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Thermoacoustics as a tool for teaching thermodynamics in
secondary schools1

Anikó Márta Tasnádi

Abstract: This article presents a possible way of teaching thermodynamic cyclic processes to secondary school students and also
explains the importance of teaching heat pumps. Two simple classroom experiments demonstrating heat engines and heat
pumps are described. The first is a thermoacoustic test-tube heat engine, which emits a loud sound due to heating. The second
is the reverse, a thermoacoustic refrigerator, where a temperature difference is generated by a loud sound. A qualitative,
secondary school level explanation of the observed phenomena is suggested. To quantify the performance of different cyclic
processes, the terms efficiency and coefficient of performance are introduced and defined.

Key words: thermoacoustics, heat pump, teaching thermodynamics, coefficient of performance, cyclic processes.

Résumé : Nous présentons une procédure afin d’enseigner les processus cycliques thermodynamiques aux étudiants du secon-
daire et d’expliquer l’importance des pompes à chaleur. Nous décrivons deux démonstrations expérimentales de machines et de
pompes à chaleur pour faire en en classe. La première est une machine à effet thermo-acoustique dans un tube à essai, qui émet
un bruit sourd par chauffage. La deuxième est l’inverse, un réfrigérateur thermo-acoustique, dans lequel une différence de
température est générée par un bruit fort. Une explication qualitative, adaptée à un niveau secondaire scolaire, est suggérée pour
expliquer les deux phénomènes. Afin de quantifier la performance des deux processus cycliques, nous introduisons et expli-
quons les termes d’efficacité et de coefficient de performance. [Traduit par la Rédaction]

Mots-clés : thermo-acoustique, pompe à chaleur, enseignement de la thermodynamique, coefficient de performance, processus
cyclique.

Introduction
Nowadays, there is a large and increasing gap between the in-

terest of students in science and the demand for scientific knowl-
edge. In many countries, science, especially physics, is considered
difficult [1, 2]. Science subjects are getting very unpopular world-
wide, and the same tendency can also be observed in Hungary [3].
Furthermore, there is a growing demand to raise environmental
consciousness in people to take better care of the environment.
Global population is rapidly increasing, which entails the growth
of consumption, including the consumption of energy. There is an
urgent need to find new techniques to reduce the use of non-
renewable energy resources, to reduce the emission of carbon
dioxide and other greenhouse gases, and to increase the efficiency
of machines and devices that we use. To achieve this, societies
need many more scientists, so it is crucial to turn the attention of
younger generations to science, as well as to increase their enthu-
siasm and willingness to learn science subjects.

Classroom experiments and clear explanations of everyday life
examples help motivate students, raise their interest, and encour-
age them to seek a deeper understanding, which may also make
them more conscious of the environment. The topic of thermody-
namics is difficult and important. Owing to the current increase
in the use of heat pumps, a better understanding of not only heat
engines, but also heat pumps would be essential. It would also be
necessary to show students that heat pumps can be used not only
as cooling devices, but also to heat large buildings, which may

provide a more efficient and environmentally friendly way of en-
ergy utilization.

When the topic of heat engines (prime movers) and heat pumps
are taught at secondary levels, clockwise and counterclockwise
cyclic processes are discussed. Car engines and refrigerators are
normally mentioned as everyday examples, with some qualitative
explanation. However, neither the internal combustion engine,
nor the gas compression refrigerator can be operated in the re-
verse direction. Thus, there is a gap between the theory of cyclic
processes and the practical devices that are mentioned as exam-
ples. The experimental demonstration of thermodynamic devices
that can operate as either prime movers or heat pumps is not easy
either. In this paper, the thermoacoustic heat engine and refrig-
erator are proposed for this purpose. This article presents the first
step of the Model of Educational Reconstruction (MER) [4, 5] in
which the possible teaching material about thermoacoustics was
gathered. The experiments and the theory behind them were
shown and explained to two groups of students. (Because the
sample size was too small, no statistical analysis was performed.)

Why teach heat pumps?
In Hungarian secondary schools, the basic principles and the

laws of thermodynamics are taught, but heat pumps are only
mentioned briefly, although they are more and more widely used
in everyday life, both for heating and for cooling. (In the optional
higher level physics courses, it is loosely mentioned that the re-
frigerator is a reversed heat engine.)
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The demand for cooling has been around for several hundred
years, but refrigerators only appeared in the early 19th century.
The greatest development occurred in the mid-20th century,
when the DuPont Corporation introduced refrigerators that used
Freon as a working substance. (Later, in 1987, Freon was banned,
due to its high ozone depleting potential.)

It was William Thomson (Lord Kelvin) in the 19th century who
proposed the use of heat pumps (or “heat-multipliers”, as he
called them) for heating instead of simply burning fossil fuels [6].
(He allegedly made the plans for a heat pump to be installed into
a house in Switzerland to heat it.) However, heat pumps as heat-
ing devices have only gained greater popularity in this century.
Nowadays, there are many different types of heat pumps used for
both heating and cooling houses. Although their installation is
more expensive than the installation of a gas boiler, with proper
planning they are more energy-efficient and cost less. But why are
they more efficient? How do they work? What factors affect their
performance and how? What source of energy do they use? Are
they really better for the environment? There are many questions
worth discussing in the classroom, and students can discover the
answers by utilizing the internet or working together in groups.

In the academic year of 2014–2015, a short eight-lesson unit was
devoted to exploring engines and heat pumps. Students worked in
groups. With some initial guidelines, the groups discovered on
their own the operation of a specific device of their choice and
then explained it to the others [7]. Experience revealed that stu-
dents enjoyed doing the project and found the topic interesting
and worth investigating. However, the operation of these devices
is very complex. The need for simpler devices that can be shown in
the classroom prompted the inclusion of thermoacoustic phe-
nomena in the process of teaching about thermodynamic cycles.

Thermoacoustics

Brief history of thermoacoustics
The phenomenon that temperature difference between the

ends of a tube may generate a loud sound has been known by
glassblowers in Europe and by Buddhist monks in Japan for sev-
eral centuries. The effect was first described by Byron Higgins in
1777 and continued to be investigated by K.F.J. Sondhauss and P.L.
Rijke nearly a century later. (The so-called Rijke tube is often used
as a demonstration device to generate a loud sound.) In 1878, Lord
Rayleigh gave qualitative explanation for thermoacoustic oscilla-
tion [8]. In the 1970s, Nicholas Rott described the thermoacoustic
phenomenon mathematically. A decade later, a group of physi-
cists in the Los Alamos National Laboratory began to work on the
production of powerful thermoacoustic heat engines, also con-
structing the first thermoacoustic refrigerator [9, 10]. In 1992, a
thermoacoustic refrigerator was sent to space as a GAS (getaway
special) payload [11], and in 2002, a larger thermoacoustic refrig-
erator was built, which was able to liquefy natural gas (500 gallons

per day) [10]. Although the experiments are promising, thermoa-
coustic refrigerators are still a new area of study and have only
been built for experimental purposes.

Test-tube engine
As a classroom experiment, it is easy to make a thermoacoustic

engine from a tube [12]; within the test tube, there is a small
amount of steel wool, called the stack, which is positioned slightly
closer to the closed end of the tube. (Steel wool is a bundle of very
fine steel filaments that are laid approximately parallel with each
other.) In our experiment, the stack inside the tube was 2.5–3 cm
long and was placed loosely, such that the filaments of the wool
were approximately parallel to the tube. One side of the wool was
heated with an alcohol burner and the other side was cooled with
a piece of wet paper towel. The test tube gave off a loud, continu-
ous sound. A sound meter next to the apparatus showed an inten-
sity level of approximately 80 dB. The apparatus and a tablet, used
as sound meter, are shown in Fig. 1.

The experiment was carried out with two different test-tube
lengths of 16 cm and 25 cm. In both cases, the middle of the stack
was approximately at one-third of the length of the tube, closer to
the closed end. The intensity level of the sound was about the
same, but the frequency values were different; it was approxi-
mately 560 Hz in the case of the shorter tube and 360 Hz for the
longer tube. The experimental apparatus is very easy to build.
Students can build and try out their own devices, and they can
also use their smartphones or tablets to visualize the sound and
measure its physical properties like frequency or loudness. (The
only problem is that being really loud, it can be quite annoying
after a while.) The emitted sound is roughly sinusoidal, and the
frequency depends somewhat on the position of the stack. There
is no sound if the stack is too close to either end of the test tube.
When the stack is at a certain position, the frequency of the emit-
ted sound increases slowly over time, because the temperature of
the resonating air increases. Acoustic resonance occurs in the
tube, induced by heating. Roughly speaking, a standing wave ap-
pears with a velocity node at the closed end of the tube and a
velocity anti-node at the open end. Thus, the length of the tube is
one-fourth the wavelength of the sound emitted, and the speed of
sound (c) is the product of the wavelength (�) and the frequency (f),
i.e., c = �f. For the shorter tube, we obtained the speed as follows:
c1 = 4(0.16 m)(560 Hz) = 358.4 m/s; whereas for the longer tube, it
was c2 = 4(0.25 m)(360 Hz) = 360 m/s, which are nearly the same
(and also the same as the speed of sound in air at a temperature of
50 °C).

Test-tube refrigerator
The second experiment is the reverse of the one described

above. With a sound generator and a loudspeaker, a loud sound of
appropriate frequency was generated next to the open end of a

Fig. 1. (a) The test tube containing steel wool, and (b) the “test-tube heat engine” in operation with a tablet measuring the intensity level of
sound (reads 83 dB). [Colour online.]
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glass tube, and the temperature at the two ends of the stack was
measured. We only used the longer tube, 25 cm in length, and the
frequency of the sound was about 330 Hz. This is smaller than the
frequency of the sound emitted by the longer tube in the previous
experiment, probably because the air inside the tube is only at
room temperature. The sound emitted by the loudspeaker was
very loud, around 70–80 dB, and we also used a sheet of particle-
board with a hole at its centre to cover the diaphragm of the
woofer. The open end of the tube was put in the hole in the
particleboard. There were two small holes drilled into the wall of
the tube next to the two ends of the stack and a temperature
sensor was inserted into each of them.

Figure 2a shows the tube with the stack in front of the loud-
speaker and the multimeters measuring temperature at the two
ends of the stack, right before the loudspeaker was turned on. The
temperature in the room was 25 °C. The reading on the meter on
the left is therefore 25 °C (this measures the temperature next to
the side of the stack that is closer to the loudspeaker). Owing to a
3 °C zero offset error, the reading on the meter on the right is
28 °C. (We used the multimeters available in our school.) Figure 2b
shows the tube and the meters soon after the loudspeaker was
turned on. At the left end of the stack, the temperature decreased
by 4 °C, whereas at the right end of the stack, the temperature
increased by 5 °C; so a temperature difference of 9 °C was achieved
between the two ends of the stack. (In a similar experiment but
using different stack material and a wider tube, D.A. Russell and
P. Weibull built a tabletop thermoacoustic refrigerator for dem-
onstration purposes where a temperature difference of 15 °C was
measured [13].)

In this case, resonance occurred again, and the acoustic energy
of sound was used to “pump heat” from the colder end of the stack
to the warmer end. Due to the high amplitude sound, small air
parcels moved back and forth between the fine parallel threads of
the stack while their volume, pressure, and temperature changed
periodically in a way that resulted in the air parcels absorbing
heat from one end of the stack and releasing some heat at the
other end, creating the temperature difference between the two
ends of the stack.

Qualitative, high-school level explanation
The quantitative explanation of both effects is very complex

and far beyond the scope of secondary school physics, but some
qualitative explanation of the observed phenomena can be given.
The key of the processes lies in the structure of the stack, which is
a porous material. Between the fine threads of the steel wool
stack, there are thin air channels lying parallel to the axis of
symmetry of the test tube, in which small air parcels can move
back and forth. (Originally, the stack was a pile of parallel plates,
that is why it is called a stack. These plates were the walls of the air
channels, which walls are now the threads.) The stack is not a very
good heat conductor; thus, in the case of the first experiment, due
to the heating and cooling, there is a large temperature difference

between the ends of the stack. (According to measurements by C.
Olivier, G. Poignand, and G. Pénelet, who investigated a similar
device, the temperature at the hot end was between 300 °C and
400 °C, while at the cold end, it was close to 100 °C [12]). The
thermal connection between the stack and the air is also poor, so
inside the air channels, when the air moves fast, there is approx-
imately no heat exchange between the stack and the air.

In the book titled The Theory of Sound, Lord Rayleigh states the
criterion for inducing sound with heat, saying “If heat be given to
the air at the moment of greatest condensation or be taken from
it at the moment of greatest rarefaction, the vibration is encour-
aged.” [14].

Figure 3a is the schematic diagram of the test tube and the stack
(represented by the horizontal parallel lines). The shaded ellipse is
enlarged in Fig. 3b, with the squares representing an air parcel at
its different states and positions. The air parcel moves only paral-
lel to the symmetry axis of the tube: the top squares represent the
parcel when it is moving toward the left, and the lower squares
show the air parcel when it is moving toward the right. Figure 3c
shows how the temperature of the stack (dashed–dotted line) and
the temperature of the air parcel (solid line) change with the
position. The temperature gradient in the stack is very large and is
approximated as constant [9], whereas the temperature of the air
parcel has different values at the same position of the stack, de-
pending on the direction of the motion. The lower part of the
ellipse shows the temperature of the parcel when it is moving
from right to left and the upper part corresponds to the motion
from left to right. The arrow on the ellipse shows how the tem-
perature and position change as time passes. Figure 3d shows how
the pressure of the air parcel changes as a function of the volume
of the parcel. The numbers indicate the processes shown in
Fig. 3b, and the arrow shows how the state variables of the air
parcel change over time.

Thus, the approximate model is the following: a small air parcel
of temperature T0 at the right end of the stack (represented by the
upper square at the right in Fig. 3b) is moving toward the left
(process 1). It reaches its greatest compression (or, as Lord Rayleigh
stated, condensation) at the leftmost position (high pressure), and
its temperature increases to T1 because it shrinks approximately
adiabatically. At the leftmost extreme, the temperature of the
stack is still greater than that of the air parcel, and the parcel
absorbs a small amount of heat Qa. During process 1, the pressure
of the parcel increases, whereas in process 2, the pressure is ap-
proximately constant. In process 2, the temperature of the parcel
increases slightly to reach T2 and the parcel expands. Then, the
parcel begins to move toward the right (process 3). It reaches the
rightmost position when there is a rarefaction there (low pres-
sure), so while it moves, the parcel expands and cools (approxi-
mately adiabatically) to T3, while its pressure decreases. There it is
still somewhat warmer than the stack, so it releases a small por-
tion of heat Q r, thus it cools and shrinks (process 4). The difference

Fig. 2. The tube refrigerator and the multimeters measuring the temperature at the two ends of the stack (a) before the loudspeaker was
turned on, and (b) soon after the loudspeaker was turned on. [Colour online.]
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between the absorbed and the released heat is approximately the
acoustic work of the emitted sound (neglecting the losses due to
other effects). This acoustic work is represented by the area en-
closed by the curve of the p – V diagram in Fig. 3d.

The thermoacoustic refrigerator works in the reverse. Initially,
the whole stack has the same temperature, but due to the high
energy sound emitted by the loudspeaker at the open end of the
tube, one end of the stack cools down whereas the other end
warms up.

Figure 4a shows the schematic view of the tube, stack, and
loudspeaker arrangement; Fig. 4b represents the oscillation of the
air parcel; and Fig. 4c shows the temperature of the stack and the
air parcel. The temperature gradient in the stack is much smaller
here than in the previous case, so when the parcel is at the warm
(left) end of the stack, it has an even greater temperature than the
stack, and when it is at the colder (right) end of the stack, it is even
cooler. Figure 4d demonstrates how the pressure and the volume
of the parcel change. The arrow on the curve shows the direction
of the process.

The detailed explanation of the processes shown in Fig. 4b is as
follows: the loudspeaker causes the air to vibrate, producing com-
pressions and rarefactions in the tube. An air parcel at the right
end of the stack at a temperature of T0 is forced to move toward
the left where there is a compression, so it shrinks and its tem-
perature increases to T1 (process 1), which is greater than the
temperature of the stack there. So, it releases some heat Q r, and
thereby, it shrinks and cools to a temperature of T2 (process 2).
During process 1, the pressure of the parcel also increases,
whereas in process 2, it is almost constant. The parcel is then
forced to move toward the right where there is a rarefaction when
it reaches the right end of the stack. It expands and cools to a
temperature of T3 (process 3), which is even smaller than the
temperature of the stack there. Thus, it absorbs heat Qa, expands,
and warms up (process 4). In process 3, the pressure of the parcel
decreases, whereas in process 4, it is nearly constant again. In
Fig. 4c, the upper half of the ellipse represents the variation of the
temperature of the parcel as it moves toward the left, whereas the
lower arc corresponds to its motion toward the right. As a result
of the acoustic work of sound, heat is pumped from the cold end
of the stack to the warm end. The heat released at the warm end of

the stack is approximately the sum of the acoustic work and the
heat absorbed from the cold end. This acoustic work is also illus-
trated in the p – V diagram of Fig. 4d. In this case, it is a counter-
clockwise cyclic process, which means that work is done by the
external source (loudspeaker).

Should this explanation appear to be too difficult for students,
there is an excellent animation of the processes (both for the
engine and the refrigerator) at the website https://www.springer.
com/us/book/9783319669328. This animation, which accompanies
the book Thermoacoustics: A Unifying Perspective for Some Engines and
Refrigerators by G.W. Swift [9], represents the simultaneous changes
of the volume, temperature, and pressure of the air parcel as it is
moving back and forth.

The impressive nature of the experiments successfully raised
the students’ interest and helped them grasp the main idea: that
by reversing the cyclic process of a heat engine we can pump heat
from a colder place to a warmer place. It is important to empha-
size that both cyclic processes are irreversible: the thermody-
namic process in either of the experiments cannot be reversed,
e.g., the temperature difference in the case of the thermoacoustic
heat pump is much smaller than in the case of the engine. How-
ever, it is demonstrated that in the case of the engine, the ab-
sorbed heat generates acoustic work — while some heat is
rejected — and in the case of the heat pump, acoustic work makes
heat flow from the cold reservoir to the hot reservoir. Considering
the heat flow and the work done, the experiments also provide an
opportunity to introduce the terms efficiency and coefficient of
performance (COP).

Efficiency and COP
Figure 5 shows the direction of thermal energy flow and the

performed work in the cases of a heat engine and of a heat pump.
(To clarify the relationship between the concepts of efficiency and
COP, the same subscript is used when heat flows in or out of a
certain heat reservoir.)

The term of efficiency as a measure of the performance of a heat
engine is introduced in secondary schools as

Fig. 3. (a) The test-tube thermoacoustic heat engine, (b) the enlarged part of the stack showing how the position and volume of a small
oscillating air parcel change, (c) the temperature of the stack and the air parcel as a function of position, and (d) the variation of the pressure
as a function of the volume of the air parcel. (This figure is after one found in ref. [9]).
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� �
W

Q hot

�
Q hot � Q cold

Q hot

(1)

where W is the work done by the engine, Qhot is the heat absorbed
from the hot heat reservoir, and Qcold is the heat released to the
cold heat reservoir.

The second law of thermodynamics is often stated by referring
to the efficiency of heat engines being less than one. Yet the COP
is not even mentioned in secondary schools, although it is not a
difficult concept for students to understand. To characterize how
well a heating or cooling unit works, we introduce the ratio of the
useful heat absorbed or released to the input work. This ratio is
called COP and is different for heat pumps used for heating or for
cooling.

The COP of a heat pump (used for heating):

COPheating �
Q hot

W
�

Q hot

Q hot � Q cold

� 1 �
Q cold

Q hot � Q cold

(2)

The COP of a refrigerator:

COPcooling �
Q cold

W
�

Q cold

Q hot � Q cold

(3)

where Qhot is the heat released to the hot reservoir, Qcold is the
heat absorbed from the cold reservoir, and W is the external work
done during one cycle.

If the efficiency of a heat engine (eq. 1) is compared with the COP
of a heat pump used for heating (eq. 2), it becomes evident that
they are reciprocal to each other. In reality, we cannot exactly
reverse the cycle, but from the first law of thermodynamics and
from the definition of the COP for heating, we can see that the
numerator Qhot is greater than the denominator W, so the COP for
heating is always greater than 1. This is why William Thomson
suggested in the 19th century that heating with a heat pump was
always a better choice than burning fuel. However, it is also im-
portant to emphasize that in the case of heat pumps we do not
gain energy, but by performing a small amount of work, a greater
amount of thermal energy can be “pumped” from the cold reser-
voir to the hot one.

With some mathematics, it can be derived that if a heat pump is
once used for heating and then for cooling, provided that it is
operated between the same heat reservoirs, then the COP of heat-
ing is exactly one more than the COP of cooling. When we use the
refrigerator to cool down the food, then the kitchen is also
warmed up with a COP that is exactly one more than the COP for
cooling the food inside. A refrigerator has a small cold heat reser-
voir, so it cannot extract significant amount of heat from the food
in the cold compartment, with which the room could be effi-
ciently heated, so its heating effect is not significant.

Heat pumps that are installed in houses can usually be used
both ways, for heating in winters and for cooling in summers,
which means that the hot and the cold heat reservoirs are re-
versed. (In winter, the air outside is the cold reservoir from which
heat is extracted and pumped into the room, which is the warm
heat reservoir. In summer, this is the opposite: the room is to be
cooled, so the room is the cold heat reservoir and the outside air is
the hot one.) Let us consider the case when a heat pump is used in

Fig. 4. (a) The test-tube thermoacoustic refrigerator, (b) the enlarged part of the stack showing how the position and volume of a small
oscillating air parcel change, (c) the temperature of the stack and the air parcel as a function of position, and (d) the variation of the pressure
versus the volume of the air parcel. (This figure is after one found in refs. [9] and [13]).

Fig. 5. Schematic diagrams of a heat engine and heat pump.
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winter to heat a house. To heat a room, the hot reservoir (called
heat sink) has to be the room, and a cold reservoir (called heat
source) is needed. The source may be the ground, or the water of
a lake or river, or the air outside. After a long and cold winter, it
may well happen that the source is depleted and the COP of the
heat pump drops [15].

Conclusion
In light of the impending depletion of non-renewable energy

sources and the effects of global warming, there is an urgent need to
find new ways of energy production and utilization. One of these
with high potential is the use of heat pumps, which is why it is
important to talk about such devices in physics lessons and to
explain their operation. Exploring thermoacoustics provides easy
classroom experiments with which the cyclic processes of heat
pumps and heat engines can be illustrated, and the students can
use their own ICT devices (smartphones and tablets) to carry out
measurements. Our students enjoyed the experiments, especially
the test-tube heat engine, although the qualitative explanation
was challenging. It was revealed that the majority of the students
understood the concept of COP, which characterizes the perfor-
mance of the heat pump, and understood the role of the hot and
cold reservoirs. Only a few students were unable to distinguish the
ideas of reversing the direction of the cyclic process and reversing
the roles of the two heat reservoirs. Overall, the future use of
thermoacoustic devices still requires further investigation, but
they are definitely worth using in physics classes.
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