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ABSTRACT
Thermoacoustic refrigerators produce a cooling power from

an acoustic energy. Over the last decades, these devices have
been extensively studied since they are environment-friendly, ro-
bust and miniaturizable. Despite all these advantages, their com-
mercialization is limited by their low efficiency. One reason for
this limitation comes from the complex thermo-fluid process be-
tween the stack and the two heat exchangers which is still not
sufficiently understood to allow for optimization. In particular,
at high acoustic pressure level, vortex shedding can occur be-
hind the stack as highlight by [Berson & al., Heat Mass Trans,
44, 10151023 (2008)]. The created vortex can affect heat trans-
fer between the stack and the heat exchangers and thus, they can
reduce the system performance.
In this work, aerodynamic and thermal measurements are both
conducted in a standing wave thermoacoustic refrigerator allow-
ing investigation of vortex influence on the system performance.
The proposed device consists on a resonator operated at fre-
quency of 200 Hz, with hot and cold heat exchangers placed at
the stack extremities. The working fluid is air at ambient temper-
ature and atmospheric pressure. The aerodynamic field behind
the stack is described using high-speed Particle Image Velocime-
try. This technique allows the acoustic velocity field measure-
ment at a frequency up to 3000 Hz. Thermal measurements con-
sist on the acquisition of both the temperature evolution along
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the stack and the heat fluxes extracted at the cold heat exchanger.
These measurements are performed by specific micro-sensors de-
veloped by MEMS technology. The combination of these two
measurements should be helpful for the further understanding
of the heat transfer between the stack and the heat exchangers. .

INTRODUCTION
The thermoacoustic effect is based on the reciprocal

conversion of thermal energy into acoustic energy. Classical
thermoacoustic refrigerators make use of this effect which
occurs inside a stack placed in a resonance tube. In such devices,
the thermoacoustic process induces heat transport from one
side to the other side of the stack and leads to a temperature
gradient forming along the stack. The external heat transfer is
then assumed by the mean of two heat exchangers placed at the
stack extremities and which played a major role in the process.
Owing to their operating principle, the thermoacoustic systems
offers many advantages in comparison with conventional cooling
system. Among these advantages, they don’t use environment
harmful substances. Moreover, they are robust and miniaturiz-
able leading to possible low cost production. From an industrial
point of view, their potential application targets extend from air
conditioning and heat removal from electronic components to
waste heat re-use.
However, they can not yet compete with conventional cooling
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systems because of their limited efficiency arising from various
losses. One important limitation in the thermoacoustic process
comes from the heat exchangers. Their use for steady-flow but
their methodology for heat exchangers cannot be applied in the
case of an oscillating flow. Moreover, the heat transport between
the stack and the heat exchangers is not sufficiently understood
to enable their optimization.
Several studies have shown the existence of non-linear effects
occurring close to the stack extremities [1–3]. In particular, at
high acoustic pressure level, vortex shedding can occur behind
the stack. In this context, numerical simulations [4–7] have
shown that the created vortex can affect heat transfer between
the stack and the heat exchangers and thus, decreases the system
performance. In the same way, Particle Image Velocimetry (PIV)
measurement techniques have been developed to characterize
the turbulent flows at the end of a parallel plate stack [8, 9].
The vorticity fields behind a stack have been investigated by
by Berson et al. [9], Aben et al. [10] and Shi et al. [11, 12]
for different stack geometrical parameters. They categorize
the vortex pattern from a single vortex pair to a vortex street
depending on dimensionless parameters which are function of
both stack geometry and acoustic pressure. Besides, an approx-
imative criterion for the oscillation onset has been proposed
by Berson [9]. However, in these previous studies, velocity
fields are obtained by averaging instantaneous velocity fields.
Such a description can be to simplistic [13], especially if the
cycle-to-cycle variations of the flow field is important. These
variations could have an influence on the estimation of the actual
heat transfer intensity. Furthermore, the stack is not coupled
with heat exchangers as it will be in a real system.
Thus, the optimisation of the heat transport in thermoacoustic
systems requires to study the coupling between the stack and
the two heat exchangers. For this purpose, in this work we
conduct both the aerodynamic and thermal measurements in
a standing wave thermoacoustic refrigerator containning a
stack-heat exchangers couple. Thermal measurements consist on
the acquisition of both the temperature evolution along the stack
and the heat fluxes extracted at the cold and hot points of the heat
exchangers. A time-resolved PIV system is used to describe the
velocity field behind the stack. The advantages of these system
compare to the classical PIV is the high temporal resolution
which gives access to the flow time evolution. Several acoustic
field can be measured during an acoustic period whereas in
classical PIV, respond time is smaller than the acoustic period.
Hence, this technique is better appropriate to characterize the
flow behind the stack. The experimental configuration including
the thermoacoustic refrigerator and the time-resolved PIV
system is presented in the first paragraph. The results obtained
with this configuration are presented and discussed in the second
paragraph.
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FIGURE 1. Schematic of PIV set-up.

EXPERIMENTAL SET-UP
Thermoacoustic refrigerator

The considered thermoacoustic refrigerator consists of a
stack and two heat exchangers mounted inside a standing-wave
resonator.
The resonator is a 86 cm length plexiglas tube with a square
internal cross section of 80× 80 cm2. The inside working gas
is air at atmospheric pressure and at room temperature. The
driver is a loudspeaker (Audax HM 130 Z0) which generates a
half-wavelength acoustic wave at the fundamental frequency of
200 Hz. The resonator is equipped with a 1/4¨ Brüel & Kjaer
microphone flush mounted at 2 cm from the loudspeaker in
order to measure the acoustic pressure. Experiments are carried
out at acoustic pressure up toPac = 2000 Pa (i.e. for drive ratios
up to 2%). The heat exchangers and the stack are put on a 3 cm
height step to reduce their cross section area at 5× 8 cm2.
The stack is placed in the resonator at 76.5 cm from the loud-
speaker. The stack consists of parallel glass plates. Its length is
1 cm and the spacing between two plates is 1 mm (which is five
times greater than the size of thermal penetration depth in air at
200 Hz). The temperature difference∆T between the hot and the
cold stack ends is measured using two K-type thermocouples.
Thermal measurements are conducted with heat exchangers
placed at a distance of 1 mm from the stack. The heat exchangers
are made of parallel copper plates. These copper plates are
the same thickness and spacing than the glass plates used
for the stack. The plates are placed just in front of the stack
plates. The ambient heat exchanger copper plates are connected
at one side with a copper block in which water flows. The
temperature of this block is maintained at room temperature by
the circulating water. The water circulate with a flow rate ofQw

20 ml.min−1. The temperature upstreamTwin and downstream
Twout of the heat exchanger are measured by thermocouples.
The heat delivered to the ambient heat exchanger is obtained
from Qh = ρCp(Twout−Twin)Qw, with ρ the density andCp the
isobaric heat capacity per unit mass of the water.
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The cold heat exchanger plates are connected to a copper plate
in which a heat flux sensor is inserted. This thermal heat
flux sensors have been specifically developed using MEMS
technology [14]. It measures the convective heat flux exchanged
between the surface on which it mounted and the environment.
The output voltage of this sensor is directly proportional to the
heat flux extractedQc to the cold heat exchanger. Its sensitivity
is about 5 mV.W−1.

Time-resolved PIV
Figure 1 shows the schematic of the experimental set-up.

The two-dimensional instantaneous velocity field measurement
are performed with a time-resolved Particle Image Velocimetry
(TR-PIV) system using a high-frequency pulse laser and a high-
speed camera. The TR-PIV system used is capable of acquiring
3000 PIV image frame pairs at up 3125 Hz which represents 15
velocity fields measured per acoustic period (for a frequency of
200 Hz).
The pulsed light sheet is generated by a Quantronix Darwin dual
head Nd:YLF laser. The laser sheet penetrated into the resonator
perpendicularly to the resonator axis and illuminated the flow
in front of the stack. The nominal output pulse energy is 18
mJ/pulse/head at 3125 Hz. Air is seeded with olive oil droplets
of sizes typically 1µm. The camera used to record the light scat-
tered by the seeded particles is a CMOS Phantom V12 camera
which have 20µm square pixels in a 1280× 800 pixel sensor.
The field of view situated behind the stack in a plane parallel
to the direction of acoustic oscillations and perpendicular to the
stack plates has a size of 9× 6 mm. The recording of micro-
phone signal is synchronised on the images recording. Simul-
taneous recording of the pressure level and of the velocity field
permit to determine the phaseφ between the particle velocity and
the acoustic pressure and hence, to class the image versus their
phase on a acoustic period. Cross correlation mode is used and
the interrogation window is 16 x 16 pixels with a 50 % overlap
ratio between adjacent windows.

RESULTS
In this section, the experimental results of the velocity field

behind the stack without heat exchanger and the thermal be-
haviour of the stack coupled with the two exchangers are pre-
sented.
Figure 3 depicts the time evolution of the vorticity field during an
acoustic period with a pressure of 2000 Pa. In this figure, fifteen
instantaneous vorticity fields are represented. For each vorticity
field, the phasesφ between the acoustic pressure and the velocity
field are indicated in the labels. The measured vortex localization
and shape are not as clear as in the case of an averaged vorticity
field where small-scale structure would be filtered out.

Pac uac 2dac Re St vorticity pattern

Pa m.s−1 mm

500 0.6 1.06 90 0.30 two vortices

1000 1.20 1.90 179 0.15 four vortices

1500 1.98 3.20 269 0.10 transition area

2000 2.65 4.28 359 0.07 vortex street

TABLE 1. Oscillatory flow characteristic.

The time evolution of the vorticity field can be divided into two
parts. The first one, defined for a phase range increasing from
90◦ to 270◦, is called the ”ejection part”: the fluid leaks out the
stack. The second one, defined for a phase range decreasing from
270◦ to -90◦, corresponds to the ”suction part”: the fluid gets into
the stack.
At the beginning of the ejection part, the flow starts to accelerate.
For φ=150◦, the shear layers along the plates extend beyond the
stack end. As a consequence, a couple of attached vortex struc-
ture is formed. The two vortices are symmetrical relatively to the
plate centerline. After reaching its maximum value atφ=180◦,
the vortex shear layers outside the stack start to oscillate leading
to asymmetric pairs of counter-rotating vortices formation. In the
deceleration range phase going from 180◦ to 270◦, the alternate
vortex shedding becomes weaker. After the flow reversal point
corresponding toφ= 270◦, the flow slows down and gets into the
stack whereas vortex structures are still present.
During an acoustic period, similar velocity field time evolutions
are observed in an acoustic pressure range going from 500 Pa
to 2000 Pa. However, the vortex shedding flow pattern depends
on the acoustic pressure. This is clearly shown in figure 4 which
represents the vorticity field forφ= 180◦ when the particle veloc-
ity is zero. For 500 Pa and 1000 Pa, two pairs of vortex structures
are created. For 1500 Pa, a vortex street starts to emerge and fi-
nally, for 2000 Pa, a vortex street is formed behind the stack. To
categorize the flow pattern, Aben [10] uses the ratio between the
Strouhal numberSt and the Reynolds numberRegiven by:

Re=
2y0uac

ν
and St=

2y0 f
uac

, (1)

whereuac is the amplitude of the acoustic velocity inside the res-
onator, 2y0 the plate thickness andν the kinematic viscosity of
air. The different categories of vortex formation versus the ratio
St/Reare indicated on the Figure 9 of [10].
These two dimensionless numbers are given for the four acoustic
pressure considered in the table 1. There is a good agreement be-
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FIGURE 2. Temporal evolution of the temperature differenceDeltaT
(a), heat fluxQh (b) andQc(c) extracted and delivered to the heat ex-
changers for a acoustic pressure from 500 Pa to 2000 Pa .

tween the flow pattern observed (which is indicated in the table 1)
and the flow pattern classification determined by considering the
value of the ratioSt/Re.
Moreover, like noticed by Berson [15], the shear layers elonga-
tion extend about two times the acoustic displacementdac (rep-
resented by a dashed line on Figure 4). Berson [15] has also
defined an empirical criterion for vortex street generation given
by

2dac > 2y0/0.44, (2)

wheredac is the acoustic displacement.
Here, 2y0/0.44 is 2.3 mm and the distance 2dac versus the acous-
tic pressure is given in the table 1. This empirical criterion is
valid for an acoustic pressure above 1000 Pa which is in fair
agreement with our observations.
The flow structure around the stack has been well defined here
and shows vortex street generation. However, the heat transfer
process influence between the stack and the heat exchangers re-
mains undefined.
In the following, experiments are conducted with heat exchang-
ers at the stack extremities. The heat exchangers are placed 1 mm
away from the stack end. The velocity fields in this configuration
are expected to be more complex than with a single stack, as it
was previously observed in PIV measurements.
Figure 2 shows the evolution of the temperature difference∆T,
the heat fluxQc extracted from the cold heat exchanger and the
heat flux Qh delivered to the ambient heat exchangers for an
acoustic pressure range going from 500 Pa to 2000 Pa.

For an acoustic pressure of 2000 Pa, the temperature differ-
ence at the stack extremities reaches 4.2◦C, which is four times

FIGURE 4. Vorticity fields for the flow at the end of the stack at 500,
1000, 1500 and 2000 Pa. The dash lines represents the distance 2dac

from the end of the stack.

smaller than the theoretical one calculated using the linear steady
state theory [16]. This four factor discrepancy arises from all
complex thermal mechanisms which are neglected in the linear
theory [17]. The heat fluxQc is -0.250 W and the heat fluxQh

is closed to 1.1 W.
As described in the linear theory, when the acoustic pressure in-
creases, both temperature difference∆T, heat flux extracted (in
absolute value) and delivered to the heat exchangers rise. The
heat fluxQh rejected to the environment is four times higher than
the heat flux extracted at the cold side.
The time evolution of the heat fluxQc given by the heat flux sen-
sor shows that for a low acoustic pressure (under 500 Pa), the
heat fluxQc extracted from the cold exchanger decreases until it
reaches a steady state value at 100 s after switching on the source.
For higher acoustic pressure level (above 1000 Pa), the heat flux
extracted at the cold exchanger quickly increases toward a maxi-
mum value at 150 s after switching on the source. From that mo-
ment on, its stabilizes and decays to a lower value. Thus, for a
high acoustic pressure, the heat flux extracted from the cold heat
exchanger tends toward a maximum value (in absolute value).
The origin of this limitation may be the generation of vortex be-
hind the stack which occurs for an acoustic pressure higher than
1000 Pa. This confirms our hypothesis that the formation of vor-
tices can lead to a degradation of heat transfer between the stack
and heat exchangers.

CONCLUSION
In this paper, the coupling between a stack and adjacent

heat-exchangers in a thermoacoustic refrigerator is investigated.
This study follows up the particle image velocimetry measure-
ments of Berson et al. [1,9,15] in that, firstly, time-resolved parti-
cle image velocimetry is used to access to the flow time evolution
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FIGURE 3. Vorticity fields for the flow at the end of the stack at 2000 Pa. The phaseφ at which the frames are generated are indicated in the labels.
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behind a single stack and secondly, these PIV measurements are
completed with thermal measurements performed with the stack
coupled with two heat exchangers.
PIV measurements of the flow behind a stack show that vortex
shedding occurs at high drive ratios. Besides the time evolution
of the heat flux extracted from the cold heat exchanger shows
that the heat flux reaches a maximum (in absolute value) 150 s
after switching on the source and stabilizes after at a lower level.
The heat flux has a limitation which the origin may be the forma-
tion of vortices behind the stack. Experimental investigation of
the velocity field with the stack coupled with some exchangers is
currently in progress to valid this hypothesis. The combination of
thermal and velocity field measurements is helpful for the further
understanding of the heat transfer between the stack and the heat
exchangers. This study is a first step and additional experiments
are needed for a better knowledge of the heat transfer.
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