Tabletop thermoacoustic refrigerator for demonstrations
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An inexpensiveless than $2btabletop thermoacoustic refrigerator for demonstration purposes was
built from a boxed loudspeaker, acrylic tubing and sheet, a roll of 35 mm film, fishing line, an
aluminum plug, and two homemade thermocouples. Temperature differences of more than 15°C
were achieved after running the cooler for several minutes. While nowhere near the efficiency of
devices described in the literature, this demonstration model effectively illustrates the behavior of a
thermoacoustic refrigerator. @002 American Association of Physics Teachers.
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[. INTRODUCTION around a central spindle so that adjacent layers of the spirally
. . ) . wound film provide the stack surfaces. Lengths of 15-Ib ny-
The basic Worklngs_ of heat engines and refrlg_erators_arﬁ)n fishing line separated adjacent layers of the spirally
commonly described in the undergraduate physics curricUyound film stack so that air could move between the layers
lum. Thermoacoustic heat engines and refrigerators, hovva|Ong the length of the stack parallel to the length of the
ever, are topics usually reserved for graduate level coursqgsonator tube. Figure(t) shows a cross section of the
and research. Recent artlcle_s in popular_smentlflc journalgg|ied-film stack, with layers separated by fishing line.
have made the concepts behind such dey|ces understandablerpe primary constraint in designing the stack is the fact
to a much wider audience’ A demonstration apparatus, as that stack layers need to be a few thermal penetration depths
descrlbec_i in thls_ note, can effectl\_/ely m_troduce students t%part, with four thermal penetration depths being the opti-
the ph.yS|cs _be_hmd thermoacoustlc refrigerators. The basig,,m layer separatiohThe thermal penetration depth, is
operating principles are simple enough to be understood byefineqd as the distance that heat can diffuse through a gas

beginning students, and this apparatus may be used to attracﬁﬁring the timet=1/f, wheref is the frequency of the

students to physics, or to upper level courses. The first amh.%rtanding wavé. It depends on the thermal conductivity,

of this paper uses this apparatus regularly as a demonstratiopl 4" yonsity, of the gas and the isobaric specific heat per
for prospective students and their parents during campus '

tours. This apparatus is not designed to be efficient; it NIt massecp, according to
intended more as a proof of concept demonstration. How- K

&=\ :

K mfpc,

ever, it could readily serve as a starting point for a senior 1)

level research project complementing a thermodynamics or

acoustics course. If stack layers are too far apart the gas cannot effectively
transfer heat to and from the stack walls. If the layers are too
close together viscous effects hamper the motion of the gas

Il. CONSTRUCTION OF THE APPARATUS particles. For a frequency of 385 Hz in air one thermal pen-

The thermoacoustic refrigerator demonstration described
in this note is of the standing wave variétgnd consists of a
quarter-wavelength resonatéan open-closed tubedriven thermocouple
by a loudspeaker. While this is the easiest resonator shape tc
build, it is the least efficient of the standing-wave type
refrigerators: Since the primary purpose of this apparatus is T
to demonstrate the action of an acoustic refrigerator, effi-
ciency was not a primary concern. A schematic drawing of
the refrigerator is shown in Fig.(4).

The resonator for this refrigerator was a 23 cm length of
acrylic tubing with an inner diameter of 2.2 cm. The length
defines the resonance frequency of the system, which was
385 Hz for our apparatus. A hole was cut in the center of an
acrylic cover sheet and the tube was glued to the cover sheet,
which was then placed over the speaker. The speaker was ¢ —
4-inch boxed speakercapable of handling 40 W, and a
4-inch diameter o-ring was used to provide a seal around the
edge of the speaker. An aluminum plug was milled to fit
snugly into the end of the tube, forming the closed end.

The most important part of an acoustic refrigerator is the
stack, which consists of a large number of closely spaced (@)
surfaces allgned_ parallel to the length of the resonator tUb%‘i . 1. (@) Schematic diagram of the demonstration thermoacoustic refrig-
The stack for this apparatus was constructed, as suggestgior; (b) cross section of the stack showing how the film layers were
Hofler® by winding a roll of 35-mm photographic film separated by fishing line.

fishing line
35 mm film
il —stack

resonator
Wtube
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Fig. 3. Temperature variation above&(,) and below [ ,g) the stack as a
function of time.

ture below the stack; it started at 66 °F and dropped to 29 °F.

The multimeter to the left of the apparatus shows the tem-
Fig. 2. Photograph of the thermoacoustic refrigerator demonstration showperature above the stack; it started at 66 °F and increased to
ing the temperatures in °F, abovieft) and below(right) the stack after 75 °F. A temperature difference of 46 5.6 °Q was ob-
several minutes of operation. tained across the stack after just 10 minutes with air as the

“coolant,” and with the loudspeaker cone being the only

) ] o moving mechanical part.
etration depth is 1.3810"“ m. The 15-Ib nylon fishing line  Figure 3 shows typical results for the temperatures above
has a diameter of 3.4010 4 m; the stack Iayers in this the stack Thot) and below the StaCkTQold) as a function of
apparatus were therefore separated by about 2.5 thermal pefime. The starting temperatures were normalized to zero, so
etration depths. the plot shows the changes in temperature as measured by
To construct the stack, a roll of 35-mm film was unrolled. each thermocoup|e_ To produce this p|0t the thermocoup|e
Lengths of fishing line were glued across the width of theleads were connected to a two-channel digital oscilloscope
film at equal intervals using a spray adhesive. To keep linegjith an 8 minute capture time. The plot shows that the tem-
straight the line was first wound onto a “loom,” a cardboard perature below the stack{,) begins decreasing immedi-
frame with slits cut every 5 mm. After spraying the glue ontogtely after the sound is turned on, dropping 4 °C in the first
the lines, the frame was placed over the film and a teflons seconds, with the rate of temperature change decreasing
weight was placed on top, to press the lines against the filmyjith time. After 4 minutes of operation the temperature be-
Once the glue was set, the fishing line was cut flush with thgq,y the stack has dropped by 10.5°C and is still decreasing.
edges of the film. This process was repeated for approxXirhe temperature above the stadk,f) increases, also more
mately 1 meter of film. The film was then rolled around a5y at first, as the heat is being pumped through the stack.
small diameter acrylic rod and layers were gradually peelec\¢q, approximately 2 minutes the temperature above the
off until the film roll fit snugly into the tube. The stack was giack has increased by 5 °C. After that it stops increasing as
positioned in the tube approximately 4 cm from the closede rate at which heat is moved through the stack equals the
end so as to be close to the pressure maximum, but awgte ot which heat is conducted through the aluminum cap
from the particle displacement minimum. into the surrounding room. After 4 minutes of operation, the
Two thermocouples were made by soldering copper angemperature difference between the top and bottom of the

constantan wires together. One thermocouple was inserteq, k is about 15.5 °C, a difference large enough to be de-

. &ected by touching a finger along the outside of the acrylic
temperature below the stack, while the other was allowed t@ po The trends in Fig. 3 are similar to those found in the

dangle just above the stack. L_eads_ for both thermocoupleﬁeratureg

passed through a small hole drilled in the aluminum plug at

the end of the tube. Digital multimeters were used to display

the temperature above and below the stack. The loudspeaker

was driven by a sine wave generator through a 100 W audi¢V. HOW IT WORKS

amplifier. The pressure amplitude inside the resonator tube ) ) ]

was not measured, but the power to the speaker was in- Figure 4 shows the basic operation of a heat engine and
creased until a second harmonic became barely audible, if€at pump, or refrigerator. In a heat engine, heat is trans-

dicating that the system was becoming nonlinear. ferred from a high temperature reservoir to a lower tempera-
ture reservoir doing work in the process. In a heat pump, or
. TYPICAL RESULTS refrigerator, externally applied work transfers heat from the

lower temperature reservoir to the higher temperature reser-

Figure 2 shows a photograph of the apparatus after it hadoir. In the case of a thermoacoustic refrigerator the external

been running for about 10 minutes at a high sound level. Thavork is supplied by the standing sound wave in the resona-
multimeter to the right of the apparatus shows the temperaor.
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The longitudinal standing sound wave causes the gas par-
ticles to oscillate back and forth parallel to the walls of theFig. 5. P~V diagram showing the four stages in the thermoacoustic refrig-
stack. The alternating compression and rarefaction of the gasator cycle. The left end of the stack wall is towards the closed end of the
causes the local temperature of the gas to oscillate due to thiesonator tube(After Ref. 1)
adiabatic nature of sound waves. If the local temperature of
the gas becomes higher than that of the nearby stack wall,
heat is transferred from the gas to the stack wall. If the localts operation. As shown, however, it is rather inefficient as a
temperature of the gas drops below that of the stack wallheat transfer device. If both ends of the stack were connected
heat is transferred from the wall to the gas. to heat exchangers, thus coupling the stack to a heat source

The second most important factor in the performance of ar heat sink, the transfer of heat would be more efficient.
thermoacoustic refrigerator is the critical longitudinal tem-Other improvements could be made by modifying the shape
perature gradieht of the resonatdror increasing the stack layer separation to

an optimal four thermal penetration depth®ne could also
L’ ) study the performance as a function of sound level inside the
&pCp resonator. Such studies might make for an interesting senior

wherep and ¢ are the acoustic pressure and displacemenieSéarch project.

amplitudes, respectively. No heat is transferred when the

peak-to-peak temperature variation caused by adiabatic com-

pression of the gas,[pc,, exactly matches the variation in

the local wall temperature, &' T.,;, between the extremes ACKNOWLEDGMENTS

of the gas particle motion. Only when the sound wave in- ) i i

duced temperature variation in the gas is greater than the 'NiS demonstration apparatus was built by the second au-

temperature gradient between the cold and hot ends of tH8OF s part _of_a laboratory project for a senior level acoustics

stack will heat be moved from lower temperature to highe,pour_se._A similar thermoacoustic cooler, that served as the

temperature causing refrigeration. This requires a rather inSpiration for this apparatus, was demonstrated by Dr.

tense sound wave inside the resonator. A boxed loudspeak&€orge Mozurkewich, of Ford Motor Co., at the Fall 1999

with as tight a seal as possible between the speaker and redd€eting of the Ohio Section of the American Physical Soci-

nator helps to reduce the sound level in the room to tolerabl§%- The authors would like to thank him for sharing his

levels. *blueprints” and for additional suggestions and discussion.
The thermoacoustic refrigeration cycle is illustrated in Fig. . _

5. As the motion of the sound wave causes a gas parcel in th§§§:ﬂf§f|f(§&e.séa;ﬁgeﬁ2§rﬁﬂ;ﬁiﬁé’agﬁ:'?ﬁs’tﬁemm'

stack to move lef(towards the Clos_ed end of the tyhbe IG. W. Swift, “Thermoacoustic engines and refrigerators,” Phys. Toty

pressure increases and the gas is compressed. The cony_»g(19905.

pressed gas parcel is now hotter than the nearby stack wall s&. L. Garrett and S. Backhaus, “The power of sound,” Am. 8&.516—

it dumps heat to the cooler stack, thus shrinking in volume. 525(2000.

As the standing wave continues through its cycle the parcef’G- W. S_Wift, Thermoacoustics: A _unifying perspective for some engines

is pulled back to the right where the pressure is lower. The and refngerator;, Los Alamos Nathnal Laboratory, 1999, fourth draft ed.,

rarefied parcel is now cooler than the nearby stack wall so it m ;—nIZéb\élll\t/r?g?nkzlsaguggm&zd;nhgm?lS(Iarge PDF file from http://

absorbs heat from the warmer stack wall and expands. Theg . swift, “Thermoacoustic engines,” J. Acoust. Soc. Ag4, 1145—

cycle repeats with the net effect of a small amount of heat 1180(1988.

being moved a short distance along the stack from the coldetOptimus XTS 40 loudspeakef4-inch, 150—18 000 Hzare available from

towards the hotter end. A “bucket brigade” of particles can Radio Shack(Catalog No. #40-1991 They are quite often on sale for

move a significant amount of heat from one end of the stacknder $10.00. _ . _— L
to the other T. Hofler, Ph.D. thesis, Physics Department, University of California at

San Diego, Appendix C, 1986.
’G. W. Swift, “Thermoacoustic engines,” ifEncyclopedia of Acoustics
V. INCREASING THE EFFICIENCY edited by M. J. CrockefWiley, New York, 1997, pp. 695—701.
. . . . . . 8J. Wheatley, T. Hofler, G. W. Swift, and A. Migliori, “Understanding some
This simple and inexpensive thermoacoustic refrigerator simple phenomena in thermoacoustics with applications to acoustical heat
effectively demonstrates the basic physical principles behindengines,” Am. J. Phys53, 147-162(1985.
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