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S. Backhaus and G. W. Swiflature399 3351999 ] have built a prototype thermoacoustic Stirling
engine based on traveling wave energy conversions, and demonstrated that its efficiency reached
above 40% of the Carnot efficiency. We experimentally investigate an acoustic field in the engine
through simultaneous measurements of velotitand pressur®. By focusing on the phase lead

& of U relative toP in its regenerator, we find that the engine can achieve such a high efficiency
by the negativeb about —20° rather than a traveling wave phask=0). © 2002 American
Institute of Physics.[DOI: 10.1063/1.1533113

Mechanical parts such as pistons are indispensable fauch a high efficiency to the phasé £0) and the large
conventional heat engines to operate with a high efficiencyacoustic impedance. However, they have not experimentally
These parts result in high production and maintenance costsjeasured the acoustic field in their engine.
and also require advanced technical skills about sliding seals. In this letter, we reveal an acoustic field in a thermoa-

More than 20 years ago, Ceperley showed a possibilitoustic engine having a looped tube and resonator by simul-
to develop a class of heat engines without the nuisance movaneous measurementsPfandU. The experimental results
ing partst He recognized that the gas in a traveling acousticshow thatz is large enough to reduce viscous losses in the
wave passing through a differentially heated regenerator urregenerator of the present engine. But the phasedeiathe
dergoes a thermodynamic cycle similar to the Stirling cycleregenerator is found to be negative instead of a traveling
and proposed a pistonless Stirling engine where travelingvave phase®=0). We will show below that the negative
acoustic waves act as pistons of a conventional Stirling end plays a key role in producing the output power of the
gine. This is because a phase l&bdf cross-sectional mean present engine. These results give the deeper understanding
velocity U=ué (" ®) relative to pressure=pe®! in a  of thermoacoustics, and important information to develop the
traveling acoustic wave is the same as that within a regerReat engines involving no moving parts.
erator of the conventional Stirling engine; is an angular The experimental apparatus is schematically illustrated
frequency of the acoustic wave. Since the Stirling cycle isin Fig. 1. The present thermoacoustic engine consists of a
operated under thermodynamically reversible processes, theoped tube and resonator. Both the looped tube and resona-
efficiency of the engine should ideally reach the Carnottor are made of Pyrex glass with an internal diameter of 40
efficiency? mm. Total length of the looped tube is 1.18 m and that of the

In 1998, Yazakiet al. first built the pistonless Stirling resonator is 1.04 m. One end of the resonator is connected to
engine by using a thermoacoustic techniguéhey experi- the 2.0<10™2 m? tank, and the other end to the looped tube.
mentally observed that the energy conversion between hedihe looped tube has a 35 mm long regenerator consisting of
flow Q and work flow!*~ is executed through the Stirling a stack of 60-mesh stainless-steel screens with a wire diam-
cycle in a looped tube engine by applying an experimentagter of 0.12 mm. The porosity of the regenerator is estimated
method of simultaneously measurifgandU.>8-11

The next year, Backhaus and Swift demonstrated that the
thermoacoustic Stirling engine had a high efficiency reaching =72
40% of the Carnot efficiency, or 30% of a thermal efficiency,
by attaching a resonator to a looped tube engfn@n the Cold heat exchanger T,
basis of the simulation codeeltaE and equivalent electri- Tank Regenerator
cal circuits, they reported that the phase ldadvas a trav- _—l
eling wave phased®=0) and the dimensionless specific
acoustic impedané¢&z contributing to the reduction of vis- X
cous losses reached 15—3Qwithin the regenerator. Herz x=-104 x=0 and 118
is defined az=(P/P,,)/(U/c), whereP,,, ¢, andy are a Resonator
mean pressure, the adiabatic sound speed, and the speciig. 1. The thermoacoustic Stirling engine consisting of a looped tube,

heat ratio (~1.4 for aip, respectively. They have attributed resonator and tank. A joint position connecting the looped tube with the
resonator is set ta=0 as an origin and the direction af is taken anti-
clockwise in the looped tube and towards the right in the resonator, respec-
dElectronic mail: ueda@mizu.xtal.nagoya-u.ac.jp tively.
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to be 0.82. The cold and hot heat exchangers are placed ol i 712
both sides of the regenerator. An electrical heater is wound 3.0 | '
around the hot heat exchanger to control its temperdiyre T
whereas the cold heat exchanger is kept at room temperatursy 2.0 | @
Tr (~18°C) by cooling water. Ducts of 10 mm lengthand 2 & i <+——
mm inner diameter are mounted on the looped tube and reso 1.0 -
nator walls, and are closed by pressure sensors. The presel -
engine is filled with air at atmospheric pressure. 0.0
When T, exceeds some critical valuk,;, the gas col-
umn spontaneously begins to oscillate with the frequency of PO
41 Hz. With this frequency, the oscillating gas can maintain
good thermal contacts with the stainless-steel screens be
cause the thermal penetration depts 0.40 mnt* is larger g
than the hydraulic radius=0.14 mn?° at the cold end of &
the regenerator. The temperaturg; could be lowered by -50
placing the hot end of the regenerator at the position close ta
the junction point x=0, 1.18 m. We revealed that the cen-
ter of the regenerator should be locateck&t0.9 m to mini-
mize T,;. The value ofT.; under the condition above turned " IR
out to be 210°C. 20F —Eluqlnj\m/fgﬂ‘-
We simultaneously measured the pressure in the glass L (©) P
tube and the velocity along its central axis by the pressure = 1.0
sensor and laser Doppler velocimeter, respectively, while
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keepingT=278°C&1° The pressurd is essentially inde- 0.0 Qoo
pendent of the radial coordinate in the glass tube because it: |
radius is much smaller than the wavelength. On the other -100 -50 0 50 100

hand, the axial velocity possesses the radial distribution and
thus the cross-sectional mean velodityis determined from
the measured velocity along the center axis by using th&IG. 2. Acoustic field in the looped tube €X=118) and the resonator
theoretical solution of the laminar floggee Refs. 3 and 8 for (~104<x=0). (&) The axial distribution ofp(O) and u,(®). (b) The
more details axial distribution of®. (c) The axial distribution of . A shared area repre-

O . . sents a regenerator and the lines are guides for the eye.
The distributions op, u, and® are shown in Figs. @)

and Zb). The pressure amplitude takes a minimum ak . . " . .
Ab) P pitice values at this particular position, respectively, and the dimen-

=—1.04 m and a maximum at=0.85 m. The distribution " v g .
onless specific acoustic impedarceeaches ten times as

assures that the 1/4-wavelength acoustic oscillating mode | .
excited in this engine in the same way as Backhaus an rge asy near the regenerator. Therefore, the viscous losses

Swift's In the regenerator can be well suppressed. Backhaus and
' Swift noted that a traveling wave phase should be formed in
the regeneratd? However, we foundb to be negative and

x(cm)

Figure Zc) shows the axial distribution of the work flow
| determined by inserting the data shown in Fig&) Znd

2(b) into the definition about—ZQ° insteaq of 0° at the center of the present regen-
erator by interpolating from the both sides of the regenerator.
I=ALpucosd, (1) In order to see how a negativie contributes to the out-

put powerAl, we rewrite Eq.(1) as

whereA is a cross-sectional area of the glass tube. The di- 4, Ap Au
rection ofl is represented by its sign. The work fldwfed 7= —+——tan®-A O, 2
back into the cold end of the regenerator=0.88 m) is P u
amplified from 1.7 to 2.2 W within the regenerator and thewhereAp, Au, andA ® represent changes pf u, and® at
amplified work flow is output from the hot endx( the hot end relative to those at the cold end, respectively. By
=0.92 m). This amplification of running through the re- inserting the experimental data shown in Fig. 2 into three
generator is caused by a characteristic traveling wave energgrms on the right hand side of E¢2), we found that
conversion process ! Therefore, the present engine works Ap/p~—0.2, Au/u~0.7, —tan®-A ®~—0.2 across the re-
as a thermoacoustic Stirling engine. The difference of theyenerator, resulting il\1/1~0.3. This shows that\l/l is
work flow Al =0.5 W between the cold and hot ends of themostly achieved through the second term. A positive and
regenerator represents the output power of the present elarge contribution of the second term arises from the fact that
gine, which compensates for energy dissipations in the resdhe velocity node is located near the cold end of the regen-
nator (0.1 W) and in looped tubé0.4 W). erator. As a resulip inevitably becomes negative, because a
Now we focus on the acoustic field near the regeneratovelocity node is accompanied by a traveling pha$e=0)
responsible for the output powekl. The phase leadb as we mentioned before. Though the negativdeads to
gradually decreases there, and becomes a pure travelimggative values in the first and third terms, their contribu-
wave phase at=0.85 m, close to the cold end of the regen-tions to Al/l are rather small relative to the second. If the

erator. We found thap andu take maximum and minimum regenerator was positioned at the velocity node wieig0,
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the second term would have also become small, as well abe engine through the simultaneous measurements of pres-

the first and third terms. Therefore, we consider that, in thesure and cross-sectional mean velocity. By focusing on the

present thermoacoustic Stirling engine, a negadiverithin acoustic field near the regenerator of the present engine, we

the regenerator is essential for producing a lakgél with showed how the thermoacoustic Stirling engine developed

reducing viscous losses in the regenerator. by Backhaus and Swift achieved a high efficiency through
Before ending, we try to estimate the efficiency of thethe creation of a negativé® in a regenerator.

thermoacoustic engine developed by Backhaus and Swift by

using the present results, since they deduced it without a

direct observation ofAl. The work flow at the position,

where a traveling wave phas® E0) is excited, is given by ~ _P- H. Ceperley, J. Acoust. Soc. AiB6, 1508(1979.
using Eq (1) as 2G. W. Swift, D. L. Gardner, and S. Backgaus, J. Acoust. Soc. A@f,

711 (1999.
AP.c/ p 2 3T. Yazaki, A. Iwata, T. Maekawa, and A. Tominaga, Phys. Rev. |5.
= —) , (3) 3128(1998. o
2z \Pp “Work flow | is defined asi=APU, where the bar indicates the time

_ _ . average andh is cross-sectional area, and heat flQwis defined axQ
where cosb=1 andz=(p/Pp)/(u/c) are used. In their ther- =Ap,Tn{SU) where angular brackets represent radial averagepgnd

moacoustic enginé is 62>< 10" m?, Ppis 3 MPa anc is Tm, S, andU are mean mass density, mean temperature, entropy per unit

1.0 km/s. They used a jet pump to suppress the dc flow, andmass and axial velocity, respectively.

thereby produceg/P,,=0.1 andz=15-30y (y~1.66 for 2A. Tominaga, Cryogenic85, 427 (1995. o

helium) with the input heat power of 4.0 kW. Hence, the J. C. Wheatley, T. Hofler, G. W. Swift, and A. Migliore, Phys. Rev. Lett.
.. . . . 50, 499(1983; J. Acoust. Soc. Am74, 153(1983; Am. J. Phys53, 147

work flow at the position, wheré =0 in their engine, would (1988,

become 3.8-1.9 kW. Assuming that this amount of the work?G. w. swift, Phys. Today8, 22 (1995; J. Acoust. Soc. Am84, 1145

flow running into the regenerator is amplified by the ratio 8(1988- _ _

Al/1=0.3 in the same way as that in the present engine, we (Tl-ggzak' and A. Tominaga, Proc. R. Soc. London, Serd%4, 2113

can estlm.ate the output power to be 1.1-0.6 kW. Th_e.valueaT. Yazaki, T. Biwa, and A. Tominaga, Appl. Phys. Le80, 157 (2002.

thus obtained would merely be referred to as a minimumi°T. Biwa, Y. Ueda, T. Yazaki, and U. Mizutani, Cryogenis 305(2001).

output power for their engine, because the temperature ratigY. Ueda, T.IBiwa, T. Yazaki, and U. Mizutani, in Proceedings of 17th

_ _ ; ; : : : International Congress on Acoustics, Rome, 2001; Part A.

7=(Tu—Tc)/Tc of 2.3 in their engine is hlgher_ t.han the 125, Backhaus and G. W. Swift, Natutéondon 339, 335 (1999; J.

present one £=0.8). As a result, the thermal efficiency of  acoust. Soc. Am107, 3148(2000.

their engine would become at least 25%-15%. This result®if a freely traveling acoustic wave were used, the dimensionless specific

demonstrates that a thermoacoustic Stirling engine having aacoustic impedance would be fixed aty.

Iooped tube and resonator can have a high efficiency ComlfThe thermal penetration depthis defined as/Za’w, wherea is a ther-

. - mal diffusivity defined by using thermal conductivity, isobaric heat
parable to that of a conventional heat engine. capacity per unit mass, , and mean density, as /(C,pn).

We built the thermoacoustic engine ConSiSting_ Of' thesyy,e hydraulic radius is defined as the ratio of gas volume to gas-solid wall
looped tube and resonator, and revealed the acoustic field ofcontact surface area.
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