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In an open cycle traveling wave thermoacoustic engine, the hot heat exchanger is replaced by a
steady flow of hot gas into the regenerator to provide the thermal energy input to the engine. The
steady-state operation of such a device requires that a potentially large mean temperature difference
exist between the incoming gas and the solid material at the regenerator’s hot side, due in part to
isentropic gas oscillations in the open space adjacent to the regenerator. The magnitude of this
temperature difference will have a significant effect on the efficiencies of these open cycle devices.
To help assess the feasibility of such thermoacoustic engines, a numerical model is developed that
predicts the dependence of the mean temperature difference upon the important design and
operating parameters of the open cycle thermoacoustic engine, including the acoustic pressure,
mean mass flow rate, acoustic phase angles, and conductive heat loss. Using this model, it is also
shown that the temperature difference at the regenerator interface is approximately proportional to
the sum of the acoustic power output and the conductive heat loss at this locatio200®
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I. INTRODUCTION moacoustic engine is shown in Fig. 1, where the slow mean
) . o flow of hot gas approaches the regenerator from the right.
Research in thermoacoustics has been limited mostly (a4t is removed at the cold heat exchanger on the left side of
closed cycle designs in recent years, though there is a potefj;o regenerator, setting up a temperature gradient through
tial for significant improvements in efficiency by using open hich ‘an acoustic traveling wave is amplified in passing
cycle thermoacoustic devices. In such systems, a slow megp,m the cold end of the regenerator to the hot end. However,
flow is superimposed on the acpustlc field m_order to replacgq will be shown in the following, the joining conditions at
one of tr;e heat exchangers with a convective heat transfgfq interface between the regenerator and the adjacent open
_procesé: This requires, however, that the mean flow veloc- ¢t require that a substantial mean temperature difference
ity be an order of magnitude smaller than the acoustic velocgyist hetween the incoming mean flow and the regenerator’s
ity in order to keep thermal convection effects from over-g|iq material. Since this may have profound effects on the
whelming the thermoacoustic effects in the device. In most, .o sics, thermodynamics, and efficiency of the open cycle
cases, an additional thermodynamic benefit is gained in thahemoacoustic engine, the remainder of this study will focus
the open cycle thermoacoustic process is very efficient in, developing a model that can be used to predict the mag-
converting the thermal energy in the convected fluid intoit,de of this temperature difference.
acoustic energy, or vice versa. This was the major impetus  rhg physical processes responsible for creating the tem-
for the construction and testing of the’flrst open cycle therperatyre difference at the regenerator/open duct interface are
moacoustic device, Los Alamos's standing wavegpqn schematically for various gas parcels in Fig. 2, which
refrigerator,”* which cools a stream of gas as it passescap pe viewed as a magnification of the control volume sur-
through the stack. Greater commercial potential exists, hoWz,nging the regenerator interface in Fig. 1. Gas parcels that
ever, for open cycle traveling wave thermoacoustic deviceSyiart the acoustic cycle at various locations within the regen-
as they possess an efficiency advantage over their inherently oo are shown in Figs(@—(d). For good gas—solid ther-
irreversible standing wave counterpdttor instance, in the mal contact within the regenerator, these parcels of gas re-
natural gas liquefier being developed jointly by Los AlamoSyain 4t the regenerator’s temperature until they enter the
National Lab a.nd Praxalr Iné.the natural gas that is burned open duct, where they undergo isentropic temperature 0scil-
to power the liquefier could be routed directly through theaiions in concert with the pressure oscillations of the travel-
thermoacoustic engine in an open cycle configurationjng acoustic wave. These oscillations cause the gas parcels to
thereby eliminating the hot heat exchanger and providing @ _enter the regenerator at temperatures below that of the
simpler_and possib_ly more efficient means of converting fuekegenerato‘f‘, where they receive heat from the regenerator
energy Into acoustic energy. _ solid and are rapidly heated back up to the temperature of the
A diagram of a basic open cycle traveling wave ther-regenerator at the interfacg,,. At the end of the acoustic
cycle, fresh gas parcels enter the regenerator for the first time
dElectronic mail: gte852f@mail.gatech.edu due to the steady mean flow of gas toward the regenerator, as
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erator solid and the hot incoming gas, as cited earlier.

e
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Cold HX Regenerator §§§§§ Open Duct The effect_ of a temperature difference W|th|_n or between
:§§§,5:::::::::::::533:335:535::;§§§§ thermoacoustic components has been a subject of several
SRR Ty ies i i is topi i
SRR | studies in thermoacoustics. This topic was first broached by
19009 00000 %% Oy . . . -

IZ> sssControl ke m(t) <:Zl Swift,” who pointed out that for net solid—gas heat transfer to
. SV olume 5555553 | . ithi i i
35555558 V OLUIME S5 | occur within a heat exchanger, a difference must exist be-
Ec QRILIICCHAICHAIIRIIILIES | mg X ’ X
R A oo tween the solid temperature and the spatially and temporally
< To Tre|_,x averaged gas temperature within the heat exchanger. Brew-
QO 0 steret al® extended this concept to include the heat transfer

between a thermoacoustic stack and its heat exchangers,
FIG. 1. A schematic of a basic open cycle traveling wave thermoacoustiqhough their analysis was limited only to standing wave ther-

engine. A steady flow of gas with mean temperatlife flows into the —\y5500ystic devices. Research that is more closely related to
regenerator, whose hot end is at the temperafweA cold heat exchanger

rejects heat to ambient temperature at the other end of the regenerator, aHae prOblem at hand Was first performed by Sm|th_ and
the resulting temperature gradient in the regenerator is used to amplify thRomnf for component interface losses in Stirling engines,

acoustic traveling wave entering its cold end. An analysis of the controland |ater on by Kittel and Bauwen for similar interface

volume, which includes the interface between the regenerator and the opg ; ; ;
in pul refrigerators. SWif: ntly ap-
duct, is used to determine the difference between the temperatyraad Bsses pulse tbe re gerators. S BUbseque ty ap

T,. State properties on the left and right of the control volume are IabeleoDIiEd these concepts to the general field of thermoacoustics,
with subscripts L” and “ R,” respectively. and has developed relationships that are frequently used to
estimate losses and joining conditions between components
in thermoacoustic devices. However, none of these studies
consider the effects of mean flow on the component interface
dynamics, thus the development of a new theoretical frame-
évork is required for studying the component interface con-
i

depicted in Figs. @) and (f). These gas parcels isentropi-
cally oscillate about their mean temperatufg,, until they
enter the regenerator, at which time they are coolef, ¢by
contact with the regenerator’s solid material. In the absence. . . ) .
of other sources of heat input or output, a heat balance of th tions in open cycle thermoacousth deV|'ces. .
regenerator solid at the interface shows that the heat trans- .It Sh.OU|d also be noted that while this study dea!s pri-
ferred from the solid to the cold returning gas must equal thé“.arlly with open cycle, trave;lmg wave thermoacoustlc en-
heat transferred from the fresh gas to the regenerator solid, gines, the problem of determln_lng the te_mperature dlfferenc_e
the solid material is to maintain a constant mean temperatu [ the regene_rator/o_pen duct interface is also of concern in
during steady-state operation. Satisfying this criterion giveg‘ ermoacoustic refrigerators and heat pumps of the same

fise to the mean temperature difference between the rege /pe, as this temperature difference critically impacts the ef-
iciencies of all of these devices. However, this paper effec-

tively demonstrates the procedure involved in the determina-

(a) tT (d) T tion of this temperature difference by focusing solely on the
traveling wave engine application.
Tre ‘7 = Te
Q> ; Q> X Il. MASS FLUX MODEL

The formulation used to model the open cycle thermoa-
coustic engine follows the formulation developed by Smith
and Romnf with some modifications to account for the
presence of mean flow. The model considers conditions
within a control volume that encloses the hot side interface
of the regenerator, as shown in Fig. 1. The control volume’s
left and right boundaries, designated with the subsciipts
andR, are located inside the solid matrix of the regenerator
and in the adjoining open duct, respectively, and are close
enough together that the control volume can be assumed to
contain a negligible amount of mass. To simplify the analy-
sis, it is assumed that the flow is one-dimensional, and that
there is no axial conduction or mixing between the parcels of

FIG. 2. A schematic of the temperature and acoustic displacement historiggas that move axially in and out of the control volume.

of various gas parcels near the regenerator/open duct interface, over the

course of an acoustic cycle. The closed squares denote the starting positi& Mass flux

of each parcel, and the open squares denote the final position. The net . .

displacement between the starting and finishing positions is due to the mean T_o begin, the mass f!ux passing through the control vol-
mass flux. Gas parcels i@—(d) start their motion inside the regenerator, UMe IS assumed to be given by

undergo isentropic temperature oscillations outside the regenerator that re- . . . .

duce their temperatures, and are heated to the regenerator's temperature, M(t)=Mg+ My sin(wt+ ), (N

T, UpON re—entr'y. Ga; parcelg (@) and(f) start their motions outside the Whererho andml are the magnitudes of the mean and oscil-
regenerator, oscillate isentropically about the mean temperalyre and . - .

cool down toT,, upon entering the regenerator at the end of the acoustidating components of the mass flux, respectivelyjs the

cycle. angular frequency of the acoustic oscillations, afds a

!
o
»

»
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phase shift used to set a reference time below. Having as- S I — o :
sumed that the control volume contains a negligible amount I -’I’f.""l“::"“tf-‘ i
of mass, it can be further assumed that the mass fluxes cross- t : t !
ing the left and right sides of the control volume are equal g ! 2 i b E
(i.e., mLsz). . . . . <§ 05 d i E
It is convenient to nondimensionalize the model equa- o e .\‘:Qd
tions in order to eliminate the dependence on the angular g0 , e R i
frequency. Introducing a dimensionless time; wt, and di- 05 E mne{“i;" ]
mensionless mass fluxesi=m/m; and my=m,/m,, Eq. — Mass flux | | '
(1) can be rewritten as Sl Totalmass | | i
0 w2 7 3n/2 2n

m(t)=My+sin(t+ ¢). 2)

Note that nond|menS|0na“ng t.he mass quern;tead FIG. 3. Time dependence of the dimensionless mass flux and total mass
of mgy is more practical for consideration of the limiting case displacement during an acoustic cycle in whith= —0.05. Three distinct
in which there is no mean mass flux. time periods are identified by the dashed vertical lines. In the first time

By Choosing to leth=0 at f: 0. the phase shift be- period,Agas flows to the right, leaving the regenerator, until it comes to a stop
comes ' at timet,,4. In the second time period, that same gas flows back to the left,

returning to the regenerator. The time at which a particular gas parcel re-
—ein-1 2
$=sin""(—my). €

enters the regeneratdy,, is linked to the time at which it leaves the regen-
erator,i,, by the total mass displacement. In the third time period, after all
Here, Eq.(3) specifies thakrﬁo| <1, though for practical pur- _of the original gas has re_turned to the regenerator attjméresh gas flows _
S . L into the regenerator until the end of the acoustic cycle. The net mass dis-
poses, we requirehy|<0.1 to satisfy the condition that the placement for the acoustic cychy ., is also shown.
mean velocity be an order of magnitude smaller than the
oscillating velocity in an open cycle thermoacoustic device.

Further, this study will only consider the processes that occup@Me Parcel re-enters the regeneratpr, by equating the
during one acoustic cycle, i.e.<G<2m, wheref=0 att total mass displacement at these times as shown in Fig. 3,

_->

=0 and't‘: 2, according to EqS(Z) and (3) ie., ﬁ'](’fa) = ﬁ"l(fb) USing Eq(5), Eb can thus be related f(a
An important parameter in this study is the tirigy, at ~ PY Solving
which the gas ceases to flow out of the regenerator, reverses ﬁqofa_ cos{fa+ b)= rﬁofb—cos(ber b)), (6)

direction, and begins to flow back into the regenerator. Not- heret. falls betweeri d a timet hich ks th
ing thatM(i,g) =0, thati,y should be close tar in value, ~WEr€lp falls DEWeEHyq and a timety, which marks the

and that the sine function has odd symmetry abouEgs. startl oftr:he tth';?c. t'(Tf? period. tion. t Is of that
(2) and(3) can be used to show that n the stratified flow assumption, two parcels of gas tha

) start the acoustic cycle adjacent to each other, one inside the

tmid=7T— 2. (4) regenerator and one outside, can have vastly different states,
thus the regenerator interface experiences a discontinuity in
B. Total mass gas properties as the gas in the open duct flows from right to

left through the control volume at tintg, the “discontinu-

In later sections, it will be necessary to relate the time ahy,, time. This time corresponds to the time at whidh=0
which a particular gas parcel leaves the regenerator to thggain a.nd can be found by solving

time at which it re-enters the regenerator. This is accom-~ =~ =~ R
plished by tracking the total mass), that has passed from m(ty) =Mpty—cogty+ ¢)+cog ¢)=0 (7)
the regenerator to the open duct during the acoustic cyclg, iy, wheret

<tq<2m. This time marks the beginnin
Integrating Eq.(1) and nondimensionalizing yields mid = *d g g

of the third time period, denoted by the subscrifg™ tq
m(t) =gt — cog T+ ) + cog ¢), (5)  <tcs2m, during which fresh gas parcels enter the regenera-

) ) o tor for the first time due to the presence of a mean flow. At
where the total dimensionless mass has been defined as the end of the acoustic cycle, a net mass of

= mw/ml . ~ ~ 2
The mass flux and total mass displacement, as described M(t=27)=Mpe=27Mg ®)

by Eqgs.(2) and(5), are plotted in Fig. 3, where three distinct has been transported into the regenerator as a result of the
time periods within the acoustic cycle can be identified. Themean mass flux as depicted in Fig. 3.

first, denoted by the subscript,” describes the time period

0<t,=<t,,4 when the gas is flowing from left to right out of

the regenerator. At the timig,4, the gas reverses direction 1ll. THERMODYNAMIC MODEL

and starts flowing back to the left, thus the total mass that has

entered the open duct since the start of the acoustic ayele, e determined on each side of the control volume for all

is a maximum at this time. The second time period is defined. . . o ) .
P imes during the acoustic cycle. To facilitate this analysis, it

as the time during which gas parcels that left the regenerator .
. o IS assumed that the pressure in the control volume does not
return to the regenerator. Since a stratified flow has bee . . .
: : : epend on axial location, and is given by
assumed, the time at which a representative gas parcel leaves

the regeneratoﬁ;a, can be related to the time at which the p(t)=1+p,sint+ ¢+ 6), 9

Next, the thermodynamic properties of the gas need to
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wherep_E p/po and_plzpllpo. Here,po is the mean pres- -]—Rﬁc:-]—H[lJr Py sin(i .+ ¢+ 6)] V. (12)
sure,p, is the amplitude of the acoustic pressure, &nslthe
phase angle by which the acoustic pressure leads the acousg’c
mass flux, where attention is restricted tar/2<6<a/2 in '
this work, since acoustic energy flux is positive according to ~ Having determined the temperature of the gas crossing
the sign conventions of this study. each of the control volume’s boundaries, the heat balance
within the control volume can now be examined. Assuming
that kinetic energy and viscous effects are negligible, a
The temperature and position histories of various gasjuasi-one-dimensional energy equation can be written as
parcels near the regenerator interface are shown schemati- 3 J(ouh
cally in Fig. 2 above, although it is not necessary to calculate @Jr (puh)
these histories, as the only temperatures of interest in this 9t IX

study are those of thg gas parcels as_they enter and leave t\Wﬁerep is the gas densitye is the internal energyy is the
control volume. To simplify matters, it is assumed that thegas velocity in thex direction; h is the enthalpy, and is the

gas properties can be related by the ideal gas equation gfat flux vector. Using the ideal gas law and the state rela-
state, and that there is perfect thermal contact between tr}ﬁ)nshipse=h—p/p and dh=c,dT, the first term in Eq.
gas and the solid within the regeneratoe., T, =T, for all (13) can be written asa(pe)/at=(ap/t)/(y—1).

t). Since accounting for the transient heating effects in the Integrating over the control volume then yields
regenerator would require a finite-width control volume,

thermal conductivity and specific heat properties of the gas, \Y % . e f B

and details on the regenerator’s internal geometry, neglecting y—1 dt FImhlg=[mh] + | V-qdV=0. (14

these effects greatly simplifies the model at the expense ofg ing that th ioh f the device | l-insulated
slightly diminished accuracy. ssuming that the periphery of the device is well-insulated,

During the first time period, gas exits the regenerator afhe heat flux vectom, consists of two primary components,

temperatureT , and crosses the right-hand boundary of the?lal heat conduction an?l lateral heat transfer between the
control volume, ST .= T,.. Upon exiting the regenerator, gas and the regenerator’s solid material. Using the diver-

gas parcels undergo isentropic temperature oscillations as¥nee theorem and Fourier’s law for the conductive heat flux
result of the acoustic pressure oscillations in the open duct t4'€ ds

the right of the regenerator, as depicted in Figa)-2d). For V dp
an isentropic process in an ideal gas, the pressure and tem- m m*‘
perature are related by

i) (y=Dly
Pret

where y is the ratio of specific heats. The reference condi
tions for a particular parcel of gas correspond to the temper

Thermal energy balance

A. Gas temperatures

+V-q=0, (13

=Q, (19

L

) daT
mh—Ak—

h Ade
mh—=AKax dx

dx

R

whereA is the cross-sectional area occupied by the gas,
, (100  the thermal conductivity of the gas, ar@ is generically
defined as the heat transfer rate between the regenerator solid
and the gas in the control volume, where heat transfer to the
Jas is positive. This equation can be further simplified by
ture and pressure of the gas when it first encounters the iseﬁlpplylng thg abo.ve. assumptlo_n of an infinitely thin control
volume, which eliminates the first term on the left-hand side

tropic environment upon exiting the regenerator at time fEq. (15 Finally. if th | ducti ffects in th
The time at which this gas parcel returns to the regenerator i q. (15). Finally, if thermal conduction effects in the gas

determined by solving Eq6) for ty,, and the dimensionless are agsun;led to be negligible, B45) can be written nondi-
temperature of the gas parcel at this tinig,, , is then found mensionatly as

from Eq. (10): O=r(Tr—1), (16)
= [14pysin(t,+ ot 0)] DY
TRo= | 15, sintt 67 0) !

T

Tref

where the dimensionless heat flux is defined és
=Q/mCyTee.
) ) ) ) Although thermal conduction in the gas has been ne-
where the temperature has been nondimensionalized with rgjected, conduction in the solid of the regenerator may still
spect to the regenerator temperat(ire., T=T/T,). be important, as the thermal conductivities of solids are gen-
The temperature of the incoming gas during the thirderally orders of magnitude larger than those for gases, and
time period can be similarly obtained, though the referencenhe solid material constitutes a significant volume fraction of
states for temperature and pressure must be redefined. In th& regenerator. To account for this conductive heat flux, a
open duct, the gas temperature isentropically oscillates abogiermal energy balance of the regenerator solid is required.
a mean temperaturd,;, as a result of the pressure oscilla- Assuming that heat transfer to the gas and conduction
tions, as depicted in Figs(& and(f). In the course of these through the left side of the control volume are the only heat

oscillations,T=Ty whenp=p,, so takingTy andpo as the  fluxes in or out of the solid, this energy balance can be writ-
reference states in EQLO) for the gas parcels that begin the ten nondimensionally as

acoustic cycle inside the open duct, the temperature at the

(11

time the gas parcels first enter the regenerdtgy,, can be d_E_szQ —(3 (17)
expressed as dt <k <
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whereEg=wEg/m;C,Tye, in whichEg is the thermal energy Le— = 0025 | R
of the solid in the control volume, andQ, 150 i =005 | !
=—Aks(dT/dX)in/MiCpTre, Where Ag is the cross- L4p hym, =01 |
sectional area of the solid, is the thermal conductivity of k213 i ?H_---‘:y
the solid, and ¢ T/dx);, is temperature gradient of the solid P :
at the regenerator interface. . i ----------
In steady state operation, the solid material of the regen- 10 (@) i
erator maintains a constant temperatdrg, thus there must ' !
be no net energy change in the solid material of the regen- 02 |
erator over the course of an acoustic cycle, i.e., 0.0 :
|
2 dés R 2T, AH A . 27, -0.2 i "'
f gt dt= det_JA Qpdty— [ Qcdt.=0. O - ' 14/
0 dt 0 i iy O -04 ! Iy
(19) 067 ] Vi
| i
In this expression, the gas—solid heat transfer integral 081 ) Y
has been split into its contributions from the second and third -toj (6) tia! _
0 2 b 3n/2 2n

time periods,Q, and Q., respectively, while the contribu-
tion from the first time period has been neglected since no
heat is transferred between the gas and the regenerator sofith. 4. Time dependence ¢) the dimensionless temperature on the right
during this time. Substituting Eqsl1) and(12) for -]-R ,and  side of the control volume anth) the dimensionless heat flux from the

~ . . . : regenerator solid, during an acoustic cycle for the conditigns=0.1,
TR'C’ respecuvely, Into Eq(lG)’ expressions for the heat 1.4, 6=0, andék=0. The mean incoming gas temperature and relevant

fluxes during the second and third time periods are obtainediv;ne periods are marked fah,= — 0.05 (solid line), which correspond to
f’(fb) (y=1)ly ) the same time periods shown in Fig. 3. For comparison, the temperature and

heat flux histories for,=—0.025 andm,=—0.1 are also shown.
p(ta)
. A L) riod. This is consistent with the results of Smith and Rofhm,
Qclte) =m(te)(Tulp(te) 1~ V'7—1). (200 who have shown that if work is generated by the engiree,
ar@2<0<ml2), then the isentropic oscillations outside the
regenerator cause the gas to re-enter the regenerator at lower
temperatures. At the end of the second time perigd,a
discontinuity in temperature occurs as the fresh, hotter gas
enters the regenerator for the first time. The plot of the gas—
IV. THE TEMPERATURE DIFFERENCE solid heat transfer rate versus time in Figby¥shows the
Substituting Eqs(19) and (20) into the heat balance of addeq effe.ct of the mass flux, and illustrates the heat balgnce
. . ) . described in Eq(18), where the area under the curves during
Eq. (18) yields, after some manipulation, an equation for the o . i
. ; : the second and third time periods must equal one another in
ratio of the mean temperature of the incoming gas to theE . . )
- he absence of a conductive heat flux. The various curves in
temperature of the regenerator solid: . .
A Figs. 4a) and (b) show the effects of varying mean mass
om W p(ty) ]~V . flow rates on the temperature and heat flux histories, which
hdi+ |9 | 1- | di,+2
o Jy, MR e MU B b 27 Qx will be discussed further in a later section.
Th= le'n’
| b 10t
tq

19

éb(fb): fﬁ(fb)(

In each of these equations, the mass fluxes and pressures
given (for the appropriate timedy Egs.(2) and(9), respec-
tively, andt, in Eq. (19 is related tat, by Eq. (6).

H™ A. Temperature difference approximation
Predicting the mean temperature difference with Eqg.

(21) (21) is fairly cumbersome, and is not very practical for quick

The integrations in Eq21) are performed numerically on a design calculations. Several approximations can be made to
PC to determine the value dfy, that satisfies the heat bal- this equation to yield a simpler expression that reasonably
ance. In an actual open cycle thermoacoustic engine, th@stimates the temperature differendgy, and provides a
mean flow gas temperature would be a known, fixed quanclearer understanding of how it is affected by various inde-
tity, and the steady-state heat balance of @& would be pendent parameters. First, by expanding the pressure term in
solved to determine the temperature at the hot face of théhe denominator of E¢(21) in a binomial series and assum-
regenerator. Regardless, Ef1) solves for the ratio between ing that the acoustic pressure amplitude is much smaller than
the two temperatures, so knowing one temperature allows fdh€ mean pressur@e., p;<1), the denominator of Eq21)

the solution of the other temperature. can be approximated by
A plot of the calculated time history of the temperature 2r R 2r A
at the right-hand side of the control volume is shown for f M p(te) ]Vt~ ﬁd mdt.=2mmy, (22)

representative choices of independent parameters in Fig.

4(a). The right-side temperaturd,z, is equal to the regen- where the last integral is equal to the net mass displacement
erator temperature during the first time period, and is lowefor the entire acoustic cyclesee Fig. 3. Substitution of Eq.
than the regenerator temperature during the second time pé&2) into Eq.(21) for the temperature difference yields
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10 P rﬁ(l— dt,+ %
277m0 tmid Mo
(23)
where Eq.(22) has also been applied to the first term in the
numerator of Eq(21).

To simplify the pressure term within the integral in Eq.
(23), the pressure ratio can be expanded in a Taylor series
with the use of Eq(9), and the resulting expression can be
further expanded in a binomial series to account for the pres-

-’I\-H%1+

. . . 1
sure ratio’'s exponent. Extracting tifedependence from this 01 -008 -006 -0.04 -0.02 0
result and using Eq6) yields my/m,
f)(fb) (y=Dly v=1_. ., . . FIG. 5. The dependence of the temperature ratio of the incoming gas and the
R ~——piMp(t,—tp)siné regenerator solid upon the mean to oscillating mass flux ratio and the ratio
p( a) Y of specific heatsy, for the conditionsp;=0.1, =0, andQ,=0. Note that

the negative mean mass flux indicates gas flow toward the regenerator.

LY

p1 cosO[sin(t,+ @)
By using Eq.(27), the ideal gas law, and the definitions of
—sin(ty+ @)1, (24  the dimensionless variables, E@6) can be rearranged to

. ) produce the following interesting result:
where all terms that are second order and higher in the

acoustic pressure amplitude have been neglected. This ex- T ONE d_T
pression can be further simplified by assuming that the mean MoCp(Tre TH)NE@LASKS( dx
mass flux is much smaller than the acoustic mass flux, i.e.,

my<<1, which eliminates the first term on the right-hand side
of Eq. (24). Substituting Eqs(2) and (24) into Eq.(23) and
eliminating terms of the order af, from the integral yields

(28)

int

Equation (28) indicates that a substantial temperature
difference must exist across the regenerator interface if the
engine is going to produce a significant amount of acoustic
power. A more broad interpretation of E@8) states that of

A Q. y—1p,cosh W R the thermal energy convected to the regenerator interface at
Tp~1t =+ —— z f sin(ty+ ¢) temperaturd,, some of it is convected into the regenerator
mo Y 27Tm0 tmid L.
' at temperaturd ., some of it is conducted through the re-
X [sin(t,+ ¢)—sin(tp+ ¢)]dt, (25) generator solid, and the remainder is used to create the

acoustic energy exiting the regenerator. This acoustic energy
where the integral now contains only variables that are gs not generated by the processes occurring at the regenerator
function ofmy. In the limiting case in whichm, approaches interface, but rather, this term represents a “thermoacoustic
zero, it can be shown thagi—0, t,—27—t,, tmg— 7, and  heat flux” into the regenerator. Note that in an ideal regen-
tg—2m. erator of a traveling wave thermoacoustic device, that the
Using these limits to evaluate the integral in B85  acoustic energy flux traveling in one direction is accompa-
yields a compact expression for the estimated temperaturged by a “thermoacoustic heat flux” of equal magnitude

difference: traveling in the opposite directiort.The thermal energy car-
- A ried by this thermoacoustic “heat-pumping” effect, as it is
-]—le_ 7;1 P1 C?Sa+ & (26) also called, is converted into work in the form of acoustic
Yy 2mg Mg energy within the regenerator. Therefore, in accordance with

N hat in thi . T o~1 i . 4 | Eqg. (28), a larger temperature difference at the regenerator
ote that in this estimatel,>1, sincerm, and Q are al- interface results in a larger “thermoacoustic heat flux” into

ways negative by the sign conventions used in this study, anﬁ’1e regenerator, consequently increasing the acoustic power

_W/2§0$w/2' L . . that is generated with this thermal energy.
Given the number of approximations made in arriving at

this result, Eq(26) works remarkably well as an estimate for
the true temperature difference given in E2l), with errors
of less than 5% fop,=<0.1, y<1.67, —@/2<6<m/2, —0.1 The above-presented analysis shows that the tempera-
<rhy=<—0.0001, andQ,=<0. Even for higher acoustic pres- ture difference between the gas and regenerator depends
sure amplitudege.g., p;=<0.3), Eq.(26) approximates the upon the following five dimensionless parameters: the ratio
temperature difference to within about 10% of its true value.of mean to oscillating mass fluxesy,, the ratio of acoustic

To take the estimation of the temperature difference @ mean pressureg,, the phase angle by which oscillating
step further, note that the acoustic energy at the hot side gfressure leads oscillating mass fluk,the ratio of specific
the regenerator can be approximated by heats,y, and the thermal conduction loss in the regenerator,

Q. The parameter with the largest effect on the temperature

_ (27) difference ism,, as shown in Fig. 5. As the magnitude of
2pre mean mass flux decreases relative to the magnitude of the

B. Effects on the temperature difference

: p,Mm; cosé
Ere% Y
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acoustic mass fluxT,; becomes fairly large. The functional 135 00025
relationship between the temperature difference and the 13f --- p:/pg=0.05
mean mass flux is shown in E(26), where the temperature o P/Py=0-1
difference is a function of the inverse of the mean mass flux.
This dependence on the mean mass flux can be ex- e 12
plained by considering its effect on the discontinuity time, LIS [ -
ty, given in Eq.(7). A reduction inrhy, increased,, thus . L Tl
decreasing the fraction of the acoustic cycle during which the '
fresh gas enters the regenerator. This effect is depicted in the LOST /77 e

heat flux plot of Fig. 4b), where the time at which the dis-
continuity occurs forhy,=—0.1 is earlier than the disconti-
nuity time for my=—0.05. As shown in the figure, the total
heat transferred to the gas during the second time péllﬁm FIG. 6. The dep_endence of the temperature ratip of the_inc_oming gas and the
. . . . regenerator solid upon the phase angle by which oscillating pressure leads
area und_er _the cyr\)/es o_nly S“ghtly, increased by the in- the oscillating mass fluxg, and the acoustic to mean pressure rdtig, for
creased limits of integration. The primary effect of decreasye conditionssiy= —0.05, y=1.4, andd,=0.
ing the mean mass flux and increasing the discontinuity time
is to decrease the time allotted for heat transfer from the
fresh gas to the regenerator solid. To compensate, the meéilom the regenerator to the incoming gas, and requires that
temperature of the incoming gas must increase so that the n€, and T, increase correspondingly. The temperature differ-
heat input from the gaghe area under the curve for the third ence decreases away frofs0, until no temperature differ-
time period equals that of the heat output from the solid, asence exists for standing wave acoustic phasing=at- /2.
expressed in the heat balance in ELp). Since the acoustic displacement, pressure, and temperature
As Fig. 5 illustrates, the mean temperature differenceare all in phase in a standing wave, a gas parcel will undergo
between the gas in the regenerator and the open duct is nisentropic oscillations outside of the regenerator but will re-
necessarily small, and can be much larger than the othdurn to the regenerator at the same temperature and pressure
types of temperature differences noted in the thermoacousts when it leftt* The addition of mean flow introduces slight
tics literature to dat€-* This is primarily a result of the phase differences between temperature and displacement
mean flow’s role as the heat source, whereas other analyseger the course of an acoustic cycle, but the resulting heat
have only investigated temperature differences associatetlixes cancel one another fé= /2.
with the use of heat exchangers. Temperature differences of Figure 6 also shows the approximately linear relation-
the magnitudes seen here can have a profound effect on tiship between the acoustic pressure magnitude and the tem-
efficiency of the engine, although E(R8) would suggest perature difference of Eq21), with higher acoustic pres-
that it may not necessarily be advantageous to minimize thisures resulting in higher temperature differences. This
temperature difference, as it is directly linked to the acoustigelationship is predicted by E¢26) and can be linked to the
power output of the engine. Taylor series expansion in E4), where the temperature of
Figure 5 also describes the effect of the ratio of specifidhe gas returning to the regenerator during the second part of
heats,y, on the magnitude of the temperature difference ashe acoustic cycleTg,, is shown to be approximately pro-
expressed in Eq(21). These effects are the result of the portional top, for small values of the acoustic pressure mag-
influence of y on the isentropic relationship between tem- nitude. Therefore, the total heat flux from the solid to the gas
perature and pressure outside the regenerator, as describeddaying the second part of the acoustic cycle is proportional to
Eg. (10). As Eqg.(26) shows, the ratio of specific heats has ap,, which is in turn approximately proportional to the tem-
smaller effect upon the temperature difference than the otheyerature difference required to maintain the heat balance.
independent parameters, however, it is the only one of th®ecognizing the link between the temperature difference and
five independent parameters that depends upon the gas prape heat flux across the regenerator’s interface, the results in
erties within the engine. As such, monatomic gasesl.67) Fig. 6 for both the pressure and phase angle are in qualitative
result in higher temperature differences than nonmonatomiagreement with the results of Smith and Rofhm.
gases. For nonmonatomic gases the mean gas temperature Finally, Fig. 7 shows the combined effects of the con-
plays a small role, as gaseous combustion produ@ts (ductive loss termQ,, and the mean mass flux on the tem-
~2000K), for whichy~1.33, will yield slightly lower tem-  perature difference. While the mean mass flux effect is the
perature differences according to Fig. 5, than will ambientsame as that shown in Fig. 5, the addition of a conductive
temperature nonmonatomic gases, for whiehl.4. heat loss increases the required temperature difference at the
The dependence of the temperature difference upon thegenerator’s interface. For a given mean mass flux, this de-
acoustic phase lagi, and the acoustic pressure magnitude,pendence is shown to be approximately linear, as predicted
p1, is shown in Fig. 6. Consistent with the c@slependence by Eq. (26) for the estimated temperature difference. This
predicted in Eq(26), the acoustic phase shift produces thebehavior is best explained in conjunction with Ed.8),
largest temperature differences nekr0, corresponding to  which states that the total energy change in the regenerator
traveling wave acoustic phasing. This condition maximizessolid over the course of an acoustic cycle is equal to the heat
the difference in a gas parcel's temperature from exit to retransfer from the gas to the solid during the third time period,
turn to the regenerator, which increag@g, the heat flux minus the heat transferred from the solid to the gas during

|
-n/2  -n/3  -m/6 0 /6 n/3 /2
0
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not found to be the case in the open cycle thermoacoustic
engine, however, since reducing the temperature difference
has the direct effect of reducing the acoustic power output of
the engine, according to E(R8).

Predicting the existence of this temperature difference is
the first step in the evaluation of the feasibility of open cycle
traveling wave thermoacoustic devices, and suggests several
subsequent avenues of research. For instance, the losses that
result from the heat transferred across the potentially large
‘ . . temperature difference could be analyzed and compared to
51 008 006 004 002 0 the losses in the hot heat exchanger of a closed cycle ther-

y/m, moacoustic engine. Also, the effects of this temperature dif-
ference on the theoretical efficiencies of open cycle devices

FIG. 7. The dependence of the temperature ratio of the incoming gas and t'l?ould be studied and Compared to those of closed cycIe de-
regenerator solid upon the mean to oscillating mass flux ratio and the di-

mensionless conductive heat l0&,, for the conditionsp,=0.1, 6=0, and V!Ces' Finally, given th,e pOte,mlal for mcreasmg the efficien-
y=1.4. cies of thermoacoustic devices by employing open cycle

configurations, these analyses need to be verified in the labo-
the second time period, minus the heat leaving the contrdi@tory to determine the accuracy of the assumptions and pre-
volume via thermal conduction. Therefore, for increasingdictions that are made in these studies.
heat conduction losses, an increasing heat input from the
third time period is requiredwhich is proportional to the ACKNOWLEDGMENT
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