A thermoacoustic-Stirling heat engine: Detailed study
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A new type of thermoacoustic engine based on traveling waves and ideally reversible heat transfer
is described. Measurements and analysis of its performance are presented. This new engine
outperforms previous thermoacoustic engines, which are based on standing waves and intrinsically
irreversible heat transfer, by more than 50%. At its most efficient operating point, it delivers 710 W
of acoustic power to its resonator with a thermal efficiency of 0.30, corresponding to 41% of the
Carnot efficiency. At its most powerful operating point, it delivers 890 W to its resonator with a
thermal efficiency of 0.22. The efficiency of this engine can be degraded by two types of acoustic
streaming. These are suppressed by appropriate tapering of crucial surfaces in the engine and by
using additional nonlinearity to induce an opposing time-averaged pressure difference. Data are
presented which show the nearly complete elimination of the streaming convective heat loads.
Analysis of these and other irreversibilities show which components of the engine require further
research to achieve higher efficiency. Additionally, these data show that the dynamics and acoustic
power flows are well understood, but the details of the streaming suppression and associated heat
convection are only qualitatively understood. ZD00 Acoustical Society of America.
[S0001-496600)00206-X]

PACS numbers: 43.35.UdHEB]

INTRODUCTION entropy down the temperature gradient; this is the mecha-
_ o o o . nism by which the engine extracts heat from the high-
Since their invention in 1815, Stirling engines and re-temperature heat source and rejects heat to the ambient-
frigerators have shown great promise as commercial heaémperature heat sink.
engines: Much of this promise is due to the Stirling cycle’s Ceperley’s experimental engine was not able to amplify
inherent reversibility, and therefore, its high thermal effi- 5coustic power. Much later, Yazat al® first demonstrated
ciency. Despite this promise, the drawback of Stirling en-g,ch an engine, but at low efficiency. Ceperley and Yazaki
gines has always been the need for multiple sliding sealgz)ized that this was due to the low acoustic impedance of
capable of withstanding high pressure and many cycles withg,g \yorking gas, which caused large viscous losses resulting
out fa!lure. Recent advances in St_lrlmg technology includeg, high acoustic velocitie$ Also, they did not anticipate
free-piston ”?"’.‘Ch'”es’ the use of ]lnear alternators and MYpe presence of several forms of acoustic streaming, includ-
tors, and orifice pulse tube refrigeratéranfortunately, ing “Gedeon streaming” which occurs whenever a

these advances did not completely eliminate the unre"abi"tkfraveling-wave component is preséand “Rayleigh stream-

and high cost of sliding seals. ing” which is due to boundary-layer effects in the gas space
The Fluidyne engirewas the first attempt to totally 9 : y-1ay gas sp
- - : IR that provides the thermal buffer for the hot heat exchafiger.
eliminate sliding seals, by using U-tube liquid pistons. Un_AIth h Ged ¢ . h b detected
fortunately, this solution is limited to low frequency by the oug N ”)3130” h s re?mlné; asbl' hegnd € (te_c N
high mass of the liquid pistons. Ceperley also attempted ggXpenmentally,” we have found no published description
of a systematic method to suppress it.

totally eliminate sliding seaf$.® He realized that a traveling X ) i e s i di
acoustic wave propagating through a regenerative heat ex- /~\NOther engine without sliding seals is a standing-wave

changer (regeneratdr undergoes a thermodynamic cycle thermoacoustic engirié. Many engines of this type have
similar to the Stirling cycle. As the wave travels up the tem-Peen built, but because they are based on an intrinsically
perature gradient through the regenerdiar., from ambient |rreyer5|ble thgrmodynamlc cycle their thermal efficiency
temperature toward high temperatyri¢ carries the gas in (ratio of acoustic power produced to heater power consiimed
the regenerator through a sequence of displacement towaf@s thus far been limited to 0.28.

higher temperature, depressurization, displacement toward This paper describes a Stirling-cycle based thermoa-
lower temperature, and pressurization. The gas experiencé8ustic engine, which was introduced briefly in an earlier
thermal expansion during the displacement toward highePaper:> Since it employs the inherently reversible Stirling
temperature and thermal contraction during the displacemeycle, this engine’s thermal efficiency can easily surpass that
toward lower temperature, so that acoustic power is ampliof standing-wave engines. To create the traveling-wave phas-
fied as it travels toward higher temperature; this is the sourc#g and high acoustic impedance in the regenerator desired
of the engine’s net work. Simultaneously, the gas gains enby Ceperley, the engine uses a compact acoustic network.
tropy from the regenerator solid during the depressurizatiotnchecked, both Gedeon and Rayleigh streaming would se-
and loses entropy to the solid during pressurization, so thaiously degrade the thermal efficiency of the engine. Gedeon
the two displacement processes result in a net convection streaming is suppressed by using hydrodynamic end effects
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which produce an opposing time-averaged pressure diffel
ence. Rayleigh streaming is suppressed through the use of .
appropriately tapered thermal buffer theeferred to as a
pulse tube in the context of orifice pulse tube refrigerators
With the heat loads due to both types of streaming reduced t
an acceptable level, this engine has demonstrated a thern
efficiency of 0.30 which is more than 50% higher than any
previous thermoacoustic engine. For comparison, typica
thermal efficiencies of internal combustion engines are 0.2!
for gasoline and 0.40 for dies#l.

The next section describes the engine and its construc
tion in detail. The following section presents two simplified
models of the engine which provide some intuition about the
creation of traveling-wave phasing with high acoustic imped-
ance and how various components of the engine affect thes
properties. Then, preliminary measurements are show
which demonstrate our good understanding of the acousti
network and our qualitative understanding of the effects ant
suppression of acoustic streaming. Finally, data on the pel
formance of the engine and on the various loss mechanisn
are presented. These data demonstrate a quantitative und
standing of the dynamics and acoustic power flows and
qualitative understanding of the acoustic streaming and ass:
ciated heat convection.

. APPARATUS

Scale drawings of the apparatus used in these measur
ments are shown in Fig.(d and(b). Essentially, it is com-
posed of a 1/4-wavelength resonator filled with 30-bar he
lium. The torus-shaped section contains the heat exchange!
regenerator and other duct work necessary to force the he
lium to execute the Stirling cycl¥. The rest of the hardware
past the resonator junction forms the resonator and variabl
acoustic load®

Near the top of the torus is the main cold heat ex-
changer. It is of shell-and-tube construction consisting of 29¢
2.5-mm inside-diameter, 20-mm-long stainless-steel tube
welded into two 1.6-mm-thick stainless-steel plates. The wal
thickness of the tubes is 0.7 mm. The diameter of the hee
exchanger, measured from the outer edge of the tubes on tl
periphery, is 9.5 cm. The tubes, which are parallel to the
acoustic displacement, carry the helium gas. They are coole
by chilled water & 15 °C) passing through the shell. At high
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amplitude, the peak-to-peak gas displacement is roughlyc. 1. (s Scale drawing of the engine, resonator and variable acoustic load

equal to the length of the tubes and the typical Reynoldgload is not to scale The 1/4-wavelength resonator is filled with 30-bar
number in the tubes is 3000. helium. The pressure antinode is located near the top of the torus section,

. . and the node is near the inlet to the large cone. The variable acoustic load
Below the main cold heat exchanger is the regenerator

- consists of an adjustable globe valve attached to al 2ahk. (b) Scale
made from a 7.3-cm-tall stack of 120-mesh stainless-stefrawing of the torus section. Locations labeled viftior P indicate where
screen machined to a diameter of 8.89 cm. The diameter aémperature and pressure are measured. The pressure measurement location
the screen wire is 6wm. The randomly stacked screens arelabeledP s the reference location for measurements of acoustic amplitude

. - o . _ in the engine(c) Lumped-element model of the engine. All elements in the
_contaln(_ed within a thin-wall stainless-steel can for ease_ororus are much shorter than 1/4 wavelength. Therefore, they can be modeled
installation and removal. On each end, three 3.2-mm-thiclgs jumped elements. Subscripts@ correspond to the locations {b). The
stainless-steel ribs are welded to the can to hold the screaegenerator and adjacent heat exchangers are modeled by the elements in-
axially and to provide spacing between the regenerator angjde the dashed box. See text for description of the model.
adjacent heat exchangers. At the upper end, this spacing akgenerator, we calculate its volume porosiy=0.72 and
lows the flow to spread over the entire regenerator crosthe hydraulic radius,~42um.'® This is smaller than the
section after exiting the narrow passages of the main colthelium’s thermal penetration depi)., which varies from
heat exchanger. Based on the total weight of screen in th&40 um to 460 um through the regenerator. The pressure
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vessel around the regenerator, which is made from Inconals to assess the performance of this heat exchanger by mea-
625 (ASTM B446-Grade 2 has a wall thickness of 4.0 mm. suring the heat load on the heat exchange the tempera-
This alloy was chosen for its high tensile strength at elevatedure rise of the chilled wate¢rand the temperature defect
temperatures as well as its comparatively low thermabetween the helium and the chilled water. Next are four ther-
conductivity!’ the heat leak carried by the pressure-vessemocouples in contact with the regenerator screen bed. The
wall would have been about a factor of 3 higher if we hadfirst extends through a tube of the main cold heat exchanger
used 316H stainless steel. and is pressed against the center of the regenerator’'s cold
The lower end of the regenerator abuts the hot heat exend. The other three pass through the pressure-vessel wall
changer. It consists of a 0.64-cm-wide by 3.5-m-long Ni—Crand are inserted into tight-fitting pockets drilled into the re-
ribbon wound zigzag on an alumina frame. The ribbon isgenerator. Of these three, two are centered radially with one
divided into 3 equal-length segments of 4D each and near the hot end and the other centered axially. The last
driven with 208-V three-phase power in a delta configurathermocouple is near the hot end, but its pocket is only
tion. Electrical leads enter perpendicular to the pressuredrilled 1 cm into the regenerator. The three radially centered
vessel axis just below the hot heat exchanger. This locatiothermocouples allow the measurement of the axial tempera-
is chosen so as to not disturb the flow in the thermal buffeture profile within the regenerator. This profile is important
tube. Power flowing into the hot heat exchanger is measureih detecting and eliminating Gedeon streaming. The two
using a commercial wattmeter with a 0.2% accurkdyp to  thermocouples near the hot end allow measurement of the
5.5 kW is supplied to the heat exchanger with the surroundradial temperature profile. We believe that vigorous Rayleigh
ing gas at 725°C. or jet-driven streaming in the TBT causes unequal heating of
The thermal buffer tub€TBT) is a tapered, 24-cm-long the hot face of the regenerator. In a previous version of this
open cylinder made of the same Inconel 625. It provides a&ngine in which there was no attempt to suppress either type
thermal buffer between the hot heat exchanger and roorof streaming, up to 100 °C differences were measured be-
temperature. Its inner diameter is much larger than the helitween the center and edge of the regenerator’s hot face. In
um’s thermal penetration depth, and its length is mucltthe present engine, up to 90 °C differences were measured
greater than the peak-to-peak gas displacenténtm) at  before the flow straightener was installed; a maximum of
high amplitudes. The inside surface is polished to ani- 30°C was measured after the installation. Finally, there are
finish to ensure that the surface roughness is much less thamnght thermocouples held against the outer wall of the TBT
the viscous and thermal penetration depths. The wall thickby set screws, spaced every 2.5 cm. After the bulk of the
ness is 4.0 mm for the entire length. The upper 8.0 cm of th&edeon streaming is suppressed, the axial temperature pro-
TBT is a straight cylinder while the lower 16.0 cm is flared file measured by these thermocouples is used to detect the
with a 1.35° half-angle taper. This shape is used to minimizeresence of either Rayleigh or jet-driven streaming.
boundary-layer driven streamiriayleigh streamingin the Clockwise farther around the torus are the resonator
TBT.S® junction, feedback inertance, and compliance. The junction
At the lower end of the TBT is a flow straightener madeis a standard-wall, 3 1/2-in. nominal, stainless-steel tee. The
of five layers of 22-mesh copper screen with a wire diameteinside diameter is roughly 9.0 cm. The feedback inertance
of 0.4 mm. It ensures that the flow entering the bottom of theconsists of three separate sections of piping. The first section
TBT is spatially uniform, not a jet flow due either to the is a 31/2-in. to 3-in. nominal, long-radius reducing elbow.
geometry of the secondary cold heat exchanger or to flovrhe centerline length of the elbow is 20.9 cm, and the final
separation at the resonator junction. A jet flow would causenside diameter of the elbow is 7.8 cm. All burrs and irregu-
streaming within the TBT to convect heat from the hot heatlarities on the inside of the elbow have been removed by
exchanger. Before the flow straightener was installed, up to §jrinding and filing. The next section is a 3-in. nominal,
kW of heat was convected away in this fashion. stainless-steel pipe 25.6-cm long. The inside diameter of this
Next, a secondary, water-cooled, shell-and-tube heat expipe is honed to 2tm finish, to minimize viscous loss at
changer anchors the lower end of the TBT at room temperahigh amplitudes. This segment of pipe includes a pressure-
ture. It contains 109 4.6-mm inside-diameter, 10-mm-longbalanced sliding jointnot shown which allows for the ther-
stainless-steel tubes welded into two 1.6-mm-thick stainlessnal expansion of the TBT and regenerator case. When the
steel plates. If both forms of streaming are suppressed, thisot temperature rises from 25°C to 725°C, these compo-
heat exchanger only intercepts the leak down the TBT walhents expand roughly 3 mm; without the sliding joint, the
and radiation from the hot heat exchanger, so it can be madesulting stress would cause the hot components to distort.
from short, large-diameter tubes. The last section of the inertance is a machined cone that
Several 1.6-mm-diameter type-K thermocouples allowadapts the 3-in. nominal pipe to the compliance. lIts initial
the measurement of temperatures throughout the Stirling seend final inside diameters are 7.8 cm and 10.2 cm, and its
tion of the engine. Starting at the top of Figb}, two ther-  length is 10.2 cm, giving a taper angle of 13.5°. The gradual
mocouples are located near the main cold heat exchangestoss-sectional area changes, gentle bends, and smooth sur-
One is freely suspended within one of the tubes and the othdaces are used to minimize dissipation due to flow
is located in the helium, 1 cm above the heat exchangeseparatiof? and viscosity in the feedback inertance. The
assembly. Also, there are two thermocouplest shown in  compliance consists of two 4-in. nominal, short-radius 90°
the figure in the inlet and outlet chilled water streams sup-elbows made from carbon steel. The inner surface of the
plying this heat exchanger. These four thermocouples allovelbows is sandblasted to remove a protective layer of paint.
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Although this treatment left the surface quite rough, themade between these two mechanisms. Under the normal op-
acoustic velocities in the compliance are low, so the rougterating conditionsX,.<<R,cs. The impedances of the regen-
surface should not affect the dissipation significantly. TheeratorR and feedback inertandeare much smaller than that
internal volume of the compliance is 2830%mmeasured by of the complianceC. Therefore,w is determined primarily

filling it with a known volume of water. by the resonance condition betweX¥p,and the compliance:
Between the compliance and the main cold heat exi.e., X,{w)~1/wC.
changer is a device we have termed a “jet punfd,vhich We use the conventional counterclockwise phasor

stops Gedeon streaming. We will reserve discussion of thisotation!! so that time-dependent variables are expressed as
component until the section on streaming.

The resonator, which joins with the toru; at the junction £(t)= ¢, + R &€, 1)
between the TBT and feedback duct, consists of three sec-

tions. The first section is a machined cone that adapts the. .
with the mean valu€,,, real, and withé; complex to account

31/2-in. nominal tee to a 4-in. nominal, carbon-steel pipe, ) i

The initial and final inside diameters of the cone are 9.0 cn]®" both the magnitude and phase of the oscillation at angular

and 10.2 cm, and the length is 10.2 cm resulting in a 6.8 requencyw. The acoustic pressure and volumetric velocity

taper angle. The small angle is used to prevent flow separa('—'e_’" vo_Ium_e flow ratpare represent(_ed Y2 andUl_,X atthe
points in Fig. 1b) and(c) labeled with the subscript. For

tion at the walls of the con®. The main section of the reso- I i th | litude of th "
nator is a 1.90-m length of 4-in. nominal, carbon-steel pipe.examp €.p1p IS Ih€ COMpieX ampiitude of the acouslic pres-

The inside diameter of the pipe is 10.2 cm and is honed to gure oscillation at the location labeled with a subschiph
: el?ig. 1(b), between the regenerator and hot heat exchanger.

the engine diameter to reduce the acoustic velocities near the Follﬁwmg Ciperle)f‘, ws mc;ldel th? regenera;or alnd ad—_
velocity antinode at the end of the main resonator sectior”."’men_t eat exchangers by the resistance and vo “”.‘e"'c'
locity source inside the dashed box. The resistance is due

The increase in surface area tends to increase the dissipatio}ﬁ : flow in the tiahtl d bed that f
but the reduction in velocity is more important at high am- 0 viscous Tlow 1n the tightly-spaced screen bed that forms

plitude where the acoustic losses grow as the cube of tht € tregener?o’ﬁ The]c_|V°|EIJ_?Etr'C'VEI?C'ty source 'ﬁ due to
amplitude?! The final section of the resonator includes a 7° '€ {emperature profile. The mean temperaflifechanges

cone which enlarges the inside diameter of the resonatoz?Xially through the regenerator, and hence the mean density
from 10.2 cm to 25.5 cm over a length of 1.22 m. The large’m _change_s according toy 1/Ty,. To enforce the conser-
end of the cone is closed with a 25.5-cm-diameter pipe Withvatlon of first-order mass ﬂu.)q:"mul.: const throug_hout an

an approximate length of 52 cm, terminating in a 2:1 eIIiIO_|deal regenerator with negligible internal compliance, the

soidal cap. The main section of the resonator has three porYé)IumemC velocityU; must grow asTy,. Therefore, the

of 1.6-cm diameter. Two of these are located near the end\éOlumetric velocityU, , at the hot end of the regenerator

and the third is in the center. A variable, RC-type acousticvould ideally berU, ¢, wherer=T,/T, is the ratio of ab-

loadt® can be attached to either of the two ports nearest thg(olute temperatures at the regenerator ends. The volumetric-

resonator junction. The fill line is connected to the port near-veloc'ty source Is set tO_T(_ 1)Uy, to enfor_ce this cond|t|o_n._
The study of this simple model provides some basic in-

est the 7° cone. Two piezoresistive pressure seffstrs iahts into th i f th ine. We hiue. U
cated in the resonator and a third in the variable acoustic loag9"'tS !Nto the operation of the engine. We ha Lfb

. . =U;c.RandU; +U; = —iwCp,;.. EliminatingU, 4 and
allow two-microphone power measurements W, and solving for U, ,, we find

Wioaq- 18 All acoustic pressure measurements are made with a
lock-in amplifier using the measured acoustic pressure im- 2L ¢
mediately above the main cold heat exchanger as a reference Uy .= @ P1c )

signal. ¢ R 1+iwlL/R’

In addition to the pressure sensors in the resonator, three
additional pressure sensors are located in the torus: betwegnthe magnitude of the impedance of the feedback inertance
the compliance and jet pump, between the jet pump and maiaL is small compared with the resistanReof the regenera-
cold heat exchanger, and at the resonator junction. Additiontor, p, . and U, . are nearly in phase corresponding to the
ally, a differential pressure sensor is placed across the jetaveling-wave phasing necessary for efficient regenerator
pump. A Bourdon-tube gauge connected through a fine capperatior! The magnitude ofJ, . is controlled by the mag-
illary is used to measure the mean pressure in the engine. nitudes of all three impedanceR; wL and 1 C. The mag-
nitude of the volumetric velocity passing through the parallel
combination of the feedback inertance and the regenerator is
given by the magnitude of the volumetric velocity into the

Figure Xc) shows the simplest lumped-element modelcompliance, olwCp, .. As the compliance becomes larger,
of the engine that captures all the most important featureghis volumetric velocity grows as doedJ;.. Since
Each component of the engine is replaced with its idealizedJ, ./U; p,=iwL/R, the volumetric velocity in the feedback
lumped-element equivalefit. The resonator is modeled as inertance is always 90° out of phase from that in the regen-
resistive and reactive impedances in parafgls andiX e, erator, with increasing volumetric velocity through the re-
respectively.R, is controlled by the resonator dissipation generator as the impedance of the inertance increases relative
and the variable acoustic load. At this point, no distinction isto the regenerator resistance. The ability to tune the magni-

II. SIMPLIFIED MODELS
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tude of the volumetric velocity in the regenerator is equiva-gnd Wc=|P1,c||U1,c|/2 (assuming nearly traveling-wave
lent to tuning its power output. This degree of freedom isphasing, this figure of merit can be rewritteg~|Z|/R
useful in the design process when trading off losses in thghere Z is the acoustic impedance in the regenerator. If a
regenerator agains_t resonator and feedback loss during OpBUre traveling wave is used, i.e., one Wk p,c/A where
mization of the entire system. . _c is the speed of sound amlis the cross-sectional area of
Next, it is useful to look at the time-averaged acousticyhe yaveguide containing the wavé=1 indicating that the
power flowsW=Regp,U,]/2 at various points in the engine. regenerator is dissipating nearly all of the acoustic power it is
Using Eq.(2), the time-averaged power flow into the regen-rying to amplify. Ceperle§realized that viscous dissipation

erator is given by in the regenerator is a serious problem, but his proposed
. |p1cl? wiLC solution involved placing the regenerator in a looped resona-
We=— R () tor at least one wavelength lofig.n an engine of this type,

) ) the viscous dissipation associated with the large amount of
where we have dropped terms of ordei(R)”. Neither the  regonator surface area would cause a large reduction in effi-

compliance nor inertanqe absorb or generate time—averagecqency_ Also, it is not clear how to control the phase between
power. This implieg thaWc is the power fed back through p,. and U, or |py./U;c|. The engine described in this
the inertance, i.eW.=Wj,. Since the impedance of the article avoids much of the resonator dissipation by using an
parallel combination of the regenerator and feedback inergcoustic network that is much shorter than 1/4 of a wave-
tance is small compared to that of the compliance or resongength. Also, the magnitudes &, L, andC are designed to
tor, pyp~pyc. Therefore, the time-averaged power flowing create|z| which is 15 to 30 timeg,c/A andp; ; roughly in
out of the hot end is then given by phase withU, ., thus avoiding large viscous losses in the
W= r\W, . (4) regeneratpr. 3 _ o
) ] The simplified model presented above provides an intui-
By conserving the time-averaged power flow at the resonataf, picture of how the power flows are distributed, hdy
junction, the resonator is found to absorb an amount Ofand p,. are determined, and what sets One place where
. .C 1
power given by more accuracy is desired is the predictionlbf, andU,,.
Wjunc:(T_ 1HW,. (5)  These two phasors determine whether the acoustic wave has
_ . _ _ the desired traveling-wave phasing. Detailed control of this
To determiner, Wjunc is expressed in terms &fsand sub-  phasing is advantageous as it allows the maximum acoustic

stituted into Eq/(5). Using Eq.(3), 7is given by power flow with the minimum acoustic velocity and there-
fore minimum viscous los3lt is not intuitively obvious how
=1+ m 6  these phasors are influenced by the impedances of the com-

_ . ) . ponents, and it turns out they can be very sensitive to non-
In an ideal regenerator that uses an ideal ¥4s= Qn, where  jdeal behavior of the various components in the torus. To
Qp, is the heat input from the hot heat exchangeBubsti-  analyze these phenomena, Figh)2shows a detailed imped-

tuting Egs.(3) and (4), |pyc|? is found to be ance model of the engine, which includes more of the acous-

R . tic elements in the engine, provides a more complete model

|D1,c|22mQh- (7)  of the regenerator, and includes the nonideal behavior of
some the acoustic elements.

Equations(6) and (7) show how the operating point of the The regenerator is more complex than in the lumped-

engine is set by the external controls. SettRyg;, by adjust-  element model presented above. The volumetric-velocity
ing the variable acoustic load, sekg by fixing 7. With T, gain occurs in a distributed manner. Therefore, the hotter
determined, the acoustic amplitude is set by adjusting thgections of the regenerator have larger volumetric velocities
heat inputQy, . and larger pressure drops. The pressure drops on the hot end
At fixed acoustic amplitude, Eq3) shows that power are enhanced further due to the temperature dependence of
input to the regenerator only dependsw@and the geometry the viscosity. Also, the porosity of the regenerator gives it
of the inertance, compliance, and regenerator. Therefore, fQiompliance. These two effects are shown in the distributed
a simple fixed-amplitude point of view, a constant poW&r  regenerator model of Fig(&. The regenerator of lengthis
circulates around the torus. This power is amplified by thesplit into N=I/Ax segments, each of lengthx and span-
temperature gradient in the regenerator, and the added powging a temperature differenceT,,. With an ideal gas as the
(7—1)W, is delivered to the resonator. W, is increased  working fluid, each segment of regenerator has an isothermal
at fixed acoustic amplitudehe “power gain” of the regen- complianceA C=C,Ax/| independent of temperature, where
erator, i.e.,r, must grow. Co= ¢Sl/p,, and ¢ andS are the volume porosity and cross-
The results of this section, in particular E@), separate  sectional area of the regenerator. Across each segment, the
this engine from that originally envisioned by Ceperfef.  yolumetric velocity changes due to the temperature increase
figurg oflmerit for a regenerator in a traveling-wave engine isgnd  the compliance, i.e.Uyn;1—Uyn=U3 ATy /Ty
B=W,/E.is whereE; is the time-average power dissipated —jwACp,,,. Dividing through byAx and letting Ax—0
in the regenerator due to viscosity. Usilig~ R|U1,c|2/2 yields a differential equation fdd ,(x),
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FIG. 2. () Distributed model of the regenerator. Each of bheections spanA T, and represents a lengitx of the regenerator. The resistanceR, differ
due to the temperature dependence of viscosity. The compliances are due to the void volume in the regénebatmiled impedance model of the
thermoacoustic-Stirling engine. The distributed model of the regenerator is included as the three-terminal network. RgsitadrR;, represent the
resistances due to viscous and minor losses in the feedback inertance and jet pump respégiivedpresents the compliance of the thermal buffer tube.
Subscripts in(b) correspond to the locations in Fig(hl.

du; Uy dTy . o b= ™21
W—T_mﬁ_lw( o/Dp1(X). (tS) (7, )_tH—_Z_rzT’
(12
Each segment of regenerator also has a resistance given by 2 [P72Inr— ("2 1)/(b+2)

g(7.b)=

AR, = (RoAX/1) (T n/To)®, where Ry~6u.l/Sti is the b+2 (r—1)?
low-Reynolds-number-limit flow resistance of the regenera-

) . . . Both of these functions approach 1 as-1. Using b
tor when its entire length is at temperatdrg. At high am-  — o : .
plitude, R, would increase by up to 50%, but this effect is =0.68, which is app_ropnate for helium gas, the calculated
not included in the model. The factofl {,,/T.)? accounts pressure drop at=3 is approximately 70% bigger than that
. ,N C

for the temperature dependence of the viscosit¢T) calculated withb=0. Equations(11) and (12) for APy regen

— 4 (TIT)b. The pressure drop across each segment igmdulvh in terms ofU; . andp, ¢ provide a simple model of
e ¢ - a regenerator which includes its distributed properties such
given byp; ,—p1n—1=—AR,Uy,. Dividing through byAx

d . : . : as axial temperature dependence and compliance.
and lettingAx—0 yields a differential equation fqs,(x), The distrFi)buted modgl of the regeneratoFr) is included as a
b three-terminal network in the detailed impedance model of
Ui(X). (9)  the engine shown in Fig.(B). Several new elements are also
included. The resistandgy, in the feedback path represents
acoustic losses due to both viscous drag and flow
separatiort? The extra resistanci;, appearing on the cold
side of the regenerator represents the same type of losses
pWhich occur in the jet pump. Finally, the complianCggt
appearing below the regenerator models the compressibility
of the gas in the TBT. A detailed analysis of the model in
Fig. 2(b) shows that the volumetric velocity into the cold end

dpi_ Ro(Tm
dx I\ T,

In the limit of low amplitude and <6, , Egs.(8) and(9)
are consistent with Eq$12) and (42) of Ref. 26.

Under typical operating conditions, the pressure dro
across the regeneratdh Py regeh=|Pxrer P1n =011 ref-
Therefore, an approximate solution of Ed8) and (9) is
obtained by setting;(X) =py ref in Eq. (8) and integrating.

The result, of the regenerator is given by
X 2LC[ iRp)| iwR,C
U,(x)= 1+(T—1)|—} Uic= Pre : 2 ( __fb)—i_u}’
g Re el Re 1T wl]h e
iwCop X Rst  Rst
x{Uype— T+l“ef|n 1+(r-1)7 ] (10 13

where Rg=Rj,+Ro(7+1)f/2 is the effective series resis-
is then substituted into Eq9) and integrated again. In both tance of the jet pump and regenerator referred {g. In Eq.
integrations,T,,(x) is assumed to vary linearly from, to (13), we have ignored the pressure drop aciRgsy taking
Th. The volumetric velocity at the hot end of the regeneratorp, = p,.. This equation provides a more accurate version
and the pressure drop are then given by of the phenomena discussed above than(By.
) Equations(11) and(13) are important in the design of a
Us\— T( U, — ioColn 7 ) thermoacoustic-Stirling engine. For efficient regenerator op-
h i —" eration, U, . should leadp, ., and U, should lagp; ..
(1)  This allows maximum acoustic power flow with the mini-

T+1 i wCoRoP1 ref mum volumetric velocity, and therefore a minimum of vis-
Aplvregef‘zulﬂROTf(T’b)_ Tg(T’b)’ cous loss in the regenerator. Also, for a gieyy., the size
of the various components determines the magnitudeQf
wheref andg are given by and hence the amount of power flow through the regenerator.
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If the engine must drive a very lossy system, the power out-  We will compare the pressure-drop data to the results of
put of the engine can be increased at the expense of irwo different models, the impedance model of Fi¢h)2and
creased regenerator loss, allowing the designer some frea-more exact DeltaE mod#&}?® The DeltaE model is based
dom to balance the losses against one another. on the as-built dimensions of the engine, and it also includes

The origin of the dominant part of Eq.(13), “minor losses” where the flow expands in a diffuser, turns
w?LCpi/Rg, is understood by considering the pressurein an elbow, jets from an orifice, or merges with another
drop across the impedance of the parallel combination of thBow. The dissipation associated with these minor losses is
feedback and regenerator branah,. Ignoring the compli- based on steady-flow correlatiotsand will be discussed
ance in the regenerator branch for the moment, the totdlurther in the later section on the jet pump. The term “minor
volumetric velocity through these two branches U loss” originates in the analysis oflong) piping systems
+U;4=—1wCp,.. Therefore, the pressure dropp,  where entry effects, valve constrictions, bends, etc., are “mi-
=—iwCZ,p, . appears across the temperature-dependent retor” compared to the energy loss due to flow through long,
sistance Rg; of the regenerator branch, givindJ,;.  straight piping section.g., Ref. 29 In devices such as the
=—i0wCZ,p,/Rg. If the impedance of the inertance domi- engine described here, these minor losses have significant
nates, i.e.Rse> wL>Ry,, thenZy~iwL. In this caseU, . consequences.
=w’LC p1c/RstandU ;¢ is in phase withp, .. Starting with the impedance model of Figb, the pres-

If wL becomes comparable to eithRg; or Ry,, Z, ro-  sure drop across the jet pump plus regenerator is given by
tates into the first quadrant, causitlj ¢ to lag pic. This  Apyjpiregei= RipU1ct AP1regen Substituting Egs(11) and
accounts for the +iRy,/(wl) and 1+ (iwlL)/Rg, terms in - (13) we find
Eqg. (13). Even in the most ideal case, i.ge> wlL>Ry,,

U, will at best be in phase witp, .. Some other effect is APyjp+regen_ VLG (1+9gRyCo/2RsC)(1~iRgy/wl )
needed to forc&J, . to the desired condition leading . Pic 1+ (iwL/Rg)(1—iRgp/wl)
Such an effect is found in the compliance of the regenerator. (14

The oscillating pressur@;. causes a volumetric-velocity Bef K ) K | simplifi
difference ofiwCgyp, . across the regenerator. Only part of °€ orel mz;\] '”lg a Con?_paglsolh. we ma Le l;severa Slt:npl ica-
this volumetric velocity originates from the cold end of the tions. In the low-amplitude limitRy<wl because the ra-

regenerator, but the fraction that does is responsible for thgius of the inertance is _much Iargt_ar than a vicqus or thermal
term (wCoP;)gRy/(2Rs) in Eq. (13). This volumetric ve- penetration depth. At high acoustic amplitudeg, increases

locity is proportional teip, . and caused), . to leadp, .. due to minor losses and turbulent fldibut the gentle tran-

: : : sitions in the feedback flow path keéh,<0.1lwL even at
Pret/ Pm=0.10. Therefore, we will ignord&y,/wlL terms in
IIl. MEASUREMENTS OF ACOUSTICAL PRESSURE Eqg. (14) since they contribute very little to the magnitude
PHASORS and only a few degrees of phase to the right hand side of Eq.
§4). However, if a particular design results R~ oL,

Many thermoacoustic quantities in the engine, such a . .
ressure drops, acoustic power output, heat flows, an ese termsespecially the one in the numergt@annot be
P ' ' ’ ignored. The low-amplitude limit also allows us to taRe;

strgamlng mass flgxes, typically scale as the square of the Ry(7+1)f/2, ignoring Ry, This is not such a good ap-
ratio of the acoustic pressure to mean pressure. Often thes?oximation ab./o—0 1Jp0 whereR ~Ro(7+1)f/2. Us-
quantities also depend on the temperature ratio across {8 Prer/ Pm=0.10, P~ o7 '

regenerator. To separate the dependencies, the pressure rate these approximations, E(L4) becomes

is held constant by adjustin@;, while T}, is varied by ad- APijpiregen o . 1+9Co/fC(7+1)
justing the varlgble acoustic load. Therefore., we mgst pick a T =w 1+ 2iwl/fRy(7+ 1)
reference location where the pressure amplitude will be held :
constant. We choose the presspig=|pyf immediately  Finally, we note that the volume of the inertance must be
above the main cold heat exchangsee Figs. b) and 2b)]  included when calculating as it contributes a significant
as it determinedV, and therefore the acoustic power output compliance.
and heat flow into the engine. Therefore, all acoustic ampli-  The lower and upper crosses in Fig. 3 are the result of
tudes will be quoted in terms @/ P - Eq. (15 with 7=2 and 3, respectively. The filled symbols
Analysis of the engine begins with the acoustics withinare the measured p jp eger/ P1c @t Pret/ Pm ranging from
the torus section. In addition to the pressure amplitude, th@.026 to 0.10 with the acoustic amplitude higher for the data
important quantities are the magnitude and phase of the volurearer the real axis. All data are taken witl¥ 3 except for
metric velocity at the hot and cold ends of the regeneratorp,e;/p,,=0.026 which is taken at~2. Over this range of
Although these quantities are not directly measurable, relatedmplitudes, the agreement between the detailed impedance
guantities such as the pressure drop across the regenerainodel of Fig. Zb) and the measured data is excellent; better
and jet pump are readily measured. Sitte and the local than 10% in magnitude and a few degrees in phase. The open
resistance depend on location in the regenerator, the regesymbols areAp . reger/ P1c Calculated using DeltaE. The
erator pressure dropp; eqenCOMes from a weighted aver- numerical model, which is more accurate in computing the
age of U, within the regenerator. Since the jet pump haseffective values oL and C in the feedback inertance and
negligible compliancelJ is constant there, and the pressureincludes dissipation due to turbulence and minor losses,
drop across the jet pump is determinedUy, . shows even better agreement.

(15
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FIG. 3. Real and imaginary components £, ;. reqer/ P1¢ . the pressure
drop across the jet pump plus regenerator normalized by the acoustic a
plitude. The upper cross is the result of the impedance model of Hiy. 2

glven in Eq.(15) with 7=3. The lower cross is calculated with=2. The of Ty, . The upper limit is typically 700 °C while the lower limit is amplitude
filled symbols are the measured values mplvipﬂegenlplvc at p'ef/pm_ dependent. The solid lines are DeltaE calculations at the same amplitudes
=0.026, 0.038, 0.051, 0.061, 0.069, 0.088, and 0.10 with larger amplitudegy petween the same temperature extremes. The error bars near the middle
nearer the top of the figure. All measurements are taken wiB except o the figure indicate the typical uncertainty in the real part of AJ egen

for pres/py=0.026 which is taken at~2. This low-amplitude measure-  yaa5,rements. Each individual error bar applies to the two equal-amplitude
ment should be compared with the lower cross. The open symbols are calata points directly below the error bar and to the real part of the corre-

culated Wit‘h DeltaE using _the same valuerdads the experimental data. At spondingA p, ;, data points in the upper half of the figure. The uncertainty in
each amplitude, the experimental data and DeltaE result are connected wif :

a line to ease the comparison. Over this span of amplitudes, there is gooﬁe imaginary parts 0Py j, aNAAPy regenis Negligible on this scale.
agreement between the measured values and the impedance model indicat-

ing the approximations used in deriving E@.5 are valid. The DeltaE

model, which is more accurate in computingindC and takes into account  low extremes ofT},. The solid lines are calculated with Del-

the nonlinear resistances of the feedback inertance and jet pump due faF petween the same values Bf. The only adjustable

minor losses and turbulence, shows even better agreement as the amplit . - . . _
is varied. The error bar near the bottom of the figure shows the worst-cas arameter used in this part of the model is the relative sur

uncertainty in the real part of the measurdg, ;. eef/P1c. The uncer- 1aC€ roughnesse of the piping used in the feedback
tainty in the real part is mostly due to changes in the pressure sensorénertance’” The DeltaE results in Fig. 4 are generated with
sens_iti_vity causgd by thermal drifts. The uncertainty in the imaginary partise=1.8x 10~ 3 corresponding to an absolute roughness of 140
negligible on this scale. wum. This absolute roughness is consistent with what we have
used in DeltaE models to obtain agreement with measure-
Even though the approximations used in reaching Egments in other thermoacoustic devices. Increasing or de-
(15) are far from being valid gb,.s/ p,=0.10, the agreement creasing the surface roughness used in the calculation by a
in Fig. 3 is still quite good. The explanation of this robust- factor of 2 does not effect the pressure-drop predictions sig-
ness is similar to the discussion that follows Etg). Since nificantly. The agreement here is quite good, indicating that
wL<Ry(7+1)f/2 and the feedback inertance has been dethe acoustical phenomena in the torus section are well under-
signed so thaRg,<wL even at high amplitudeAp, jpiregen  Stood. In particular, the agreement between measured and
is mostly determined by andC. Errors in the impedance of calculatedAp, j, provides evidence that the model used for
the regenerator and jet pump do not have a large effect. If ththe minor loss acoustic resistance given in E) is rea-
terms in Eq. (15 other than w?LC are ignored, sonably accurate. If the acoustic resistance predicted by this
APy jpireger/ P1c=0.166, which differs from the measured model were ignored, the predicted magnitude of the jet-pump
APy jpireger/ P1c DY less than 5% in magnitude and 10° in impedance would be approximately 3.3 times smaller at
phase. Ignoring the nonideal properties of the acoustic ele,e/pm=0.10.
ments in the torus, such as viscous flow resistance, thermal With confidence in the DeltaE model, it is used to cal-
relaxation losses, and minor losses, does not lead to largaulate the volumetric-velocity phasors in the regenerator at
errors in Apy jpiegen- 1herefore, the approximate expres- 7=3.3. In Table I, the results of the DeltaE calculations are
sions for the minor losses used in the DeltaE model, whiclcompared with those of the detailed impedance model of Fig.
are discussed in the section on Gedeon streaming, are e2tb) performed in two ways, settinBg,=0 or Ry, =R;,=0.
pected to result in better agreement between the measuré/hen R, is taken into account, there is reasonable agree-
ment and calculations, but errors in these approximationsent in|U;| and|U;,| between DeltaE and the detailed
will not effect the results significantly. impedance model. IR;, is ignored at high amplitude where
As a check of how well the properties of the jet pump Rj,~f(7+ 1)R/2, there are large errors in the magnitudes
and regenerator are known, Fig. 4 presents the pressure drogige to thew?L C/Rg; term in Eq.(13). However, in neither
across these individual elements as a function of acousticase do the impedance model calculations reproduce the
amplitude andry,. The filled and open symbols are measuredphase ofU,. or U,,. Much of this phase error can be at-
values of Ap; egenand Apy j,, respectively. The two data tributed to the open spaces between the jet pump and regen-
points for each acoustic amplitude are taken at the high andrator which contribute additional compliances not included

FIG. 4. Real and imaginary parts dfp,j, (open symbolsand Ap; regen
Milled symbols measured at the same valuespaf/p,, as shown in Fig. 3.
The two symbols at each amplitude represent the upper and lower extremes
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TABLE |. Calculated values of acoustic admittandg. /p;. andU;p,/p; ¢ at prer/Pm=0.026 and 0.10 with

7= 3.3 using three different methods: DeltaE, the impedance model of (eigwh Ry, =0, and the impedance
model of Fig. 2b) with Ry, =Rj,=0. The values olJ,/p, are given in mM/Pas. At low amplitudeR;,<(~
+1)fRy/2 and Ry,<wL. Therefore, all three methods are in reasonable agreememt&p,,=0.026. At

Pret/ Pm=0.10,Rjp~ (7+ 1)fRy/2 and ignoringR;, leads to significant error in the magnituded.bf, andU, .
There are phase errors ef15°—30° in the impedance model, much of which is due to ignoring compliances
of components between the jet pump and regenerator.

pref/pm DeltaE Rp=0 Rp= ijz 0

0.026 Usc/Pac 5.0x10°® 30° 5.5¢10°8 16° 5.8<10°8 15°
0.026 Usn/pac 151077  —30° 1.8<10°7 —14° 1.9<10°7  —-13°
0.100 Usc/Pac 3.5x10° 8 46° 3.8<10°8 17° 5.8<10°8 15°
0.100 Usn/Pac 9.6x10°8  —45° 1.3x1077 —25° 1.9<10°7 —-13°

in the impedance model. Although the impedance modelould reduce the maximum possible efficiency to 0.29.
does not predict the phases 0. or U, |, with great accu- Therefore, this streaming mechanism is a considerable load
racy, we believe it is useful for making estimates in the ini-on the hot heat exchanger and must be suppressed.

tial design of an engine. Also, the intuitive picture it provides To enforceMzzo’ a nonzerdJ, , must flow around the

is indispensable when optimizing the engine dimensionseedback loop and up through the regenerator. The only sig-
while performing more precise, numerical calculations suchhificant steady-flow resistance in this path is the regenerator.

as with DeltaE. Swift et al?° have shown that the pressure drop across the
regenerator that is needed to drive the corfdegf in the
IV. STREAMING HEAT TRANSPORT AND ITS low-Reynolds-number limit is given by
SUPPRESSION 6
We now discuss two types of streaming that occur Apz,omgzp—f Hm(X)W(X)dX, (18
within the engine, their effect on the engine, and methods of i STeg
suppression. where unq(x) and W(x) are the spatially dependent coeffi-

cient of viscosity and acoustic power flow in the regenerator.
Assuming a constant temperature gradient throughout the re-

Gedeon streaming—acoustic  streaming around th@enerator(only valid when the streaming is suppressadd
torus—is a major problem to be overco’leGedeor has W(x) =W,T,(X)/T., the integral in Eq(18) yields

discussed how a second-order, time-averaged massvfiux

A. Gedeon streaming

can exist in Stirling systems which contain a closed-loop b Pr2-1]. _ Ro(r+Df W,

path. The acoustic network of the torus in Figb)lclearly Pz,o—(b+ 2)Srpnl 71 c 2 P’

provides such a path. Gedeon argues Matis given by (19
M,=Rd p,U,]/2+ pmU20, (16) This required pressure drop is typically in the range 300—

o - 1500 Pa, with the higher pressure on the hot side of the
where U, ,, the second-order time-independent V°|Umetr'cregenerator.

vglocity, is the ne_xt term in the expansion giyen in EG. One way° to impose such & p, , across the regenerator
Sincep;py, the first term on the right hand side of E46) s to use the asymmetry of hydrodynamic end effects. When
is nonzero wherever the _acoustic power flux is nonzero, SUCHigh-Reynolds-number flow makes an abrupt transition from
as around the torus of Fig(lj. If no measures are taken to 5 nine of small cross-sectional area to a larger area, the tran-

impose aJ, o to cancel the first term, the resulting mass flux sition is accompanied by jet flow and turbuleri@&ernoul-
convects heat away from the hot heat exchanger and deposii§ equation is not expected to hold, and the transition gen-

it at the secondary cold heat exchanger, creating an unwanteglaies an additional pressure drop and dissipation. This

heat leak 0fQea=MCp(Th—Tc). Here,c, is the constant-  phenomenon is often referred to as “minor loss.” The addi-

pressure heat capacity of the helium. At the cold end of thejonal pressure dropp,, is

regenerator, the first term on the right hand side of [&6) )

. ~ - . Apm=Kpv?/2, (20

can be rewritten He,U,12=p, W./pm Wherepp, . is the

mean density evaluated @it and T, is assumed to be zero. whereK depends on the flow geometry and is termed the

Using this result and Eq5), Qleak can be rewritten “minor loss coefficient.” For an abrupt transition where
steady flowexpandsnto a much larger cross-sectional area,
K=Kexp~1.2%%*The value ofK, is approximately con-

(17 stant and independent of the geometry of the transition. For
steady flow in the opposite directiogpntracting into the

if U,0=0. For a monatomic ideal gas, this ratio is 2.5. Thesmaller pipe K=K, is strongly dependent on geometrical

scale of this heat leak can be understood by considering details. If the edge of the entrance is shatp,~0.5. As the

reversible engine operating with,— o0, and therefore hav- edge of the entrance is roundéd,,, falls until the radius of

ing Carnot efficiency# 7c—1. The heat leak of Eq(17)  the roundingr, is such that/D=0.15193%%Here,D is the

Qleak _ Pm,cCpTc _ Y
Wjunc pm 7_ 1
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p
App(Osts=m/w)= %(Kcon,bvg'*' Kexpsvg)r

xp,b (21
Pm 2 2
Apjp(mlwost<27lw)=— > (KexppUbt Keonsts)-

Vb
a s

2
FIG. 5. Schematic diagram of the jet pump. The actual jet pump has two + (Kcon,b_ Kexp,b)
adjustable slots, only one of which is shown here. It is shown for both

directions of flow. Areass anday,, refer to total areagboth slot$. The big WhereULjp is the amplitude of the first-order volumetric ve-

opening has area,=3 cn? and the small opening ares is adjustable, ; ; ; i i
from outside the pressure vessel, over the range 0-?3 8abscripts and IOCIty throth th8£t pump. For the orientation of the Jet

b refer to the small and big openings, respectively. The two flow patternd?UMP i_n Fig. 1b), Ap;, has the correct Si_gh to suppress the
represent the first-order acoustic velocities during the two halves of thestreaming around the feedback l68dn this derivation, we

acoustic cycle. Approximate values for the minor loss coefficients arengyve ignored the pressure drop due to the inertance and lin-

Kexph=Kesps=1.0, Keonp=0.5, andKon;=0.04. The time-averaged pres- o5 ragjistance of the jet pump as they do not contribute to
sure dropAp, is generated such that the pressure is higher above the j

ump. P N

PP In addition to generatind\pj,, the jet pump also dissi-
tpates acoustic powé?.The instantaneous power dissipation
is given by Ap;,(t)U;(t). Averaging over one acoustic
hcycle, the time-averaged power dissipation is

Again, we assume that the coefficiends,, and K, have

the same values in oscillatory flow as they do in steady flow,
and that Eq(20) can be applied instantaneously throughout
the acoustic cycle. The time-averaged pressure drop across
the jet pump is found to be

_ U, |?
s Ap :Pm| 1,]p|

P 8a§ (Kexps_ Kcon,s)

: (22

s
ap

diameter of a circular opening which forms the entrance. A
these values of, K.,~0.04 and the flow resistance of an
abrupt transition displays a nearly perfect asymmetry wit
respect to flow direction. . pmlUpl®
Figure 5 shows a schematic of the “jet pump” which is E=—F—7
located between the compliance and main cold heat ex- S
changer in Fig. (). The two different flow patterns shown 2
represent the first-order acoustic velocity during the two (Keonp+ Kexpp)
halves of the acoustic cycle. The jet pump utilizes minor ) ) .
losses by channeling the flow above the main cold heat exXEO @ pure acoustic resistangg the time-averaged power
changer through two parallel tapered rectangular channeRissipation is given by =R|U,|%/2. Using this relation, we
that open abruptly into the larger space below the jet pumpcan assign a resistance to the jet pump of
The long dimensiorinto the pagg of the outlets is fixed at

37Ta (Kexp,s+ Kcon,s)

as

+| = . (23

51 mm. The short dimension is adjustable and typically set ij:M (Kexpst Keons)

near 5g=1-2 mm. The edges of the outlets are rounded 3mag

with a 0.8-mm radius, which is estimated to be enough to a.\2

reduceKons to nearly zero. The subscripssandb corre- +| —| (Keonpt Kexpvb)}. (29

spond to the small and big openings at opposite ends of the
jet pump. If the channels leading up to the expansion werd his resistance is in addition to that due to viscous and ther-
not tapered, nearly the same minor loss would take place ahal relaxation losses. The minor loss resistance of other el-
both ends and the jet pump would show little asymmetryements in the engine is calculated in a similar way.
The taper increases the cross-sectional area at the large end Figure 6a) and(b) demonstrate the effectiveness of the
thereby decreasing the velocity. From E20), the reduction  jet pump. Figure @) shows the time-dependenip;y(t),
in velocity results in a much smaller pressure drop. measured using a differential piezoresistive pressure
To estimate the time-averaged pressure drop across tlensor? displayed as a function of the time phagét) of
jet pump, the coefficients,,, andK,, are assumed to have the acoustic cycle. The sensor itself is located outside the
the same values in oscillating flow as they do in steady flowpressure vessel, and approximately 10 cm of 1.5-mm-
The accuracy of this assumption is unknown, although theliameter copper tubing is used to connect the front and back
large displacement amplitudepx{|/ g~ 200) give us hope of the sensing membrane to the top and bottom of the jet
that at each instant of time, the flow has little memory of itspump. The ends of the copper tubing are located close to the
time dependence. Taking the instantaneous velocities to baorners formed by the plate that houses the jet pump and the
vg(t)=vyssinwt andvy(t) = (as/ap)v(t) with positive ve-  pressure-vessel wall. We believe these locations are best be-
locities downward, the instantaneous pressure drop due trause they are nearly stagnation zones of the secondary flows
the first-order velocity is given by generated by the jet pump, but we have not investigated how
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FIG. 6. (a) Qy, (filled symbol3 and (Tmias— Tavg/AT (open symbolgvs the
jet areaas. Here, AT=T,— T, andT,,=(Ty+T¢)/2. Asagis varied Qh is
adjusted to maintaim,e/p,=0.036, and hence ReU,] nearly constant
within the regenerator. Witag=1.8 cnt, Tpq= Tavg indicating thatM2 is
completely suppressed. Wit ,=0, Q.= 0 and the heat inpud;, needed
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FIG. 7. Estimates of the Gedeon streaming masswopen. The solid
line has slope 1 and represemQh/cp(Tthc). The filled circles are
Pm,ch/Pm- The filled triangles and open circles are the result of estimating
l\'/Izy openfrom the measured and calculated vaIuesA_pfpyo, respectively.

6(a). The resultlngApJp generated by the jet pump enforces
M,=0, so thafT ig= TavgandQ|eak|s eliminated. Therefore,
Qp, needed to maintaip,e/p,,=0.036 is at its minimum of
630 W. The highest curve in Fig.(§ corresponds tag
=0.8cnf in Fig. 6a). The resultingA_pjp exceeds the re-
quired Ap, o, SO M,<O0, implying that the time-averaged
mass flux flows up through the TBT and regenerator. With
Qn~1500W, the convective heat leak has returned, and
Tmie™ Tavg due to the hot gas entering the hot end of the
regenerator. These data demonstrate Mhatauses a signifi-
cant and unwanted heat load that can be completely elimi-
nated byA_pjp, and thatT 4 can be used to indicate when
M,=0. Also, the broad minimum i}, in Fig. 6a) shows

to maintain the oscillations is at a minimum. Typical uncertainties arethat the cancellation 0f/|2 is insensitive to small variations

*20WinQy,, £0.04cntin as, and=1% in (Tpg— Tay)/AT. (b) Mea-
surements ofAp;,(t) as a function of the time phase of the acoustic cycle
qb(t) The lowest curve(at ¢=120°), obtained witha,=3.0cnt, has
Apjp 120 Pa; the middle curve, obtained with=1.8cnf, has Ap
=630 Pa; the highest curve, obtained with=0.8cnf, has Ap
=1160 Pa. The middle setting suppressés, as shown in(@). The sinu-

in as.

The experiment described above demonstrates that the
jet pump can stop the Gedeon streaming mass flux. A differ-
ent experiment is used to determine the magnitude of the
mass flux so it can be compared with several equations in

soidal background pressure drop is due to the inertance and linear resistanilais section. To avoid confusion, the streaming mass flux

of the jet pump.

accurately this technique determindg;,. Therefore, the
magnitudes ofAp;, cannot be trusted, but changesAm,
between different settings @f; allow a qualitative measure
of the action of the jet pump.

The lowest curve(at ¢=120° in Fig. 6b) displays
Apjp(t) with ag=a,=3.0cnf. Time averaged, this curve
does not yield a significankp;,, so a Iargd\?lz flows down
through the regenerator and TBT causing a la@jg,. To
maintain the oscillation ap,.;/p,=0.036, Fig. 6a) shows
that nearly 1500 W of),, is necessary, with more than half
of this Qy, carried away byM ,. Also, the temperatur€,,q at

the axial midpoint of the regenerator is held significantly

below its expected temperatufg,,= (T, + T¢)/2 due to the

flux of cold gas entering the cold end of the regenerator. ThéQh/C (Th—

middle curve in Fig. @) corresponds ta,=1.8 cn? in Fig.
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with ag at its fully open position of 3 cfis referred to as
M2 open At several fixed values 0b¢/py,, two measure-
ments of Q,, are performed; one witla adjusted so that
M,=0 and a second witl, fully open, i.e.,a;=3.0cnf.
With a, fully open, nearly all of the extra heat inpQy, is
carried away byM, o, Which is calculated asvly, gpen
=AQn/cy(Th—Te). If Uye=0 whenas=3.0cnt, Eq. (16)
shows thatM;, gpei™ pm,cWe/Pm- Using the DeltaE model
developed in the previous section to compWeg, the mea-

suredM, gpenand pp, (W, /p,,, are compared. The horizontal
axis in Fig. 7 is given by the measured values of

AQh/c (Th—T.). The solid line has slope 1 and represents
M2, opei= AQn/Cp(Th—Tc). The filled circles areMy, open
=pmcWc/pm and are roughly a factor of 2 lower than
T.). We believe that the combined uncertainty
in the AQy, measurement df'/lzv open@nd the computation of
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W, cannot account for this difference. This result suggest$enetration depth away from the TBT wall. Due to the vis-
that there are additional sources®p, q in the torus, prob- cosity of the gas, this annular sheet of mass-flux density
ably at locations of high velocity with asymmetry in minor drags the nearby gas along with it. The suppression of
loss coefficients, which cause nonzédg, even wherag is ~ Gedeon streaming enforces zero total mass flux across the
fully open. The velocity in the secondary cold heat ex-total cross section of the TBT. Therefore, the annular sheet
changer is high enough to generate a significap o, but ~ of mass-flux density sets up a parabolic velocity profile
we believe there is very little asymmetry in its minor losses.across the TBT, with the gas near the center moving in the
The resonator junction, on the other hand, has both largepposite direction to the gas at large radius. This flow pattern
velocities and significantly asymmetric minor losses. Wherresembles an annular convection roll, and generates an un-
AQh/Cp(Th_Tc):Z-g gls, we estimate that the resonatorWanted heat leak by convecting heat from the hot end of the
junction generatesAp,~900Pa, which would drive TBT to the ambient heat exchanger.

roughly ppnU,o=2.8 g/é in the same direction as _T_he bounc_iary-layer angly;is used in. Ref. 8 should be
pmoWe/prm. This would more than account for the 1.4 g/s val|d_|f the oscnla_tory flow within the TBT is at low enough
difference betweerpm,CWc/pm and MZ,Open obtained from amplitude to be in the weakly turbulent regime, where tur-

3 i errm _bulence is only generated outside the viscous and thermal
AQy, . Given the uncertainty in the use of steady-flow MINOT o ndary layers, leaving the velodhand temperature pro-

loss correlations for oscillating flow, it seems Iik_ely that the 0.5 within the boundary layers nearly the same as in laminar
resonator junction is responsible for the additioM® gpen  flow. As p,e¢/py, increases, the flow at the ambient end of the
Next, the values oM ,,cq0btained fromAQy, are com-  TBT moves out of the weakly turbulent regime into the tran-
pared with those inferred fromp;,,, the time-averaged sitionally turbulent regime, and approaches the fully turbu-
pressure drop required to foré&,=0. Rewriting Eq.(19) in  lent regime, as shown in Fig(®. The solid lines in Fig. &)
terms of Mz, open  We  find Mg_ogen=[2pm/Ro(T rgpre;eqt the values &/ 6, and Re as a function qf pqsi—
+1)f]Ap;0. If the measured values dfp,, are used in tion within _the TBT at the same values pfs/pm as in Fig.
this expression, the result is the filled triangles in Fig. 7.3- HereR is the local radius of the TBT and Bes the
Alternately, Eq.(22) and a DeltaE estimate df;;, can be Reynolds number based on local peak velocity and TBT di-

used to calculate the expectédp;, o which is then used to ameter: Larger values @i/ pyy are closer to the bottom of
. . . . ' . . the figure. The hot end of the TBT is on the left, and the
estimateM , qpen This result is shown as the open circles in

; : : ambient end is on the right. The dashed lines indicate the
Fig. 7. The discrepancy between the open circles and thgoundaries between the various flow regimes. pg/p
filled triangles may be due to systematic errors in the mea- hretem

¢ ols be due t . foct k led =0.10, much of the TBT lies within or very near the transi-
surement ol p;, of may be due 1o our impertect knowiedge tionally turbulent regime. The boundaries drawn between
of minor loss coefficients in oscillating flow. The cause of

the even laraer discrepancy between these estimates '([)I}ese various regimes are not sharp and were determined for
: ger discrepancy _ mcompressible flow The acoustic flow in the TBT is com-
M open@nd the solid line is unknown and a subject of future

\ ) pressible, so the location of the boundaries in Figy &lls
research. AMQp/cy(Th—Tc)=2.99/s, theM; penobtained  into question. Therefore, at high amplitudes, turbulence may
from the calculatedApj,o is 4.5 times higher than be generated in the boundary layer, which would invalidate
AQh/cp(Th—TC), roughly consistent with observations the analysis of Ref. 8.
made by Swiftet al?® in a similar device. After optimizing a model of the engine using DeltaE, the
To summarize, when no measures are taken to suppresssulting spatial dependenciespf andU, are used to cal-
Gedeon streaming, the magnitudeM$ =M, oenis due to  culate the desired local taper angle via EtR) of Ref. 8.
Pm,ch/pm and other generators afp, , within the torus. _Th_e resulting ideal shape could be CNC machined into the
When these are taken into account, we find rough agreeme_HIS'de surfa_ce of the TBT. For ease of manufacture, we have
between the calculatell 2 open@nd Mz, openmeasured from instead designed a two-segment taper that closely represents

AO.. M . . ible d this ideal shape over a broad rangegf/p,,,. The upper 8.0
Qn- More precise comparisons are not possible due tq 8misa straight-wall cylinder with a 8.9-cm inside diameter.
lack of experimental data on minor loss coefficients in OSC'I'The lower 16.0 cm is flared with a 1.35° half-angle taper

lating flow. If pr, \We/pry or the measure ;, gpeis used to To study the effects of the tapered TBT, we have per-
estimateAp;, 0, we find large, unexplained discrepanciesformed measurements with the tapered TBT and with a thin-
with Eq. (22). wall stainless-steel insert that converts the tapered TBT to a

straight TBT with nearly the same inside diameter as the
upper 8.0 cm of tapered TBT. With the resonator as the only
load on the engine, the heat delivered to the secondary cold
Olson and Swift have shown that boundary-layer driven heat exchanger is measured as a function of amplitude. We
streaming in an orifice pulse tube refrigerator’'s pulse tubesubtract away the heat loads due to radiatidiscussed be-
can convect significant hebtand that an appropriately ta- low), thermal conductior{(discussed beloyy minor loss at
pered pulse tube suppresses this streaming. The analogoie secondary cold heat exchanger, and boundary-layer ther-
component is the thermal buffer tulf€BT) in this engine, moacoustic transport along the TBT walls, and assume that
where we expect similar streaming effects. The streaminghe remaining heat load is due to streaming within the TBT.
creates a time-averaged mass flux density about a therm@his subtraction ranges from about 30% of the total heat load

B. Rayleigh (boundary-layer TBT ) streaming
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103 T r Figure 8b) shows the results of these measurements.
a // The open and filled circles are the normalized residual heat
leak to the secondary cold heat exchanger for the tapered and
Weakly %// straight TBT, respectively. The heat leak is normalized such
Turbulent py“\ that if p,/U; in the TBT is constant as the amplitude is
/\%’\" i varied, the normalized heat leak would be constant and
,\@‘V would depend only on the geometry of the TBT. This as-
/\yﬂ“’ Turbulent sumes that the boundary-layer analysis of Ref. 8 is valid. At
the lowest amplitude, we expect a difference of 0.18 in nor-
Condtionally malized heat leak between the tapered and straight TBT
101 // Turbutent based on the calculations of Ref. 8. This is roughly consis-
103 104 105 106 tent with the measured difference of 0.23. As the amplitude
Re increases, the difference between the straight and tapered
o TBTs decreases as well as the magnitude of the normalized
heat leak. In absolute numbers for the tapered TBT, the re-
sidual heat leak is approximately 115 W and 36 W at
Pret/Pm=0.061 and 0.10, respectively, whemy, 4.5

=725°C. This amounts to 5% and 1% of tQg,, respec-
tively.

Measurements of the temperature profile along the TBT
wall are consistent with the dependence of the heat leak on
amplitude. At low amplitude f,e¢/p,,=0.026), we expect
the time-averaged mass-flux density at the wall to be directed
downward from hot to cold, which would hold the upper half
of the TBT wall near the temperature of the hot heat ex-

0.0 ' changer. In the lower half, the temperature should decrease
0.000 0.005 0.010 ’
sharply to the temperature of the secondary cold heat ex-
(pm',/pm)2 changer. This behavior is indeed observed in the tapered
TBT at low amplitude. Atp./pn=0.026, the temperature
at the axial midpoint of the TBT wall has decreased by only
FIG. 8. (a) Flow regimes in the TBT as a function pf./py, and position  20% of the total temperature difference spanned by the TBT.
within the TBT. The solid lines represent the valueRob, and Re within However, as the amplitude is increased, the temperature dis-
the TBT at the same values pfe/pr, as in Fig. 3. The curves are generated 1 inn pecomes nearly linear with only small deviations
using the DeltaE model developed previously. Larger valugsofp,,, are ; ; AT
closer to the bottom of the figure. The valueTofis different for each curve ~ fom linearity near the ends of TBT. This indicates that the
and is given by thel, necessary to create oscillations at the correspondingconvective heat flux carried along the TBT wall is reduced.
Pret/ Pm With the resonator as the only load on the engine. The hotend ofthe  There are several possibilities which are consistent with

TBT is on the left; the ambient end is on the right. The dashed lines indicat%hese observations. The first is that turbulence in the bound-
the boundaries between various oscillatory flow regimes determined for in- '

compressible flowRef. 31. The transition in the flow at the boundaries is &y layer destroys the velocityand temperature profiles re-
not sharp. The boundary-layer analysis in Ref. 8 is probably valid only insponsible for the streaming, making a straight TBT equiva-
thec ‘;Vi?k'yl “ﬂt’}u'ﬁzt \f/zg(imeﬁb) )56(5;(‘:? Cif:‘zfgs 'e;kver”e%’ﬁ‘rg;z_eg”ezy lent to a tapered one. As more of the TBT becomes turbulent
[c)irpclrie s—Fs)tlraFi)gr]nht TlBT.yHerd‘;%?; E)r[:,gas_—[?(:' . varies byil% alon’g he at higher amph_tudg, the strearr_ung is ellmmated in more of
TBT and is taken to be the calculatpg at the hot end of the TBT. Both, the TBT, resulting in a decreasing normalized heat leak. Al-
and|U,| are taken to be the axial average of the calculated values in théernately, the turbulence may drive radial mixing of the gas
TBT. Each data point is taken at the same valuep.gfp, andT, as the  in the TBT due to changes in the velocity profile through the
corr_esponding curve ite_l) If the bourydary-layer_ analysis is \_/alid, the nor- 4qystic cycle°’.1 This radial mixing would cause heat ex-
malized heat leak remains constanpif/U, remains constant in the TBT as . . .
the amplitude is varied. As discussed in the text, the majority of the uncer—Change between the oppositely moving streaming flows and
tainty in the measurement of the normalized heat leak is due to thermozgffectively “short out” the streaming heat load. As the am-
coustic effects on either side of the resonator junction. plitude increases and more of the TBT becomes turbulent,
this mechanism would cause a decrease in normalized heat
at low amplitude to 80% of the total at high amplitude. Toleak and make a straight TBT perform as well as a tapered
minimize the effect of acoustic power dissipated in otherone. Another possibility is that thermoacoustic effects on ei-
parts of the engine and resonator from being conducted dher side of the resonator junction are transporting heat into
thermoacoustically transported back to the secondary coldr out of the secondary cold heat exchanger. The additional
heat exchanger, six turns of water-cooled, 1/4-in. copper tubheat flux would mask the effects of TBT boundary-layer
ing are wrapped around each of the ducts leading to thetreaming on the measurements, but it should not affect the
resonator and feedback inertance. This keeps the section t&fmperature profile in the TBT which correlates well with the
duct near the resonator junction near ambient temperatungormalized heat leak. All of these explanations are merely
even at highp./pn. Without this tubing, this section of conjectures and further research in this area is required to
duct would approach 50 °C at/p,=0.10. provide a definitive answer.
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V. THERMOACOUSTIC MEASUREMENTS 100 T T

With Gedeon streaming completely suppressed and Ray-
leigh streaming reduced to an acceptable level, we now con-
tinue with basic thermoacoustic measurements. The general
approach is to move sequentially through the engine from
heat input to resonator dissipation, ultimately using ex&rgy

-~
(S, ]
T

F
. &

Q (Watts)
3

'
3

to account quantitatively for all of the irreversibilities due to (g./
heat leaks and acoustic power dissipation. Some of these 25T N
guantities are directly measured. Others require one step of - 20
calculation, typically using DeltaE, after the measurement. 0 =2 1
0 200 400 600

A. Heat leaks

Not all of the heat inpu®y, to the hot heat exchanger is Theage OF <Ty> (°C)

delivered to the thermoacoustic processes. Some is con- o _
vected away by residual streaming that is not completely'C- 9- Heat leaks v}, cqge 0r (Th). The radiation heat leaRq (open
suppressed. The diagnostic measurements discussed ab@Ugles down the TBT and the conduction heat 1@k (filled circles up
show that these residual convective heat leaks can be r&l° "egeneraor screen bed are given in terméTgj. The heat lealQis

. illed squarey through the ceramic fiber insulation is given in terms of
QUced to an acceptable level. Additional routes for heat Iea'kgah’edge. The dashed, dotted, and solid lines are given by B2, (27), and
include the metal of the regenerator screen bed, surroundings), respectively. For the lower temperature data, the error bars are smaller
pressure-vessel wall, and TBT wall; the ceramic fiberthan the symbols.
insulatior?? surrounding the TBT and regenerator; and radia-

tion down the TBT. The heat leak caused by ordinary con radiation. For the measurath and Ty, egge the difference

duction in the helium gas is estimated to be small and 'soetween(T“(r))r and (T(r))* is not noticeable within the

ignored in the rest of this discussion. : . -
: . experimental error. Therefore, we will quote the radiation
To determine the magnitude of these heat leaks, the en- . .
L . : . . and screen-bed-conduction heat leaks in terms of the average
gine is filled with 30-bar helium and heavily loaded with the

hot temperaturéT,)=(T(r)),. The conduction heat leaks

variable acoustic load. This keeps the engine from Osc'llatélong the TBT wall, regenerator pressure-vessel wall, and

'ng. eyen at_the highest opgratmg temperfiture of 725 Cthrough the ceramic fiber insulation will be given in terms of
Electric heatQy,, measured with a commercial wattmetér, Th.eage With the acoustic oscillations present, the difference
is applied at the hot heat exchanger and returns to amb'e'%tweenTh and T, eqqeis reduced due to mixing as the he-

temperaturd’; at the main cold heat exchanger or secondanjym exits the hot heat exchanger and by the increased ther-
cold heat exchanger, or through the ceramic fiber insulationngacoustic heat loading.

denotedQmain, Qsec: @NdQins, respectively. The healmain The heaQq.is due to radiation and metallic conduction

and Qg are determined by measuring the temperature riseglown the TBT wall. Using the published thermal conductiv-

and flow rate of the cooling water in the respective heaity data for Inconel 623/ which are fit by K=K,

exchangers. The flow rate, which is measured with a com+K;T(°C) with K,=9.7 W/m/°C andK,;=0.015 W/m/°C,

mercial flowmeter, is restricted with a needle valve so thathe metallic conduction can be reliably calculated as

the temperature rise is easily measurable (5-15°C). The

heat passing through the ceramic fiber insulation is deter-  Q gr(Ty cagd = (Th,edge™ Te)[ Ko+ Kl(Th,edge—}_Tc)/z],

mined from the energy balan€@,,s= Qn— (Qmain+ Qsed- Y st/ Aot liapIN(Ar/A) (Ar=Ao) 25
Before presenting the heat leak data, the spatial depen-

dence of the hot temperature requires some discussion. Witherels andl,, are the lengths of the straight and tapered

no acoustic oscillations present, the majorityfis carried ~ S€ctions and, and A are the cross-sectional areas of the

by the TBT wall and pressure-vessel wall surrounding the! BT Wall at the beginning and end of the taper. The TBT

S wall has a constant wall thickness for its entire length. The
regenerator, bu®y, is injected evenly across the hot face of =~ . ) B ’
the regenerator. This leads to a radially outward flux of heafadiation heat leak is then extracted us@gd(Th)) = Qsec
and a radial temperature dependence along the hot face of theQre1(Th,edgd @nd is shown as the open circles in Fig. 9.
regenerator. Therefore, the heat leaks along the TBT wallThe appropriat¢T)* temperature dependence is shown by
regenerator pressure-vessel wall, and out through the ceranfigaq, but the geometry of the hot zone is complicated and
fiber insulation are not driven b¥;,, but by the temperature the calculation of the prefactor ¢T)* (including emissivity
at the edge of the regeneratd, 44 [S€€ Fig. 1b)]. The  Would be quite involved and not very enlightening. For com-
other major sources of heat leak, conduction along the regemparison, the dashed line is given by
erator screen and radiation down the TBT, would be deter- . 4
mined by integrating the equation for the local heat flux over Qrag=0.367S((Tp)*~To), (26)
the hot face of the regenerator. This leads to an expressionhereos is the Stephan—Boltzman constagtis the area of
for the total heat flux in terms of a spatial average of the hothe regenerator face, and the temperatures are expressed in
temperature raised to some power, &g%(r)), in the case Kelvin. In the absence of the TBT wall, E(R6) represents
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36% of the total energy that would be radiated into the hemi-
sphere seen by the hot face of the regenerator.

Turning our attention t®, 4, the heat leak down the
pressure-vessel wall is calculated from Ef5) by setting
|«=1=length of the regenerator amg,=0. Subtracting this

from Qi leaves the heat leak down the regenerator screen

bedQ egenWhich is given as the filled circles in Fig. @egen
is expected to have a temperature dependence of the form

(1-¢)esS
|

W, .. (Watts)

Qreged (Th)) = Ko((Th) = Te)

K1
(T e-TE

1.68 ' @

. . FIG. 10. Wypic VS Wioaq fOr the same values op,/py, as in Fig. 3.
where & 1S a factor which accounts for the poor thermal Pret/ Pm=0.026 has been left out for clarity. Acoustic amplitude is higher for

contact betwegn the layers of the Scré%an,d Sand ¢ are larger values of\V,,.. The solid lines are least-squares fits to the data. For
the cross-sectional area anq YOlume porosity of t_he regenergi data excepp,/pm=0.10, the slopes are scattered in the range 0.96—
tor. The thermal conductivity of the 304-stainless-steel1.05 consistent with Eq29). At p,es/pm=0.10, the slope is 0.89. This may
screed® which forms the bed is given byK=K, be due to heating of the gas in the resonator causing errors in the physical

+ Kl[.l.(oc)]oﬁg where Ko=13.2 W/m/°C, K,=0.112 parameters of the gas used in E#3) of Ref. 16. They-axis intercepts of

W/m/°CL-68 Using €s as an adjustable parameter, the data inthe fits are used to extrat¥,.s and are summarized in Fig. 11. Typical

Fig. 9 are best fit by, =0.13 in reasonable agreement with uncertainties ir\'/\lgmic range from=2 W at the lowest amplitude t&: 45 W
. s=0.

. - . . atpe/pym="0.10. At smaller values AV, the error bars are smaller than
the current literaturé® The fit is shown as the dotted line in 2 Pre!’Pm oS amie o
Fig 9 the symbols. The uncertainty iW,,,q is =0.5% and is independent of

. . . . amplitude.

Again, the differenceQi,s= Qn— (Qmaint Qsed IS as-
sumed to pass through the insulation to ambient and i . , )
shown as the filled squares in Fig. 9. To calculate this hejfnown_. This se(_:t|on has emphasized heat leaks other than
leak, we assume linear temperature distributions along thg1etaIIIC conduction along the TBT and r_egenerator pressure-
inner surface of the insulation starting B, eqge at the hot vessel wall, but one should not lose sight of the fact that
heat exchanger and decreasing in both directiori tat the these two sources account for over half of the total heat leak.
main and secondary cold heat exchangers. Also, we consider
conduction only in the radial direction. Using the published
thermal conductivity daf for the ceramic insulation packed B. Acoustic dissipation

at 121b/ff, the heat leak takes the form Analysis of acoustic dissipation begins with the resona-
7L ok T egee—To) tor where direct measurements are performed. The micro-
case _N.edge ¢ phones placed in the resonator in Figa)lare used to make

.Qins(Th,ede =

In(Ro/Ri) two-microphone measurements of the acoustic power flow-
Thedget 2T¢ ing past their midpoint® Since the resonator is a major con-
X Kot Ky——3—], (28 tributor to the overall dissipation and two-microphaiteo-

mic) measurements can be sensitive to microphone
whereR; andR, are the inner and outer radii of the insula- placement, the technique is verified by comparing it with the
tion and L, is the distance from the main cold heat ex- power dissipated in the variable acoustic 10&th,4. The
changer to the secondary exchanger. The thermal conductiyead is placed at the middle port in the resonator, and by
ity of the insulation is fit byK=Kq+K,T(°C) with Ko  varying the load setting, different amounts of acoustic power
=0.014 W/m/°C andK;=0.17 mW/m/°C.%* The result of  are delivered to the load through the two-mic midpoint. If the

Eq. (28) would fall well below the data in Fig. 9. Since the two-mic measurements are accurate, the two-mic power is
aspect ratio of the regenerator is near 1, the discrepancy ifiven by

mostly likely due to axial conduction in the insulation around _ . .
the regenerator. To compare the expected temperature depen- Wamic=Wrest Wioad: (29

dence, the result of Eq28) is multiplied by 1.6 and plotted \hare\y __ represents the dissipation in the resonator that

as the solid line in Fig. 9. , , gccurs to the right of the two-mic midpoint. Accurate mea-
Although there are some discrepancies, the results of : . . . .
urements ofV,,,q are easily made with the pair of micro-

this section show that the overall heat leak and individual : . . .
._phones straddling the valve of the variable acoustic load in

sources are reasonably well understood. The total uncertamR 16 ] . )

in the radiation and insulation heat leaks only amount to'9: 1@- '_f pre_f/pm_ is held constantby varyingQp) while

3%-5% ofQ,, in the rangep,q;/p,=0.05—0.10. Therefore, Wioad 1S Varied,Wyesis constant and a plot &amic VS Wiag

if both Gedeon and Rayleigh streaming are suppressed, tif#ould be a line of slope one whose interceptV@f,=0 is

amount of heat entering the thermoacoustic process is weW,os at p.ei/pPn- These data are presented in Fig. 10 for
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FIG. 11. W,.s measuredopen squargsand calculatedopen circles vs FIG. 12. Wio,q VS (r—1). Measured values are given by the symbols and
(Pres/ Pm)?. The DeltaE calculations use a relative surface roughness for thealues calculated with DeltaE are shown as solid lines. Acoustic amplitudes
resonator of X 1075. At low amplitudes, the error bars are smaller than the are the same as those in Fig. 3 except hatp,,=0.026 and 0.061 have
symbols. been left out for clarity. Acoustic amplitude increases from left to right
along the ¢—1) axis. Agreement between the DeltaE model and the mea-
surements is evidence that the overall dissipation in the engine is correctly

values ofp,e/ P, ranging from 0.026 to 0.10. The solid lines accounted for in the model. The uncertaintyify,qis = 0.5% and is inde-
are least-squares fits used to extract the slopewggj The pendent of amplitude andr¢-1). Typical uncertainty in £—1) is +1%.
slopes are scattered in the range 0.96-1.05 except at
Pret/ Pm=0.10 where it takes the value 0.89. This low valuetorus where direct measurement of the dissipation is far more
may be due to resonator heating caused by the |arge d|ss|pal.ff|CU|t The major contributors to the dissipation are vis-
tion of acoustic power. cous and thermal losses in the regenerator, inertance, and
The extracted values diV,.. are plotted as the open compliance; and minor losses in the inertance, compliance,
res . .
squares in Fig. 11. The data are clearly not linear i€t PUMP, and secondary cold heat exchanger. The main cold
(et Pm)? indicating enhanced dissipation in the resonator€@t €xchanger, hot heat exchanger, and TBT do not dissi-
due to turbulence. This is to be expected because, as a fun@t€ @ significant amount of acoustic power, but the lost ex-
tion of p,ei/p,,, the peak Reynolds number in the resonator€"9Y due to irreversible heat transfeat the heat exchangers
ranges from 0.4 to 15%10° and the steady-flow friction fac- will be taken into account in the next section. The previous
tor is nearly constant over this rangeAt such large Rey- discussion of the pressure-drop phasors in the torus showed

nolds numbers, the roughness of the resonator’s inner surfalfiat the DeltaE model makes fairly accurate predictions of

is expected to play a significant role in the resonator dissipa_t-he real and imaginary parts of the pressure drops across the

tion. The open circles in Fig. 11 are DeltaE calculatfrs jet pump, regenerator, and inertance. Therefore, we will use
: DeltaE to compute the acoustic power dissipation in the torus

W, Using a relative surface roughness ok 70 ° which
e}ements.

corresponds to an absolute roughness of approximately
pm. This is considerably larger than the estimategr-
roughness of the metal surface. A DeltaE calculatiohVgf,
using the estimated surface roughness ofid results in Before using the DeltakE model to assign irreversibilities
only 30 W less dissipation at.;/p,,=0.10, or less than 6% to various components, we begin this section with a sum-
of the total measured dissipation. This extra dissipation couldnary of how the model was built up. There are two adjust-
also be due to unknown minor losses in the resonator. Giveable parameters, the surface roughnesses of the resonator and
the approximate nature of DeltaE'’s turbulence algorithm andeedback inertance. Using the measurementsWof,, a
the uncertainty in using steady-flow minor loss correlationssingle surface roughness is assigned to the resonator which
for oscillating flow, the discrepancy between the estimateqeproduces the data at all values mf;/p,, (see Fig. 11
surface roughness and that used in the DeltaE calculations "ﬁ']en, this roughness is used to extrapo|ate from the two-mic
beyond the limit of our current knowledge. midpoint to the resonator junction and calculate the acoustic
Using this single 7«m surface roughness for all acous- yq\ver flowing out of the toruW-unc. The values Ow'unc are
tic amplitudes, we obtain good agreement between the cajnen ysed to fix the acoustic Jpower generated t;y a DeltaE
culated and measurédl,.s. Therefore, we are confident that model of the torus. Using a single surface roughness in the
DeltaE can be used to account for the dissipation betweefeedback inertance, the torus model reproduces the pressure-
the resonator junction and the two-mic mldpomt This Sma”drop phasors for both the jet pump and regener@:ee F|g
additional dissipation is added W, and for the rest of 4). In addition to the regenerator dissipation, the resonator
this article, the acoustic power flow into the resonator isand feedback dissipation provide the majority of the load on
reported in terms of acoustic power passing the resonatdhe engine, and therefore play a large role in setlipg As
junction Wjunc_ a final check of the DeltaE model, Fig. 12 presents the cal-

Next, we consider the acoustic power dissipated in theulated and measured load curves, Méo,q Vs 7— 1, for the

C. Performance
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0.3 efficiency is based on the estimated temperature of the
Ni—Cr in the hot heat exchanger and the average temperature
of the cooling water in the main cold heat exchanger. This
J represents more than a 50% increase over the best standing-
wave thermoacoustic engin&sAt this operating point, the
engine is delivering 710 W past the resonator junction. As
the acoustic amplitude is increasedpgps/p,=0.10 where

the power density is highem;,,. falls off to 0.22 atTy, gas
=725 °C with the engine delivering 890 W past the resona-
tor junction.

0.0 et Next, we use a combination of direct measurements and
DeltaE calculations to determine where the major irrevers-
ibilities occur and whyz;,¢ falls off at higher acoustic am-
plitude. To place all irreversibilities on an equal footing, we
use the concept of exergy or available wotkyhich is a
measure of the work-equivalent “value” of energy when a
thermal reservoir at ambient temperature is freely available.
Heat Q at temperaturel carries exergyX=Q(1—T,/T),
whereT is the ambient temperature. A thermoacoustic wave
carriesX=(To/T)W+(1—To/T)H, whereH is the total
power flow*! In a wide ductX=W. In an ideal regenerator
(r,<4,), H=0, soX=(To/T)W. In a realistic regenerator,

H must be taken into account. In a thermoacoustic-Stirling
engine, there are three basic mechanisms for destroying ex-

°C) ergy: heat rowQ across a finite temperature difference, (
—T,) with Xoe=QTo(T,—T,)/(T,T,); dissipation of

FIG. 13. Thermal efficiencies VB, 455, the temperature of the helium im- . AL . N

mediately below the hot heat exchanger, for the same valugs:06f,, as in acoustic power Wyss at temperature T with  Xjog

Fig. 3. Pre/Prm=0.026 and 0.038 have been left out for clarity. Acoustic = (To/T)Wyiss; and regenerator ineffectiveness which is a

amplitude increases from left to right. The thermal efficiency is measured icombination of acoustic power dissipation at temperafure
two ways, i.e., in terms of the acoustic power delivered past the resonator d “th tic heat ina” duekb 0. In the last
junction (»;und Or the acoustic power delivered to the loagfy). The an ermoacoustic heat pumping” duekb# 0. In the las

single error bar shown on each constant-amplitygle. dataset is typical of ~ case Xj,s= Xp— X, WhereX;, andX, are the thermoacoustic
the uncertainty of every measurement in the dataset. Typical uncertainties @xergy fluxes at the hot and cold faces of the regenerator.
ioag AN Tp gas are both:=1%. Table Il lists different elements of the engine, what
physical process causes the loss of exergy, how it was deter-
same values op,/py, as in Fig. 3. The good agreement mined, and what fraction of the total input exergy this pro-
provides further confidence in the ability of the DeltaE C€SS is responsible for destroying. The final two entries in the
model to account for the various irreversibilities. table list the total input exergy and what fraction cannot be
We now present the thermal efficiency of the engine a@ccounted for in the analysis. The use of exergy allows direct
various acoustic amplitudes as a functionTgfy,s, the tem- ~ comparison of _the importance of different irreversibilities.
perature of the helium immediately below the hot heat ex-The increase in amplitude fronp;/p,=0.061 to 0.10
changerT}, 4asis used instead of, because it more closely shows several expepted 'Frends._ quses due to conduction
represents the temperature which limits a practical enginBeat leaks decrease in their relative importance as the acous-
due to weakening of materials in the hot zone. Figure 13ic power density grows. The losses in the regenerator in-
presents the engine efficiency in two ways. If the assembly i§T€@se, but not as fast ap./py)?. Since the Reynolds
to be used in its present configuration where it is driving ahumber in the regenerator is low, the dissipation is propor-
load attached to the resonator, the relevant efficiency i§onal to a weighted average {ifi;|* within the regenerator.
Moad= W|oad/Qh- If it is scaled up to a size where the reso- As pret/ Py increases|U, | remains roughly constant due to

nator dissipation is a small fraction of the total dissipation or"® @mplitude dependeRy,. However,|U, | increases with

if it is one of many engines driving a single resonator, theamplitude due to the compliance of the regenerator, and the
magnitude of the loss scales roughly agU{.|?

relevant efficiency ipjunc= .Wiunc/Qh' We will focus on the. +]U1p/?)/2. Losses in the feedback inertance grow in their

latter, as our future plans include multiple scaled-up ENIINCPelative importance because, at these amplitudes, the minor

on aTilgglg Ia:jgaei;esr?glat(;r:. t fob/D-~0.06 andT losses and turbulence cause the acoustic dissipation to grow
Tjunc show that Topret/Pm="0. hoas  as (,/Pm)°. Also, the relative importance of residual

~725°C, the engine is convertin, to acoustic power  gireaming in the TBT seems to decrease, but the cause of this
with a conversion efficiency of 0.30. Expressed in a differentg presently unknown.

way, the engine is operating with 41% of the theoretical ~ Tape || also shows the areas where basic research into
maximum efficiency, the Carnot efficiency. Here, the Carnote |oss mechanisms can provide the fastest improvements in

0.2F

0.1 F

Tljunc= junc/Qh

0.2

load/ Qh

01

n load

0.0
200

T

h,gas (
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TABLE Il. Major causes of lost exergy, sorted according to engine element and physical process. The losses are either directly measured arsoadculated
DeltaE. The DeltaE model is built up according to the principles outlined at the beginning of Sec. V C. The final two entries in the table are the total inpu
exergy at the hot heat exchanger and what fraction of this cannot be accounted for in the analysis.

Pret/Pm=0.061 Pret/Pm=0.10
Th,gas= 725°C Thgas 725°C
Element Process Method Xios( W) Fraction Xios( W) Fraction
Regenerator Viscous/Thermal loss DeltakE 238 0.14 393 0.13
Heat leak Measured 163 0.09 172 0.06
Feedback inertance Minor loss DeltaE 62 0.04 296 0.10
Viscous/Thermal loss DeltaE 36 0.02 145 0.05
Thermal buffer tube Residual streaming Measured 82 0.05 25 0.01
Radiation Measured 69 0.04 78 0.03
Metallic conduction Measured 52 0.03 55 0.02
Boundary-layer transport DeltaE 7 <0.01 18 <0.01
Flow straightener DeltaE 2 <0.01 10 <0.01
Insulation Heat leak Measured 82 0.05 87 0.03
Main cold heat exchanger Temperature difference Measured 57 0.03 181 0.06
Viscous loss DeltaE 4 <0.01 12 <0.01
Hot heat exchanger Temperature difference Measured 43 0.02 114 0.04
Viscous loss DeltaE 4 <0.01 11 <0.01
Sec. cold heat exchanger Minor/Viscous loss DeltaE 34 0.02 144 0.05
Jet pump Minor/Viscous loss DeltaE 30 0.02 130 0.04
Resonator and load Delivered power Measured 710 0.41 890 0.30
Input exergy (1- Tth/TwateQQh Measured 1724 1.00 2968 1.00
Uﬂaccounted}\/lost 44 0.03 200 0.07

efficiency. The screen-bed regenerator used in this engine Measurements show that the first-order dynamics in the
could be replaced by a parallel-plate regenerator whichiorus section of the engine are well understood, but that we
would have lower viscous losses while still providing the have only a qualitative understanding of many of the nonlin-

necessary regenerative heat exchange. The smaller viscoear effects in the engine. To allow for quantitative design in

resistance would also allow the feedback inertance and conthe future, several areas require further research. Basic re-
pliance to be redesigned in such a way that viscous and msearch into minor losses in oscillating flow is required to

nor losses in those parts would be reduced. The technicglace the incorporation of these losses on firmer ground. The
challenge is the construction of parallel plates with uniformmagnitude of Gedeon streaming needs further study so that
spacing on the order of 7am and an acceptable level of jet pumps, or other means of suppressing this time-averaged
heat leak. Also, basic research into minor losses in oscillatdow, can be appropriately designed. Also, more careful mea-
ing flows might provide insight into how these losses occursurements on Rayleigh streaming in the thermal buffer tube

and methods to reduce them. are required to determine how turbulence modifies this type
of streaming.
VI. CONCLUSION At the most efficient operating point, the engine delivers

710 W to its resonator with an efficiency of 0.30 which cor-

We have constructed a new type of thermoacoustic enresponds to 41% of the Carnot efficiency. At the most pow-
gine that is based on traveling-wave phasing and a Stirlingerfy| operating point, the engine delivers 890 W to its reso-

like thermodynamic cycle. In designing and building this en-nator with an efficiency of 0.22. We have identified the
gine, we have followed the basic traveling-wave principlejrreversible processes and sources of lost work. This analysis
described by Ceperlel/; but with many improvements and syggests the path of future research on thermoacoustic-
additional elements that are necessary to achieve high efthirIing hybrid engines. Although some of the phenomena
ciency. Our engine uses an ideally reversible acoustic nefyre not yet fully understood, and further improvement is pos-
work, which is much shorter than 1/4 wavelength, to feedsiple, the efficiency is already excellent: more than a 50%

acoustic power to the cold end of the regenerator and convejitcrease over the best standing-wave thermoacoustic en-
standing-wave phasing in the acoustic resonator to the negjnes.

essary traveling-wave phasing while maintainjpg/U |

>pc/A. In comparison with Ceperley, our network naturally

creates a large value ¢, ./U; | without large changes in

duct diameter. To achieve the high efficiencies reported il\CKNOWLEDGMENTS
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