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In this paper, a new approach is proposed to control the thermoacoustic amplification in
a traveling-wave thermoacoustic engine. Based on the assumption that the spatial distribu-
tion of the self-established acoustic field in a stabilized regime does not necessary have the
optimal shape for the most efficient thermal-to-acoustic conversion, this method uses an
auxiliary acoustic source with a feedback loop applied on a thermo-acousto-electric trans-
ducer to improve its overall efficiency. After a brief presentation of the engine and its capa-
bilities without any form of control, the preliminary results of an experimental study under
various conditions are shown to demonstrate the possibility of a significant improvement
in the thermoacoustic conversion with an appropriate tuning of the control parameters of
the feedback loop. Applicability and further directions of investigation are also discussed.

1 Introduction

Short History of Thermoacoustics — The thermoacoustic effect has been known for a long time. Its
most famous depiction is that of the sound emitted by the blowpipe of a glass-blower when heated by
the molten glass at one end and kept at room temperature at the other end. It is regarded as a scientific
curiosity until scientists achieve a recreation of the effect, like Byron Higgins [1] in the late 18th century
who shows that it is possible to create an acoustic oscillation by applying appropriately a flame on a
duct. In the following century, other experimental devices are designed by Sondhauss [2] — a tube with
a closed heated end - and Rijke [3] — a heated wire mesh inserted in an open tube; both generate an
acoustic wave thanks to a heat source. In parallel, Kirchhoff works on extending the theory of sound
propagation; in 1868 he gives a first glimpse of the thermoacoustic interaction by introducing the ef-
fects of thermal conduction in gases. On this basis, the first qualitative explanation for thermoacoustic
phenomena is given by Lord Rayleigh in 1896 [4], explaining the link between acoustic and temperature
fields, and mostly the importance of the phase shift between the temperature variations of a particle in
the neighborhood of the wall of a resonator subject to a strong temperature gradient and the particle
acoustic velocity during an acoustic cycle.

From that moment, one has to wait until the 1960’s for Carter to propose a great improvement to
Sondhauss tube by introducing a stack of plates in the resonator to increase the global efficiency of the
machine [5]. That is the first step leading to the standing-wave thermoacoustic machines, made of a
waveguide, a stack of plates (or any other equivalent porous materials) and heat exchangers. A strong
scientific interest is then taken in thermoacoustics, notably by Rott who establishes during the 70’s and
80’s the theoretical bases of the field [6], soon confirmed by the experimental work of Yazaki et al. [7] et
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Wheatley [8]. With the team of Greg Swift in Los Alamos National Laboratory in the early 80’s, research
about thermoacoustics develops greatly.

About thermoacoustic machines — Thermoacoustic machines are part of the cyclic thermodynamic
machines, based on the exchange of heat and work with their environment. They have two working
modes: the engine mode, where the machine uses the transfer of heat from a hot source to a cold source
to produce acoustical work; the refrigerator mode uses the acoustical power of an external source to
produce a heat transfer from a cold source to hot one.

Many thermoacoustic engines (TAE) based on these principles have been developed with various
geometries of resonators, leading one to rapidly distinguish two kinds of TAE : on one hand the en-
gines wherein a quasi-standing wave develops, on the other hand those wherein the wave field is quasi-
traveling, such engines often being called Stirling engines. This distinction is based on two criteria: on
one hand, the phase relation between the oscillations of temperature and the particle acoustic veloc-
ity (corresponding either to a quasi-standing or a quasi-traveling wave); on the other hand, the kind of
porous materials used as a thermoacoustic core a “stack” or a “regenerator”. When a stack is used for
standing wave engines, traveling wave TAE use a regenerator. The difference is in the nature of the con-
tact of the fluid with the porous material : in a stack, the cycle is quasi-adiabatic and a particle follows a
cycle close to Brayton cycle, whereas it is quasi-isotherm in a regenerator and a particle follows a quasi-
ideal Stirling cycle. In terms of pore size, the pores of a stack have to be really larger than the thermal
boundary layer thickness, the pores of a regenerator should be at most the same size.

In that last case, the ideal Stirling cycle of a particle nearby a wall presents a 90 degree-phase-shift
between temperature and acoustic velocity. In the simplest description of its operation, this thermo-
dynamic cycle may be divided in four periods: two phases of compression and relaxation (with tem-
perature changes) and two phases of displacement at constant temperature and constant pressure. The
idea of using the potentially high efficiency of that cycle is used by Ceperley to propose a traveling wave
engine coupled to a refrigerator as soon as 1979 [9]. However, he is not able to build a working proto-
type by the time. It isn’t before 1999 that Yazaki et al. [10] build the first traveling-wave thermoacoustic
engine, followed a year later by Backhaus and Swift [11] with a high-power engine twice more efficient
than the standing-wave engines built so far.

2 Experimental apparatus

The system used for this study is a prototype of thermo-acousto-electric transducer that has been de-
signed in the Laboratoire d’Acoustique de I'Université du Maine, based on the work of Backhaus and
Swift [12]. The experimental apparatus is composed of an annular thermoacoustic engine coupled to a
V4-wavelength resonator. The resonator contains an electrodynamic alternator, loaded by a closed cav-
ity and whose role is to convert the produced acoustic power into electricity. A schematic view of this
device is shown in Fig. 1.

This apparatus has been designed with the help of two different models: the free software DeltaEC de-
veloped at the Los Alamos National Laboratory [13, 14], and an internally developed model giving a lin-
ear description of the thermoacoustic amplification taking place in the annular resonator by mean of a
depiction by transfer matrices [15]. The joint use of both models allows to come up with a thermoacous-
tic engine working with air at a low pressure (typically 5bar) and with a reasonable onset temperature
(AT < 300 K when the alternator is loaded by an infinite resistance). Its onset frequency corresponds to
the resonance frequency of the complete system, but is mostly governed by the %-wavelength resonator
so that fy5er = 40 Hz.

Description — In Fig. 1, one can notice that the torus-shaped section contains a larger-radius part
comprising the temperature-inhomogeneous region of the engine. That section will later on be desig-
nated as the thermoacoustic core (TAC). It is represented in a more detailed fashion in Fig. 2.

The central piece of the TAC is the regenerator. It consists of a 2.3 cm-long stack of stainless-steel
wire-mesh grids. The wires diameter is of 32 um. The porosity of the regenerator is evaluated to ¢ = 0.69
and its hydraulic radius is rj, = 20 pm.
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Figure 1: Scale schematic of the thermo-acousto-electric transducer being used for this study, designed
at the Laboratoire d’Acoustique de I'Université du Maine.
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Figure 2: Scale schematic of the thermoacoustic core, showing the position of the temperature sensors.

At the top of the core is placed a first ambient heat exchanger. Made of a 15 mm-thick copper block
drilled with 303 straight 2.0 mm-diameter holes. Its porosity is evaluated to ¢.px = 0.6 (cf. Fig. 3). It is
cooled by room-temperature water pumped from a tank and circulating in a circumferential groove
through the shell at a rate of approximately 2 x 10~#m3/s.

The temperature gradient is imposed by a hot heat exchanger, just under the regenerator, which con-
sists of a 2.0 m-long and 3.0 mm-wide nichrome ribbon inserted into a ceramic 0.9 mm-wide square-
pores stack to form two perpendicular zigzags patterns covering a maximum of the section of the tube,
as shown in Fig. 4. This exchanger is 15 mm-long and its estimated porosity is ¢y, = 0.89. It is driven by
a high-power DC-power supply. An input heat power up to Q;, =180 W is provided through the hot heat
exchanger, leading to a gas temperature up to 600 °C.Both the hot heat exchanger and the regenerator
are inserted into a tube of ceramic to thermally insulate them from the shell and reduce the thermal
leaks to the outside. The last element of the TAC, called the thermal buffer tube (TBT), is a 5 cm-long
constant diameter open tube which provides a thermal buffer between the hot exchanger and the room
temperature. It ends on a second cold heat exchanger that is in every respects similar to the first one.

The resonator is a straight 1.55 m-long, 42.15 mm-diameter tube that leads to a 121 mm-long cone to
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Figure 3: Cold heat exchanger with a room tem- Figure 4: Hot heat exchanger inserted in the in-
perature water income on the left. sulating ceramic ring.

adapt to the area of the electrodynamic loudspeaker —a Monacor SPH-170C — used as an alternator. The
loudspeaker has been chosen for its low resonance frequency (38 Hz), close to that of the engine (40 Hz),
and for its high force factor (Bl = 8.95Tm™!). The back cavity is a 165 mm-long with a 91 mm-radius
volume that acts as an acoustic compliance applied on the alternator in order to match its impedance
to that of the rest of the engine.

Instrumentation — Eight 0.5 mm-diameter type-K thermocouples allow the measurement of tem-
peratures throughout the core of the Stirling engine. Their placement in the middle of the three heat
exchangers (Tcux(1,2) and Tamx), in the regenerator (Tst) and along the TBT (Ttpr(1,2,3)) is intended to
measure the temperature profile in the core at any moment. Their position may be observed more pre-
cisely in Fig. 2.

Acoustic pressure is measured in three different points thanks to three high-resolution 5.54 mm-
diameter pressure sensors located just on top of the thermoacoustic core (¢3) and in two different
points of the resonator (u1 and u2), as can be seen in Fig. 1. The first one is used to evaluate the drive
ratio DR

DR=2 M

Po
where pj3 is the amplitude of the pressure measured in the engine by microphone 13 and py is the value
of the static pressure in the engine. The microphones on the resonator are used to evaluate the average
available acoustic power in the resonator W, as follows [16]:
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with p the density of the working fluid, rp the inner-radius of the resonator, Ax the distance between
the two microphones, ¢ the phase-shift between the signals p; and p, they measure and §, the viscous
boundary layer thickness at working angular frequency w.
In order to evaluate the electrical power W,; generated by the alternator, it is connected to a variable
electric load Ry across which the voltage U} is measured, simply giving:
2
UL ruis

W, =
el Ry
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Passive Improvements — The description of the working point of a thermoacoustic engine remains
today given mostly by Rott’s linear theory [6]. However, beyond the onset threshold, sound waves reach
very large amplitudes and steady-state conditions (in terms of wave amplitude and temperature distri-
bution) cannot be described by linear theory. Such effects as cascade of higher harmonics generation,
(nonlinear) acoustic streaming (understand a mean fluid flow caused by acoustics), minor losses due
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to sudden changes in section at the end of porous elements, etc., are to be taken into account to ex-
press the saturation of amplitude growth. All these phenomena highly reduce the overall efficiency of
the engine by disturbing the temperature field and therefore the thermoacoustic amplification process.

Many techniques have been developed in order to counteract the nonlinear effects. Most of them
consist in passive elements to be added to the engine at strategic locations. Here are some commonly
applied solutions [17,18]:

* tapered tubes: by giving a conical shape to the thermal buffer tube (TBT), the boundary-layer
driven streaming — also called Rayleigh streaming — is minimized;

» flow straighteners: a short stack of wire-mesh screens ensures that the flow entering the TBT at
the junction is spatially uniform and not a jet flow due either to the heat exchanger or the flow
separation;

* jet pumps or membranes: a time-average pressure drop induced by converging nozzles allows to
balance the Gedeon streaming due to the presence of a traveling wave.

Though they have been proven helpful in high power engines, intentionally none of these devices has
been adapted to the present engine; this “control-free” situation allows to explore the possibilities for
active control to improve global efficiency on all levels.

Active control apparatus — Passive elements, by the nature itself of their action - i.e. counteracting
undesired non linear side-effects — are limited improvements. Their action consists in trying to bring
back the operating mode of the engine to a linear regime, which is the ideal working point with a linear
description.

Contrariwise, instead of curing the symptoms, the aim of active control (active in the meaning that
there is an additional energy input) is to improve the overall efficiency by modifying the acoustical field
so that the ideal operating point allows a higher efficiency. Indeed, the self-established acoustic field
due to the thermoacoustic instability is highly bounded to the temperature field and interacts with it.
The modification of the acoustic field by one or several auxiliary sources generates a disturbance in the
temperature field in the thermoacoustic core which, in return, changes the thermoacoustic amplifica-
tion. Several possibilities are then to be considered. The effect of a single auxiliary source driven by a
feedback loop has to be explored. With two sources, it has been demonstrated [19] that it is possible to
improve the overall efficiency of an annular engine by an appropriate tuning in phase and amplitude.
However, the phenomena taking place in a more complex engine such as the thermo-acousto-electric
transducer might differ from the simpler annular configuration. The focus will be here put on the op-
portunities offered by a single auxiliary source driven by a feedback loop, as shown in Fig. 5.

phase-shifter

U = Asin(wt + ¢) Uz = Asin(wt)

v'u?,

Ups=G-Asin(wt +¢)

Figure 5: Schematic of the system with its single auxiliary-source active control system by a feedback
loop.

The auxiliary source is a small mid-range low-power (5W) speaker — a Visaton FRS 5 - loaded by
a very small enclosure (only a few cm® on each side of the membrane). It is connected to the engine
through a 27 mm-long capillary duct 6.5 mm in diameter. The small diameter of that connection allows
to keep the coupling of the engine with the source to a minimum, in order not to change too much the
characteristics of the engine. The source may be positioned at either of the three points noted S1 to
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S3 on the schematic given in Fig. 1. It is powered by a feed-back loop, using the signal sensed by one
of the three microphones and phase-shifted before to be amplified. The phase-shifter is a homemade
device with three RC-shifter in series, allowing each a 135° shift. Voltage and current running through
the speaker are monitored to gauge the supplied power for active-control Wy s. The use of a feedback
loop is interesting in this case, notably because it prevents the loss of synchronization between the
thermoacoustic source and the auxiliary source [20], as the working frequency is likely to evolve with
the temperature variations in the TAC.

Efficiency criteria — To evaluate the effects of the active control several criteria of efficiency are es-
tablished. First of all is the overall efficiency 7;,;, the one that is to be improved by the use of active
control and defined as the ratio of the output power to the sum of the input powers:

n _ Wei

tot — . . -
Qp+Wis
To insure that the active control affects the thermoacoustic conversion, the thermoacoustic conversion

efficiency of the regenerator 7.4 and acousto-electric conversion efficiency of the alternator 7,;, are
both monitored by the following approximations:

(4)

_ _ Wel
Nreg= =~ and Nalt =

—, (5)
Qh +Wis Wies

All measurements show that this last efficiency is very steady for the imposed working conditions. It
changes slightly with the drive ratio from 40% to 42% when the input heat power goes from 70 to 150 W,
but its variations for a series of measurement are under 1% and therefore negligible compared to that
of 777¢¢. The results presented here will then be for 77,;, which is directly proportional to 7.

3 Experimental study of the performances of the thermo-acousto-
electric transducer enhanced with single-source active control

In this section, to begin with, the performances of the engine without active control are exposed for
later comparison. The effects of three control parameters of the active control are then studied, allowing
three different series of measurements:

» for afixed gain G of the audio power amplifier driving the auxiliary source, the effect of the phase-
shift ¢ for various input heat powers Qy;

« for a fixed input heat power Qy,, the effect of the phase-shift ¢ for various gain G;

* for a fixed appropriately chosen phase-shift ¢, the effect of the gain G for various input heat
powers Qyj,.

3.1 Preliminary qualification of the onset conditions and efficiency modifications
due to the presence of the auxiliary source

When the auxiliary source is connected to the resonator, the behavior of the engine is modified due to
the weak but existent coupling between the source and the engine. So the capabilities of the engine pre-
sented above (§2) are briefly evaluated, without any auxiliary source and when the auxiliary source is
connected to the resonator. For this part of the study, the auxiliary source is not powered, but, in order
to remain close to the operating conditions of active control, it is loaded with its complete powering
chain switched on with the gain at zero. Mostly, this study consists in comparing the onset thresholds
for the thermoacoustic instability, in terms of temperature gradient through the regenerator, for a load
Rioaq at the alternator terminals that gives the highest global efficiency, as well as the amplitude growth
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saturation under various heating conditions. The thresholds are determined using the following pro-
tocol: (1) the hot heat exchanger is brought to a balanced state of temperature known to be close but
inferior to the threshold temperature (this first step take about 45 min); (2) the driving voltage of the
heat exchange (i.e. the hot temperature) is increased by small steps; (3) a stabilization period necessary
for the engine to reach thermal equilibrium is waited (a few minutes); (4) if no spontaneous oscillation
appears, the heating power is further incremented.

The stationary behavior is also studied, by measuring the temperature difference between hot and
cold heat exchanger AT, the global efficiency 1;,;, and the drive ratio DR for different input heat pow-
ers. These results are presented along with the threshold conditions in Table 1. It is worth recalling here
that the apparatus used for that experimental campaign has not been designed as an industrial pro-
totype but as a "proof-of-concept" model, used for experimental validation of analytic and numeric
models. Working with air at low pressure, its maximum efficiency is about 1%.

Table 1: Onset and saturation conditions of the TAE before (@) and after addition of the active control
apparatus (not powered) at position S1. Efficiency 1., and drive ratio DR are given in [%].

Saturation conditions
Onset conditions Qp=70W Qp =140W
aux. source | fo [Hz] | AT, [K] | Qp,o W] AT K] | ntor | DR | AT K] | Ntor | DR
@ 40.88 374.5 57.8 367 0.25 | 0.71 411 0.71 | 3.16
S1 40.18 419 69.8 400 0.14 | 0.59 456 0.60 | 2.75

All results presented further are in the form of an efficiency normalized by the efficiency when the
amplification gain is G = 0. The gain G of the feedback loop is defined for everything that follows as the
ratio of the tension Uy g driving the active control speaker over the tension Us delivered by the pressure
sensor at position u3:

Us
G=—-. (6)
Urs

3.2 Effect of phase-shift ¢ for a given gain G

A first interest is taken in the influence of the phase-shift between the measured signal at position u3
and the voltage of the signal driving the source at position S1, for a given amplification gain G =1 or
G = 3.2 and for different heat inputs. The results are presented in Figs. 6 and 7.

With the phase-shift varying, two domains are to be distinguished: one where the efficiency is im-
proved (roughly from 180 to 360°) up to more than 25% in the case presented here (that number going
as high as 80% with G = 10 for Q;, = 70 W, see Fig. 8 or 11), and one where the efficiency is decreased
(from 0 to 180°). The improvement or deterioration of performances brought by the active control is
greater for low drive ratios (DR), as the working point is closer to the onset condition. Since the active
control power W;s is proportional to the acoustic power Wloop in front of the reference microphone,
the effect of the active control for a constant gain does not have a constant amplitude. Moreover, in
the unfavorable domain, there exist conditions bringing to the death of the self-sustained oscillations —
phenomenon known as quenching. The lower the DR is, the larger the domain of quenching seems to
be for of given gain. Both behaviors described here are indicative of nonlinear interaction between the
autonomous thermoacoustic oscillator and the loudspeaker.

3.3 Effect of phase-shift ¢ for a given input heat power Qj,

The focus is now brought on the influence of the phase-shift between the measured signal at position
u3 and the voltage driving the source at position S1, for a given input heat power Q; = 70W and for
different values of gain of the amplification in the feedback loop. The results are presented in Fig. 8. In
Figure 9 are presented the variations of the corresponding temperature gradient AT = Typx — Tchxa -
In the zone of unfavorable phase-shift, the gain may be incremented to reach a value for which the
engine quenches at a single value of phase-shift ¢ = 90° (here, that gain value is G = 3). With the aug-
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mentation of the gain, the domain of quenching enlarges rapidly, until it concerns the complete domain
between 0 and 180° for the largest values of gain. As the engine quenches, the temperature difference
raises then to a stable level, namely the temperature reached in absence of thermoacoustic oscillation.

In the domain of favorable phase-shifts, the efficiency of the TAE is increased as the gain of amplifi-
cation in the feedback loop raises. In parallel, the temperature difference AT between hot and cold heat
exchangers shows a significant decrease (up to 25°) combined with the increase of efficiency as can
be seen in Fig. 9. This confirms the hypothesis emitted at the beginning: there exists a more favorable
acoustic field for thermoacoustic conversion than the self-established field, for which more thermal
energy is converted to acoustic power.
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3.4 Effect of the gain G for an optimal phase-shift ¢

Finally, choosing a phase-shift ¢ = 270° hat seems to be optimal for various heat inputs, the influence of
avariation of the gain G of the amplification of the feedback loop is observed. Experimental evolution of
output electric power is shown in Fig. 10 and evolution of the efficiency of thermoacoustic conversion
in Fig. 11.
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Figure 10: Evolution of the extra electrical power Figure 11: Evolution of the efficiency with the
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source (- -), for a given heat supply of ply of 70W (0) or 140 W (¢) and a con-
70W (o) or 140 W (¢) and a constant stant 90°-phase-shift.

90°-phase-shift.

In order that the active control is undoubtedly a profitable operation, the extra power produced
thanks to the active control has to be larger than the power injected into the active control device. A
zone clearly exists in both cases, until G = 1.2 for Q;, = 70W and G = 0.7 for Q;, = 140 W where the
output power increase is greater than the power driving the active control.

When the DR is increased, that is when the heating power is increased, the active control added
power required to observe a significant improvement of the efficiency raises faster than the extra power
produced. The sum of the input powers Qj, + Wy s then grows faster than the output power W,;, leading
to a saturation in the augmentation of the efficiency, as seen for the configuration of highest DR in
Fig. 11. The behavior described here is one more time indicative of nonlinear interaction taking place
in the active control process.

4 Discussion and conclusion

From the experimental study presented in the previous section (§3), it appears that the use of a single
source active control apparatus to improve the efficiency of thermoacoustic amplification in a thermoa-
coustic engine is a promising technical solution. Bringing to light various phenomena as quenching and
saturation, it clearly involves nonlinear interactions between the auxiliary source and the thermoacous-
tic process taking place in the engine.

However, several points remain to be addressed before to draw further conclusions. Notably, several
questions are still open concerning the source. Firstly, only one position of the source among the three
possibilities has been studied so far; the two other setups will be explored. The same remark is also
valid for the microphone driving the feedback loop: only one position among three possibilities has
been tested. Secondly, the coupling between the engine and the auxiliary source has been realized em-
pirically, with a quite wide coupling pipe. Other coupling conditions will be tried out, in particular in
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order to reduce the increase of the difference temperature caused by the addition of the auxiliary source.
Lastly, the presence of the auxiliary source seemingly changes the behavior of the engine in such a way
that the optimal load applied at the terminals of the alternator is not the same.

Such projects as the development of thermo-acousto-electric engines are invested in a sustainable
development approach. For instance, the collection of waste heat (such as the one produced by a com-
bustion engine) might be interesting to power low-temperature thermoacoustic engines. The use of ac-
tive control, which seems to lower the operating temperature as well as increasing the efficiency, looks
promising enough to make relevant the pursuit of this work in that direction. Future works will be de-
voted to further experimental as well as theoretical studies to clarify the points mentioned above.
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