization with the aid of
commercial software SAGE [9], a three-unit direct-coupling HD-
TAR operating in room temperature cooling range was designed,
built and tested. The main component dimensions are listed in
Table 1. The regenerator 1 and 2 are packed with 120-mesh stain-
less steel screens. The flow straightener is packed with 20-mesh
copper screens. The working gas is helium with a mean pressure
of 10 MPa. On account of cyclic symmetry, only one unit needs to
be simulated. Fig. 2 illustrates the axial distribution of the p-U

Table 1
Main dimensions of the direct-coupling HD-TAR (unit: mm).
Component Inner diameter Length
TAE Ambient heat exchanger 1 102 35
Regenerator 1 107 45
Hot heat exchanger 102 50
Thermal buffer tube 1 110 100
TAR Ambient heat exchanger 2 102 35
Regenerator 2 107 35
Cold heat exchanger 102 35
Thermal buffer tube 2 110 50
Flow straightener 110 5
Resonant tube 28 3,000
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Fig. 2. The axial distributions of the p-U phase difference and the acoustic power
flow in one unit.

phase difference and acoustic power flow in one unit. According
to Fig. 2, the p-U phase difference varies from —32° to —18° inside
the regenerator 1 (Reg 1) of the TAE and it varies from 7° to 17°
inside the regenerator 2 (Reg 2) of the TAR. There is no doubt that
traveling wave dominates the regenerators of the TAE and TAR. The
acoustic power is amplified from 2.55 to 3.90 kW in the regenera-
tor 1 of the TAE, corresponding to a thermoacoustic conversion
efficiency of 27% with the input heating power of 5.07 kW. The
acoustic power is then consumed by the regenerator 2 to pump
2.18 KW heat from 10 to 50 °C. Finally, the rest acoustic power of
2.58 kW enters the next unit to be amplified, consumed and
recycled. Finally, a cooling capacity of 2.18 kW and a coefficient
of performance (COP, defined as cooling capacity divided by heat-
ing power) of 0.43 are obtained at the cooling temperature of 10 °C
in one unit.

To validate the calculation, an experimental setup was built,
which consists of a three-unit direct-coupling HD-TAR subsystem,
a thermal oil heater subsystem, three propylene glycol heater
subsystems and a water-circulating subsystem. The hot heat
exchangers are heated by the electrical heating thermal oil and
the total heating power is measured by a power meter. Similarly,
the cold heat exchangers are heated by the electrical heating
propylene glycol and the ambient heat exchangers are cooled by
50 °C circulating water. The operating pressure of helium gas is
confined to 10 MPa in the experiments, to be consistent with the
above calculations. Additionally, an elastic membrane is used to
suppress the global DC flow [10] in the loop. When the heating
temperature exceeds 80 °C, the direct-coupling HD-TAR begins to
self-oscillate with a resonant frequency of about 56 Hz. Fig. 3 gives
the experimental results of the overall cooling capacity and COP at
the cooling temperature of 10 °C. When the thermal oil tempera-
ture is 300 °C, a total cooling capacity of 3.4 kW and a COP of
0.19 are obtained with a refrigeration temperature drop of 40 °C.
As respect to the thermal oil temperature of 340 °C, a maximum
total cooling capacity of 4.5 kW is achieved with a COP of 0.19.
Compared with the previously reported HD-TARs (namely, COP is
below 0.1 and cooling capacity is below 0.5 kW under the same
temperature drop operating condition), the experimental results
exhibit advantages in both COP and cooling capacity. However, a
large deviation of approximately 50% could be readily observed
between the calculated results and experimental results. For the
discrepancy, one reason might consist in the unaccounted heat loss
between the heat transfer fluid and solid wall in the heat exchang-
ers. Another reason might lie in the numerical model which under-
estimates the loss induced by the complicated flow and heat
transfer in the thermal buffer tubes and the loss by the local
streaming in the regenerators due to the large aspect ratio. In the
near future, multidimensional simulations by computational fluid
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Fig. 3. Experimental and calculated results, total cooling capacity and coefficient of
performance at 10 °C.
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dynamics will be carried out to identify the quantity of the losses
and improvements will be made accordingly.

In summary, a three-unit direct-coupling HD-TAR operating in
room temperature cooling range is reported for the first time in
the letter. The cooling capacity of 3.4 and 4.5 kW are obtained
when the hot heat exchanger temperature is 300 and 340 °C
respectively, corresponding to a COP of 0.19 for both cases,
showing a good prospect for air-conditioning and refrigeration
for recovering waste heat of trucks, cars and fishing vehicles in
future.
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