Acoustic recovery of lost power in pulse tube refrigerators
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In an efficient Stirling-cycle cryocooler, the cold piston or displacer recovers power from the gas.
This power is dissipated into heat in the orifice of an orifice pulse tube refrigerator, decreasing
system efficiency. Recovery of some of this power in a pulse tube refrigerator, without sacrificing
the simplicity and reliability inherent in a system with no cold moving parts, is described in this
paper. In one method of such power recovery, the hot ends of both the regenerator and the pulse tube
are connected to the front of the piston driving the refrigerator. Experimental data is presented
demonstrating this method using a thermoacoustic driver instead of a piston driver. Control of
time-averaged mass flux through the refrigerator is crucial to this power recovery, lest the
refrigerator’s cooling power be overwhelmed by a room-temperature mass flux. Two methods are
demonstrated for control of mass flux: a barrier method, and a hydrodynamic method based on
turbulent irreversible flow. At-55 °C, the refrigerator provided cooling with 9% of the Carnot
coefficient of performance. With straightforward improvements, similar refrigerators should achieve
efficiencies greater than those of prior pulse tube refrigerators and prior standing-wave
thermoacoustic refrigerators, while maintaining the advantages of no moving part499®
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INTRODUCTION Fig. 1(c) and (d) for a piston-driven pulse tube refrigerator.
In the first method, an acoustic transmission line replaces the

As illustrated in Fig. 1a) and(b), the orifice pulse tube orifice, inertance, and compliance, connecting between the
refrigeratof (PTR) may be regarded as a Stirling refrigerator hot heat exchanger of the pulse tube and the back side of the
in which the cold moving parts have been replaced by stagrive piston. Most of the power that would previously have
tionary components. A reduction in efficiency may accom-peen dissipated in the orifice travels along the transmission
pany this simplification in hardware, for a number of rea-jine 1o the back side of the piston, helping move the piston
sons. The most obvious cause of reduced efficiency is thafng hence reducing the power required of the motor. In the
work is absorbed and dissipated into waste heat in the orlflcgecond method, an inertan@ short transmission linend

of the orifice PTR, whereas it is recovered at the cold plsto?i compliance between the piston and the aftercooler produce

?r]: the Sttirling_macr:ji_ne Tq delg{ertlad back.tod_the tTOt gnd %%Substantial amplitude and phase shifts between them, with
e system, either directlivia a displaceror indirectly (via the hot heat exchanger of the pulse tube connected at the

a crankshajt Kittel® has shown that this orifice dissipation, front of the piston. In this method, the power previously

regarded as a loss inherent to the orifice PTR, causes thg . . e . .
coefficient of performance CORe., the efficiency of ori- cﬁs&pated in the orifice is delivered directly to tfrent of

fice PTRs to be bounded bl /T,,, significantly less than the piston and thereby added to the power supplied by the

the Carnot COFT/(T,— T¢) which bounds Stirling refrig- piston, reducing the power required of the motor. Thus, for
erators(T is temperature and the subscri@isndH refer to both methods, system efficiency can be greater than for con-

cold and hot, respectivelyThis inherent loss is most severe Ventional orifice PTRs. .
for Te~Ty, thus far preventing practical use of orifice PTRs 1€ fundamental idea behind these methiaisl others

in noncryogenic applications such as food refrigeration andVas fully anticipated over ten years ago by Ce_pe?_lemose
air conditioning. Orifice dissipation loss is also important in €arly publications on “traveling wave heat engine#iclud-
cryogenic systems: In one large orifice PTR with which welnd refrigeratorginspired the beginnings of thgrmoacousncs
are familiar®* having 2 kW of cooling power at 125 K, research here at Los Alamos. Ceperley realized that the es-
orifice dissipation comprises 30% of the entropy generatioseénce of Stirling equipment is a regenerator in which the
and lost available workin the refrigeration systertexclud- ~ Pressure and volumetric velocity oscillations are substan-
ing losses in its thermoacoustic driyer tially in phase, and that an acoustic network with essentially
Acoustic transmission lines and inertances can past9roidal topologyfe.g., in our Fig. {c) or (d)] containing the
acoustic power with little dissipation, while shifting the mag- Stirling heat-exchange components can provide such phas-
nitude and phase of oscillatory pressure dramatically. Thigng. He showed that efficiencies near 80% of the Carnot
suggested to us that they could perform the work-recovergfficiency are, in principle, possible with such configura-
function of the Stirling’s cold piston, while preserving the tions.
PTR’s no-moving-parts advantage. This can be accom- However, Ceperley did not discuss two features that we
plished by at least two methods, illustrated schematically irfind are vital for practical operation of such refrigerators and
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FIG. 2. Typical phasor diagram. Cryogenic pulse tube refrigerators with
sufficient power to employ inertances have phasors similar to thesepyvith

in the pulse tube slightly smaller in magnitude than at the aftercooler, and
usually lagging in phase; and with, leading pressure at the aftercooler and
lagging at both ends of the pulse tube. Pressure phasors are plotted as
p1/pm, with each mark on the axes representing 0.01. Velocity phasors are
plotted asU,/Sa whereS is pulse tube area aralis sound speed, with
each mark on the axes representing 0.001.

with the mean valuét,, real, and with&;(x) complex to
5 account for both the magnitude and phase of the oscillation.
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of acoustic resistance, inertance, compliance, and transmis-
sion line to discuss the lumped and distributed impedances
associated with the components of the PTR. This approach
has been  successful previously, even  within

Compliance

(e) . EL L c é2_15 . .
Ls !—;S_’f. regenerators:”—"In a minor departure from most prior PTR
v L }1 literature, which has focused on presspreand mass flux
S £- hr R 1 M, as the oscillatory quantities of most interest, we will

generally use the conventional acoustic varialygsand
FIG. 1. Schematics df) Stirling cycle refrigeratofomitting details such as ~ volumetric velocity U, ; the latter is related to mass flux
motor, crankshaft, etg.(b) orifice pulse tube refrigerator, in which the cold simply via M 1=pmU1, Wherep is the mass density. We

piston of the Stirling cycle refrigerator is replaced by passive components, L. . . . " .
(c) pulse tube refrigerator with transmission-line feedback, @fdpulse take x and U, positive in the direction of positive acoustic

tube refrigerator with lumped boost configuration. To avoid confusion with POWer flow, for example to the right through the regenerators
the pulse tube’s hot heat exchanger, the heat exchanger at the hot end of taed pulse tubes in Fig.(d—(c), and to the left through the
regenerator is called the aftercooler. Capital letteréjnthrough(d) label transmission line in Fig. (]:)

locations in the refrigerators: B—back of piston; F—front of piston; S L al t idable feat f oh
A—aftercooler; C—cold heat exchanger; H—hot heat exchanger; and _Ome very gengrg, almos un_aVO|_ _a € features or pha-
L—inertance. The pistons move sinusoidally in time; the gas velocity in theSOr diagrams for efficient cryogenic orifice PTRs are shown
regenerator is generally from aftercooler to cold heat exchanger while thgn Fig. 2, where the extra, capitalized subscriptspanand
pressure is high and generally in the opposite direction while the pressure El correspond to the location labels in Fin)l. We adopt
low. (e) Electric circuit crudely analogous to the acoustic networkdf 1 . .

the arbitrary convention that the phase of the pulse tube pres-

sure is zero, sy falls on the real axis. Typically the
engines. First, a thermal insulation column, namely the puls@ressure drop along the pulse tube itself is immeasurably
tube itself in PTR practice, must insulate the “remote” heatsmall, and that across the heat exchangers is negligible com-
exchangercold for refrigerators, hot for enginefrom am-  pared to that across the regenerator, which is in turn small
bient temperature. The heat leak along a pulse tube can be esmpared top,|, S0 p1c=p;4 and p;4 Must lie close to
small as 5% of the cooling power of a P;TEesing a taperegd P14, @s shown in Fig. 2. Typically the time-averaged energy
pulse tube, although 15%—40% is typi€abecond, some- flux through the regenerator is smlanAppIying energy con-
thing must be done to prevent significant time-averaged masservation to the cold heat exchanger then shows that the
flow from circulating around the torus. Gedédras dis- cooling powerQ is approximately equal to the total power
cussed causes of such mass flow and the large heat flux it cidwing away from the cold heat exchanger in the pulse tube.
carry. - _ The open nature of the pulse tube suggests that this total

To discuss these congepts qugntltatlvely anq in morgyower flowing along it is the acoustic powgRe p,U,],

detail, we take the essential physics to be spatially oneynere the tilde signifies complex conjugation; in fact, heat
dimensional, withx specifying the coordinate along the di- ¢an flow from hot to cold in the pulse tube, so the acoustic
rection of oscillatory gas motion. We use the conventionalpower is an upper bound of the cooling power:

counter-clockwise phasor notation, so that time-dependent ~
variables are expressed as Qc gross= 7 REP1cU1c]. 2

E(x,) = En(X) + R &(x)e' 1], (1) Hence, in Fig. 18)—(d) acoustic power must flow in the di-
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rection we have defined as positixesoU 5 ,U ¢, andU 4 textbook electrical circuit crudely analogous to the acoustic
must lie in the right half-plane in Fig. 2. An idealized refrig- network of Fig. 1d). Many of us have derived expressions
erator might be imagined with negligible entrained gas vol-for the ac currents in each component of this circuit, but
ume, so thatJ; would be independent ofin the pulse tube, seldom do we consider the time-averaged electric power
pmU1 would be independent of in the regenerator, and in flows E. By energy conservation, the time-averaged power
pafrFicuIar thiphase Itliﬁkl WOE|d be constant tlhroughout the ES:%qulsiT;] flowing from the voltage source into the
e oSt Gt must ecual he e averaged o . s
1 pated in the resistor(In this idealized circuit, no time-

components and top, . This leads to a spread in phase of averaged power can be absorbed in the dissipationless induc-

U, through the_system, withy at _smallx (i.e., toward the_ tor L nor flow into the dissipationless capacitor) Ordinary
aftercooley leading. The most efficient regenerator operation o . L
ac circuit analysis easily yields the fed-back power

is achieved for the phase @f; falling somewhere between
the phases dfl; at the two ends of the regenerator. In orifice Vid?  @’LC(1-w?LC)
2R (1-w’LC)%+(wL/R)?’

PTRs, this can be achieved using inertdf¢Bor a double Er=5ReVislir]=
inlet.*® Viscous pressure drop occurs throughout the regen- )
erator, sop;a— P1c=pP1ao— P1n Must be in phase witkpar-

allel to) some weighted average &f, in the regenerator. with the sign convention as shown in the figure. Hence,
Both |U,| and viscosity are highest at the regenerator’s hotvhenevero?’LC<1, the directions of time-averaged power
end, so the weighted average is dominatedJy, gener- flow are as shown in the figure; positive electric povizgr
ally ensuring thap,, lagspi, . Finally, to the extent that the flows out of the end of the resistor closest to the voltage
volume Vg on the back side of the piston is simply a com- source!

pliance,
vp I. ACOUSTIC POWER RECOVERY
. m
P1s=] Vg Usr, (3 A Transmission line configuration
S0 pyg Must leadU,=U,, by 90°. Often the gas volume Figure Xc) illustrates an acoustic transmission line con-
on the back side is large enough thptg| is much smaller Necting the hot end of the pulse tube with the back side of the
than |pag|. These features are also illustrated in Fig. 2. drive piston. A transmission lif obeys the equations
As discussed in the first paragraph, in an orifice PTR, pmd
. . m .
the acoustic power P1(X)=pqj COSKX—i ?Uu sinkXx, (6)
. w [27lo 1 - S
WH_EL POUMAL= 5 REP11U1H] @ Ui(x)=Uy; coskx—ip—apli sinkx, 7)
m

exiting the hot end of the pulse tube is lost, dissipated intQNhich show howp,
heat in the orifice. This is typically nearly equal to the gross
cooling power given in Eq(2). To recover this acoustic
power, thereby bringing the inherent efficiency limit of PTRs
up to the Carnot limit, we can incorporate either of two low-
loss acoustic connections shown in Figc)land (d). The
first mgthoq is described pnejly n the next section: ASWave vectork is real, these equations describe a lossless
shown in Fig. 1c), a transmission line feeds the power re-

covered from the hot end of the pulse tube to the back side dfansmission line, W't.r% Re p,U,] independent ok; losses
the drive piston ap In Sec. II. we describe the second. "M the transmission linédue to viscosity and thermal con-
1B - . 1 1 P . .

more interesting method, shown in Figd}, in which the dUCtI';/'ty) an bg mcltuded b_y qsm?. compléx ¢ the hot
pulse tube delivers the recovered power directly to the front d rfotr;\ q.l( ),tab ran.sthm'tis'og 'Ee .gan ??Eneg ¢ e.fﬁ
of the driver atp;r, while the inertance delivers the drive Ien t?ﬂ edpu S‘;"Su N Vﬁ' € aﬁ thSIte ot the piston 1t its
power to the aftercooler. To convey the generality of the two eNYtN1 and aress are chosen such tha
methods, we describe them qualitatively for a piston driver , Pma )
in Secs. | and II, but we present experiments based on the P18~ P1n €OSkl—i—=Uyy sinkl, (8
second method using a thermoacoustic driver in Secs. Il IV, . _ y _
and V. In common with the double-inlet PTRboth of these ~ With the new value op, 5 determined by a modified version
methods unfortunately permit second-order mass streamir@f EQ. (3), accounting for the volumetric velocity flowing
through the refrigerator; in Sec. V we discuss our progres#to Vg from the end of the transmission line:
toward simple control of this important effect. Finally, in vp S
Sec. VI we present some conclusions and challenges for fu- p;g=]j Tm Ue— Uy coskl+i _ale sinkl]. (9)
ture development. “Ve Pm

The idea that acoustic power will naturally circulate Because Eqgs(8) and (9) are complex, they represent four
clockwise through the networks of Fig(cl and (d) seems real equations in the four unknowrs S Rep;gz], and
surprising, until we consider the LRC circuit of Figiel, a  Im[p;g], so they will generally have a solution. The curves

andU; evolve withx along the trans-
mission line, given their initial valuep;; andU,; at x=0.
The cross-sectional area of the transmission lirg anda is
the sound spee@We omit the subscripin on variables such
asa which, in principle, should be expressed as in @¢ but
whose oscillatory parts are of no interest in this wtkthe
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Tim[ ] The compliance ensures that the volumetric velodity
through the inertance differs from that at the aftercooler:

Uy =Uypat | 20 (11)
1L=Yi1aT] P Pi1a,
, whereV, is the volume of the compliance, so that the pres-
Vpﬂa PiF sure difference across the inertance is
I . P1u 'R]e[ ] | Vv
lossless . Pm LWV
P1(x) P1iF—P1a=] w?( Uiat] mpm), (12)
U
" wherel andSare the length and area of the inertance. Taking
U, () the phasors atl andA to be given and combining Eq&L0)
1

11053y and(12) to eliminatep,¢, we obtain a single complex equa-
tion in the unknownRRy, V,, |, andS often with many

logless possible solutions. Phasors for one such solution are shown

FIG. 3. Typical phasor diagrams for losslésmer curvesand lossyouter ' Fig. 4, Where th_e refrigerator's end-point phasors are again

curves transmission lines connected between pulse tube and back of pistoil€ same as in Fig. 2. .

The transmission line’s initial phasopg andU;, are the same as in Fig. The drive power is of coursé R (p1r—pP1s)U1e] in

2. both Fig. 1b) and(d). If the compliance on the back side of
the piston can be considered Iosslesi,p%@ru\l;ko, so the

in Fig. 3 illustrate Egs(6) and(7) whenl andS are chosen  grive power is simplys Rq:plF,U\l':]_ In the lumped-boost

correctly for the PTR whose phasors were shown in Fig. 2¢ase |U, (| =|U, —U,y| is rather large—much larger in

The phasors are functions of following ellipses for the  Fig. 4 than in Fig. 2—so the amplitude of the piston motion

idealized, losslesgealk) transmission linepyy, Uiy, and  jn Fig. 1(d) must be much greater than in Fig(blL or (c).

S determine the eccentricity and orientation. The realisticNevertheless, the power required of the piston is much less

lossy transmission line yields similar curves, almost ellipsesn Fig. 1(d) than in Fig. 1b), because the phase angle be-

if the losses are sufficiently small, as shown in Fig. 3. Evenyeenp,- andU is so large. Furthermore, the large mag-

for the lossy line, a substantial fraction of the acoustic powekjt,de of|U,¢| presents no problem whatsoever if a piston-

exiting the hot end of the pulse tube is delivered to the backess thermoacoustic engine is used to drive the refrigerator.
of the drive piston, as shown by the reduction of the pressure

difference across the piston fromg—p;g in Fig. 2 topy¢

—p1g in Fig. 3. These figures are based on preliminary de-
sign calculations for a 100 K, helium-filled PTR having a IIl. APPARATUS
gross cooling power of a few kW, which is typical of the

i h b dering for liquefact ¢ Encouraged by all these ideas, we proceeded to experi-
ﬁg?ulrna? gsger we have been considering for liquefaction of, o s vyith the lumped boost configuration. To use an exist-

Althouah decided to di hi . ion ing drive! to power the experimental refrigerator, and to
t ough we decide to discuss t IS con |gurat|c_)n €€ void the expense of building large hardware, we chose to
because it is easy to understand, we did not pursue it expe

. "fest these ideas with a scale-model PTR that was approxi-
mentally, because the more compact layout of the “boost

f ion di d bel i ”matelysimilar, in the technically strict sense of the word, to
configuration discussed below was so appealing. what would be required for a kW helium design. We built a

B. Lumped boost configuration “half-scale” PTR, filled with 2.4 MPa argon and operated at
. 23 Hz. Itcan be showA3that this issimilar to a full-scale,
A second method to feed acoustic power from the ho .
40-Hz, 3-MPa helium system, as long as the temperatures are

end of the pulse tube back to the driver is illustrated in Fig.hi h enouah that araon can be reqarded as an ideal gas. The
1(d). The hot end of the pulse tube is connected directly to gn 9 9 € rega cal gas.

: : : physical phenomena and dimensionless combinations of
the front of the piston, while the aftercooler is connected

; . . variables in the half-scale argon PTR are all the same as at
through an acoustic network comprising an inertance and f . : . . . .
. . . Y . ) ull scale in helium, just as a scale-model airplane in a wind
compliance. We call this the “lumped boost” configuration

_ tunnel and a full-sized airplane in flight share the same aero-
because lumped acoustic impedances are used to @bt dynamics. The primary advantage of our half-scale argon
slightly above|pg|. (A “distributed boost” configuration, ,

in which a short transmission line replaces the inertance angmdel Is that all powers are reduced by a factor of 16.7. A
. . ) P ! isadvantage is that we should keep this PTR’s cold tem-

compliance, is also feasibjdn the lumped boost configura- .

. . . perature greater than about 200 K, so that the argon is ap-

tion, we will no longer neglect the flow resistance of the

, o . proximately an ideal gagArgon’s critical point is 151 K,
glljlcsheﬂt]l;kies hot heat exchanger; its resistaRgemust be 4.9 MPa. At 2.4 MPa, it liquefies at 134 KHence, our

experiments can be regarded both as an easy exploration of
Piv—P1r=RuU1y. (100  some phenomena involved in acoustic recovery of otherwise
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u TABLE I. Scale factors to convert experimental data obtained with argon in
® this paper to numbers relevant to a larger helium-filled refrigerator. Multiply
experimental data in this paper by the number in the table to obtain the
expected result for the larger refrigeratfideat leaks that depend on the
thermal conductivity of air, metal, or plastic do not schple.

Variable Multiplier

Im[ ] length 2

1 temperature 1

1 frequency 1.58
pressure 1.32
velocity 3.16
volumetric velocity 12.6
7 power 16.7

] regenerator to be approximately 1lan, based on its geom-

8 etry and weight; in thermoacoustic calculations presented
1 throughout the rest of this paper, we use lrh because this
value gave the best agreement with our preliminary experi-
ments in the “traditional PTR” configuration discussed be-
low. The hydraulic radius is much smaller than the argon’s
thermal penetration depti00 xm at 300 K), as required of

a good regenerator. The stainless-steel pressure vessel
around the regenerator had a wall thickness of 1.4 mm.

The pulse tube was a simple open cylinder, 3.0-cm id
and 10.3 cm long, with 0.8-mm wall thickness. Its diameter
is, of course, much greater than the argon’s viscous penetra-
tion depth(90 uwm at 300 K, and its length is greater than
the 1-cm gas displacement amplitude in it at a typical oper-
T ating point neatp,|/p,~0.1. At each end, a few 35-mesh
| copper screens served as simple flow straighteners, to help
maintain something resembling oscillatory plug flow in the
pulse tube. We expected that argon’s high der(séiative to
, helium, which is almost universally used in PTRsmhances
Pan Re[ ] the gravitational stability of this plug flow, so that careful

flow straightening and taperifigvould be unnecessary. This
need for gravitational stability dictated the orientation of the
Usy refrigerator assembly with respect to vertical.
The cold heat exchanger between the regenerator and
FIG. 4. Typical phasor diagrams for lumped boost configuration. The endpulse tube was a 1.8- length of NiCr ribbon wound zigzag
point phasorsyy, Ui, Pia, @ndU,, are the same as in Fig. 2. The g 3 fiherglass frame. Wires from the heater and a thermom-
ﬂ?:'p’leull:rf%ei t(')n?gge g?:%i,sgoia}uj%';wp_lgntﬁo EezdSlebhya;go.W'th eter passed axially along the pulse tube to leak-tight electri-
cal feedthroughs at room temperature. The two water-cooled
heat exchanger@ftercooler and hot heat exchangerere of
lost power in PTRs, and as testing of an accurate scale modshell-and-tube construction, with the Reynolds number of or-
of a particular large refrigerator, with scaling details given inder 1¢ at|p,|/p,~0.1 in the argon inside the 1.7-mm-diam,
Table I. 18-mm-long tubes. The aftercooler had 365 such tubes, and

In designing this hardware, we often sacrificed expectedhe hot heat exchanger had 91.
performance for versatility, ease of construction, and speed The inertance was a simple metal tube with 2.2-cm id
of design, because we correctly anticipated having to makand 21-cm length, with 7-degree cones as shown in Fig. 5 at
many modifications in order to understand the behavior oboth ends to reduce turbulent end effects. The inertance and
such a novel apparatus. The system we built, illustrated inhe refrigerator components were sealed to the flat plates
Fig. 5, is based on the lumped boost configuration of Figabove and below by rubber O-rings to enable easy modifica-
1(d), but driven by a thermoacoustic engine instead of a pistions. The flat plates were held at a fixed separation by flange
ton and motor. extensions and a cage of stout tubes through which long

The heart of the refrigerator, its regenerator, was madéolts passed, not shown in the figure. The compliance was
of a 2.1-cm-thick stack of 400-mesghe., 400 wires per inch  half an ellipsoid with 2:2:1 aspect ratio, with a volume of
twilled-weave stainless-steel screens punched at 6.1-cm d®50 cn?.
ameter. The total weight of the screens in the regenerator For simplicity, we insulated the cold parts of the appa-
was 170 g. We calculated the hydraulic radftfS of this  ratus with fiber-foam water-pipe insulation from the local

P1r Dia
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Resonator

Location for options shown in (b)

Scale
10 cm

(b) Hot heat exchanger

|- Inertance
Pulse tube

Cold heat exchanger

Empty Balloon with Regenerator @
resistance Aftercooler
Jet pump Jet pump

with resistance Comptiance

FIG. 5. (a) Drawing of the apparatus, in the inertance-boost configuration of Fiy. The dash—dot lines show local axes of cylindrical symmetry. Acoustic

power circulates clockwise through the inertance and refrigerator part of the apparatus. “P” shows the location of a pressure sensor, and “T” the location of

a temperature sensor. The heavy flanges around the aftercooler and hot heat exchanger contain water jackets. O-rings, most flanges, and bolts are omitted fo
clarity. The inside boundaries of the pressure vessel are to gbalk the course of the measurements, these four options were used above the hot heat
exchanger ina). In each of the two cross-sectional views of the jet pump, two of the four tapered holes are shown.

hardware store. Type-K thermocouples measured temper#or. In these measurements, the PTR at the end of the reso-
tures in and near the regenerator. The 1.6-mm-diam thermaator was replaced by a simple variable acoustic load com-
couple probe used to measurg was in the aftercooler, in prising an adjustable valve R and a compliance C. Pressure
the argon in one of the 365 tubes, touching the tube wallsensors on either side of the valve allowed determination of
The 0.8-mm-diam thermocouple probe used to mea$gre the power dissipated in this RC netwdfkFigure 6 shows
was standing freely in the argon between the cold heat exneasurements of the two-microphone power as a function of
changer and the flow straightener at the cold end of the pulsdissipation in the RC network, at two pressure amplitudes in
tube. Because of the different attachments of Theand T}, the resonator. The slopes in Fig. 6 are unity, demonstrating
thermocouples, we believe thdi- represents the average consistency between the RC and two-microphone methods.
temperature of the cold gas whilg, approximates the metal The region of large scatter in the measurements plotted in
surface temperature in the aftercooler. The 0.8-mm-diam
thermocouple probe whose temperature we will Tall; was

inserted into the very center of the regenerator, in a well that 35 M

was drilled radially through the pressure-vessel wall and the (a) P o] 400 *
screens(Additional thermocouples outside the pressure ves- X (b) /,'/
sel near the cold heat exchanger and the middle of the regen g ’..‘ = o
erator were used to confirm the internal temperature mea- ~ ° }.‘.' ~ o
surements.Three piezoresistive pressure seng@msdevco £ °s ° £

in the compliance, pulse tube, and upper flat plate detectec = 0 = i

Pia, Pin, @ndpie, respectively, and two more sensors in L o

the middle of the resonator were used to measure the acous ¢ ;‘

tic power® flowing down the resonator from the thermoa- 10 200¢

coustic driver to the refrigerator. All pressure signals were ~ © Wee (W) 20 0 Wee (W) 200

detected with a lock-in amplifier. )
FIG. 6. Points show measured acoustic powes. passing the two-
microphone location in the resonator, as a function of measured acoustic

P . . power \NRC dissipated at the end of the resonator. For these preliminary
Pre“mmary measurements checked our Implemema“o%easurements, an RC network replaced the refrigerator, inertance, and com-

of the t\’YO'micrOPhone aCO_UStiC'pOYVer measuremenpjiance of Fig. 5. The lines have slopes unitg) |pye|/pm=0.038 and(b)
method® using the two sensors in the middle of the resonaqp;e|/p,=0.094.

A. First measurements
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Fig. 6(a) is due to thermoacoustic engine instabififyrortu- 80—t
nately, this instability was not encountered when the refrig- L (a) e
erator was in place.

In Fig. 6(@ and (b), the offsets at zero RC dissipation
are measures of the dissipation of acoustic power in that
portion of the resonator between the two-microphone loca-
tion and the RC network. This dissipation is up to four times °
greater than would be calculated for laminar acoustic dissi- I e ° °
pation, and is consistent with the turbulent dissipation T ]
calculation$®? of DeltaE Versions 3 and 4, assuming a 0 @+t ———————
pipe roughness factor of 1102 for the resonator. This L (b)
roughness factor is used in calculations of dissipation in the
resonator and the inertance in the remainder of this paper.

To gain experience with our refrigerator, we made pre-
liminary measurements with our PTR componefite re-
generator, pulse tube, and three associated heat exchangers in
Fig. 5 in the traditional PTR configuration shown in Fig.
1(b). Although PTR impedance networks at the hot end of
the pulse tube are sometimes as simple as a single adjustable
orifice and a complianckpr a fixed lossy inertance and a
compliancet® we used the configuration shown in Figb),
with two adjustable orifice$valveg and a fixed inertance in
series with the compliance. The two valves allow indepen- L L
dent control of both the magnitude and phase of the net- —120 . 0 40
work’s acoustic impedanc@. In this traditional configura- Te (°C)
tion, the refrigerator's performance was roughly as we hadtg. 7. powers as a function of cold temperatlige. The half-flled circles
expected. At|pinl/pm=0.06, the refrigerator cooled to show measured cooling power with no balloon or other attempt to mitigate
—115°C and had 20 W of net cooling power-a60 °C; at streaming [pyy|/pm=0.068). The filled symbols and lines are with the

_ : : balloon blocking streaming, dp;4|/pm=0.054. (8) Cooling power. The
|p1H|/pm 0.08 this COO|Ing power was 40 W. Measurementexperimental points show the electric power applied to the cold heat ex-

of p; in the compliance and pulse tube, and knowledge Ofnanger to maintain a givefic . The line is the corresponding calculation.

the gas volume in each component, allo®Wed us to infer  (b) Acoustic powers. The experimental points show measurements at the
U, throughout the refrigerator. The measured cooIing powefwo-microphone location in the resonator; the solid line is the corresponding
calculation. The open squares show the inferred acoustic power delivered to

— o H -
at —50°C was about 10 W less than the inferred gross COOIthe refrigerator network, obtained by subtracting the calculated resonator

ing power REleD\lé]/Z. We estimate that external heat dissipation from the measured two-microphone power. The long-dash line is
leak contributes approximately half of this difference, with the corresponding (_:alculation. Thg short-dash Iine shows calculated values
the balance due mostly to heat transport through the regeﬁf recovered powefi.e., the acoustic power passing through the balloon
erator. In these preliminary measurements with the PTR in
the traditional configuration, the most efficient operatingaftercooler, overwhelming the otherwise satisfactory ther-
points approached 5% of Carnot’s coefficient of perfor-moacoustic cooling power.
mance, using the net cooling powgie., electric resistance
heater power, uncorrected for heat leadnd the two-
microphone acougtic power in the calcu_lations. lIl. SUPPRESSION OF STREAMING

Next, we configured the refrigerator in the lumped boost
configuration as shown in Fig.(& [with the “empty” op-  A. Barrier method
tion of Fig. 5b) installed above the pulse tube’s hot heat
exchangel The results were immediately disappointing: The
refrigerator did not cool below 19 °C, essentially the tem-
perature of the cooling water supplied to the water-coole
heat exchangers that dagThe aftercooler temperaturg,

Qc (W)

o
(@]
T

"

Acoustic power (W)

It is essential that the time-averaged mass fidv
through a PTR be near zero, to prevent a large steady energy
lux Mcp(TH—TC) from flowing to the cold heat exchanger
wherec, is the gas’ isobaric specific heat per unit mass

—26°C for these measurementdowever, the pressure Such a steady energy flux would add an unwanted thermal

phasors seemed to be close to our expectations and the rlg?d to the cold heat exchanger. In a traditional PTR con-

frigerator's disappointing “cold” temperature was very fguration such as shown in Fig(l, M is exactly zero;
strongly independent of heat load applied to the “cold” heatOtherwise, mass would accumulaee deplete, depending on
exchanger—e.g., ap,u|/pm="0.07 an applied load of 70 W sign steadily in the compliance as a function of time.
raisedT to only 35 °C, as shown by the half-filled circles in Gedeon® has discussed how nonzelvb can arise in Stirling

Fig. 7. We concluded that the acoustic phenomena and grog§d pulse-tube cryocoolers whenever a closed-loop path ex-
cooling power were substantially as planned. Thus, we sudsts for steady flow. Our lumped boost configuration clearly
pected that extremely vigorous streaming was effectivelyprovides such a path; hence, we must understand and mini-
keeping the cold heat exchanger thermally anchored to thmize M.
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Henceforth, we extend the complex notation introduced 30

in Eq. (1) to second order by writing time-dependent vari- ' ' ' . IpM
ables as ® Py
. —_ A Dif
£ = En(¥) +Re &1 (x) €] g o,
. N~ A
+&dX)+RE £ Ax)e?"]. 13 — | &
Mo Cofy
The final term, which oscillates at angular frequency, 2s £ ’”0»% a e
of no interest here, but the time-averaged second-order term, a0
with subscript “2,0,” is of great interest. (1300 : : a=e : .
Gedeon argues that the second-order time-average mass Re[pi] (kPa)
flow

. ~ FIG. 8. Pressure phasors for measurements with balloon blocking stream-
M,= % Rg p1U1]+pmU 20 (19 ing, at|pyul/pm=0.054. The zero of phase has been chosen to set the phase

of p;y to zero, consistent with the other figures in this paper. The traditional
is of primary concern. In acoustics, such second-order magsasor lines from the origin to each phasor have been eliminated to avoid

flow is known as streaminﬂ). Gedeon shows that clutter. Note the suppressed zero. The filled symbols are measurements;
open symbols are calculations at the extreme value§ of with p;y

1 ~ . ) .
2 Re[plulj _meZ/pm Ina regenerator, WhereWZ matched to the experimental values. The uppermost or rightmost symbols
=1Rgp,U,] is the acoustic power passing through the re-correspond tdTc near—115 °C; the lowermost or leftmost symbols corre-

generator. Hencé, Re p,U,] mustbe nonzero, and efficient SPO"d toTc above 0°C.

regenerator operation requires that _ _ )
heat exchanger, with the balloon protruding up into the reso-

Upo=— iR p,U 1 pn=—Wao/pp. (15  nator, as shown in Fig.(B). We rolled the balloon’s collar

. . . . completely up its neck and partly onto its body, so that ten-

The consequences of ignoring this requirement can be S&on in the rubber could not hold the balloon’s surface

vere. If M,>0, an undesired, streaming-induced heat load against the sharp upper edge of the 3.1-cm-diam tube over
: : which it was stretched. The balloon’s limp volume was about
Quoss™M2Cp(T—Te) (16) P

100cn?. We expected that this limp balloon would be
flows from hot to cold through the regeneratdf. M,<0,  acoustically transparent, but would block streaming flow
such heat flows from hot to cold through the pulse tube, withrcompletely.
equally harmful effeci.For U, ;=0 the ratio 0fQ,y to the Atthe same time, we installed extra resistance above the
ordinary regenerator l0g4,, i’s of the order of hot heat exchanger as shown in Figo)5 because our earlier

9 “empty” measurements had indicated that a larger flow re-
Qloss y (Ty—To) W sistance there was needed to make the phapg,dfad that
T — of p1y . The resistance comprised 130 g of 60 mesh copper
screen packed into a volume 3 cm in diameter and 4 cm long.

Heg 771  Th  Hpyg

y (Ty—To) Qc oss During fabrication, this screen was accidentally flattened and
1 T Sk g a7 crushed to a higher density than expected, thereby providing
Y ¢ Hieg more resistance than we wanted. Hence, we are uncertain of

its hydraulic radius, which would otherwise have been ap-

gross cooling powefsee Eq.(2)]. In the third expression, proximately 100um. Fortunately, the system-performance
each of the three fractions is1 for cryocoolers; hence their calculations described below are not very sensitive to details

product is>1, and the unmitigated streaming-induced heat" this component. We selected gn as a reasonable esti-

load would be much greater than the ordinary regeneratomate of the as-built hydraulic radius of this component, us-
loss ing this value in all calculations.

: . , With the balloon in place, the refrigerator performed
) Th? st.eep SlOP.GdQC/dTC .ShOWI’-l |r.1 the half-ﬂlled well, much like it had in the traditional PTR configuration
circles in Fig. 7 provides an estimate Mf, in our refrigera-

. : described above, confirming our suspicion that enfordih
tor's “empty” configuration. Over the narrow temperature g P g

. =0 is the key to successful operation of this type of ther-
range of these data, gross cooling power and all other aCOURs 53 coustic system. The balloon survived without visible

tic phenomena should be approximately constant and regen

[amage for 36 h of operation i, |/py, ranging from 0.04
erator loss should be small, so the slope of the data shoulgd)ao_lq more than enough time to obtain measurements.

reflect Eq._(16): —dQss/dTc=Myc,. The experimental In one set of measurements, we képf|/p,=0.054,
data yieldM,=9 g/s. With Eq.(14) and our estimate that while varying T¢ from —115°C to 7°C by adjusting the
pmWa/pm~1 gfs, this suggests that,U, o was an order of  electric heater powef). at the cold heat exchangerT
magnitude larger thaéRe[plle] for these measurements. =13°C throughouj. Figure 7 shows the resulting experi-
To quickly confirm our suspicion that the initial poor mental cooling power and acoustic power requirements and
refrigerator performance shown as half-filled circles in Fig. 7Fig. 8 shows the experimental pressure phasors, together
was due to such streaming, we installed a large rubber balith some calculations of these and other variables. The cal-
loon (from a party-supplies stoy@bove the pulse tube’s hot culations uséeltaE ,?® with geometry, mean pressure, fre-

whereW,; is the hot-end acoustic power aflk gossis the
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TABLE Il. The essential sequence of segments used iD#leaE  calcu-

= - o
lations described in this papdFree targets have been omitted for clayity. Z S0 (a) e °® .
The shooting-method guesses incliigg, complexp,, and compleXJ, at c(; ° o
the beginning, the complex branch impedance at the “tbranch,” and the 0 Y . - } } } } } ;
heat flows at the aftercooler and cold heat exchanger. The shooting-method
targets includeTy, (at both aftercooler and hot heat exchang&g, com- (b) .
plex pyy , the complexp; matching condition at the union, and the complex 300 4
impedance at the “hardend.” .
Segment type Comment I 1
0 BEGIN at the two-microphone location z
1 ISODUCT long part of resonator \: i o ]
2 ISOCONE conical adapter in resonator g
3 ISODUCT a little more resonator g | D e )
4 TBRANCH into the inertance o Pt
5 ISOCONE cone at top of inertance = o \“.vé\"/ -
6 ISODUCT the inertance 3 L - §
7 ISOCONE cone at bottom of inertance 2 ~
8 COMPLIANCE the compliance R
9 ISODUCT short passage - -7 Woocoared ]
10 TXFRST aftercooler Bc
11 STKSCREEN regenerator 0 ) . ) . . .
12 HXMIDL cold heat exchanger
13 STKDUCT pulse tube 0.00 (Ip1el/pm)? 0.01
14 TXLAST hot heat exchanger
15 SXLAST extra resistance FIG. 9. Powers affc=-60°C, as a function of pressure amplituda).
16 SOFTEND terminates “tbranch” sequence Coqling power.(b) Acoustic powers. The symbols have the same meaning
17 UNION attaches 16 to the end of 3 as in Fig. 8.
18 HARDEND ensures ntJ, leaks out

not's COR=T/(Ty— Tc)—the required net acoustic power

i . would beW= (40 W)(T,— T¢c)/ T, which rises from zero
quency, piy,Th, and T¢ set to experimental conditions.

aiTc=Ty to 35 W atT.=—120°C. This accounts for most
(For those who are interested, Table Il shows the sequence o the 40 W rise in calculatetiVo.... with falling T in the
DeltaE segments used in the calculations. 2mic 9'c

In Fig. 8, p;r and py4 lead pyy, with |pig|<|paul figure. The measurements WZmIC exceed calculations by

<|p1al, consistent with the discussion leading up to Fig. 4.roughly 20%, for unknown reasons. Some 25 WSS
The measured and calculated phasors are in reasonably go®@n be attributed to dissipation in the resonator between the
agreement, showing that we understand the overall acoustf&/0o-microphone location and the refrigerator; this has been
behavior of this network. Indeed, we can regard the complegubtracted to yield the open squares and associated dashed
differencesp;a—Pin, Pin—Pir. andpie—pia as indica-  line. Approximatey 5 W of acoustic power is dissipated in
tions of the impedances of the intervening components anthe flow resistance under the balloon, 15 W is lost due to
the volumetric velocities through theficf. Egs. (10) and  Viscosity in the regenerator and adjacent heat exchangers,
(12)]. From this viewpoint, the agreement between measure@nd 10 W is dissipated in the inertance.
and calculateg;, might be taken to indicate, for example, If this were a traditional orifice PTRN-=40 W would
that we understandJ, through the regenerator to within be dissipated in the orifice. In Fig. 7, the calculated fedback
10%-30% in magnitude and 10°-40° in phase. acoustic POWeW,qcovered Which is of primary interest in this

In Fig. 7, the cooling power drops and the two- jnvestigation, is near 30 W; hence, approximately 75% of

microphone acoustic power rises 8g decreases. The cal- \y_ s recovered, fed back into the resonator. Note that, at the
culations, which are in reasonable agreement with the eXperhghest temperatures\WVoyoyereg i Comparable toW,

ments, provide insight to the main causes of these trends.
~W,eso, in Other words, at these temperatures feedback re-

FII’lS L the~ ca_1|cu|ated gross - cooling _ poweiWe duces the acoustic power delivered from the resonator to the
=3Rd p,cU1c] is nearly constant at 40 W, independent of refrigerator by roughly half.

Tc, for these measurements. As discussed nealZgun- In a second set of measurements with the balloon block-
der the most ideal circumstances this would be the coohng;ng streaming, we variedip,| while holding T constant
power. The decrease in calculat€@ below 40 W asTc  near—60 °C. Unsurprisingly, the pressure phasors resembled
decreases is nearly proportional 1¢,—Tc and is almost  those of Fig. 8 in phases and in degree of agreement between
entirely due to heat flux through the regenerator. The differmeasurement and calculation. Cooling power and acoustic
ence between measured and calculafgdis also propor- powers are displayed in Fig. 9. Again, calculations are in
tional to Ty—T¢, rising to 10 W atTo=—-120°C. This reasonably good agreement with experiment. Cooling power
could easily be due to a combination of ordinary heat leaks proportional to|p,y|2, as expected. The difference be-
through our insulation and streaming- or jet-driven conveciween calculated and measured cooling power is roughly 5
tion in the pulse tube. Second, under the most ideaWW at the lowest amplitudes, consistent with the correspond-
circumstances—with 40 W of cooling power and with Car-ing difference in Fig. 7; this difference increases at higher

719  J. Acoust. Soc. Am., Vol. 105, No. 2, Pt. 1, February 1999 Swift et al.: Acoustic recovery in pulse tube refrigerators 719



amplitudes, for unknown reasons. The measurements of

WZmiC exceed calculations by roughly 20%, as they did in
Fig. 7. At the highest amplitudes, resonator dissipation is a

large fraction of W,.; subtracting resonator dissipation

from W, leaves both calculated and measuvst,,. pro-
portional to |p,u|?, as expected. Again, the calculated

Wi ecoverediS SOMewhat larger than the cooling power, is most
of W¢, and is large enough that in its absence the acoustic

power\NZmiC—Wreso delivered from the resonator to the re-
frigerator would have to be significantly larger.
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B. Hydrodynamic method FIG. 10. lllustration of asymmetric flow at high Reynolds number at the

The measurements with the balloon convinced us thafansition between a small tube and open spédeOutflow. (b) Inflow, for
. Which the radiug of rounding of the lip is important.
the acoustic aspects of the lumped-boost network were func-
tioning as expected. However, we feared that the balloon
would not be reliable enough for long-term practical use, sdhe complex velocity amplitud€Such an ideal loop might
we returned our attention to the more challenging issue ofnclude a pulse tube, transmission line, and compliance,
streaming suppression. From among several opfimefud-  without heat exchangers or other components with small pas-
ing series bellows, fans, and parallel check valwes chose sages. This pressure difference is typically much smaller
to investigate asymmetry in hydrodynamic end effects tathan theAp, o given in Eq.(19) that is required foM,=0.
suppress streaming. Hence, to produce the requirég, o, we need an additional
Gedeor® shows thatM, will be zero only if a nonzero physical effect or structure in the loop, relying on turbulence,
Ap,exists across the regenerator, consistent with, and causiscosity, or some other physical phenomenon not included
ing, the viscous flow of the corrett, oin the regenerator. In in the Bernoulli equation.
a simple orifice PTR, this pressure difference appears auto- Asymmetry in hydrodynamic end effects can produce
matica”y, because the top0|ogy impo%: 0. However, this requiredApzvo. Ina tapered transition between a small-
when a regenerator is connected with other components in @ameter tube, wherfe, | is large, and a large-diameter tube,
“loop” topology, such as shown in Fig.(&) or (d) or such wher_e|u1| is ;mall, turbulencg would be avoided a_n(_j Ber-
as in a double-inlet PTR, the topology does not enddie noulli's equation woyld hold if the taper were sufflicllently
=0; rather, it ensures that(dp,,/dx)dx=0 around the gentle. At the opposite extreme, .f.or an abrupt transition, we
loop. To obtain the corredt, oin the regenerator in “loop” expect largdu,| to gengrate significant turbulence, and fur-
systems, we must design the other components of the loop dper we expect the oscillatory pressure drop across the tran-

that they impose the corredip, o across the regenerator. ~ S1tion to reflect the phenomena known as “minor Io$§és”
The requiredAp,, can be estimated using the low- N high-Reynolds-number steady flow. If the gas displace-

Reynolds-number limit of Fig. 7-9 of Kays and Londdn ment amplitude is much greater than the tube diameter, we
also expect that the flow would at any instant have little

d 6U memory of its past history, so that the acoustic behavior can
p 2
ax_ ? (18 be deduced from careful time integration of the steady-flow
h
phenomena.

for the pressure gradient in a screen bed of cross-sectional deally, the pressure at each instant of time could be
area$S and hydraulic radius,,, whereU is the volumetric ~described by the ordinary, steady-flow Bernoulli equation. At
velocity and x is the viscosity.(The numerical factor de- abrupt transitions, deviations of the pressure from this ideal
pends weakly on the volumetric porosity of the hed/ith ~ are called “head loss” or “minor loss” in steady flow, with

Eq. (15) for U, this yields the lost pressurépy,, given by
A 6 f W0 19 Apm=K 3pu?, (20)
—~— X X)dx
P20 Srﬁpm reg'um 2 where K is the minor-loss coefficient, which is well

_ knowrr32 for many transition geometries, andis the ve-

for the pressure difference across the regenerator When |ocity. For our purposes, the most important fact abi§us
=0. (The viscosity'sx dependence is due to the temperaturethat it depends strongly on the direction of flow through the
gradient) For our apparatus at typical operating conditions,transition. In the example shown in Fig. 10, a small tube is
Ap,is of the order of a few hundred Pa. connected to an essentially infinite open space. When the gas

In the limit of low viscosity or large tube diameters and (at velocity u inside the tubk flows out of the tube, a jet
in the absence of turbulence,, would be described by occurs, and kinetic energy is lost to turbulence downstream
some acoustic version of the Bernoulli equation. This sugof the jet;K,,=1. In contrast, when gas flows into the tube,
gests that an acoustically ideal loop connecting the two endghe streamlines in the open space are widely and smoothly
of the regenerator would impose across the regenerator @spersedX, varies from 0.5 to 0.04, with smaller values
pressure difference of the order Af p,uqU;], whereu; is  for larger radiug of rounding of the edge of the entrance.
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If u=|u,|sinwt, we can calculate the time-averaged ' ' '
. . S round
pressure drop by integrating EO) in time: . round?
x’ round3
w o 1 2 i 3 round4
Apmlzﬂ Kout§P|u1| si? wtdt 4
0 o - x balloon
s
27l 1 ' round5
—J Kin= p|uq|? sir? otdt o sharp
mlw 2 (o]
£
1 2 ave xempty
—§p|U1| (Kour=Kin)- (21 . I ,
o ) ) —-100 . 0 50
This is the source of\p,, that we will use. Such simple T (°C)
CoerI. of .MZ. is not without penalty, however; acoustic FIG. 11. Temperatures in and near the regenerator as the hardware above
power IS dISSIpated at a rate the hot heat exchanger was changed. Circles, aftercooler tempefature
X, mid-regenerator internal temperatufe,y; erect triangles, cold heat
- L@ 2mlo exchanger internal temperatufe ; inverted triangles, cold heat exchanger
E—SZ 0 Appyudt external temperature. Lines link the six jet-pump data sets, which are ar-

ranged vertically in order of increasing strength of jet pump. Measurements
under comparable conditions with the balloon and with no attempt to miti-

w o 1 H te st ing" ty” i ted into th t jat
—S— Kouzpl U1|3 Sir otdt gate streaming‘empty”) are inserted into the sequence at appropriate ver-
2 2 tical locations.

27l o 1
—f Kin§p|U1I3Sin3 otdt in Fig. 11. We began this tedious process with sharply ma-
mle chined edgeg“sharp” in Fig. 11) at the small ends of the

1 four holes. Next, we rounded and polished the edges of the
= §P|U1|2|U1|(Kout+ Kin) (22 holes tor~0.5 mm(“round1”), and then we proceeded to
machine away-0.1 mm at a time from the flat upper end of
Koutt Kin the jet pump(“round2” through “round5™), thus removing
=§Apml|U1| m (23) ever more of the rounded edges and returning the entrances

ever closer to “sharp.” Also shown for comparison in the

whereSis the area of the small tube. Equatit®8) shows figure are data from the balloon measurements and from our
that the best way to produce a desitkf,, is to insert the preliminary measurements with no attempt to mitigate
device at a location whergJ,| is small, and to shape it so streaming[corresponding to the “empty” configuration of
thatK,,—Kj, is as large as possible. Fig. 5(b) and the lowest half-filled circle in Fig.]7

In our refrigerator|U;| is smallest at the cold heat ex- Figure 11 is qualitatively consistent with the discussion
changer, but that is an unsuitable location for adding a disef streaming and its control presented above, and in particu-
sipative structure. The hot heat exchanger has only slightlyar with the expected increase &p,,, with decreasind<;, as
larger |U,|, and already requires some extra dissipation tadetermined by the radius of rounding of the entrances. With
ensure thap,, leadsp,y slightly, so we chose the space no attempt to control streamir{empty” ), the cold and hot
above the hot heat exchanger, previously occupied by theemperature3 . and T, were nearly equal, and the tempera-
balloon and extra resistance, as the location for our experiure T4 in the middle of the regenerator was 20° warmer
ments on asymmetry in end effects for streaming control. Wenan the others. In this circumstandé, was large and posi-
installed what we call the “jet pump,” a brass block bored tjve (j.e., flowing through the regenerator from hot to dold
through with four identical tapered holes, each 5.3 cm IongWith such largeM, the middle of the regenerator was ther-

10 mm diam at _the _Iower end, and 4 mm diam at the uIOpeFnally tied to the average gas temperature on the hot end of
end, as shown in Fig.(b). We expected that end effects at . regeneratofwhich happened to be about 20° warmer

the small ends of the holes would be strongly asymmetricy,,, i aftercooler metal surface temperaffy, and this
causing the desired p,,, while the velocities at the large

warm gas flowing up through the regenerator delivered a

ends of the hglgs would be small _er_109gh that minor IOS‘Q’ef%rge heat load to the cold heat exchanger, as implied by Eq.
would be negligible and the tapers joining the ends would b?ﬂ)’ keepingT high. With the “sharp” and “rounds” ver-

gradual enough to prevent minor losses in between. . . N :
: ; — _ sions of the jet pump, a nonzedp,, reducedM, thereby
To investigate the control o py, through the depen lowering the temperatures. With the “round4” version of the

dence ofK,;, on the radiug of rounding of the entrance, we . .
. . . ga{t pump, we were fortunate to arrive at the valugf that
made a series of temperature measurements with the |

pump in our refrigerator, alpyu|/pm=0.06 with no heat generated exactly thAp,, needed to forceM =0, so the
applied at the cold heat exchanger, with each measuremelfmperatures were very nearly equal to those we observed
having a different entrance rounding at the small ends of th&hen the balloon enforceM=0. More well-rounded ver-
tapered holes in the jet pump. At this pressure amplitude, théions of the jet pump(*round3” through “roundl”) re-
Reynolds number of the oscillatory flow waxa0® and the ~ ducedK;, and hence generated even greaer,, causing

gas displacement amplitud¥,|/wS~0.2 m at the jet. The M<O0; in these cases, the cold heat exchanger was loaded by
results of this series of temperature measurements are showrarm gas flowing down through the pulse tube, and the mid-
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regenerator temperature felt the thermal influence of gas 70
flowing steadily from the cold end of the regenerator.

Furthermore, the phase @f 5 increased steadily from
“roundl1” through “round5” and ‘“sharp,” consistent with
the increase in the effective resistanceJtp of the jet pump
with increasingK;, that we expect based on E@2).

Hoping that we understood all the important features of .
this apparatus, we made final modifications. We upgraded
our computer model of the apparatus to incorporate the mi-
nor losses of Eq(22), both at the small end of the jet pump 1008 . (b)
and at both ends of the inertance. The model results sug- r " . ]
gested that system performance would be improved if we
added some extra resistance above the hot heat exchanger, so
we inserted 25% of our copper screen resistance under the jet
pump; together with the resistance of the jet pump itself, this
provided a total resistance that Igft, nearly in phase with
p.1y and yielded calculated performance superior to that we
had observed with the balloon. We rounded and polished the
jet pump hole entrances again, repeating abbreviated mea-
surements of temperatures and iteratively smoothing the en-
trances until we returned to temperatures comparable to Ogg~ "% 30

L rese O e 4

b 2mic~ W
e

Acoustic power (W)

W recovered —

“round4” in Fig. 11. We then proceeded with more exten- Te (°C)

sive measurements. . . i
| t of measurements with this final iet-pum Con_FIG. 12. Powers as a function of cold temperatlige, with final configu-
none se jet-pump ration with jet pump and small extra resistance,|@t;|/p,=0.054. Ty

figuration, we keptl |01H|/|Om=0-054 while varyingTc by =12 °C throughout(a) Cooling power. The experimental points show the
adjusting the electric heater povv@rc at the cold heat ex- electric power applied to the cold heat exchanger to maintain a diven
The line is the corresponding calculatigh) Acoustic powers. The experi-

changer. These conditions are comparable to those for tr’|ﬁental points show measurements at the two-microphone location in the

“palloon” and “empty” data shown in Fig. 7. The results resonator; the solid line is the corresponding calculation. The open squares
are shown in Fig. 12. The mid-regenerator temperature waghow the inferred acoustic power delivered to the refrigerator network, ob-

20°C forT~.=—80°C indicating that the jet pump was too tained by subtracting the calculated resonator dissipation from the measured
c ! two-microphone power. The long-dash line is the corresponding calculation.

weak, with nonzerdv flowing from hot to cold through the The short-dash line shows calculated values of the recovered gbeethe
regenerator. Nevertheless, the cooling power is far greatecoustic power passing through the ballpon

than it was for the “empty” data, showing that the jet pump
was far better than nothing at suppressing streaming. At high . .
T¢ the calculated and measured cooling powers are in gooump r. At lower |pyy|, the Tinig measurements impig

agreement; here, a small nonzéfohas less effect on the net .<0; at h|gh_er|p1H|, they.lm.p_IyM>0. In b.Oth cases, cool-
: . . ing power is reduced significantly by this streaming. The
cooling power. At lowerT the measured cooling power is

significantly lower than the calculated valu@sd lower than ~€XPerimental acoustic pow&Y, ¢ in Fig. 13b) is in reason-
the balloon measurementss the small nonzerél con- able agreement with calculations over the whole range of

sumes a significant fraction of the cooling power. The acousl-lel|’ W'th. no_ obvious featurg near the =0 amphtgde,
tic powers are negligibly affected by smafl, so the agree- again confirming our expectation that nonzéfohas little

. . . effect on purely acoustic phenomena.
ment between measured and calculadég,. is as good as it Ho eper t)r:e de endznceldfon amolitude imolied b
was for the balloon measurements. Both calculated cooling. WEVET, P phitude impli y

. ig. 13 suggests that our understanding is incomplete: Eq.
power and calculatelV,,; are better than for the balloon (1) tor the pressure difference required across the regenera-

case, because of the better choice of total flow resistanc@)r and Eq.(21) for the pressure difference produced by the
above the hot heat exchanger discussed in the previous PaRt pump are both quadratic in amplitude, so if they conspire

graph. . . to makeM =0 at one amplitude, then they should do so at all
In a second set of measurements, we vafgg| while . . I .
holding T tant 55°C th dit amplitudes. Furthermore, there is a significant difference be-
° Itr;Ig tC (t:i?nsbaﬂ near ' este coi? tons i"fe Cgom_i:htween the results of these two equations. Using calculated
parable 10 the balloon measurements Shown In ™g. =. Thi,ers and velocities atiyy|/pym)2=0.0025 in Fig. 13, Eq.

resu_lts are shown |_n_F|g_. 13. In_ Fig. &3 the expe_rlmental (19) yields 200 Pa while Eq(21) yields 2 kPa(assuming
cooling power exh|b|t§ interesting structurei which we be-Kout_Kin~0-7)- Rough estimates show that a large number
lieve is due to nonzert. A local maximum inQc occurs at  of gther components and phenomena in the apparatus may
(IP1ul/Pm)?=0.0025, for whichTyg=10°C as shown in  each contribute tens to hundreds of Pagtalp,o/dx)dx.

Fig. 13c). This value ofTy,q is comparable to that we ob- Representative examples include the gravitational head due
served with the balloon at thisTc, suggesting that to the cold gas in the cold components, minor losses at the
(Ip1ul/Pm)?=0.0025 happens to obtai =0 with this jet inertance ends, boundary-layer streaming in the inertance,

722 J. Acoust. Soc. Am., Vol. 105, No. 2, Pt. 1, February 1999 Swift et al.: Acoustic recovery in pulse tube refrigerators 722



we’ve described in this paper. For example, in our present
refrigerator the inertance should have had a larger diameter
and more streamlined ends; constraints of our existing hard-
ware prevented such apparently straightforward modifica-
. tions. Even simple improvements to our thermal insulation
and use of a tapered pulse tilm®uld improve performance
250 1 significantly, by increasing net cooling power with no cost to
acoustic power.
o i 1 We have discovered no reasons to doubt Ceperley’s con-
. . clusion that efficiencies much greater than half of Carnot’s
i | are possible; we believe he was correct to suggest that
" e traveling-wave refrigerators offer the potential for excellent
T performance with the simplicity of no moving parts. How-
0 T - ever, in addition to following Ceperley’s ideas, it is vital to
0T suppress time-averaged mass flux through such a refrigera-
i o8s .7 1 tor, and to use a thermal buffer column such as the pulse tube
= of a traditional PTR.
28 : : s, These same principles also apply to engines, which will
20X X be the subject of a paper in the near future.
or x | Much more overall exploration remains to be done.
I x Here, we have investigated the transmission-line configura-
Y . T 0.008 tion briefly, and the lumped boost configuration in more de-
(Ip1ul/pm) tail. It seems likely that other traveling-wave configurations
FIG. 13. Powers and mid-regenerator temperaturd at —55°C, as a C?'n be discovered; they may Off,er advantages in efficiency or
function of pressure amplitude, with final configuration with jet pump and Siz€. We used a balloon and a jet pump to suppress stream-
small extra resistancd.; =13 °C throughout. The symbols have the same ing; again, it seems likely that other, possibly better methods
meaning as in Fig. 12a) Cooling power.(b) Acoustic powers(c) Mid-  remain to be discovered. Quantitative understanding of all
regenerator temperature. the sources oAAp, qin the network will also be challenging.

In addition to these general research issues, considerable
and Gedeon’s streaming in the extra resistance below the jelgineering effort will be required to determine how such
pump. Additional evidence that such components are congchniques might impact specific applications such as cryo-
tributing significantly to streaming is provided by the steepyen Jiquefaction, cooling of superconducting electronics, or
slopedQc/d T observed in our original, “empty” configu- food refrigeration.
ration and discussed below Ed.7), which suggests that the
“empty” configuration had a large nonzetbp, o across the
regenerator, with its sign driving, o in the same direction ACKNOWLEDGMENTS
as 1/2Rep,U,]. _ This work has been funded by the Offices of Basic En-
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suppress streaming in this type of refrigerator will requireregarding the diagnosis and suppression of streaming.
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