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Traveling Wave Thermoacoustic Engine in a Looped Tube
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We have built a thermoacoustic engine consisting of a differentially heated stack of plates in
looped tube and observed spontaneous gas oscillations of the traveling wave mode running aro
the loop. Stability boundary and thermally produced acoustic power are compared with those for
engine tested in a resonator. The engine in a looped tube acts as a traveling wave power ampl
whose onset temperature ratios are significantly smaller than those for the engine in a reson
[S0031-9007(98)07330-X]
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Thermal interactions between solid walls and oscilla
ing gas produce a rich variety of thermoacoustic pheno
ena such as self-sustained gas oscillations and acou
heat pumping [1–3]. Wheatley and his group [4] hav
reexamined the phenomena from the standpoint of th
modynamics, developing Rayleigh’s idea of heat engi
[5], and proposing important quantities of heat flowQ and
work flow I as basic concepts in thermoacoustics [6]. Th
work sourceWs; =Id [3,6] is equivalent to the acous-
tic power per unit volume produced by the energy co
version of Q to I. The energy conversion betweenQ
and I occurs in astack of plates,resulting in the two
classes of engines. One is theprime mover(spontaneous
oscillations) convertingQ to I sW . 0d, and the other is
the heat pump convertingI to Q sW , 0d. These ideas
of thermoacoustic engines [1,4] may be applied to ge
eral engines having aregeneratorsuch as Stirling en-
gines [7] and pulse tube refrigerators [8]. Understandi
such heat engines is one of the fundamental problems
thermoacoustics.

Much of the recent experimental work [9] in thermo
acoustics has concentrated on the standing wave engin
an acoustic resonator. However, Ceperley [10] propos
a looped tubewith a differentially heated regenerato
as the traveling wave heat engine with no piston
any other moving parts. We have now designed, bu
and tested a thermoacoustic engine consisting of a st
and two heat exchangers in a looped tube and obser
spontaneous gas oscillations of the traveling wave mo
running around the loop and through the stack from co
to hot. This device functions as a traveling wave engin
In this Letter we report measurements of the stabili
boundary between oscillatory and nonoscillatory regio
and thermally produced acoustic power for the travelin
wave engine and compare the results with those for t
standing wave engine tested in a resonator.

Thermoacoustic energy conversion is essentially co
trolled by two parameters. One isvt, wherev is the
angular frequency of gas oscillation, andt is the time re-
quired for thermal equilibrium in the cross section of th
flow channel. The timet is given by r2y2a, wherer
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is the characteristic transverse length of the channel, a
a  kycprm is the thermal diffusivity of gas;k, cp, and
rm are thermal conductivity, isobaric heat capacity per u
mass, and mean density, respectively. Ifvt ø 1, the gas
in the channel moves reversibly, equilibrating at the l
cal wall temperature, whereas ifvt ¿ 1, the gas motion
becomes isentropic but still reversible to a good appro
mation. However, the oscillating gas becomes thermod
namically irreversible nearvt , 1 due to incomplete heat
transfer to the wall.

The second controlling parameter is the phase de
between pressureP  peivt and cross-sectional mean ve
locity Vm  nmeisvt1Fd  nm sinFeisvt1py2d 1 nm 3

cosFeivt. We call nm sinF the standing wave compo-
nent(SWC) ofVm, which ispy2 out of phase withP, and
nm cosF the traveling wave component(TWC), which is
in phase withP. Only the TWC contributes toI, and the
acoustic energy travels in the same direction as the wa

A schematic diagram of our experimental setup
shown in Fig. 1. The cavity consists of a looped stainle
steel tube of inner radius 20.1 mm and average len
L  2.58 m, replaced in part by a glass cylinder with
inner radiusr0  18.5 mm for velocity measurements by
laser Doppler velocimetry (LDV). The tube is filled with
air as a working gas and contains a stack and two h
exchangers. Hot and cold heat exchangers are attac
to both sides of the stack with side wall temperatures
TH and TC ; most of the tube body, as well asTC, is at
room temperature. The 40 mm long stack is made o
ceramic catalyst containing many square channels w
cross section2r 3 2r sr  0.44 mmd. The pressure at
24 places around the loop was simultaneously measu
by small sensors mounted on the walls and digitiz
by fast 12-bit analog-to-digital (A/D) converters. Th
spatiotemporal evolution of the acoustic pressureP,
which was obtained by reconstructing the 24 signals, w
used to identify the wavelengthl and the direction of
wave propagation.

Spontaneous gas oscillation takes place when the
temperatureTH exceeds a threshold value which is de
pendent on the mean gas pressurePm. The frequency
© 1998 The American Physical Society
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FIG. 1. Schematic experimental device equipped with a th
moacoustic engine consisting of a stack and two heat excha
ers. TH and TC are the temperatures of the hot and col
heat exchangers attached to the stack. Small pressure sen
are mounted on the wall at 24 places around the loop. F
the looped tube, the partition (P) is not equipped. For th
resonance tube, the tube was completely blocked by a part
tion. The optimum position of the partition where the the
moacoustic effect is the most effective for the standing wa
with l  Ly2 sL is the total length of the loop) is defined as
xn  0, wherexn is the coordinate around the loop normalize
by L. Then the center of the stack is atxn  0.19.

f  vy2p was 268 Hz at atmospheric pressure. Fro
the spatiotemporal evolution ofP, we found that the oscil-
lation is of the acoustic traveling wave mode withl  Ly2
(the second mode) running around the loop through t
stack from cold to hot. Therefore, a stack and two heat e
changers in the looped tube acts as a traveling wave eng

To map out the stability boundary between oscillato
and nonoscillatory regions, we used the dimensionle
numbersTHyTC andvt at the mean temperaturesTH 1

TCdy2 in the stack [2]. The boundary was explore
by gradually changingt through the mean pressurePm

at a constant ratioTHyTC ; increasingPm increases the
mean densityrm, thereby decreasinga and increasingt.
Figure 2 shows a log-log plot of the onset temperature ra
vs vt, wherev obtained in small amplitude region was
adopted for determining the critical value ofvt [11]. The
data for the looped tube are shown by the open circles. T
frequencyf s. 268 Hzd of the second mode changes b
only 1.5% over the whole stability curve.

Next the looped tube was completely blocked by
partition, as shown in Fig. 1, which is thin, flat, and rigi
so that it does not change the length of the loop. W
searched for spontaneous gas oscillations of the stand
wave mode with the same wavelengthsl  Ly2d and
frequency s.268 Hzd as the traveling wave mode by
adjusting the position of the partition along the loop
The oscillations were observed to be of the standi
wave mode from the spatiotemporal evolution ofP. We
measured onset temperature ratios at atmospheric pres
for various positions of the partition and fixed the partitio
at the optimum position where the thermoacoustic effe
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is maximum (with minimum onset temperature ratio). W
call this tube aresonance tube(or a resonator). The
final position of the partition was denoted asxn  0 (see
Fig. 1), wherexn is the axial coordinate normalized by
L. Then the center of the stack was atxn  0.19, which
is approximately 3

16 , the midpoint between pressure nod
and velocity node of a nondissipative standing wave wi
l  Ly2 in a resonator. The experimental data for th
resonance tube are shown by the solid circles in Fig.
indicating the standing wave stability curve.

The oscillation is produced in a limited range ofvt

above a threshold temperature ratio, and there are t
stability limits corresponding to the right- and left-han
branches. Such standing wave stability curves have
ready been studied theoretically [12] and experimenta
[9]. According to Wheatleyet al. [4], the existence of the
two limits for the resonance tube implies that the therm
dynamical process of the working gas in the stack is intri
sically irreversible for the standing wave mode. The rig
branches for the resonance and looped tubes are due to
of heat exchange between the gas and stack walls, so
two asymptotic stability lines forvt ¿ 1 are effectively
identical.

These experimental stability curves show that th
traveling wave thermoacoustic engine has smaller on
temperature ratios at all values ofvt measured, which
spans the range 0.5 to 5.0, compared with those
the standing wave engine which relies on an irreversib
process to operate. The remarkable reduction (about 2
at vt , 2) of the critical temperature ratio is importan
for the application of thermoacoustic engines.

The most significant difference in the stability curv
occurs along the left branch. A big reduction (abo
70% atTHyTC , 3) of the critical relaxation timet was
observed for the looped tube compared with the stand
wave stability curve. Such a significant depression
the left branch toward the leftsvt ø 1d suggests that

FIG. 2. A log-log plot of onset temperature ratioTHyTC vs
vt, showing the boundary between oscillatory and nonosc
latory regions. The open and solid circles are for a travelin
wave in a looped tube and a standing wave in a resonance tu
respectively.
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excellent thermal contact between the gas and stack w
is favorable to the looped tube engine, whereas imperf
thermal contact is favorable to the standing wave engi
The stack in the looped tube performs the same functions
the regenerator in the Ceperley’s reversible engine wh
needs a locally isothermal processsvt ø 1d to operate.
The left limit, however, for the tube is attributed to stron
damping by viscous energy losses in the stack and h
exchangers, where a viscous boundary layer of thickn
d  s2myrmvd1y2 (m is the dynamic viscosity of gas)
fills up the channel with decreasingvt. Spontaneous
oscillation, therefore, might be observed atvt ø 1, if the
viscous energy losses are sufficiently small.

We took velocity measurements near the center
the tube by LDV through a glass section of the loo
in order to determine the work flowI  PVm (the bar
indicates the time average, andVm is the cross-sectional
mean velocity given bynmeisvt1Fd). PressureP  peivt

(independent of the radial coordinate) and axial veloc
near the centerVc  nceisvt1ccd at a given position ofxn

were simultaneously digitized, and their power and pha
spectra were calculated via fast Fourier transform fro
the time series of 16 384 points.

The oscillating flow was laminar everywhere, and the
power spectra consisted of sharp peaks atf and its
harmonicsnf. The amplitudespsnfd and ncsnfd of
P and Vc were determined from the power spectr
The phase leadccsnfd of Vc was also obtained from
the phase spectra and corrected for delays caused
the experimental systems. We estimated the amplitu
and phasenmsnfd and Fsnfd of the mean velocity
from measuredncsnfd and ccsnfd using the theoretical
solutions of a laminar oscillating flow, namely,nmsnfd 
G21snfdncsnfd, and Fsnfd  ccsnfd 1 cosnfd. Both
G and c0 depend on the parameterr0yd in the glass
cylinder (r0 is the inner radius of the glass cylinder)
Thus, the experimental work flow was determined from

I 
1
2

X
n1

psnf dncsnf dG21snf d

3 coshccsnf d 1 cosnf dj ,

where the laminar theory givesGs fd  1.007 and
cos fd  0.42± for our case ofr0yd . 1.4 3 102. The
factor co has substantial influence on the standing wa
work flow becauseccs fd is close to 90±.

Measurements of the work flow were performed in th
oscillatory regions of the stability curves for the loope
and resonance tubes at atmospheric pressure. The ave
pressure amplitudepas fd was kept at about 0.82 kPa by
adjusting TH . Then the axial average ofncs fd within
a glass cylinder was about2.8 mys. The two tubes are
nearly equal in the energy losses by the viscous a
thermal attenuation of sound except at the stack and h
exchangers.

The experimental phase variationFsxnd for n  1 is
shown in Fig. 3(A). Real thermoacoustic engines ha
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waves that are neither pure traveling wavesF  0d
nor standing wavesF  py2d but are composed of
both components. The looped tubesTH  640 K and
vt . 3.3 at the stack) is dominated by TWC, while the
resonance tubesTH  755 K andvt . 2.7) has mostly
SWC except near the minima ofp and nc. The spatial
phase distribution is stationary; the phase at the loope
tube stack interpolated from the outside was always abo
25±, while the phase at the resonance tube stack was clo
to 90±.

Although traditional heat engines are made to operat
at an optimum point in a thermodynamical cycle using
moving parts such as pistons and valves, the travelin
wave thermoacoustic engine performs an efficient thermo
dynamic cycle at a given value ofvt by tuning F to
the optimum phase (about 25± at vt . 3.3) without us-
ing any moving parts. Both TWC and SWC contribute to
energy conversion fromQ to I [3], and TWC and SWC
contribute through reversible and irreversible thermody
namical processes, respectively [10]. Therefore, the add
tion of a small SWC to a traveling wave improves engine
efficiency by correcting for a finite time delayt in the
stack. Another effect of a small amount of SWC added to
a traveling wave is to reduce the viscous energy losses
the stack by reducing the velocity amplitude in the stack
Pure traveling wave energy conversion might be realize
in a reversible process (vt ø 1) for a working fluid but
only with zero viscosity to achieve the ideal Stirling ther-
modynamic cycle [7].

FIG. 3. (A) The phase distributionFsxnd for sad the looped
tube and s bd the resonance tube. The lines are guides
to the eye. The shaded region shows the location of th
thermoacoustic engine. (B) Corresponding work flow. For
(b), the lines to the right and to the left of the stack are
linear fits with the same slope and drawn in such a way tha
Isxn  0d  Is1d  0, resulting in the jumpDIs indicating the
power produced by the stack. Forsad, the lines are linear
fits with the same slope assbd and drawn in such a way
that Isxn  0d  Is1d. The produced powerDIt of about
200 Wym2 is nearly equal toDIs.
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The measured work flow is shown in Fig. 3(B), wher
the flow direction is to the right (from cold to hot) or
the left according to whetherI is positive or negative,
respectively. The higher harmonics (n  2, 3 . . . , d of I
are negligibly small (less than 2%) compared with th
fundamentalsn  1d. In the looped tube, the acoustic
power (per unit area) of the traveling wave propagatin
from cold to hot increases byDIt (more than200 Wym2)
indicated by the difference inI between the two sides
of the stack, whenever the wave passes through
differentially heated stack. In other words, the loope
tube engine acts as a traveling wave power amplifi
whose gain (defined as the ratio of the output work flow
the input at the stack) is about 1.2 forpas fd . 0.82 kPa.
The produced powerDIt compensates for the dissipation
of acoustic power at the tube walls, since the oscillatio
is sustained at constant amplitudepa. Consequently, the
acoustic power decreases linearly along the tube w
Isxn  0d  Is1d as shown in Fig. 3(B).

Although the power produced in the two configuration
DIs and DIt , is nearly equal, it flows out of the stack
to the right and left and decreases to zero at the en
sxn  0 and 1d in the resonance tube to compensate fo
the energy losses. The stack acts as a source of acou
power for the standing wave. Both the looped tube an
the resonance tube have a positive work source of
leastW  DIyDx , 5 kWym3 at the stack and negative
work sources of about280 Wym3 in all other regions
due to surface attenuation.

Ceperley [10] and several other authors [1,3,13] pr
posed that Stirling engines and related devices su
as pulse tube refrigerators with a regenerator may
understood from the viewpoint of traveling wave ther
moacoustic systems. Our results seem to confirm th
insight; the time phasing betweenP andVm in our travel-
ing wave engine is substantially the same as in the r
generator of the Stirling engine. There is, however,
significant difference between Stirling and traveling wav
thermoacoustic engines in thatnmya ø pyPm (a is adia-
batic sound speed andp is pressure amplitude) in the re-
generatorsnmya , 1022pyPm for real Stirling engines),
while nmya , pyPm in the stack for our case. Stirling
engines, therefore, can operate atvt . 1022, overcom-
ing small viscous energy loss in a regenerator, in contra
with the traveling wave stability curve shown in Fig. 2
Because it does not need moving parts, the looped tube
potentially a powerful tool for applications such as trave
ing wave power amplifiers and Stirling engines and refrig
erators. To realize such applications, we would propo
something like a tuning column of a liquid Stirling engine
[14] to satisfy the conditionnmya ø pyPm.

In summary, we have tested a thermoacoustic engine i
looped tube and observed spontaneous gas oscillations r
ning around the loop through the engine from cold to hot
a traveling wave. The looped tube engine is an energy co
version device generating acoustic power. The acous
traveling wave is amplified by the power produced. Bot
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TWC and SWC contribute to energy conversion performe
in the thermoacoustic engine. The traveling wave engin
which intrinsically needs excellent heat exchange betwe
a working gas and stack walls has significantly smaller on
set temperature ratios compared with the standing wa
engine which relies on an irreversible process to operate
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