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Abstract 

Thermoacoustic prime movers have been developed for operation in the low ultrasonic frequency range 
by scaling down the device size. The developed engines operate at frequencies up to 23 kHz. They are self-
sustained oscillators whose dimensions scale inversely with operating frequency. The smallest one being 
3.4mm long with a 1mm diameter bore, i.e. the engine inner volume of 2.67 mm 3 . The generated sound 
levels reached intensities in the range of 143 dB - 150 dB in the low ultrasonic range. The miniaturization of 
thermoacoustic engines will lead to the development of device arrays. 
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1. Introduction 

Usually when a new device is developed it tends to be large and bulky, and eventually as its application 
demands become more diverse, the device is scaled down in size. Quite often it becomes the basic unit for 
array configuration. There are many examples of miniaturization which led to new applications. In this 
paper, the development and scaling down in size of thermoacoustic engines is presented. Reasons for 
miniaturizing such devices are based on certain advantages that such an approach would bring, and on 
specific applications in energy conversion. The development of thermoacoustic devices in recent years has 
escalated as a variety of applications has been identified. [1-4] In the work presented here the development is 
towards miniature thermoacoustic devices, working in the low ultrasonic frequency range and their 
application for energy conversion. More specifically one interesting application is the conversion of waste 
heat to electrical energy. 

A thermoacoustic device, known as a prime mover, converts heat to sound in an acoustic resonator. Heat 
is injected to a heat exchanger, the hot heat exchanger, inside the resonator. This exchanger is in thermal 
contact with a stack or bundle of large surface area material (such as steel wool); at the other end of the 
stack, a cold heat exchanger is in thermal contact with it. This cold side is usually anchored thermally to 
ambient temperature. Such a device is a heat engine operating between a hot and cold heat sink and it is 
driven to oscillate by a temperature gradient along the stack [5]. The working fluid is gas, and in the work 
presented here it is air at atmospheric pressure. The acoustic oscillations are generated at a threshold 
temperature gradient and they are sustained by positive feedback and by heat input at the hot heat exchanger. 
[6, 7] This device belongs to the class of self-sustained oscillators, characterized by nonlinear dynamics [8]. 
Being a resonant system, the operating frequency varies inversely with the resonator dimensions [9]. In 
order to achieve energy conversion from heat to electricity a piezoelectric device is attached via an acoustic 
cavity to the resonator of this acoustic device. 

The interaction of the sound field with the elements of the stack is thermal and viscous. It is 
characterized by a thermal penetration depth 8 K and a viscous penetration depth 5 0 . They are given by 

5 k = ( 2 K / C O ) 1 / 2 (1) 

§ o = ( 2 o / c o ) 1 / 2 (2) 

where to is the angular frequency , K the thermal diffusivity and u the kinematic viscosity of the gas. Those 
distances are important for scaling the device for high frequency operation. 
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The acoustic device is a heat engine, and its performance is characterized by its efficiency and power 
density. Compared to the efficiency of a Carnot engine, the thermoacoustic efficiency n, is approximated by 
[6] 

^ ( A T / T J (3) 

where AT is the temperature difference along the stack, between the hot and cold heat exchangers, T m is the 
mean temperature, and V is the ratio of temperature gradient V T along the stack normalized to a critical 
temperature gradient VT c r j t which determines the onset for oscillations. For simplicity here, viscous losses 
are not included in this. The Carnot efficiency (for no load) is approximately (AT/Tm). For prime mover 
operation T should be greater than 1, i.e. the temperature gradient needs to be larger than the critical 
temperature gradient. This threshold gradient is determined by the exchange of heat between the stack and 
the sound field, following a displacement of the air parcels of the sound field relative to the stack 
temperature gradient. It is given by 

Y - 1 T 
V T c r i t = i ~ t a n 

x (4) 

where y is the ratio of isobaric to isochoric specific heats, X is the radian wavelength, x is the position of the 
stack in the resonator, and (3 is the thermal expansion coefficient for the working gas. The thermoacoustic 
prime mover has a relatively low efficiency because of its natural irreversibility; heat flow between the 
sound field and the stack elements provides the necessary phase shift to produce sound power. It is 
important to note that as the operating frequency co is raised, the critical temperature gradient VT c r i t also 
increases. 

A significant characteristic of the acoustic heat engine is its power density which can be large, especially 
when the operating frequency is high. An estimate can be made for the power per unit volume. For the heat 
flow contribution, it is given by [7]: 

P2 

Power I volume*— (T„ 6)—^^ -1) ( 5 ) 
4/r pma 

where a is the speed of sound in the gas, p,„ its density, and Pi the maximum pressure amplitude of the 
sound. For a device operating at 20kHz, a power density due to heat flow and work flow of ~0.025W/cm 3 

can be achieved with air at one atmosphere at a sound intensity of 143 dB. It is important to note that the 
power density scales directly with frequency since the system is resonant and with gas pressure. Such high 
power density compares very favorably with other types of heat engines and energy converters, for example 
thermoelectric [10] or magnetic [11]. 

For energy conversion from sound to electricity, a piezoelectric device was chosen over an 
electromagnetic device because it is compact and it can achieve high efficiency. A practical configuration is 
as a unimorph unit where displacements due to the sound are mechanically amplified causing a bending 
action of the piezo, thus generating electricity. 

This introduction has presented the important elements of thermoacoustic devices that need to be scaled 
for device miniaturization for energy conversion. 

2. Miniaturization of a Thermoacoustic Prime Mover 

To reduce the acoustic device size, a scaling approach needs to be followed, if possible and the physics 
of how this device works has to be preserved. Going from an operating frequency of ~ 100 Hz or even 2 kHz 
up to 20 kHz, is quite a large step in device size reduction. In order to achieve this goal, the approach taken 
here is to first develop a device at - 1 0 kHz, and then extend the technology for the ultrasonic range. The 
resonator in this work is a VA wavelength cylinder open at one end. Inside it are the heat exchangers and the 
stack. Heat is injected into this device either by means of a wire heater wound near the hot heat exchanger 
or directly by means of a flame or simply by thermal contact to the body generating heat. Fig. 1 shows a 
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schematic of an energy converter to illustrate the approach which needs to be taken in developing and 
scaling down the size of this device. [9] Heat excites a standing wave in a 14 wavelength resonator and this 
sound wave is converted directly to electrical energy by means of a piezoelectric device. 

Fig. 1 Basic Energy Converter 

In scaling down the devices, there are important geometrical factors that need to be maintained or 
adjusted. The role of the thermal penetration depth 8K is one such factor important in scaling the stack 
density. It determines the spacing between stack elements for maximum acoustic power output. Ideally this 
spacing should be 2-3 8 K Closer spacing will cause significant reduction of the device quality factor Q. 
Another important dimension that needs to be considered is the resonator diameter; a large cross-sectional 
area of the resonator provides high level of sound power. However, too large an area relative to the length of 
the resonator will cause a reduction in the resonator standing wave ratio, thus reducing the positive feedback; 
in that case the threshold AT for onset is increased. The scaling with size reduction of some important 
dimensions and their effect on physical properties are presented in Table l.[12] The Reynolds number is a 
parameter which compares inertial forces to viscous forces in the fluid. It is highly reduced as the device is 
made smaller. 

Characteristic Device Dimension "L" 

Acoustic Frequency cc 1/L 

Thermal Time Constant <x L 2 

Mechanical Power Density cc 1/L 

Electrostatic Power Density cc 1/L 

Reynolds Number cc L 2 

Heat Flow cc 1/L 

Table 1. Effects of Device Size Reduction 

One important feature in this table is that the thermal time constant will be greatly reduced by scaling up 
the operating frequency. Also, in that case heat flux, for a fixed temperature difference, will be raised. 
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3. Sub-Ultrasonic Heat Engine 

The development of the ultrasonic devices followed a series of progressions where devices were made 
smaller in increments of frequency increasing up to the 20 kHz range. Fig.3 shows one such device 
operating at 8.8 kHz. The waveform at 8.8 kHz is that of the heat generated sound. The device is 8.6 mm 
long and the i.d. is 2 mm. 

Onset for oscillation was at a temperature difference AT=106°C at a heat flux of 0.30 watt applied to the 
hot side of the engine. The acoustic response curve shows the exponential build up of oscillations, 
characteristic of the gain of the device, followed by leveling off in the acoustic output, where the total losses 
are balanced by the heat flux input. 

Fig. 2 Prime Mover at 8.8 kHz. This was part of a series of learning steps leading to the ultrasonic 
device. 

4. Ultrasonic Heat Engines 

For a device operating at ~~ 20 kHz, the resonator length was reduced to ~3.4 mm long, with a bore of 1 
mm, for 14 wavelength resonator. As before, the resonator is divided in 2 sections, the hot part with its hot 
heat exchanger, and the cold part with its cold heat exchanger. The stack, made of random low thermal 
conductivity high-surface area material, is sandwiched between the two heat exchangers. It consists of 
stainless steel mesh made out of 10.1 um radius wires. The working gas volume inside the resonator is 
0.0027 cm 3. A piezoelectric device (a unimorph) converts the acoustic power to electricity; it is coupled to a 
cavity which is attached to the open end of the resonator. The spacing between the stack filaments is ~ 25K 

where 8K is the thermal penetration depth. At 20 kHz this penetration depth is quite small, being 18um. The 
heat exchangers are made with copper screen. Fig.3 shows one of the copper heat exchangers thermally 
anchored to the resonator. 
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Fig. 3 Copper Heat Exchanger 

A strand of hair is placed across it to show the scale of the device parts. The critical temperature gradient 
VT c r i I is expected to be -1300 K/cm. Heat is supplied to the hot side by means of a fine wire heater 
wrapped around the hot part of the resonator. Temperatures at the hot and cold sides of the heat exchangers 
are monitored by means of copper-constantan thermocouples of diameter 0.025 mm. Sound intensity is 
detected by the piezoelectric unimorph which was calibrated; it was not operated at its self-resonance. 

Fig.4 shows the onset for oscillations and the sustained oscillations for an ultrasonic device. The 
threshold for oscillations occurs at - 1 second on this graph. Heat input is switched off at 7.5 seconds. 
Acoustic oscillations are at 21 kHz. The curve in Fig. 5, below the oscillation pattern, shows how the 
temperature difference along the stack evolves with the corresponding time. As the temperature difference 
increases the acoustic intensity grows. Individual oscillation cycles are not visible in fig. 4 because of the 
long time scale on the oscilloscope. 

a 

Fig. 4 Ultrasonic Oscillation Growth Pattern Detected by Piezoelectric Device. 

Tnwlsl 

Fig. 5 Corresponding temperature difference across the engine during the run of Fig. 4. 

Temperature differences AT at onset for oscillations varied in the range of AT = 180°C to 200°C 
depending on the unit. The main difference between the various units tested (eight engines were tested), a 
technical issue, was the alignment of the two halves of the resonator as well as of the heat exchangers 
relative to each other. This explains the large variations in AT for onset. Calculating an experimental critical 
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temperature gradient for only the stack thickness would give too large a value as the temperature gradient 
between the hot heat exchanger and the resonator walls also plays a major role here. The generated sound 
was sinusoidal with no measurable harmonic content. Sound intensity levels at the piezo were 143-150 dB 
for a AT of 300°C between the heat exchangers. As the AT is raised the generated acoustic intensity 
increases (Fig. 4). 

5. Discussion and Applications 

Because of its potential for applications, the thermoacoustic prime mover has been studied by many 
groups. This has been done for relatively large devices operating normally in the few hundred Hertz 
frequency range [13,14]. The work presented here has extended the operating frequency range to the 
ultrasonic range, thus opening the field for thermoacoustic microdevices. Successful operation at such high 
frequencies is an achievement which is based on the fact that the development of the ultrasonic device 
followed very carefully the conditions necessary for initiating and sustaining oscillations in this self-
sustained oscillator. 

They are: 

(i) Timing in an engine is provided by heat flow between the stack and the sound field. This condition is 
expressed as COT ~ 1 where T is the thermal relaxation time for heat exchange between stack elements 

and the working fluid. It is defined by x = VQ I 2 K where r 0 is the average distance between elements 
of the stack and K is the thermal diffusivity of the fluid. 

(ii) The resonator quality factor Q is critical for initiating and sustaining the oscillations. The quality factor 
is defined as Q = com/r where m is the mass of the working fluid inside the resonator and r represents the 

v l / 2 
losses (thermal, viscous, and radiative). Considering only viscous losses, the Q is I —cop / rj 

2 
R, 

where RQ is the radius of the resonator, r\ is the air viscosity and p is the air density. 

The above conditions for generating oscillations reflect the criterion postulated by Lord Rayleigh and they 
are applicable to the ultrasonic range covered here [15]. Acoustic oscillations are promoted when heat is 
added at a condensation of the gas, and when it is extracted at the rarefaction (phase of oscillation). The 
thermoacoustic instability is created by an unsteady heat release which fluctuates in phase with pressure 
oscillations [16,17]. 

The onset to oscillations is a phase transition from disorder to order in a system that is far from equilibrium. 
In certain aspects it has similarities with a laser. Interesting features of the device developed here are: 

- Fast response because of its small thermal mass (0.006J/°C); air at one atmosphere is the working fluid. 

- Engine with essentially no moving parts (except for the moving air and flexing piezoelectric device). 

- Environmentally friendly. 

- High power density, of order 0.025W/cm 3 and higher depending on operating conditions. 

- Can be used as basic unit or form an array in order to achieve high power levels. Synchronization of such 
units will maximize power output. [18] 

- Can handle a wide range of AT; for the units studied here AT goes from 175°C to quite large values (a few 
hundred degrees) limited by parts in the device. 

- Preliminary tests show an efficiency of ~10% of Carnot in units studied here. Higher values are expected 
as device alignment in fabrication improves. The overall converter efficiency is the product of the heat to 
acoustic part and the piezo part. This was not determined here because the piezoelectric device was not 
operated on resonance; it acted only as a broadband acoustic detector. 

- Because the devices are small they can easily be pressurized to high levels without severe limitations due 
to the strength of materials. 

The applications for the acoustic energy converter are extensive, ranging from solar energy harvesting to 
thermal management of power plants and high power electronics to space exploration. 
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An interesting question arises as to how high in frequency can thermoacoustic devices work. For the higher 
ultrasonic range the devices will have to be fabricated using MEMs technology. They are expected to 
perform well as long as Lord Rayleigh's criterion is met. It would seem that heat transfer process is slow 
and hence it would limit thermoacoustic processes at high frequencies. The results presented here show that 
it is not the case, since the device mass is small, the distances are short, and heat transfer is increased [19]. 

As the devices are reduced in size, mean free path effects in the working gas will start to play an important 
role in some of the processes, like thermal conductivity and viscous dissipation involved in this type of 
energy converter. An important parameter that determines the heat transfer and flow regimes is the Knudsen 
number Kn which is the mean free path of the gas particles divided by characteristic dimensions such as the 
penetration depth. For Kn less than 0.01, the system is in the continuum regime with no-slip at interface of 
stack element and working gas. At 20 kHz operating frequency in devices presented here, Kn = 0.0125 and 
the continuum conditions on transport still apply. However, operating at higher frequencies will require slip-
flow boundary conditions as the slip-flow regime is approached. The flow may then be modeled by the 
Navier-Stokes equations with a slip boundary condition. 

The ultrasonic energy converter presented here opens the thermoacoustic field to a new range of operating 
frequencies and acoustic microdevices. Its high power density, especially when pressurized, and simple 
device geometry make it attractive for a wide range of applications, particularly when in array configuration. 
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Tables 

Characteristic Device Dimension "L" 

Acoustic Frequency cc 1/L 

Thermal Time Constant cc L 2 

Mechanical Power Density cc l /L 

Electrostatic Power Density cc 1/L 

Reynolds Number cc L 2 

Heat Flow cc 1/L 

Table 1. Effects of Device Size Reduction 
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Figure Captions: 

- Fig. 1 Basic Energy Converter 

- Fig. 2 Prime Mover at 8.8 kHz 

- Fig. 3 Copper Heat Exchanger 

- Fig. 4 Ultrasonic Oscillation Growth Pattern Detected by Piezoelectric Device 

-Fig. 5 Corresponding temperature difference across the engine driving the run of Fig. 4 
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Figures 

Figure 1: Basic Energy Converter 
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Figure 2: Prime Mover at 8.8 kHz. This was a series of learning steps leading to the 
ultrasonic device. 
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Figure 4: Ultrasonic Oscillation Growth Pattern Detected by Piezoelectric 
Device. 
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2 4 6 
Time (s) 

Figure 5: Corresponding temperature difference across the engine during the run of Fig. 4. 
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