
Acoustic field in a thermoacoustic Stirling
engine having a looped tube and resonator

著者 琵琶  哲志
journal or
publication title

Applied Physics Letters

volume 81
number 27
page range 5252-5254
year 2002
URL http://hdl.handle.net/10097/46353

doi: 10.1063/1.1533113

brought to you by COREView metadata, citation and similar papers at core.ac.uk

https://core.ac.uk/display/235797541?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 27 30 DECEMBER 2002
Acoustic field in a thermoacoustic Stirling engine having a looped tube
and resonator
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S. Backhaus and G. W. Swift@Nature399, 335~1999!# 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 velocityU and pressureP. By focusing on the phase lead
F of U relative toP in its regenerator, we find that the engine can achieve such a high efficiency
by the negativeF about 220° rather than a traveling wave phase (F50). © 2002 American
Institute of Physics.@DOI: 10.1063/1.1533113#
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Mechanical parts such as pistons are indispensable
conventional heat engines to operate with a high efficien
These parts result in high production and maintenance co
and also require advanced technical skills about sliding se

More than 20 years ago, Ceperley showed a possib
to develop a class of heat engines without the nuisance m
ing parts.1 He recognized that the gas in a traveling acous
wave passing through a differentially heated regenerator
dergoes a thermodynamic cycle similar to the Stirling cyc
and proposed a pistonless Stirling engine where trave
acoustic waves act as pistons of a conventional Stirling
gine. This is because a phase leadF of cross-sectional mea
velocity U5uei (vt1F) relative to pressureP5peivt in a
traveling acoustic wave is the same as that within a reg
erator of the conventional Stirling engine;v is an angular
frequency of the acoustic wave. Since the Stirling cycle
operated under thermodynamically reversible processes
efficiency of the engine should ideally reach the Car
efficiency.2

In 1998, Yazakiet al. first built the pistonless Stirling
engine by using a thermoacoustic technique.3 They experi-
mentally observed that the energy conversion between
flow Q and work flowI 4–7 is executed through the Stirlin
cycle in a looped tube engine by applying an experimen
method of simultaneously measuringP andU.3,8–11

The next year, Backhaus and Swift demonstrated that
thermoacoustic Stirling engine had a high efficiency reach
40% of the Carnot efficiency, or 30% of a thermal efficien
by attaching a resonator to a looped tube engine.12 On the
basis of the simulation codeDeltaE and equivalent electri-
cal circuits, they reported that the phase leadF was a trav-
eling wave phase (F50) and the dimensionless specifi
acoustic impedance13 z contributing to the reduction of vis
cous losses reached 15–30g within the regenerator. Herez
is defined asz5(P/Pm)/(U/c), wherePm , c, andg are a
mean pressure, the adiabatic sound speed, and the sp
heat ratio (;1.4 for air!, respectively. They have attribute
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such a high efficiency to the phase (F50) and the large
acoustic impedance. However, they have not experiment
measured the acoustic field in their engine.

In this letter, we reveal an acoustic field in a thermo
coustic engine having a looped tube and resonator by sim
taneous measurements ofP andU. The experimental results
show thatz is large enough to reduce viscous losses in
regenerator of the present engine. But the phase leadF in the
regenerator is found to be negative instead of a trave
wave phase (F50). We will show below that the negativ
F plays a key role in producing the output power of t
present engine. These results give the deeper understan
of thermoacoustics, and important information to develop
heat engines involving no moving parts.

The experimental apparatus is schematically illustra
in Fig. 1. The present thermoacoustic engine consists o
looped tube and resonator. Both the looped tube and res
tor are made of Pyrex glass with an internal diameter of
mm. Total length of the looped tube is 1.18 m and that of
resonator is 1.04 m. One end of the resonator is connecte
the 2.031022 m3 tank, and the other end to the looped tub
The looped tube has a 35 mm long regenerator consistin
a stack of 60-mesh stainless-steel screens with a wire d
eter of 0.12 mm. The porosity of the regenerator is estima

FIG. 1. The thermoacoustic Stirling engine consisting of a looped tu
resonator and tank. A joint position connecting the looped tube with
resonator is set tox50 as an origin and the direction ofx is taken anti-
clockwise in the looped tube and towards the right in the resonator, res
tively.
2 © 2002 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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5253Appl. Phys. Lett., Vol. 81, No. 27, 30 December 2002 Ueda et al.
to be 0.82. The cold and hot heat exchangers are place
both sides of the regenerator. An electrical heater is wo
around the hot heat exchanger to control its temperatureTH ,
whereas the cold heat exchanger is kept at room tempera
TR (;18 °C) by cooling water. Ducts of 10 mm length and
mm inner diameter are mounted on the looped tube and r
nator walls, and are closed by pressure sensors. The pr
engine is filled with air at atmospheric pressure.

WhenTH exceeds some critical valueTcri , the gas col-
umn spontaneously begins to oscillate with the frequency
41 Hz. With this frequency, the oscillating gas can maint
good thermal contacts with the stainless-steel screens
cause the thermal penetration depthd50.40 mm14 is larger
than the hydraulic radiusr 50.14 mm2,15 at the cold end of
the regenerator. The temperatureTcri could be lowered by
placing the hot end of the regenerator at the position clos
the junction point (x50, 1.18 m!. We revealed that the cen
ter of the regenerator should be located atx50.9 m to mini-
mizeTcri . The value ofTcri under the condition above turne
out to be 210 °C.

We simultaneously measured the pressure in the g
tube and the velocity along its central axis by the press
sensor and laser Doppler velocimeter, respectively, w
keepingTH5278 °C.8,10 The pressureP is essentially inde-
pendent of the radial coordinate in the glass tube becaus
radius is much smaller than the wavelength. On the ot
hand, the axial velocity possesses the radial distribution
thus the cross-sectional mean velocityU is determined from
the measured velocity along the center axis by using
theoretical solution of the laminar flow~see Refs. 3 and 8 fo
more details!.

The distributions ofp, u, andF are shown in Figs. 2~a!
and 2~b!. The pressure amplitudep takes a minimum atx
521.04 m and a maximum atx50.85 m. The distribution
assures that the 1/4-wavelength acoustic oscillating mod
excited in this engine in the same way as Backhaus
Swift’s.

Figure 2~c! shows the axial distribution of the work flow
I determined by inserting the data shown in Figs. 2~a! and
2~b! into the definition

I 5A 1
2 pu cosF, ~1!

whereA is a cross-sectional area of the glass tube. The
rection of I is represented by its sign. The work flowI fed
back into the cold end of the regenerator (x50.88 m) is
amplified from 1.7 to 2.2 W within the regenerator and t
amplified work flow is output from the hot end (x
50.92 m). This amplification ofI running through the re-
generator is caused by a characteristic traveling wave en
conversion process.3,9,11Therefore, the present engine wor
as a thermoacoustic Stirling engine. The difference of
work flow DI 50.5 W between the cold and hot ends of t
regenerator represents the output power of the presen
gine, which compensates for energy dissipations in the re
nator ~0.1 W! and in looped tube~0.4 W!.

Now we focus on the acoustic field near the regenera
responsible for the output powerDI . The phase leadF
gradually decreases there, and becomes a pure trav
wave phase atx50.85 m, close to the cold end of the rege
erator. We found thatp andu take maximum and minimum
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values at this particular position, respectively, and the dim
sionless specific acoustic impedancez reaches ten times a
large asg near the regenerator. Therefore, the viscous los
in the regenerator can be well suppressed. Backhaus
Swift noted that a traveling wave phase should be formed
the regenerator.12 However, we foundF to be negative and
about220° instead of 0° at the center of the present reg
erator by interpolating from the both sides of the regenera

In order to see how a negativeF contributes to the out-
put powerDI , we rewrite Eq.~1! as

DI

I
.

Dp

p
1

Du

u
2tanF•D F, ~2!

whereDp, Du, andD F represent changes ofp, u, andF at
the hot end relative to those at the cold end, respectively.
inserting the experimental data shown in Fig. 2 into thr
terms on the right hand side of Eq.~2!, we found that
Dp/p;20.2, Du/u;0.7, 2tanF•D F;20.2 across the re-
generator, resulting inDI /I;0.3. This shows thatDI /I is
mostly achieved through the second term. A positive a
large contribution of the second term arises from the fact t
the velocity node is located near the cold end of the reg
erator. As a result,F inevitably becomes negative, because
velocity node is accompanied by a traveling phase (F50)
as we mentioned before. Though the negativeF leads to
negative values in the first and third terms, their contrib
tions to DI /I are rather small relative to the second. If th
regenerator was positioned at the velocity node whereF is 0,

FIG. 2. Acoustic field in the looped tube (0<x<118) and the resonator
(2104<x<0). ~a! The axial distribution ofp(s) and um(d). ~b! The
axial distribution ofF. ~c! The axial distribution ofI . A shared area repre
sents a regenerator and the lines are guides for the eye.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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the second term would have also become small, as we
the first and third terms. Therefore, we consider that, in
present thermoacoustic Stirling engine, a negativeF within
the regenerator is essential for producing a largeDI /I with
reducing viscous losses in the regenerator.

Before ending, we try to estimate the efficiency of t
thermoacoustic engine developed by Backhaus and Swif
using the present results, since they deduced it withou
direct observation ofDI . The work flow at the position
where a traveling wave phase (F50) is excited, is given by
using Eq.~1! as

I 5
APmc

2z S p

Pm
D 2

, ~3!

where cosF51 andz5(p/Pm)/(u/c) are used. In their ther
moacoustic engine,A is 6.231023 m2, Pm is 3 MPa andc is
1.0 km/s. They used a jet pump to suppress the dc flow,
thereby producedp/Pm50.1 andz515– 30g (g;1.66 for
helium! with the input heat power of 4.0 kW. Hence, th
work flow at the position, whereF50 in their engine, would
become 3.8-1.9 kW. Assuming that this amount of the w
flow running into the regenerator is amplified by the ra
DI /I 50.3 in the same way as that in the present engine,
can estimate the output power to be 1.1-0.6 kW. The va
thus obtained would merely be referred to as a minim
output power for their engine, because the temperature r
h5(TH2TC)/TC of 2.3 in their engine is higher than th
present one (h50.8). As a result, the thermal efficiency o
their engine would become at least 25%-15%. This re
demonstrates that a thermoacoustic Stirling engine havin
looped tube and resonator can have a high efficiency, c
parable to that of a conventional heat engine.

We built the thermoacoustic engine consisting of t
looped tube and resonator, and revealed the acoustic fie
Downloaded 16 Feb 2010 to 130.34.135.83. Redistribution subject to AIP
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the engine through the simultaneous measurements of p
sure and cross-sectional mean velocity. By focusing on
acoustic field near the regenerator of the present engine
showed how the thermoacoustic Stirling engine develo
by Backhaus and Swift achieved a high efficiency throu
the creation of a negativeF in a regenerator.
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