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A cascade thermoacoustic engine is described, consisting of one standing-wave stage plus two
traveling-wave stages in series. Most of the acoustic power is produced in the efficient
traveling-wave stages. The straight-line series configuration is easy to build and allows no Gedeon
streaming. The engine delivers up to 2 kW of acoustic power, with an efficigheyratio of
acoustic power to heater powesf up to 20%. An understanding of the pressure and volume-
velocity waves is very good. The agreement between measured and calculated powers and
temperatures is reasonable. Some of the measured thermal power that cannot be accounted for by
calculation can be attributed to Rayleigh streaming in the two thermal buffer tubes with the largest
aspect ratios. A straightforward extension of this work should yield cascade thermoacoustic engines
with efficiencies of around 35-40% of the Carnot efficiency.2@03 Acoustical Society of
America. [DOI: 10.1121/1.1612483

PACS numbers: 43.35.Ud, 43.25.\RR]

I. INTRODUCTION that of a standing wav¥. Acoustic power can flow out of
_— . . . both ends of the stack, mostly at the ambient end as in Fig.
Rayleigh’s criterioh for self-sustained heat-driven 1(a) or mostly at the hot ené?2LAlthough this straight-line

acoustic oscillations, “If heat be given to the air at the mO-_ J oloav is the simplest to build. the deliberatelv imperfect
ment of greatest condensation or be taken from it at the mo- pology P ' y mp

ment of greatest rarefaction, the vibration is encouraged,” ithermal contact on which it relies limits its efficientyThe

. . 2 oy . ge
the foundation of the many thermoacoustic schemes for pr(')%faSt travelmg-wave_ engm’é&f _(and traditional Stirling en-
ines have 50% higher efficiency than the best standing-

ducing acoustic power from heat without moving parts. Earlyg : . .
concepts include the heat-driven electric generators davave engines because the thermal contact in regenerators is

scribed by Marrisoft Carter and Feldmah? and Ceperley:® egcellent. However, they require phasing near that of a t_rav—
Marrison’s engine used standing-wave phasing and delibe€/inNg Wave to create acoustic power: Traveling-wave engines
ately imperfect thermal contact to achieve Rayleigh's crite-ONly @amplify, so power can only flow out of the hot end of a
rion, and had mature heat exchangers but without anythin@egel'gggator if & smaller power is fed into the ambient
like today’s stack between themThe engines of Carter, ©€nd:~~" The toroidal topology shown in Fig.() achieves
Feldmanet al. also used standing-wave phasing and deliberthis by feeding some of the engine’s own power, from the
ately imperfect thermal contact, and had stacks but no md€generator’s hot end, back to its ambient end. Unfortunately,
ture heat exchangers. Taking a completely different apthe toroidal topology is more difficult to build than the
proach, Ceperley realized that Stirling engfhbad always straight-line topology, and also suffers from a circulating
been meeting Rayleigh's criterion, using traveling-wavesecond-order mass flow, Gedeon streaniftthat can reduce
phasing and excellent thermal contact in a regenerator su@r eliminate the efficiency advantage by convecting heat
rounded by mature heat exchangers, so he suggested acoudtizm the hot heat exchanger to one of the ambient heat ex-
networks to eliminate the Stirling engines’ pistons. changers. Gedeon streaming has been successfully sup-
Thermoacoustic research has progressed steadily overessed by exploiting the time-averaged pressure gradient
succeeding decades, and profited greatly from the publicadeveloped in oscillating flow through an asymmetric
tion of Rott’s mathematical treatmeht:* A wide variety of  channel’ but this consumes acoustic power. In addition,
standing-wave enginé$;*® as illustrated in Fig. (8), has fabricating asymmetric channels that are adjustable, to stop
been built combining practical aspects of Marrison’s andGedeon streaming under a variety of operating conditions,
Feldman’s work and based on Rott’s theory. More recentlyadds complexity that is undesirable in commercial devices.
traveling-wave engines with the toroidal topology suggested In this paper we describe our first attempt to enjoy the
by Ceperley, shown in Fig. (), have also been best features of standing-wave engines and traveling-wave
demonstrated® 18 However, efforts to commercialize such engines simultaneously, by arranging a standing-wave engine
engines have not yet succeeded. and one or more traveling-wave engines in a series, as shown
The straight-line, closed—open topology shown in Fig.in Fig. 1(c), a topology we call a “cascade.” The straight-
1(a) works because the imperfect thermal contact in a stackpe topology is easy to build, automatically prevents Gedeon
can meet Rayleigh’s criterion for acoustic-power productionstreaming, and has high velocities only where streamlining is
using pressure—velocity phase differences anywhere nehgy while the efficiency is reasonably high because most of

the acoustic power can be created in the traveling-wave stage
dElectronic mail: swift@lanl.gov; URL: www.lanl.gov/thermoacoustics/ or stages.
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(a) Standing-wave engine describe, often three sets of data to explain, and many refer-
ences to cite. In Sec. IV we describe the initial debugging,
measurements of heat leak, and the evolution of the thermoa-
%ﬁ : (g coustic measurements, as some problems were solved while
others grew. In Secs. V and VI we describe the thermoacous-
tic measurements in detail, with pressure and volume—

Hot HX St‘\‘Ck A;nbient HX

(b)  Traveling-wave engine velocity waves in Sec. V and temperatures and powers in
~=— E feedback Sec. VI. Our understanding of the waves is very good, but an
understanding of the powers leaves room for future work,

Ambient HX Ambient HX including the study of heat transport by streaming in thermal

buffer tubes. Finally, in Sec. VII we discuss the efficiency of
the cascade. Although this engine converted heater power to
acoustic power with an efficiency of only 20%, many of the
sources of inefficiency are due to our decision to build a

(© Cascade engine similitude scale model, and others are probably associated
1st Stage Subsequent stage(s) with one design error discussed below. We are confident that
Standing | E Traveling | E cascade engines can be built with efficiencies in the range of

wave wave 35%—40% of Carnot’s efficiency, the upper end of this range

equaling the highest measured efficiency in a thermoacoustic
FIG. 1. Some thermoacoustic engine topologies. sH¥at exchanger, engine to daté’?

TBT=thermal buffer tubeF = acoustic power(a) In a standing-wave en-
gine, the temperature difference between the hot heat exchanger and the

ambient heat exchanger falls across the stack, whose pore dimensions arelpf BROAD DESIGN CONSIDERATIONS
the order of a few thermal penetration depths. Here, the standing-wave’

engine is in a simple cylindrical resonator, closed at its hot end and deliv- To design an experimental test of the cascade idea. we
ering acoustic power through its ambient efl). In a traveling-wave en- ’

gine, the temperature difference between the hot heat exchanger and tk{egan with decisions about the number of stages and the
ambient heat exchanger falls across the regenerator, whose pore dimensidi@sonator type, guided by the qualitative and approximate
are much smgller thar_1 a the_rmal penetra_tion depth. Acoustic power can OnkzonsiderationiprincipaIIy of efficiency and sizedescribed
be produced if some is fed into the ambient end of the regenerator, §uch ‘?ﬁ this section. After these decisions were made, we relied on
through the acoustic feedback path shown hécg.The cascade engine . . - _ )
combines one standing-wave engine with one or more traveling-wave er@ NUMerical analysis to select specific dimensions and other
gines. The standing-wave engine supplies the acoustic power needed at tiletails, compromising as necessary to satisfy practical fabri-
ambient end of the adjacent traveling-wave engine. cation constraints.
The number of stages is an important issue. A traveling-

Much of our fundamental thermoacoustics work at Loswave stage can create acoustic power from thermal power
Alamos is motivated by our collaboration with Praxair, Inc., with high efficiency, but, in the linear topology of the cas-
directed toward the development of powerful thermoacousti€ade shown in Fig. (t), the traveling-wave stage must be
natural-gas liquefiers. Hence, we decided to build a cascadesupplied with acoustic power from another stage, such as a
engine that might provide guidance to some future aspect ditanding-wave stage. If is the ratio of hot and ambient
that collaboration, while still at low enough power for con- (absolut¢ temperatures, the acoustic-power gaiof a
venient laboratory experimentation. The experimental engingaveling-wave stage is approximatety and the acoustic
is “similar” to a hypothetical 35-kW engine. Similitudgin ~ power created in it is approximately proportional te-1.
thermoacoustics shows that reducing all dimensions of suchhen a series combination of a standing-wave stage with
a hypothetical engine by a factor of two and changing fromefficiency of ~1/5 andN—1 traveling-wave stages each
helium to argon(at a slightly lower pressuyepreserves all ~ with efficiency ~1/3 has an overall efficiency,
dimensionless thermoacoustic variables such as Mach num- N
bers, Reynolds numbers, and ratios of penetration depths to %~ 13
pore sizes. All thermoacoustic behavior, both linear and non- T
linear, is identical when expressed with dimensionless varishowing how the efficiency grows with the number of stages,
ables. This scaling lets the experimental engine fit verticallyas more and more acoustic power is created in the efficient
in our lab and reduces the total heater power required so théttaveling-wave stages)=0.20 for one stagéstanding-wave
electric heaters easily suffice. only), »=0.26 for two stages and=2.5, »=0.30 for three

In Sec. Il we summarize the qualitative considerationsstages and=2.5, »=0.32 for four stages and=2.5, and
that led us to adopt this particular cascade configuration: ong=0.33 for an infinite humber of stages. Hence, three or
standing-wave stage and two traveling-wave stages locatddur stages seems to be an acceptable compromise between
within one pressure maximum of the wave. In Sec. Ill wethe optimum efficiency of a large number of stages and the
describe the construction of this apparatus. The principasimplicity of a small number of stages.
complexity was the need to design and build about three  Ceperley realized that the best efficiency in traveling-
times more parts than for previous thermoacoustic enginesyave engines is obtained when the time phéesiey which
due to the presence of three stages. This complexity is resscillating pressurg, leads oscillating velocity; is near
flected throughout the paper, as there are three sets of partszero. Figures @)—(d) show four ways to satisfy this crite-

@
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Stack Stack Regenerator\ traveling-wave stages that can be collocated at the sweet spot
) of zero phase, as illustrated in Figs(eR-(h). When |Z]

H A A H AlH >pma, the sweet spot is a significant local minimum in ve-
| A2 locity. Viscous dissipation of acoustic power in a regenerator
®) | — ) and heat transport through a regenerator due to imperfect
H A AlH thermal contact are both proportional|tg|?, so a doubling

of |uy|? from its minimum value at the sweet spot can be
taken as a rough measure of how far from the sweet spot a
regenerator might acceptably be. Moving away from the
sweet spot, the volume velocity,; grows according to the

(@) 6 continuity equatiorf/

du,

Ox " lecpa, (2

—
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where w is the angular frequency, is the compliance per
unit length,i=+/—1, and the subscript 1 denotes a complex
variable. With changes ifJ; 90° out of phase fromJ,

SR 1 S itself, a doubling of U,|? occurs whenp~45°. Hence, mul-
) tiple traveling-wave stages should be crowded together

A
&
>
AY
/|

within ¢~ *45° of the sweet spot. However, a thermal
buffer tube is needed between stages to insulate the ambient
end of one stage from the hot end of its neighbor. For effec-
tive insulation, the lengtlh,,; of a thermal buffer tube must

be of the order of 10 times the gas displacement amplitude
H A H |ui|/@. Combining this requirement witfz| ~10p,a yields

L~ 10(ug|/ 0~ |ps|/ wpma~A/100, 3)

for |p1|/pm~0.1, wherex is the acoustic wavelength. Taking

X Lipt/ YPm @s the minimum compliance per unit area between
stages, Eqs2) and (3) show thatA|U,|~|U,|. Hence, for

-90 |p1l/pm~0.1, the practical limit is two or possibly three

FIG. 2. Anillustration of Hermnatives in the desian of q _traveling-wave stages in one pressure maximum. The heat
. 2. An illustration of some alternatives in the design of cascade engines . . . i
The dashed line running through all parts of the figure marks the location OPXChangerS and the regenerator itself have compllance in ad

the sweet spot where the phageby which pressure leads velocity is zero. dition to that of the thermal buffer tube, so it seems unlikely
Acoustic power flows out of the right end of the apparatus in all cases. Hhat more than two traveling-wave stages can effectively
and A indicate the hot and ambient ends, respectively, of each stack %hare one sweet spot.

regenerator. For clarity, heat exchangers and thermal buffer tubes are not . . .
shown. Partga) through (d) illustrate options for the resonator and the Hence, we chose a combination of F|géj)23nd(f) for
standing-wave stags); we chose(d). Parts(e) through(g) illustrate a closer ~ OUr apparatus.

view of different numbers of traveling-wave stages; we chigsePart (h)

illustrates¢ as a function of position irfe) through(g).

(h)

¢ (degrees)
(=]

Ill. APPARATUS

rion: with a traveling-wave stage at the “sweet spot” of zero The cascade apparatus, shown in Fig. 3, has its three
phase, fed by one or two standing-wave stages. From thesengine stages in the center of a tall, thin resonator with a
we chosdd) to keep the total height of the apparatus as shorsingle pressure antinode in the center. It was built of welded
as possible; other criterissuch as minimum weightmight  steel, mostly 304 and 316 stainless steel for strength at high
encourage a different choice. temperatures and rust resistance in water-cooled heat ex-
Ceperley also realized that the magnitude of the specificchangers, but with carbon steel for some parts of the pressure
acoustic impedance of a pure traveling wave is too low for vessel. The wall thicknesses of all pressure barriers were
efficient traveling-wave engine performance, because thdetermined using Sec. VIII of the Pressure Vessel CGBde.
relatively high velocity present in a pure traveling wave Two flanged rubber-O-ring seals, shown as collars just above
causes high viscous dissipation of acoustic power in the reand below the pressure housing in Fig. 3, enable handling the
generator and high shuttle transport of heat through the reapparatus in three parts of roughly equal height. In the fol-
generator. The best performance requjas 10p,,a, where  lowing top-to-bottom description of the apparatus, lengths
Pm is mean density and is sound speed. Initially, we simply reported are along the acoustic akienerally vertical and
assumed that we would be able to reach such a condition idiameters reported are inside diameters.
the traveling-wave stages by changing area from stage to Above the 1st stage, the upper portion of the resonator,
stage(not shown in Fig. 2 later detailed design calculations which is of the type shown in Fig.(@), was designed for the
confirmed this assumption. minimum dissipation of acoustic power without regard for
Another factor affecting efficiency is the number of size. The 1.0-m long compliance at the top has a volume of
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AHX - Ambient heat exchanger
HHX - Hot heat exchanger
S - Stack
P R - Regenerator
TBT - Thermal buffer tube
FS - Flow straightener
RC - Resistance-compliance
LC - Inertance-compliance
P - Pressure sensor
T - Temperature sensor

_AHX\‘ ‘

S—

1st stage

-

[——Acoustic
boundary HHX T

Pressure
housing

.....

Bellows

2nd stage

Aluminum
pencil

3rd stage

of the apparatu$7.8 m) as short as possible. The small di-
ameter of the cone smoothly joins the 9.0-cm-diam, 1.14-m
long upper resonator pipe that penetrates the pressure hous-
ing. A flowing-water jackei{not shown in Fig. B surrounds
most of the exposed portions of this pipe and half of the cone
above it, but there was so little dissipation of acoustic power
in the upper portion of the resonator that shutting off its
water made no noticeable difference to the engine’s perfor-
mance. A 0.38-m long cone connects the lower end of the
resonator pipe smoothly to the 1st-stage ambient heat ex-
changer.

The pressure housing surrounding the three stages con-
tains the 2.4-MPa mean argon pressure, so that the inner
shells labeled an “acoustic boundary” in Fig(a® need to
support only the acoustic pressure amplitude. Thus, the walls
of this acoustic boundary around the stack, regenerators, and
thermal buffer tubes are only 1-2 mm thiepending on
diameter and temperatyrenuch thinner than would be re-
quired if they supported the mean pressure, with a concomi-
tant reduction of heat leaks. The space between the acoustic
boundary and the pressure housing was packed with refrac-
tory ceramic fiber thermal insulatidi, to a density of
10 Ib/f3, to reduce heat leak from the hot heat exchangers.
Despite this dense packing of the insulation, the argon per-
meating it experienced significant gravity-driven convection,
which is discussed in the next section.

Most of the quantitative details of the construction of the
three stages of the cascade engine are presented in Table I.
The uppermost component, the 1st-stage ambient heat ex-
changer, is of traditional, welded tube-and-shell design, with
the argon oscillating vertically through the tubes and
ambient-temperature water flowing crosswise in the spaces
between the tubes. The water is delivered through three 10-
mm-diam ports on one side, and removed similarly from the
other side. Below this heat exchanger is a honeycomb $tack
with 1 mm between opposite flats in each hexagonal channel
in the honeycomb. Next comes the electrically heated 1st-
stage hot heat exchanger, consisting of a cross-drilled
stainless-steel cylinder. The oscillating argon passes through
the axial holes, and the 6.4-mm-diam transverse holes hold
electric cartridge heaters of various lengths corresponding to
the hole lengths. The heaters are wired in three parallel
groups in a Delta configuration and supplied with three-
phase 60-Hz power through three mechanically linked vari-

FIG. 3. The cascade engine built for this work. Everything is drawn to scaleable autotransformers connected to the 208-\Volt mains.
except the pores inside the heat exchangers, stack, regenerators, and flow The taper angle of the 1st-stage thermal buffer tube was

straighteners(a) The entire system, includin¢from top to bottom the
upper resonator, the cascade engine inside the pressure housing, and
lower resonator and load componerits.A more detailed view of the three

dlesigned to suppress Rayleigh streantihgnd the stainless-
steel-screen flow straighteners at the ends of the thermal

stages in the cascade engine. The 1st stage is a standing-wave engine; thaffer tube were designed to prevent jet-driven strear?ﬁng.

2nd and 3rd stages are traveling-wave engines. The major components a

sensors are identified by the legend in the figure.

ibgether, these features were intended to encourage ther-
mally stratified oscillating flow in the thermal buffer tube,
without gross convection of heat from hot to ambient. A

0.11 n? outside the conical penetration in it. This cone is0.20-m long “hot cone” connects the bottom of the 1st-stage
1.66-m long and penetrates 0.83 m into the compliance, endiot heat exchanger to the top of the 1st-stage thermal buffer
ing there with an inside diameter of 0.26 m. The cone lowergube. Without the hot cone, the velocity at the top of the
the acoustic velocity of the gas entering the compliance, reist-stage thermal buffer tube would have been too high to
ducing minor-loss dissipation of acoustic power there, and itpreserve laminar flow in the boundary layer, and the taper
penetration far into the compliance keeps the overall heighngle calculated to suppress Rayleigh streaming in this ther-
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TABLE |. Dimensions and other details of the three stages of the cascadehkat exchanger, TB¥thermal buffer tube. Ranges of diameters for thermal
buffer tubes indicate a conical taper. Gaps of 2—3 mm at interfaces between components are not tabulated.

Number Bore Number Wire Number
Length Diam of bores diam of Mesh diam of
(cm) (cm) Porosity on axis (mm) heaters (wires/inch (em) screens

1st stage
Ambient HX 7.62 14.3 43% 283 5.54
Stack 26.0 14.3 92% ~20,000 0.97
Hot HX 21.5 14.3 17% 88 6.35 108
Flow str. 6.39 16 410 2
TBT 19.4 6.39-4.94
Flow str. 4.94 16 410 1
2nd stage
Ambient HX 5.40 10.1 20% 361 2.36
Regenerator 3.10 10.1 75% 145 56 278
Hot HX 10.2 10.1 12% 124 3.18 54
Flow str. 10.1 50 190 13
TBT 9.90 10.1-7.92
Flow str. 7.92 50 140 1
3rd stage
Ambient HX 4.30 17.1 20% 1139 2.36
Regen.(1st half 2.05 17.1 75% 180 46 224
Regen.(2nd half 2.15 171 76% 120 66 155
Hot HX 10.2 17.1 12% 362 3.18 78
Flow str. 17.1 50 190 13
TBT 7.50 17.1-16.0
Flow str. 16.0 50 190 13
Final amb. HX 2.54 20% 913 2.36

mal buffer tube would have been too steep to prevent flovihe next section, required a large increase of inertance in the
separation. lower resonator pipe after the apparatus was built. This was
The small end of the 1st-stage thermal buffer tube isaccomplished by retrofitting a 2.11-m long, 5.1-cm-diam alu-
bolted and sealed to a ten-convolution, 8-cm long flangedninum “pencil” [shown in Fig. 8a)], streamlined at its up-
bellows having diameter 4.9 cm, which accommodates therper end, into the lower resonator pipe, to reduce the pipe’s
mal expansion of the three heated engine stages relative area.
the pressure housing. Below, the bellows connects to a 2-cm  The lower compliance, which has a volume of 0.02% m
long transition cone, which, in turn, connects to the 2ndhas six penetrations leading through six ball valves to five
stage. RC loads and one LC load, to consume power from the en-
The 2nd and 3rd stages are similar in character to thgine and to change the phase of the impedance of the lower
1st, with tube-and-shell ambient heat exchangers, electricalliesonator, respectively. The resistive element “R” in each
heated hot exchangers, and tapered thermal buffer tubes bRC load is a 10-cm long brass cylinder having diameter 3.3
tween stainless-steel-screen flow straighteners. In place @im and drilled axially with nineteen 2.4-mm holes, providing
the honeycomb stack of the 1st stage, the 2nd and 3rd stagagesistance of 6 MPa st a typical operating amplitude.
have regenerators made of stacked circular pieces ofhe 3.0-liter compliance volume “C” of each RC load was
stainless-steel screen. The velocities at the transitions fromhosen to cancel the inertial impedance of its penetration,
the hot heat exchangers to the thermal buffer tubes are lowonnecting piping, and ball valve so that the impedance of
enough in these stages that nothing like the hot cone of theach RC load was real. The 16-liter compliance volume of
1st stage is needed. A 1.2-cm long transition cone accommdhe LC load was chosen to make its compliant impedance
dates the diameter mismatch between the bottom of the 2ntiuch smaller than the inertial impedance of its penetration,
stage and the top of the 3rd stage. connecting piping, and ball valve, and no deliberate resistive
A 0.45-m long cone reaches from the final ambient heatomponent was present, so that this load was as inertial as
exchanger to the 2.13-m long, 9.0-cm-diam lower resonatopossible. The inertial parts of the LC load have a total length
pipe exiting the pressure housing and penetrating 16 cm intof 41 cm and a diameter of 2.5 cm, resulting in an inertial
the lower compliance. A flowing-water jack@iot shown in  impedance of 5 MPasfm (However, the resistive imped-
Fig. 3) surrounds most of the exposed portion of this pipeance due to turbulence in these parts was not insignificant.
above the pressure transducers, and dissipation of acoustic Piezoresistive pressure transducerat the locations
power in this part of the apparatus was high enough thashown in Fig. 3, sensed with a lock-in amplifier, were used to
shutting off the flowing water endangered the transducersmeasure oscillating pressure amplitudes and phases. The four
An error in the initial design of the apparatus, described inpressure transducers inside the pressure housing measured
the pressure differences between the cascade and the pres-
J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003 D. L. Gardner and G. W. Swift: A cascade thermoacoustic engine 1909



sure housing, while the others measured the differences b@ABLE Il. Values of the constants andB appearing in Eq(4).
tween the apparatus and atmospheric pressure. Sheathed, o=

A (WIK) B (W)
grounded, type-K thermocouples were used to measure
temperature. Temperatures of metal parts in the cascade, 1st ambient HX 0.15 0
where shown in Fig. 3, were measured with thermocouples ;igh:;gém L %i‘; 11%
inserted into short, close-fitting tubes that had been Fack 2nd hot HX 0.33 30
welded to the metal parts, and these were recorded with a 3rq ambient HX 052 30
personal computer. In hindsight, we should have ensured bet- 3rd hot HX 0.44 100
ter thermal contact between these thermocouples and their Final ambient HX 0 100

metal parts, because heat carried to them through the fiber=
insulation space, either by conduction or convection, was

often noticeable. The temperatures of water streams flowing are the thermal-expansion coefficient and viscosity of the
into and out of each heat exchanger were measured withas,G is the acceleration of gravity] is temperatureh is
thermocouples inserted into the flowing streams, not showthe height of the stack, andg, is the hydraulic radius of its

in Fig. 3, and these were sensed with a hand-held digitgbores, is not one of the similitude-conserved thermoacoustic
readout. Rotameters on each water stream sensed the floumbers;G was not included in the similitude analysis of
rates, and together with the density and specific heat of watdRef. 26. The Grashof number in the argon in this stack was 6
these yielded the measured heat-rejection powers removeiines larger than it would be in the stack of the hypothetical
from the engine at the four ambient heat exchangers. Electri85-kW helium engine, to which this engine is otherwise
powers to the three hot heat exchangers were measured wigimilar. Hence, this gravity-driven convection was an unfor-

commercial electronic power meters. tunate consequence of our decision to build an argon “scale-
model” engine. Fortunately, lowering the mean pressure by

IV. DESCRIPTION AND HISTORY OF THE only 30% reducedp,,, and the strength of the convection

MEASUREMENTS enough to let the acoustic oscillations begin, near 25 Hz as

Measurements unfolded in the course of several epigaxpected. The strong tendency of the acoustic oscillations to

sodes, with unforeseen problems occurring and evolvingn@ntain an energy-conserving, nearly linear temperature
from episode to episode profile in the stackexpressed by the presence of the axial
Initially, heating the three hot heat exchangers to 500 °céan temperature gradiedT,/dx in the thermoacoustic

. ,1 .o .
produced no oscillations at all, even though we expected thE"€r9Y eguaudﬁ ) then stabilized the 1st stage against
oscillations to appear below 400 °C. An analysis of this dis-gravity-driven convection as the mean pressure was returned

heartening situation revealed a serious design error: The vol? IS design value. We followed this awkward but reliable

ume of the bottom compliance was half of what it shouldSta"tup procedure at the beginning of each day of measure-
have been, distorting the wave so badly that the phasg of MENtS. . . .
in the middle of the apparatus would differ from what was Measurements of heat leaks with no acoustic oscillations

intended by as much as 70°. The constraints of the floor-to§howed that the 2nd- and 3rd-stage heat leaks increased only

ceiling height of the room and the width of the system’sabOUt 30% when the argon mean pressure was raised from
support frame discouraged making a new, larger compliancé)'l to 2.3 MPa, while the 1st-stage heat leak increased ten-

so the inertance of the lower resonator pipe was increased Hj!d Over the same pressure range, confirming the presence
insertion of the 2.11-m long pencil described above. AnOf strong convection in the 1st stage. We did not study this

analysis showed that this retrofit would re-shape the exSarefully, because we saw no way to distinguish experimen-
pected wave well enough to make the engine work, thougfi@!ly Petween convection in the stack and regenerators and
not optimally: It increased the dissipation of acoustic powercONvection in the pressurized fiber-packed insulation space
by increasing both the overall surface area of the lower resground the outsides of the stack and regenerators. Using the
nator tube and the velocity in it at a given pressure amplitudgens'ty and V'Sco,s'ty Of, argon and the porqsny and average
in the engine. Accordingly, this would not be a good design |ber. Size of the msu_latlon, we crudely estlmated. that con-
for efficiently delivering acoustic power to an external load. Vection in the msulatlon space mlg_ht carry three times more
The retrofit was adequate to bring the acoustic impedances fifat leak than conduction in it. This supported the observa-
the 2nd- and 3rd-stage regenerators near their design valudon that almost all of the power applied to each hot heat
Streaming in the thermal buffer tubes is especially sensitivéXchanger during heat-leak measurements appeared at the
to impedance, and the retrofit left the 3rd-stage thermalgmb'em heat exchanger above it, and that the outside of the

buffer-tube impedance significantly different than its opti- Pressure vessel felt cool, except near the 1st stage. From

mum. as is discussed in Sec. VI. these measurements, we arrived at a rough estimate of the
Following insertion of the pencil, heating the hot heatheat leak€Qjc, that we added to the thermoacoustic calcu-

exchangers to 600°C still produced no oscillations. Ondations of thermal power at each heat exchanger:

thermometer at the axial center of the 1st-stage stack’s shell Tﬁ - T bont

indicated a temperature near 550 °C, suggesting that strong Q= A(Tho— Tambien)JrB(Z)Ta;)F, (4)

gravity-driven convection might be occurring in the stack.

The dimensionless number governing such convection, thehereT is absolute temperature and the valueAcdind B

Grashof numbepﬁ]G,B(Thot— Tambien)hrﬁ/,uz, whereB and  are given in Table Il. At the highest operating temperatures,
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these estimated heat leaks range from 100 W to 400 W, an@ires were within 10 °C of each other, and then waited to
probably have uncertainties of 100 to 200 W. ensure that a steady state was actually achieved. A minor
We first ran the engine with no RC loads to postpone theadjustment of the total argon content of the apparatus was
risky higher hot temperatures associated with higher powergsually necessary to keep the mean pressure at the desired
as long as possible. During the measurements, we eventuallue as temperatures evolved. After at least an hour of ad-
noticed that the lower compliandavith its pressure trans- justment and waiting, complex pressure amplitudes, tem-
ducey became uncomfortably hot to the touch, so we in-peratures, electric heater powers, and water flow rates were
stalled a fan to blow room air on it. recorded, forming one steady-state data set. Twenty such
Shortly after beginning to add loads to the engine, wedata sets were obtained at mean pressures between 2.32 and
noticed a time-dependent, weak resistance to ground in or@45 MPa, and are reported in this paper.
pressure transducer, which is discussed in more detail in the To calculate values with which to compare the measure-
next section. At about the same time, a small leak developeghents, we modeled the apparatus, from the upper compli-
between the acoustic space and the fiber-insulation spacance through the three stages to the lower compliance, with
The first manifestation of this leak was a diode-like characDeltaE>* DeltaE numerically integrates the one-dimensional
teristic: a dc pressure difference of about 50 kPa between thecoustic continuity, momentum, artdthen appropriateen-
two spaces whenever the acoustic oscillations were presergrgy equations. It does so in a geometry defined by the user
Most of the loaded data were obtained while this small leakas a sequence of segments, such as ducts, cones, stacks, re-
was present. We did not notice the presence of this leagenerators, and heat exchangers. Solutions to the appropriate
immediately, so many of the data sets were obtained at &-d equations are found for each segment, with acoustic pres-
mean pressure of 2.33 MPa, instead of 2.38 MPa used fa@ures, acoustic volume velocities, and mean temperatures
most data before the leak appeared. Shortly after our first useatched at the junctions between segments. In stacks, regen-
of the LC load took the hot temperatures to new highserators, and thermal buffer tubes, the energy equation is
(660 °C on the hot cone in the 1st stage, 605 °C on the thregolved simultaneously with the momentum and continuity
hot heat exchangershe leak increased quickly, and, fearing equations to find the temperature profile as well as the acous-
the intrusion of ceramic fiber insulation into the acoustictic variables. The energy flow through such segments is de-
space, we ended the measurements. Earlier, repeated mégrmined by temperatures and/or heat flows at adjacent heat
surements at 10% amplitude, both with and without load, hagxchangers. The user can define the geometry of each seg-
been reproducible, suggesting that the appearance and initigient and the global variables such as mean pressure. In gen-
evolution of this leak had not been affecting the thermoa<ral, a single pass of DeltaE’s integration requires values for
coustic performance. some variables that the user does not know, and yields values
After all measurements were complete, disassembly refor some other variables that the user does know. Hence, a
vealed probable causes of these problems. First, we fourghooting method is used to accommodate these irregularities.
about half a liter of water in the fiber-insulation space. ThereThe DeltaE model of this apparatus included rough estimates
were no leaks from the ambient heat exchangers or thefor minor losses at the locations of a dozen abrupt area
water pipes, so this water must have been present from tHéanges, based on tables published by IdefHikr steady
beginning. We surmise that the fiber insulation became damfiow. With one exception discussed in Sec. VI, the model is
when we stored it outdoors for a few months before assemiery insensitive to the exact values of these minor-loss coef-
b||ng the engine(The insulation packaging had been dam-fiCientS. When load was applled at the bottom of the engine,
aged; we would not have noticed the dampness during th@aCh RC or LC load was modeled with a separate Deltak file,
assembly of the engine because we always wore rubbé@nd the resulting net load impedance was imposed on the
gloves when handling the insulatiorEngine operation at DeltaE model for the whole enginéor the RC loads, the
high temperatures and for long times would have graduallyndividual DeltaE load models yielded powers differing by
redistributed the water, driving it toward cooler and loweronly 1% from the simplest lumped-RC expressién,
locations. The pressure transducer that developed the time- wVe
dependent resistance to ground was the lowest and presum- E= 5
ably coolest of the four pressure transducers in the insulation YPm
space, so we ascribe its failure to this water. In the future, wevhereV is volume, y is the ratio of specific heats, the tilde
will gently warm and patiently evacuate all such fiber- denotes complex conjugation, and the subsciiptnd “in”
insulation spaces. Second, we found that the leak betwearfer to the compliance and the inlet to the flow resistance,
the acoustic space and the fiber-insulation space was due tespectively. However, the more extended LC load required a
two fatigue cracks in welds on the uppermost and lowermosbeltaE model for acceptable accuradyor each data set, we
cones of the acoustic boundary inside the fiber-insulatioriorced the whole-engine DeltaE model to have the measured
space. In hindsight we realized that these ambientmean pressure, the measured complex pressure at the trans-
temperature cones required slightly greater thickness to relducer between the 2nd and 3rd stages, the measured common
ably survive the oscillating pressure in them. water inlet temperature as DeltaE’s “metal” temperature at
To obtain a set of data with the engine oscillating, weall four ambient heat exchangers, and the measured tempera-
opened selected load valves as desired, adjusted the poweunses of the upper and lower resonator tubes. We also forced
to the three hot heat exchangers by hand until the pressutBe model to have a common “metal” temperature for all
amplitude was at a desired value and the three hot temperéiree hot temperatures, but we did not choose its value. Del-

IM[P1inP1cls (5
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frequency exceeded the measured frequency by 1.0% to

1.5% after the addition of the fan to cool the lower compli-
200 k ance(without the fan, the excess ranged from 0.6% to 1,6%
= more evidence that the computer model describes the appa-
% ratus very well and that a more detailed discussion of the
£ 100 | wave, presented next, is justified.
3’ The thermoacoustic continuity equatith,
(=]
g 0 du, 1
T W“'prl_apl“‘gUl’ (6)
-100 |
. . . . . . . . where 1f, is the thermal-relaxation conductance per unit

8 length andg is the complex gain constant, describes the
changes inJ,; from place to place in the apparatus. Figure
FIG. 4. Components of pressure and volume velocity for a typical operatinds(a) shows the spatial distribution of thé; phasors through-
point. Circles are measured values of the pressure, and lines are calculationst the three stages. Compared with this broad rangelof
Rd ] and Inj ] denote real and imaginary parts. The calculated pressure i?)hasors thqe) phasors in this region are almost independent
forced to agree with the measured pressure=a4.5 m, where the phase is S 1 o o
taken to be zero without loss of generality. of position: 220 kPa at 5° above the 1st stage, 240 kPa at 3

between the 1st and 2nd stages, 280 kPa at 0° between the

taE then computed as results the operating frequency, trhd and 3rd stag_es,_ an_d 230 kPa_ at 3° t_)elov_v the 3rd stage.
wave profile throughout the apparatus, the common temperdi€"Ce. for & qualitative interpretation of Figabin terms of

ture of the three hot heat exchangers, and the thermal powe}fd® continuity equation, the pressure phasors throughout all

at the three hot heat exchangers and the four ambient hel{'¢€ stages can be taken to have essentially constant mag-
exchangers nitude and zero phase.

For one of the data sets, we compared the calculated 1he overall appearance of Fige shows IniU, ] vary-
results for “as-built’ dimensions and “as-running” dimen- ing smoothly frqm large and positive abov_e the 1st sta.ge. to
sions, to learn whether thermal expansion of the hot partg;\rge and negative below the 3rd stage. This overall variation

and consequent compression of the bellows were signiﬁcanf.imply reflects the compressibility of the gas throughout the

Differences were only of the order of 0.1% and 0.1°, so weStages, appearing in the first term of HG). Meanwhile,

performed all other calculations with as-built dimensions. €Y1l varies from negative above the 1st stage to positive
below the 3rd stage, as the acoustic power 3 Rgp,U,]
increases from a negative value to a positive value.
The 1st stage, with the largest volume of the three
We begin presentation of the data with the wave in thestages, has the largest compliance, and so it spans the largest
engine. Establishing agreement between the measured armhge of IniU;]. In this stage, the increase in [Rg] occurs
calculated pressure phasors yields confidence in the calcin the stack, where thg term in Eq.(6), which contributes
lated volume-velocity phasors, and together these two compositively to R€U,], dominates the . term, which contrib-
ponents of the wave form the basis for trying to understandites negatively. The phase difference betwbgnand p, is
the powers in the engine. approximately 90° in the stack, as it should be for a
Figure 4 shows the components of the wave at 10%standing-wave engine.
amplitude(i.e., |p1|/pm=0.10 at the pressure maximum be- The 2nd stage, with the smallest volume of the three
tween the 2nd and 3rd stagesth no RC or LC load applied stages, spans the smallest rang&in Across the regenera-
to the bottom of the apparatus. Overall, the wave qualitator, whereg=(1/T,)dT,,/dx is real, the third term in Eq.
tively resembles a half-wavelength standing wave, with its(6) by itself would cause a multiplicatiGrof the magnitude
pressure maximum in the middle and volume-velocityof U; by Tpo/ Tambiens Without a change in the phase df .
maxima at the two ends. However, the compliances at thSinceU; has a positive real component apgdis essentially
two ends have less than infinite volume, and the area of thgonstant, the acoustic pow& is multiplied by the same
intervening plplng varies dramatica”y W”*], so the actual faCtorvThot/Tambient- The Change in phase bfl in the regen-
wave is more intricately structured than the simple trigono-erator is due to the first term in E¢p) and the compressibil-
metric functions associated with idealized geometries likgty of the gas in the regenerator. The 2nd-stage thermal buffer
those of Fig. 2. Note that the imaginary part of pressure isype displays a significant change in[lth], because it has a
magnifiedx 5 in the figure—like REJ4], it is small enough  sjgnificant volume.
to be unimportant for a qualitative overview of the standing Between the 2nd and 3rd stagek, passes through the
wave. “sweet spot” where it has the same phasepas This is the
The disagreements between measured and calculatgfbst efficient location for a regenerator; optimally, the two
complex pressures in Fig. 4 are typically 2%, and at mosgnds of the regenerator should straddle the sweet spot, as
6%, in amplitude, and typically 1°, and at mos§°3 in  discussed in Sec. Il. Large deviations from this condition
phase. This accurate agreement between measurement ayalise the volume velocity through one or both ends the re-
calculation is typical of all twenty data sets. The calculatedgenerator to be larger than it need be for the desired acoustic

x{m)

V. THE WAVE
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' ' ' T have a volume significantly larger than the volumetric dis-
- \\Top of ambient HX / . placement within it. However, neither regenerator is actually
T Ambient HX / Stack close to traveling-wave phasin@A calculation showed that
i i the sweet spot was between the 1st and 2nd stages before
retrofitting with the aluminum pencil discussed in previous
sections.

The U, phasors in the 3rd stage are similar to those of
the 2nd, but with a different initial phase atop the ambient
40 Stack / Hot HX . heat exchanger, and with larger changes from location to

— location, which reflect larger volumes in the 3rd stage.

1st stage

K __— Hot HX/ Hot cone i Again, across the regenerator, wheye (1/T,,,)dT,,/dx is
Hot cone / TBT real, the third term in Eq(6) by itself would cause a multi-
Bottom of TBT { plication of the magnitude dfl; by Tot/ Tampiens Without a
i i change in the phase df,. SinceU; has a positive real
Ambient HX / Regen component, the acoustic powgris multiplied by the same
T %;Reﬁ(e’m;%g); 2nd stage’ factor. The accompanying change in phasdJefis due to
% ____—Bottomof TBT the first term in Eq(6) and the compressibility of the gas in
:‘::':- or ~~Top of ambient HX i - i the regenerator. ;
=) ~Ambient HX/ Regen The thermoacoustic momentum equatién,
£
%=—iwlul—ryul, (7)
B 3rd stage -
- Regen / Hot HX . . . . .
——Hot HX/ TBT wherel is the inertance per unit length angdis the viscous
L E resistance per unit length, describes the changes ifnom
place to place in the apparatus. The complex pressure
ol /Bottom of TBT V | throughout the three stag(_as is so r_learly spgtially unifo_rm that
/__— Bottom of final HX a pressure-phasor plot displays little detail. Hence, in Fig.
5 ' — " 5(b) we display pressurelifferencesacross the stages and
Re [Uy] (liter/s) components. In the figure, the sign convention is chosen so
that a resistive impedance creates a pressure-difference pha-
®© ' ' ® 2ndstage sor in Fig. §b) that is parallel(not anti-parallel with the
TBT— corresponding volume-velocity phasor in Figap [This is
10T 1ststage Hot HX— ) opposite the sign convention of ordinary calculus, used in
L4 Eq. (7).] The three experimental points in Figid are dif-
= ferences between the complex pressures measured at the
3 BT ends of each of the three stages, i.e., differences between
Er OF Hot cc:; o % 7  Regenerator - adjacent pressure measurementx%lﬁ._z, 4.2,4.5, 4.8_m in
< Stagye fmbient HX /HotHX Fig. 4. Each of the three corresponding calculated lines ex-
- STBT tending from the origin is a sequence of straight line seg-
Final HX ments, each of which shows the calculated pressure differ-
10} . ence across a component within the stdgiere, the thermal
3rd stage ® buffer tubes include the flow straighteners at their ends.
. . L . Hence, the three experimental points should lie close to the
-20 -10 0 10 ends of the three lines.
Re [Ap,] (kPa) This method of displaying the data accentuates experi-

FIG. 5. Phasor diagrams for the operating point of Fig. 4.-Hheat ex- mental_uncertalntles, because the experimental pom_ts a_re
changer; TBT-thermal buffer tube. As in Fig. 4, the zero of phase is chosenSMall differences between large numbers. The uncertainty in

to be that of the pressure between the 2nd and 3rd stages. To avoid clutteghe measured pressure phasors is abé% in amplitude,

the conventional arrowheads haye been omitted from the gnds_of the ph?.-e.' 3 kPa, due to a combination of transducer calibration
sors.(a) Calculated volume-velocity phasors at several locations in all three

stages(b) Pressure-difference phasors for the same operating point. Circle§NCertainty, transducer-calibration temperature sensitivity,
are measured values, and lines are calculations showing how the totaind lock-in gain uncertainty, so we expect the uncertainties
p_ressure-difference phasor across ea(_:h_stage is made up of smaller pressiethe differences Heép,] shown in Fig. Bb) to be a few
differences across the components within that stage. kPa. The uncertainties in [mp,] are smaller, about 1 kPa.

In the 1st stage, the net calculated pressure-difference
power, with attendant larger losses due to viscosity and imphasor in Fig. &) and all of its individual-component pha-
perfect thermal contact. The 2nd and 3rd stages in this appaors lead theJ; phasors of Fig. &) by approximately 90°,
ratus are as close to the sweet spot as possible, given tlmdicating the mostly inertial nature of the impedance of this
requirement that the thermal buffer tube between them musttage—each component within the 1st stage has much more
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inertial impedance than resistive impedance. Additional re- [
sistance in the calculation of any one of the components 15
within the 1st stage would rotate the corresponding straight I
line segment, and hence also the @gi; phasor for the
entire stage, clockwise toward the experimental point. For _ |
example, an additional resistance corresponding to 50 W of 2 10 [
acoustic-power dissipation in the stack—only 10% of the
power generated in the stack—would bring the calculated.s I
phasor into agreement with experiment. The validity of the g5
“tubular” heat-exchanger algorithm used in DeltaE is doubt-
ful at this level of accuracy, because it assumes laminar os-
cillatory flow while the Reynolds-number amplitude in the
hot heat exchanger is 25,000 and in the ambient heat ex- o o5 10

changer is 100,000. Furthermore, the applicability of the Ejoaq (KW)

“circular pore” algorithm used in the DeltaE model for this _

hexagonal-honeycomb stack has never been checked to tHiks. 6. Acoustic poweEzF‘mc flowing down the lower resonator pipe as a
level of accuracy. Hence, we believe that the small disagreéunction of acoustic poweE .4 dissipated in the loads, with pressure am-

. - . litudes of 242—-252 kPa between the 1st and 2nd stages. The open symbols
ment between the calculation and experiment in the 1st Stad)gpresent measurements with the RC loads and with the fan cooling the

is probably due to the inaccuracy of one or both of thes@ower compliance. The filled symbols are measurements under other circum-
calculation algorithms. stances, as described in the text. The inset shows which symbols are asso-
The calculated 2nd-stage regenerator phasor in }{ig 5 ciated with which pair of pressure transducersEQ;;ﬂc. The dashed line, a
is the Iargest segment of the net 2nd-stAg;:q phasor and it guide to the eye, has a slope of unity and an arbitrary vertical offset. The
. . . . ! solid line links DeltaE results corresponding to each of the open triangles,
points in a direction between those of the tWg phasors at with a minor-loss coefficient of 0.7 as described in the text.

the ends of the 2nd-stage regenerator in Fig),5ndicating

the resistive nature of the regenerator. e, phasor seg- fier. Hence, this sensor cannot be trusted for the data with the

me_nts for the 2nd-stage amb@nt and hqt hgat ?XCh"_’mg_eé%gine loaded, and is also suspect for the earlier, unloaded
point somewhat counterclockwise from this direction, indi- .- although there is no explicit evidence of time depen-

;a'gngt the |rt1hert|§I contrlbunotnts) |tr\1Nthesi:hcom|zonelznts. Indth ence in its sensitivity for the earlier data. A 2.5% change in
E s age(,j the |sagr_eemt:£ eh een e.t?f fr? CUM@. the calibration constant of this transducer would move the
phasor and the experimentap, phasor is within the exper- 3rd-stage experimental point in Fig() into perfect agree-

mental gncertalnty. . ment with the calculation, without changing the other two
As in the 2nd stage, the regenerator in the 3rd Stag%xperimental points in Fig.(B)

makes the largest contribution to the 3rd-stage/et pha-
sor in Fig. 8b). The impedances of the regenerator and o
the thermal buffer tube are resistive, the latter because of i
flow straighteners, its location whet®,| is high, and the
low inertance of its large aspect ratio. The impedances of the

3rd-stage hot heat exchanger and final ambient heat ex{l. POWERS

changer have s_ubstantial inertial components, and the tiny The series of three pressure transducers in the lower
pressure drop in the 3rd-stage ambient heat exchanger gsonator pipe give three “pairs” for three measureniénts

bare%(\e”zlik#grg;::Zebzgtlvljlreeén the experimental and calculate f acoustic poweE,n flowing past this location. Figure &
P hows a comparison of these measurements with the power

3rd-stageA p, in Fig. Sb) is difficult to explain. It is slightly dissipated below this location. The circles, squares, and tri-

larger than' the expected experimental uncertainty of a fevgmgles indicate which pair of the three transducers is used to
kPa, described above. To rotate the calculated net phasor t

match the experimental phasor would require either elimina® tainEZm.iC’ as .iIIu.'strated. in the inset. The horizontal.axis is
tion of all of the inertial impedance in the hot heat exchangetn® POWerE o,qdissipated in the RC or LC loads, obtained as
and final ambient heat exchanger, or a large clockwise rotsdescribed in Sec. IV from measured complex pressures in the
tion of most or all of the 3rd-stage, phasors in Fig. &); bottom compliance anq the load compliances, and the geom-
neither of these possibilities seems plausible. One possib@lrY of the loadgmost importantly the volumes of the load
explanation is that the pressure transducer=a#.8 m, just Compliances The open symbols represent measurements
below the final ambient heat exchanger, was already develVith 0, 1, 2, 3, 4, and 5 RC loads, and with the fan cooling
oping an electrical problem when this data set was taken. ffhe lower compliance. The filled symbols ne&fiy.q

is the one mentioned above that developed a time-dependerit,0-7 KW represent measurements with the LC load and with
weak resistance to ground, which we noticed later when exthe fan cooling the lower compliance. The filled symbols
perimentation with loads commenced. Thereafter it deterionear 0.0 and 0.5 kW represent measurements with 0 and 2
rated erratically with time and experienced a change in aRRC loads, respectively, without the fan cooling.

sensitivity of several percent even when it was powered by a ~ The overall slope near unity displayed by the measure-
floating power supply and detected with a differential ampli-ments inspires confidence in bdiy,qandE, .. The slight

2mic (

0.0

¢ Despite this uncertainty about one pressure transducer,
the overall evidence for our understanding of the pressure
Snd volume-velocity phasors in this apparatus is very good.
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electrical powers delivered to the heaters. The measured am-
bient heat-removal powers, indicated by four open symbols,
are the product of the measured water flow rates, the mea-
sured temperature differences between inflowing and out-

3r o + T flowing water streams, and the density and specific heat of
g + A water. The calculate@ represented by the solid curve and
B2+ + g the calculated thermal powers represented-bg are results
D%_ A of the same DeltaE calculation that produced the calculated

results in Figs. 4 and 5. The acoustic power is obtained
straightforwardly from the calculated phasors, &5

0 =1Rgp,U,]. The calculated thermal powers include the ef-
e s L s s : fects of thermoacoustic heat transport through the regenera-
x (m) 5 tors and stack, boundary-layer heat transport at the surfaces
of the thermal buffer tubes, and ordinary axial conduction in
FIG. 7. Powers as a function of position through the three stages, at th e argon gas and stainless steel through these components
same operating point as for Figs. 4 and 5. The solid curve is the calculatesj - . '
) . In addition to these standard thermoacoustic heat effects, the
acoustic poweE. The symbols are thermal powers at the heat exchangers . . .
on the plot, each symbol is placed horizontally at the center of its heaP€ltaE calculation includes the conduction of heat through
exchanger. The three filled symbols are experimental hot powers, and thhe metal shells around the stack, regenerators, and thermal
four open symbols are experimental ambient powers. Plus signs are thg§,ffer tubes. Estimates of black-body radiation heat transport
[ lcul h | . : .
corresponding calculated thermal powers in the thermal buffer tubes and of heat transport via conduc-
tion and convection in the pressurized fiber-packed insula-

. . tion space around the stages, based on measurements as de-
deviation from unity slope shared by the open-symbol mea-"". : !
y slop y P y cribed in Sec. IV, were added to the DeltaE results. No

surements and the solid calculated line is due to slightlf timat ¢ Ravleiah st . d ietdri i o
reduced|p,| and |U4| throughout the lower resonator as estimates of Rayleigh streaming and jet-driven streaming in

more power is drawn through the 3rd stage. Of the vertica}he thermal buffer tubes or internal streaming in the stack

offset of 0.5 kW in the open-symbol measurements and al2"d regenerators were included in the calculations.
most 0.6 kW in the calculated line, 25% is due to dissipation ~ In Fig. 7,E is negative above the 1st stage, showing the
between the sensors and the bottom of the tube and 75% @livery of acoustic power from the 1st stage to the unavoid-
due to the minor loss at the abrupt transition between th@ble dissipation in the upper part of the resonator. Here,
bottom of the tube and the bottom complian@&e chose to  about a third of the acoustic power produced in the 1st stage
retain thea priori estimated value of the minor-loss coeffi- is spent in the upper resonator, but this fraction is smaller for
cient, K=0.7, in all calculations reported in this paper, in- other data sets having RC loads in use at the bottom of the
stead of changing t& =0.65, which would be more com- resonator. Acoustic power from the 1st stage is more than
patible with the data in Fig. 6, because we did not want todoubled in the 2nd stage, and then redoubled in the 3rd stage.
introduceany fitting parameters into the calculationdhe  Dissipation in the hot heat exchanger and flow straighteners
self consistency in Fig. 6 adds to our confidence in the Delbelow the 3rd stage is larger than for the 2nd stage, because
taE modeling of the apparatus. in the 3rd stage these components are farther from the sweet
The three sets of filled symbols in Fig. 6 have a greatespot and so they experience higher velocities.
vertical spread than do the open symbols. A greater vertical The thermal powers in Fig. 7 display interesting fea-
spread seems to indicate a greater dissipation of acoustiares, in common with all other data sets. The 3rd-stage am-
power in the resonator pipe between the transducers, yéient power and both 2nd-stage powers are in excellent
there is no reason to expect such additional dissipatioragreement with calculations. Similar measurements and cal-
Hence, we take this spread as strong evidence that the theatylations in another traveling-wave endihand in the late-
of the measuremeftt of E, . is not perfectly applicable 20th-century experience with Stirling engifgare also in
here. That theory is based on a laminar analysis, but the flogood agreement, so this is to be expected. However, the 3rd-
here is turbulent, with a Reynolds-number amplitude of 2stage hot power exceeds the corresponding calculation sig-
x 10°. The increased vertical spread indicates that, at leagiificantly, by about the same amount that the final ambient
for turbulent flow, effects not included in the present theoryheat exchanger’s power exceeds its calculation. This strongly
of the measurement should be added. Candidates include snggests a common cause for both disagreements: streaming
axial temperature gradient in the measurement zone, whicin the 3rd-stage thermal buffer tube, carrying heat from the
was larger when the fan was absent, and an unforeseen sedrd-stage hot heat exchanger to the final ambient heat ex-
sitivity to the phase of the acoustic impedance, whichchanger. This thermal buffer tube has an aspect ratio
changes dramatically when substituting one LC load for(diameter/lengthof 2.2, while that of the 2nd stage is only
three RC loads. 0.9 and those of the 1st stage and nearly all previous thermal
Figure 7 displays powers for the same typical operatingouffer tubes and pulse tub@sare much smaller. The 1st-
point as has been described with Figs. 4 and 5. The featuretage thermal powers are also significantly higher than the
shown in Fig. 7 are typical of all data sets. The measured hatorresponding calculations. The disagreement is comparable
powers, indicated by three filled symbols, are simply theto that seen in other standing-wave engines near 10%

=
L
+ <«
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T — ent power by a few hundred Watts, which we ascribe to

: 3rd TBT—= ] increased heat leak, as discussed in the previous paragraph.
10 [v . Overall, except for a few outlying points, around 500 W
g I }e—1st TBTei 1 flows down the 3rd-stage thermal buffer tube, while the 1st-
50 A ° ] and 2nd-stage thermal buffer tubes carry between zero and a
_c;?? I . A A oA ond TBT 1 1 few hundred Wattgand the 1st-stage hot heat exchanger
| 05Fs X v oV & |%>| 1 shows a few hundred additional Watts of heat Jeak
§ [ % - Ve . o . The horizontal axis in Fig. 8 is the effective slip velocity
Xe] | v & g :Al :.E ] Ugiip= My, /pm just outside the boundary-layer against the
X . O wall of the thermal buffer tube, at the axial center of the
0.0 [ 0| og®o Da AR thermal buffer tube, calculated using the modified Rayleigh-
' A A streaming expressidhfor the streaming mass flux density
s o 5 m,,, near the wall. Originally, the tapers of the three thermal
Ugp (CMVS) buffer tubes were designed to makg,=0 at 10% ampli-

tude and full load, with the recognition that;, would be
FIG. 8. The difference between the measured and calculated thermal powerfonzero for other amplitudes or loads. Then we might have

assoc_lated Wlth each the_rmal_buffer t_ube, as a function of the calculateﬁoped to see data for each thermal buffer tube fall on a big
effective Rayleigh-streaming slip velocity near the wall of the thermal buffer

tube midway along its length. Filled symbols represent power flowing from“V_” with its tip at the origin in Fig. 8, because streaming-
hot heat exchangers into thermal buffer tubes, and open symbols represetitiven heat transport down a thermal buffer tube might be

power flowing from thermal buffer tubes into ambient heat exchangers. roughly proportional thme| uslip|(Thot_ Tambien)» wherecp

is isobaric heat capacity per unit mass, over some range of
amplitudé®2® and, hence, is not surprising. The observationUsip- A Iittlc_a experimental islidence for such a minimum has
that the extra 1st-stage hot power exceeds the extra 1st-stagen Previously reporteth* The 1st stage, for which data
ambient power by a few hundred Watts is initially f@ll on both sides otiy;,=0, shows only a slight suggestion
disturbing—no extra power appears at the neighboring 2ndef Such a “v” shape, asymmetrical at best. U‘r‘1fo,r’tunately,
stage ambient heat exchanger, so it seems that energy cdf€ Use of the lower-resonator pencil to partly “fix” the de-
servation is not obeyed. We suspect that extra heat leak froi9n €rTor in the bottom-compliance volume made the acous-
the 1st-stage hot heat exchanger to the room accounts fgf conditions in the other two stages so far from the original
these few hundred Watts. An estimation of the correct hea€Sign conditions that they do not operate negp=0 for
leak to use for the 1st stage based on heat-leak measuremeftY Of the data sets. Itis unclear how far frag,=0 the
was difficult, because the enormous convective heat tran@nalysis of Ref. 31 should be applicable; perhaps the 2nd-

port through the stack at high mean pressure masked he@pd 3rd-stage thermal buffer tubes’ data fall outside this

leak carried from the hot heat exchanger to the pressurd@nde. _ .
vessel shell by the slow convection in the insulation space. 10 Summarize the thermal aspects of the present experi-

Additionally, during heat leak measurements the hot cond"€nt, Fig. 9 shows the seven thermal powers and the three
below the hot heat exchanger shared the hot heat exchangepgt temperatures as functions of acoustic power flow past the
temperature only at its upper edge, the rest developing B2mic measurement location near the bottom of the resonator,
temperature distribution determined by conduction, whileat full amplitude.
during operation the hot cone was kept uniformly hot by ~ The thermal powers in Fig.(8 display the features al-
vigorous gas motion and, in fact, was hotter than the hot hedeady discussed above: The 1st-stage measured powers ex-
exchanger by typically 50 °C, the adiabatic oscillatory tem-ceed the calculations, as for previous standing-wave engines,
perature amplitude, an effect that has been reported bEfore With some of the disagreement in the hot power probably due
Hence, with more hot metal surface area against the insuld0 heat leak to the room. The measured 3rd-stage hot power
tion space, the 1st-stage hot heat leak to the room shoulnd the final ambient power exceed their calculated values
indeed be higher during engine operation than during th®y equal amounts, presumably due to heat transport down
heat leak measurements whose results are included in tfie 3rd-stage thermal buffer tube. The other measured pow-
calculation shown in Fig. 7. ers are in better agreement with their calculated values.

To try to better understand the large heat transport down ~ The measured temperatures in Figh)%show the same
the 3rd-stage thermal buffer tube, in Fig. 8 we display theincrease withE as the calculated ., Shows, but fall about
excess thermal power, i.e., the difference between measur&d °C below the calculation, in the vicinity of the calculated
and calculated thermal powers, for the six heat exchangensglues of gas temperature. An error in the temperature calcu-
abutting the three thermal buffer tubes. For the 1st-stage hdation of this magnitude is not surprising, given the laminar
heat exchanger, we have subtracted the excess power in thature of DeltaE's heat-exchanger algorithms and the highly
1st-stage ambient heat exchanger, because this excess powseabulent flow in the apparatus. For these data sets, the Del-
flows through the stack, not through the thermal buffer tubetaE algorithms yield typically 50 °C gas-to-metal tempera-
as is explained in the previous paragraph. In the 2nd- anture differences in both ambient and hot heat exchangers, so
3rd-stage thermal buffer tubes, there is a good correlatioif these calculated differences were instead about 30 °C then
between the hot and ambient powers, while in the 1st-stagte calculations would agree with the measurements. In ad-
thermal buffer tube the hot power usually exceeds the ambidition, the drilled stainless-steel hot heat exchanger bodies
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@ @ . e e ® 2 m below this location, but we are confident in the ability of

4r ._/o/_.__# . the computer model of the apparatus to account for the dif-
B A A - i ference inE between these two locations. To define a Carnot
—sl A T . . efficiency ;—Tambien{Thot With Whigh to compare the en-
E - . m 5 L gine’s efficiency, we use the incoming water-stream tempera-
c I 1 ture asT mpient @nd the average of the three measured hot
0 temperatures ag, ;.

5 % _ 3% __ v v v | The efficiencie_s of the operating points shown in Fig. 9

b a L T TT—Hm—m were, from left to right, 0.15, 0.16, 0.17, 0.18, 0.19, and 0.20.
2 & TATT T A At this fixed amplitude of 10%, efficiency rises as delivered
J power increases because the deliberate load applied at the
bottom of the engine becomes a larger fraction of the total
acoustic power that the three stages create, and also the ther-
modynamically useful heat consumed by the three stages
] dominates their heat leaks more strongly. Another interesting
] operating point, not shown in Fig. 9, had all five RC loads
] open and an amplitude of only 8.5%, yielding an efficiency
. of 0.18. At this lower-power operating point, the heat leaks
] were a larger fraction of the delivered hot powers, but this
] was mostly compensated by lower dissipation of acoustic
1 power in the upper resonator and the regenerators, where the
dissipation is more nearly proportional to the cube of the
Average E, . (KW) 15 amplitude than to its square.

A more detailed analysis of the sources of dissipation in

FIG. 9. (a) Thermal powers as a function of load, at full oscillation ampli- the engine is conveniently made in terms of exergy, the ther-

tude. Filled symbols are measured hot powers, and open symbols are meﬁiodynamic energ)(or here pOWSr that accounts for the
sured ambient powers. The lines represent associated calculated values. ' !

e 1 .
Circles and solid curves, 1st stage; squares and long-dashed curves, 2[%’””3/ to d(_) useful _Worlé The exergy power assoqated
stage; erect triangles and short-dashed curves, 3rd stage; inverted triangl\A&th acoustic power in open space equals the acoustic power
and dotted curve, final ambient heat exchanger. The sign convention for thgself, but the exergy power of acoustic power in a porous

ambient powers here is opposite to that used in Figs. 7 and 8, to aVOiﬁ’]edium is more complicate”& The exergy power associated
clutter. (b) Hot temperatures as a function of load, at full oscillation ampli- ’

tude. Symbols are measured metal temperatures. The solid curve is the civith a heat sourc® at temperaturd is
culated metal temperature, forced to be the same for all three stages. The

900 |

Ty (K)

850 |

800 |

0.5 1.0

dashed curves are calculated gas temperatures. Circles and long dashes are Q(1— Tambiend T), (8)
1st stage, squares and middle dashes are 2nd stage, and triangles and short . . .
dashes are 3rd stage. where T mpient IS the temperature at which heat is freely

available in the environment. An analysis of a thermody-

are not spatially isothermal. In each heat exchanger, the hedi@mic system in terms of either exergy or irreversible en-
ers of various lengths have various powers per unit Iengtht,mpy generation allows a quantitative discussion of the irre-

and variations in the number of argon channels close to yersibilities in the s_ystem b}l/gsubdividing it into logical sets
unit length of each heater also exist. Because stainless st Processes, locations, et _ .
has a poor thermal conductivity, spatial nonuniformity of as At its most efficient operating point, the total exergy
little as 10% in hot power density can cause spatial nonunilnPut power to the cascade engine via the three hot-heat-
formity of 50°C in the temperature in the largéist- and ~ €Xchanger powers, given by E@), was 7322 W. The acous-
3rd-stage hot heat exchangers. t!c power_(and, hence, exergy powedelivered below the
final ambient heat exchanger was 2179 W. Hence, 5143 W of
exergy power was lost in the conversion of thermal to acous-
tic power by the engine. Four per cent of that was lost in the
To discuss the efficiency of this engine, we rely mostlyupper resonator, 49% in the 1st stage, 18% in the 2nd stage,
on measurements but also slightly on calculations. We definand 29% in the 3rd stage. That the 3rd stage is responsible
the efficiency to be the ratio of the acoustic power deliveredor more irreversibility than the 2nd is to be expected, since
below the final ambient heat exchanger to the sum of thé is also responsible for more acoustic-power production.
measured electric powers supplied to the three hot heat eX-hat almost half of the irreversibility occurs in the 1st stage,
changers. We choose that location to account for the acoust&ven though it creates less than a third of the acoustic power,
power because it is where an alternator could be in a heats due to the intrinsically irreversible nature of standing-
driven electricity-generating system and it is equivalent towave thermoacoustics.
where acoustic power was benchmarked in a previous, ex- The “Experiment” column of Table Il shows a further
emplary thermoacoustic-Stirling engiheAnticipating this  subdivision of lost exergy, by location and process, for this
choice, we designed the present apparatus for minimurmmost efficient operating point. The largest irreversibility is
height—not maximum efficiency—below this location. The the sum of the well-understood viscous, thermal-relaxation,
two-microphone measurements of acoustic power were madend axial conduction phenomena in the stack, effects that are

VII. EFFICIENCY

J. Acoust. Soc. Am., Vol. 114, No. 4, Pt. 1, October 2003 D. L. Gardner and G. W. Swift: A cascade thermoacoustic engine 1917



TABLE Ill. Rate of exergy loss in the engine at 10% amplitude and full ysing the calculated heat flow, even though the oscillations in
load, subdivided according to location and process, in order of importanceme heat exchanger are turbulent and the experimental heat

The first column of numbers gives the exergy accounting for the most effi- . . . .
9 o 9 flow is larger. The corresponding entry in the table might be

cient experimental operating point, the second column shows the improve- A
ment possible with circumstances that we are very confident could bdn €rror by as much as 50%. Differences between measured
achieved with a scaled-up helium engine, and the third column shows thand calculated hot temperatures shown in Fi@) $urther
further improvement possible with reasonable probability. H¥at ex- highlight the uncertainties in our knowledge of heats and
changer; TBT thermal buffer tube. temperatures. Nevertheless, the total lost exergy in the table
Confident Probable IS @ number based on measured thermal and acoustic powers,
Experiment future  future and on the confidently calculated difference between acous-
L ost exergy power— tic powers at the 2-microphone location and the final ambient

1st stage, stack, known processes 1177 W 14.1 kW 14.1 kwheat exchanger; most of the individual entries in the table are

1st stage, unknown heat 554 W 71kw 7.1 kw based on measurements or on dependable calculations.
1st stagedT, ambient HX 532 W 85kw 4.3 kw Two decisions made during the design of this engine had
3rd stage, unknown heat 496 W 7.9 kW

40 kW 3 major impact on its efficiency. First, we decided to use a

3rd stage regen., known processes 309 W 23kw 23 kWh b stack instead of llel-plate stack. b

2nd stage regen., known processes 294 W 3.3kW 3.3 kW Oneycom stack instead ot a parallel-p a.e stac ! ecause a
2nd stage, unknown heat 266 W 43 kW 2.2 kw Stainless-steel honeycombs are commercially available. Cal-

3rd staged T, ambient HX 261 W 42kw 21kw culations predict that the honeycomb performs about 20%

3rd stage, expt heat leak 230 W 18kw 18kW less efficiently than parallel plates. In one experimental en-

3rd stage, TBT, known processes 213 W 23 kW 2.3 kW gina in which we used both types of stackipublished) the
Upper resonator 192 W 3.1kw 3.1 kW h di f th lculated

2nd stage, expt heat leak 145 W 12kW 1.2 kw hot power consumed in excess of the calculate amount was

2nd stagedT, ambient HX 144 W 23kw 12kw also reduced, by at least 20%, by parallel plates instead of
1st stage, expt heat leak, fiber insul. 98 W 7.8 kw 7.8 kW honeycomb. Second, we decided to use argon instead of he-

Sum of smaller effects 234 W 3.2 kW 3.2kW |iym in this engine, for reasons described in the Introduction.

Total lost exergy power  5143W 664 kW 528 kW' 1hermoacoustically, the present engine is strictly “similar”

Delivered exergy power 2179 W 349 kw 349 kw to?® an engine in which every spatial dimension would be
Percent of Carnot 30% 34% 40% double that of the present engine and which would be filled
with 3.1-MPa helium instead of 2.4-MPa argon. However,
perfect similitude would also require that the present engine
inherent in standing-wave engines and are included in th€e built of metals with a thermal conductivity 85lower
DeltaE calculations describing the apparatus. This is a pricthan that of the metalgpresumably stainless stgadf the
one chooses to pay in using the cascade arrangement forhypothetical helium engine, and that the acceleration of grav-
thermoacoustic engine. Next largest is the “extra” hot powerity be 5x lower and the insulation fiber sizes in the pressure
consumed by the 1st stage that can be accounted for neithepusing be  smaller for the present engine, in order for
in the calculations nor by the heat leak measurementdgnetallic heat conduction and convection-borne heat leaks to
Standing-wave engines near 10% amplitude have always sugcale correctly. Accounting for these easily calculable ther-
fered from such extra heat consumptidri® Next in impor- ~ mal effects while otherwise scaling up powers by a factor of
tance in Table Il is irreversible heat transfer at the 1st-stagd6, and simultaneously incorporating the difference between
ambient heat exchanger, where a calculation shows that tHgneycomb stacks and parallel-plate stacks, yields the num-
ambient waste heat of the 1st stage must flow across a dipers in the “Confident” column of Table IlI, showing that a
ference of 50 °C between the average temperature of the osascade engine of double the present size, filled with helium
cillating gas and the metal temperature. and of stainless-steel constructiqoy, equivalently, one of
The fourth entry in the table is the thermal power thatthe present size and argon, but with an imaginary low-
we suspect is carried by streaming in the 3rd-stage thermalonductivity construction material and in reduced gravity
buffer tube, as discussed in the previous section. The fiftltan certainly achieve 34% of Carnot’s efficiency.
and sixth entries are the well-understood lossy processes in  Other straightforward improvements should raise the ef-
the two regenerators, caused by viscosity and imperfect theficiency further. Smaller passages in the heat exchangers
mal contact. These are large in this cascade arrangementpuld reduce the exergy wasted in the temperature defects in
relative to traditional Stirling engines, because both regenthem. Reducing these passage sizes by a factor of two might
erators are forced significantly away from the sweet spot ofeduce these losses by a similar factor. Avoiding the mistake
small velocity amplitude where the phase difference betweem the design of the resonator, which put the 2nd- and espe-
pressure and velocity is zero. cially 3rd-stage thermal buffer tubes far from zero Rayleigh
The exact values of some of the numbers in this tablestreaming in the present engine, would presumably reduce
should not be taken too seriously. The excellent agreemeithe heat transported by streaming in these two thermal buffer
between calculated and measured complex pressures givestupes significantly, perhaps by about a factor of 2. Account-
confidence in numbers associated with the wave and thimg for these two improvements yields the “Probable” col-
acoustic power, but some heat and temperature effects atenn in Table Ill, showing that the efficiency of a cascade
less certain. The worst example is the gas-to-metal temperangine can probably reach 40% of Carnot’s efficiency, the
ture difference in the 1st-stage ambient heat exchangesame as that of the most efficient thermoacoustic-Stirling
which is calculated with a laminar algorithm in DeltaE and engine built to daté’
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