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Abstract

The study of thermoacoustic effects is a relatively new area, particularly in application to
thermoacoustic engines. For thermoacoustic engines to be commercially viable, there are
still many aspects to be investigated, not only practical aspects but also at the fundamental
level of physics. Particularly lacking is research on heat exchangers in thermoacoustic
engines, despite the fact that this is one of the most important components, for which a
design methodology does not yet exist.

The primary aim of this work was to investigate the design methodology for heat
exchangers in thermoacoustic devices to improve their efficiency. In this work, second law
analysis was chosen as the design methodology and was applied to a simplified model of
heat exchangers in thermoacoustic engines and its validity was examined. However, for
the analysis to be useful to design practical devices, further knowledge of the heat transfer
mechanism in oscillatory, compressible flow, and on the development of boundary layers
under such conditions are required. This is not currently available for thermoacoustic
devices.

The commercial software PHOENICS was used to investigate this oscillatory heat trans-
fer problem numerically. To test the capability of the software for simulating thermoacous-
tic phoenomena, two dimensional standing waves and thermoacoustic couples were sim-
ulated at various operating conditions and geometries, including conditions very close to
those at heat exchangers in thermoacoustic engines. The results were compared with ex-
isting analytical solutions and the results of numerical simulations from others and showed
that PHOENICS is capable of simulating thermoacoustic effects. However, the accuracy
of second order effects, such as heat flux induced by thermoacoustic effects, was limited by
the capability of PHOENICS and the results should be interpreted with this in mind.

Energy and flow fields from thermoacoustic couple simulations were investigated from
plots of energy vectors, energy lines, instantaneous velocity fields, particle traces and energy
dissipation. The dependence of such quantities on plate spacing, plate length and Mach
numbers are presented. One important result from these test which is relevant to the design
of regenerators or heat exchangers in thermoacoustic engines was that a net heat pumping
effect appears only near the edges of thermoacoustic couple plates, within about a particle
displacement distance from the edges. Also it was observed that the energy dissipation near
the plate is proportional to the plate surface area but increases quadratically as the plate
spacing is reduced. The results also indicated the presence of larger scale vortical motion
outside the plates which disappeared as the plate spacing was reduced. The presence of

such vortical motion did not seem to influence the heat transfer to the plates.



In order to simulate heat exchangers in thermoacoustic engines without simulating the
whole device, boundary conditions representative of those near the ends of the regenerator
plate were considered and tested. Although in some test cases, the simulation converged to
a solution with minimal energy imbalances, there was a major discontinuity in the energy
flux vectors near the boundary. Further investigations (both numerical and experimental)
are required to provide further insight into the boundary conditions which need to be

specified for future simulations of heat exchangers in thermoacoustic engines.
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Chapter 1

Introduction

The destruction of the ozone layer by chlorofluorocarbons (CFCs) is increasing at an alarm-
ing rate. CFCs are used in various applications, such as plastic insulation for buildings and
appliances, solvents for cleaning and as refrigerants in domestic and industrial refrigeration
and air conditioning (Fischer 1993). In the last two decades, international regulations have
been set to ultimately diminish the use of CFCs by developing alternative methods that
are environmentally benign.

Thermoacoustic engines that were invented in the United States in the 1980s, were
originally considered appropriate for cryogenic applications. However, the fact that they
can provide cooling (or heating) using environmentally benign gases is ideal for the current
environmental situation.

Despite these merits, there are still many fundamental aspects that need further inves-
tigation to fully control the performance of thermoacoustic devices. Particularly lacking is
research into heat exchangers in thermoacoustic engines despite the fact that without heat
exchangers, thermoacoustic engines can not operate.

This chapter gives a brief introduction to thermoacoustic engines, and provides the

aims, an outline and the contributions of the current work.

1.1 Thermoacoustic engines

A thermoacoustic engine is a device which makes use of the thermoacoustic phenomenon
and functions as a heat pump or a prime mover. The thermoacoustic phenomenon can
be generally described as a heat transportation or a work generation in the direction of
sound wave propagation, due to the interaction between the sound wave and a second
medium (such as a plate or a tube wall). Details of the way the direction of heat or work
flux are determined are described in section 2.1 of chapter 2. Simple examples of the
thermoacoustic phenomenon can be observed either when a large temperature gradient or
a sound wave is applied to a tube. In the first case, it emits a sound (i.e. operating as a

prime mover) and in the latter case, one part of the tube wall is cooled and the other part



becomes hotter (i.e. operating as a heat pump).

The earliest observed example of the thermoacoustic phenomenon was in 1777 by Hig-
gins in which acoustic oscillation in a large pipe was excited by suitable placement of a
hydrogen flame inside the pipe (Swift 1988). Another example was observed by glass blow-
ers over 100 years ago. When the glass bulb was attached to a cool glass tubular stem, the
stem tip sometimes emitted sound. The phenomenon was qualitatively discussed by Lord
Rayleigh (1878).

A more recent example is the Taconis oscillation that has been considered a nuisance
phenomenon by cryogenic physicists. In particular, this phenomenon is observed in the
pumping line from a liquid helium reservoir to a room temperature system, along which a
steep temperature gradient is maintained. Within the tube, acoustic oscillation with high
pressure amplitude, accompanied by a considerable amount of heat flux along it into the
helium liquid reservoir, is observed (Yazaki et al. 1979, 1980, Kuzmina 1992).

Recognition of the usefulness of the thermoacoustic phenomenon, particularly as a
refrigerator for low temperature science, was first made by John C. Wheatley and his col-
leagues at the Los Alamos National Laboratory in 1982 (Wheatley 1982). They considered
that, by using the phenomenon, they could build a reliable, low vibrational, environmen-
tally friendly and compact device which would meet the demand identified in cryogenic
physics. Their earlier version of the demonstrative thermoacoustic engine called the ‘beer
cooler’ (Swift 1988, Wheatley et al. 1985, 1986, 1989) is shown in figure 1.1. This is a
heat driven heat pump which consists of prime mover and heat pump stacks and four heat
exchangers in a sealed resonator. It has a half meter long tube terminating with a 2 liter
bulb and contains helium at a mean pressure of 3 bar. The ‘stack’ is a block consisting
of thin plates aligned at a constant spacing. The heat exchangers in this demonstration
device have a similar configuration to the stacks. When heat is applied to the hot heat
exchanger, some of the heat is used to generate an acoustic wave at the prime mover stack
and the rest of the heat is dumped at the room temperature heat exchanger. Then at the
heat pump stack, the acoustic wave works to carry heat from the cold heat exchanger and
dumps heat at the room temperature heat exchanger. With 350 W of heat applied at the
hot heat exchanger at 390° C, it resonated at 585 Hz and the cold end of heat exchanger
temperature reached 0°C. The beer cooler has no moving parts (neglecting how the heat
is removed from heat exchanger) yet achieves cooling.

The heart of the thermoacoustic engine requires a maximum of only one moving part
(that being the diaphragm of the speaker if the heat pump is not heat driven) and an
environmentally benign working fluid to achieve cooling, heating or both. Similar devices
to the thermoacoustic engine are the well known Stirling engine and pulse tube refrigerators
that have favorable characteristics very similar to those of the thermoacoustic engine. These

characteristics are:

e Minimal pollution (an environmentally friendly medium is used)
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