Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

NUMERICAL SIMULATION OF THERMOACOUSTIC REFRIGERATOR

Andreia Aoyagui Nascimento, andreianascimento@mecanica.ufu.br
Franscico Paulo Lépore Neto, fplepore@mecanica.ufu.br

Ricardo Fortes de Miranda, rfmiranda@mecanica.ufu.br
Universidade Federal de Uberlandia

Faculdade de Engenharia Mecanica, Uberlandia, Brasil

Abstract.

Thermoacoustic is a technology that uses high-amplitude sound waves in a pressurized gas generating a hot and cold
region, therefore this device can be used as a heat pump or a refrigerator. This device has the advantage of no ozone-
depleting or toxic coolant and few moving parts, because this refrigerator is a system that operates using sound waves to
transport heat, therefore its refrigerator is more economic and better for the environment. This refrigerator consists
mainly of a closed tube with a stack of a number of parallel plates, and two heat exchangers and a loudspeaker that
sustains an acoustic standing wave in the resonator tube. This paper aims to study the performance of a thermoacoustic
refrigerator, using the numeric analyze (Ansys —CFX ®), this results is the transient time, and the experimental analyze,
was the results at the state steady. The numeric results showed evolution at temperature, pressure and velocity flows are
discussed and compared.
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1. INTRODUCTION

The research on thermoacoustic refrigerators started about 150 years ago, when Lord Rayleigh discussed the possibility
of pumping heat with sound. Little further research occurred until Rott's work in 1969.

Thermoacoustic engine is an innovative alternative for cooling, without any moving component, whose potential of
high reliability and long life attracting academic and industrial interests (Tang, et al., 2008). These systems operate by
using sound waves and non-flammable gases to produce cooling (Newman, et al., 2006).

Thermoacoustic refrigerator consists mainly of a sound source (loudspeaker), that introduces energy in the system, a
ressonance tube, a porous component called "stack™ and two heat exchangers, that provide refrigeration as shown in
Fig.1.
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Figure 1. Thermoacoustic system sketch

The thermoacoustic process occurs due to energy deployed from the loudspeaker that moves the fluid (helium, air,
and other kind of gas or a mix of them) inside the tube. The sound wave oscillation induces a thermal interaction
between gas and wall surface of the stack (Lotton, et al., 2009). The oscilatory pressure wave compresses and expands
the gas along the tube, generating at least two different zones of high and low pressure.

Pressure is amplified when the gas passes through the stack core, provoking a thermal interaction between the
oscillating gas and the stack surface. This generates an acoustic heat pumping (Tijani et al., 2001). Hence the stack is
the heart of the engine, where the thermoacoustic cycle is generated (Tijani, 2003).

The main research in thermoacoustic is focused in order to optimize the system design. Tijani et al. in 2002, Wetzel
and Herman in 1997 developed the design and optimization of a loudspeaker-driven thermoacoustic refrigerator. The
conclusions of these works gave support to improve the design for low-cost thermoacoustic systems (Zoontjens, 2005).

Qiu Tu (2003) studied the influence of the stack position, geometry on the thermal gradient produced in the
refrigerator. He showed that the stack best configuration is a plate shape, because this geometry is simpler to build, and
the better position is at the pressure wave antinode.

Berson, et al. (2008) studied experimentally the characterization of the flow inside a thermoacoustic refrigerator
using PIV (particle image velocimetry). Moreover, in this work they studied the oscillation of boundary layers between


mailto:fplepore@mecanica.ufu.br
mailto:rfmiranda@mecanica.ufu.br

Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

two stack plates at high acoustic pressure levels. They observed for the first time the detachment vortices and the
symmetry breaking off the vortex street.
Zhanga, et al. (2009) showed the quality factor Q identification of several types of stack matrix. These results
allowed evaluating the stack thermoacoustic performance and helping to choose the most efficient system configuration.
This paper presents show the thermal difference between the stack inside the refrigerator using the different wave
frequency, thereunto the experimental model used the plate’s stack configuration and fluid air. Computational
simulations were conducted using CFX software and their results were compared from model aforementioned.

2. THERMOACOUSTIC REFRIGERATION

This section shows the basic principle of thermoacoustic heat pumping mechanism. According to Fig. 1, without the
stack, an acoustic source excites the working fluid in the resonant tube generating an acoustic standing wave with
wavelength A.

Considering the resonance tube length equal to A/2, the resulting pressure and fluid velocity profile result as shown
in Fig. 2a.
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Figure 2. (a) Pressure and velocity (b) Temperature distributions along the resonance tube (Herman, 1997).

Figure 2b shows the temperature distribution when the stack is introduced. The presence of the stack causes a
temperature difference (AT), along its length (AX).

The heat flux generated from the hot to the cold side of the stack is generated by the combination of the
compression-expansion effect produced by the acoustic wave (Berson, et al., 2008). This phenomenon obey the
thermodynamic Stirlling cycle behaviour, that can be seen in Fig. 3, according Swift (1988).
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Figure 3. thermodinamic cycle and the acoustic effect insde the stack.

Figure 3 shows a as particle inside the stack channel, excited by the pressure wave. On the right graph, region “a”
represents the compression phase (the gas moves from the cold to the hot side). At region “b” the fluid particle performs
the heat is transfered from the gas to the plate. At region “c” the gas expansion occurs, and the particle moves from the
hot to the cold side. Finally at region “d” the particle removes heat from the solid.

The main thermoacoustic parameters are: thermal penetration depth (8x) and viscous penetration depth (,) defined by
Eg. (1) and Eq. (2).
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Figure 4. Thermoacoustic effect inside the stack.

The thermoacoustic effect occurs at the thermal penetration depth. It is described as the layer thickness around the stack

plate shown by Fig. 4. This thickness roughly corresponds to the distance that heat can diffuse through the fluid during the
time interval corresponding to one cycle of oscillation (1/f). The losses due to viscous forces occur in the viscous

penetration depth. These forces are responsible for the loss of kinetic energy
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In these equations p is the viscosity, p, is the density vy, is the ratio of specific heat, k is the thermal conductivity

and cp is the specific heat.
The stack design (length and spacing between the walls) is of crucial importance, because:

If the plates spacing is too small, the stack will be difficult to build, and the viscous properties of the gas will

reduce the sound transmission through the stack.
If the plates spacing is too large, less gas will be able to transfer heat to the stack plate walls, resulting in lower

efficiency.

3.MATHEMATICAL FORMULATION

This section shows the mathematical formulation for a thermoacoustic refrigerator. The sound wave frequency

generates a pressure with wavelength equal to A. The refrigerator tube has length equal to A/2.
The pressure “P” and the velocity and the velocity “U” distributions along the acoustic axis x in the resonant tube

are described as:
P=P,, + Pt (3)
U= Uleiwt (4)

P is the mean pressure, P is the pressure amplitude and U, is the velocity amplitude..

Rott’s Rott developed the thermoacoustic equation using Eg.( 3) and Eq. (4) to the three conservation equations:
momentum, continuity and energy using the thermoacoustic linear theory. Equation (5), is known as the “Rott’s
Equation”, where f,, f, and ¢, are Root’s functions, a, is the sound velocity in the fluid, w, is the angular velocity, ¢ is
Prandtl number. B is the volumetric expansion, and T, is the mean temperature. This equation is presented by Swift

(1988).
®)

(r-1) a’ d[(-f)dp | a® (fi-f,) ,dT,dP, _
{1+(1+£S)fk P1+W2pmdx Pm  dx +W2 (c-1)1+&,)" dx dx

The behavior of a thermoacoutic refrigerator can be obtained using the linear steady state theory
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4. EXPERIMENTAL ANALYSIS

The thermoacoustic prototype device used by the experimental analysis is shown by Fig. 5. The acoustic excitation
is provided by a loudspeaker installed in metallic flange that is connected to the opened end of the resonant tube. The
loudspeaker has a diameter equal to 80 mm and is driven by a 50 W electrical power source.

The resonant glass tube external diameter is 24 mm, and its wall thickness is equal to 22 mm. The tube has 230 mm
of length and it is closed at the upper end. This geometry defines a quarter wave length, for an excitation frequency of
370 Hz.
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Figure 5. Schematic of the refrigerator and the stack. Figure 6. Schematic of experimental bench.

The stack consists of a large number of closely spaced surfaces aligned with tube axis. (A. Russell and Weibulla,
2002). It was built using a sheet of photographic paper with the following characteristics: conductivity of k ~ 0.18
w/m.K at 300 K; thickness of 0.23 mm, and length equal to 35 mm. This sheet was obtained by winding it around a
central spindle. The spacing distance between the walls of the film is 0.30 mm. It was set by the nylon spacers shown at
the right of Fig. 5. The stack lower end is located at 60 mm from the tube’s closed end.

Fig 6 shows the experimental setup. The sine generator (GS) and the power amplifier (AMP) are used to drive the
loudspeaker at all frequencies of interest.

Pressure and temperature amplitudes are measured at the hot and cold regions of the refrigerator.

Two type T thermocouples (TC) are installed at 1 mm from each stack’s ends. Temperatures are measured by a 12-
channel digital instrument, (Scanning thermocouples thermoter)

The pressure transducer (Danfoss MBs 3000) is inserted in the bottom of resonant tube. Transducer signal is
amplified and acquired by an oscilloscope.
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Figure 7. Behavior of experimental temperature to frequency 350 hertz by the time.
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Figure7 shows the temperature evolution along time for 350 Hz wave frequency. The excitation was turned on at t =
20 s. The temperature gradient is higher up to 50 seconds. After the steady state is achieved the temperature difference
stabilized around 9 K. The temperature measured by the thermocouple located in the cold region, tends to maintain
constant after approximately 100 seconds. After this time the cold region begins to increase this temperature in function
of the heat diffusion between the stack. This occurs because this device does not have heat exchanger at the hot and
cold region.
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Figure 8 . Experimental Temperature difference AT in the 250 — 410 Hz frequency band.

Figure 8 shows the experimental temperature difference, at several excitation frequencies. The maximum
experimental values of AT occur at 280 Hz (12.8 K) and also at 270 Hz (12.7 K).

These results don’t agree with the refrigerator initial design that imposes the tube’s length equal to A/4 (at 370 Hz).
This difference may be due to geometric errors and/or to the structural flexibility of the device.
Both models present the same behavior for increasing frequencies: the temperature difference is reduced as the tuning
with 370 Hz is loss.

6. CFX

The CFX analysis is done using Ansys workbench® to generate the finite element model, which has the following
Fig. 9:

Figure 9. Refrigerator and stack geometry.

Considering the one dimensional sound wave propagation problem, the model has symmetry with respect to both
planes XZ and YZ. So, only one quarter of the model has to be constructed, resulting lower computational cost
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Figure 10. Thermoacoustic refrigerator CFX model and the Stack geometry, used at Ansys Workbench.

The refrigerator and the stack geometry model used by CFX simulation on Ansys® Workbench are shown by Fig.
10. The stack position is the same used on the DeltaEc model and on the experiments. The applied initial conditions and
the fixed values imposed on all simulations are:

reference pressure = 1*10° Pa

Initial temperature = 293 K

Frequency = 350 Hz

Pressure Amplitude=3000 Pa

Fluid: air

Stack conductivity = 0.18 w/m.K at 300 K

The model mesh size was set to 2*10™ m and the transient solution was carried out using a time step At =80 ps
within 0.2 seconds time span. The obtained results are: peak amplitude of pressure and velocity time responses along
the refrigerator length and the time evolution of the temperature evolution inside the stack
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Figure 11. (a) Pressure peak amplitude distribution along the tube length as function of time, (b) Pressure inside the
refrigerator for t= 192 ms.

The pressure profile inside the tube at t = 0.192 second is shown by Fig. 11b. The pressure peak amplitude is 3000
Pa at x =0. The pressure gradient along the stack length is constant producing a difference about 1000 Pa which is the
larger pressure gradient along x.
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Figure 12. Velocity peak amplitude along the tube length as function of time.

Figure 12 shows the temporal evolution of the axial velocity profile. The flow acceleration is evident at the stack
position
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Figure 13. Temperature evolution around the stack length as function of time

Figure 13 shows temporal temperature time evolution along the stack length. This figure shows the region where
significant temperature gradient occurs. This is due to the high compression at one side of the stack and the high
expansion at the other side.
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Figure 14 Temperature profile t=192 ms.

Figure 14 represents the temperature profile in the fluid along the stack length calculated at t =192m s. The
temperature difference is approximately 3 K between the stack extremities.
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Figure 15-velocity profile inside the porous by CFX simulation.

Figure 15 shows the velocity profile inside the porous at instant which the fluid is expanding. This profile is semi
parabolic due to the porosity consist by parallel plates.
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Figure 16 - Behavior of numeric temperature to frequency 350 hertz by the time
Figure 16 shows the temperature evolution along time for 350 Hz wave frequency. Although the small physical

time, it allowed noting the curve tendency approximate to Fig.7. The different thermal for time nearly 0.03 s between
the sensors located 0.160 m and 0.210 m is 1.0 K.
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Figure 17- Temperature profile inside the porous by CFX simulation.

Figure 17 shows the temperature profile inside the porous using CFX software. This figure shows the thermal
boundary layer is creating, this occurs at 7 ms approximately.
The irregularity at the thermal boundary layer has mesh origin, which has a little node number.

7. CONCLUSION

The CFX is good software to analyze the overall phenomena in the thermoacoustic refrigerator, allowing observing
the parameters variations as pressure, temperature, velocity and others transitory effects as the pressure oscillation.
Therefore it is very important to study effect thermoacoustics inside the porous. But the CFX has few disadvantages as,
the high computer cost, i.e. time and memory storage.

Therefore, the cylinder was built using a smaller diameter than experimental it was possible; because the wave is 1-
D and the main boundary layer in this phenomenon is inside the stack.

The next steps are testing the other stack positions in the CFX methodology and improve the mesh between the
porous in order to study principal part the thermoacoustic refrigerator, furthermore, heat exchanger will be develop, to
the experimental model.
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