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Experimental demonstration of thermoacoustic energy conversion in a resonator
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Using thermoacoustic energy conversions, both amplification and damping of acoustic intensity are demon-
strated. A differentially heated regenerator is installed near the velocity node of the resonator and thereby a
high specific acoustic impedance and a traveling wave phase are obtained. It is shown that the gain of acoustic
intensity resulting from the traveling wave energy conversion reaches 1.7 in a positive temperature gradient
and 0.3 in a negative gradient. When the regenerator is replaced with a stack, it is found that the gain reaches
2.3, exceeding the temperature ratid.9) of both ends of the stack. This is brought about by the addition of
standing wave energy conversion. The present results would contribute to the development of new acoustic
devices using thermoacoustic energy conversion.
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I. INTRODUCTION erator in a way such that the traveling wave passed through

o : . the regenerator from the cold end to the hot end. The ener
The acoustic intensity represents the time-averaged dy- conse?vation law assures the relation oy

namic power flux sustained by oscillating motion of gas par-
cels in an acoustic wave. In ordinary speech, the acoustic
intensity| is only on the order of 10 W/m? at most, but in
a thermoacoustic heat engine, ineaching 18 W/m? has
been achieved using thermally induced spontaneous gas
cillations without the use of mechanical drivédg. Here the
acoustic intensity for a wave in a tube is written as

A(Q+1)=0, (2)

Ofg_r Q andl in the regenerator, whetk represents the differ-
ence in respective quantities between both ends of the regen-
erator. Therefore, when the output powdr> 0 is produced
through thermoacoustic energy conversions, the outgoing in-

| =(PU) =3 pucos®, (1)  tensityly, from the regenerator becomes larger than the in-
_ coming intensityl;, by the amount ofAl. However, Ceperley
where the pressur@=pe®!, the cross sectional mean veloc- only observed lower damping bthan that without heat flow

ity of the oscillating gasU=uéd“*®=ysinde@*™2  Q, not the amplification of. He attributed it to a large vis-
+u cos®e®, angular brackets represent time average,and cous loss caused by a low specific acoustic impedance
and ® are an angular frequency and the phase lead) of =p/u=pycinherent in a pure traveling wave, whgigandc
relative toP, respectively. Production of higher acoustic in- represent mean density and sound speed, respectively.

tensityl is necessary to increase the potential utility of ther- In this paper, we demonstrate the occurrence of both ther-
moacoustic engines in applications such as the liquefactiomoacoustic amplification and dampingloflepending on the

of natural gag2]. direction of the temperature gradient imposed on the regen-

Thermoacoustic energy conversidB-5 between the erator inserted in an acoustic resonator. We show that a high
axial heat fluxQ [6] and| results from thermal interactions specific acoustic impedance reachingpdband a traveling
between gas parcels and solid walls of flow channels. As wavave phasebP=0 are achieved at a velocity node in the
will show in more detail in the next section, the traveling present resonator. By installing the regenerator at different
wave componenfTWC) u cos®, in phase withP, performs  positions near the velocity node, we varied the phase differ-

Stirling cycles through the reversible heat exchange procesnce® betweenP and U in the regenerator to change the
between gas parcels and solid walls in thegenerator ratio of the TWC to the SWC responsible for the energy
[1,7-17. On the other hand, the standing wave componentonversion. As a result of the dominant contribution due to

(SWOQ) usin® of U, out of phase withP by /2, contributes  the TWC in the regenerator, we obtained the dajg|;, of

to the energy conversion through irreversible heat exchange.7 when a positive temperature gradient was applied, and
process with thestackof plates[5,12,13. 0.3 with a negative one. When the stack was used instead of

Ceperley[7] attempted to amplify using thermoacoustic the regenerator, the gain bfeached 2.3, exceeding the tem-
energy conversion based on the TWC. He installed a regerperature ratio at both ends of the stack. This is brought about
erator into a traveling wave field in a long tube having anby the addition of the SWC contribution to the traveling
acoustic driver at the end, and heated one end of the regemave energy conversion.
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FIG. 1. The thermodynamic process for a gas parcel. The gas \.\
parcel experiences the TW@) and SWC(b) based displacements -60 «.\_._
along with P, which are shown as an ellipga), solid (®>0) and -9%) = 760 T 770 1 |75 T80
dashed(® <0) lines (b) and on aP-¢ diagram, respectively. The ) ’ ' I ’ '
(b) position (m)

temperature of a gas parge) in the regenerator with good thermal
contact is given by the tilted single line, but that with poor thermal
contact traces an ellipse due to the relaxation timEhe thin tilted
line represents the wall temperature.

FIG. 2. Schematic illustration of the present experimental appa-
ratus(a), the axial distributions ofb (b) in the middle of the reso-
nator. The assembly of a regenerator and two heat exchangers are

represented by a gray region.
Il. THERMOACOUSTIC ENERGY CONVERSION

We briefly describe here the thermoacoustic energy continite relaxation timer causes a time delay in heating and
version executed by the gas parcels. The displacegneha  cooling over the cross section of the flow channel, thus the

gas parcel from its equilibrium position is simply written T-¢ diagram traces an ellipse. _
from the expression ol as The thermodynamic cycle executed in the course of the

TWC-based displacement is given by combining Figs) 1
u _ u _ and Xc). Starting from the position near the left end labeled
£= = cos®e (@™ + — sinpe !, 3 “A” in Fig. 1(a), the gas parcel repeats a cyclic motion con-
@ @ sisting of compression (A-B)—heatingB-C)—expansion
) ) (C-D)-coolingD-A), whenwr< 7. As Ceperley has noted
We denote the first and the second terms on the nght—harp;], this is a thermodynamic cycle similar to the Stirling
side of Eq(3) as TWC-based and SWC-based displacementye thereby enabling an ampiification of the acoustic in-
respectively. They trace a clockwise ellipse and a Stra'ghfensityl. The TWC also contributes to the energy conver-
line with a finite slope on &-¢ plane during one cycle of the iy even whenor~ ar, but poor thermal contact with the
acoustic wave, as shown in Figgatand Xb). A gas parcel 4| leads to heat losses.
on theP-¢ plane experiences cyclic compression and expan- During the SWC-based displacement shown in Figp),1
sion processes while exchanging heat with the walls in theyq gas parcel experiences heating and compression at the
flow channel. _ same time when it moves to the hot efl-C), while it
The nature of the heat exchange process is well reprégiy itaneously experiences cooling and expansion when it
sented in terms of a nondimensional parametefd], where 465 hack to the cold er®-A). Therefore, the SWC does
o A ot contribute to the energy conversion when< 7. How-
characteristic transverse lengthand the thermal diffusivity ever, as is discussed by Wheatli], a finite = in the heat
a of the gas asy/ (2a) [14]. If w7<m, the gas in the channel excr{ange process causes a phaée lag in the heating and
moves reversibly in equilibrium with the local temperature atcooling of the gas parcel. This establishes a thermodynamic
the wall in contact with it, whereas > 7, the gas motion cycle of compression (B-C)—heatingC-D)—expansion

becomes isentropic but still reversible. The gas OSCi”atiortD-A)—cooling(A-B) Thus, the SWC energy conversion
becomes thermodynamically irreversible near= 7 due to takes place whenn-.xq-r '

incomplete heat transfer to the wall. A porous medium hav-
ing flow channels withwr<< is usually called a “regenera-
tor.” On the other hand, a porous medium witlr= 7 is . EXPERIMENT
called a “stack.”

Figure Xc) presents the axial distribution of the wall tem-
perature(thin line). Also shown is the variation of the abso-  The present experimental apparatus is schematically illus-
lute temperatur@ of the gas parcels due to the displacementtrated in Fig. 2a). A middle section of the cylindrical acous-

& in the temperature gradient. Whemr< r, T always traces tic resonator is constructed of Pyrex glass tube with a 21 mm
the local wall temperature, because the gas parcel is instamner diameter to allow the measurement of the velocity of
taneously heated and cooled because of its good thermal cotire gas by means of a laser Doppler velocimét®V). The

tact with the wall. On the other hand, the gas parcel does naemaining part of the resonator is constructed of stainless
exchange heat with the walls when> 7. Nearor=~ 7, the  steel tubing. The total length of the resonator is 3.3 m. One

A. Experimental apparatus
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end of the resonator is closed by a woofer speaker througt 50 I I , I I
dynamic bellows, and the other is closed by a solid plate. @, =20° Tout AT>0
The speaker is driven at 103 Hz. Air at local atmospheric 40 [—
pressure is used as the working gas. Either a regenerator or

stack, each being 20 mm long, is inserted near the middle o0& = __Q_I_D_D_E_./i N

the resonator. = oo o o A7=0
Hot and cold heat exchangers, consisting of brass strips™

aligned in parallel, are placed at both sides of a regenerato 1o |- OO0 gAT<0]

and a stack in order to produce temperature gradients alon
them. The hot heat exchanger is heated by a resistance heat
up toTy=560 K, and the cold heat exchanger is kept at room
temperaturgTc=296 K) using running water. Positive and x (mm)
negative temperature gradients are formed by changing the

location of the-two heaF exchangers with each Other'. gradients measured wheh,,=20°. A gray area represents the as-
We use a pile of stainless screen mesﬂ‘rﬁsr_nesbl with . sembly of a regenerator and two heat exchangers.

ro=0.15 mm as the regenerator and a ceramic catalyst with

ro=0.77 mm as the stack. The valueswof are estimated as

0.13 for the regenerator and 3.5 for the stack, respectivel

wher he mean temper Ty+Te) /2] for . . .
ere at the mean temperatufe(Ty+Tc)/2] is used fo can choose a desired ratio of TWC to SWC in the center of

the evaluation. As we will see later, the TWC contributes e regenerator by shifting its axial position. This is the clear
almost exclusively to the energy conversion in the presen&h 9 y 9 position. .
dvantage of the use of the resonator in this experiment.

regenerator, while the SWC has the major contribution in thé® We have found that the specific acoustic impedance

stack. given asp/u reaches 1pc near the velocity node in the
present resonator. Hence, the gas parcel at the velocity node
B. Pressure and velocity measurements oscillates with both a high acoustic impedarzcand a trav-
eling wave phasé@=0. This is another advantage of the use
of the acoustic field in the resonatdrl] over the pure trav-
eling wave propagating through a long tube, in whicks
iven bypgc [7]. Thus, we can demonstrate the thermoacous-
¢ energy conversions without suffering from strong viscous
damping by installing the regenerator close to the velocity
node.

7 | | | | |
-150 -100 -50 0 50 100 150

FIG. 3. Axial distribution ofl obtained for different temperature

ial position along the resonator. In Figh®, we see that
he phaseb,, in the center of the regenerator is 20°. Thus, we

The pressuré®=pe“! along the glass tube was measured
using small pressure transducéfsyoda Koki, DD102-1F;
which were mounted on the tube wall via short ducts of
10 mm in length and 1 mm in inner radius. We measured th%
axial core velocity at the center of the cylinder with an LDV,
and determined both amplitudeand phaseb in the cross
sectional mean velocity =ué“*® from the measured val-
ues by applying laminar flow theory. Pressure and velocity
signals were collected by a 24-bit spectrum analyzer. Using IV. RESULTS AND DISCUSSION
power and phase spectra, we determiped, and®. It was
important to determine precisely the instrumental time delay
of the LDV (=2.7x 10°°s) for the accurate evaluation df We report here the axial distribution of acoustic intensity
and hencd [13,15. I, whend,, is 20° and the temperature gradient is zero along
the regenerator as shown in Figh2 We inserted the mea-
suredp, u, and® into Eq. (1), and plotted thus obtained in
Fig. 3. The origin ofx is taken at the center of the regenera-

Before showing the experimental data on the acoustic intor. The error inl, mostly due to the uncertainty i, is
tensityl, we present the acoustic field excited in the resonawithin the size of the markers. The positive valuel ohdi-
tor and its advantages for this experiment. In this experimentgates thatl flows through the resonator from the acoustic
we used the second resonance mode having a velocity nodkiver to the closed end. The negative slopd oépresents
at the middle of the resonator. We found that this mode octhe dissipative energy per unit volume due to the viscosity
curs at 103 Hz with a quality factdp, of 30 from the mea- and the thermal conductivity of the working gas. The value
surement of frequency response curves. of the slope is found to be approximately —12 W¥in the

Figure 2b) shows the axial distribution @b in the vicin-  region outside the regenerator and —120 W inside of it.
ity of the room temperature regenerator at a position 1.69 m We supplied heat power to the regenerator to create tem-
away from the speaker. If a nondissipative standing waveerature gradients on it. Here we kept,=20° and also
were formed in the resonator with a very high, ® would  adjusted the incoming acoustic intendityto the regenerator
take 90° or —90°, depending on whether the sign of the grato be the same as that without the heat power. When a posi-
dient of p is positive or negative. However, in the presenttive temperature gradie®mT >0 is formed along the regen-
resonator with the finit€, =30, it was found thatb con-  erator,| propagates through the regenerator from the cold to
tinuously varied in the range —-962®d <90° and passed the hot end. We clearly see the formation of a steep positive
zero at the velocity node. This continuous variation showsslope inl in the regenerator. This demonstrates the thermoa-
that the ratio of TWC to SWC varies as a function of the coustic amplification of, which Ceperley had attempted to

A. Axial distribution of acoustic intensity

C. Acoustic field in a resonator

066304-3



BIWA et al. PHYSICAL REVIEW E 69, 066304(2004)

25 - T This corresponds to the situation where the hot end of the
©r=0.13 regenerator is placed at the velocity node. Stirling prime
20 T/ Te movers based on the TWC energy conversion under perfect
thermal contact in the regenerator should attain a bgjfl;,
i equal to the temperature rafigy/ Tc when an inviscid ideal
15 /."/-‘:1:;\ — gas is used as the working flujd]. The fact that the highest
i j " 5 lout/ lin We obtained is still less than the rafig,/ T of 1.9
3 10 | o would be attributed hto the unavoi?]abtlje vis\g%lisoloss in the
' PR AT= regenerator, as we have seen in the data Witk=0. How-
)/.’ \.\\.\ ever, since the kinematic viscosityof the gas increases with
0.5 ,u—L N increasing temperature, viscous losses should become rela-
T tively larger at the hot end than that at the cold end, even if
AT<0 the velocity amplitude is the same at both ends of the regen-
0-990 50 30 0 3'0 50 90 erator. Thus, thé,, yielding minimum viscous losses should

@, be positive so that the velocity node comes close to the hot
end. Therefore, we consider that the gain shows a maximum
FIG. 4. The amplification ratg,/l, as a function ofb,, deter-  at®,,~40° instead ofb,,=0. If the specific acoustic imped-
mined for the regenerator. Three different symbols represent thancez becomes much higher than in the present experiment,
data with positivgsolid squares negative(open squarggempera-  the maximuml,/1;, would essentially approach,/Tc.

ture gradients and without a temperature gradieatid circles. A When a negativ& T is present, the decreaselaflong the
horizontal line represents the temperature ratiéTc. The error of  regenerator becomes significantly larger than that Wiih
the data does not exceed the size of the markers. =0. As a result, the gaily,/1;, lies far below that withVT

=0 and becomes 0.3 with,,=70°, as shown in Fig. 4. When

observe7]. The gain defined ak,,/1;, turned out to be 1.6. a negativeVT is present along the regenerator, the gas par-
This is caused by the positive output powgp-1;, resulting  cels experience cooling when it moves fraro C in Fig.
from the thermoacoustic energy conversions. 1(a), and heating when it moves frobhto A. As a result, the

On the other hand, flows from hot to cold through the thermodynamic cycle of compressigh-B)—coolingB-C)—
regenerator when a negati¥el is set up. Apparentlyl de-  expansiofC-D)—-heatingD-A) is executed in the course of
creases more significantly for this case in the regeneratdhe TWC-based displacement. This is the reversed Stirling
region than that wittv T=0. The gain,/I;, was found to be cycle that makedl negative. Therefore, the thermoacous-
0.45. This result shows the strong thermoacoustic dampintjc energy conversion is responsible for the strong damp-
of | executed by the gas parcels whép=20°. While con- ing of I. We see that the gaih,,/l;, shows a peak at
ventional silencers rely on viscous and thermal attenuation oP,=—40°. This means that minimum damping is obtained
the acoustic wave as shown in the data With=0, a ther- when the velocity node comes to the hot end of the regen-
moacoustic silencer uses energy conversions between  erator for the same reason as that described above when
Q in addition to them to achieve a strong damping. Now weVT is positive.
are ready to study how the gdlig,/|;, changes as a function

of ®,, by shifting the position of the regenerator in the reso-
nator. C. Stack (w7=3.5)

Next, we used a stack @fr=3.5 instead of the regenera-
tor. Results are shown in Fig. 5. Wh&T is zero,l /1, for
the stack lies below unity as in the regenerator, but shows a

Figure 4 shows the gaip,/l;, as a function ofb,,, when  broader peak than that for the regenerator. While viscous
the regenerator withw7=0.13 is employed. The value of losses dominated in the regenerator, the dissipation due to
w7=0.13 assures good thermal contact between gas parcelse thermal conduction over the cross section of flow chan-
and screen meshes in the regenerator, thereby allowing us kels, which is proportional t@? [4], becomes large in the
neglect the contribution of the SWC to the energy conversiompresent stack. The stack is always located around the pres-
in this regenerator. WheNRT is absent/|,/l;, consistently sure antinodévelocity nodé in this experiment, and hence
lies below unity, which shows thatdecreases in the regen- the value ofp in the stack is not affected much by the value
erator. It is also found that the gdig,/1;, shows a maximum of ®,. Thus, we see that the thermal conduction causes the
centered athb,,=0°. This represents that the energy loss inbroad peak centered aroudg,=0°.
the regenerator is minimized when the center of the regen- When a positiveVT is set up along the stack, the gain
erator is placed at the velocity node, but it becomes largé,,/l;, for the stack is clearly different from that for the
when the regenerator is placed away from the velocity noderegenerator; it monotonically increases with increasing
Thus, the viscous loss dominates in the present regeneratdeventually, l,,/1;, reached 2.3 at,,=80°, which is larger

When a positiveVT is created along the regenerator, than Ty/T:=1.9, when the center of the stack is placed
lout lin is increased well beyond unity, demonstrating the am-10 cm away from the velocity node toward the acoustic
plification of | in the regenerator. Also we see tHg/l;,  driver. The contribution of the TWC to the energy conver-
with VT>0 shows a maximum reaching 1.7 &{,~40°.  sion can be seen &,=0°, since the SWC is absent there.

B. Regenerator(w7=0.13
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2.5 - When a negativéVT is made along the stack, the gain
wt=3.5 lou lin iNncreases with decreasing,, and it exceeds unity
T/ Te when®,<-60°. Since the TWC with a negati%el always

contributes to the damping éfregardless of the sign @b,

the amplification ofl must be due to the SWC. As is de-

scribed above, a negative,, reverses the order of compres-

i sion and expansion in the cycle. On the other hand, in the
m}

P

2.0 /

/./ presence of a negatiVeT, the order of heating and cooling
o AT:_(_);_"' is also_ re\(ersed. C_o_nsequer)tly, gas parcels expe_:rience the
:;’:D‘ — cycle yielding a positivé\l during the SWC-based displace-
0.5 X\ ment, when botlb,, andVT are negative. On the other hand,
AT<0 ) with a positive®,,,, both the SWC and TWC contribute to the
| damping ofl. Thus, the gaify/I¢ lies far below unity with
O %0 @0 o 0 0 %0 a positiveVT. _
@, It is clear from the argument above thh}, must be posi-
tive in order to obtain a gain as large as possible in a ther-
FIG. 5. The amplification ratg,/l, as a function ofb,, deter- ~ moacoustic power amplifier, because both the TWC and
mined for the stack. Three different symbols represent the data witSWC can contribute to the amplification bfwhenVT> 0.
positive (solid squares negative(open squargstemperature gradi- - The maximuml,/1;,, exceedingdl,/T¢ at ®,,=80" obtained
ents and without a temperature gradigdlid circles. A horizontal  in this experiment, apparently results from the energy con-
line represents the temperature rafig/ Tc. The error of the data  versijon both due to the TWC and SWC. However, while the
does not exceed the size of the markers. efficiency of the energy conversion due to the TWC can
ideally reach Carnot’s efficiency, that due to the SWC is
We see that,/l;, is nearly equal to unity. This represents essentially lower than that due to the TWC, since the SWC
that the amplification due to the TWC is so small that it isenergy conversion intrinsically relies on the irreversible heat
used up to compensate for the dissipative energy in the stackxchange procesg3-5,7. Thus, in order to achieve both
Therefore, the observed large enhancement @fl;, should  high efficiency and gain under a given temperature ratio, one
reflect the thermoacoustic energy conversion due to theas to choose an optimud,, to give the best combination
SWC. Indeed, as we described in Sec. Il, the SWC with af the TWC and SWC. As shown in Figs. 4 and 5, the opti-
positive ®,,, contributes to the amplification dfin the pres- mum ®,,, should depend on the value afr of a given re-
ence of a positiv&/T. Thus,the present results clearly dem- generator. By using a series of regenerators and stacks in-
onstrate that amplification of exceedingTy/T¢, the gain  serted at positions with propeb,, we could obtain very
expected for an ideal regenerator, is made possible by usingigh acoustic intensity such as those used in practical en-
the SWC energy conversion in the stack. gines.
In a standing wave thermoacoustic prime mover, the
acoustic intensity comes out of both sides of the stadq] V. SUMMARY
placed between the velocity node and antinode. Wh&T a We demonstrated thermoacoustic energy conversions by
is positive in the stack, the acoustic intendigt the cold end  making full use of the acoustic field induced in the resonator.
is negative, while that at the hot end is positive. Therefgre, Through the simultaneous measurementsPoéind U, we
in the standing wave prime mover is zero, becausegen-  determined the gain of the acoustic intensiggnd the phase
erated within the stack. This represents that the ¢@ili,  angle® betweenP and U. We found that the regenerator
can be very large when the SWC mostly contributes to thevorked as a thermoacoustic power amplifier with a gain of
energy conversion. Therefore, as the present results indicatg,7 whenv T was positive, but as a silencer with a gain of 0.3
the use of the SWC energy conversion is of great importanc@henVT was negative. These results obtained for the regen-
when one attempts to make the g&jg/li, as high as pos- erator originates from the energy conversion due to the
sible in a given temperature ratio. TWC. Furthermore, the SWC was found to play the major
When the stack is placed beyond the velocity nollg,  role in the energy conversion in the stack. Especially when
becomes negative and the gaig/l;, decreases below unity & =80 and VT>0, the gainl,./l;, reached 2.3 resulting
in spite of a positiveVT. This is because the sign of the from the SWC energy conversion. This represents that the
slope in theP-¢ diagram is reversed whed,, is negative.  addition of the SWC to the TWC makes it possible to in-
As shown by the dashed line in Fig(h), the gas parcels crease the gain above the temperature r&ti6T¢, the ideal
with negative @, experience expansion when they movegain for the Stirling engine. By placing the regenerators and
from left(B") to right(C’). Hence, the gas parcel undergoesstacks near the velocity nodes in a long acoustic resonator
the thermodynamic process in the order of expari§ibn and amplifyingl successively, we would be able to obtain a
C’)—heatingC’-D')—compressiofD’-A’)—cooling A’-B’), very high acoustic intensitly even from waste heat having a
which leads to the reversed cycle discussed in Sec. Il. As bw energy density. The present results will contribute to the
result, the SWC contributes to the reductiorl efhen®d,,is  development of new acoustic devices using thermoacoustic
negative in the presence of a positive. power amplifiers and silencers.
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