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LIQUID METALTHERtfC)ACOUS71CKMCIUB1.

C. w, Swift, A. I!lgllorl, J. C. Uhoatley
Condanuod Matter and Themel Phyniem Group
Lo- Alo.moe Ihtlonal Laberato~,
Lee Almmm, ~ 87545

ABSTRACT

Ha ●re studying m liquid matml thormoacoustic
mnglno both theoretically and ●xparlmsntally. Thie
typg of ●ngino promlmn to profluca larga quantitleo
of ●Isctrlcsl ●norgy from haat mt mod-et ●fflciancy
with no moving partn, Tlm only motion is associated
with ●coustic omclllatlonrn in t.ha liquid metal. It
Lm ● now concept in ●nargy convorolon,

A ●ound wsvo 1- ucually thought.of ●s consisting
Of Prossuro Omcillatlons, but always ●ttondmt to
tho prosnura oscillatlonm ●n temparnture oscilla-
tions, Tho combination produco- ● rich varloty of
“thormomcoumtlc’” ●frocto. Thoso ●ffoctm ●ra usually
so ●all that thay w. nwmr noticod Ln woryday
llfo; navarthmL*~t under tho right clrcumstancas
they CM b. hammbs~d to produco pouarful heat
●nslnos, heat pumps, and rofrlgoratorm. In our
liquld metal thamnoacoustic ●n~lno, homt flow from a
hi~h temporaturo mourca to a lW t~oratura ■ink
gonarmta ● high-amplitudo standing ●coustic wsvo in
liquid ●odium, Thim ●coustic powor la convarted to
●lectric power by ● slmplo magnatohydrodynamlc ●ffect
●t tha ●coustic oscillation froquancy.

Wm hWO dovolcpod J dot.ai!ol thomoacoustic
theory applic-blo to thim ●nglno, and find that s
roaoonably domign]d liqu(d sodhua •n~lno oporstlng
bokwe~n 700”C and 100”C should gonorats ●bout
60 U/cm2 of mcou-tic power ●t about 1/3 of
Cmmot”s ●fflciancy. Imporfact ●fflcioncy remultn
equ,ally from throo sourc~~: tho viscomity of tho
sodium, tho nonzoro thamal conductivity of thu
sodium and tho metml parts of tha •n~ino, and tho
intrlnmic lr~ovo,’wbillty characteristic of this
kind of ●nSLna mnd caused by an omclllatory diffusion
of hamt ●cromm ● to,.rpatiaturo dlff~ronco tt thm
●coustic froquancy. Construction o* ● 3000 U-thomal
laboratory modol ●nSina hsn just bean complotmd, and
w havo ●xciLing prsllmintry sxparlmontml remulto as
of tha tha of preparation of thL@ manuscript ●how-
ing, bsslcslly, that tho .n\ino worksl us havo tlSO

d~mi~nod and built s 1 WE liquid sodLum magnsto-
hydrudynamic ~mnormtor and Itava finlthod ●xtonsivm
memwremants on It. It is rim very wll charsctor-
icad hot> ●xporhnontnlly and thaorotlcally. Tho
first ~onors.tor of lts kind, It ●lready convorto
mcou-tlc power to ●lactrlc power with 401 ●fflcimncy
with undarstandmblo ●loccrnda roslstanca and snd
●ffoctm rosponsiblti for nosrly s1l tho lo~so~.

molmd. Lord Rayleigh emphasized in his qualitative
●tplmnatlon the importance of the relative phaning
between thermodynamic ●ffect (temperature change)
and motion, this phaolng being producad by the
theLmal time lag between tha Ras and the surround-
ing wallE. More recently. Feldman (3) has reviewed
●ome of the qualities af Sondhaumn t~bea and empha-
sized the iciporcanca co the performance of inserting
certain ●tructuree into the tube. Then, beginning
in 1969, Rott md ccworkers (4-11) wrote ● ●eriee of
papers on themrwmcoustico that put thezmoacouutlco
in gases on ● ●ound theoretical footing. Here
recently, we (12-14) hava made a number of qucntita-
tlve ●xperimental and theorotlcal atudiea of thenno-
●coumtic phenomena in gaset in raeonant tubes
containing certain intonml structure. Our ga~
work provides both ● conceptual and ●n ●xperimental
basis for t% presant study,

Over 50 year- ●go, Halone (15) demonstrated for
tha flrat tlmo that reciprocating heat ●nSinec using
1).quid watar ●s the primary working fluid can be
●ffectlvo and ●fflclont prim ❑ovorm. Halone
realiz~d the llquld sodium, among othor liquids,
would be a rultabla substanco thamnodynmmically, but
that “sodium md potaculum and ●lloys of them are
too dangerous.” For his purpo~o, Halone waa
undoubtedly right in toloctinc liquid water, but in
tho light of modam technology, probably wrong in
the aasoaamont of tho practical uma of liquld
●odium, potasalum, and thol~ ●utoctlc ●lloy MaK.
?helmodynamicmlly Halono’s judgment ●bout the liquid
●lkali metsl~ wa~ quits right. In host ●nglnrs
using fluids, ●specially ●cou~tic ●n~ines, tnere al
two dimonsionloms thonnodynamdc quantltlea of primary
hportmnca. One is the quantity TP, whore T Lm
●baoluto tomporatura MU P lti tho i~obaric
●xpanoion coefficient, bocwse tha lsothenual heat
flwc in rompunme to prasaura changaa aro propor-
tional to this factor. Tho ●ocond J.a tho quantity
y-l where y ia the ratio of tho isobaric to the
imochoric spoclflc haat, The ●ffmctlvo motion Ln
●coustic ●nglnog in retponse to ● prossurd.changa 1-
proportional to tho dlfforence bstween tha imothennal
●nd ●diabatic comprgaaibllitiec, which is it-elf
proportional to y-1; honco, tho work flw from the
●l,alns la proportional to y-l, For gmnea Tfl ❑ 1
whilo the quantity y-1 is 2/3 for monatomic gasom
and of ordor 0.4 for gags lika ●ir at modarate
tomporaturoa, For ●odium at ● t~orature of 700”c,
which mi~l~tk in the mlddlo of tha tamperaturo rangm
Of ● high-pouer liquid-medium acouatlc ●nglna ●a
demcrlbed below, TP - 0,28 and y-l ● 0.43. Thara
1S ● #anaral tandoncy for thcoa parmeters to
lncrmaao with Lncreaalng temperature, but overall
chanSo- ara not lsr~e, Henco liquid sodium lC @
~ood fluld thnrmodyaamically, ●apaclally ●t hlBh
temporaturan. Another important. quallty of ● llquld
●s oppooed to ● sas in an ●couatic ●n~lne im that
for ● ~iven Hach numbar tho power density 19
proportional to pa3, whore p it tho dan~ity
●nd ● 1s the sound veloclty, Comparing liquid sodium



‘H. ●t 23 bar and 7009C, that 700°C with 6aS00U9
ricer don-lty is 1000 times higlmr In tha cam of
lquid md!um; thun for ● hlrsh p-r density, Hach
unber@ for sodium can be mall enough that e llnoar
Iaory is appropriate, ●van thouSh prosm-me ampll-
Ideo can be ●xtremely high, limited only by tha

Lr~ngth of tho resonator cmma. Uh4t is partlculal
upcrtmt for liquid sodium wxklng in UI ●coustic
}glno, given that its thamodynmmlc proport!os
s ●dequate, 10 that its Prandtl nuber o = v/m,
mre v is kinematic viticoslty and u i8 thomal
lffusivity, is no very low: o.o@4 ●t 700”C ●n ●ga
r3 for 4Ha sam. Thim moons that ● liquid-sodium
:ountlc ●ngino is ●caustically nearly Ideal (13,1(
> that ttm thonnodynmmic procossos on which tha
~glne 1- bmead ●m la~aly controlled by thonnal

ly

net

),

reduction WM1O V18COU8 1088os can k =da propor-
~onally wch mnallor relatlvo to work flow than
lose in ● gas ●ngina. TIM Prandtl number 1s 10U
fing to ● lingo ●loctronic thermal conductivity
)11. tho vlsconlty, clue to motion of sodium ●t-,
I more “’no-l.” Another prsctlcnl faature of
>dlum 1s that its culwtantlal ●loctrical conducti-
lty, of ordor 0.1 that of coppar, makac it poomibla
t U-O Faraday omf’m and currents, gon~ratd Mgnoto-
fdrodynsmically ●t tho ●udio fraqumcy of tho
\glno, to Zonorato sc ●loctrical powr without the
lad for moving psrts or ●eals.

A po-mibla gcnoral schematic fom of ● llquid
>dium ●coustic sngino, omitting all difficult
Bchnlcal fcaturea, 1s ●houn in Fig. 1. Tho funda-
mtal ●coustic rasonanca of tha liquid srdium in
IIS pressure VOSSO1 or resonstor has m premuro
ttlnoda ●t ●ach ●nd, m valocity antlnodo at thm
mitral region, and corresponds ●ffoctlvoly to ●

~lf wavolangth in tho tube. At a suitabla location
t tho tub, ve PISCS ● stack of plates E -do from
mstorial hmvlng, rolativo to liquid sodium, both ●

ksh product of heat capacity and thomal conductl-
lty and s hith ●couatlc imp~danco. BY Mans of
Jltablo heat-exchango conduits, indicated by littlo
Lrclo@ ●t ●pproprlato ●rids of ●ach plate, tho ●nds
! O are maintained ●t hot and cold toefpmratutis TH
\d Tc ●s ●hovn, with TH ●djacent to tho nomrcmt
Jbe ●nd. Tha liquid sodium in tho tuba will
~cillato 8ponta.noously and causo ● time-avorasod
>rk & to flow out of tho dovlcm uhon tho lmpooed
itio of TH to Tc LO high ●nough, tills tL_-
mragad host & flow in ●t TH and ~c floua
At ●t Tc, Such spontcnoous oscillations ●ro ●

m-oquonca, in psrt, of havint tho corract pha-lng
~tueon tho sinusoldally oocillatint tempsr~tures and
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is. 1 - Shoxn i- ● schomat!c rop~o~ontatIon of m
liquid--odium ●coustic ●slno, with tho
●m-anticl pmrLm roqulrud for ● complota working
sy9temo Thooo Qre tho haat ●wchangors ●t tho
snds of tho stack, tho ●tmck S, m mmonant
tube, and mbe memnt for Qxtrcctlng vork, hero
rop~sontod by tho ●hadod box on tho right,

mtion of the fluid. Suitabla phasing in ●chiavod
both by th mognituda of the longitudinal t~ora-
ture gradimt Lmposed on S and by tha natulal process
of lateral themal conduction between fluid and
plates. The acoustic mrk flou & it then converted
to useful power, such ●n ●lectric power, by some
wane such ●s ● magnetohydrodynamic (mhd) transducer.

THEORY OF THE THSMOACOUSTiC SUGIUK

Tho theory behind the thennoacouetlc ●ngine is
very tiimple conceptually, although it in very tedious
to work out ●ll the details (16). Consider ● paral-
lel plate geometry JO shoun in Fig. 1, with the
x-axis ●long thu direction of sound propagation and
the y-axis pe~endicular to the plmes of the
pmrall~l plates. He -ite doun m~ua$~on of motion
for the fluid

L .-4P+ pvv2; *
p at (1)

with the boundary condition $ . 0 at the fluid-plate
interface, and ● continuity ●quation for the fluid,

whre ? is velocity ● id P 18 pressure. Ue require
the fluid’s itobaric specific hemt c , its thermal
●pmsion coefficient p, ita ratio o~ l.ob.ric to
ioochoric specific he~,tm y, and its mound npeed a,
●o that w can use the relations

d+d%,
P

(2)

(3)

dp. -.~dT+ &P , (4)

uhe:e T is temperature mnd 8 is ●ntropy. Finally,
we write down ●qustions for heat flow in the fluid
and solid

PT(fi+:*h) = **(k%) ,

%.k
‘molcmo1 at .01%01 ‘

(s)

(6)

where k is thermsl conductivity, and use the boundary
condltlon~ T = T-ol ●nd kilT/dy = kso18Tool/dy ●t the
fluid-solid intsrfsce. We Lhen llnear!ze theme ●quu-
tionm by &msuming thnt ●:l var~.ables occillate ●t
mnsular frequancy u:

P - Pm + Pl(x)o~~t , (7)

P = ~(x) + pl(x,y)e~~t s (0)

~= Qu~(x,y)e:Ut+ ~v~(w,y)eiut , (9)

T = Tin(x) + Tl(x,y)eiut , (10)

T,o~ = Tin(x) + TL,ool(x,y)eiUt , (11)

M ,. . ~(x) + sl(x,y)e (12)

U. then hmnlpulate (14) the rwulting ●qustlonm into
the fom of ● wave ●quatlnn for PI(x) in terms of
#Tm/tx -d material properties and ~eometry, and
●qua$ionm for ●nthalpy and ●coustic pover fluxoa ●long
x !I terms of Pi(x), Tin(x), material propertied, and
~eometry. Tho ●qumtions descrl’~d ●tive can be
oolved numerically ●mlf-conmlttently to find ●11 the
themal and ●coustic quantitiw of interest.. In
Coneral, w find that for sufficlantly l-rg. 8Tm10x
●nd in the presence of an tcoumtlu standing wave,
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Fig. 2 - Shown 1s one plato of an ●coustic ●rigin. in
which the important lengths for heat tranofar
and fluid dlsplnccmont ●re ●xaggemtad. The
transport of ●ntropy, ma ●cplalnod in tha text,
occurs in tho region of gas approxlmatoly one
thonnal penotmtlon depth d= from tha
platam. Parcels of gas, reprotontod by thm
boxos, ●m comprassod, ●xpandad, and dlsplacod
by tho ●coustic pres-uro variations, and
●xchanga haat with the plates.

thorn 1- an ●coumtlcally stimulator haat flow down
the tempomtum gmdlont and rod 8cou8tLc power is
thomby produced at tho fmquoncy of tho #tanding
Wava .

Tha bamic princlplao of thama two phonomana cm
be undomtood by considering Pig. 2, whora we -how
in cross ●oction a mlnglo plata in a resonator. For
h-urlstic PUWOSOD we will *SSUMO that tho fluid Lo
Lnviscld and that thomnal conduction mlont x 1s
nogligiblo. Flaw. 2 is s longitudinal ●ctlon
through thm plata ud tha confining tube or pressure
VOM.1 for ths fluid. Only on. plato from tho stack
of plates S 1- shown, becmm in ● boundary-laynr
●pproximation tho procomsam in ●ll platas will ba
●imllmr. TM- plata, shown crons-hntchod, has
gmmotrlnally ldocl heat ●xchangors ●t ●ach ●nd
contirklns of two cavitlm laklad TM and Tc in tho
plat, . Heat-@xchutgo flulds ●t thoso t~mraturas flow
throuuh than. cavltlo~. A- ● consoquanca of thlc homt
●xchanso, ● tompomtura Jmdiont VXT Is ●at up in thn
plato in tha dlroction ●hewn. Hare - will ●-mume thmt
tho length of th@ plcto La short ●nou~h that ●voraua
values Dufflca to doscriba not only VXT but ●ICO ths
●ovoml psremetom dcponding on Tm thtt dascribe tho
●ymtem, such ●m Tin@, Y-1, ● , ~, E, ●tc. Tha dottod
lino ●round tha plato 1- drawn to h on- thonnal pon@-
tmtion depth 4C = (2n/w)l/2 from tho surfaco of tho
plsta. Tho various squares drawn near tho plata and
labeled (m), (b), ●tc., are ml} parcals of fluid that
conmnlcato thermally with the plats during ●t least
● part of ● CYC1O. Us show flva psrcmls and their
●xtremam of position. ?hu (a) and (a’) repremnt,
rospoctlvoly, tho Mxhwm ●xpandod nnd maxlIMM
compmsmd pumltlona of pmrcol (a) end ●imilsrly for
(b) end (b’), and (C) end (C’), (d) en~ (d’), end
(o) and (m’). It w1ll further facllltato undorstend-
Lng if we feplmco tlw truo ●lnusoldml cycllc motion
of ● parcml by en ●rticulmt~d OYC1O, lndlcatod typi-
cally for parcel- (a) and (d), and ●imply -my that
forparcols within tti of tho plmto thermal
contact in ●chiavod while for parcals outsida that
dimtanco thorn is no host ●xchan~o with tho plate.
Then the ●tlculctod CYC1O for pmcsl (m) conmlmtm
of ● rmpld notion (1+2) from (m) to (a’) with no
heat flowint, ● wait (2+3) ●t (a’) for thermal

●quilibrium with the plate, ● rapid motion (3+4)
from (a’) to (a) inwhlch no hmt flwn, followed by
● wait (4+1) ●gain for the-l equilibrium, etc.
The CYC1O in 1,2,3,4,1, . . . . The thermal time lagB
required for heat conduction in the ●rticulated
cycle correspond to the phase dlfferenc~ between
temperature and motion in the ●lnunoidal cycle.

We fir-t connider the concept of hydrodynamic
entropy flow in the fluid. An the parcel movee
rapidly from (a) to (a’) on the 1+2 parL of the
cycla, l-t us say that it 10 translated ● dlstenca
2X1 toward the closed ●nd while itn pressure ic
increased by 2P1 end ite tOMPeratUM by 2Tl,ad.
bfhera Tl,ad - TmPP]/~cp. BOWif aTq/axiO
sufficiently large, the parcel ●t (a ) will find
itaolf lmtemlly ●djacent to ● point on the plate that
in hotter thut it is and heat Q will flow from tha
plate to the parcel, ●e shown in Fig. 2, ●dding AS
to lta ●ntropy and incraaaing ita volume from 2 to 3.
In part 3+4 of the cycle, the parcel moves 2x1
from the closed ●nd, its pressure dropping by 2P1
and itn temperature dropping by 2T1 ●d. The parcel
●t (a) will find itself laterally ●~jacent to ● point
on the plate which im colder than it is, and heat Q
flows from pmcal to plate, decreaalng the parcel’s
●ntropy by AS end decreasing its volume from 4-,1.
It i- clear from this dlscuoslon, ●s suggested in
detail in Fig. 2, that an the parcel moves rapidly
(isentroplcally) from (a) to (a’) in 1+2 ●n ●ntropy
decrement la transported by the parcel; while as it
movas rapidly from (a’) back to (a) in 3+4 ●n
●ntropy incrunent 18 transported. The net effect is
a hydrodynamically or convectlvely transported
●ltropy 2&3 ●ach cyclo from right to left. Aftar
multiplication by T wo have en ●caustically
athnulatod hydrodynamic heat flow. Tha same remarks
could b. mad. of parco?.a (b) and (c) and lc4eed of
any parctls which ●re in thermal contact with the
plato ●t both ●xtremes of their motlen,

Mow let ua look more fully ●t thi~ hydrodynamic
heat tranaport. Lat us imagine that while for
clarity we drew parcels (a) end (c”) or (a’) ad (b)
(and mlmilarly for the otham) in diff-rent locntiona,
in fact, (c’) took the place of (a), (a’) took the
plats of (b), ●tc. for all the parcela. Then the ~
heat transfer from fluid to plate will bo zero: For
●xample, ●k the point of the plate Gdjacent to (a)
and (c”) heat Q is Civen to the plate on 4+1 of (ai
but removod from the p!ato on 2+3 of (c’). Hence,
the thermal condition in the center of the pluta it
not ●ffected on ●verage by the ●verage hydrodynamic
●ntropy flow ●djacent tu it, In thl- simple picture,
Q 1s ●xtracted from the resnnolr ●t TH hy (b”),
passkd on down the plata in ●uccesmlve cylem, md
then rejected to tha reservoir ●t Tc by (c). Tt, i 8
result Lo not quite right, owing to lomsem and to the
performance of work, but it is ●csentlally correct
for thg caoe of ● stackmch shorter thm the
●coustic wavalen~th.

It is ●l-o ●nsy to mee from ?Ls. 2 that work will
flow out of the ●ngino. Afksr Lhe procas~ 102, the
dynardc pressure im po~ltlvo whllo th? heat flow
caumeo the gas to ●xpand durinc 2+3. After the
procema 3*4, the dynamic pmmaum Is ne~~tlve while
the ga~ contractm durln~ 4+i, The het ●ffect Ii
that work 1S don. by the parcel on its surroundlngo,
so work will flow out of the ●nslne.

SOME CALCUIATIOMS FOR A RCAIIOMABLB KMQINC

In t,his ●ectlon we presant ●ma IWmerlcal
calculations wc did basad on the quantitative theory
outlined ●bove ●nd presented in dotall in reference
(lb). fiomo calculations wem Lntsnded to ●cme ●s



guidallms for E tiorately simple laboratory modal
of ● liquid-sodium thormoacouctic englno. Tho ●ctual
choicos of mato:ialsand tsmporatures are mom strong-
ly influenced by consldoratlons of coot, slqllclty,
and flexibility uith respect to modlficmtlon Lhan by
a goal of ●chieving the “ultlmata” prima movor. In
any ●vent, in ●ven the simpl-mt angina thwa is a
c~etltion betwcon ●fficiancy and work flow, which,
●t this stag., should not be resolved.

In working wt the numerical molutlons w hmvo
started with mmwptlorm that, in our judgament, are
●ppropriate for initial work on an actual ●xperi-
mantal ●ngino. Am the ●nglne thould have a pmctlcal
slza corrmepondlng to ● half-wavolengh of about 1 ❑ ,
we havo chosen an operating frequancy of 1 kHc. Tho
mom preomro mst ●lso be rassonable and consLstont
with tha strength ●t ●lovabd tempcraturas of ● cheap
and rasdlly machlnad construction matorid, stalnlms
stoml,whiCh ie s1S0 c~atiblo chemically with liquid
sodium. W. chosa Pm = 200 bar and TH - 725”C, m
wall M stainless stool for the pressure v*ss*l, even
though ❑om ●xotlc materlmls and hlghcr tsmparstu~s
will be ●ppropriate if tho anglne proves practical.
Sodium is ralatlvoly incompramslble so that the
pmssum amplitude csn be 0.99 Pm for Hach numbers
less than 2 X 10-3. ma plate material must be
choean to glvo a lmrga VSIUO of ~pec8k8/~c k,

fsomething eeey to ●chieve for gases but not or ●

liquid motsl. mi8 ratio le ●bout 5 for copper,
which diesolvos in liquid sodium, and ●bout 2 for
molybdenum or tungstan: thue the calculations ●ro
for plstos made of tungeten. Sodium freocea ●t
93”C, eo ● reasonable choica for Tc ie 125”c. Am
we seek high work flw dmeltiae ●t reasonable
●fflclenciec, we chose 300 U/cmz of best flux
denmity at tha hot ●nd. Thie heat flux, ●lthough
sllghtly hlghor than ths 260 U/cmz that we found
W-S required for the maximum ●fflchncy, 1s in the
dlmctlon of ● ●uitmble comrpromist between ●ffl-
ciency rmd work flow. Under tho ●bove conetraintn,
● eoarch wae made for optimal valuee of plmto spLc-
lng, plate thicknass, and other geometry to maximlzn
work flow. The roeult nf this optlrnlzstlon le
prssantad in Tabl@ Ii The sfflciency n, the :at\o
of work flow to hot ●nd haat flow, 1s calculated to
be 0.18, ●o that the ratio of q to Camot”s
sfflciency nc is 0.31.

Fortunately for ●xperimentsl work, a Soneral
quality of ● remeonmbly well optimlced liquid-sodlua
scouetic ●ngine, such ●s tho one dlecussed horrn, is
insenoitlvlty to geometry. For ●mmple, an 8%
decraase in di~tance from platce ta resonator ●nd or
s 4% dacrease in plate spacing derrestes cslculat~d
efficiency by only 0.5-. The ●fficiency ie ●lso
inmnsitive to changee in heut flux. The ●ntlne
should operate well ov~r ● good range of power
dmsitlam, so oparmtlon wlil not k seriouely

TABLU 1. Perametere for a romsonably optimlcod ●nRino

—— —
frequency

—
1000 Hz

Hot Tempomture
Cold Tampemtum
Mean pmeeure
Dynamic pressure
Plat~ spacint
Plstc thicknoee
Dlotance of hot ●nd
Length of mt-ck
Mot ●nd ha-t flow
Work flow
n
n/~c

725*C
125°C
200 b:r
198 bsr

0.037 cm
0.028 Cn

from tube ●nd 0,C5 cm
0.0 cm

300 Ulcmz
5s.1 UICB2

0.18
0.31

affected by small ●rrors in fabrication, Mt@rLal
prwertios, and the like.

The tmperature~epondont thamodynamlc proper-
tioe of liquid sodium favor higher t~erature
●ngln@s where TB and y-l ●re high and vlecoslty low.
A ●traightfomard way of dotomining ths relative
importanc~ of tamporstura-dependent ●ffscte ie to
●xamine ●ngine perfom.anc- nurically u tho hot end
lncreaees in temperature. In Fig. 3 we shw calcu-
lstmd VSIUOS of nlnc vs Tc for VSriOUl valuas of TH
for the 1 kHz ●ngine. The aubstantlal improvmmont in
efficiency for higher temperature ●nglnas 1s ●ppsrent.

PRBI.IHIWY HEASUR~S

To begin to test these ideas we have built ● de-
v).ce reeembllng that of Fig. 1, but without any means
for ●xtracting work. The ●tack of platea is mada of
● ●lngla bar of molybdenum cut into plates and leav-
ing ● central rib for support using wire ●lectric
discharge machining. Tho plate thicknesses am
0.30 m ●nd the spacings btwean plates ●re 0.38 nun,
comparable to the valuea displayed in Table I. The
length of the stack is only 5.20 cm, as w wanted
the ●ngine to begin to oscillate ●t ● reasonably low
temperature. The ●tack juet fitu lnalde the ciFcu-
lar raeonator tube, whose internal ●rea 1s 10 cma
and whaso tongth la 106 cm; the center of the stack
is 15 cm from one ●nd of the resonator. The reoona-
tor La made of stainlees ●teel parts welded together.
Bach of the two heat ●xchanger consiets of a row of
16 etainless uteel capilla~ tubes 1.3 m in outsido
diameter with 0.2 mm wmll hmnediately ●djacent to an
●nd of the ●tack. Preesurlzed water reguluted ●t
125-C is pumped through the cold heat ●xchangtir to
ramov- heat from the ●ngine, and ●lectrically bested

0.4 1 / G

, / \

I

I
/

@l- ~~ .
800 800 1000 1aoo

Tc (K)
?igo 3 - Calculated n/nc vereus cold temperature (in

degrees ~) for tho ●ntlne of Table I ●t
varloue hot tempmrrtume, and thus for various
stack len~ths. TH is 1300 K for the lon~
dashee, 1200 K for the ●hort dashes, 1100 K for
the dot-dashes, and 1000 K for the eolid line,



4 liquid sodium i- pumped th=ugh tha hot haat ●xchangar
● t ● known temperature to wpply heat to the ●ngina.

Am of tho dato of preparation of thio manuscript,
we have only tho most preliminary -asu~nts with
this ●ngino, but w prosont them beWIE. they d~on-
●trate the remarkable fact that the sngin~ uorka. fie
working lnotmmentstion on the engine allowed us
to measure the ●coustic accolaration of tho remomtor,
tho tamporatures ●t relwant pointo, and th~ flow
rates of sodium and uator through tho two h-at
●xchangerm. From tho inlet and outlat temperatures of
tho flouing heat ●xchange oodium, its flw rata, and
ltm mpeclflc heat, w computod tha r~to of host
supplled to the ●ngine ~. In rig. 4 uc shou 4 vs.
the temperature ●crooe thm stack AT. Tho points
●re valuas measured ●s doncribed ●bove. - solid
lino is the valuo of ~ calculated from S!MPIQ
conduction of haat by tho ●dlum, molyMonum, md
stainless stool spanning tho temporsture dlff-rent-.
(Stray conduction from TH to room tanporature la
not ●CWUItOd for.) U. sos that ●round AT . 400”C
tho ❑aasurad ~ becan to increaso dmmatlcally ●bove
its valuo for SJMPIC conduction, as ●caustically
●tlmulatod homt flow occurrod. The rasonator ●ccolor-
omtar showed that Ooclllation- at 906 Hz b.agan ●t
AT . 350”C; by AT . 520”C t% resonator wan oscillat-
ing mt high ●ough amplitudo that the 906 Hz ●ound it
radiltod into tho room wan unpl~amntly loud. A
calculation for this Soomatry and frequancy ●s
6oscrlbed ●bovo showed that tho ●ngina ●hould havo
begun to oscillat~ ●t AT = 260”C. Tho ❑oan pros8uro
for thoso maaauraments wao 68 bar, so tha ●coustic
prossura amplituda could havo bean no hlghor than
th-t . At that pressuro amplitudo and for AT = 520”C
the calculations ●houad an ●xpected 4 = 2000 W uhoroms
tha meamurod valuo was 2600 U. uo do not yot under-
stand thoso dimagroamants. Although tho heat flow

300C
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●
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1000 ,

O-J I
400 600
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Fig, * - Heat flow ~ into tho hot ●nd of tho •n~lna
VD. temperature difforonca hi’ scross tho
●n~inm,- Points ●ro msJmirod data; tha iina is a
calculmtlon of conduction only with no
tharmcsceustlc ●ffoctm.

discrepancies could be within sxperhnental uncertaln-
tiaa, the temperature daacrepancleo ●rm not.

A HACU~OHYDRODYblAt21CCOUVRRTRR

W ●re also developing ● magnatohydrodynamic
(*d) transducer tc convert the ●coustic power gemer-
●ted by the thenuoacoumtic ●ngine into ●lectrlc power.
Ox first ●ttempt ●t such ● conva~tar was quite
successful. Tho mhd transducer consiutod of m rectan-
gular channel for tho sodium of thickness 1.2 cm in
the direction of tha 2.3 T magnetic field, width
7.6 cm in the direction of ●loctric currer,t flow, and
length 31 cm h tho direction of ●countlc fluid flow,
with the central 20 cm of that length actually in the
magnetic field and in contact with the electrodes.
Leads from the electrodes were connected to a 1:572
trannfnnner to transfom the ●lectric power to usefui
voltage and current levels. The transducer was welded
into the center of ● l-m long. 10-cm2 cross section
high Q resonator filled with oodium ●t 130”C. It is
nou well chartcterlzed both experimentally and
theoretically. Such ● transducer obeys

AP.aU+~I (13)

vm~U+yI (14)

where V and I ●a tho >oltage ●croso and current
through ths trmmducer, AP and U arm the prenatire
drop across and volumetric velocity through the
channel, and a, p, and y ●re cnofflcients, whose
❑easured values ●gree very uell with calculations.

To to-t tho tran-ducer’n ●fficioncy in converting
●coumtic power to ●lectric powor, we put ●lectrlc
power ~ the transducer to ●xcito the sodium on
rosonanco ●t high amplittlde, and the switched the
trr.noducar to ● load resistor RL mnd let the ●nergy
stored in tho ●coustic resonanca flow through the
trarmducor to the load. F@Jre 5 shows the effi-
ciency ● , daflnod ●s tho ratio of moasurcd electrical
●not’gy daliverod to tho lowI to calculated stored
acoustic ●nergy, VU. RL and applied magnetic field.
Theso measurements war, ●ll tido ●t power levels of
roughly 1 W; an ●ccident domtroyed the epparatus
before we could try pouers ●t the do~ign level of
1 W. Tho highest observod ●fficiency is ab>ut 45%.
Ue bolievo we ~an build a more ●fflciont transducer,
by reducing tho ●ori’ 1 load reaintanca responsible
for low ●fflcioncy ●t 10U valued of RL, and by
chanSing t>. channel fisometry to reduce the short-
rlrcuiting and ●ffects raapon:lble for reduced
●fflclcmcy ●t higher EL.
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Fist 3 - Efficiency ● of tho mhd kransducsr VO. load
rosistanco RL, for several magnetic field
-trength~.
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Although tlmre is no ncouotlc-to-elec tric power
convertar .Ln the first enghe ●nmmly, we will be
●ble to lomn about the resonator lonsgn, the
critical temperature gradient, heat ●xchange
●fficioncy, and parhaps the ●xtont of tha linear
●coustic regime. Hoanwhilo we ● re doeigning ● nau,
more ●fflciant mhd traneducor. Uoxt, w will ●t
lmmst epllc- ~~gathar the engine assembly with the
mhd traneducor. to s-e how the ●ngine behaves when
it 1- producing real power and to ●xplora tho heat
pumping regime of opemtlon ● s well ● s tho prime
movor regime. We may have to build ● dual ●ngina,
with an snglno in ●ach ●nd of ● hclf-uavelangth
remonator, to ovorcoma umxpectedly large ~sonator
losnee.

There are ●lso some theo.~tical and calculational
probl- we would like to work on. We ●uapect thet
mixing a little traveling acouetic wave in with the
standing wave am’ decreas!~~ the plate ~acing will
load to higher engLne ●fficiency by making the ●ngine
more Stirling-like and less intrinsically irrever-
sible. Ue’d like t~ da some calculatlonm to teat
thim idea. Also, -he idea of using radial ●couatic
rooonancm in ● cylinder or sphere im. appealing arid
shruld be investigated theoretically. Acoustic-to-
slectric conversion in such geometrie- would then
roqulro conaideratio~) too.
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