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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 a
looped tube and observed spontaneous gas oscillations of the traveling wave mode running around
the loop. Stability boundary and thermally produced acoustic power are compared with those for the
engine tested in a resonator. The engine in a looped tube acts as a traveling wave power amplifier,
whose onset temperature ratios are significantly smaller than those for the engine in a resonator.
[S0031-9007(98)07330-X]

PACS numbers: 43.35.+d

Thermal interactions between solid walls and oscillat-is the characteristic transverse length of the channel, and
ing gas produce a rich variety of thermoacoustic phenome: = «/c, p,, is the thermal diffusivity of gask, ¢,, and
ena such as self-sustained gas oscillations and acousiig, are thermal conductivity, isobaric heat capacity per unit
heat pumping [1-3]. Wheatley and his group [4] havemass, and mean density, respectivelyw if <« 1, the gas
reexamined the phenomena from the standpoint of thetin the channel moves reversibly, equilibrating at the lo-
modynamics, developing Rayleigh’s idea of heat engineal wall temperature, whereasdir > 1, the gas motion
[5], and proposing important quantities of heat fi@dnand  becomes isentropic but still reversible to a good approxi-
work flow I as basic concepts in thermoacoustics [6]. Themation. However, the oscillating gas becomes thermody-
work sourceW (= VI) [3,6] is equivalent to the acous- namically irreversible neavr ~ 1 due to incomplete heat
tic power per unit volume produced by the energy con-ransfer to the wall.
version of Q to I. The energy conversion betwegn The second controlling parameter is the phase delay
and I occurs in astack of platesyesulting in the two between pressu® = pe'®’ and cross-sectional mean ve-
classes of engines. One is theme mover(spontaneous locity V,, = v,/ @ *®) = p, sin@ei@+7/2) + 5 x
oscillations) convertingd to 7 (W > 0), and the other is cos®e¢“’. We call v,, sin® the standing wave compo-
the heat pump convertingto O (W < 0). These ideas nent(SWC) ofV,,, which is# /2 out of phase with?, and
of thermoacoustic engines [1,4] may be applied to genv,, cos® thetraveling wave componeifT WC), which is
eral engines having aegeneratorsuch as Stirling en- in phase withP. Only the TWC contributes td, and the
gines [7] and pulse tube refrigerators [8]. Understandingacoustic energy travels in the same direction as the wave.
such heat engines is one of the fundamental problems in A schematic diagram of our experimental setup is
thermoacoustics. shown in Fig. 1. The cavity consists of a looped stainless
Much of the recent experimental work [9] in thermo- steel tube of inner radius 20.1 mm and average length
acoustics has concentrated on the standing wave engine in= 2.58 m, replaced in part by a glass cylinder with
an acoustic resonator. However, Ceperley [10] proposethner radiusy = 18.5 mm for velocity measurements by
a looped tubewith a differentially heated regenerator laser Doppler velocimetry (LDV). The tube is filled with
as the traveling wave heat engine with no piston orair as a working gas and contains a stack and two heat
any other moving parts. We have now designed, builtexchangers. Hot and cold heat exchangers are attached
and tested a thermoacoustic engine consisting of a stadk both sides of the stack with side wall temperatures of
and two heat exchangers in a looped tube and observeld; and T¢; most of the tube body, as well &%, is at
spontaneous gas oscillations of the traveling wave modmom temperature. The 40 mm long stack is made of a
running around the loop and through the stack from coldceramic catalyst containing many square channels with
to hot. This device functions as a traveling wave enginecross sectior2r X 2r (r = 0.44 mm). The pressure at
In this Letter we report measurements of the stability24 places around the loop was simultaneously measured
boundary between oscillatory and nonoscillatory regiondy small sensors mounted on the walls and digitized
and thermally produced acoustic power for the travelingoy fast 12-bit analog-to-digital (A/D) converters. The
wave engine and compare the results with those for thepatiotemporal evolution of the acoustic pressute
standing wave engine tested in a resonator. which was obtained by reconstructing the 24 signals, was
Thermoacoustic energy conversion is essentially conused to identify the wavelength and the direction of
trolled by two parameters. One 87, where w is the  wave propagation.
angular frequency of gas oscillation, ands the time re- Spontaneous gas oscillation takes place when the hot
quired for thermal equilibrium in the cross section of thetemperaturel’; exceeds a threshold value which is de-
flow channel. The timer is given byr?/2a, wherer  pendent on the mean gas pressig The frequency
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LDV

Stack is maximum (with minimum onset temperature ratio). We
call this tube aresonance tubdor a resonato}. The
final position of the partition was denoted gs= 0 (see
Fig. 1), wherex, is the axial coordinate normalized by
L. Then the center of the stack wasxat= 0.19, which
is approximately%, the midpoint between pressure node

Glass tube
Pressure transducers

H Te ] and velocity node of a nondissipative standing wave with
;. eat exchangers . .
Photomultiplier oorl | A= L/2 in a resonator. The experimental data for the
%n=0 or b resonance tube are shown by the solid circles in Fig. 2,
/ indicating the standing wave stability curve.

The oscillation is produced in a limited range ofr
above a threshold temperature ratio, and there are two
stability limits corresponding to the right- and left-hand
Looped tube branches. Such standing wave stability curves have al-

FIG. 1. Schematic experimental device equipped with a ther/€@dy been studied theoretically [12] and experimentally
moacoustic engine consisting of a stack and two heat exchang®]. According to Wheatleet al. [4], the existence of the
ers. Ty and Tc are the temperatures of the hot and coldtwo limits for the resonance tube implies that the thermo-

heat exchangers attached to the stack. Small pressure sens@ifamical process of the working gas in the stack is intrin-

are mounted on the wall at 24 places around the loop. - FOLiqq|\ irreversible for the standing wave mode. The right

the looped tube, the partition (P) is not equipped. -ebranches for the resonance and looned tub d lack

resonance tuhethe tube was completely blocked by a parti- pedtubes are due to lac

tion. The optimum position of the partition where the ther- Of heat exchange between the gas and stack walls, so the

moacoustic effect is the most effective for the standing wavewo asymptotic stability lines fowr > 1 are effectively

with A = L/2 (L js the total !ength of the loop) is defineq as jdentical.

£ = 0, whrex, i he coordinalearound the'oop nomalied Thece. experimental stabiy curves show that the

traveling wave thermoacoustic engine has smaller onset
temperature ratios at all values efr measured, which

f = w/27 was 268 Hz at atmospheric pressure. Fromspans the range 0.5 to 5.0, compared with those for

the spatiotemporal evolution &f, we found that the oscil- the standing wave engine which relies on an irreversible

lation is of the acoustic traveling wave mode with= L/2  process to operate. The remarkable reduction (about 25%

(the second mode) running around the loop through that w+ ~ 2) of the critical temperature ratio is important

stack from cold to hot. Therefore, a stack and two heat exfor the application of thermoacoustic engines.

changers in the looped tube acts as a traveling wave engine.The most significant difference in the stability curve
To map out the stability boundary between oscillatoryoccurs along the left branch. A big reduction (about

and nonoscillatory regions, we used the dimensionles80% atTy/T¢ ~ 3) of the critical relaxation time- was

numbersTy /Tc and w7 at the mean temperatut&y +  observed for the looped tube compared with the standing

Tc)/2 in the stack [2]. The boundary was exploredwave stability curve. Such a significant depression of

by gradually changing through the mean pressurg,  the left branch toward the leffwr <« 1) suggests that

at a constant ratidy /T¢; increasingP,, increases the

mean density,,, thereby decreasing and increasing-. 4

Figure 2 shows a log-log plot of the onset temperature ratio Looped tube (o)

vs wT, wherew obtained in small amplitude region was Resonance tube (e)

adopted for determining the critical value®fr [11]. The Oscillation

data for the looped tube are shown by the open circles. The 3 - o

frequencyf (= 268 Hz) of the second mode changes by 2 \

only 1.5% over the whole stability curve. 3 % \. ..9"
Next the looped tube was completely blocked by a = °

partition, as shown in Fig. 1, which is thin, flat, and rigid

so that it does not change the length of the loop. We 2 ° o of

searched for spontaneous gas oscillations of the standing No oscillation

wave mode with the same wavelength = L/2) and | \ 1 | |

frequency (=268 Hz) as the traveling wave mode by 0.2 05 ] > 5 10 20

adjusting the position of the partition along the loop. wr

The oscillations were observed to be of the standin

wave mode from the spatiotemporal evolutionfaf We ) ; .

. . o1, showing the boundary between oscillatory and nonoscil-
measqred onsgt. temperature rq’qos at atmosphenc pr_e'ssqg&)ry regions. The open and solid circles are for a traveling
for various positions of the partition and fixed the partitionwave in a looped tube and a standing wave in a resonance tube,
at the optimum position where the thermoacoustic effectespectively.

gi:IG. 2. A log-log plot of onset temperature ratig;/T¢ vs
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excellent thermal contact between the gas and stack wallsaves that are neither pure traveling waw = 0)
is favorable to the looped tube engine, whereas imperfeator standing wave(® = 7/2) but are composed of
thermal contact is favorable to the standing wave engineboth components. The looped tulfgy = 640 K and
The stack in the looped tube performs the same functions as+ = 3.3 at the stack) is dominated by TWC, while the
the regenerator in the Ceperley’s reversible engine whichesonance tubé&l'y; = 755 K andw7 = 2.7) has mostly
needs a locally isothermal proce@sr < 1) to operate. SWC except near the minima g@f and v.. The spatial
The left limit, however, for the tube is attributed to strong phase distribution is stationary; the phase at the looped
damping by viscous energy losses in the stack and he&iibe stack interpolated from the outside was always about
exchangers, where a viscous boundary layer of thicknes&5°, while the phase at the resonance tube stack was close
8 = Qu/pmw)"? (u is the dynamic viscosity of gas) to 9C".
fills up the channel with decreasingr. Spontaneous  Although traditional heat engines are made to operate
oscillation, therefore, might be observedwat <« 1,ifthe  at an optimum point in a thermodynamical cycle using
viscous energy losses are sufficiently small. moving parts such as pistons and valves, the traveling
We took velocity measurements near the center ofvave thermoacoustic engine performs an efficient thermo-
the tube by LDV through a glass section of the loopdynamic cycle at a given value @+ by tuning ® to
in order to determine the work flow = PV,, (the bar the optimum phase (about 2&t w7 = 3.3) without us-
indicates the time average, afd), is the cross-sectional ing any moving parts. Both TWC and SWC contribute to
mean velocity given by, /@ *®). Pressur® = pe'®’  energy conversion fron® to / [3], and TWC and SWC
(independent of the radial coordinate) and axial velocitycontribute through reversible and irreversible thermody-
near the centev,. = v.e!(“'™¥) at a given position of, namical processes, respectively [10]. Therefore, the addi-
were simultaneously digitized, and their power and phasé&on of a small SWC to a traveling wave improves engine
spectra were calculated via fast Fourier transform fromefficiency by correcting for a finite time delay in the
the time series of 16 384 points. stack. Another effect of a small amount of SWC added to
The oscillating flow was laminar everywhere, and theira traveling wave is to reduce the viscous energy losses in
power spectra consisted of sharp peaksfagnd its the stack by reducing the velocity amplitude in the stack.
harmonicsnf. The amplitudesp(nf) and v.(nf) of  Pure traveling wave energy conversion might be realized
P and V. were determined from the power spectra.in a reversible processor < 1) for a working fluid but
The phase leads.(nf) of V. was also obtained from only with zero viscosity to achieve the ideal Stirling ther-
the phase spectra and corrected for delays caused Ilmyodynamic cycle [7].
the experimental systems. We estimated the amplitude
and phaser,(nf) and ®(nf) of the mean velocity 120
from measuredv.(nf) and ¢.(nf) using the theoretical 90 %ene

solutions of a laminar oscillating flow, namely,, (nf) = S 60 Y L
T nf)ve(nf), and ®(nf) = ¢ (nf) + $,(nf). Both R
I' and ¢, depend on the parametes/5 in the glass s ° o
cylinder (ry is the inner radius of the glass cylinder). -30
Thus, the experimental work flow was determined from -gg
=5 3 paf rnf ) nf) 129
n=1

0.8

x codye(nf) + o(nf)}, s AP,
where the laminar theory gived'(f) = 1.007 and ~o04 Resonance tbe (¢)
o (f) = 0.42° for our case ofry/6 = 1.4 X 10°>. The
factor ¢, has substantial influence on the standing wave 0 i
work flow because.( f) is close to 90.
Measurements of the work flow were performed in the 0 0.1 02 03 04 08

oscillatory regions of the stability curves for the looped o
and resonance tubes at atmospheric pressure. The aver 9{? 3. (A) The phase distributior(x,) for (a) the looped

. e and (b) the resonance tube. The lines are guides
pressure amplitudg, (/) was kept at about 0.82 !(P'a by to the eye. The shaded region shows the location of the
adjustingTy. Then the axial average of.(f) within  thermoacoustic engine. (B) Corresponding work flow. For
a glass cylinder was aboat8 m/s. The two tubes are (), the lines to the right and to the left of the stack are
nearly equal in the energy losses by the viscous antinear fits with the same slope and drawn in such a way that

thermal attenuation of sound except at the stack and he&tt» = 0) = I(1) = 0, resulting in the jump/, indicating the
exchangers. power produced by the stack. Féa), the lines are linear

. o . fits with the same slope a&) and drawn in such a way
The experimental phase variatiob(x,) for n = 11is  that 7(x, = 0) = 1(1). The produced power\/, of about
shown in Fig. 3(A). Real thermoacoustic engines have00 W/m? is nearly equal ta\/;.

3130



VOLUME 81, NUMBER 15 PHYSICAL REVIEW LETTERS 12 ©TOBER 1998

The measured work flow is shown in Fig. 3(B), where TWC and SWC contribute to energy conversion performed
the flow direction is to the right (from cold to hot) or in the thermoacoustic engine. The traveling wave engine
the left according to whethef is positive or negative, which intrinsically needs excellent heat exchange between
respectively. The higher harmonics € 2,3 ...,) of I  aworking gas and stack walls has significantly smaller on-
are negligibly small (less than 2%) compared with theset temperature ratios compared with the standing wave
fundamental(z = 1). In the looped tube, the acoustic engine which relies on an irreversible process to operate.
power (per unit area) of the traveling wave propagating
from cold to hot increases by, (more thar200 W/m?)
indicated by the difference il between the two sides *Electronic address: tyazaki@auecc.aichi-edu.ac.jp; Fax
of the stack, whenever the wave passes through the pg - 0566-26-2634.
differentially heated stack. In other words, the looped [1] G.Ww. Swift, Phys. Today!8, No. 7, 22 (1995); J. Acoust.
tube engine acts as a traveling wave power amplifier ~ Soc. Am.84, 1145 (1988).
whose gain (defined as the ratio of the output work flow to [2] T. Yazaki, S. Takashima, and F. Mizutani, Phys. Rev. Lett.
the input at the stack) is about 1.2 fog( /) = 0.82 kPa. 58, 1108 (1987); T. Yazaki, S. Sugioka, F. Mizutani, and
The produced poweA/, compensates for the dissipation H. Mamada, Phys. Rev. Let4, 2515 (1990); T. Yazaki,
of acoustic power at the tube walls, since the oscillation _ Phys. Rev. E48, 1806 (1993). _ _
is sustained at constant amplituge. Consequently, the [31 A. Tominaga, Cryogenic85, 427 (1995); inProceedings

acoustic power decreases linearly along the tube with O ASA/ASJ 3rd Joint Meeting, Honolulu, 199%oustical
I(x, = 0) = I(1) as shown in Fig. 3(B) Society of Japan, Tokyo, 1996), p. 611.
An\I h h th d dg'. h : fi . [4] J.C. Wheatley, T. Hofler, G.W. Swift, and A. Migliori,
though the power produced in the two coniigurations, Phys. Rev. Lett50, 499 (1983); J. Acoust. Soc. AnT4,

AIS and.AIt, is nearly equal, it flows out of the stack 153 (1983); Am. J. Phy§3, 147 (1985).

to the right and left and decreases to zero at the endss) Lord Rayleigh, in The Theory of SoundDover, New

(x, = 0 and 1) in the resonance tube to compensate for York, 1945), Sec. 322f-i.

the energy losses. The stack acts as a source of acoustié] Heat flow Q and work flow I are defined asQ =

power for the standing wave. Both the looped tube and  p.T.(SV) andl = (PV), where angular brackets indicate

the resonance tube have a positive work source of at radial average;p,, T,, S, and V are mean mass

leastW = AI/Ax ~ 5 kW/m? at the stack and negative density, mean temperature, entropy per unit mass, and

work sources of about-80 W/m? in all other regions axial velocity, respepﬂvely. The yvork flow is equalent

due to surface attenuation. to the acous_t|cal intensity defined in acoustics. The
Ceperley [10] and several other authors [1,3,13] pro- thermodynamic equations produce the relatiin= Q +

o . . I, where H is the enthalpy flow. In constant cross-
posed that Stirling engines and related devices such  ¢o.tional regions without heat exchangdte, + VI = 0,

as pulse tube refrigerators with a regenerator may be  \hich shows full energy conversion betwegrandi. We

understood from the viewpoint of traveling wave ther- call VI the work sourcev.
moacoustic systems. Our results seem to confirm this[7] I. Urieli and D.M. Berchowits, Stirling Cycle Engine
insight; the time phasing betweéhandV,, in our travel- Analysis(Hilger, Bristol, UK, 1984).
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ing wave power amplifiers and Stirling engines and refrig-  other which leads to complex phenomena such as mode
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