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LIQUID METAL THERMOACOUSTIC ENGIME

G. W. Swift, A. Migliorl, J. C. Wheatley
Condensed Matter and Thermal Physics Group
Los Alamos Natlonal Laboratory,

Los Alamos, MM 87545

ABSTRACT

We are studying a liquid metal thermoacoustic
englne both theoretically and experimentally. This
type of engine promises to produce large quantitles
of electrical energy from heat at modest efficiency
with no moving parts. The only motion is associated
with acoustlc osclllations in the liquiJ metal. It
is a new concept in energy converslon.

A sound wave is usually thought of as consisting
of pressure oscillatlions, but always attendant to
the pressure cscillstions are temperature oscille-
tions. The combination produces a rich varlety of
"thermoacoustic™ effects. These effects are usually
80 small that they are never notlced in everyday
1ife; neverthel=ass under the right circumstances
they can be harnessad to produce powerful heat
englines, heat pumps, and refrigerators. In our
liquid metal thermoascoustic engine, heat flow from a
high temperature source to a low temperature mink
gonasraes a high-amplitude standing acoustic wave in
1iquid sodium. This acoustic power ls converted to
electric power by a simple magnetohydrodynamlc effect
at the acoustic oscillation frequency.

We have develcped 2 detailel thermoacoustic
theory sppliciLle to this engine, snd #ind that s
roasonably designid liqulid sodium engine operating
between 700°C and 100°C should generate about
60 W/cm? of acoustlc power at about 1/3 of
Carnot‘'s efflciency. Imperfect efflclency results
equally from three sources: the viscoslty of the
sodium, the nonzero tharmal conductivity of the
sodlum and the matal parts of the engine, and the
intrinsic irreve.s'bllity characteristic of this
kina of engine and caused hy an osclllatory diffusion
of heat across s te.pevature difference at the
acoustlc frequency. Construction o* a 3000 W-thermal
laboratory model engine has just been completed, and
we have exciting preliminary experimental results as
of the time of preparstion of thie manuscript show-
ing, baslcally, that the engine works! We have also
designed and built a 1 WFe 1iquid sodium magneto-
hydrudynamic generator and have finished extensive
neasurements on it. It is now very well chacacter-
ized hot' experimentally and theoretlecally. The
flrst generator of its kind, it already convects
acoustic power to electric power with 40% afflclency
with understandable electrrde resistance and end
effects responsibdle for nearly all the losses.

THE EARLIRST THERWOACOUBTIC RNGIMNE that is a direct
antecedent of the engine describeé here is the
Sondhausr Lube (1*), which was studied quantitative-
ly at least es early as 1830 and explained qualita.-
tively by Lord Raylelgh (2) some years later. In
the early Sondhausc tube, a hot glass bulb sttached
to a cool glass tubular stew was obuwrved to emit

"Bumbers in parentheucs designate References at end
of paper.

sound. Lord Rayleigh emphasized in his qualitative
explanation the importance of the relative phasing
between thermodynamic effect (temperature change)
and motion, this phasing being producad by the
thermal time lag between the gas and the surround-
ing walls. More recently, Feldman (3) has reviewed
some of the qualities of Sondhauss tubes and empha-
sized the lmportance cto the performance of inserting
certain structures into the tube. Then, beginning
in 1969, Rott and ccworkars (4-11) wrote a series of
papars on thermuacoustice that put thermoacoustlics
in gases on s sound theoretical footing. More
recently, we (12-14) have made a number of quantita-
tive experimental and theoretical studies of thermo-
acoustic phenomena in gases in resonant tubes
containing certain internal structures. Our gas
work provides both a conceptual and an experlimental
basis for the present study.

Over 30 years ago, Malone (15) demonstrated for
the first time that reclprocating heat enginec using
liquid water as the primary working fluid can be
effective and efficient prime movers. Malone
realired the 1iquld sodium, among other liquids,
would be o rultable substance thermodynamically, but
that "sodium and potassium and alloys of them are
too dangerous.” For his purpose, Halone was
undoubtedly right in selecting liquid water, but in
the light of modern technology, probably wrong in
the assessment of the practical use of liquld
sodlum, potassium, and theit eutectlic alloy Mak.
Thermodynamically Malone's judgment about the liquid
alkall metals was quite right. 1In heat engince
using fluids, especielly acoustic engines, tnere ar
two dimensionless thermodynamic quantltles of primary
importance. One is the quantity TP, where T ls
absolute temperature anéd § is the lsobarlc
expansion coefficient, because the lsothermal heat
flows in respunse to pressure changes are propor-
tional to this factor. The second is the quantity
Y-1 wvhere Yy is the ratlo of the isobaric to the
isochoric speclific heat. The effaectlive motlon in
scoustic engines in response to & pressurds.change ls
proportional to the difference between the isothermal
and adlabatlic compressibllities, which is itmelf
proportional to y-1; hence, the work flow from the
er.3ine is proportlional to y-1. For gases T n 1
while the quantity y-1 is 2/3 for monstomic gases
and of order 0.4 for gases like air at moderate
temperatures. For sodium at a temperature of 700°C,
which might be in the middie of the temperature range
of a high-power liquid-modium acoustic enginea as
described below, TP = 0.28 and y-1 = 0.43. There
is a genaral tendency for these parameters to
incresse with increasing temperature, but ovarall
changes are not large. MHence liquid sodium ls a
good fluld thermodynamically, especlally at high
temperatures. Another important quality of a liquld
ap opposed to a gas in an acoustic engine is that
for a given Mach number the power density is
proportional to pad, where p is the density
and a is the sound velocity. Comparing liquld sodium



: 700°C with gaseous “He at 23 bar and 700°C, the
>wer density is 1000 times highar in the case of
lquid sodium; thus for a high power density, Mach
mmbers for sodium can be small enough that e linear
haory is appropriate, even though pressure ampli-
1des can be extremely high, limited only by the
trangth of the resonator case. What is particularly
mpertent for 1liquid sodium working in an acoustic
igine, given that its thermodynamic propertles

e adequate, lg that its Prandtl number ¢ = v/«x,
1ere v i kinematic viucosity and x is thermal
[ffusivity, is so very low: 0.004 at 700°C as sgalnst
'3 for “He gas. This means that a liquid-sodium
:oustic engine is acoustically nearly ideal (13,14),
» that the thermodynamic processes on which the
igine is based are largely controlled by thermal
mduction while viscous losses can be made propor-
lonally much smaller relative to work flows than
100¢ in a gas engine. The Prandtl number is low
ting to a large electronic thormal conductlivity

11le the viscosity, due to motion of sodium atoms,

) more "normal.” Another practlical feature of

»dium is that its substantial electrical conducti-
ity, of order 0.1 that of copper, makes it possible
> use Faraday emf's and currents, generated magneto-
tdrodynamically at the sudio frequency of the

1gine, to penerate sc slectrical power without the
»ed for moving parts or seals.

A poseible general schematic form of a liquid
)dium acoustic engine, omitting all difficult
ichnical features, is shown in Fig. 1. The funda-
mntal scoustic resonance of the liquid scdium in
1is pressure vessel or resonstor has a pressure
1tinode at each end, s velocity antinode at the
mntral reglion, and corresponds effectively to a
11f wavelength in the tube. At a suitable location
1 the tude, we place a stack of plates £ made from
material having, relative to liquid sodium, both a
igh product of hest capacity and thermal conductl-
ity snd s high acoustic impedance. By means of
ilitable heat-exchange conduits, indicated by little
ircles at appropriate ends of esach plate, the ends
! 0 are maintained at hot and cold temperatures Ty
1d Tc ar shown, with Ty adjacent to the nearest
ibe end. The liquid sodium in the tube will
icillate spontaneously and cause a time-averaged
>rk W to flow out of the device when the imposed
aitio of Ty to Tc ls high enough, while time-
seraged heat flows in at Ty and Q¢ flows
it at Tg. Buch spontaneous oscillations are a
>nsequence, in part, of having the correct phasing
ptween the sinusoldally oscillating teampecstures and
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ig. 1 - shown is a schemat!c representation of a
1iquid-sodium acoustic englne, with the
essential parts requirvd for a complete working
system. These are the heat exchangers at the
ends of the stack, the atack 8, a resonant
tubs, and some means for extracting work, here
represented by the shaded box on the right.

motion of the fluid. Suitable phasing is achieved
both by the magnitude of the longitudinal tempera-
ture gradient imposed on § and by the natuiral process
of lateral thermal conduction between fluid and
plates. The acoustic work flow W is then converted
to useful power, such as electric power, by some
means such as a magnetohydrodynamic (mhd) transducer.

THEORY Or' THE THERMOACOUSTIC ENGINE

The theory behind the thermoscoustic engine is
very dimple conceptually, although it is very tedlious
to work out all the detslls (16). Conslider a paral-
lel plate geometry us shown in Fig. 1, with the
x-axis along the direction of sound propagation and
the y-axis perpendicular to the planes of the
perallel plates. We wilte down an oquaélon of motlon
for the fluid

-

v

P at

with the boundary condition ¥ = 0 st the fluid-nlate
interface, and s contlnuity equation for the fluld,

- --3? + p\aVz; . 1)

2, fwh =0 (2)
where ¥ is velocity ad P is pressure. We require
the fluid's isobaric specific heat c,, its thermal
expansion coefflclent B, ite ratlo of lsobaric to
isochoric specific he:.ts y, and its sound speed a,

90 that we can use the relations

o ) 8
4 - 1ar- e 3
dp = -pBAT 4+ 130 . 4
a

where T is temperature and s is entropy. Filnally,
we write down equations for heat flow in the fluild
and solid

p'l‘(%t + vele) = So(xidn) (5)

aT
—pol v, (6)

Pe01s01 “at - klol

where k ils thermal conductivity, and use the boundary
conditioni T = Tg41 and RAT/dy = kg )8Tg01/dy st the
fluid-solid intarface. We Chen llnearize these equu-
tions by wesuming that all varlables oscillate at
angular frequency w:

P = Py + PO)elut | )
p = i) + pr(x,y)elot | (8)
¥ e Ruj(x,yreset 4 § vy (x,y)elet | 9)
T » Tp(x) + Ty(x,y)elst | (10)
Teol = Tm(n) ¢ T, 4010, ytelet | (11)
8 = un(x) + myOx,y)elut | (12)

We then nanipulate (14) the resulting equations into
the form of a wave equation for Py(x) in terms of

8Tg/3x% «nd material properties and geometry, and
equa‘ions for enthalpy and acoustic power fluxes along
X [1 terms of Py(x), Tp(x), material properties, and
geometry. The eyuations descrived alove can be

s0lved numerically self-consistently to find all the
thermal and scoustic quantities of interest. In
seneral, we tind that for sufficlently large 3T,/0x
and in the presence of an acoustic standing wave,
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Fig. 2 - Shown is one plate of an acoustic engine in
which the important lengths for heat transfer
and fFluld displacement are exaggerated. The
transport of entropy, as explained in the text,
occurs in the region of gas approximately one
thermal penetration depth &, from the
plates. Parcels of gas, represented by the
boxes, sre compressed, expanded, and displaced
by the scoustic pressure variations, and
exchange heat with the plates.

there 1s an acoustically stimulated heat flow down
the temperature gradient and real scoustic power 1is
thereby produced at the frequency of the standing
wave.

The basic principles of these two phenomena can
be understood by considering Pig. 2, where we show
in cross section a single plate in a resonator. For
heuristic purposes we will wssume that the fluid ls
inviscid and that thermal conduction along x ig
negligible. Figure 2 is a longlitudinal section
through the plates und the confining tube or pressure
vessel for the fluid. Only one plate from the stack
of plates 8 is shown, because in a boundary-layer
approximation the processes in all plates will be
similar. This plate, shown cross-hatched, has
geonetrically ideal heat exchangera et each end
consisiing of two cavities labeled Ty and Tp in the
plate. Heat-exchange flulds at these temperastures flow
through these cavitlies. As a consequence of this heat
exchanye, a tempersture gradient V,T ls set up in the
plate in the direction shown. Here we wil]l sssume that
the length of the plete is short enough that average
values suffice to describe not only UyT but also the
several parameters depending on Ty that describe the
system, such as Tnf, v-1, 8, sy, =, otc. The dotted
line around the plate is drnun to be one thermal pene-
tration depth ¢, = (2x/w)}/2 from the surface of the
plate. The vnrloul squares drawn neac the plate and
labeled (a), (b), etc., are al) parcels of fluid that
communicate tlhiermally with the plate during et least
a part of a cycle. We show five parcels and their
extremes of position. Thus (a) snd (a’) represent,
respectively, the maximum expanded and maximum
compressed pusitions of parcel (a) and eimilarly for
(b) and (b'), and (¢) and (c'), (d) unl (4'), and
(e) and (e'). It will further facilitete understand-
ing if we replace the true sinusoldal cyclic motion
of a parcel by an articulated cycle, indicated typi-
cally for parcels (a) and (d), and simply say that
for parcels within 4, of the plate thermal
contact in achlieved while for parcels outside thac
distance there is no heat exchange with the plate.
Then the articulated cycle for parcel (a) consists
of a rap)< motion (1+42) from (a) to (a’) with no
heat flowing, a walt (2+3) at (a’) for thermsl

equilibrium with the plate, a rspid motion (3-+4)
from (a’) to (a) in which no heat flows, followed by
a wait (4-1) again for thermal equilibrium, etc.

The cycle is 1,2,3,4,1,.... The thermal time lags
required for heat conduction in the articulated
cycle correspond to the phase difference between
temperature and motion in the sinueoidal cycle.

We first consider the concept of hydrodynamic
entropy flow in the fluid. As the parcel moves
rapidly from (a) to (8°) on the 1+2 parl of the
cycle, let us say that it i translated a dlgtanca
2x; toward the closed end while its pressure is
increased by 2P; snd its temperature by 2T) ad>»
where Ty o4 = TnBP)/ppcp. Now if aT,/3x lsg
nufflclontly large, the parcel st (a') will find
itself laterally adjacent to a point on the plate that
is hotter than it is and heat Q will flow from the
plate to the parcel, as shown in Fig. 2, adding AS
to ite entrory and increasing its volume from 2 to 3.
In part 344 of the cycle, the parcel moves 2x;
from the closed end, its pressure droppling by 2P,
and its temperature dropping by 2T o4- The parcel
at (a) will find itself laterally lajlcent to a point
on the plate which is colder than it is, and heat Q
flows from parcel to plate, decreasing the parcel's
entropy by AS and decreasing its volume from 4-1.

It is clear from this discusesion, as suggested in
detail in Fig. 2, that as the parcel moves capldly
(isentropically) from (a) to (a’) in 142 an entropy
decrement is transported by the parcel; while as it
moves rapidly from (a“) back to (a) in 344 an
entropy increment is transported. The net effect is
a hydrodynamicelly or convectively transported
entropy 245 each cycle from right to left. After
multiplication by T we have an acoustically
stimulated hydrodynamic heat flow. The same remarks
could be made of parcels (b) and (c¢) and ir“eed of
any parcels which are in thermal contact with the
plate at both extremes of their motien.

sow let us look more fully at thir hydrodynamic
heat transport. Lat us imagine that while for
clarity we drew parcels (a) and (c’) or (a’) and (b)
(and similarly for the others) in differenc locations,
in Ffact, (¢’) took the place of (a), (a’) took the
place of (b), etc. for all the parcels. Then the pet
heat transfer from fluid to plate will be zero: For
example, a: the point of the plate adjacent to (a)
and (c’) heat Q is glven to the plate on 441 of (a)
but removed from the plate on 223 of (¢’). Hence,
the thermal condition in the center of the plute is
not affected on aversge by the average hydrodynamic
entropy flow adjecent tu it. 1In this simple plcture,
Q is extracted from the resarvoir at Ty by (b7),
passed on down the plate in successive cyles, and
then rejected to the reservoir st Tc by (c). This
result is not quite right, owing to losses and to the
performance of work, but it is essentially correct
for the case of a stack much shorter than the
acoustic wavelength.

It 19 also easy to see from Pig. 2 that work will
flow out of the engine. After Lhe process 142, the
dynamic pressure is positive while th~ heat flow
causes the gas to expand during 2+3. After the
process 34, the dynamic pressure is negative while
the gas contracts durlng 4+:. The net effect ls
that work is done by the parcel on its surroundingo,
00 work will flow out of the engine.

SOME CALCULATIONS FOR A RRABSONABLE RNGINE

In this section we presont some numerical
caleulutions we did based on the quantitative theory
outlined adbove and presented in detajl in referance
(16). These calculations were intended to serve as



guldelines for c moderately simple laboratory model

of a liquid-sodium thermoacoustic engine. The actual
choices of mate.ials and temperatures are more strong-
ly influenced by considerations of cost, simplicity,
and flexibility with respect to modificatlion Lhan by

a goal of achieving the "ultimate” prime mover. In
any event, in even the simplest engine theare 15 a
competition between efflciency and work flow, which,
at this stage, should not be resolved.

In working out the numerical molutions we have
started with assumptions that, in our judgement, are
appropriate for initial work on an actual experi-
mental engine. As the engine should have a practical
size corresponding to a half-wavelengh of about 1 m,
we have chosen an operating frequency of 1 kHe. The
mean pressure must also be reasonable and consistent
with the strength at elevated temperatures of s cheap
and readily machined construction material, stainless
steal, which is also compatible chemically with liquid
sodium. We chose Py = 200 bar and Ty = 725°C, as
well as stainless steel for the pressure vessal, even
though more exotic materials and higher temperatures
will be appropriste if the sngine proves practical.
Sodium is relatively incompressible gso that the
pressure amplitude can be 0.99 Py for Mach numbers
less than 2 X 10-3. The plate material must be
chosen to give a large value of v pgcka/ppc K,
something easy to achieve for gases but not for a
liquid metal. This ratio is about 5 for copper,
which dissolves in liquid sodium, and sbout 2 for
molybdenum or tungsten: thus the calculations are
for plates made of tungsten. Sodium freezes at
93°C, so a reasonable cholce for To is 125°C. As
we seek high work flow densities at reasonadle
efficlencies, we chose 300 W/cm? of heat Flux
density at the hot end. This heat flux, although
slightly higher than the 280 W/cm? that we found
wes required for the maximum efficiency, is in the
direction of a suitsble compromise betwean eff}-
clency rnd work flow. Under the above constrainte,

s search was made for optimal values of plate spac-
ing, plate thickness, and otnher geometry to maximize
work flow. The result of this optimization is
presentad in Table I. The efficlency n, the zatlo
of work flow to hot end hest flow, is calculated to
be 0.18, so that the ratio of n to Carnot's
efficlency no is 0.31.

Fortunstely for experimentsl work, a general
quality of a reasonsbly well optimized liquid-sodium
acoustic engine, such as the one discussed heres, i»
insensitlivity to geometry. For example, an 6%
decrease in distance from plates ta resonator end or
8 4% decrease in plate spacing decreases calculated
afficiency by only 0.3%. The effliclency is also
insensitive to changes in heut flux. The engine
should operate well over a good renge of power
densities, s0 operutlion wiil not be seriously

TABLE I. Parameters for a reasonably optimized engine
Frequency 1000 He

Hot Temperature 123°C

Cold Temperature 125°C

Mean prassure 200 bor
Dynamic pressure 198 bar
Plate spacing 0.037 cm
Plate thickness 0.028 cn
Distance of hot end from tube end 8.63 cm
Length of steck 8.0 cn
Mot end heat flow 300 W/en
work flow 55.1 W/cm?
n 0.18

n/ng 0.

affected by small errors in fabrication, material
properties, and the like.

The tampersture-dependent thermodynamic proper-
ties of liquid sodium favor higher temperature
engines where TR and v-1 are high and viscosity low.
A straightforward way of determining the relative
importance of temperature-dependent effects is to
examine engine performance numerically as the hot end
increases in temperature. 1In Fig. ) we show calcu-
lated values of n/n, vs Tc for various values of Ty
for the 1 kHz engine. The substantlal improvement in
efficiency for higher temperature engines is apparent.

PRELIMINARY HEASUREMENTS

To begin to test thege ideas we have built a de-
vice resembling that of Fig. 1, but without any means
for extracting work. The stack of plates is made of
a slingle bar of molybdenum cut into plates and leav-
ing a central rib for support using wire electric
discharge machining. The plate thicknesses are
0.30 mm and the spacings between plates are 0.38 mm,
comparable to the values displayed in Table I. The
length of the stack is only 5.20 cm, as we wanted
the engine to begin to oscillate at a reasonably low
temperature. The stack just fita inside the circu-
lar resonator tube, whose internal area is 10 cm?
and whose “ength is 106 cm; the center of the stack
is 15 em from one end of the resonator. The resons-
tor 19 made of stainless steel parts welded together.
Bach of the two heat exchangers con3sists of a row of
16 stainless uteel capillary tubes 1.3 mm in outside
diameter with 0.2 mn wall immediately adjacent to an
end of the stack. Pressurized water reguluted at
125°C is pumped through the cold heat exchangur to
remove heat from the engine, and electrically heated

/7,
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rig. 3 - Calculated n/ng versus cold temperature (in
degrees Kelvin) for the engine of Table I at
various hot temperestures, and thus for various
stack lengths. Ty is 1300 k for the long
dashes, 1200 X for the short deshes, 1100 K for
the dot-dashes, and 1000 K for the solid line.
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liquid sodium is pumped through the hot heat exchanger
at s known temperature to supply heat to the engine.
As of the date of preparation of this manuscript,
we have only the most preliminary measurements with
this engine, but we present them becasuse they demon-
strate the remarkable fact that the engine works. The
working instrumentation on the engine allowed us
to measure the acoustic acceleration of the resonator,
the temperatures at relevant points, and the flow
rates of sodium and water through the two heat
exchangers. From the inlet and outlet temperatures of
.the flowing heat exchange podiun, its flow rate, and
its specific heat, we computed the rute of heat
supplied to the engine Q. In Fig. 4 we show § vs.
the temperature across the stack AT. The points
ars values measured as described above. The solid
line is the value of Q calculated from simple
conduction of heat by the sodium, molybdenum, and
stainless steecl spanning the tempersture difference.
(Stray conduction from Ty to room temperature is
not accounted for.) We ses that around AT = 400°C
the measured { began to increase dramatically above
its value for simple conduction, as acoustically
stimulated heat flow occurrad. The resonator acceler-
ometer showed that oscillations at 906 Hz began at
AT = 350°C; by AT = 520°C t“e resonator was oscillat-
ing wt high enough amplitude that the 306 Hz sound it
radiated into the room was unpleasantly loud. A
calculation for this geometry and frequency as
described sbove showed that the engine should have
begun to oscillata at AT = 260°C. The mean pressure
for these measurements was 68 bar, so the acoustic
pressure amplitude could have been no higher than
that. At that pressure amplitude and for AT = 520°C
the calculations showed an expected § = 2000 W whereas
the measured value was 2600 W. We do not yet under-
stand these disagreaments. Although the heat flow

3000 T T
®
2000 ¢ -
2 .
e
[ J .————‘___,——‘————4
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0 | |
300 400 800
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Fig. 4 - Heat flow § into the hot end of the engline
vs. tempersture difference AT accoss the
engine. Points are measured data; the line iz a
calculation of conduction only with no
thermcscoustic effects.

discrepancles could be within experimental uncertain-
tieg, the temperature deacrepancles are not.

A MAGNETOHYDRODYNAMIC CONVERTER

We are also developing a magnetohydrodynanic
(mhd) tregnsducer tc convert the acoustic power gener-
ated by the thermoacoustic engine into electrlc power.
Our first attempt at such a converter wag gquite
successful. The mhd transducer consisted of a rectan-
gular channel for the sodjum of thickness 1.2 cm in
the direction of the 2.3 T magnetic fleld, width
7.6 cm in the direction of electric current flow, and
length 31 e¢m in the directlion of acoustic fluid flow,
with the central 20 cm of that length actually in the
magnetic fleld and in contact with the electrodes.
Leads from the ulectrodes were connected to a 1:572
transformer to transform the electric power to usefuil
voltage and current levels. The transducer was welded
into the center of & 1-m long, 10-cm? cross sectlon

high Q resonator fllled with sodium at 130°C. It is
now well charecterized both experimentally and
theoretically. Such a tcangducer obeys
AP = aU + BI (13)
Ve fU+ vyl (14)

where V and I ar> the voltage across and current
through the transducer, 4P and U are the pressure
drop across and volumetric velocity through the
channel, and a, B, and y are cnefficients, whose
measured values agree very well with calculations.
To test the transducer's efficiency in converting
acoustic power to electric power, we put electrlc
power jnto the rransducer to excite the sodium on
resonance at high amplitude, and the switched the
trensducer to a load resistor Rp und let the energy
stored in the acoustlc resonance flow through the
transducer to the load. Figure 5 shows the «ffi-
clency e, defined as the ratio of measured electrical
eneigy delivered to the lo74 tc calculated stored
acoustic energy, vi. Rp and appllied magnetic fleld.
These measurements were all made st power levels of
roughly 1 W; an scclident destroyed the epparatus
before we could try powers at the design level of
1 ®W. The highest observed efficlency is about a5%.
We believa we can bulld a more efficlent transducer,
by reduciug the serli ' lesd resistance responsible
for low efflclency at low values of Ry, and by
changing the channel geometry to reduce the short-
eircuiting and efiects responcidle for reduced
eofflclonecy at higher R .
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Fig. 5 - Efficlency @ of the mhd transducsr vs. load
resistance Ry, for several magnetic finld
strengths.



FUTURE PLANS

Although there is no acoustic-to-electric power
converter Lln the first engine assemly, we will be
able to learn about the resonator losses, the
eritical temperature gradient, heat exchange
efficlency, and perhaps the extent of the linear
acoustic regime. Meanvhile we are designing a naw,
more efficient mhd transducer. WNext, we will at
least splice t.gether the engine assembly with the
mhd transducer, to see how the engine behaves when
it is producing real power and to explore the heat
pumping regime of operation as well as the prime
mover regime. We may have to build s dual engine,
with an sngine in each end of a helf-wavelength
resonator, to overcome unexpectedly large resonator
losees.

There are also some theo.etical and calculational
problems we would like to work on. We suspect that
mixing a little travelling acoustic wave in with the
standing wave an¢ decreas'r; the plate spacing will
lead to higher engine efficlency by making the englne
more Stirling-like and less intringlcally irrever-
sible. We'd like t~ d> some calculations to test
this idea. Also, ‘he 1dea of using radial acoustic
resonances in a cylinder or sphere is. appealing and
shculd be investigated theoretically. Acoustic-to-
slectric conversion in such geometries would then
require consideration too.
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