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The purpose of this research is to branch out from thermoacoustics in the plane wave geometry to
study radial wave thermoacoustic engines. The radial wave prime mover is described. Experimental
results for the temperature difference at which oscillations begin are compared with theoretical
predictions. Predictive models often assume a uniform pore size and temperature continuity between
the stack and heat exchangers; however, stacks of nonuniform pore size and temperature
discontinuities between the stack and heat exchangers are common imperfections in experimental
devices. The radial engine results are explained using a theoretical model which takes into account
these prevalent construction flaws. Theory and experiment are shown to be in agreement after the
complications are included. Spectral measurements show that an additional feature of the radial
geometry is the anharmonicity of the resonant modes which significantly reduces nonlinear
harmonic generation. €1999 Acoustical Society of Amerid&80001-496609)05603-9

PACS numbers: 43.35.Ud, 43.20.BAiNN]

INTRODUCTION measurements can be compared to determine the accuracy of
the numerical model.
The primary goal of this paper is to examine an experi-  An outgrowth of this research was the need to elucidate

mental radial wave thermoacoustic engine, taking into acexperimental deviations from the theoretical ideal—a distri-
count existing radial wave thermoacoustic theory and thdution of pore sizes within the stack rather than a uniform
common imperfections of nonuniform pore size and tem-pore size and temperature discontinuities between the stack
perature discontinuities between the stack and heat exchangnd the heat exchangers. Elementary methods of accounting
ers. Swift briefly mentioned thermoacoustics in the radialfor these complications are presented which bring experi-
mode of a cylindrical resonatdrand developed the radial ment and theory into agreement.

mode thermoacoustic wave equation. Arnettal. derived

coupled first-order differential equations for pressure and. RADIAL WAVE THERMOACOUSTIC PRIME MOVER
specific acoustic impedance in a stack with a temperaturBESIGN

?radlent, and prtessuref and |m(§)(re]da|:ce trr]arr%IStlon Qqulat|ons A schematic of the resonator portion of the radial ther-
or open resonator sections and heat exchangstanenical —,,,.4ystic prime mover is shown in Fig. 1. The outer ring

Implementation of these equations as described in Ref. ¢\) s onstrycted of steel with inner and outer diameters of
allows for the prediction of the onset temperature dlfferencel48_6 cm and 156.2 cm. The top and bottom [i#have an
(ATonsed, the temperature difference across the stack afier giameter of 158.75 cm and a thickness of 2.54 cm. The
which acoustic oscillations are observed. . center hole in B, for access to the thermoacoustic elements,
ATonseris an important quantity in thermoacoustic en- g 5 diameter of 35.6 cm. All seals were made with o-rings.
gines for several reasons. The total power generated by fhe caps(C) are constructed of stainless steel and have a
prime mover is the power generated by the stagkich is  groove cut at the location of the stack, leaving-@. plate
proportional to the temperature difference across the staclyyer this region, to reduce thermal conduction of heat in the
AT) minus the thermal and viscous losses in the stack. Aadial direction across the stack region of the resonator.
prime mover will begin to make sound when the total powenyhen the cap$C) are placed into the holes in B, the inner
generated in the stack overcomes other losses in the hegices of the caps are flush with the inner faces of the lids.
exchangers and the resonatdiTherefore A Ty,seriS Propor-  The height of B, and thus the inner height of the resonator, is
tional to the ratio of the acoustic power dissipated in the10.2 cm. The assembled resonator has a mass of about 1360
entire systenincluding the stack, heat exchangers, and anyg. It should be noted that measures can be taken to signifi-
external loagl to the acoustic power generated by the stackcantly reduce the mass of the resonator.
Second, from an experimental vantage poihT,,s.: mea- The heat exchangérsire constructed of four standard
surements are relatively easy to make, so that predictions angin. copper tubes bent into circles, with copper platsch
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tures precluded such a placement of the microphone. All

¢ other inlets to the resonatdr.e., plumbing, heating, gas
valve, and thermocoupleare located at the pressure node in

B order to reduce losses due to any leaks at these junctures.
Il. MEASUREMENTS AND ASSOCIATED ERRORS

A

All temperature measurements were taken with type K
thermocouples having a precision afl K. Test measure-
ments with multiple thermocouples of the heat exchanger
temperature varied by a maximum of 2 K, therefore tempera-
B ture measurements were taken using a single thermocouple
for each heat exchanger. The thermocouples were placed be-
tween plates of the heat exchangers and coupled to the heat

- - ¢ exchangers using high temperature—high thermal conductiv-
S0
ity paste. AtAT st the sound in the tube, initiated by a

FIG. 1. Unassembled view of the resonator used for the large radial wavéMall tap on the resonator, increased instead of decaying.
thermoacoustic prime mover. Pieces C are stainless steel caps which allofhe error associated with the measuremend ®f,,s¢:iS €S-
access to the inner thermoacoustic elements. Pieces A and B are plain cgjmated to be+2 K (the difference between the earliest
bon steel. o . .

AT nset after tapping and tha T,.s Obtained without tap-

. . . ing), so that the total error in temperature measurements is
having four 3-in. pre-punched holes to fit snugly over the 359?( P

tubing fed onto the copper tubes. Steel washers were placed SPL was measured with an Endevco 8510B piezo-

$f]tw?edr? '_cge (I:opper pla'ltets to maT(t)am thte”colrr?e)ct Spa%ngesistive microphone which was calibrated using a piston-
z. 'T dI'VI ua_coppzr g?Ges areh_ K C_P;] all, h cm wi ephone. The microphone output was routed to a dynamic sig-
(radial dimensiofy and 0.76 mm thick. The washer SPACETS analyzer for viewing the SPL as a function of frequency.

are also 0.76 mm thick, and the porosﬁy or ratio of open ar€&he error associated with SPL measurements was less than
to total area of the heat exchangers is 0.32, where bIoc:kat_:tf2 dB, and the frequency step size was 0.25 Hz

by heat exchanger tubing and washer spacers has been taken =’ ’ '

into account. The innethot) heat exchanger was heated by

dissipation of electrical current in 80% Nickel, 20% chro-
mium wire inserted into the copper tubing and electrically

insulated from the tubing with temperature resistant ceramk-:“-IEORY

beads. The outeicold) heat exchanger was cooled using tap  Several questions required measurements with the radial
water. The hot heat exchanger has an outer diameter of 23\§ave prime mover. The first had to do with theoretical pre-
cm and an inner diameter of 21.2 cm when fitted to the StaCK;]ictions; can we predict the behavior of radial wave prime
while the cold heat exchanger has an outer diameter of 28.§overs using radial wave thermoacoustic theory? The sec-
cm and an inner diameter of 26.3 cm when fitted to the stackond was whether the radial modes reduce harmonic genera-
The silicon bonded mica paper stack, with inner andtion. Originally we were interested in the effect of sloped
outer diameters of 23.8 cm and 26.3 cm, was sandwichegtacks in radial wave thermoacoustic engines, but theory has
between the two heat exchangers. The thickness of the indshown that the effect in radial prime movers with a natural
vidual stack pieces is 0.015 cm. Mica was chosen because gfope between plates is mininfal.
its high temperature tolerande@p to 773 K and its low
thermal conductivity of 0.163 Wih*K). The stack was
formed by placing 183 of these pieces on top of each othecrms’et temperatures
with 8 smaller mica washers between each of the larger mica Measurements oA T,,s.;have been made on the above
pieces to maintain the proper spacing. The spacer washedgescribed radial wave prime mover. Thermocouples were
were 0.64 cm in diameter and 0.038 cm thick. The overalplaced in the heat exchangdettempts to measure the tem-
stack height was 10.2 cm. In an attempt to further maintairperature at the face of the stack gave ambiguous results due
proper spacing in the stack, 0.015 cm diameter temperatutt® the short radial length of the stack and an inability to
resistant teflon thread was used between each pair of migarecisely position the thermocouplé-igures 3 and 4 show
washer spacers to provide a total of 16 support locationthe lowest experimentalAT s results (solid circles
equally spaced about the circumference of the stack. achieved as a function of ambient pressure, for air and argon,
A line drawing of the entire system is shown in Fig. 2. respectively. The ambient temperature in both cases was 293
The Endevco 8510B microphone used for detection of théK. Also shown are the theoretical predictions for the hot side
acoustic wave was located at a pressure antinode next to themperature(dashed ling assuming that the stack faces
outer wall of the resonator. It would be preferable to have themaintain the same temperature as theheat exchandens
microphone at the center of the resonator, since the highesite present discussion, the dotted lines in Figs. 3 and 4
sound pressure levelSPL occur there, but high tempera- should be ignored. It is obvious that theory and experiment

lll. EXPERIMENTAL RESULTS AND COMPARISON TO

A. Initial comparison of experimental and theoretical
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are not at all in agreement, with the experimental onset temas will be shown later. The heat exchanger “fit” is not as
peratures being significantly higher than predicted for bothifficult in the plane wave case, since the manufacture of a
gases. flat heat exchanger surface is easily achieved so that the
There are several complicating features of our radial enstack surfaces can be flush against heat exchangers with no
gine. First, for computations the stack was assumed to havealteration of the stack pore shape, so that direct thermal con-
fixed pore size or plate spacing, but measurements show thtict is sustained between the stack and the heat exchanger.
a distribution of pore sizes exists. SecordlsiS sensi-  Such a fit is more difficult in the radial case since the heat
tive to the “fit” of the heat exchangers around the stack, aexchanger surfaces must maintain perfect curvature to pro-
fact which is enhanced by the short radial length of the stackide the best possible thermal contact between stack and heat
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280 changers, tend to distort the stack plate spacing. Since the
———T] X .
0 1 o 3 4 5 6 heat exchanger is much more rugged than the stack, a point

is reached where the stack conforms to the heat exchanger
shape via warping of the stack plates rather than the heat

FIG. 3. Onset temperatures for the radial wave prime mover with air as th€Xchanger conforming to the stack shape. For identical gas
working fluid, assuming no temperature discontinuity between the stack andgompaositions and pressures, results #0F .. Varied de-

heat exchangers. Solid line shows cold heat exchanger temperature; dasr}ggnding upon the proximity of the heat exchangers to the
line is the predicted hot heat exchanger temperature for a stack with a single, . .

pore size; dotted line is the predicted hot heat exchanger temperature for tI%aCk and the stack distortion.

stack with the pore distribution shown in Fig. 5; and circles show experi-

mental results.

Pressure (psig)

B. Nonuniform stack plate spacing

As mentioned previously, attempts were made to main-
tain a constant plate spacing throughout the stack by using

T mica washer spacers and later by adding teflon thread to
480 § § maintain the correct spacing. In hindsight, it would have
460_' § § § § been much better to use thicke@nd thus more rigidmica
] E plates in the stack at the expense of reducing the stack po-
440 - rosity (this would also have prevented additional distortion
{1 . of the stack spacing due to pressure from the heat exchang-
420 T er9. In order to characterize the present stack, measurements
< 1 " of the plate spacing were taken over the entire height of the
o 4004 stack, assuring that the average spacing is equal to the origi-
§ 1 T~ m e _ _ nally expected constant spacing. Radial variations in plate
g 380’_ - spacing were negligible. Over 500 measurements were made
€ 3604 o cold Hx temp. to ensure an accurate representation of the axial/azimuthal
K | O exp. hot HX temp. pore size distribution. The measur_ements were by necessity
340 [~ —hotHX temp. predicted taken without the heat exchangers in place, such that no plate
1| h‘()‘;’:;"tse‘ri’;' P dted warping was introduced by pressure from the heat exchang-
320 for pore distribution ers. Ideally, measurements would have been repeated with
1 the heat exchangers in place. However, sindg,s.; mea-
300 5% &3 surements in the following sections were taken for cases in
»80 T -~ - - = =T which the heat exchangers were pressed as tightly as possible
I M I ' I v I ' 1 M ] v v

against the stacwithout distorting it, pore measurements of
the stack alone should be sufficient. Figure 5 shows the mea-
sured distribution in terms of the percent of the total open
FIG. 4. Onset temperatures for the radial wave prime mover with argon a&/€2& 1N the.StaCk occupied by each ge}p S'ze; o

the working fluid, assuming no temperature discontinuity between the stack ~ Prediction of AT s fOr a stack with a distribution of

and hea.t ex'changers.'SoIid line shows cold heat exchanger temperatuigpre sizes is accomplished by treating the various pore sizes
dashed line is t_he.predlcte(_l ho_t heat exch_anger temperature for a stack W'&‘S having parallel impedances. The electrical analog would
a single pore size; dotted line is the predicted hot heat exchanger temperg— . .. . .

ture for the stack with the pore distribution shown in Fig. 5; and circles P€ parallel re5|_stors. Beginning W'_th a known impedance and
show experimental results. pressure amplitude at the hot, rigid end of the resonator, the

0 1 2 3 4 5 8
Pressure (psig)
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pressure and impedance at the hot face of the stack may be Vij—

_ : ; . 2 . Vij+ Va5 P1j+ Py
determined using translation theorems, E@.and (6) of ICj—— +ICDj—5—+ki—— =0, (6)
Ref. 2. The boundary conditions at the hot face of the stack
are continuity of pressure and volume velocity, so where

P,=P 1 w
1j H» ( ) CJ: Po , (7)
and QiFi()
and
Ej: AV =AuVy, 2) CLAT[FO\)/F(N)—1] 1 g
TTarT N T &

wherej represents quantities for a particular pore size, sub-
script 1 denotes that the quantity is evaluated at the hot entlhe subscript 2 refers to pore quantities at the cold side of
of the stackP4; is the complex acoustic pressure at the hotthe stack, subscript 1 to pore quantities at the hot side of the
side of an individual poreP, is the pressure at the hot face stack, subscriptto pores of a particular size, and all param-
of the stack determined by translatioh, is the stack cross- eters are evaluated at the center of the stack. Note that the
section occupied by a particular pore si2g, is the resona- volume coefficient of expansiorg, in Eq. (8) has been re-

tor cross-sectional area at the hot face of the stdgkis the  placed by the ideal gas result, TH Equations(5) and (6)

bulk particle velocity averaged over the cross-section of thenay be combined to eliminalé,; so we are left witvy; in
stack having a given plate spacing at the hot side,\4nds  terms ofP;; and Py;

the velocity at the hot face of the stack determined by trans-

lation 1 DL KiL?
j . . . . Vij==71 Pyl -5
To obtain a full numerical solution to the problem, it iCjL 2 4
would be necessary to guess the complex presBdrand DL KAL2
i i

the various pore velocities at the cold side of the stack, inte- —Py 1= ] (9)
grate backward to the hot side of the stack checking to see if 2 4

the conditions in Eqs(1) and(2) had been met, and repeat now we need only to guess the magnitude and phageof

the process with new guesses until the solution converged;,q use the known pressuRy; to determineV,;. These
This would require scanning an extremely large parametey,)es ofV,; are then tested to see if the condition in E2).
space. Therefore, the method of Rasgteal. for approximat-  pogs. If the requirement is not meRy; is adjusted and the
ing thermoacoustic calculations using a single Stegs been process is repeated. When the requirement is met(Fds
utilized to reduce computation times. The single step metho?earranged to givdY,; using the now known values faf;

was shown to be accurate firl|<0.3, wherel is the stack P,;, andPy;. The pressure and velocity at the cold side of
length andk is the wave number. The radial prime moVer \hq stack are then determined by requiring conservation of

certainly meets this criterion sin¢kL|~_0.065. _ pressure and volume velocity
Assumptions are that the acoustic pressure is constant
across the pore cross section and is a function only of the Pc=Py; (10

radial distance along the pore, and that the transverse velog-
ity is small relative to the radial velocity. The relevant equa-
tions describing the fluid motion in the pore are taken from

Egs.(7) and(8) of Ref. 2[with porosity accounted for such ACVC:; AjVaj, (11)
that v, (r)=V;/Q;, where(); is the porosity for a given
pore size and/;=P;/Z;] and are given by where P is the pressure in the tube at the cold face of the
stack,Ac is the resonator cross-section at the cold face of the
_O4Fi(N) ﬁ stack, andV¢ is the area averaged particle velocity in the
Vi=— (3
iwpg  dr tube at the cold face of the stack.
Using the method outlined abovAT s Was deter-
and . : o .
mined for a stack having a distribution of pore sizes. The
dVv; 1dT/Fj(A)/Fj(\jL V; dotted lines in Figs. 3 and 4 show corrections, using the
dr ' Tadr 1—Np, i measured pore distribution of Fig. 5, to the constant pore size
results represented by dashed lines for the hot side tempera-
N Q;F;(\)) 2P —0 4 lure atonset in air and argon, respectively. Physically, the
iwpg 1 ) reason for the increasedT .se;aS a result of the pore distri-

bution is due to the fact that only the pore spacings in the
middle of the distribution have the correct ratio of penetra-
tion depth to pore size, while the pores with other sizes are
Vij+Vy  Py—Py not gcting as efficientlly. It is.ob_v'ious that .the pore di;tribu-
i > = L (5  tion in the stack explains a significant portion of the discrep-

ancy between experiment and theory, but further interpreta-
and tion is required to account for the remaining disparity.

Wherekj2 is given by Eq.(4) of Ref. 2. The finite difference
forms of these equations are given by

iC

2656 J. Acoust. Soc. Am., Vol. 105, No. 5, May 1999 Lightfoot et al.: Thermoacoustic prime mover 2656



60

50

Temperature

30

insulator

Temperature Difference (K)
o

0 -
-10
20 F
insulator i
-30 |
FIG. 6. lllustration of the gaps present between the radial stack and heat 40 I \ . \ . \ \ , ) |
exchangers. The upper plot shows a representative temperature distribution - 0 50 100 150 200 250
over the heat exchanger—gap—stack—gap—heat exchanger system. Tempere
ture is constant in the heat exchangers, while the gradient is larger in the T -T (K)
gaps than in the stack. HHX " CHX

FIG. 7. Demonstration of the temperature discontinuity between the stack
and heat exchanger face f6YL =0.036. The various temperature locations

C. Temperature discontinuities between the heat AT
are shown pictorially in Fig. 6.

exchanger and the stack face

As the stack in a thermoacoustic prime mover becomes N
very short, the temperature gradient necessary for onset §f€¢ known quantities”, L, Tcux, Thux, K¢, kn, and ks.
oscillations increases, which in turn raises the amount of hetssuming linear temperature gradients within the three re-
flowing via thermal conduction from the hot side to the cold9ions and requiring heat flow to be continuous at all bound-
side of the stack. In addition, any small gap between tharies, application of the 1D steady state heat equation yields
stack and the heat exchanger becomes a more appreciable Tt kT e kT
percentage of the stack length, so that heat which is con- T, =—H HiX 7€ CHXTC €S (12)
ducted across the gap may no longer be ignored by assuming KH
that the stack face and the heat exchanger maintain the sam d
temperature. Rather, it becomes necessary to account for

conduction through the fluid across gaps between the stack [ kekp+ kers(ZTL)  Tenx+ knxsTaux(Z/L)
and heat exchanger as well as for normal thermal conduction Tcs= kot kuks( /1) + kora( /L)
through the stack, when determining the temperatures at the HEC T THESY chse (13

faces of the stack which ultimately cause onset.

A simple model may be used to explain the remaining Examining Egs(12) and(13), it is evident that ag’/L
difference between experiment and theory, and why the dif—0, Tys— Tyux and Tes— Tepx as expected. In the case of
ference is much more noticeable for the radial engine thathe radial wave prime movet,=1.25cm and a good aver-
for a plane wave device. Consider the heat exchangerage estimate for’ (determined by physical measurement of
stack—heat exchanger pictured in Fig. 6. Perfect insulatorthe gaps between the heat exchangers and the)staek
have been placed on top and bottom to confine heat flows te 0.45 mm, producing a ratio of/L=0.036. For the typical
the horizontal direction. The hot and cold heat exchangers.08 cm plane wave stack of Ref. 9, a conservative estimate
are held at temperatur@$,yx andTcyx . Rather than assum- would be/=0.025 mm so that’/L =0.002.
ing that the stack face and the heat exchanger are in physical Figures 7 and 8 show deviations of the stack face tem-
contact and at the same temperature, they are separated bperatures from the heat exchanger temperatures over a range
small gap of length/ filled with gas. The stack length is of heat exchanger temperature differences for the above val-
denoted byL. Assumptions are: heat is transported only byues of//L for air and argon. From these figures we see that
conduction,x (the thermal conductivity of the gas in the the radial prime mover does a poor job of establishing the
gap near the cold heat exchangerevaluated at a tempera- expected temperature difference across the stack due to the
ture of Tepx, ky (the thermal conductivity of the gas in the short radial length of the stack and the presence of non-
gap near the hot heat exchanger evaluated at a tempera- negligible gaps between the stack and heat exchanger. For a
ture of Tyux , ks (the thermal conductivity of the solid stack 150 K difference across the heat exchangers, the actual dif-
materia) is assumed to be constant and is evaluated at ference across the stack is only 106 K for air and 94 K for
temperature of (Tuux+ Tcux). Our goal is to find the hot argon, while a conservative estimate for the 5.08 cm stack of
and cold side stack temperaturdg,g and Teg, in terms of  Ref. 9 gives differences of 147 K for air and 144 K for
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FIG. 8. Demonstration of the temperature discontinuity between the stack Pressure (psig)

and heat exchanger face f6fL =0.002. The various temperature locations

are shown pictorially in Fig. 6. FIG. 9. Air results for/.3=0.2 mm. The upper plot is a blown up version

of Tys and Tys cacin the lower plot, wherel s a1 is the numerically pre-
dicted onset temperature usifigs as the temperature at the cold side of the

L . stack. Measured temperatures are represented by circles and squares, while
argon. These results indicate that assuming the heat e)t?Tangles represent calculations. Errors in the lower plot are smaller than the

changer temperature was equivalent to the stack face tendata points.
perature was not appropriate.

Previously, it was mentioned that experimental measure-
ments of AT varied depending upon the “fit” of the heat used to determind g and Tyg for the prime mover filled
exchangers to the stack. Measurements of the gap betwe®nth argon, and the resultin@,s is compared withT s caic
the heat exchangers and the stack range from O to 0.6 mifor argon.
when the heat exchangers are tightened and pressed against Figures 9 and 10 shoWcyx, Tcs, Thss Thux, and
the stack. The upper end of this range can be reduced s ¢, for air and argon, respectively. Note that measured
about 0.4 mm by lightly hammering the heat exchangetemperatures are represented by the squares and circles,
against the stack. Measurements have been made for a forcedhile triangles represent calculated values. The experimental
(hammeregland an unforcedonly tightened and pressgfit results are the same as those shown in Figs. 3 and 4, and
of the heat exchangers against the stack. In both cases, again represent the configuration giving the low&3i, e
should be close to the average measured gap value, althougfleep in mind thafTcyx and Tyux are experimental results,
a slight variance due to azimuthal heat flows in the fluid anchowever, the comparison will be between the calculated-
the stack may do a better job of modeling the experimentafrom-experimentTg and the predicted hot side stack tem-
results. Therefore, an effective gap lengthy, is defined to  peratureTys cqc In the upper plot of Fig. 9, we see that a
simulate the effect that the entire gap distribution has orchosen value of .z=0.2 mm produces nice agreement for
AT onset air. Applying this value of/¢ to the argon data, we see in

In order to compare experiment with theory using thethe upper plot of Fig. 10 thaf,s and Tyg cacare within 5 K
measured distribution of pore sizes and accounting for a gapf each other over the pressure range tested, and appear to be
between the stack and heat exchangdis; and Tyg are  following the same general trend. It should be mentioned at
calculated using the measured valuesTgpyx andTux for  this point that it would have been nice to extend the pressure
a guessed’; in air, the initial guess being the average mea-range over which measurements were made, however, due to
sured gap sizelT g is then used as the cold side stack tem-the large flat surface area of the resonator, increasing the
perature in the\ T,;Calculation to determine the predicted pressure beyond 6 psig would have placed an exorbitant
hot side temperature required for onset, denoted y;,ic- amount of force upon the bolts holding the resonator to-
This predicted value is compared withys. /o is then ad- gether, and could have caused the steel plates to bow out-
justed and the process repeated umtik .5 and Tyg best  ward.
match up over a range of pressures. Admittedly, this process Measurements were also made which gave higher onset
is backward, since’. is adjusted to give the best possible temperatures due to a looser fitting of the heat exchangers.
results for a given ga@ir). However, if the theory is correct, Figures 11 and 12 show the results for air and argon, respec-
then the resulting” .« for one gas should be applicable to tively. /=0.41 mm provides good agreement betw&gg
other gases as well. Therefore, thg; determined for air is  and Ty cacin air. Applying this /% to the argon data also

2658 J. Acoust. Soc. Am., Vol. 105, No. 5, May 1999 Lightfoot et al.: Thermoacoustic prime mover 2658



440

465 - ]
] __ 4354
o 4607 <
S e
o 455+ 3 430
S 1 © ]
T 450 1 @
5 1 g4 | v Ty
9 4454 v T () T
E T - h HS cale
(] k HS calc
4404 420
1 4 1 M 1 M 1 v T ) 1 J_
T 1 - 1 r T T 1 T 4504 © o o] o o
] o ] o o
° o o . 4254 W
o 4507 o v 5 ] o TCHX
é 1 o T o 400-: o THHX
o oHx 2354 & T
54004 | © Ty @ 1l ¢
g ] |2 To S 350 |
@ v THS E 4 HS calc
o 4 4
& 3504 —7T, %7 s a2 a4 & & A a
b |
~ A A a A A A A 3007 g o o o o o o
8001 g o o o o o ] I I T T T
T T Tt r T - T °* 1 T Y 1 2 3 4 5 6
0 1 2 3 4 5 6 Pressure (psig)

Pressure (psig)
FIG. 11. Air results for”'.z=0.41 mm. The upper plot is a blown up version

FIG. 10. Argon results for’.z=0.2 mm. The upper plot is a blown up Of Tus @andTus caccin the lower plot, wherélys cqcis the numerically pre-
version of Tys and Tys caicin the lower plot, WhereT s caciS the numeri- dicted onset temperature usifigs as the temperature at the cold side of the
cally predicted onset temperature usifigs as the temperature at the cold stack. Measured temperatures are represented by circles and squares, while
side of the stack. Measured temperatures are represented by circles aﬂ@ngle; represent calculations. Errors in the lower plot are smaller than the
squares, while triangles represent calculations. Errors in the lower plot ar@ata points.

smaller than the data points.

gives good results, such thétg and Tyg ¢5care within 8 K
of each other, and again the general trend of the curves are
the same. The agreement is not as good as in the previous

case, due to a larger distribution of gaps between the stack 508 1
and heat exchangers. In particular, we have assumed that 5007
is the same at the hot and cold sides of the stack. For a looser < 4954
fit of the heat exchangers on the stack, this assumption be- g 490 -
comes less valid than in the case where the heat exchangers s ]
were fit as tightly as possiblithout disfiguring the stack D 485+ v T
5 4804 |—1
D. Radial prime mover harmonic generation = 475 HS cae
In most cases, the linear acoustic wave equation suffices T T T T T
to describe the behavior of a system. However, when the 1° ° ° ° o o °
acoustic pressure amplitude becomes large, higher order 500 W
terms must be taken into account. Coppens and Sanders ac- < 450_. 0 Toy
counted for nonlinear effects for finite-amplitude standing g i Z IHHX
waves in a resonance tube by modifying the linear equations & 400 - v
of state and continuity to allow for second-order effeéts. 2 ; _T::m
Chen included an additional second-order term in the mo- g 3504 & A A A A A A
mentum equation for the same problem and found the cor- + T
rection to be smaft! as would be expected since good agree- 3004 g o o a o = o
ment was shown between theory and experiment using the o 1 2 3 4 5 &

Coppens and Sanders approximation.
The general behavior of a prime mover was effectively
described by Atchlet al!?
“Once onset of self oscillation is reached, the acous-
tic amplitude in the tube immediately assumes a
large value, typically about 1% of the ambient pres-
sure. The observed waveform is noticeably nonsinu-

Pressure (psig)

FIG. 12. Argon results for'.z=0.41 mm. The upper plot is a blown up
version of Tyg and Tyg cac in the lower plot, whereTl s ¢ is the numeri-

cally predicted onset temperature usihgg as the temperature at the cold
side of the stack. Measured temperatures are represented by circles and
squares, while triangles represent calculations. Errors in the lower plot are
smaller than the data points.
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soidal. As more energy is supplied to the hot end of whereM is the peak Mach number of the fundamenRy|,is

the stack, the temperature of that end increases only the nondimensional amplitude of tmth harmonick is the
slightly while the acoustic amplitude in the tube in-  wave number of the driving frequency, agy is the tempo-
creases rapidly... Unfortunately, as the acoustic am- ral phase of thaith harmonic. For a radial system, Ed.5)
plitude increases, an increasing fraction of the acous- would havel, in place of cosine. The harmonic amplitudes,
tic energy appears as higher harmonics—harmonic R, are shown in Refs. 14 and 15 to be directly proportional
distortion increases.” to

The authors presented results for a constant cross-section
plane wave prime mover immediately after onset and also
when the hot end temperature was raised 43 K beyond the
necessary temperature for onset. In both cases, nonlinear
generation of higher harmonics was demonstrated. The exvherew, denotes normal modes of the resonator, so that the
perimental results for the relative amplitudes of the harmonharmonic amplitudes are maximized when the normal modes
ics to the fundamental in the prime mover just beyond onsetorrespond exactly to the harmonics of the fundamental fre-
provided nice agreement with the theory of Ref. 10. quency. Therefore, a detuned resonator leads to a reduction
It is desirable in a prime mover to minimize the genera-in the amplitudes of the harmonics.
tion of higher harmonics so that more acoustic energy is  With the existing radial wave prime mover, we are lim-
channeled into the fundamental. In a plane wave resonatoited to examination of the behavior of the system just above
one of the ways to accomplish this is to vary the cross-onset. The reason for this is that when attempts are made to
section of the tubé&® This detuning causes the natural modesincrease the temperature beyond onset, the following cycle
of the resonator to be anharmonic. Gaitan and Atcfifey, ensues. When the necessary temperature difference is
following the method outlined by Coppens and Santfdrs reached, sound is produced. The system responds with an
a later paper, investigated higher harmonic generation iincreased acoustic pressure amplitude and thus increased
tubes with harmonic and anharmonic natural modes for apacoustic heat transport from the hot side to the cold side of
plication to thermoacoustic engines. The anharmonic tubeghe stack. The cold heat exchanger, unable to sustain its tem-
were made by varying the cross-section in the center of theerature with the increased heat load, begins to heat up such
tube to a size different than at the ends. Experimental resultgat the temperature difference across the stack falls below
for the amplitudes of the harmonics for a given amplitude ofthe necessary difference for oscillations to be maintained.
the fundamental were in excellent agreement with theory foivhen the acoustic wave ceases, the acoustic heat transport
both tube types. In the case of the harmonic tube, the amplialso ceases, and the cold heat exchanger returns to its origi-
tude of the first harmonic was only 10-20 dB below thenal cooler temperature. Once again the temperature differ-
fundamental, depending upon the acoustic pressure ampknce reaches the critical onset value, the acoustic wave is
tude of the fundamental. However, in two separate anharegenerated, and the cycle is repeated. A similar effect was
monic tubes(one with a larger center cross-section than aiobserved by Olson and Swift in a plane wave prime md¥er.
the ends and one with a smaller center cross-sectiee  Although it would be nice to get a comparison of plane and
amplitude of the first harmonic was reduced 30—40 dB belowadial prime movers at lower and higher acoustic pressure

2Qy ; (16)

nwwn>

R,*Qp cos( tan !

Wn

the fundamental. amplitudes, the results for temperatures just above onset
The generic nonlinear wave equation presented in Ref. $hould give some insight into the reduction of higher har-
is monic generation which occurs in radial systems as com-
5 pared to constant cross-section plane systems.
D (szz_a_ n_“’ﬁ) Pn Figure 13 shows a spectrum from the previously de-
n n o2 Qn at poC? scribed radial wave prime mover. The hot heat exchanger

temperature is 427 K and the ambient heat exchanger tem-
) #(u\? y=1[ p ? perature is 293 K, giving a temperature difference of 134 K.
- a2 \c + T E ' 14 The fundamental frequency of oscillation is 288 Hz in air at
atmospheric pressure. The sound pressure (8RL) at the
wherec,, andQ,, are the sound speed and quality factor of microphone is 153 dB. The SPL at the center of the resonator
the nth resonance of the tubey is the angular driving fre- is estimated to be 161 dB. The first radial wave harmonic
guency(the fundamental resonance for a prime movey is  occurs at 526 Hz, but there is no noticeable signal at this
the acoustic pressure of timth harmonic of the driving fre-  frequency. The first nonlinear harmonic occurs at twice the
guency,u andp are the total acoustic velocity and pressurefundamental, or 584 Hz. There is a significant harmonic gen-
and are functions of radial locatianin radial systemgor  eration at this frequency, with an SPL of 115 dB. However,
longitudinal positiore in plane systemsand timet. Equation  this is 38 dB below the fundamental. These results are very
(18) is valid near resonance and assumes the total standirgimilar to those of Ref. 14 for a detuned plane wave resona-

wave to be of the form tor driven by a piston. In both cases, the first harmonic is
" nearly 40 dB below that of the fundamental, and there is no

_ _ 2 : " noticeable sound'prod.uctlon at the other normal modgs of the

. nZl P Z PoC" MR, cosnkzsinnwt+ éy), tubes. In the radial prime mover, the second and third non-
(15 linear harmonics occur at three and four times the fundamen-
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FIG. 15. Plane wave model with dimensions similar to the proposed large

) ¢ h dial . o radial wave thermoacoustic prime mover. All lengths shown are in the ver-
FIG. 13. Acoustic spectrum from the radial wave prime mover in air alyical direction. The tube diameter is 8.5 cm.

atmospheric pressure.

tal, 876 Hz and 1.168 kHz, and are 63 dB and 75 dB belowP!€nt end of the tube. The sound pressure |¢@#lL) at the
the fundamental, respectively microphone was 156 dB. The first harmonic occurs at twice
For comparison, a constant cross-section plane wavg‘e fundamental frequency, or 576 Hz. There is a large con-

prime mover was constructed and the spectrum is shown iHibutioln at Lhisffrequency, with an SPL of 1?7 dE' only ,19
Fig. 14. A schematic of the prime mover, which is similar in dB below the fundamentalcompared to a first harmonic

design to that described by BelcHeis shown in Fig. 15 which was 38 dB below the fundamental in the radial prime

The hot heat exchanger temperature was 410 K and the arﬂlove_')‘ The f_irst through SiXth harmonics give noticeab_le

bient heat exchanger temperature was 300 K for a temper&pnt”bu“ohs in the p!ang engine qompargd to only the first
ture difference of 110 K. The frequency of operation was thethrough third harmonlcs in the radl.al engine. The results of
same as in the radial case, 288 Hz, and the thermoacousfja€ Plane wave prime mover are similar to those of Ref. 12
elements were located at the position predicted to give th pr a prime mover “_JSt beyond Qnset, and Ref. 14 for a har-
lowest temperature difference necessary to produce sound. £ onic resonator driven by' a piston. In all three cases, the
ceramic square pore stack and parallel-plate copper heat e rst harmonic has an amplitude about 20 dB below the fun-

changers were used. The microphone was located at the affia@mental with more harmonics having significant amplitudes
than in the radial and detuned plane resonators.

160 The reduction in higher harmonic generation for the ra-

[ 5 dial engine is understood qualitatively by considering the
proximity of the nonlinear higher harmonics to the natural
modes or overtones of the resonator. In general, the nonlin-
ear harmonics have a very narrow bandwidtivhile the
overtones have a wider bandwidth. In the case of the plane
I resonator the nonlinear harmonics are not exactly the same
120 as the overtones, since a very slight detuning of the over-

‘ tones occurs due to dissipation in the resonator and the ther-
110 moacoustic elements; however, the two are in the same vi-

: cinity so that the nonlinear harmonics certainly fall within

100 the bandwidth of the overtones, thus enhancing the higher
[ harmonic generation. The radial engine and detuned plane
resonators, by contrast, have no overtones in the vicinity of
the nonlinear harmonics so that these systems do not enhance
| the generation of higher harmonics. A convenience of a ra-
70 bl dial system is that no variation in tube shape is necessary to
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Frequency (Hz) IV. CONCLUSIONS
FIG. 14. Acoustic spectrum from the plane wave prime mover in air at ~ 1h€ primary go:_:tl of this research was to teSt_ the ':adi{f’-l
atmospheric pressure. wave thermoacoustic theory. Although some satisfaction is
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